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I. INTRODUCTION 

Two broad categories of solid materials are used with anodic 

reactions. Carbon, in a variety of forms, is used widely, especially in 

the oxidation of organic compounds whose oxidation potential is not too 

positive. Most of the applications of liquid chromatography with electro

chemical detection (LC-EC) utilize a carbon working electrode. The noble 

metals (plus Ni under some circumstances) have been used for many years in 

the study of anodic reactions. Platinum is by far the most commonly used 

noble metal. Gold is used to a much lesser extent; all of the other noble 

metals are used infrequently. It is to be expected that the use of carbon 

and the noble metals have advantages and disadvantages that must be 

considered individually by the electrochemist in choosing the appropriate 

electrode material for a given application. 

One of the most important considerations in choosing an electrode 

material is the long term "activity" of the electrode at the required 

potential. Poisoning of the electrode surface by surfactants, halides, or 

the products of the oxidation is common to both carbon and the noble 

metals. In addition, one must contend with thin oxide films on noble 

metal electrodes if the required potential is positive enough to oxidize 

the substrate surface to the corresponding oxide. Some anodic reactions 

occur only on a reduced (i_.e_., bare metal) surface, some occur only on an 

oxidized surface, and some reactions can occur on either surface. 

The purpose of this dissertation is to examine a specific anodic 

reaction, the oxidation of As(III) in aqueous solutions, on some of the 
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noble metals. Of particular interest is the role that thin oxide films on 

the metals have in the oxidation of As(III). Is an oxide film necessary 

for the oxidation to occur? If so, is the oxide a direct participant in 

the reaction, or does it simply act as an electron sink? Can the oxide 

actually inhibit the oxidation of As(III)? How do the oxides of different 

noble metals effect the oxidation of As(III)? While the use of noble 

metals as working electrodes for anodic reactions has many advantages, 

there is relatively little known about the way in which the oxide films on 

these electrodes effect the electrode process. It is hoped that a more 

detailed understanding of the mechanisms of anodic reactions occurring on 

noble-metal oxides will lead to methods of optimizing the rate of such 

reactions. This, in turn, has important implications for applications as 

diverse as energy storage and transformation, electrochemical synthesis, 

and electroanalytical methodology. 

Several electrochemical techniques will be presented for study of the 

oxidation of As(III) on noble-metal electrodes. For the most part, the 

transport of As(III) to the electrode surface is precisely controlled 

through the use of rotating disc electrodes. Methods are presented which 

permit the evaluation of the rate of As(III) oxidation under a variety of 

conditions. A relatively new technique is described to examine the 

oxidation of As(III) in a range of positive potentials that was previously 

inaccessible. The majority of the data presented in this dissertation 

deals with the oxidation of As(III) on Pt, primarily because of the wide

spread use of Pt and the exceptionally large body of literature on the 
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anodic electrochemistry of Pt. A detailed mechanism for the anodic 

oxidation of As(III) is proposed. 
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II. LITERATURE REVIEW 

A. The Electrochemistry of As(III) and As(V) 

The electrochemistry of arsenic in its' various oxidation states has 

not been subjected to a large number of fundamental investigations. This 

is undoubtedly related to the irreversibility of the reactions as well as 

the tendency for As(III) to interact with the electrode substrate. The 

majority of the studies that have been performed are related to electro-

analytical methods for the determination of arsenic. Two excellent 

reviews of the polarographic determination of arsenic are available (1,2); 

however, it is not the purpose of this literature review to survey 

analytical methodolo#, but rather to focus on the electrochemical 

reaction mechanisms. 

There is still a great deal of variation in the literature on the 

structure given for "arsenious acid" and arsenites in aqueous solutions. 

Much of this is undoubtedly related to the use of the Pourbaix diagram (3) 

for arsenic. However, two studies (4,5) have conclusively established by 

Raman spectroscopy that As(0H)3 is the only major component in an acidic 

aqueous solution of As(III). Additionally, in solutions where the [OH"] 

was increased according to Job's method of continuous variations, the 

species AsfOH)?, AsOfOH)?, AsOffOH)"^, and AsOg"^ were all observed. The 

existence of HAsOg was ruled out. These results did unambiguously 

establish the nature of the As(III) species in solution; however, in this 

review, the formulas given by the original authors will be used. 
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Mechanistic information can be obtained from several studies that 

were predominantly analytical in nature. In their review article, Arnold 

and Johnson (1) state that many polarographic studies are consistent with 

the reduction of As(III) on Hg to give an adsorbed layer of arsenic metal 

on the surface of the Hg drop. A limiting current is obtained when the 

surface is covered with an adsorbed monolayer. Susie and Pjescic (6) 

investigated the polarographic reduction of As(III) in ammoniacal 

solutions at a series of pH values. They concluded that the overall 

three-electron reduction is irreversible and that participates in the 

reaction since the Ej^/2 became more negative as the pH was increased. For 

the rate determining step they found that on^ = 0,54 and that one proton 

participates in the mechanism up to and including the rate-determining 

step. The reduction mechanism they proposed is 

AsOg" + HgO <=^ HAsOg + OH" 

HAsOg + e -5i2!!!_> ASO + OH" 

AsO + HgO + 2e _!É1L> AS + 20H" . 

In the first study of the determination of As(III) using differential 

pulse polarography, Myers and Osteryoung (7) compared the theoretical and 

experimental values for the ratio peak current/bulk concentration (ig/C) 

and also concluded that the reduction is irreversible. Tliey also 

attributed the negative deviations in the calibration curves at high 

[As(III)] to the absorption of As(0) on the electrode surface. The three 
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peaks obtained were explained as a reduction to be zero state, a 

polarographic maxima, and a reduction to the -3 state. 

The determination of As(III) by polarography frequently is accom

plished in supporting electrolytes of salts of organic acids. Soviet 

workers (8) have reported that an As(III) conplex with citrate is 

electroactive. Reduction currents are usually not obtained for As(III) in 

unbuffered neutral solutions; addition of La(III) to unbuffered 0.1 M KCl 

does result in a reduction, probably due to formation of La(As02)^^ ion-

pairs in the bulk solution (9). 

While almost all workers state that the first As(III) reduction wave 

corresponds to the production of an As(0) species, Zhdanov and co-workers 

(10) maintain that the first wave is the surface-controlled reaction 

2As(III) + 3Hg + 6e > Hg^ASg . 

The second wave then corresponds to the reduction of the mercuric 

arsenide. 

Watson (11) has recently reviewed the polarographic behavior and 

analysis of some organoarsenic compounds. The reactions for the most part 

are irreversible four- and two-electron reductions that are followed by 

chemical reactions in solution. 

It was observed in some of the earliest polarographic studies that 

As(V) is electroinactive on Hg. All attempts to electrochemically reduce 

As(V) on Zn, graphite, sintered Ni, Pt, Pb, Pb-Sn, and amalgamated Cu in 
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various acidic and alkaline media were unsuccessful, as were chemical 

reductions with Mg and Al(12). Most electrochemical determinations of 

As(V) therefore have been based on the prior reduction of As(V) to As(III) 

with reducing agents such as Cd, I", SnCl2, Cu(I), or hydrazine 

sulfate. Nevertheless, there have been a small number of cases where an 

As(V) reduction current was observed. 

The first electroreduction of As(V) was reported by Meites (13). The 

supporting electrolyte was 11.5 M HCl. Two distinct waves were obtained, 

the total current being 8/3 times the magnitude of an equimolar As(III) 

signal; therefore, the overall reduction was concluded to be from the +5 

to the -3 state. The first wave was ascribed to the +5 to 0 reduction 

since the current was approximately 5/8 of the total wave and the 

potential was negative of the for the +3/0 couple. Diluting the HCl 

concentration to 9 M resulted in a complete elimination of the wave. 

Experiments with other electrolytes showed that both and CI" have to be 

present at a very high activity. Meites speculated that some or all of 

the o)<ygen atoms in the As(V) specie in solution are replaced by CI" in 

11.5 HCl. It is interesting to note that a recent attempt to reproduce 

these results was unsuccessful (10). 

The addition of La(III) to a solution of AsO^"^ gave two reduction 

waves in 0.1 M KCl (9). Presumably, ion-pairs are formed that are similar 

to those formed between La(III) and As(III). At low [La(III)] the waves 

correspond to the reductions +5 to 0 and to -3; As(III) is not formed for 

the reason given by Meites. 
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The polarographic analysis of an As(V)-pyrogallol complex gives three 

well-defined waves in 2 M HCIO4 containing 0.5 M pyrogallol (14). The 

diffusion currents are found to be in a ratio of about 2:3:3 and are 

attributed to the reductions +5 to +3, +3 to 0, and 0 to -3. The +5 to +3 

and +3 to 0 reductions were irreversible, but the 0 to -3 reduction was 

reversible. The ^1/2 for the As(V) complex was -0.10 V vs. SCE and the 

diffusion coefficient was evaluated as 1.7 x 10"^ cm^/sec, which is 

indicative of a large, bulky complex. (Note: The structure of the As(V) 

complex has been elucidated since this study was performed (15)). 

Pyrogallol does not form a complex with As(III). 

Anodic stripping voltammetry (ASV) and cathodic stripping voltammetry 

(CSV) at Hg electrodes has been performed in three cases. As previously 

discussed, arsenic deposition on Hg is generally considered to stop at a 

monolayer coverage due to the relative insolubility of As in Hg and the 

nonconducting nature of As. Toropova et al. (16) reported that arsenic 

could be determined using a hanging Hg-drop electrode. 

At higher [As(III)], two stripping peaks were obtained which were 

attributed to the oxidation of surface arsenic and the As/Hg amalgam. 

Henze (17) used differential pulse cathodic stripping voltammetry to 

determine As(III). The As(III) was co-deposited with Cu(II) (at 120 ppm) 

at -0.55 V vs. SCE. Some interesting electrochemistry was utilized by 

Holek (18) in a cathodic stripping voltammetric determination of 

As(III). If a small amount of Se(IV) is added to the sample, Se(IV) is 

reduced to mercuric selenide at about -0.1 V. Deposition of As(III) 

occurs on the surface of mercuric selenide according to the reaction 
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2As(III) + 3HgSe + 6e > ASgSe^ + 3Hg. 

At -0.72 V, the As2Se3 is stripped from the electrode by the reaction 

ASgSej + 12 H+ + 12 e" > 2ASH3 + SHgSe 

Solid electrodes are used more frequently than Hg electrodes for the 

determination of As(III) by ASV. Once again it is essential that the 

arsenic be in the +3 state. One of the first studies was conducted by 

Trushina and Kaplin (19) using a Pt electrode. Two anodic waves were 

obtained in 0.5 M KHCO3 and 0.1 N KH2PO4; only one peak was obtained in 

1.0 N HCl. Based on the peak width at half-height, the electrooxidation 

in 1.0 N HCl was found to be nearly reversible. Kaplin (20) later 

found that a Au cathode was superior to a Pt cathode. This same 

conclusion was reached by Forsberg^^. (21), who performed differential 

pulse ASV as well. These workers found Hg and Ag to be completely 

unsatisfactory as electrodes. They also determined that 1 M HCIO4 was a 

satisfactory supporting electrolyte. Cyclic voltammetry experiments 

showed that both electroreduction and electrooxidation were much more 

reversible on Au than on Pt. These authors recognized that oxide films on 

the electrodes presented difficulties, so a pretreatment step was included 

in the experimental procedure to ensure that deposition occurred on a 

reproducible, reduced surface. A negative deviation in the calibration 

curve of high [As(III)] was attributed to "the formation of a monolayer of 

adsorbed As, a poor electrical conductor, at the electrode surface" 

(21). Finally, Forsberg e^£l_. (21) saw an enhancement in the stripping 

peak area on a Pt electrode when a Au(III) salt was added to the 
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electrolyte. This could be due to either a partial As deposition on a 

deposited Au surface, thereby enhancing the reversibility, or to an 

increase in the real surface area which would lead to a less-hindered 

deposition. 

Kaplin et al. (22) have continued their work on pure Au cathodes. 

There is no significant interaction between As and Au. In a series of HCl 

solutions with pH 0 to 3, the As(III) specie in solution was found to be 

As(0H)3 and CI" was not contained in the species involved in the electrode 

reactions. The proposed mechanism in this pH range was 

As(0H)2 «- As(0H)2* + OH" (in solution) 

As(0H)2^ + 3e > As + 2 OH" (deposition reaction) 

As + OH" > As(OH)^^ + 3e (stripping reaction) 

In the pH range 0 to -0.9, the proposed mechanism was 

ASCI3 + ZHgO As(0H)2+ + 2H"^ + 3C1" (in solution) 

AsfOHjg* + 3e > As + 2 OH" (deposition reaction) 

As > As^^ + 3e" (stripping reaction) 

Kaplin et al. (22) were able to calculate the rate constants for the 

discharge (7 x 10~® cm/sec) and the ionization (1 x 10"^^ cm/sec), values 

which are indicative of irreversible reactions. 

Co-deposition on solid electrodes has been used in a number of 

studies. Kaplin and co-workers (20) could satisfactorily determine 

arsenic on a graphite cathode when it was co-deposited with Cu, Au, Pd, 

and Pt. The familiar deviation in the linearity of a plot of peak current 
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vs. [As(III)] was probably due to a change in the deposition kinetics on 

transferring from a micro- to a macrophase. Another group of Soviet 

workers investigated the ASV of As(III) with co-deposited Cu on a grapmte 

cathode (23). The sensitivity of the method with co-deposition was ten 

times better than for deposition of As(III) on a Cu substrate. The 

increased amount of deposited As was ascribed to the formation of Cu-As 

solid solutions. Later work identified CugAs as the composition of the 

solid solution (24). The original state or the surface of a Pt cathode 

could be restored only after a long period of anodic or cathodic 

polarization; this was due to a penetration of the As into the Pt. Kaplin 

et al. (24) were also able to obtain two stripping peaks on Au as well as 

on Pt, corresponding to the oxidation of a bulk-phase arsenic and to 

oxidation of arsenic bound to the support. Arsenic was again found to 

have a greater affinity for Pt than for Au. A similar study was conducted 

by Japanese workers who co-deposited As(III) and Cu(II) at constant 

current on a Pt rotating disc electrode (25). Two stripping peaks, at 

0.0 V and 0.5 V vs. SCE were obtained. The peak at 0.5 V was due to 

stripping of CugAs, the existance of which was confirmed by x-ray 

diffraction and chemical analysis. 

The anodic oxidation of As(III) can be observed on Hg in solutions of 

strong bases (25-29). The waves are quasi-reversible and have values 

of about -0.29 V vs. SCE. Addition of complexing agents such as 

tartrates, succinates, malates, glycerol, and mannitol shift the Eiyg 

toward more negative potentials, especially the latter two reagents. 

Haight (28) stated that the most likely oxidation mechanism was 
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HAsOg'Z + OH" > AsOg" + 2e + H^O 

but once again the validity of the mechanism must be questioned in light 

of the structure of As(V) species present ir aqueous solutions. 

The oxidation of As(III) to As(V) has been examined on several other 

electrode materials. In the report of a study of the As(III)-As(V) couple 

on spectral graphite, the authors state that the reduction of AsO^" is 

strongly affected by the solution pH (30). The reduction and oxidation 

processes are irreversible with the transfer coefficient a < 0.12, an 

exchange current density of 10~® A/cm^, and a standard heterogeneous rate 

constant of 10"^ cm/sec. It was also reported that the steady-state 

potentials are reversible and that H"*" participates in the As(III)-As(V) 

equilibrium. 

The earliest investigations of the anodic oxidation of As(III) were 

aimed at the industrial preparation of arsenates (31-35). Alkaline media 

were used almost exclusively. MacNevin and a series of co-workers were 

the first to examine the As(III) oxidation in some detail. MacNevin and 

Martin (36) found that the current efficiency was 100% on Pt in strong 

acid solutions, but was low (as low as 22%) in the pH range 3-11. No 

evidence was found for the oxidation of As(III) by dissolved O2 in acidic 

solutions, nor was there any indication of an intermediate (j.e., +4) 

oxidation state. MacNevin and Baker (37) later developed a coulometric 

method for the determination of As(III). 
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The variation in the anodic current obtained under supposedly 

constant conditions caused these authors to investigate the effects of 

anode pre-polarization (38). "Hydrogen" or "ojQ'gen" pre-polarization of 

the electrode caused at least a ten-fold variation in the anodic currents 

obtained for the oxidation of As(III) and Fe{II) on Pt. The pre-

polarizations were carried out at +4.0 V, while the anode was potentio-

stated at 1.0 V for the As(III) oxidation. The pre-polarized electrode 

was not changed (with respect to the i-t behavior for either As(III) or 

Fe(II)) by remaining in the supporting electrolyte for several hours. It 

was observed that if an oxygen pre-polarized electrode (j.^» > oxidized 

surface) was allowed to stand for a period of time in an As(III) or Fe(II) 

solution (presumably this was in an open-circuit condition) that the 

electrode reverted to a state similar to that of a hydrogen pre-polarized 

electrode (_i._e., reduced surface). This occurred very quickly in the 

Fe(II) solution but very slowly in the As(III) solution. MacNevin and 

Baker (36) explained these results by reasoning that the presence of 

"platinum oxides" has an effect on the current efficiency and that under 

open-circuit conditions As(III) and Fe(II) can chemically reduce the 

platinum oxide and give a clean (i_.^., reduced) surface. 

Zakharov and Songina (39) examined the anodic oxidation of arsenite 

at a rotating Pt electrode (it is not clear whether this was a disc or 

wire electrode) in 1964. The i-E curves presented are actually "pseudo-i-

E" curves because the current was measured following a predetermined time 

period after the applied potential had been set. A' 1 of the i-E curves 

(with one exception) were developed for increasing values of the applied 
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potential. The oxidation waves began at about 0.6 V vs. the Hgl2/Hg 

reference electrode; the wave shifted to more positive potentials as the 

pH was decreased. The waves exhibited a maxima at +1.0 - 1.3 V, again 

dependent on electrolyte pH. The shift in potential was consistent with 

the Nernst equation 

E = E° - 0.059 pH + 0.059 log (CAs04"^]/[As03-2]). 

The peak current initially increased as the H2SO4 electrolyte concentra

tion was increased, but decreased for concentrations greater than 1 M. 

The current obtained on the single "reverse scan" (_i_._e., applied potential 

becoming less positive) was much lower than that on the "forward scan" and 

did not exhibit a maxima. The current also decreased if the time 

following the application of the potential increments was increased, or if 

the electrode was pre-anodized at 1.7 V. Zakharov and Songina concluded 

that the oxidation of arsenite was irreversible, involves o)ygen from 

platinum oxides, and can be represented by 

ASO3"" + Pt0[0] > AsO^"^ + PtO. 

They were not specific about the nature of the Pt0[0] specie. However, 

based on the coincidence of the forward and reverse scans in the potential 

region 0.8-0.9 V, they could not eliminate an electron-transfer mechanism 

involving an As(IV) specie. From a plot of log [i/(imax-i)] ^s. E, they 

calculated the number of electrons involved in this electrode reaction to 

be 0.4; this was taken as additional evidence of irreversibility. Iodide, 

either in solution or previously adsorbed on the electrode, caused the 

entire wave to shift to more positive values and decreased the anodic 
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current. An iodized electrode could be "activated" by the addition of 

Hg(II). 

Catherine (40) analyzed plots of log i vs. E for the oxidation of 

As(III) in the potential region where concentration polarization effects 

are negligible. The results were consistent with a theoretical treatment 

of a mechanism involving two consecutive one electron-transfer steps. The 

study was interpreted as supporting the evidence for the existence of an 

As(IV) intermediate product which had been postulated previously from 

kinetic effects observed in homogeneous solutions (41,42). The data in 

this study were collected in experiments where a stationary Pt electrode 

was immersed in a flowing stream of the electrolyte solution containing 

As(III) under laminar flow conditions. 

In a paper on the contamination of Pt electrodes by arsenic, 

Sutyagina e^^. (43) state that oxidation currents obtained in 0.1 N 

H2SO4 in the potential range 0.38 V to 0.80 V vs. RHE vary with the degree 

of poisoning. The electrodes were poisoned by cathodic polarization at 

constant current which resulted in the deposition of arsenic. In this 

potential region, it was observed that no arsenic passed into solution, 

leading to the speculation that some species such as AS2O3 is formed on 

the electrode surface. Oxidation of a similarly prepared electrode in a 

KOH solution led to removal of arsenic, indicated by the increase in 

hydrogen adsorption. The anodic current obtained in the potential region 

0.8 V to 1.4 V was attributed to simultaneous oxidation and desorption of 

arsenic as As(V) and surface oxidation. The removal of arsenic from the 

surface was studied as a function of the upper (anodic) limit of the 
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potential scan in cyclic voltammetric experiments. No As was removed from 

the surface unless the anodic limit was greater than 0.8 V, which is once 

again the potential where As(III) oxidation and Pt oxide formation begin. 

The rate of desorption increases with potential up to 1.2 V. 

Loucka (44) has examined the adsorption, oxidation and reduction of 

As(III) on stationary Pt and Au electrodes. The supporting electrolyte 

was 0.5 M H2SO4; cyclovoltammetric and potentiostatic methods were used. 

On Pt, As(III) can be adsorbed with reduction to As(0) at potentials from 

0.1 to 0.7 V vs. NHE; in cyclic voltammetry experiments, this reduced As 

gives an anodic peak with a peak potential of 0.8 V and results in an 

adsorbed As(III) specie. At more positive potentials, there is a 

simultaneous oxidation and partial desorption of As as As(V) and platinum 

oxide formation. On Au, adsorbed As(III) is reduced to As(0) with a peak 

potential of 0.1 V. This As(0) is re-oxidized once again at 0.4 V to the 

adsorbed state; if the potential is swept to more positive values, the 

adsorbed As (HI) is oxidized to As(V) which is desorbed. The As(III) 

oxidation occurs at potentials negative of that where any appreciable 

phase gold oxide is formed. 

Zakharov, Songina and Kal'nitskaya (45) studied the oxidation of 

arsenite on a rotating gold-wire electrode as well as on Pt. The 

oxidation wave on a Au electrode begins 400 mV positive of the wave on a 

Pt electrode. The current on the reverse scan indicates that the gold 

electrode surface is passivated at positive potentials, undoubtedly due to 

the formation of the surface oxide. The reaction order was found to be 

0.65; this was ascribed to the oxidation of the As(III) adsorbed on a 
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"uniformly inhomogeneous electrode surface." They also observed that the 

height of the anodic wave obtained on the forward scan was a function of 

the scan rate. The reaction mechanism proposed involved adsorbed hydroxy! 

radicals and varies slightly according to pH as follow: 

H2O > OHads + H+ + e 

HASO2 (AsOgiads + pH > -0.34 

AsO+ (AsO+)adg pH < -0.34 

AsOgfads) + 'OH(ads) > H3ASO4 pH > -0.34 

AsO^(ads) 'OH(ads) + "2^ > H3ASO4 pH < -0.34 

The reaction between the adsorbed As(III) and *OH(ads) was postulated to 

be the rate-determining step. They went on to state that the reaction 

undoubtedly takes place sequentially via an As(IV) specie, which may be 

oxidized by a second *OH^ads) which may undergo disproportionation to 

As(III) and As(V). 

Two Polish scientists have studied the oxidation of As(îïî) to As(v) 

on a Au electrode in a series of perchlorate and phosphate solutions with 

pH from 0 to 14 (46). Cyclic voltammetry on a stationary Au foil was used 

exclusively. The authors assume that the oxidation is an irreversible 

process that is controlled by the rate of charge transfer. Based on peak 

currents obtained as a function of scan rate, bulk [As(III)], and pH, 

values were calculated for the transfer coefficient and the heterogeneous 

rate constant as a function of potential. The reaction orders with 

respect to H"*" and OH" were calculated from the values of (d log k/d pH)^. 
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Their proposed mechanism was also dependent on solution pH. For pH 2-14, 

the proposed mechanism was: 

ASO2 + OH- HAsOgZ 

HAsOgZ > As(IV) + e (rate-determining) 

As(IV) > As(V) + e (fast) 

In the pH range 2-1.4, the proposed mechanism was 

HAsOg + 2H+ As(0H)2+ + HgO 

As(0H)2+ > As(IV) + e (rate-determining) 

As(IV) > As(V) + e (fast) 

The anodic oxidation of As(III) on Pt and Pb was recently studied in 

H2SO4 suspensions that also contained Fe(II), Zn(II), Cd(II) and CI" 

(47). The CI" was reported to promote the more complete oxidation of 

As(III). Loodma and Past (48) briefly examined the oxidation of As(III) 

on Ag and Ni anodes in 0.5 M KOH. On Ag, anodic maxima were obtained at 

0.37-0.5 V and at 0.54-0.60 V vs. NHE. These currents were a function of 

[As(III)]. A maxima at 0.50 V is obtained on a Ni anode as well. 

Nikitin e^a_L (49,50) oxidized a number of organoarsenic compounds 

on Pt anodes in acetonitrile solutions. In the oxidation of EtAs(0Bu)2, 

0 

for example, EtAs(0Bu)2 was postulated as an intermediate product in the 

overall reaction; however, the oxygen atom probably results from a 

homogeneous reaction with H2O in the solvent rather than from any 

participation of a surface oxide. 
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B. Anodic Oxidation of Pt, Au, Pd, and Ir 

Involvement of surface oxide in the oxidation of As(III) at noble-

metal electrodes has been implied, as presented in the previous section 

(II.A). Literally hundreds of papers have been published on the anodic 

oxidation of the surfaces of noble-metal electrodes in aqueous solutions. 

The vast majority of this work, perhaps 70%, has dealt with platinum; gold 

has been the subject of another 15-20%, with the study of all other metals 

making up the remaining 10-15%. The purpose here is to review with 

reasonable detail the electrochemical oxidation of the surface of 

platinum, gold, palladium, and iridium electrodes, with special etrphasis 

on the more recent studies that have not been included in review articles. 

Several older general reviews are still useful (51-54), as is one more 

recent review (55). 

Platinum will be reviewed first. In the following discussions, the 

term "coverage" will have a rather specific meaning. Coverage (denoted 

by 9) will be defined as the ratio of the charge passed to form a given 

quantity of adsorbed oxygen or surface oxide to the charge required to 

form a monolayer of adsorbed "H. A coverage of 1.0 signifies that the 

surface has a surface stoichiometry corresponding to PtOH, while 0=2 means 

that the surface stoichiometry corresponds to PtO. Since it is assumed 

that H adsorbs 1:1 with Pt atoms on the surface, a coverage of two means 

that two electrons have been transferred for every surface Pt atom. 

Most of the early workers found no limiting coverage for anodic 

potentials up to 2.0 V (53) and, for a limited range of times (t), found 
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that the oxide charge was a linear function of log t (56). It should be 

noted that in the middle 1960s the nature of the anodic film was 

vigorously debated between those who believed that the film was an 

adsorbed layer of oxygen or an oxygen-containing specie and those who 

believed it to be a phase oxide. 

In the late 1960s and early 1970s, a considerable amount of progress 

was made in understanding the anodic oxidation of Pt. Although many 

workers contributed to this progress, the two leaders were Conway's group 

in Canada and Vetter's group in Germany. 

Conway and co-workers developed a theory for the formation and 

reduction of the first 1-2 monolayers of surface oxide based on 

electrochemical and optical data as well as computer simulations (57-

59). Only the major points of this theory will be presented here. In 

H2SO4 electrolytes of very high purity, three anodic peaks are obtained 

between 0.85 V and 1.1 V vs. NHE in potentiodynamic experiments. These 

three peaks correspond to the step-wise oxidation of the electrode surface 

according to 

4Pt + HgO > PtgOH + H+ + e (peak at 0.89 V) 

Pt^OH + HgO > 2Pt20H + H+ + e (peak at 0.94-0.95 V) 

PtgOH + HgO > 2PtOH + H+ + e (peak at 1.04-1.05 V) 

This sequence is intended to represent "surface site occupancy ratios" and 

not necessarily actual stable species. Extremely good agreement was 

obtained between the theoretical and experimental charges at each of the 

three peaks. In potentiodynamic experiments at a scan rate of 100 mV 
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sec"^, 6=1 at 1.1 V and 9=2 at about 1.4 V. Scan reversal at e < 1 leads 

to the conclusion that the first anodic peaks are due to the formation of 

reversible species; polarization beyond 8=1 or for long periods of time 

at 8 = 1 leads to the familiar hysteresis in the oxide reduction peak. 

The initial reversibility is also shown by the invariance of the anodic 

peak potentials with scan rate. A computer simulation of the sequence 

given above, assuming that each step is reversible and including two 

interaction parameters, gave a i-E profile with three anodic peaks having 

peak potentials indepenent of scan rate. 

Anodic oxidation beyond one electron per Pt atom leads to hysteresis 

and irreversibility because of an induced surface rearrangement, or 

"place-exchange". This place-exchange leads to a thermodynamically more 

stable specie and hence a more negative reduction potential. Place-

exchange occurs with both PtOH (to give "HOPt") and PtO (to give "OPt"). 

Belanger and Vijh (55) state that Goldstein e^^lr (60) did not reach 

conclusions similar to Angerstein-Kozlowska et al. (57) based on 

potentiostatic experiments with oxide growth times of 150-1150 ^sec. In 

fact, the data of Goldstein et al. can be interpreted in a manner 

consistent with Conway's theory, since it was only at potentials where 

place-exchange can occur that Goldstein were able to resolve the 

oxide reduction peak into two peaks. 

Conway and co-workers also examined in detail the oxide reduction 

peak. It is known that the slope of a plot of peak potential vs. log scan 

rate is related to the steady-state Tafel slope (61). Conway's group 

found that the Tafel slopes varied from 0 at e < 0.15 to 27 mV for 0.15 
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< 0 < 0.9 to 40 mV for 6 > 2. The low values of the Tafel slope are 

indicative of a complicated reduction mechanism. In general, the 

reduction process is not the reverse of the oxidation process; a 

generalized scheme is presented by Conway and Angerstein-Kozlowska (62) in 

a later paper. 

Differential reflectance and ac impedance measurements were also used 

by Conway and Gottesfeld (59). The data obtained from both of these 

techniques as a function of potential, scan direction, and holding time 

are consistent with his theory of monolayer oxide formation and reduction. 

As Belanger and Vijh (55) have correctly pointed out, the aim of the 

work performed by Vetter and Schultze (63-65) was different from that of 

Conway's group in that Vetter and Schultze were not concerned with the 

mechanism of the initial oxide formation. They found that the oxide 

charge (Qqx) is proportional to log t for t from 2 msec to 1000 sec in 

potentiostatic experiments with potentials between 1.0 V and 2.0 V, and 

that is proportional to potential for polarization times between 2 

msec and 1000 sec. Again, no limiting oxide coverage was observed. 

Different Tafel slopes were obtained for the processes of oxide formation 

and reduction. They concluded that only a phase platinum oxide is present 

on the surface and that the oxide increases in thickness with time and/or 

potential. The overall mechanism of growth is concluded to be one of a 

field-assisted growth in which there is a place-exchange between a Pt(II) 

and an oxide ion to give a phase oxide lattice. For e < 1, the rate-

determining step (rds) is between the Pt(II) at the metal surface and 

oxide ion in the inner Helmholtz layer. At higher coverages, the place-
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exchange mechanism is still operative, but the rds cannot unambiguously be 

assigned; it could occur at either the metal-metal oxide interface or the 

metal oxide-inner Helmholtz layer interface. This field-assisted growth 

mechanism had been proposed earlier by Visscher and Devanathan (66) and by 

Ord and Ho (67). 

The field-assisted growth mechanism has been criticized on two 

grounds. The adsorption of oxide (0"^) ions would seem to be unlikely, 

especially in highly acidic solutions. (Using this model, Vetter and 

Schultze calculated the coverage of 0"^ to be 0.1 at 1.5 V.) This 

mechanism also cannot account for the limiting oxide coverage that has 

been observed by many workers (68-78). The limiting oxide coverage is 

observed when the data are recorded in potentiodynamic experiments and not 

when galvanostatic reductions are used. A limiting coverage is obtained 

when Qh, the charge required to form a monolayer of adsorbed H, is not 

assumed to be a constant. The increase in can be attributed to either 

a surface roughening following oxide reduction or incomplete oxide 

reduction at the potential where hydrogen adsorption begins. Limiting 

coverages as high as 2.66 (6=1 corresponds to PtO) have been reported 

(68), but values closer to 2 are much more common. Biegler and co-workers 

(78) performed a very careful study and obtained limiting coverages at 

2.15 and 2.08 for platinized platinum. This coverage could consist of 

either one monolayer of Pt02 or two monolayers of PtO since there is no 

sinple reason that phase oxide growth should stop at two monolayers. 

Biegler, Rand, and Woods concluded that a chemisorbed monolayer of oxygen 

(O2) is formed. However, ellipsometric measurements of the thickness of 
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this limiting coverage have been given as 8 A (77) and 13 A (79), which 

tend to support theory that two monolayers of PtO are present. 

Belanger and Vijh (55) seem to disparage the potential-step 

experiments of Momot and Bronoel (80-81) in which the presence of PtOH 

was postulated in the range 0.4 V to 0.8 V. While their results are 

significantly different from that of Icenhower et al. (82), it is not 

obvious that the experimental techniques and data treatments (_e.^, 

compensation for double-layer charging) used by Icenhower et al. are 

superior to that of Momot and Bronoel. 

In addition to the Pt(II) oxide that has been discussed up to this 

point, it is possible to form a second type of platinum oxide (72,73,75, 

83-90). This oxide is formed on electrodes polarized for long periods of 

time at potentials greater than 2 V; the reduction peak potential occurs 

at 0.03 to 0.4 V (j_.e^., in the H adsorption region). The most 

comprehensive study of this oxide was conducted by Balej and Spalek (7 5), 

who found that a mechanical stress in the electrode favors its formation, 

that it grows linearly with polarization time, and that the initial growth 

rate is a function of potential. This oxide does not reach a limiting 

thickness. While Pt(IV) oxide produced by chemical oxidation does not 

exhibit the same electrochemical behavior as this type of oxide, electron 

diffraction spectra indicate the presence of Pt02 (91). In very recent 

work. Burke and Roche (92) have reported that the Pt02 oxide can be formed 

without inducing mechanical stress by cycling between 0.50 V and 2.82 V at 

1 Hz (i_.e_., 4.7 V sec'^) for 10 minutes. Burke and Roche (92) believe 

that a hydrated Pt(IV) oxide is formed, but disagree with Shibata and 
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Sutnino (93), Shibata (94) and Vinnikov (79) on the physical 

location of the Pt(IV) oxide. While Burke and Roche hold that the Pt(IV) 

oxide is the outermost layer, the others have stated that the Pt(IV) state 

is beneath the one or two monolayers of Pt(II) oxide formed during initial 

anodization. The Pt(IV) oxide is reduced directly to Pt(0); this is 

similar to the reduction of the higher oxidation state on Au, but 

different from the behavior of Ir and Rh. 

One optical method (differential reflectance) has already been 

mentioned. The first optical technique that was applied to the study of 

anodic oxidation was ellipsometry, where the amplitude ratio (ij<) and 

relative phase retardation (A) of elliptically polarized light is measured 

as the light passes from one medium into another through a thin film and 

is then reflected back into the original medium. Ellipsometry was first 

utilized by Reddy et al. in 1964 (95) and was used frequently in the 

latter part of the 1960s and early part of the 1970s. There is remarkably 

good agreement between ellipsometric data and coulometric data obtained at 

a relatively high scan rate (96). There is a slight decrease in the 

relative phase retardation between 0.5 V and 0.9 V, a much greater rate of 

decrease between 0.9 V and 1.15 V, and then a slightly smaller rate of 

decrease as the potential is swept toward more positive potentials. Other 

workers also have observed these discontinuities in the slope of A-E 

curves at approximately 1.1 V (67,97). This discontinuity can be 

attributed to a change in the index of refraction of the film as the oxide 

is transformed from PtOH to PtO; these results correlate very nicely with 

the electrochemical data of Conway and Gottesfeld (59). On the reverse 
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(negative) scan, A is constant until the potential has decreased to 0.8 V, 

whereupon A rapidly increases until it attains the values observed on the 

forward scan; this behavior, of course, is related to the hysteresis 

present in the reduction of the surface oxide. These ellipsometric data 

are generally considered to have been the first unambiguous data that 

established the anodic film as a phase oxide. However, these data are 

subject to some uncertainty due to the constancy (or lack thereof) of the 

index of refraction as a function of potential. 

Vinnikov and co-workers (98) have measured the photocurrents obtained 

when the Pt(II) oxide and the Pt(IV) oxide are illuminated with light at 

605 nm. An anodic photocurrent is obtained only when Pt(II) oxide is 

present, which they attribute to the reaction 

PtOCO] + H2O PtO + O2 + 2H+ + 2e. 

The Pt0[0] specie evidently represents a local site where there has been 

some oxidation beyond a single monolayer of PtO. If Pt(IV) oxide is 

present; a cathodic photocurrent is obtained; this was assigned to the 

reduction of Pt(II) oxide via a charge-transfer complex formed by the 

Pt(II) and Pt(IV) oxides. 

In addition to the optical techniques just described, some spectro

scopic techniques were applied to the study of electrochemical oxidation 

in the early 1970s. The most heavily utilized of these spectroscopic 

techniques has been x-ray photoelectron spectroscopy (XPS) (99-105). 

Unfortunately, the studies come to mutually contradictory conclusions due 

to differences in electrolytes, anodization potentials, anodization times. 
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pretreatments, and most inportantly of all, spectra deconvolution. 

Belanger and Vijh (55) concluded that the studies available to them (99-

103} did not permit a satisfactory interpretation; subsequent publications 

(104,105) have not improved the situation. 

Johnson and Heldt (106) claim to have detected a PtO-like oxide using 

Auger spectroscopy. 

Shibata (107) has used low energy electron diffraction (LEED) to 

study the electrochemical oxidation of platinum. The LEED pattern for 

electrochemically-formed Pt(IV) oxide was identical to that of chemically 

prepared Pt(IV) oxide. When the electrode was polarized beyond 1.15 V, 

the electrode surface following oxide reduction gave a LEED pattern 

resembling Pt black. It is precisely at this potential where the Conway 

mechanism postulates that place-exchange becomes significant; the LEED 

data would, therefore, tend to confirm Conway's theory of platinum 

oxidation. 

Ord and co-workers (108) have cofnpared the values for the formal 

potential, exchange current density, and Tafel slope obtained from open-

circuit transient experiments and galvanostatic oxidation experiments. 

While these experiments should give identical values, they were, in fact, 

significantly different. These workers prefer the values derived from the 

less-common open-circuit transient experiments. These data are 

interpreted as strengthening the case for field-assisted growth beyond a 

monolayer coverage. 

Shibata (94) has measured the conductivity of the Pt(II) and Pt(IV) 

oxides. The outermost (Pt(II) oxide) monolayer has a conductivity that is 
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very similar to Pt metal. The inner multilayer oxide {Pt(IV) oxide) has a 

O 1 
much lower conductivity, the specific conductance being 1.1-2.1 x ICT^ n" 

cm'l. 

Appleby (109,110), in the course of developing a theory for 

successive electron transfers in cyclic voltammetry, has developed a 

theory for the oxidation of Pt. His theory basically states that 

oxidation is a two-stage process. The rate constant for the first step 

(denoted by Appleby as PtOH formation) decreases exponentially with 

coverage. This decrease is associated with a rearrangement of the 

surface phase and is accompanied by very rapid PtO formation. The 

decrease in the rate constant is a factor in addition to changes in the 

Temkin terms present in both the forward and backward rate expressions. 

The position (_i_._e., potential) and shape of the oxide reduction peak is 

determined by PtO reduction, but the overall rate is determined by PtOH 

reduction. 

Fujihara and Kuwana (111) have examined the surface conductance of 

thin (100-300 Â) Pt films as a function of potential in H2SO4 and HCIO4 

electrolytes. A plot of AC/C VS. AQ/Q (where C is the conductance and Q 

is the integrated charge) is linear with a slope of 1.0, as is predicted 

by theory, for potentials up to about 1.0 V; the slope is 0.46 at 1.1 V. 

Fujihara and Kuwana interpret this change in slope as a change in the 

surface characteristics due to a change in the valence of the adsorbed 

oxygen. 

Battalova et al. (112) examined the reduction of the Pt(II) and 

Pt(IV) oxides formed at high potentials following relatively short 
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anodization times. They found that Pt(IV) oxide formed in acidic 

solutions was not reduced if the electrode was placed in 1 N NaOH. They 

concluded that the Pt(IV) oxide reduction is catalyzed by hydronium ion. 

Gilroy (113) has authored an excellent paper on oxide growth at 

potentials less than 1.7 V. The quantity of oxide was determined by both 

galvanostatic reduction and current integration, with oxide growth times 

varying from 10 msec to 10^ sec. Extrapolation of the plot of vs. log 

t to QQX = OiiC gave a common intercept (to within 0.7 decade) for eight 

different potentials. A plot of dOq^/d log t vs. potential gave a 

straight line with an intercept of 0.75 V. Plots of QQX vs. potential 

(for a fixed t) exhibited some curvature, as opposed to the results 

obtained by other investigators. A very interesting plot of QQ^ VS. log t 

for t < 10 ms is included, as is a plot of QQ^ VS. log t following a 

penultimate step that was either positive or negative of the final step. 

The quantity of oxide found in these experiments were found to be higher 

for the current integration method than for the galvanostatic reduction 

method; the most likely explanation was judged to be an incomplete oxide 

reduction prior to the onset of hydrogen evolution. From his data, Gilroy 

derived an equation for oxide growth at constant potential 

i = Cn/to exp(-Q/C%), 

where n is the overpotential, and C and t^ are arbitrary constants. 

Gilroy then noted that this equation is similar in form to that derived by 

Fleischmann and Thirsk (114) for film growth based on nucleation as the 

rate-determining step. This theory can explain the QQJ^ - log t results as 
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well as the slight convexity of the Q-E plots. Also included in this 

paper is a discussion of the theories for oxide growth presented by 

Gilman, Feldberg, Conway, Volker, and Damjanovic, and re-evaluations of 

the data of these and other investigators. 

Ward _e^_al' (115) looked at the kinetics of extended oxide growth on 

Pt. The growth was monitored by chronoellipsometry; two regions of growth 

were observed. The first region could be described by a high-field model 

with migration of ions through the oxide phase; the current was described 

by 

i = ig exp[o(V-VQ)/d], 

where d is the oxide thickness and VQ  is the potential (~ 0.9 V) where d 

is equal to 0. In this region, oxide growth is the only reaction 

occurring; d reaches 4-5Â. The second region of oxide growth begins when 

Og evolution begins and is described by 

lo exp 
'-vJl -di'tl 

T ^ 

where d^ = aV. It can be seen from this second equation that the oxide 

film grows at a greatly reduced rate. Ward et al. (115) could only 

speculate on the reason for the evident change in the mechanism of 

growth. One possibility is that the onset of electronic current through 

the oxide causes a redistribution of the potential drop across the 

interface such that drop across the oxide is significantly reduced. This 

removes the driving force for the field-assisted growth mechanism. 
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Gilroy (116) continued his earlier work by studying oxide formation 

in the potential region for oxygen evolution. Corrections were made for 

double-layer charging and incomplete galvanostatic reduction, and O2 was 

removed by purging with Ar while holding the potential at an intermediate 

value prior to oxide reduction. The effect of this intermediate step was 

also carefully studied. Gilroy's previously developed theory (113) was 

found to provide a satisfactory explanation for oxide growth up to 2.2 V. 

No evidence was found for a change in the oxide structure at about 1.5 V, 

which was the same conclusion reached by Vetter and Schultze (63). 

In his study of the reduction of multilayer oxides, Shibata (117) 

observed four arrests in the galvanostatic curve and four corresponding 

peaks in the potentiodynamic profile. These were attributed to the 

reduction of an oj^ygen monolayer adsorbed on the oxide surface, two 

monolayers of Pt(II) oxide, and the reduction of the multilayer Pt(IV) 

oxi de. 

Yamamoto et al. have recently looked at the oxidation of three 

single-crystal Pt electrodes (118). Cycling the potential of a Pt single-

crystal electrode into the oxide region several times does not change the 

surface orientation, as shown by reflection high energy electron 

diffraction (RHEED); this is different than the behavior of Au single 

crystals. Oxygen appears to be most strongly bound to the (100) 

orientation and least strongly bound to the (111) orientation; the (110) 

orientation is intermediate. The quantity of oxide formed prior to O2 

evolution on the (111) surface is less than that formed on the other 

surfaces. Over long periods of time, the (110) surface appeared to be the 



www.manaraa.com

32 

most stable and the (111) surface the least stable towards surface 

rearrangements. 

Damjanovic and Yeh (119) studied the oxide growth on Pt as a function 

of pH in acidic solutions, again within the context of the high field-

assisted growth mechanism. They found that the exchange current and Tafel 

parameters were not a function of pH, but that the potential at which the 

oxide film growth began was a function of pH. 

Angerstein-Rozlowska e^ al_. (120), in the course of studying the 

general features of noble-metal oxidation in the presence of specifically-

adsorbed anions, has been able to arrive at some additional conclusions on 

the mechanism of Pt electrooxidation. The distinct oxidation stages 

observed at 0 < 1 are associated with "successive overlay structures of 

minimum free energy." These structures are initially electrochemically 

reversible, but irreversibility due to place-exchange of the metal and 

oxygen species is induced by increasing coverage, lateral repulsions of 

the surface dipoles, increasing positive potentials, and the presence of 

adsorbed anions which cause perturbations of the local fields. The 

tendency for both place-exchange and anion adsorption is determined by the 

thermodynamic potential for metal oxidation relative to the point of zero 

charge, the donor/ acceptor properties of the metal and the anion, and the 

hydrophilicity of the metal. Cations, on the other hand, can have a 

stabilizing effect on the unrearranged surface states and thereby diminish 

the tendency for place-exchange to occur. 

Four recent papers by Damjanovic, Yeh, and Wolf (121-124) have called 

into question the high field-assisted theory of oxide growth. In the 
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first of these papers (121), the rate equation for anodic growth above 

1.0 V in an alkaline solution (1 M KOH) was found to be of the same form 

as in acidic solutions. The exchange current density in 1 M KOH was 

determined to be 1.3 x 10"^ A cm"^ in 1 M KOH, while previous work in 

acidic solutions had given an exchange current density of 2 x lOrlO A 

cm'l. If the process at the metal/oxide interface is the rate-determining 

step, the Carbera-Mott model (125) predicts that the exchange-current 

density is given by 

ig = Nvze exp[-W/RT], 

where N is the density of metal ions in the metal surface, v is the 

vibrational frequency, ze is the charge on the migrating ion, and W is the 

activation energy. All of these factors should be independent of the 

conditions in solution and at the oxide/solution interface. If the second 

step (, diffusion of the ions through the oxide) were the rate-

determining step, then N would be the density of interstitial cations in a 

reaction plane within the oxide (126). But this latter density can only 

be less than or equal to the density of metal ions in the metal surface, 

so it would therefore appear that the activation energy for growth in 

alkaline solutions should be significantly less than the activation energy 

in acidic solutions. In the temperature study, Damjanovic e^£l_. (122) 

found that W was about 6.5 kcal mol"^ smaller than the corresponding 

activation energy in an acidic solution, while Ngu^ was about 1.5% of 

Nacid* Since both N and W are different, it would at first seem that the 

rate-determining step in alkaline solutions is the migration step, instead 



www.manaraa.com

34 

of the ion-formation step as is the case in acidic solutions. The real 

difficulty is that there are no a priori reasons to believe that ion 

migration in the oxide should be effected by conditions in solution and 

there is evidence that identical phase oxides are formed in both cases. 

When the formation of oxide films was studied as a function of pH in 

alkaline solutions, it was found that the exchange current density 

decreased by one order of magnitude for a decrease of one pH unit (123). 

The rate-determining step must therefore occur at the oxide/solution 

interface, with the "pulling" of a Pt"*"^ out of its position in the surface 

of the oxide into a position in the immediate vicinity of an adsorbed OH" 

or a Pt^^/OH" place exchange suggested as possibilities. These results 

also suggest that the rate-determining step of oxide growth in acid 

solutions occurs at the oxide/solution interface. The differences in N 

and W are attributed to difference in the species reacting in the rate-

determining step: H2O in acidic and neutral solutions, OH" in basic 

solutions. 

Bagotzky and Tarasevich (127) presented a reasonably short review on 

the subject of "oxygen adsorption". This review stressed the Soviet 

orientation on the anodic electrochemistry of Pt. The oxygen chemi-

sorption process was concluded to be a two-step discharge of water via a 

hydroxy1 radical intermediate. A thermodynamic method developed in the 

middle-1930s by Slygin and Frumkin (128) and an electrochemical adsorption 

isotherm developed by Temkin (129) are the basis of an extended kinetic 

theory that allows the calculation of a wide variety of experimental 

parameters. Bagotsky and Tarasevich (127) claim that this treatment gives 
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better agreement with the experimental data than do the theories of Vetter 

and Schultze, or Conway. 

Folquer_e^_^. (130) and Arvia (131) in Argentina have investigated 

the kinetics of aging of oxide films on Pt. In this work, the oxide was 

aged by a potentiodynamic perturbation sequence where approximately one-

half of the oxide was alternately formed and then reduced by a triangular 

waveform operating at a scan rate of greater than 0.4 V sec"^. Following 

the aging sequence, a cathodic potentiodynamic scan showed that three 

different oxide species were present. It was speculated that the dynamic 

aging allows some oxygen to penetrate into the metal to the first and 

second crystallographic planes. Note that the aging referred to here is 

different from the simpler open-circuit and potentiostatic aging. 

Facci and Murray (132) formed between 0.3 and 2.5 layers of PtO by 

polarizing a Pt electrode between 0.8 V and 2.0 V vs. SSCE in 1 M H2SO4. 

When the electrode was removed from the aqueous solution under potentio

static control and placed in a very dry acetonitrile solvent, they 

observed two reduction peaks at -1.2 V and -1.6 V vs. SSCE. If the 

electrode surface was silanized with trimethylchlorosilane following oxide 

growth in 1 M H2SO4, only the peak at -1.6 V was obtained when the 

electrode was reduced in CH3CN. Since the PtOSifCHgïg linkage is not 

reducible at an available potential, Facci and Murray conclude that the 

oxide reduced at -1.2 V lies on the outer surface and that subsequent 

oxide growth (that oxide reduced at -1.6 V) occurs between the metal and 

the first oxide state. It would be interesting to repeat these 
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experiments under conditions where a Pt(IV) oxide was unambiguously 

formed. 

Facci and Murray briefly comment that their results are consistent 

with the requirement that most of the outer oxide layer must be reduced 

before significant reduction of the subsurface oxide layer commences. 

This observation was also made by Shibata and Sumino (133) working in 

aqueous HF, HCIO4, and H2SO4 solutions. Thick oxide films gave only one 

potential arrest when reduced at a high galvanostatic current density. 

Decreasing the current density led to two well-defined potential arrests. 

Increasing the acid concentration or agitating the solution caused the 

second arrest to be shifted to even more negative potentials. This was 

attributed to blocking of the reduction of the inner-layer oxide by anions 

that adsorb on the surface exposed by the reduction of the outer oxide 

layer at the first arrest. The order of adsorption was HSO4 > CIO4 > F". 

Very recently, Novak and Conway (134), and Conway and Mozota (135) 

studied the oxidation of Pt in the presence of co-adsorbed halide ions. 

The presence of CI" selectively inhibits the initial deposition of the 

PtOH monolayer and thereby favors the growth of the irreversible component 

of the oxide. Bromide and iodide block the formation of the oxide non-

selectivity over a wide range of potentials. This is consistent with the 

previously known differences in the electrosorption valencies of CI", Br", 

and r. 
Conway and Novak (136) recently completed a study of the formation 

and reduction of submonolayer quantities of Pt oxide in a trifluoroacetic 

acid solvent where the water concentration was controlled at very low 
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concentrations. The extent of hysteresis observed for submonolayer 

coverages was comparable to that obtained at very high coverages in 

aqueous solutions. This behavior was attributed to adsorption of the 

trifluoroacetate ion, but nucleation of the oxide into two-dimensional 

islands stabilized by lateral attractive interactions was also discussed. 

While the body of literature concerning anodic oxide films on gold is 

much smaller than that for platinum, it has many of the same 

characteristics: some contradictions in the earlier investigations, a 

considerable increase in the quality and quantity of data in the last 15-

20 years, and the application of a variety of nonelectrochemical 

techniques in the hope of arriving at a clear picture of the nature of the 

film. Two general reviews are recommended (51,55). At first it was 

believed that a Au(III) oxide or hydrated oxide was formed in acidic 

solutions; the reduction exhibited a high degree of hysteresis. Hoare's 

review (51) states that at most one monolayer of AU2O3 is formed in basic 

solutions. There was some evidence of multiple galvanostatic arrests at 

very low current densities (137), but it was not at all clear that 

intermediate oxidation states existed. 

Brummer and Makrides (138,139) combined galvanostatic and potentio-

static methods in the study of Au oxidation. Under potent!ostatic 

control, they found a linear relationship between oxide charge and 

potential for a given formation time. The Tafel slope for the oxide 

reduction was 39-42 mV and was pH invarient in strongly acidic 

solutions. They proposed the following mechanism for the reduction: 
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fast , 
AuOOH + H+ + e < AuO + HgO 

AuO + + e > AuOH 

AuOH + H+ + e slow ^ + HgO 

Gold oxide was found to undergo a rearrangement with time , aging) 

similar to platinum oxide. 

Schultze and Vetter (140), and Dickertman et al, (141) have examined 

Au oxidation more recently, again using potentiostatic, galvanostatic, and 

potentiodynamic techniques. Polycrystalline gold (111) and (100) single 

crystal surfaces were used. They found that the Tafel slope for reduction 

was a linear function of the oxide coverage; the complete Tafel relation 

was given by 

log i = log i. + 
E - E°' 

° b°(l + ge)' 

where log ig was equal to 2 x 10"^^ A cm~^, b° is the Tafel slope at zero 

coverage and was equal to 25 mV, g was an experimental constant equal to 

3.0, and was 1.15 V. The anodic currents obtained in the cyclic 

voltammograms of the two single crystals were significantly different, the 

anodic peak for the (111) surface being about 200 mV positive of the 

anodic peak for the (100) surface. These data led Schultze and vetter to 

propose a high-field ionic conduction mechanism for the formation of Au 

oxide (directly analogous to their theory for Pt oxidation) when the oxide 

thickness was greater than or equal to 3 A. Surface orientation effects 
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were judged to be important for oxide thicknesses less than 2 A. Schultze 

and Vetter described oxide reduction as essentially a de-nucleation 

phenomenon. 

Arvia's group began a long series of studies on the anodic oxidation 

of Au in the middle-1970s (142-145). The anodic wave could be resolved 

into as many as three peaks, depending on scan rate, temperature, and 

electrolyte; this behavior was not observed by Capon and Parsons (146) in 

their study of several noble metals. At lower temperatures, a shoulder on 

the oxide reduction peak was observed. There was considerable oxide 

dissolution/desorption that occurred at the open-circuit potential; this 

was a first-order process and increased with temperature. Using 

relatively high scan rates, a number of aging times, and i-E curves 

obtained where the anodic scan rate was not equal to the cathodic scan 

rate, Ferro _et (145) were able to deduce a mechanism in which the 

first step is the formation of an adsorbed OH radical, followed by aging 

effects which give a Au(IÎÎ) oxide and a partial regeneration of the free 

metal surface. This is in some respects similar to the mechanism of oxide 

growth on Pt proposed by Conway and co-workers but there are some very 

significant differences (57-59). On Pt, the peak potentials of the three 

anodic peaks formed at e < 1 are scan-rate independent, indicative of 

reversible species; this is clearly not the case on Au, 

When gold oxide formed at E < 1.4 V vs. SCE was potentiodynamically 

reduced, Cadle and Bruckenstein (147) found evidence that a Au(III) specie 

was present. When the electrode was polarized at E > 1.4 C, a Au(I) 

specie was also detected. 
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Goldstein (148,149) have applied the technique of potentio-

static growth for very short periods of time followed by potentiodynamic 

reduction at high scan rates to the study of Au as well as Pt. Multiple 

peaks were observed. The oxide that is reduced at the most positive 

potential is rapidly converted to a form that is reduced at potentials 300 

mV more negative. This suggested the successive oxidation of the Au(I) 

and Au(II) oxides. This conversion was a function of both time and 

polarization potential. These results are consistent with Arvia's work 

cited above and that of Gruneberg (150). 

Hoare (151,152) obtained some controversial results on the formation 

of Au oxides. Hoare claims, based on differential double-layer 

capacitance measurements, that an oxide can exist at potentials as low as 

0.80 V. This contradicts most common experience, where potentiodynamic 

experiments routinely show Au oxide formation beginning at about 1.30 V. 

In fact, some have claimed that no oxide is present below 1.20 V (153). 

Belanger and Vijh (55) suggest that this discrepancy was caused by Hoare's 

electrode pretreatment. Hoare also showed that the oxygen evolution 

reaction was inhibited by the formation of AU2O3 on the electrode surface. 

Many of the same optical and spectroscopic techniques that were used 

to study Pt oxidation have been applied to Au. El 1 ipsometry and 

reflectance methods were the first to be applied. In an acidic solution, 

the ellipsometric parameter A slowly decreased with E between 0.5 V and 

0.9 V, decreased more rapidly between 0.9 V and 1.2 V, and even more 

rapidly at E > 1.2 V (154-156). In a 1 M KOH solution, there was only one 

break in the 6-E plot at 1.2 V. Since Sirohi and Genshaw (154) had ruled 
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out anion effects, the interpretation given for the A-E behavior was that 

chemisorption of oxygen giving AuOH or AuO occurs at E < 1.2 V and that 

oxide film formation occurs at E > 1.2 V. This interpretation is 

strengthened by the low values for the refractive index and absorption 

coeficient determined by Sirohi and Genshaw (154); it would appear that 

the adsorbed species are simply modifying the optical properties of the 

metal. Both of these properties were found to be significantly larger 

when a true phase oxide was present. 

Reflectance data also confirm the essential features of Au surface 

oxidation that have been described above (157-160). In acid, the 

reflectivity-potential curve exhibits a slight negative slope between 

0.0 V and 1.30 V, followed by much larger negative slope between 1.30 V 

and 1.45 V. A second break at 1.45 V was interpreted as the potential 

where a complete monolayer of AuO was formed. In 0.5 M NaOH, Takamura et 

al. (160) observed that a significant break in the reflectivity-potential 

curve occurred 600 mV negative of the potential where significant anodic 

current begins. 

Kim, Sell, and Winograd (161) have detected a highly hydrated Au(III) 

oxide on a Au electrode anodized 1.8 V vs. SCE by subjecting it to 

analysis by XPS. 

Lohrongal and Schultze (162,153) continued the work of Schultze and 

Vetter in two papers published in 1976. These were potentiostatic 

experiments at potentials from 1.4 V to 2.3 V, growth times from 10"^ s to 

10^ s, and pH from 0 to 6.2. At low coverages formed at low potentials, 

the vanishing of an unstable species and the growth of a stable oxide can 
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be separated. The unstable species was assigned to 0"^ or OH" reversibly 

adsorbed. For E < 2.0 V, a "mono-molecular" oxide layer of "Oxide I" can 

be formed upto a limiting thickness of 10 A. This thickness increases by 

the direct logarithmic growth law for thicknesses up to 6 A, so it would 

appear that Oxide I growth is predominantly by the high-field mechanism of 

Schultze and Vetter. At E > 2.0 V, continuous oxide growth of "Oxide H" 

occurs. Oxide II may grow to a thickness of 600 A or more and is heavily 

hydrated. Oxides I and II exhibit different optical, electronic, and 

ionic conductivity behaviors; in fact. Oxide I is a semi-conductor, while 

Oxide II is essentially a conductor. Oxide II is probably conpact 

no pores or fissures) for thicknesses less than about 100 A. 

Sotto (164,165) has carefully studied the oxidation of Au single-

crystal electrodes. He holds that the three reduction peaks that he 

observes are due to the step-wise formation of Au(I) (AuOH or AU2O), 

Au(II) (Au(0H)2 or AuO), and Au(III) {Au203*nH20) species. All three of 

the species are strictly located on the surface and can co-exist at all 

potentials less than that potential that gives a certain, critical total 

coverage. Above that critical potential, the surface is essentially 

covered by a homogeneous Au203*nH20 film. 

Sumino and Shibata (166) applied a reflection electron diffraction 

technique to the study of galvanostatically-formed oxides on Au and Pd. 

The analyses established that AU2O3 and PdO of poorly crystalline natures 

were formed. 

A group of French workers has studied the anodic oxidation of Au by 

measuring the differential capacitance and the thin-film resistance 
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(167,168). In the first of these studies, the differential double-layer 

capacitance curves were obtained in HCIO^ and KCIO4 solutions. After 

determining that ClO^ was only slightly specifically adsorbed at positive 

charge densities, Clavilier and Huong (167) found that the electrode was 

covered by an oxygen specie at potentials negative of that where 

"classical" oxide formation begins. In the second of these studies (168), 

the electrical resistance of a thin (500 A) Au film with a (111) 

orientation was studied as a function of applied potential. They found 

that adsorption/desorption of oxygen obeyed the Fuchs-Sondheimer relation, 

thus establishing it as a surface process. Deviation in the resistance 

was first observed at 0.0 V vs. SCE; bulk oxidation at 0.5 V, as indicated 

by an i-E curve recorded simultaneously, was accompanied by a sharp change 

in the resistance-potential curve. These features in the resistogram have 

also been reproduced by Tucceri and Posadas (169) and by Rath (170). 

Tucceri and Posadas (169) have also obtained modulated surface conductance 

p 
data, in which a 1 x 10"^ V rms, 30 Hz ac signal was superimposed on the 

dc triangular waveform. The potential resolution of the modulated 

resistogram is clearly superior to either normal resistograms or 

voltammograms. In particular, a small anodic peak at 1.5 V in 0.5 M H2SO4 

is very clear in the modulated data, as are the anodic peaks in the oxide-

formation region. 

Another group of French workers has used ellipsometry with surface 

plasmon excitation (171). They also saw a gradual change in the 

ellipsometric parameters & and starting at about 0.4 V up to a potential 
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of about 1.5 V, where there was a sharp decrease with potential 

corresponding to the formation of the oxide. 

Arvia's group has continued to pursue the phenomenon of potentio-

dynamic aging at gold electrodes in acidic and basic solutions (172-

175). In general, a monolayer of 'OHgjg is formed just after exceeding 

the point-of-zero charge. Under the potentiodynamic aging perturbation, 

further oxidation and chemical transformations leads to a complex layer of 

the type AufOH)]. The ionic composition of the latter is determined by 

the anodic switching potential and the ratio of the anodic and cathodic 

sweep rates of the perturbation program. 

Huong, Hinnen, and LeCoeur (176) have published an excellent paper on 

"the incipient oxidation of gold electrode[s]." They used very careful 

cyclic voltammetry and differential capacitance measurements to study the 

small anodic peak that occurs about 400 mV negative of the major anodic 

waves. Electrodes of (110) and (111) single crystals were used 

throughout. Comparisons of several sources of Au by both electrochemical 

and spectroscopic means eliminated the possibility of a contaminant from 

the metal being the source of the peak. The possibility that the peak was 

due to the stripping of a metallic impurity originating in the solution 

was eliminated by comparing the electroreflectance spectra of the 

electrodes exposed to solutions doped with Bi(III) and Pb(II) with the 

spectra obtained following "incipient oxidation". The authors conclude 

that in neutral or basic media, OH" is specifically adsorbed in a slow 

adsorption reaction, covering 10-20% of the electrode surface. This is 

thought to take place on active sites liberated in the course of cleaning 
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the electrode (i_.e^., cathodic and/or anodic polarization). In acidic 

solutions, water is the source of strongly adsorbed form of OH'. This 

investigation is consistent with the resistivity measurements (168) that 

indicated that "superficial" oxidation begins at potentials considerably 

more negative than that normally observed in cyclic voltammetry. 

Fujishima, Masuda, and Honda of the University of Tokyo and Bard of 

the University of Texas have collaborated (177) in applying laser 

photothermal spectroscopy to the study of Au oxidation. While the 6T-

potential curve has the same general shape as that obtained by 

ellipsometry or differential reflectance, it appears to be much less 

sensitive to changes occurring at the onset of oxidation. 

Kirk, Foulkes, and Graydon (178) have also postulated the existence 

of a Au(OH)ads specie. At fast scan rates (e.^., 10 V sec"^), three 

distinct peaks were observed in what is usually considered to be the 

double-layer region. Impurity oxidation was eliminated as a source of 

these peaks. After correcting for double-layer charging, it was found 

that total charge for the three peaks were always = 1 electron per surface 

atom. The potentials of each of these peaks was a function of log [OH"], 

indicating OH" participation. Calculations for the number of coulombs for 

monolayer hydro)Q'l coverage on (110), (100), and (111) crystal faces 

agreed very well with the experimentally determined values. The three 

peaks were therefore identified with the reaction 

Au + OH" > Au(OH)ads + ® 

giving monolayer coverage on each of the three crystal faces. 
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Watanabe and Gerischer (179) have used anodic photocurrent measure

ments (incident wavelengths 340-730 nm) as a means to study gold oxide 

films. They examined the potential range 1.0 to 2.1 V vs. RHE in 0.2 M 

NaClO^ at pH 6 in this paper. They were able to identify three 

characteristic potential regions. Between 1.0 V and 1.4 V, there was a 

low coverage of either a lower surface oxide or a chemisorbed hydroxy! 

species but not AugO?. Between 1.5 V and 1.8 V, AU2O3 was formed to a 

thickness of about 1 nm. Above 1.9 V, thickening of the AU2O3 layer 

occurred. In a subsequent paper (180), Watanabe and Gerischer sightly 

modified these conclusions. The first stage, the so-called incipient 

oxidation, occurs between 0.85 V and 1.35 V. In this region, the 

formation of chemisorbed species (Au-OH and/or Au-0) occurs up to a 

surface coverage of ca. 20%. The formation of islands or clusters is 

suggested. The second stage, formation of AU2O3, begins at 1.35 V and is 

the predominate specie at 1.45 V. Thickening of the AU2O3 layer begins at 

1.9 V, but there is also evidence that indicates that more than one kind 

of surface species exists at these high potentials. 

Photoacoustic spectroscopy has recently been applied to the study of 

gold electrooxidation (181). This in situ technique used either a Xe lamp 

or an Ar"*" ion laser as an illumination source (x = 514.5 nm); 1 M HCIO4 

was used as the electrolyte. Unfortunately, the results are very similar 

to those obtained with photothermal spectroscopy, j^-e., relatively 

insensitive to any oxidation occurring on the surface other than the 

formation of the Au(III) oxide, the existence of which was never in doubt. 
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It is now clear that Hoare (51) was in error when he stated that only 

one monolayer of AU2O3 is formed in base; the growth of thick films has 

been further investigated by Burke's group (182). Up to 100 monolayers 

can be formed with steady-state polarization. As in acidic solutions, the 

oxide consists of a compact, anhydrous inner film at the metal surface 

plus a much thicker, porous, and highly hydrated outer film. Onset of 

thick film growth occurs at the point (> 2.0 V) where a linear Tafel 

behavior for O2 evolutions begins; this simultaneous reaction presumably 

enhances conversion of the oxide to the highly hydrated form. Oxide 

growth is slower than in acid solutions, but is more difficult to 

reduce. These workers also observed three peaks in the early stages of 

growth and subscribe to the theory given by Kirk e^aJL (178). The main 

anodic peak observed in cyclic voltammetry is therefore due to the 

conversion of Au(I) to Au(III). A later paper (183) by this same group 

studied the influence of pH on the reduction on these thick anodic films. 

Newman and Burstein (184) have applied the "scratched electrode" 

technique to the study of Au oxidation in 1 M KOH. In these experiments, 

a transient current is obtained when a 1.5 ram long, 40 ym wide, 3 deep 

scratch is made in a rotating disc electrode with a diamond stylus. At 

+200 mV (NHE), evidence was obtained for monolayer coverage of adsorbed 

hydros 1 by the reaction 

Au + OH" > Au(OH)ads + e. 

As potentials positive of +200 mV, evidence for monolayer coverage of 

AU2O3 was obtained. 
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Compared to Pt or even Au, the l i terature on the anodic oxidation of 

Pd is truly sparse. The reviews by Hoare (51) and Belanger and Vi jh (55) 

also treat the oxidation of Pd. 

The earl iest works with Pd were analyses of galvanostat ic charging 

curves (185,186). Hickl ing and Vrjosek (186) concluded that 2-3 

monolayers of a hydrated PdO were formed in neutral or acidic solut ions, 

but 3-4 monolayers were formed in base. They also stated that Pd02 

(formed just prior to O2 evolut ion) was unstable in acid. There was one 

major cathodic arrest, corresponding to the reduction of PdO. 

Hoare (187) studied Pd in oxygen-saturated solut ions and found that 

the rest potential was about 0.86 V vs. RHE. However, the rest potential 

was dependent on the part ial  pressure of oxygen and solut ion pH. To 

account for the oxygen pressure dependence, Hoare theorized that the rest 

potential was a mixed potential such as would correspond to the 

simultaneous reactions 

Pd > Pd{II)  + 2e 

Og + Pd(II)  + 2e > Pd02. 

This mechanism was consistent with Hoare's early theory of PdO formation, 

_i._e., that Pd(II)  is formed at the metal surface, which then reacts with 

an oxygen specie to give PdO. 

Cadle (188) and Llopis _e^_al_. (189) have studied the corrosion of Pd 

under anodic condit ions, the former using a rotat ing r ing-disc electrode 

and the latter using a radiotracer method. Cadle potentiostated a Pt r ing 

at 0.24 V and scanned the potential appl ied to the Pd disc. A cathodic 
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r ing current was obtained when the disc potential exceeded 0.7 V, which 

was the same potential where the disc i-E curve showed that Pd oxidation 

had begun. I t  was determined that this current was due to the reduction 

of Pd(II)  from the disc. The r ing current reached a steady (cathodic) 

value as the potential was scanned toward more posit ive values. Fol lowing 

scan reversal at the anodic l imit,  a steady r ing current was also 

obtained, but at a value less than that on the forward scan; this 

indicates that Pd dissolut ion is decreased (or the surface is passivated 

somewhat) by PdO. A very large r ing current spike (again cathodic) is 

obtained when the PdO on the disc is reduced. Rand and Woods (190) have 

cr i t ic ized Cadle's method of determining the real surface area of his Pd 

electrode and have given a good general discussion of this dif f icult  

problem. Rand and Woods maintain that the best method is to oxidize the 

electrode under condit ions that give a coverage plateau. Llopis et al .  

(189) concluded that the Pd oxidation reaction in base is described by 

Pd + OH- > Pd OHads + e 

PdOHgds + OH" > PdOgds + HgO + e 

The PdOgjg specie is "the f i rst step in formation of PdO on the surface". 

Capon and Parsons (191) noted that the i-E curve of Pd was 

complicated by the absorption of hydrogen. The potential range of the 

double-layer region could be extended by increasing the concentrat ion of 

the H2SO4 electrolyte. They also observed the famil iar hysteresis in the 

cycl ic voltammogram. Chloride ion had a very large inf luence on the 

curve, suppressing the hydrogen wave, giving a huge anodic wave in the 
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oxide region, and shif t ing the oxide reduction peak to more negative 

values. Increasing the sulfate concentrat ion had the effects of sl ight ly 

inhibit ing the onset of oxidation and decreasing the size but not 

potentials of the oxide reduction peak and the hydrogen waves. 

Potentiodynamic and potentiostat ic methods were used by Rand and 

Woods (192) to study Pd behavior. A plot of Qoxide vs. E ( for 

oxidation t imes of 10^, icf ,  and 10^ s) gave a small  plateau at 

Qoxide "  uC/geometric cm^ and E » 1.7 V vs. RHE. No l imit ing coverage 

was observed at higher E. When Qgxide "as large, the cathodic behavior 

consisted of a series of broad peaks that extended into the H region; this 

also resulted in a great deal of surface roughening. Rand and Woods 

interpreted their results as showing the oxygen chemisorption occurred at 

lower potentials, with nucleation and growth of phase oxide(s) at higher 

potentials. 

A group of Soviet workers performed a more extensive study of Pd 

oxide electrochemistry (193), Both the formation and reduction of the 

oxide in both acidic and basic solut ions was examined. In an acid 

solut ion, only one anodic wave was seen; the corresponding reduction 

showed hysteresis. In base, however, two anodic peaks were seen. The 

f i rst anodic peak exhibited a reversible nature, while the second (more 

posit ive) was reduced with hysteresis. They proposed an oxidation 

mechanism of the type 

Pd + HgO > PdOH + H+ + e 

2PdOH > PdO + Pd + H2O. 
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In this mechanism, the second recombination step was considered to be the 

slow step. In basic solut ions, OH" (rather than H2O) could be the source 

of o)Qfgen; they pointed out that oxygen adsorption from OH" discharge does 

take place at more cathodic potentials. They determined the scan rate 

dependence of the reduction peak potential;  this was 30-60 mV/decade at 

low scan rates, but was 120 mV/decade at high scan rates. This led them 

to propose the two-step reduction mechanism 

PdO + H+ (or HgO) + e > PdOH (+ OH") 

2PdOH > PdO + Pd + H2O 

or PdOH + e > Pd + OH" 

At the higher scan rates, the disproport ionation step becomes rate-

determining, thus leading to the observed scan-rate dependence. 

Morcos (194) has cotipared the oxidation of Pd as a bulk metal and as 

an electrodeposit on a pyrolyt ic graphite substrate. Compared to the bulk 

metal,  the oxidation of electrodeposited Pd begins at potentials sl ightly 

more negative. More remarkable is the dramatic increase in the quanti ty 

of oxide present at a given potential on the electrodeposited electrodes. 

The dif ference in oxide coverage was not solely due to an increase in 

surface roughness, as demonstrated by di f ferential capacitance 

measurements. The quanti ty of oxide was also highly dependent on the 

current density for Pd deposit ion. Morcos attr ibutes the dif ferences in 

electrocatalyt ic act ivi ty to dif ferences in the specif ic surface energy. 

Spanish workers have recently pursued Pd oxidation studies (195, 

196). Anodic potentiodynamic curves were used to determine the energy of 
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activat ion of Pd > Pd"*"^ + 2e. This was 6.6 kcal/mole at pH 0 and 7.3 

kcal/mole at pH 1. In alkal ine solut ions at high temperatures, the 

formation of PdOg is favored over PdO. At potentials greater than that 

for O2 evolut ion, colored f i lms are formed that increase in thickness with 

t ime; these f i lms contain not only PdO and Pd02, but in some cases may 

also contain PdOg. 

Gossner and Mizera (197) have recently taken some electrochemical 

data and have tr ied to correlate i t  with gas-phase Pd oxidation. The 

anodic charge measured in potentiodynamic experiments is a function of 

both scan rate and posit ive scan l imit.  The cathodic charge for oxide 

reduction and the "nonreducible" charge (i_.e_., the charge due to corrosion 

as Pd^^) was also plotted as a function of scan rate and scan l imit.  For 

a given growth potential and growth t ime, the charge due to oxide 

reduction is independent of scan rate. A plot of the oxide reduction peak 

potential vs. posit ive scan l imit is discontinuous, showing f ive separate 

regions. The authors ascribe these f ive regions to: 1) preferential 

adsorption of *0H at energetical ly favorable si tes such as dislocations, 

kinks, or steps; 2) adsorption of "OH at low coverages giving a reversible 

surface specie; 3) further oxidation of the PdOH by either PdOH jdb PdO + 

H+ + e or 2PdOH ^  PdO + Pd + H2O; 4) formation of a stable PdO phase 

oxide; and 5) massive bulk oxidation. Gossner and Mizera also present 

evidence for bulk oxygen absorption. They conclude that "the border l ine 

between adsorption and oxide formation cannot be drawn unambiguously" and 

that the dif fusion of oxygen into the bulk of the electrode has been 

completely underestimated in previous studies. 
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Chierchie, Mayer, and Lorenz (198) have even more recently publ ished 

a paper which complements that of Gossner and Mizera. For anodic l imits 

less than 1.05 V vs. NHE, three reduction peaks can be observed; the f i rst 

two appear to be reversible, while the third is highly irreversible. This 

third peak increases in size and shif ts toward negative potentials as the 

anodic l imit is made posit ive of 1,1 V. A plot of the cathodic charge vs. 

the anodic scan l imit shows three l inear sections, with breaks at 

2 2 210 yC/cm and 405 yC/cm .  According to these workers, these breaks 

correspond to the reduction of monolayers of PdOH and PdO, respectively. 

The PdOH is present on the surface as "extended superlatt ices" and are 

responsible for the reversible cathodic peaks observed at scan l imits less 

than 1.1 V. The growth of the oxide species in potentiostat ic experiments 

gave a logari thmic growth law. Chierchie, Mayer, and Lorenz concluded 

that polycrystal l ine Pd is oxidized in a stepwise fashion, the ini t ial ly-

formed PdOH transformed by potential and t ime into the more stable PdO. 

This relat ively slow transformation process includes surface 

reconstruct ion as the ini t ial  step for the dif fusion of 0)ygen into the 

bulk metal.  

As opposed to the cases of Pt and Au oxidation, very l i t t le has been 

done in the areas of optical and spectroscopic investigations of Pd 

oxidation. Kim, Gossmann, and Winograd (199) did record the x-ray photo-

electron spectra of Pd electrodes oxidized under a variety of condit ions. 

Electrodes oxidized below 800 mV indicated a complete lack of any phase 

oxide. Electrodes oxidized at 900 mV for 1000 sec gave XPS data that were 

interpreted as showing that two monolayers of PdO and a Pd02-type specie 
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were present; the authors could not obtain a spectra of chemical ly 

produced PdOg. When Pd was oxidized at 1.28 V for 60 sec, a Pd(IV) specie 

was st i l l  in evidence and the PdO layer was est imated to be 4-5 layers 

thick. Oxidation at st i l l  higher potentials gave PdO layers up to 40 Â 

thick with a relat ively small  amount of Pd02. Kim et al .  (199) speculated 

that this was due to either the decomposit ion of PdOg or i ts '  spontaneous 

reduction as the electrode was removed from solut ion. 

Ir idium has been studied to a somewhat greater extent than Pd, but 

again to a much lesser extent than Pt or Au. The reversible nature of the 

i-E curves for I r  was noticed very early in the development of cycl ic 

voltammetry by Bold and Breiter (200). This nature was observed in both 

acidic and basic solut ions, with the peaks in base being much more 

dist inct.  Capon and Parsons (191) were next to examine I r ,  as part of a 

study of several noble metals in acidic solut ions. They saw relat ively 

l i t t le change in the shape of the i-E curves, as the concentrat ion of 

sulfuric acid electrolyte was increased, other than the suppression of the 

oxide peak at about 1.0 V. They also observed sharper peaks in base. 

Addit ion of CI" or SO^^ had l i t t le effect on the Ir  i-E curves, in 

contradict ion to the behavior of the other Pt metals. Capon and Parsons 

(191) seem to have been one of the f i rst to observe a characterist ic of I r  

that has been extensively studied ever since: the continuing oxidation of 

I r  under potentiodynamic condit ions, giving (evidently) thicker and 

thicker oxide f i lms, the thickness increasing as a function of the number 

of potential cycles. They observed this phenomenon in 1 M HgSO^ with scan 
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l imits of 0.05 V and 1.4 V; this phenomenon diminished as the acid 

concentrat ion was increased. 

In 1974, Otten and Visscher (201,202), and Rand and Woods (203), 

publ ished signif icant new studies on I r  which examined this abnormally 

large amount of surface oxide. In their f i rst paper (201), Otten and 

Visscher found that el l ipsometric parameter A was approximately a l inear 

function of the number of cycles, suggesting that the thickness was also a 

function of the number of cycles. Since the quanti ty of adsorbed H 

actual ly decreased (~20%) with cycl ing, a si t iple surface roughing could 

not account for the increase in the oxide charge. To account for the 

dif ference in the thickness values given by el l ipsometry and by coulometry 

(assuming a uniform oxide f i lm), they proposed that the oxidation occurred 

in pits that were several nanometers thick. In their second paper (202), 

they found that both the Qoxide"^ and the A-E curves had breaks in their 

respective shapes at 1.1 -  1.2 V. This is in substantial agreement with 

Damjanovic, Dey, and Bockris (204), who found a break in the oxide 

coverage at 1.3 V (vs. HE in 1 M HCIG4) during a study of O2 evolut ion on 

I r .  These breaks were interpreted in terms of their "pit  model". 

The cyclovoltammetric study of Rand and Woods (203) led them to 

propose a quite dif ferent mechanism of growth. They also observed 

continuous anodic grcw'th in 1 M and 0.1 M H2SO4, but only i f  the anodic 

scan l imit was greater than 1.4 V. Since the electrode was not roughened 

to a large extent in these experiments, they reasoned that the complete 

reduction of a reversible oxide f i lm to the base metal on each cathodic 

scan could not be occurr ing. They proposed that an oxide phase did exist 
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on the surface, but that the reversible nature was due to changes in 

stoichiometry occurr ing in the oxide. Since the hydrogen adsorption 

charge decreased by only 25% when about 60 monolayers of oxide was formed, 

they also concluded that oxide layer was porous. 

Soviet electrochemists, pr imari ly Kurnikov and Vasi l 'ev, have studied 

I r  in some detai l  (205-209). Three anodic peaks were obtained at fair ly 

low scan rates in both acid and base; a fourth peak was observed just 

prior to Gg evolut ion in some cases (205). Oxygen adsorption and 

desorption was judged to be slow relat ive to that for Pt. There was no 

"strengthening" of the Ir-0 bond with potential or t ime; this behavior was 

str ikingly dif ferent from that of Pt, Pd, and Rh. The Tafel slope for the 

f i rst step, the formation of adsorbed OH radicals, was independent of the 

ojygen coverage, whi le the Tafel slope for the subsequent step was 

(unexpectedly) a strong function of the oxygen coverage 0 for al l  values 

of 0 (206). The kinetics of growth of the oxide (_^.^.,  the second step) 

did not seem to depend on the potential where the f i rst step took place or 

the length of t ime at this potential.  The rate of reduction was also 

insensit ive to formation potential or t ime, again demonstrat ing that 

strengthening of the Ir-0 bond does not occur (207). The reduction was 

stepwise, the f i rst step involving H"*" d ischarge, in their f inal paper on 

I r ,  Kurnikov and Vasi l 'ev (208) summarized their previous data into the 

fol lowing scheme: for pH from 0 to 14, the oxidation and reduction of I r  

fol lows the common stage sequence IrOH, IrO, IrOOH, Ir02. The IrOH wave 

cannot be observed in acid, but the IrO is more dist inct in acid than in 

base. The I r( I I I)  anodic wave is dist inct in 1 N H2SO4 but not in a 
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phosphate buffer or in base. The I r( I I I)  cathodic wave is not observed in 

any of the electrolytes tested; the Ir( I I I)  specie either readi ly 

decomposes or is masked by other maxima. In neutral or alkal ine 

solut ions, the formation of IrOg can be noted just prior to Og evolut ion; 

the inabi l i ty to observe i t  in acidic solut ions is consistent with the 

stabi l i ty studies of chemical ly-prepared IrOg. Podlovchenko and Epstein 

(209) found that "oxygen deposit ion" occurred at lower potentials in HF 

solut ions than in H3SO4 solut ions, in agreement with observation that the 

adsorptivi ty of F" is less than that of SO^^. 

Burke and a whole series of co-workers have contr ibuted several 

papers to the on-going examination of I r  oxidations (210-214). Buckley 

and Burke (210) found that the amount of oxide formed (which they also 

cal l  "charge storage") can be accelerated by scanning at a very high sweep 

rate between 0.01 V and 1.50 V. They concur with Rand and Woods in 

postulat ing the formation of an i rreversible oxide with subsequent 

stoichiometry changes. The reversibi l i ty of the peaks further indicates 

that proton migrat ion (an oxide/hydroxide transit ion) is occurring. 

Buckley and Burke held that the observed H adsorption results from a 

part ial  reduction of the outer layer of oxide. The loss of charge storage 

capacity when the electrode was polarized above 1.6 V was attr ibuted to 

corrosion of the outer act ive layer of oxide. Oxygen evolut ion on I r  in 

both acid and base was signif icantly higher than on Pt (211). At constant 

potential,  the oxygen evolut ion current was constant in acidic solut ions, 

but continuously decreased in basic solut ions. (The oxygen current on Pt 

continuously decreases in both cases.) This decrease was ascribed to a 
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continuous slow oxidation of the metal substrate with consequent 

inhibit ion of electron transfer or radical reaction at the electrode 

surface. The rate of growth of the thick oxide on I r  is a function of the 

scan rate, upper and lower potential l imits, and the pH of the electrolyte 

(212). The very thick f i lms could not be formed in base, presumably due 

to oxide dissolut ion. The oxide layer was regarded as a polymeric layer 

of oxygen-bridged hydrated oxyhydroxide species. Burke and 0'Sul l ivan 

(213) have discussed the H adsorption and double-layer capacitance 

characterist ics of thick oxide f i lms on I r  and have suggested that the 

oxygen evolut ion reaction on this kind of hydrous oxide is an example of 

three-dimensional electrocatalysis. Final ly, Burke and Wheelan (214) have 

recently advocated the reaction 

2[Ir02^(0H)2-2H20]n + 2ne + 3nH+?=^ [IrOï^XOHis'SHgO]^ + SnHgO 

as the one responsible for the reversible charge-storage reaction. The 

above reaction is writ ten for an acidic electr lyte; a similar reaction, 

involving the expulsion of a hydroxide ion may be writ ten for base. This 

reaction was proposed to account for the observed dependence of 90 mV/pH 

unit .  The model of Burke and Wheelan for the thickened oxide is one of an 

aggregate of l inked o)Qfhydro)Qf octahedral species which form a mixture of 

l inear chains with a relat ively small  amount of cross-l inking. The entire 

polymer-l ike chain is permeated by H2O, H^, OH", and other ions such as 

Na*. Electrons are delocal ized but confined to a strand; there is some 

resistance encountered in transferr ing electrons between strands. The 

density of (electronic) states in a strand is small ,  so oxidation or 
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reduction requires inject ing an electron into a much higher energy level 

or generating a vacancy in a much lower level.  When Ir( IV) is the 

predominant specie in the chain, some Ir(V) and Ir(VI) states are also 

present. 

Woods and others in Austral ia have continued to pursue this subject 

(215-217). In a study with Michel 1 and Rand (215), cycl ic voltammetry, x-

ray emission, electron dif fract ion, and electron microscopy were ut i l ized. 

Fol lowing formation of a thick f i lm, electron microscopy showed that the 

rut i le structure of Ir02 was not present; a hexagonal arrangement with 

some ordering of the metal ions was found. X-ray emission was used to 

calculate the oxide thickness. For example, with a posit ive l imit of 1.5 

V, the oxide was 22 nm thick fol lowing 3,600 potential cycles. They 

concluded that 2 electrons were transferred per I r  atom during a typical 

potential scan, probably involving a conversion of Ir(0H)2 to Ir02 via a 

continuous series of reversible de-protonation steps. The electron 

microscopy results of Michel 1, Rand, and Woods are somewhat in confl ict 

with the f ield-ion microscopy studies of Schubert et al .  (218), who 

anodized I r  at 1.5 V in 0.1 N H2SO4. Schubert e^aJL saw no crystal-

lographic development, the oxide appearing to be either amorphous or 

consist ing of very f ine microcrystal l i tes. They did observe considerable 

anisotropy in the oxide penetrat ion, reaching 10 nm in places. Woods 

(216) compared the thick oxides formed on I r  with those formed on Ru and 

on Rh in base. Woods also cr i t ic ized Burke's theory of part ial  reduction 

of the outer oxide layer, but supports the theory of Arvia (see below) and 

later endorsed by Burke and O'Sull ivan (213). Woods also states that Ir02 
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is present at the foot of the O2 evolut ion wave (but see reference (208)) 

and that the major peaks shif t  by 78-80 mV/pH unit ,  which is in reasonably 

good agreement with Burke's 90 mV/pH unit .  Frazer and Woods (217) have 

speculated that IrOg is formed at high potentials and that IrOg 

part icipates direct ly in the oxygen evolut ion reaction. 

Gottesfeld and Srinivasan (219) conducted el l ipsometric and ref lecto-

metric measurements of the Ir  anodic f i lm. Increasing the posit ive scan 

l imit to 1.40 V causes the optical parameters to increase to values 

typical of semiconductors. The phase oxide formed in the 0)Qfgen evolut ion 

region seemed to have a high level of bulk defects (see Mozota and Conway 

below) and a high surface concentrat ion of act ive si tes, both of these 

related to a gradual variat ion of the oxidation state of I r  in the oxide. 

The evolut ion of oxygen was proposed to proceed via a higher oxidation 

state of I r  in the oxide, much l ike the O2 evolut ion reaction on Ni in 

base. The ref lectance measurements given in this paper are identical to 

those given earl ier by Conway and Gottesfeld (59). 

As mentioned above, Arvia's group has developed the most convincing 

mechanism for thick Ir  oxide formation (220,221). For a posit ive l imit 

less than a certain cr i t ical value, one sees normal o>ygen adsorption and 

desorption. However, i f  the cr i t ical potential is exceeded and a certain 

oxygen coverage is obtained, then some fract ion of the o. 'wgen wi l l  not be 

desorbed even at negative potentials. This oxygen is retained near the 

metal surface as an ir idium oxide formed by the breaking of metal-metal 

bonds beneath the si te where the oxygen had been adsorbed; thus, a new H 

adsorption si te is generated for each molecule of oxide produced. When a 
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thick oxide is present, O)orgen chemisorption occurs on I r  atoms at the 

metal/metal oxide interface, the source of oxygen being H2O present in the 

hydrated oxide. On the negative scan, most of the 0)ygen is desorbed to 

leave sites for hydrogen adsorption, but some of the metal-oxygen species 

are transferred to the overlying layer result ing in oxide growth. Holding 

the potential at a constant value passivates the base metal surface; i t  is 

only when the 0)ygen ad-layer is part ial ly reduced and hydrogen deposited 

that an oxide phase can separate and grow. Thus, mult icycl ing into the 

hydrogen region is required for oxide growth. Zerbino and Arvia (221) 

also examined the dif ferent rates of growth and dif ferent f ine structures 

of I r  i-E curves obtained in 0.1 M H2SO4 (pH 0.74), 0.15 M HCIO4 (pH 

0.70), and 1 M H3PO4 (pH 0.67). The reversible valency interconversion 

(primari ly involving Ir(0H)4 units according to these authors) and the 

associated proton-transfer processes are effected by the ions that are in 

int imate contact with the polymer-l ike oxide. The dif ferences in the rate 

of growth are due to dif ferences in the dissolut ion rate caused by anion-

oxide and anion-metal interactions. 

Glarum and Marshal l  (222) found that their ac data were best 

explained by assuming that the anodic layer was a highly porous f i lm with 

essential ly al l  of the oxide si tes accessible to the electrolyte phase. 

At equi l ibr ium, this layer is electr ical ly neutral and adopts the 

potential of the external electrolyte; the electrochemical potential of 

the oxide si tes is determined at the metal/oxide interface. Aging is 

probably due to a rearrangement from Ir(0H)4 to Ir02*2H20. Due to the 

highly porous nature, Glarum and Marshal l  warned investigators of 
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comparisons between f i lms present in aqueous solut ions and those that have 

been dehydrated by high vacuums. 

Mozota and Conway (223-225) have been act ively investigating Ir  

oxidation. These workers define the charge enhancement factor (CEF) as 

the rat io of the anodic charge on a given cycle to the anodic charge for 

ini t ial  oxygen monolayer formation on the bare metal.  For a "fresh" 

electrode, a monolayer of IrOH is formed at 1.1 V and a monolayer of IrO 

is nearing completion when O2 evolut ion begins (223). After a few cycles, 

the hydrated Ir(in)/ Ir( IV) transit ions become predominant; the oxide does 

not change in nature with further cycl ing, but does increase in thickness. 

At CEF > 100, macroscopic cracks are formed. Oxygen evolut ion at 50 mA 

cm"2 for 10 minutes on an electrode with CEF = 50 caused wholesale 

macroscopic cracking and "peel ing" of the oxide down to the base metal.  

The oxide was also a great deal rougher and more spongy in appearance than 

an identical electrode where CI2 evolut ion occurred. Mozota and Conway 

attr ibute these changes the direct part icipation of the oxide in the 

oxygen evolut ion reaction. Like Kurnikov et al .  (205) Mazota and Conway 

could observe three anodic peaks on I r ,  corresponding to three dif ferent 

OH species (224). The f i rst two peaks were reversible while the third 

(most posit ive) was i rreversible. Hydroxy! radicals are formed at less 

posit ive potentials than on Pt, but •OH/'OH repulsive forces are greater 

on I r .  They also found that "OH formation on I r  was less sensit ive to 

anion competit ion than Au or Pt, but that the rearranged Ir-O bonds were 

stronger than Au-0 or Pt-O. In their f inal paper (225), Mozota and Conway 

discuss the i-E curves in greater detai l  and reconci le the data to a 
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coherent picture of the entire oxide f i lm. A high-area, porous, rough 

oxide l ies on top of the I r  substrate, with about 70% of the substrate 

surface area exposed to the electrolyte via pores and cracks. Due to the 

potential-dependent change in the oxide conductivi ty (at least 4 orders of 

magnitude), the oxide can be either "turned on" or "turned off",  in the 

sense that a redox process can occur on or in the oxide. This change in 

conductivi ty occurs at about 0.8 V on an act ivated electrode. At E < 0.8 

V, the exposed metal/electrolyte interface undergoes normal double-layer 

charging and hydrogen processes, leading to essential ly constant values 

for the double-layer capacitance and the hydrogen adsorption and 

desorption charge. At E > 0.8 V, the entire oxide/electrolyte interface 

also is subject to double-layer charging, thus leading to the very high 

value of (> 800 pF/cm^ at 1.1 V) observed by Glarum and Marshal l  

(222). Chloride concentrat ion greater than 10"^ M stops continuing oxide 

growth (but does not change the redox characterist ics of the f i lm already 

formed) by adsorbing at the metal/oxide interface and thereby interfering 

with the Ir-0 place exchange necessary for growth. 

A br ief summary of the anodic oxidation of Pt, Au, Pd, and I r  in 

aqueous solut ions is in order. I t  is clear that both the formation and 

reduction of oxide f i lms are complicated processes. These processes are 

inf luenced by many variables, such as pH, ion adsorption, appl ied 

potential,  and t ime. Results obtained from several of the newer and more 

sophist icated techniques indicate that " incipient" oxidation of the 

surface can begin as much as 500-600 mV negative of the potential where 

oxidation is general ly considered to begin. An exact structural 
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descript ion of these " incipient" oxides is not yet avai lable. At somewhat 

more posit ive potentials, a reversible hydroxyl species is often formed. 

The well-known electrochemical i rreversibi l i ty of noble-metal oxides is 

introduced by potential- and/or t ime-induced surface rearrangements that 

produce more thermodynamical ly-stable species. The rate-determining step 

for oxide growth probably occurs at the metal oxide/electrolyte interface 

and probably involves the discharge of H2O in acidic solut ions and OH" in 

basic solut ions. The oxide f i lms formed on I r  are unique in many 

respects. 

C. Oxide Part icipation in Anodic Reactions 

on Noble-Metal Electrodes 

In this section of the l i terature review, a specif ic type of anodic 

reaction wi l l  be surveyed. Anodic reactions on noble-metal electrodes 

frequently take place not on the metal l ic surface, but rather on the 

corresponding metal oxide surface. In the last few years, i t  has become 

clear to an increasing number of workers that the metal oxide is not 

simply a passive electron sink, but may actual ly be an act ive part icipant 

in one or more of the elementary reactions in the overal l  electrode 

process. I t  is these reactions that wi l l  be covered in this section. In 

addit ion, the scope of this review has been l imited to the relat ively 

recent l i terature, primari ly from 1973 to date, and to those earl ier 

papers that have a special signif icance. 

Conpared to the large number of reaction mechanisms known in 

inorganic and especial ly organic chemistry, the number of wel l-
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characterized reaction mechanisms in electrochemistry is small .  This is 

undoubtedly related to the experimental di f f icult ies encountered in 

elucidating the course of a complex process that occurs in a zone that is 

only the equivalent of 2-3 atomic layers in thickness. For anodic 

reactions at sol id electrodes, a fair ly complete l ist  of the well-studied 

mechanisms would consist primari ly of the oxidation of those simple 

organic molecules which have the potential to be used as fuels, and the 

oxygen evolut ion reaction (OER). 

As was the case in the previous section, the volume of l i terature in 

which Pt is used as an electrode material far exceeds that of Au, Pd, and 

I r  combined. 

McCallum and Fletcher (226) studied CO oxidation on smooth Pt in 1 M 

HCIO4, uti l iz ing a potential-step technique. Their results are consistent 

with the "reactant-pair" mechanism proposed by Gi l  man (227). In this 

mechanism, the reaction between the adsorbed CO and the oxidized Pt 

species occurs at the edge of expanding two-dimensional islands of Pt 

oxide. The mechanism can be represented by 

Pt l  + HgO > Ptl(OH) + H+ + e 

Ptl(OH) + Pt2(C0)ajg > Pt^ + Pt2 + COg + 

Pt^ + HgO > Pt^(OH) + H+ + e 

Pt2 + HgO > Pt^(OH) + H+ + e 

The superscripts 1 and 2 denote part icular Pt si tes. McCallum and 

PI etcher state that a steady-state oxidation of CO can take place on a 
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cotiplete monolayer of oxide, but do not give any detai ls other than to say 

that i t  is substantial ly dif ferent from the mechanism given above.and that 

i t  may st i l l  involve adsorbed species. Gibbs, McCallum and PI etcher (228) 

continued this work, using ca. 250 Â thick f i lms of Au and Pt sputtered 

onto 3-23 um thick sheets of a polymeric material.  On Pt at short 

polarizat ion t imes (i_.e_., a few seconds), the electrochemical response is 

dominated by the oxidation of the adsorbed CO according to the reactant-

pair mechanism. This is entirely consistent with their earl ier results. 

At longer t imes, i t  is l ikely that the oxidation st i l l  includes a surface 

reaction with either an oxide of Pt or an adsorbed hydroxy1 radical.  The 

reaction on the Au electrode is dif fusion control led. Gibbs, McCallum, 

and Pletcher could offer no l ikely mechanism for the reaction on Au. They 

bel ieved that no surface oxidation occurred in the potential region where 

the reaction was relat ively simple and therefore that a mechanism 

analogous to the one proposed for Pt was impossible. 

Matoo and Watanabe have studied the oxidation of CO on Pt for a 

number of years. In 1975, they oxidized CO on Pt having a sub-monolayer 

coverage of Ru ad-atoms (229). The mechanism depends on the Ru 

coverage. The more favorable reaction occurs at high Ru coverages, and is 

characterized by the reaction 

CO-Ru-Pt(subs) + HO-Ru-Pt(subs) > COg + + 2 Ru-Pt(subs) ,  

The less favorable reaction occurs at low Ru coverages and is 

characterized by the reaction 

CO-Pt(subs) + HO-Ru-Pt(subs) > CO2 H"*" + Pt(subs) + Ru-Pt(subs) .  



www.manaraa.com

67 

Here, Ru-Pt(subs) represents a Ru ad-atom on the Pt substrate, and HO-Ru-

Pt(subs) represent a hydroxy! radical adsorbed on a Ru ad-atom. The 

reactions given above are the rate-determining steps; the formation of the 

adsorbed hydroxyl is assumed to be fast.  Motoo, Shitata, and Watanabe 

(230) later continued these experiments with Sn ad-atoms. In this case, 

the rate-determining step is 

CO-Pt(subs) + O-Sn-Pt(subs) > CO2 + Sn-Pt(subs) + Pt(subs) .  

Here, Pt atoms on the surface serve as adsorption si tes for CO and Sn ad-

atoms act as oxygen adsorption si tes. Due to the Sn ad-atoms, oxygen is 

introduced to the surface at a potential 390 mV negative of the potential 

where oxygen adsorbs on Pt, thus reducing the overpotential substantial ly. 

As l i t t le as 0.03 monolyaer Sn can cause this shif t  in the polarizat ion 

curve. The greatest overal l  enhancement of the oxidation occurs at 0.50 

monolayer Sn. A gold substrate covered with one monolayer of Pt has the 

same characterist ics as a sol id Pt substrate. Motoo and Watanabe (231) 

found an identical mechanism to be operative in the oxidation of CO on Pt 

with As ad-atoms. In this case, the overpotential is reduced by 450 mV 

when the As coverage is 0.7 monolayer. This result  is somewhat 

surprising, in that As is general ly considered to be a catalyst poison. 

Bi lmes, de Tacconi, and Arvia (232) have observed a mult ipl ici ty of 

anodic peaks while oxidizing CO on polycrystal l ine Pt in 1 N HCIO4. I f  CO 

is al lowed to adsorb at open circuit  potential for a long t ime, only one 

very sharp anodic peak (Ep = 0.95 V vs. NHE) is obtained on a subsequent 

potential scan. With a complex potentiodynamic program, at least 3 anodic 
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peaks can be seen. At the lower potentials, the surface reaction between 

adsorbed oxygen and adsorbed CO is expected to be important. The other 

two peaks are attr ibuted to the direct oxidation of adsorbed CO and to the 

reaction of adsorbed oxygen and CO from the bulk of the solut ion. 

Jolson (233) investigated the oxidation of CO on rotat ing disc 

electrodes made from various electrode materials. Of those tested, 

oxidation remained at the convective-dif fusion control led value on Pt for 

the longest t ime period. Jolson observed CO adsorption at negative 

potentials; this adsorbate poisons the Pt surface toward CO oxidation from 

the bulk solut ion. At very low CO concentrat ions and very low 

overpotentials, there is evidence that oxidation can proceed in the 

absence of surface oxides, but adsorption is a necessary prerequisite. 

In 1973, Capon and Parsons (234) publ ished an excel lent paper on the 

anodic oxidation of HCOOH on a number of noble metals. On Pt, three 

anodic peaks are recorded on a posit ive-going potential sweep. The second 

peak (E = 0.9 V vs. RHE) is ascribed to the reaction sequence 

Pt + HgO > PtOH + H+ + e 

Pt + HCOOH > Pt(COOH)ads + H+ + e 

then either 

or 

PtOH + Pt(COOH)ads > 2 Pt + CO2 + H2O 

PtOH + HCOOH > Pt + CO2 + H2O + H+ + e. 
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Oxidation of HCOOH by this sequence is halted by the further oxidation of 

the PtOH to give inactive PtO. The third anodic peak (E = 1.4 -  1.5 V) 

can be ascribed to the sequence 

PtO + HgO > Pt0(0)ads + 2 H+ + 2 e 

PtO + HCOOH > PtO(HCOOH 

Pt0(0)adg + PtO(HCOOH)adg > 2 PtO + COg + HgO. 

According to Capon and Parsons, this Pt0(0)g^g specie was a precursor of 

the phase oxide, Pt02. Although the descript ion of oxide growth of Pt is 

somewhat dated, the fundamental concepts of electrocatalysis by an 

adsorbed hydroxyl radical and by a lower oxide/higher oxide redox couple 

remain sound. 

Adzic and a series of co-workers have authored papers on the anodic 

electrochemistry of HCOOH on Pt. Adzic, Popov, and Pamic (235) found that 

a higher average current density for the oxidation of HCOOH on Pt and Pt + 

Pb ad-atom electrodes can be maintained i f  the potential is periodical ly 

pulsed into the oxide region. This enables the fol lowing surface 

reactions to take place: 

C OH + Pt(OH) > C(OH)OH + Pt 
XXX XX^ '  

C(OH)OH + Pt(OH) > ^OGH + Pt + HgO 

COOH + Pt(OH) > COg + Pt + HgO 

An "x" represents an adsorbate-substrate interaction. Species having 
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mult iple interactions are more di f f icult  to oxidize than those with single 

interactions, and are commonly referred to as "poisons". Removal of these 

"poisons" frees Pt si tes that then part icipate in the oxidation of HCOOH 

from the bulk solut ion, thus giving a higher average current density. 

Adzic, O'Grady, and Srinivasan (235) oxidized HCOOH and CH3OH on Pt 

electrodes modif ied by Pb, Bi,  and T1 ad-atoms in 85% H3PO4. The ad-atoms 

greatly improved the overal l  rate of HCOOH oxidations, relat ive to Pt 

alone, but due to phosphate ion adsorption the rate is less than that 

obtained for identical electrodes in a HCIO4 electrolyte. The 

electrocatalyt ic act ivi ty is in the order Pb > Bi > Tl.  These workers 

again identi fy the anodic peak at 0.9 V vs. RHE as result ing from the 

successive surface reactions between the strongly bound intermediates and 

adsorbed hydro>yl species. The electrocatalyt ic effects on CH3OH 

oxidation are similar in nature but smaller in magnitude. 

Beden, Lamy, and Leger (237) conducted cycl ic voltammetric experi

ments on a number of noble metals in a 0.25 M K2SO4 + 0.1 M sodium formate 

solut ion. In the absence of the formate, Pt surface oxidation began at 

about -0.2 V vs. mercurous sulfate reference electrode. In the presence 

of formate, oxidation began at approximately -0.5 V on the forward 

scanned, peaked at 0.0 V, and then decreased to zero as the potential was 

scanned to more posit ive potentials. A much sharper peak with Ep = -0.2 V 

was recorded on the reverse scan. The 200 mV dif ference in the peak 

potentials on the forward and reverse scans is indicative of strongly-

adsorbed species that are oxidatively removed in the oxide region. 
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Vassi l iev et al .  (238) have conducted a very elegant study of HCOOH 

and CH3OH oxidation on smooth and plat inized Pt electrodes having Sn ad-

atoms. A technique ut i l iz ing fast potentiodynamic pulses enabled them to 

control the surface coverages of the Sn and the organic adsorbates. The 

electrocatalyt ic effect of the Sn ad-atoms is independent of the nature of 

the organic and the state (roughness) of the electrode surface. Under 

those condit ions where the rate-determining step is + OHgdg, the 

"promoting" effect of Sn is clear; i f  the rate-l imit ing step is either an 

electron transfer or some other surface interaction, the promoting effect 

is not observed. In this system, Pt is active with respect to the 

chemisorption of the organic substance, and the Sn ad-atoms provide a high 

surface concentrat ion of OH radicals. 

This same concept of a "mixed" electrocatalyst was usd by de Tacconi 

e^aj.  (239) in the electrooxidation of HCOOH on Pt + Rh al loys. The 

support ing electrolyte was 0.5 M H2SO4. A maximum amount of HCOOH is 

adsorbed on al loys with 40-50 atomic % Rh, but the maximum electro

catalyt ic act ivi ty occurs at 15-20 atomic % Rh. They judge their results 

to be consistent with the bifunctional theory of electrocatalysis, J_.^. 

H2O ^ "" OHgjjg + H"*" + e (quasi-equi l ibr ium) 

COgds + OHgdg > CO2 + H+ + e. (pseudo-f irst order) 

They do not give the steps in the production of CO^jg from HCOOH. 

Although not expl ici t ly stated by de Tacconi e^a_L (239), i t  must be 

assumed that Pt acts as the CO adsorption si tes. I t  is known that oxide 

formation begins on Rh at a potential that is sl ightly less posit ive than 
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that for Pt oxide formation, de Tacconi et al .  were not able to determine 

i f  CO adsorption was l inear (one si te) or bridged (two si tes), but i t  was 

clear that total surface coverage of these species was relat ively high. 

Incidental ly, Sobkowski and Zelenay (240) found that the oxidation of 

HCOOH on Rh in 0.5 M H2SO4 was almost exactly the same as the reaction on 

Pt, including the oxidation of the strongly-adsorbed species by an 

adsorbed hydrojyl  radical.  They state that HCOOH adsorption on Rh 

requires two si tes while only one si te is needed on Pt. 

Conway and co-workers (241) probed the anodic electrochemistry of 

HCOOH on Au-Pt al loy electrodes. A typical cycl ic voltammogram has three 

anodic peaks on the forward scan and one peak on the reverse scan. The 

f i rst anodic peak is due to HCOOH oxidation on Pt si tes by the reactions 

HCOOH + Pt > Pt(HCOOH)ads 

Pt(HCOOH)ads > Pt(H)ads + Pt(COOH)ads 

Pt(H)ads > Pt + H+ + e 

Pt(COOH)adg > Pt + CO2 + H+ + e .  

"Third-body" effects are important in this peak. The second anodic peak 

is associated with a surface reaction involving the ini t ial  OH species 

deposited in the course of Pt surface oxidation and either an adsorbed 

HCOOH or a self-poisoning specie "P" that is the result  of a paral lel  side 

reaction. The third and most posit ive peak is associated with an anodic 

reaction on or with the more developed ( j_.e.,  higher oxidation state) 

surface oxide on Pt. Conway and co-workers (241) noted that CH3OH 
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oxidation on Au-Pt al loys is qual i tat ively and quanti tat ively dif ferent 

than HCOOH oxidation, probably due to the ini t ial  formation of^QQH species 

in the oxidation of methanol. 

Koch, Rand, and Woods (242) considered the oxidation of HCHO and 

CH3OH on Pt with Sb, As, Bi,  Hg, Re, Te, or Sn ad-atoms, and on a series 

of Pt-Rh al loys. Al l  of these electrodes have an enhanced act ivi ty over 

Pt alone, which once again can be assigned to the greater ease of oxygen 

adsorption on the added metal.  The reaction of the adsorbed organic 

species with adsorbed OH radicals is rate determining, according to Koch, 

Rand, and Woods. They also found a rough correlat ion between the 

electrocatalyt ic act ivi ty and the E° for the metal/ lowest metal oxide 

couple. 

Kul iev^_a2.* (243) have investigated the adsorption and electro-

oxidation of HCHO on Pt. Catalyt ic decompsit ion and oxidation of the 

adsorbed hydrogen produced occurs at low appl ied potentials. At higher 

potentials, the slow step of the electrooxidation process is the reaction 

between the surface oxide PtO and HCHO from the solut ion, viz. 

PtO + HCHO > Pt + CO2 + HgO .  

At potentials greater than 1.3 V vs. RHE, the current decreases due to a 

conversion of PtO to Pt02> which is reduced by formaldehyde with greater 

di f f iculty. Kul iev et al .  (243) state that the reaction given above is in 

addit ion to the oxidation of chemisorbed organic species by OH radicals. 

Motoo and Shibata (244) have measured the catalyt ic effects of a 

number of ad-atoms on HCHO oxidation on Pt. The ad-atoms fal l  into two 
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groups. The f i rst group, consist ing of Cu, Ag, T1, Hg, Pb, As, Bi,  Te, 

and Se exert a relat ively small  enhancement that seems to be related to a 

number of Pt si tes that each ad-atom occupies. The second group consists 

of Ge, Sn, and Sb; the enhancement factors are roughly an order of 

magnitude greater than those in the f i rst group. Motoo and Shibata note 

that the common feature of Ge, Sn, and Sb is the abi l i ty to adsorb oxygen 

atoms at fair ly low potentials. Motoo and Shibata (244) conclude that 

"these ad-atoms faci l i tate oxidation by accepting oxygen atoms from water 

molecules and donating them to a surface intermediate." 

The electrochemical oxidation of CH3OH on Pt has been extensively 

studied for a number of years. I t  is dif f icult  to decide precisely who 

was the f i rst to suggest that methanol oxidation involved the 

part icipation of adsorbed hydroxy1 radicals or a surface oxide. Workers 

such as Frumkin, Buck, Vielst ich, and Bockris al l  proposed a mechanism of 

this type in the 1950s and early 1960s. Perhaps two of the best of these 

earl ier papers are those of Bagotzky and Vasi lyev (245,246). In the f i rst 

paper (245), they suggest that a reaction of the type 

CHgOHads + OHads > ^"2°"ads "2° 

may be rate determining, but in the same paper they make the crucial 

dist inct ion between the act ivi ty of adsorbed hydroxyl radicals and the 

inhibitory effects of other forms of adsorbed oxygen species. In the 

later paper (246), Bagotzky and Vasi lyev have recognized that methanol 

adsorption seems to involve mult iple dehydrogenation steps, and that the 

hydroxyl radical reacts with the chemisorbed intermediate. 
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Sidheswaran and Lai (247) could f i t  their data on the oxidation of 

CH3OH and HCHO on a Pt electrode to a rate equation of the type 

i  = nFk 0(l-0)exp[BEF/RT]. 

Here, k is the heterogeneous rate constant, 9 is the relat ive surface 

coverage of the adsorbed organic species, and 3 is the transfer 

coeff icient, found to bejc^. 1. This is consistent with a non-

electrochemical rate-determining step l ike 

Rads + OHgds > ROHgds. 

The electroformation of OHgjg was assumed to be a fast,  preceding 

reaction. 

Capon and Parsons (248) preferred the fol lowing mechanism for the 

anodic peak obtained at 0.9 V vs. RHE in the oxidation of CH3OH and HCOOH: 

3Pt + 3H2O > 3PtOH + 3H+ + 3e 

xExOH + Pt(OH) > xC(OH)OH + Pt 

x%(OH)OH + PtOH > gOOH + Pt + HgO 

gOOH + PtOH > COg + Pt + HgO. 

In their paper proposing the "bi-functional mechanism of electro-

catalysis through surface reaction", Watanabe and Mot00 (249) examined 

CH3OH oxidation on a Pt electrode having Au ad-atoms. Both 0=5 M H2SO4 

and 1 M NaOH support ing electrolytes were used, Watanabe and Motoo 

propose that ^Q^OH intermediates react via a surface interaction with 

neighboring O-Au-Pt(subs) species to give COg + H* + e + Au-Pt(subs). The 
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crucial 0-Au-Pt{subs) species were formed at much more negative potentials 

(vs. RHE) in 1 M NaOH than in 0.5 M H2SO4. I t  must be noted that an 

electrccatalyt ic effect of this kind is usually associated with ad-atoms 

that adsorb oxygen at potentials negative to that of Pt; this is certainly 

not the case with Au ad-atoms. 

Mikhai lova. Osetrova, and Vasi l 'ev (250) also ut i l ized the 

bifunctional mechanism of electrocatalysis in a study of CH3OH and HCOOH 

in 1 N H2SO4 on Pt with Sn ad-atoms. The surface coverage of OHg^jg on Pt 

in the potential region around 0.7 V vs. RHE is low, according to these 

workers. The addit ion of Sn dramatical ly increases the OHgdg coverage 

since Sn has a tendency for easy and reversible oxygen adsorption in this 

region. They postulate that Sn acts as a center for OHgjg and that Pt 

atoms act as a center for the organic reactant. The slow step in the 

electrooxidation is the interaction of the chemisorbed organic part icle 

with adsorbed hydroxyl radicals. Mikhai lova, Osetrova, and Vasi l 'ev (250) 

empir ical ly related Sn coverage and the catalyt ic effect by the equation 

ipt + Sn/ipt "  expC7.2 0^^],  

where ip* + is the anodic current in the presence of Sn, ip^ the 

current in the absence of Sn, and Gg^is the Sn coverage. 

Hampson, Wil iars, and McNicol have used a potential-step technique to 

study the CH3OH oxidation reaction on Pt (251), and have reviewed the 

oxidation mechanisms at Pt in acid electrolytes (252). In the potential-

step technique, posit ive potential increments were appl ied to an ini t ial  

potential of 0.45 V vs. RHE, a potential where the electrode was judged to 
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be free of adsorbed hydrogen or o)^gen. However, adsorbed CH3OH is 

certainly present at 0.45 V. For small  potential steps, the transient 

current can be f i t ted to a mathematical model or iginal ly proposed for a 

general nucleation and growth process (253). This is in turn related to 

the formation of adsorbed hydroxy1 radicals. At longer t imes and at 

higher potentials the current tai ls off .  This is related to the formation 

of a strongly-bound oxide that gradually increases in coverage and f inal ly 

becomes the dominant surface species, inhibit ing further CH3OH adsorption 

and oxidation. They conclude that in order to achieve maximum currents, 

there must be a del icate balance between OH adsorption and methanol 

adsorption. The review art icle (252) is an excel lent source document on 

this specif ic reaction. While point ing out that there is no universal ly 

accepted theory, they do state that "the oxidation most l ikely proceeds 

via a reaction involving either an adsorbed (possibly strained and 

therefore reactive) water molecule, or adsorbed OH species derived from 

the electrosorption of water." 

Katayama (254) has found that the long-term activi ty of 16 atom % Pt-

Sn oxide is 14 t imes better than Pt for the electrooxidation of CH3OH. 

While neither OHgjg nor direct oxide part icipation is expl ici t ly 

discussed, Katayama does state that either Pt/Pt(I I)  or Pt(I I) /Pt(IV) 

redox coupling takes part in the mechanism. 

Beden ^aj.  (255) have conducted an extensive investigation into 

methanol electrooxidation on Pt in 0.5 M KOH, both in the presence and 

absence of Pb, Bi,  Cd, and T1 ad-atoms. The mechanism presented by Beden 

et al .  has 9 steps, the f i rst of which is the formation of adsorbed 



www.manaraa.com

78 

hydroxy! radicals; 6 of the remaining 8 steps involve these hydroxyl 

radicals as one of two reactants in a surface reaction. The proposed 

rate-determining step is 

Pt-(CO),ds + Pt-(OH)ads > Pt-(COOH)ads + Pt, 

where Pt-(CO)gjg is the adsorbed residue result ing from 4 successive 

dehydrogenations of adsorbed CHgOH. The electrocatalyt ic act ivi ty of 

the electrodes with Pb and Bi ad-atoms is greater than that of Pt only, 

while Cd and T1 ad-atoms have an inhibit ing effect at certain potentials. 

The dif ferent effects of these ad-atoms can be ascribed to a bulk 

deposit ion of Cd and T1 that leads to severe blockage of CH3OH adsorption 

si tes, and to an increase in the hydroxyl radical coverage (but without a 

large decrease in CH3OH adsorption si tes) due to chemisorption on Pb and 

Bi.  

Bagotzky, Vassi lyev, and Khazova (256) have publ ished a paper 

enti t led "General ized scheme of chemisorption, electrooxidation and 

electroreduction of simple organic compounds on plat inum group metals." 

This paper gives a scheme for the electrochemistry of CH4, CH3OH, HCHO, 

HCOOH, and CO2 and al l  possible intermediate products (e_.j2_., ^HgOH, 

^C^OH, CHO). In al l  cases, oxidation is represented as the interaction 

of an adsorbed hydroxyl radical with a carbon-metal bond. The actual 

pathway along the scheme and the yield of products is determined by the 

rates of individual steps, which are in turn determined by factors such 

as temperature, potential,  and the coverages of foreign species, adsorbed 

hydrogen, adsorbed hydroxyl radicals, and adsorbed organic species. 
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The anodic electrochemistry of organic substances having more than 

one carbon has been examined in some detai l .  In the oxidation ethanol on 

plat inized plat inum, Sidheswaran and Lai (257) were not able to 

unambiguously assign a rate-determining step; i t  was either the formation 

of the adsorbed OH radical,  or the interaction of this radical with the 

adsorbed ethanolic residue. 

The oxidation of ethanol and acetaldehyde on smooth Pt in 0.5 M H2SO4 

was studied by Raicheva e^aL (258). Two anodic peaks were found. The 

f i rst ( less-posit ive) peak was attr ibuted to the electrooxidation of the 

carbon-containing products of the dissociat ive chemisorption of the 

ethanol and acetaldehyde on the Pt surface. The second peak was 

attr ibuted to the oxidation of the surface and the result ing chemical 

interaction of the organic substance and the surface oxide. 

Snell  and Keenan (259) used the competit ive adsorption of Cl~ on Pt 

as a means of examining the role of adsorption in the oxidation of ethanol 

on Pt. Two waves are obtained on the forward scan of a cycl ic 

voltammogram. The f i rst wave can be assigned to a surface chemical 

reaction between chemisorbed CH^CHDH and adsorbed hydroxy! radicals. The 

second wave is due to another surface reaction, this t ime involving 

CH2CH20H(gdg) and PtO. Acetaldehyde and water are the products in both 

CaScS# 

Dzhambova, Sokolova, and Raicheva (260) oxidized the primary alcohols 

having 1-4 carbons on Pt, 40% Au -  60% Pt, 60% Au -  40% Pt, and Au 

electrodes. For each oxidation, the rate-determining step is a chemical 
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reaction on the surface. On a given electrode material,  the anodic peak 

potential does not change as the number of carbons is increased. 

Rao and Roy (261) oxidized isopropanol to acetone on plat inized 

plat inum in 2.5 M H2SO4 and 2.5 M KOH. The mechanism in acid is: 

CHgCHOHCHg^ads) + PtOH > CH3COCH3 + H2O + H+ + e (0.7-1.2 V vs. NHE) 

CHgCHOHCHg^ads) + PtO > CH3COCH3 + H2O (> 1.2 V). 

In base, the corresponding mechanism is: 

CH3CHOHCH3 + PtOH + OH- > CH3COCH3 + 2H2O + e (E < -0.5 V vs. Hg/HgO) 

CHjCHOHCHs^ads) + PtO > CH3COCH3 + H2O (E > -0.5 V). 

Ethylene glycol (EG) is an attract ive fuel for fuel cel ls and for 

that reason has been investigated in detai l .  Vi jh (262) holds that the 

rate-l imit ing step in EG oxidation is 

PtOH + (EG)ajg > products (primari ly oxal ic acid). 

Soviet workers (263) have been somewhat more specif ic, ,  

CH2OH-CH2OH (COH-COH)ads + 4 Hgds 

(COH-COH)ajg + PtOH > products. 

Vigh (262) argues that 4 dehydrogenations do not take place prior to the 

surface reaction. 

Sidheswaran (264) has given a very complex scheme for steady-state 

EG oxidation, accounting for the variety of products (CO2, CHO-CHO, 

CH2OH-CHO, CH2OH-COOH, CHO-COOH, and COOH-COOH) that are found. As in the 
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scheme of Bagotzky _e^_al_. (256), the common oxidant is the adsorbed 

hydroxy! radical.  

Kadrigan, Beden, and Lamy (265,266) have very recently examined EG 

oxidation on Pt with a number of ad-atoms. For an acidic media (265), 

they agree with Seber, Vassi l iev and Bagotsky (263) that the anodic peak 

at _c^. 0.8 V vs. RHE is due to the reaction 

(COH-COH)ajg + OHgds > products .  

Of the ad-atoms tested, Cd and Re cause the polarizat ion curve to shif t  to 

more negative potentials but do not change the magnitude of the current 

density. Ad-atoms of Pb, Cu, Bi,  and T1 have no effect. In a basic media 

(266), however, Pb, Bi,  and T1 greatly enhance the electrocatalyt ic 

act ivi ty, Cd again shif ts the polarizat ion curve to more negative 

potentials, and Cu, Ru, and Re have no effect. The enhanced act ivi ty of 

Pb, Bi,  and T1 in base is explained by the anodic str iping of bulk 

deposits of these metals at potentials just negative of that where EG 

oxidation begins. This str ipping frees addit ional Pt si tes for EG 

adsorption, which then rapidly react via the bifunctional mechanism. 

Sibi l le _et _al_. (267) were interested in determining the mechanism of 

anodic oxidation of aldehydes in basic solut ion. Nine aldehydes were 

examined at a Pt RDE in aqueous solut ions, pH 9-14. Most of the aldehydes 

gave only one anodic peak, but some (e.^, acetaldehyde) gave two anodic 

peaks on the forward scan. According to Si bi  l ie _e^_al_., the homogeneous 

conversion of the aldehyde into the geminal diol anion (RCH(0H)0~) occurs 

before any electrochemical step. The remainder of the mechanism is: 
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2 Pt + 2 OH- > 2 PtOH + 2 e 

2 PtOH + RCH(0H)0- > 2 Pt + RCOO" + 2 HgO ( f i rst wave) 

and 

Pt + 2 OH- > Pt (0H)2 + 2 e 

Pt(0H)2 + RCH(0H)0- > Pt + RCOO- + 2 HgO (second wave). 

Horyani (268) has proposed the fol lowing mechanisms for the 

oxidation of pyruvic acid (CHgCCOOH) and lact ic acid (CH^CHCOOH). 

0 OH 

CHgCCOOH + OHgjg > (CHgCCOO'iads + H2O 

0 0 

(CH3CC00-)ads > (CHjCOads + CO2 

0 0 

(CHgC'iads + OHads > CH3COOH 

0 

CH3CHCOOH + OHg^s > (CHjCHCOOOads + H2O 

OH OH 

(CH3CHC00-)ads > (CH3CH-)ads + 0^2 

OH OH 

(CH30H*)ads + OHads > CH3CH-OH > CH3CHO + HgO 

OH OH 

The formation of small  amounts of acetic and pyruvic acids during 

lact ic acid oxidation are accounted for by the abstract ion of the tert iary 

hydrogen atom to give an adsorbed tert iary radical,  fol lowing by a radical 

combination reaction with another hydroxy! radical.  Horyani (268) relates 

the potential dependence of these oxidations to the rate of formation of 

OHads» This formation rate is in turn related to the thickness of the 

oxide f i lm, which acts as a barr ier to charge transfer. 
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The oxidation of oxal ic acid on Pt in 1 M HCIO4 and in a series of 

phosphate buffers (pH 0.55 to 6.28) was studied by Inzelt  and Szetey 

(269). This reaction proceeds by the mechanism 

H2C2O4 H2C204(ads) 

"2C204(ads) + 0«ads -^> + CO; + HgO 

HCOgjads) CO2 + H+ + e. 

The ini t ial  adsorption is reversible and fol lows the Terrkin isotherm. 

In the anodic oxidation of ascorbic acid on Pt, Takamura and Sakamoto 

(270) found that Bi and Pd ad-atoms exerted a marked catalyt ic effect. 

Maximum act ivi ty is obtained when the coverage is 0.5 -  0.7. While a 

detai led interpretat ion was not given, Takamura and Sakamoto do state that 

the ad-atoms resulted in an increase in activated water species (such as 

OHads) on Pt that can act as "electron captors" in the oxidation of 

ascorbic acid to dehydroascorbic acid. 

The oxidation of tetrahydrofuran (THF) on Pt in an acidic solut ion 

was explained by Sugawara and Sato (271). The ini t ial  step involves the 

discharge of THF to form a radical,  which then chemical ly reacts with the 

oxide layer to give the hydroperoxide of THF. 

Cyclohexene can be oxidized on plat inized plat inum in 1 M H2SO4. 

Alciaturi  and Marschoff (272) conducted their experiments at 50°C, where 

the yield of CO2 was expected to be greater than 95%. At a scan rate of 

100 mV s" l ,  a broad, i rreversible peak (Ep = 1.05 V vs. SCE) is obtained 

on the forward scan, whi le at 1 mV s~^ a much sharper peak (Ep = 0.82 V) 
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is observed. There is very l i t t le, i f  any, anodic current on the reverse 

scan on an oxide-covered electrode. Alciaturi  and Marschoff conclude that 

hydrocarbon oxidation occurs simultaneously with plat inum oxide 

formation. The oxidation mechanism is identical to the "reactant-pair" 

mechanism of Gil  man (227). 

Phenol oxidation at Pt in acidic media was re-examined by Levina, 

Kolosova, and Vasi l 'ev (273). They conclude, as did Ginzburg (274), that 

surface oxides are involved. Phenol adsorption is necessary, but is not 

the slow step in the process. The potential region for phenol oxidation 

shif ts at 59 mV/pH in the range pH 0.4 to 14. This indicates to Levina, 

Kolosova, and Vasi l 'ev that the produced in a fast,  preceding 

discharge of H2O or OH" is one of the reactants in the slow step of the 

process. 

Slaidens and Actina (275) examined the oxidation of Mn(II) at a Pt 

RDE in 1 M H2SO4. Cycl ic voltammetry at 4 mV s~^ was ut i l ized. They 

found that an oxide f i lm on Pt effects the rate of Mn(II) oxidation in 2 

ways: a thin layer, or part ial ly covered surface, accelerates the anodic 

process; a thick layer decreases the rate of electrochemical oxidation. 

The oxidation of SO2 has received some attention very recently. 

Appleby and Pichon (275) have used cycl ic voltammetry at stat ionary Pt 

electrodes and at a RDE made from 10% Pt-carbon paste. The shape of 

1 /2 i -w plots are a function of the concentrat ion of in the 

support ing electrolyte; at high (62-81%) HgSO^ concentrat ions, these plots 

are f lat,  while at somewhat lower concentrat ions (44%) the plot is 

curvi l inear. While Appleby and Pichon propose a very complex overal l  
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scheme, they also conclude that at high rotat ion speeds ,  high SO2 

f lux), the surface reaction PtO + SO2 > Pt + SO3 becomes rate l imit ing. 

The involvement of PtO was earl ier reported by Seo and Sawyer (277) and 

Comtat and Mahenc (278) in 0.5-1.0 M HgSO^. Audry and Voinov (279) also 

have conducted SO2 oxidation on Pt in 44% H2SO4. According to them, SO2 

can adsorb on Pt in two dif ferent ways — binding to either 1 Pt atom or 

to 3 Pt atoms. A " ful l"  monolayer of SO2 reportedly has 30% of the Pt 

si tes bonding to one SO2 molecule and the remaining si tes bonded to SO2 

molecules in a 3:1 rat io. The oxidation occurr ing on an oxide-covered 

electrode is 

PtO + J^Og + HgO > H2SO4 + 4 Pt. 

The volume of l i terature on the oxygen evolut ion reaction on Pt 

precludes any in-depth review in this dissertat ion. Fortunately, several 

excel lent reviews are avai lable (51, 280-283). As pointed out by Hoare 

(51), "an unbelievable number of reaction paths are possible i f  al l  

intermediates are considered... .Since niany of these reaction paths are not 

unique in the value of the kinetic parameters, evidence other than that 

obtained from Tafel slopes is required to identi fy unambiguously the 

complete mechanism." In 1968, Hoare (51) favored a reaction mechanism in 

which the formation of adsorbed hydro)Qfl radicals was the rate-determining 

str ip, fol lowed by either 

(OH)ads + (OH)ads ^  (O)ads + "2° (fast) 

or 

(OH)ads (O)ads + H+ + e (fast) 
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and then 

(O)ads (O)ads \—- (®2)ads 

(02)ads O2 

Damjanovic's review (280), which was publ ished just after that of Hoare, 

is considerably less definite. Damjanovic could only offer the reader one 

of three possible mechanisms in acidic solut ions and one of three (a 

dif ferent three) possible mechanisms in base. There has been some 

progress in elucidating the mechanism of the oxygen evolut ion reaction 

(OER) since 1968-1969, however. 

Damjanovic and Ward (281), in a 1975 review, emphasized the 

modif icat ion of the kinetics of the OER by the continuing oxide growth. 

The oxide growth law operative during 02(g) evolut ion is very dif ferent 

from the growth law observed prior to 03(9) evolut ion. The continuing 

increase in oxide thickness causes a decrease in the catalyt ic act ivi ty, 

which Damjanovic and Ward attr ibute to a larger and larger voltage drop 

across the seni iconducting oxide f i lm. The fol lowing year, DaîTi janovic and 

Jovanovic (284) proposed a mechanism in which a chemical step fol lowing a 

charge transfer step is rate determining. In this mechanism, there is 

the direct part icipation of oxygen atoms in surface oxide f i lm. The 

charge transfer step is once again the formation of adsorbed hydroxy1 

radicals. 

Miles _^_al_. (285) determined the transfer coeff icient for the OER on 

number of noble metals and their al loys. The value is approximately 1 for 

Pt as wel l  as I r ,  Ru02/Ti02, and Ru-Ir (50:50). A transfer coeff icient of 
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1 is consistent with a slow chemical reaction as the rate-determining 

step. 

Iwakura, Fukuda, and Tamura (286) studied 02(g) evolut ion on a 

hydrated Pt02 electrode in 1 N KOH. They propose the fol lowing mechanism, 

where S is a si te on the surface: 

S + OH- SOH + e 

SOH + OH" SO" + HgO 

SO" SO + e 

2 SO ^  2 S + O2 .  

The second step is rate determining at low overpotentials while the f i rst 

step becomes rate control l ing at high overpotentials. 

Burke, McCarthy, and O'Meara (287) have speculated on the mechanism 

of the OER on Pt. The ini t ial  electron transfer is assumed to occur from 

one of the lone pair (sp^) orbitals of the o>Q'gen atom, as opposed to 

coming from an 0-H bond» Tnis gives an adsorbed cation radical that then 

loses a proton to give the adsorbed (neutral) hydroxyl radical.  These 

workers also bel ieve that the surface oxide f i lm part icipates in the OER, 

possibly by way of intermediate pero)Qfl radicals, viz. 

(OHIads + 0 02(g) + H+ + e. 

The fact that hydrogen peroxide is not detected during 02(g) evolut ions 

does not el iminate i ts possible existence as a short- l ived intermediate on 

the electrode surface. 
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Huang (288) maintains that the f i rst step in 02(g) evolut ion on Pt is 

the formation of an adsorbed hydroxyl radical.  The second step is a 

charge transfer via electron tunneling. 

There is some direct evidence of the part icipation of the oxide f i lm 

in the OER. In 1956, Rozenthal and Veselovski i  (289) formed an 0^®-

enriched Pt oxide by polarizing an electrode in an 0^®-enriched solut ion. 

When the electrode was tranferred to a unenriched solut ion and oxygen gas 

was evolved, the ini t ial  02(g) formed contained 0^®. This experiment has 

been repeated very recently by Churchi l l  and Hibbert (290) with identical 

results. 

Evidence is continuing to accumulate that some anodic reactions on Au 

electrodes proceed by mechanisms that include the direct part icipation of 

a surface oxide. Erl ikh, Anni, and Palm (291,292) have examined the 

oxidation of NO2 on a Au ROE; a variety of acid support ing electrolytes 

were used, including 1 N Na2S04 and 1 N NaNOg solut ions that were buffered 

with "a universal" buffer solut ion. A very sharp NO2 oxidation wave 

begins at a potential about 120 mV negative of the potential where surface 

oxidation begins in the absence of NO2. A maxima is obtained at E = 0.91-

0.93 V vs. Ag/AgCl reference electrode and a minima is obtained at 1.10 V; 

more posit ive potentials lead to O2 evolut ion. The reaction rate is 

dif fusion control led for rotat ion speeds less than 950 rpm, but the 

reaction exhibits mixed kinetics (see Section IV) at rotat ion speeds 

greater than 950 rpm. Erl ikh, Anni, and Palm (291) conclude that NO2 

oxidation occurs via an interaction with an "act ive surface oxygen (AuOH)" 

and that passivation is due to the transformation of the oxide into a 
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less-active form by the oxidation to a higher ( i_.^.,  ei ther AuO or AU2O3) 

state. The authors also suggest that the higher oxides part ial ly block 

the electrode surface. In their second paper (292), Erl ikh, Anni, and 

Palm expanded upon the idea of part ial  surface blockage. The equations 

for an inhomogeneous electrode surface developed by Landsberg and co

workers were ut i l ized (see Section IV and references given therein). From 

an analysis of plots of log i  vs. T"^ at various pH and rotat ion speeds, 

these workers conclude that surface blockage was negl igible at pH 1 but 

was signif icant at pH 4.1 and 6.4. I t  should be noted, however, that 

these workers evidently used the Bri t ton buffer at pH 4.1 and 6.4. The 

adsorption effects of the phosphate, borate, and acetate ions present in 

this buffer seem to have been ignored. Erl ikh, Anni, and Palm again 

conclude (292) that passivation is the result  of a conversion of the oxide 

from an act ive form (AuOH) to a less act ive form (AuO). 

Capon and Parsons (234) have studied the oxidation of HCOOH an Au as 

wel l  as on a number of other noble metals. In cycl ic voltammetric 

experiments. Capon and Parsons observed an anodic current that started 

about 500 mV negative of the potential where "classical" gold oxide 

formation occurred. This current increased as the potential was scanned 

toward more posit ive values, peaked in the oxide region, and then rapidly 

decreased with further surface oxidation. They concluded that HCOOH 

oxidation on Au occurs only at a high overpotential and in the presence of 

an act ive surface oxide that they denoted as Au(0)aj j .  More specif ical ly, 

oxidation of HCOOH is the result  of a reaction between a chemisorbed 

intermediate specie and a metal oxide specie. 
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Maximovitch (293) was the next investigator to suggest that HCOOH 

oxidation on Au proceeded through a surface reaction. He used an Au RDE 

in a 0.5 M Na2S04 solut ion with pH > pkg of formic acid. The basic shape 

of the i-E curve was similar to that of Capon and Parsons. Maximovitch 

ut i l ized posit ive potential scan l imits that were less posit ive than those 

used by Capon and Parsons and was able to record an anodic current on the 

reverse scan. This current increased fol lowing oxide reduction. When the 

electrode was potentiostated between 0.0 -  0.1 V vs. mercuric sulfate 

reference electrode, the result ing anodic current was proport ional to the 

square root of the rotat ion speed for speeds up to 3600 RPM. Maximovitch 

proposed the fol lowing mechanism: 

HCOOHaq ^  HCOQ-^ + H+q 

HCOO-q - i l5ïL-> HCOO'ads + e 

HCOO'ads + -OHad > H2O + CO2 .  

The symbol HCOO^^g represents an adsorbed formate radical and the symbol 

OHgds represents the adsorbed hydroxyl radical formed by the reaction 

OH" ^  'OHgjg + e. 

Beden, Lany, and Leger (237) oxidized sodium formate on Au in 0.25 M 

K2SO4. Oxidation begins at -0.3 V vs. mercurous sulfate reference 

electrode and reaches a 300 mV-wide plateau at about 0.2 V. At 0.5 V, 

surface oxidation begins and the anodic current rapidly decreases with 

potential.  Anodic current is restored on the reverse scan when the 

surface oxide is reduced. 
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B e s e n h a r d ( 2 9 4 )  r e c o g n i z e d  t h a t  H C O O H  o x i d a t i o n  o n  A u  o c c u r s  

by two dif ferent mechanisms in two dif ferent potential regions. At low 

overpotentials, the mechanism consists of a slow oxidation of adsorbed 

formate ions to give adsorbed HCOO, fol lowed by a second and faster one-

electron transfer. The other mechanism occurs at high overpotentials and 

is int imately related to the mechanism of Au oxide formation. Besenhard 

et al .  propose that the f i rst step in Au oxide formation is the discharge 

of OH" or 0^" on the surface to form a reactive intermediate state that 

they denote as <Au...O>. The o>ygen atoms in this reactive intermediate 

state are in nonequil ibr ium posit ions. While in this state, the oxygen 

atoms may ei ther react with HCOOH to give CO2 and H2O or undergo surface 

rearrangements to give domains of the higher, stable oxides. The relat ive 

rates of these two competing reactions are determined by the scan rate, 

potential,  and the t ime that the electrode has been polarized. 

Gonzalo, Aldaz, and Vazquez (295) have investigated the oxidation of 

pyruvic acid (CH3-CO-COOH) or. a Au electrode in several electrolytes. 

Dif ferential double-layer capacitance measurements indicates that pyruvic 

acid is adsorbed on Au; electron spin resonance establ ishes that free 

radicals are not present in the electrolyte to any appreciable extent. 

Cycl ic voltammograms at a ROE have many of the same features previously 

described: oxidation beginning about 0.2 V negative of the potential for 

"classical" Au oxide formation, an anodic current peak in the oxide 

region, and a rapidly decreasing current as the potential is scanned to 

even more posit ive values. On the negative potential scan, anodic current 

is restored when the Au oxides are reduced. Large currents were obtained 
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in 0.5 M H2SO4 and 0.1 M NaOH, but smaller currents were recorded at 

intermediate pH values in electrolytes where the pH was adjusted with the 

Brit ton-Roblnson buffer. These authors also seem to have been unconcerned 

with anion adsorption effects. I f  the electrode was potentiostated at 

potentials just negative of the oxide region, a t ime-independent and 

nearly mass-transport l imited current was obtained. I f  the potential was 

set at potentials within the oxide region, the result ing current decayed 

as a function of t ime. The mechanism of pyruvic acid oxidation according 

to Gonzalo, Aldaz, and Vazquez (295) is 

Au + CH3COCOOH AU-CH3COCOOH 

AU-CH3COCOOH AU-CH3COCOO' + H+ + e 

AU-CH3C0C00- AU-CH3CO' + C02 (rds) 

AU -CH3CO' + H2O CH3COOH + H+ + e + Au .  

They ascribed inhibit ion to the electroformation of AuOH, which decreases 

the free surface area. I t  should be noted that these workers have 

attr ibuted inhibit ion to the lowest Au oxidation state in the potential 

region where the higher Au oxides are certainly the predominant species. 

Si bi l le e^£l.  (267) studied the oxidation of nine aldehydes on a 

Au ROE in aqueous solut ions with pH 9-14. The potential of the onset of 

oxidation was nearly identical for al l  of the aldéhydes. The shape of 

the i j -EJ curves were similar to those for HCOOH and pyruvic acid. In a 

phosphate-carbonate electrolyte with pH 11.7, current plateaus on the 

forward and reverse scans were obtained, but i f^ j  * Vev Sibi l le et al.  
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(267) propose that aldehyde oxidation proceeds by two sl ightly dif ferent 

mechanisms depending on the electrode potential.  These mechanisms are: 

1. At less postive potentials 

2 Au + 2(0H-)ads > 2 Au-OH + 2 e 

2 Au-OH + RCH(0H)0- > 2 Au + RCOO" + 2 HgO 

2. At more posit ive potentials 

Au + 2(0H-)ads > AufOHjg + 2 e 

AU(0H)2 + RCH(0H)0- > Au + RCOO" + 2 HgO .  

The specie RCH(0H)0" represents a gem-diol anion formed in a prior 

chemical step. 

Evans' group at the University of Wisconsin has also studied the 

oxidation of aldehydes at Au electrodes in base. Van Effen and Evans 

(296) obtained two anodic peaks, one at -0.6 V vs. SCE and a second that 

started at about -0.4 V and reached a current plateau before being 

strongly inhibited by the formation of a bulk phase oxide. The current 

was restored on the negative scan fol lowing oxide reduction. The currents 

were 75%-80% of the mass-transport l imited value, the magnitude of the 

deviat ion increasing with the rotat ion speed. Van Effen and Evans argued 

against the mechanism of Sibi l le _e^_al_. (267), stat ing that their data 

establ ish the oxide as an oxidation inhibitor. Van Effen and Evans did 

not make any dist inct ions between the various forms of the surface oxide. 

Van Effen, Hui, and Evans (297) considered the oxidation of a series of 

halogenated benzaldehydes in 1.0 M NaOH with 10% tert-butanol. An Au RDE 

with a gold electrodeposit (analogous to a Pt black electrode) was used. 

Two oxidation waves were not observed, but rather one broad current 
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plateau that began at about -0.9 V vs. SCE. The anodic current was 

subject to the usual inhibitory effects of the higher surface oxide 

states. This part icular electrode gave anodic currents that were mass-

transport l imited. Based on substi tut ion effects ,  the number and 

posit ion of the halogens on the aromatic r ing) Van Effen, Hui, and Evans 

(297) state that their data are constant with a mechanism in which the rds 

is 

0" 0" 

R-C-H + OH" > R-C'ADS + HGO .  

OH OH 

This mechanism is identical to the one derived by Van Effen and Evans 

(298) from a study of the less-posit ive anodic wave obtained on a smooth 

Au electrode. 

Adzic and Avramovic-Ivic (299), as part of a very extensive effort,  

have oxidized HCHO in alkal ine solut ions on Au electrodes that have been 

modif ied with Pb, T1, and Bi ad-atoms. The ad-atoms (most l ikely in the 

form of underpotential deposits) cause an increase in the electrocatalyt ic 

act ivi ty, which Adzic and Avramovic-Ivic attr ibute to a modif icat ion of 

the propert ies of the AuOH layer. 

The electrooxidation of ethylene glycol at Au in 1 M KOH was examined 

by Hauffe and Heitbaum (300). Analysis of data obtained from cycl ic 

voltammetry, open-circuit  potential decay, and RRDE experiments suggests 

to these workers that the rate-determining step was the one electron 

transfer 
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H 

Ç"2 -  î"2 c^uTst "  ^ 
OH OH OH OH 

Al lyl ic alcohol oxidation on Au has been studied by Celdran and 

Gonzalez-Velasco (301). The anodic currents obtained in alkal ine 

solut ions were larger and began at less posit ive potentials than those 

obtained in acidic solut ions. Onset of oxidation occurred at a potential 

where the surface was covered by a monolayer of OHg^j^. The Tafel slope 

was 100-125 mV for E < -0.46 V vs. SCE, and was dependent to a small  

extent on the solut ion pH. At E > -0.46 V, the Tafel slope was 278 mV and 

was not pH dependent. Celdran and Gonzalez-Velasco therefore concluded 

that there must be a change in reaction mechanism at -0.46 V. The 

proposed mechanisms are: 

1. E < -0.46 V 

CH2=CHCH20H ^  CH2=CHCH20H(acls) 

U "  «OU 4 . \ X Q 
— ^"(aas) ^ 

'OH(ads) + CH2=CHCH20H -J > CH^-CH-CHgOH^gjg) 

(rds) 

> HO-CHg-CH-CHgOH^ads) 

2. E > -0.46 V 

CH2=CHCH20H ^  CH2=CHCH20H(ads) 

2 OH- + CH2=CHCH20H(ads) 'OH(ads) + e + CH2=CHCH20(g) + H2O 
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The convoluted mechanism given for E > -0.46 V is an attempt to account 

for the very large Tafel slope that is observed. The experiments were 

conducted in fair ly concentrated al lyl  alcohol solut ions and i t  was 

assumed that Qgicohol ®0H* second step represents the displacement 

of an adsorbed al lyl  alcohol and formation of an adsorbed hydro>yl radical 

in a posit ion where polymerization can be ini t iated. 

Beltowska-Brzezinska has oxidized small  al iphatic alcohols on 60% Au-

40% Pt electrodes (302) and on pure Au (303) in 1 M KOH. The Au-Pt al loy 

is a better electrocatalyst than pure Pt. On the al loy electrode, the 

proposed oxidation mechanism is 

OH" + ( l-G)e 0<Ô<1 

RCHgOH + ^  RCHOH > RCHOH^g^g) + H^O + 6e 

H 

OH" ^  OH(ads) + e 

RCHOH 

OH /  ads 

3 OH •> RCOO + 3 HgO + 2e 
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The mechanism includes the part icipation of adsorbed hydro>yl radicals and 

adsorbed hydroxyl species having an electrosorption valence between -1 and 

0. 

French workers have investigated the anodic electrochemistry of the 

only amino acids that they claim are electroactive. Reynaud, Malfoy, and 

Canesson (304) have oxidized cysteine, cyst ine, and methionine on Au. Al l  

three of these amino acids can be oxidized from an adsorbed state; this 

oxidation begins at potentials negative of the potential where the gold 

surface is oxidized to the higher (Au(II)  and Au(II I))  states. Cystine 

and methionine are similar in that a single anodic peak is obtained as the 

potential is scanned into the oxide region, a minima occurs at about 1.25 

V vs. SCE, fol lowed by another rapid increase in anodic current. In other 

words, above 1.25 V the surface oxides do not inhibit  the oxidation. 

Cysteine, however, gives a cycl ic voltammogram that is more characterist ic 

of a reaction where the gold oxides inhibit  the oxidation, including the 

appearance of anodic current on the reverse scan fol lowing the electro

chemical reduction of the oxides. Reynaud, Malfoy, and Canesson (304) 

conclude that electrochemical oxidation of the adsorbed amino acid occurs 

at the more negative potentials and is catalyzed by a labi le metal oxide 

(see ref.  294) and that the anodic current obtained at higher potentials 

is due to the oxidation of the amino acid that dif fuses to the 

electrode. X-ray photoelectron spectroscopy could identi fy adsorbed 

0 0 
I  I  

R-S-S-R, R-S-S-R, and R-S -SO3 species. Malfoy and Reynaud (305) have also 

0 
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oxidized tryptophan and tyrosine at Au. These amino acids are also 

oxidized from an adsorbed state at potentials negative of the region where 

phase oxides are formed, but there is relat ively l i t t le current at the 

more posit ive potentials. The one exception to this observation is a 

tryptophan derivat ive at pH 8. Depending on pH, amino acid concentrat ion, 

and electrode rotat ion speed, ei ther a monomeric product or a polymeric 

product that f i lms the electrode surface is obtained. 

Frankenthal and two co-workers have examined the oxygen evolut ion 

reaction and the oxide formation reaction in the course of studies on the 

corrosion of gold. Frankenthal and Thompson (306) state that oxygen 

evolut ion occurs at low potentials on a gold surface part ial ly covered 

with adsorbed oxygen, and at high potentials on a f i lm of Au(0H)3. These 

results agree with earl ier work of Hoare (152). From the observations 

that AU(0H)3 begins to form at the same potential as 02(g) evolut ion, and 

that the Tafel slopes for Au(0H)3 formation and 02(g) evolut ion are the 

same, Frankenthal and Thompson state that the mechanisms for the two 

processes must have the same rate-determining step. The most l ikely rate-

determining step is judged to be the oxidation of water to an intermediate 

0 or OH radical adsorbed on the f i lm. Duncan and Frankenthal (307) later 

studied the effect of pH on these reactions. The Tafel slope for oxide 

f i lm formation is identical for pH 0.0, 1.7, and 2.8. At a given f i lm 

formation rate (1 x 10~® A cm~^), the potential shif ts 60 mV/pH. The 

02(g) evolut ion reaction behaves in precisely the same manner, with a 

potential shif t  of 58 mV/pH. Duncan and Frankenthal maintain that these 

data substantiate the conclusion of Frankenthal and Thompson (306) 
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concerning the commonali ty of the rate-determining step for Au(OH)3 

formation and 03(9) evolut ion. 

Samec and Weber (308) oxidized SO2 on a Au RDE in 0.5 M H2SO4. A 

l imit ing current plateau begins at ca. 0.65 V vs. RHE and continues up to 

ca. 1.4 V, where oxide formation begins. A small  anodic current is 

recorded on the reverse scan, even for a posit ive potential scan l imit of 

1.7 V. Fol lowing oxide reduction, the anodic current returns to the same 

l imit ing value obtained on the forward scan. Although the data might 

indicate the part icipation of a chemisorbed o)gfgen specie, the mechanism 

proposed by Samec and Weber involves the direct electrochemical oxidation 

of SO2 on a surface layer of "reduced SO2", fol lowed by hydrolysis to give 

HS04* 

Zakharov (309) performed a voltammetric study of diethyl di thio-

carbamate on Au in solut ions with pH 4.6-8.5. A wave obtained at 

potentials greater than 1.0 V was characterized by a very sharp maxima. 

Zakharov attr ibuted this wave to the further oxidation of tetra

ethylthiuram disulf ide, which is produced by the oxidation of the 

dithiocarbamate at about 0.43 V. The products of the oxidation of the 

disulf ide contained oxygen, e_.5_., HSO4. Since oxygen-containing products 

were not obtained when a graphite electrode was used, Zakharov attr ibutes 

the oxygen uptake to the direct part icipation of the 0)Qfgen adsorbed on 

Au. 

Anodic oxides formed on Pd electrodes can be part icipants in anodic 

oxidations. Capon and Parsons (234) oxidized HCOOH on Pd as part of a 

study of several noble metals. Cycl ic voltammetry establ ished that 
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strongly-adsorbed intermediate products are not formed on Pd. I t  was this 

lack of adsorption of intermediate products that led Capon and Parson to 

predict that CH3OH oxidation on Pd would be negl igible; this was veri f ied 

experimental ly. There is essential ly no anodic current obtained in the 

oxide region on Pd; this behavior is signif icantly dif ferent from that of 

Pt and Rh, which evidently have two regios of "act ive oxide". Formic acid 

oxidation on Pd becomes signif icant only after any previously-formed oxide 

is completely reduced; this is also quite dif ferent from HCOOH oxidation 

on Pt, where the rate of oxidation becomes large as soon as Pt oxide 

reduction is ini t iated. Capon and Parsons attr ibute this dif ference to an 

accelerat ion of Pt oxide reduction by HCOOH. Capon and Parson conclude 

that i t  is unl ikely that an "act ive oxide" on Pd is not formed; the 

relat ive lack of reactivi ty is probably caused by the adsorption 

characterist ics of HCOOH on Pd. 

A sl ight ly later work by Capon and Parsons (248) did veri fy that an 

easi ly-oxidized intermediate product ,  a weakly-adsorbed intermediate 

product) is formed on Pd when i t  is simply immersed in a HCOOH or CH3OH 

solut ion. These results are consistent with their earl ier work and with 

their theory that "act ive oxides" react via surface reactions only with 

strongly-adsorbed intermediate products. 

Beden. Lamy. and Leger (237) also used Pd as an anode for the 

oxidation of formate in 0.25 M K2SO4. The oxidation wave begins at -0.9 V 

vs. mercurous sulfate reference electrode; this is 600 mV negative on the 

onset of oxidation on Au. A broad peak is reached at -0.2 V, but the 

current quickly decreases to zero as surface oxidation occurs. As soon as 



www.manaraa.com

101 

the oxide is reduced on the reverse scan, an anodic current comparable to 

that obtained on the forward scan is observed. 

Watanabe and Motoo (249) found that the oxidation of CH3OH on Pd in 

0.5 M H2SO4 was catalyzed by Au ad-atoms. I t  is in the paper that they 

proposed their "bi-functional mechanism of electrocatalysis through 

surface reactions." In this mechanism, CH3OH adsorption gives Pd(OCH)ajg 

intermediate products which are located next to O-Au-Pd(substrate) 

species. This latter specie is intended to represent a chemisorbed oxygen 

atom on a Au atom that has in turn been underpotential deposited on a Pd 

substrate. The two species ci ted above react in a surface reaction to 

give CO2 + H"*" + e + Pd + Au-Pd(substrate). The ini t iat ion of the 

oxidation at more negative potentials in 1 M NaOH is attr ibuted to the 

formation of the O-Au-Pd(substrate) species at more negative potentials in 

base. 

The electrochemical and gas phase heterogeneous catalyt ic oxidations 

of CO were compared by Blurton and Stetter (310). Plat inum, pal ladium and 

ruthenium were considered. The act ivi ty of Pd and Ru were much lower than 

the act ivi ty of Pt. Using Conway's theory for Pt electrooxidation (see 

Section I I .B), Blurton and Stetter state that the increase in anodic 

current between 0.8 V and 1.1 V paral lels the increase in the reversibly-

bcund PtOH on the surface, and that the decrease in the current at higher 

potentials ref lects the diminished avai labi l i ty of PtOH due to conversion 

to PtO. Blurton and Stetter est imate that the surface coverage of the 

active metal-OH species on Pd and Ru must be several orders of magnitude 

1 ewer than on Pt. 
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Zhirnova et al .  (311) examined the effects of a large number of ad-

atoms on the oxidation of CH3OH on Pd. In 1 N H2SO4, Ti and Cu had no 

effect, while Bi,  Tl,  Pb, Ag, Sn, I ,  and S al l  decreased the act ivi ty. 

Al l  of the above ad-atoms decreased the act ivi ty of Pd in 1 N KOH. The 

slope of a Tafel plot for Pd only is the same as the slope for Pd in the 

presence of any of the ad-atoms l isted above; Zhirnova e^aL interpreted 

this as strong evidence that the reaction mechanism is unchanged. They 

state that the rds is the reaction between the carbon-containing species 

produced during adsorption on the electrode and produced by the 

discharge of H2O or OH". These authors recognize that this explanation is 

part icularly troublesome when deal ing with the effect of Sn ad-atoms. I t  

is known that Sn enhances the act ivi ty of Pt towards CH3OH oxidations 

(250); this was explained in terms of the more reversible adsorption of 

OHgds on Sn than on Pt. Zhirnova e^aL (311) deal with this dif f iculty 

by suggesting that Sn-Pd interactions increase the strength of the Sn-

OHgjg interaction. 

Lu and Ammon (312) have investigated the anodic oxidation of SO2 in 

concentrated (50%) H2SO4. Pre-anodized Rh, I r ,  Re, Pt, Ru, Au, and Pd 

electrodes were tested; the electrocatalyt ic act ivi ty increases in order 

l isted. The l imit ing current density for a saturated SO2 solut ion was 

twenty t imes greater on Pd than on the next best electrocatalyst,  which 

was Au. The electrochemical oxidation of SO2 on Pd begins at an anodic 

potential (0.6 V vs. RHE in the same electrolyte) where the formation of 

adsorbed oxygen-containing species occurs. On other metals (_e.j . ,  Pt),  

these oxygen-containing species are converted to metal oxides at higher 
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potentials, oxides that part ial ly cover and inhibit  SOg oxidation. This 

simply does not happen on Pd, and in fact, an oxide-covered Pd electrode 

exhibits a high and continuing electrocatalyt ic act ivi ty for SO2 

oxidation. Lu and Ammon (312) do not speculate on the precise 

electrochemical mechanism. 

Breiter (313) and Gossner and Mizera (314,315) have conducted 

investigations of the CO oxidation reaction on Pd. Breiter (313) ut i l ized 

cycl ic voltammetry on a stat ionary Pd wire in 0.5 M H2SO4. A very sharp 

peak is obtained on the forward scan between 1.0 V and 1.2 V vs. RHE; the 

sharpness of this peak decreased as the scan rate increased. At slow scan 

rates, an anodic current plateau is observed on the reverse scan, as well  

as a cathodic peak that is undoubtedly due to PdO reduction. Breiter 

ascribes the anodic current plateau to the oxidation of CO that dif fuses 

to the electrode, so i t  is clear that oxidation can proceed on a surface 

that is part ial ly covered by PdO. Breiter also concludes that CO does 

adsorb on Pd, but that a large port ion of the adsorbed CO is oxidized in 

the absence of appreciable amounts of chemisorbed oxygen. 

Gossner and Mizera (314,315) have examined CO oxidation on Pd-Au 

al loys that are 10-20% Au. The reaction on the al loy electrodes is faster 

than on pure Pd. Carbon monoxide adsorption occurs to a signif icant 

extent only on the Pd si tes. The Au si tes act as reaction centers, so i t  

would appear that al loys with 10-20% Au give both a high coverage of 

adsorbed CO and a signif icant number of Au-Pd units. The mechanisms that 

Gossner and Mizera (314) propose are 
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Pd-0 + Pd-CO > 2 Pd + COg 

or 

Pd-0 + Au > Pd + AuO 

Au-0 + Pd-CO > Au + Pd + COg 

In this paper (314), they do not dif ferentiate between a chemisorbed 

oxygen specie and a phase oxide. 

Gossner and Mizera (315) have expanded upon their somewhat earl ier 

work, but reached identical conclusions. In a series of experiments where 

an oxidized al loy electrode was open-circuited in a solut ion saturated 

with CO, there was a preferential decrease in the gold oxide coverage. 

This means that i f  a Pd-CO unit  can react with either a Pd-O specie or a 

Au-0 specie, the reaction wi l l  proceed via the reaction 

Au-0 + Pd-CO y Au + Pd + Cog. 

The reaction with the Au-0 species evidently has a lower act ivat ion 

energy'.  Gossner and Mizera recognize that this is another example of the 

bifunctional mechanism of electrocatalysis, a mechanism original ly 

proposed by Watanabe and Motoo (249). 

The l i terature dealing with Ir  anodes is considerably less extensive. 

Vol ' fkovich e^jH. (316) and Bagotzky fLf lr  (31?), at the Inst i tute of 

Electrochemistry in Moscow, investigated the oxidation of methanol on 

smooth I r  and on porous I r ,  respectively. The results obtained on a 

smooth I r  electrode are very similar to those obtained on smooth Pt, so 

the proposed reaction mechanism is also very similar. This mechanism is 
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CHgOH > ÇHgOH + Hads 

CHgOH > + Hads 

HgO > OHads H+ + e 

CHgOH + OHgjg > CH2O + H2O 

^^HOH + OHgjg > HCOOH + H2O .  

The stepwise dehydrogenation on I r  stops fol lowing two steps, whereas 

three steps occur on Pt. The experiments on a porous I r  electrode (317) 

confirmed that CH3OH loses 2 atoms of hydrogen during adsorption in an 

acid solut ion. 

In their classic paper on the oxidation of HCOOH on noble metals. 

Capon and Parsons (234) noted that I r  was less act ive than the other noble 

metals tested. There did appear to be some adsorption of 

" intermediates". There was no large anodic peak in the oxide region on 

the forward potential scan, but the Ir  oxide was not coqpletely inactive, 

as was Pd oxide. Also, in contradict ion with the other noble metals. 

there was no anodic current on the reverse scan unti l  the oxide had been 

completely reduced. ( I t  appears from the voltammogram that Capon and 

Parsons conducted their experiments on I r  before the thick oxide f i lm 

described in Section I I .B was formed.) Capon and Parsons could not 

explain what they considered the unique behavior of I r .  

Buckley and Burke (318) have studied the evolut ion of 02(g) on I r  in 

some detai l .  For potentials less than 1.75 V vs. RHE, the current density 

for the oxygen evolut ion reaction decayed as a function of t ime. In an 
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acidic solut ion, there was essent ial ly no decrease in the current density 

for the 02(g) evolut ion react ion with t ime for potent ials greater than 

1.75 V. In basic solut ions, however, the decay rate of the current 

density at  potent ials greater than 1.75 V was very simi lar to that of 

Pt.  Data obtained in an acidic solut ion gave a Tafel  plot with breaks at 

1.57 V and 1.78 V. Buckley and Burke attr ibute these breaks to changes in 

the mechanism. They assume that adsorbed hydroxy! radicals produced by 

the react ion 

2 HgO > OHgds + H3O+ + e 

are central  to the 02(g) evolut ion react ion. The thermodynamic basis for 

this assumption was given by Hickl ing and Hi l l  (319).  At low over-

potent ials,  the rate of 02(g) evolut ion is determined by the react ion of 

the adsorbed hydroxyl radicals with other surface species, such as 

chemisorbed o)Q'gen atoms. At intermediate overpotent ials,  the overal l  

rate is l imited by the formation of adsorbed hydroxy! radicals according 

to the react ion given above. The decrease in the oxygen evolut ion current 

with t ime for potent ials less than 1.75 V is attr ibuted to a slow 

transformation of the surface oxide that ei ther decreases the rate of 

formation of hydroxy! radicals or lowers electron mobi l i ty within the 

oxide f i lm. At high overpotent ials,  Buckley and Burke (318) speculate 

that a higher oxidat ion state of i r id ium is produced in the outer region 

of the oxide f i lm. This higher oxidat ion state reacts with water to form 

an unstable oxide, which in turn decomposes to give 02(g) and the lower 

oxidat ion state. Oxygen evolut ion in a basic solut ion occurs via a 

hydroxy! radical for al l  potent ials.  
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Gottesfeld and Srinivasan (219) have also studied the o%ygen 

evolut ion react ion (OER) on I r .  Based on combined el l ipsometr ic and 

ref lectometr ic measurements, Gottesfeld and Srinivasan conclude that the 

phase oxide on I r  in the OER region has a high level of bulk defects 

leading to a high surface concentrat ion of act ive si tes. These act ive 

si tes S are involved in the OER thusly:  

S + HgO 3=5 SOHads + H+ + e 

SOHgds + HgO > SO- + H3O+ (rds) 

SO ^ SO + e ( f  ast)  

2 SO > O2 + 2 S .  (fast)  

Evident ly,  the aff ini ty of the I r  act ive si tes for the adsorbed hydroxy 1 

radicals is great enough to shi f t  the rate-determining step to the second 

step of the sequence; th is results in lowering the Tafel  s lope from 2.3 

RT/BF to 2.3 RT/F, which is typical  of the better oxygen evolut ion 

electrocatalysts.  The higher af f in i ty of the act ive si tes is correlated 

with an increase in the oxidat ion state of oxide. In summary, Gottesfeld 

and Srinivasan (219) describe 02(g) evolut ion as a process in which a 

metal  ion in the oxide is increased to a higher oxidat ion state when the 

potent ial  is raised to a value in the OER range. An electrosorbed 

hydroxy! radical is then formed, which further reacts by the sequence 

given above. The loss of electrode act iv i ty is ascribed to a 

stabi l izat ion of the higher oxide state with t ime. 
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A group of Spanish workers has recent ly begun to stucjy the oxidat ion 

of simple organic molecules on I r .  Sanchez Cruz and Fernandez Otero (320) 

oxidized HCOOH on I r  in 1 NHCIO4. Potent iodynamic experiments gave a peak 

at  0.4 V vs. SCE, but at  potent ials greater than 0.9 V, they report  that 

HCOOH oxidat ion occurs on an oxide covering and that a much larger anodic 

current is produced. At low scan rates, the oxide f i lm is chemical ly 

reduced by HCOOH. Ureta Zanartu, Fernandez Otero, and Sanchez Cruz (321) 

compared the anodic oxidat ion of CH3OH on I r  and Rh. Cycl ic voltammetry 

gives anodic peaks that have peak potent ials that coincide with the 

potent ial  for surface oxidat ion. 
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I I I .  EXPERIMENTAL 

A. Electrodes and Rotators 

Several electrodes manufactured by Pine Instrument Co.,  Grove City,  

PA, were ut i l ized. These included: a Pt RDE Model DD20 (0.455 cm^); a Au 

RDE Model DD20 (0.446 cm^); a Pt-Pt RRDE Model DT6 (disc area 0.459 cm?, 

= 0.368, N = 0.178);  a Pd RDE Model DD15 (0.447 cm?); a Pt RDE f todel 

AFMD 18 (0.166 cm^); and a Au RDE Model AFM) 18 (0.162 cm^). An I r  RDE 

was fabr icated in the chemistry shop at Iowa State Universi ty and had a 

geometr ic area of 0.496 cm^. The electrodes were pol ished using standard 

metal lographic techniques to a 1 um f in ish. 

The electrode rotators were also manufactured by Pine Instrument Co. 

The rotator used with the Model DD20, DT6, and DDIS electrodes was the 

Model ASR2. This rotator had cont inuous speed control  from 200 RPM to 

10,000 RPM with better than 1% accuracy. The wobble at  the end of the 

electrode was less than ±0.005 cm. The rotator used with the AFMD 

electrodes and the IR electrode was the prototype of the Pine Instrument 

Co. Model MSR rotator.  The speed could be set with 1% accuracy from 100 

RPM to 10,000 RPM. The MSR rotator had a high-torque motor and was 

designed to accelerate and decelerate rapidly.  For example, the rotator 

with electrode was determined to accelerate from 1000 RPM to 4000 RPM in 

22 msec. The MSR control ler had input jacks that permit ted the 

appl icat ion of any desired rotat ion-speed program as an analog voltage 

signal.  
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B. Potent iostats 

The potent ial  of  the working electrode was control led using ei ther a 

Model RDE3 potent iostat (Pine Instrument) or a Model 173 potent iostat 

(Princeton Appl ied Research, Pr inceton, NO) with a Model 176 current-to-

voltage convertor.  Both potent iostats could be operated as three-

electrode potent iostats;  in addit ion, the RDE3 could be operated as a 

four-electrode potent iostat for use in rotat ing r ing-disc studies. Both 

potent iostats had input jacks which al lowed the appl icat ion of an external 

vol tage program to the working electrode(s).  Several useful  programs were 

appl ied using a Model 175 Universal Programmer (Princeton Appl ied 

Research),  which was operated in ei ther a pulse or sweep mode and was 

cont inuously adjustable over seven orders of magnitude in each mode. The 

reference electrode was a saturated calomel mini-electrode (Corning 

Scient i f ic Instruments, Corning, NY) and al l  potent ials are reported 

versus this electrode. 

C. Tr iple-Pulse Amperometry Apparatus 

In the single experiment performed to establ ish the appl icabi l i ty of 

t r ip le-pulse amperometry to the quant i tat ive determinat ion of As(I I I ) ,  the 

experimental  apparatus used was that described in detai l  by Hughes (322).  

D. Lock-In Ampli f iers 

Two commercial  lock- in ampl i f iers were used in the sinusoidal 

hydrodynamic modulat ion voltammetry. An Ortholoc 9502 (Ortec, Inc.,  
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Oak Ridge, TN), with a lower frequency l imit  of 0.5 Hz was used in some 

experiments. This lock- in required an external osci l lator.  Other 

experiments ut i l ized an I thaco Model 391A ( I thaco Inc.,  I thaca, NY). This 

lock- in had plug-in c ircui t  boards that determined the frequency range of 

the instrument as wel l  as the frequency of an internal osci l lator.  The 

cards used were for 0.1 to 11 Hz. An interface between the potent iostat 

and the lock- in ampl i f iers was not required. 

E. Chemicals 

Al l  of  the chemicals used were reagent grade or better.  

Specif ical ly,  As(I I I )  solut ions were made from primary standard AS2O3 

(Baker Chemical Co.).  The water used to make a l l  solut ions was t r ip ly-

dist i l led, with dimineral izat ion occurr ing after the f i rst  dist i l lat ion, 

the second dimineral izat ion from alkal ine permanganate (0.1 M KMnO^/O.l  M 

KOH), and the f inal  dist i l lat ion from approximately 1 M H2SO4. Dissolved 

o)ygen was removed from solut ion by dispersion with ni trogen that had 

passed over a heated bed of copper turnings. 

F. Miscel laneous 

Current-potent ial  and current-t ime behavior was recorded using an 

Omnigraphic Series 100 x-y recorder (Houston Instrument,  Aust in,  TX) with 

the t ime-base opt ion. Potent ials were meaured with a Model 3466A digi tal  

mult imeter (Hewlett-Packard Corp.,  Loveland, CO). A Model 122A 

osci l loscope (Hewlett-Packard) was used to monitor the 3 Hz ac signal and 

to set Au in the hydrodynamic modulat ion experiments. 
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IV. THEORY OF MIXED KINETICS OF ELECTROCHEMICAL 

REACTIONS AT ROTATING DISC ELECTRODES 

A. Introduct ion 

I f  the rate of the charge transfer step and al l  associated chemical 

react ions are fast relat ive to the rate of mass t ransport,  the equat ion 

that describes the current-potent ial  response is relat ively simple. The 

overal l  rate of the react ion v can be obtained by combining the def ini t ion 

of current with Faraday's Law: 

i  (amps) = dQ/dt (coulombs/sec) IV-1 

— coulombs _ (number of  moles IV-2 
nF equiv coulombs electrolyzed) 

mole * equiv 

v(moles/sec) = IV-3 

In his di f fusion layer treatment (323),  Nernst assumed that there existed 

a stagnant layer of f lu id of thickness 6 where mass t ransfer occurs only 

by di f fusion. Nernst also assumed that convect ive mass t ransport 

maintains the concentrat ion of the electroact ive specie just outside the 

di f fusion layer at C*, the bulk concentrat ion value. The f lux J at the 

electrode surface is simply 

-J(x=o)(moles sec' l  cm-2) = D ^=0 

where x represents the distance from the electrode (x=o at  the electrode 

surface) and D is the di f fusion coeff ic ient of the electroact ive specie. 
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The concentrat ion gradient is simply 

f  x=0 = = 

Since the overal l  rate is assumed to be l imited by the mass t ransport,  the 

f lux and the rate/unit  area can be equated. 

1 D(C*-C )  

nFAD{C*-Cj 
i= g—^ IV-7 

A limiting current i^ is attained when the applied potential is such that 

C(x=o) becomes 0. 

While Eq. IV-7 is extremely useful ,  the derivat ion was 

semi empir ical .  In the case of the rotat ing disc electrode (RDE), the 

hydrodynamic and convect ive-di f fusion equat ions can be solved r igorously 

for steady-state, nonturbulent f low. The mathematical  solut ion was f i rst  

given by Levich (324) in the equation that bears his name 

i^  = 0.620 nFAD2/3v-l /6wl/2(c*-C(x=o)).  IV-8 

In Eq. IV-8, oi represents the angular veloci ty of the disc in radians/sec 

and V is the kinematic v iscosity in cm^/sec. Riddiford (325) and Newman 

(326) have rederived the Levich equat ion and corrected some s l ight errors 

made by Levich. The Riddiford correct ion wi l l  be ut i l ized in this work 

when more accurate values are required and is given by 

0.554 
irrrs 0.8934 + 0.316 (D/v) 

nFAD 2/3^-1/6^1/2J ^ iv_9 
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In many cases, however, the rate of the charge transfer step or any 

one of the associated chemical steps may not be fast relat ive to the rate 

of mass t ransport.  In the most extreme case, the react ion is said to be 

"kinet ical ly control led".  Under these circumstances, the surface 

concentrat ion is approximately the bulk concentrat ion, and the overal l  

rate of electrochemical conversion is equal to kC*, where k is a 

general ized rate constant for the slowest elementary step within the 

react ion mechanism. Using Eq. IV-3, one obtains 

n^ = kC* IV-10 

and 

i  = nFAkC*. IV-11 

The two cases just described obviously represent the extremes of a 

cont inuous series of possible electrode processes. I f  the rate of the 

di f fusional (mass t ransport)  and kinet ic steps are of comparable 

magnitude, the overal l  react ion proceeds under "mixed control"  (327).  The 

general result  of  mixed control  of  the electrode react ion is that the 

current is less than that predicted by the Levich equat ion and is not a 

l inear funct ion of Some of  the various types of electrode processes 

which operate under mixed control  and the physical interpretat ion of the 

associated rate constants wi l l  now be presented. 

B. Heterogeneous Rate Constant of  a Charge Transfer Step 

The derivat ion of the Levich equat ion assumed that the rate of al l  

steps in the overal l  mechanism were fast relat ive to the rate of mass 
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t ransport.  Consider an electrode process where the rate determining step 

is a heterogeneous, i r reversible, charge transfer react ion such as 

Ox + n^e —> Red IV-12 

where k = kg expC-angFE/RT], kg is the rate constant at  E=E°, a is the 

transfer coeff ic ient of the rate determining step and n^ is the number of  

electrons transferred in the rate determining step. Equation IV-12 is one 

of the results of the Butler-Volmer fornulat in of electrode kinet ics 

(328).  At steady state, the f lux of mater ial  electrolyzed at the 

electrode surface is equal to the f lux of mater ial  passing through the 

di f fusion layer.  Therefore, 

J = kC„,(x=o) .  ox = 

Solving Eq. IV-13 for C Q X(X=O)  gives 

c* 
.  IV-14 

ox 

Subst i tut ing Eq. IV-14 back into ei ther of the equations for the steady 

state f lux and invert ing gives 

J- l  = (kCox)-!  + (DoxCox/G)' l  

Note that the term has the same units (cm/sec) as the heterogeneous 

rate constant,  and fol lowing Albery (329) wi l l  be given the symbol kg to 

represent a "heterogeneous rate constant describing mass t ransport."  The 

equat ion for steady state f lux, therefore, becomes 
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r '  - (kC„)- l  *  IV-16 

This equat ion is consistent with the previous results obtained for ei ther 

mass t ransport or k inet ical ly l imited processes. I f  k and are 

commensurate, the result ing current is determined by both rate 

constants. For the RDE, 

i -1 = {nFAk + (0.62 n FA .  IV-17 

An analogous derivat ion can be performed for the case of a 

heterogeneous, quasi-reversible charge transfer react ion (329) 

Ox + n^e <—r— Red IV-18 

I f  we assume that D Q J^ = and def ine = - l^D^Red obtain 

• _ ^ox^f "  JRed^b 
^ kp + kf  + kb 

IV-19 

This result  can be simpl i f ied for the case where a = 1/2 and n^ = 1 to 

A ^ 4 ovn/ 
^OX - /  ^Red 

^ kp/kg + exp(-e) + exp^e) 

where kg is the standard heterogeneous rate constant (328) and 

8 = .  IV-21 

At large posit ive values of 0, j  —> - ioad and at large negative 

values of 8, j  —> .  
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C. Heterogeneous Rate Constant of  a Step 

not Involving Charge Transfer 

I f  the rate-determining step is a heterogeneous react ion that does 

not involve a charge transfer,  the kinet ic current for the electrode 

process at  a RDE is analogous in many respects to the results obtained in 

the previous case, this being 

i -^ = (nFAk^C*^)-^ + (0.62 nFAD^/^v"! /®iV-22 

Here the heterogeneous rate constant is not a direct funct ion of the 

electrode potent ial ;  this does not mean that the rate constant is 

potent ial  independent.  For example, i f  the rate-determinig step involves 

an adsorbed reactant and the adsorpt ion isotherm is potent ial  dependent,  

then the observed rate constant would also be potent ial  dependent.  The 

react ion rate would also be potent ial  dependent i f  there is a potent ial-

dependent adsorpt ion of a nonelectroact ive specie which simply acts to 

reduce the number of  act ive si tes. Therefore, whi le the value of wi l l  

not be an exponential  funct ion of electrode potent ial ,  i t  may nevertheless 

be potent ial  dependent,  and the exact relat ionship between k^ and E may be 

di f f icul t  to establ ish. 

D. Homogeneous Rate Constant for a Preceding 

First-Order React ion 

The case where the electrode react ion is preceded by a homogeneous 

f i rst-order react ion is now considered. The elementary steps of interest 
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are summarized by 

-> ... . A Ox + ne 4-Z. Red IV-23 
Kg 

This type of electrode process is sometimes referred to as a chemical-

electrochemical process, or CE. The convect ive-di f fusion equat ions were 

f i rst  solved by Koutecky and Levich (330,331),  who made the fol lowing 

assumptions: substance A is electroinact ive; the charge-transfer react ion 

is very fast;  and the electrode potent ial  is suff ic ient ly negat ive such 

that the surface concentrat ion of Ox is zero. Koutecky and Levich also 

def ined the famil iar equi l ibr ium constant K as 

K = k i /kg = Cox/C* IV-24 

and the total  analyt ical  bulk concentrat ion C° as 

C° = Cox + Cft .  IV-25 

The solut ion of the appropriate di f ferent ial  equat ions (328) is 

nFAD CO 

*  +% -T 

where & = k^ + kg. The parameter (Dox/&)^/^ has the dimensions of cm for 

a f i rst  order react ion and may be thought of  as the thickness of a 

"react ion layer".  This thickness (usual ly designated by y) represents the 

distance that the Ox specie can travel (by di f fusion) to the electrode 

surface before decomposing to A. I t  should be noted that the concept of  a 
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react ion layer is val id only for the case where K is smal l  but is 

large (328).  A "zone diagram" is often used to describe the electro

chemical behavior of  a CE react ion as a funct ion of K and a dimensionless 

k inet ic parameter (332).  For a ROE, Eq. IV-26 is transformed into 

i '^  = (nFADj/2K(k^ + kgj l /ZcO)"!  + (0.62 nPAD^/^v-^/^oj^/^CO)"^ .  IV-27 

E. Homogeneous Rate Constant of  a Fol lowing 

First-Order React ion 

In the case of a fol lowing f i rst-order homogeneous react ion 

> > 
Ox + ne 7—L Red A ,  IV-28 

<2 

the magnitude of the l imit ing current is not a funct ion of the homogeneous 

rate constants. However, there are now two means by which Red is removed 

from the vicini ty of the electrode: by di f fusion and by decomposit ion to 

give A. This results in a shi f t  in the half-wave potent ial  given by (333) 

Ei /2 = EO +  ̂  in(6/v)coth(ô/p) IV-29 

For large values of ô/u, coth(5/ i i )  > 1 and Eq. IV-29 reduces to 

^1/2 = 0-1/6^1/6) + &n(! ! l^)  IV-30 

The Eiy2 " is shi f ted toward more posit ive potent ials by the fol lowing 

react ion, but an increase in the rotat ion speed causes a negat ive shi f t  in 

the Eiy2 toward the value of the E^yg observed i f  k^ = 0).  
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E. Macroscopical ly Nonhomogeneous Surface 

Impl ic i t  in the derivat ion of the Levich equat ion is the assumption 

that the disc surface is uniformly act ive. Accordingly,  the disc is said 

to be "uniformly accessible",  which means that the di f fusional f lux is 

equal at  a l l  points on the disc surface. While the simplest example of  

nonuniform disc, _i ._e.,  an "act ive r ing" si tuated symmetr ical ly about the 

disc, can be treated on a str ict ly theoret ical  basis (327),  more 

physical ly s ignif icant cases of nonuniform discs must be modeled. 

The most widely used model of  a nonuniform disc was developed by 

Landsberg's group, as c i ted by References 334-340. The Landsberg model 

is consistent with that proposed earl ier by Nagy _e;t  _al_. (341),  but the 

Nagy model was based on an empir ical  formula derived from data obtained 

from an analog apparatus. In the Landsberg model,  the mass t ransport to a 

single act ive si te takes place in a "di f fusion volume", i l lustrated in 

Figure IV-1. 

Figure IV-1. Dif fusion volume of Landsberg model of  a nonhomogeneous 
surface 
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The act ive si tes on the disc surface have a radius of r^ and are 

distr ibuted on the surface with an average distance between centers of 

2r2. Dif fusion from x = 5^ to x = 0 is then analogous to the problem of 

the electr ical  resistance in a cyl indr ical  conductor with a source and 

sink of di f ferent areas, a problem that was previously solved by Snythe 

(342).  The result  for the Landsberg model is given by 

i "^ = (0.62 nFAD2/3v-l /Gul/2c*)- l  + tahn(k^ô^/r2) 1 (nFADC*r^IV-31 

where 

^n = -(knr2Jo(knr2)) ^ l?" "  Isin(k^r j)  + 2(^) ^iCk^r i)  .  

In the expression for Ap, J Q  is the Bessel funct ion of the f i rst-kind 

order 0 and J i  is the Bessel funct ion of the f i rst-kind order 1.  The 

values of kp are given by 

kn = j l ,n/r2 11-32 

where is the nth posit ive zero of the Bessel funct ion. According 

to Landsberg and Thiele (334),  there are two l imit ing cases. For low 

rotat ion speeds r2 « 5^, therefore, tanh(k^6j/r2) > 1 and Eq. IV-31 

reduces to 

i "^ = (0.62 nFAD2/3v-l /Gc*ul/2y- l  + 1 (nFADC*)"^.  IV-33 

For high rotat ion speeds where r2 » 5^, tanh(k^6^/r2) > kn^y/^2 

Eq. IV-31 becomes 

i "^ = (0.62 nFAD2/3v"l /Gc*ul/2y- l  + |  (nFADC*)"^.  IV-34 
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Note that both terms on the r ight side of Eq. IV-34 are proport ional to 

whi le only the f i rst  term on the r ight side of Eq. IV-33 is 

proport ional to A plot of i "^ vs. gives a straight l ine with 

a nonzero intercept for Eq. IV-33, whi le a i "^ vs. plot of Eq. IV-34 

gives a straight l ine with a di f ferent slope and with a zero intercept.  

Although there have been several experimental  ver i f icat ions of the 

Landsberg model,  i t  has been pointed out that the model is inval id for 

high angular veloci t ies (327).  This is pr incipal ly because the distance 

traveled by an electroact ive specie to an act ive si te varies from point to 

point under these circumstances and therefore the concept of  a di f fusion 

volume is not reasonable. 

A group of French workers have recent ly developed a theoret ical  

treatment for the attenuat ion of the di f fusion current density and the 

di f fusion admittance at a part ial ly-blocked RDE (343,344).  The 

theoret ical  results have been experimental ly ver i f ied (345).  

G. Summary 

Equations IV-17, IV-22, IV-27, and IV-33 al l  have the form 

i"^ = Bw-l /Z + Z IV-35 

In al l  cases, B is equal to (0.62 nFAD^^^v"^' '®C*)~^ and Z is a 

proport ional to (nPAkgC*)"^,  where kg is a general ized rate constant or 

combinat ion of rate constants. The only di f ference in the results for 

four di f ferent types of electrode processes is that Z is also proport ional 

to D' l /Z fQp the case of a preceding homogeneous f i rst  order react ion and 
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is proport ional to 0"^ for a nonhomogeneous surface. The singular 

observat ion that the experimental  correspondence of i "^ and is 

empir ical ly f i t ted by an equat ion of the form of Eq. IV-35 cannot be taken 

as proof of  any s ingle type of mixed control .  
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V. POTENTIODYNAMIC AND RING-DISC STUDIES OF AS(II I ,V) 

A. As(I I I )  Electrochemistry on a Pt ROE in 

Acidic Media 

1.  The effects of changing the As(I I I )  bulk concentrat ion 

Cycl ic voltammograms at a Pt RDE as a funct ion of As(I I I )  

concentrat ion are shown in Figure V-1. A Pt residual curve is included as 

a reference. In the absence of As(I I I ) ,  Pt oxide begins to form at Ej  > 

0.55 V; this oxide is reduced on the negat ive scan (peak D) with E^ = 0.48 

V. Faradaic formation and dissolut ion of adsorbed atomic hydrogen and the 

evolut ion of H2(g) occurs at  E < 0.1 V. In the presence of As(I I I ) ,  an 

anodic peak C (Ep = 0.87 V) is obtained. The peak current is dependent on 

the As(I I I )  bulk concentrat ion. As the potent ial  is scanned posit ive to 

0.87 V, the current decreases unt i l  O2 evolut ion begins (ca. 1.3 V).  On 

scan reversal,  the anodic current rapidly decreases to a value which is 

vir tual ly independent of  potent ial  for 1.1 V > E > 0.9 V. This current is 

a l inear funct ion of As(I I I )  bulk concentrat ion at low concentrat ions, but 

deviat ions occur at  higher concentrat ions. The anodic current decreases 

with potent ial  for Ej  < 0.9 V; the total  current then becomes cathodic as 

the predominant process becomes Pt oxide reduct ion..  At low As(I I I )  bulk 

concentrat ions, two reduct ion peaks (D and E) are observed in the 

potent ial  range 0.1 V < E^ < 0.6 V. The reduct ion peak (D) at  0.47 V is 

again the result  of  Pt oxide reduct ion. Peak E is due to a chemisorpt ion 

of As(I I I )  involving a part ial  charge transfer;  this wi l l  be discussed in 

more detai l  later in this dissertat ion. At higher bulk concentrat ions. 
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[As(I I I ) ]  = 4.01 X LO'S M 

•••  [As(I I I ) ]  = 1.97 X 10"^ M 

• [As(I I I ) ]  = 3.84 X 10"4 M 

Figure V-1. Cycl ic voltammograms at  a Pt RDE in acidic solut ion as a 
funct ion of [As(I I I ) ]  
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these peaks are not resolved. The cathodic current obtained at E < 0,0 V 

on the negat ive potent ial  scan and the anodic peaks A and B at  

approximately 0,2 V and 0.5 V on the posit ive potent ial  scan are due to 

the deposit ion and str ipping of elemental arsenic, respect ively.  

2.  The effects of changing the negat ive scan l imit  

Arsenic deposit ion and str ipping can be more clearly observed by 

varying the negat ive scan l imit ,  E^, as i l lustrated by Figure V-2. At E^ 

< 0.0 V (Region F),  a large cathodic current result ing from the electro-

deposit ion of As(I I I )  is obtained. This deposit  is anodical ly str ipped in 

the peaks A and B, I f  the potent ial  is held constant at  a potent ial  where 

deposit ion of arsenic from the bulk of the solut ion occurs, peak A 

increases dramatical ly as the deposit ion t ime increases, whi le peak B 

increases relat ively l i t t le.  The str ipping peak at  0,2 V is therefore due 

to the str ipping of As in the outer As layers ( ,  As str ipped from an 

As substrate),  whi le the peak at  0.5 Vis due to the str ipping of the As 

in the f i rst  1-2 monolayers. The observat ion of one and two str ipping 

peaks has been reported in the determinat ion of arsenic by anodic 

str ipping voltammetry (19,21).  

The very sharp increase in the cathodic current at  E < -0.22 V is due 

to H2(g) evolut ion on Pt atoms not covered by arsenic atoms. I t  is known 

that the presence of As on some Pt s i tes does not al ter the kinet ics of 

the hydrogen evolut ion react ion on the remaining Pt s i tes, as opposed to 

many other i rreversibly adsorbed or deposited species (346).  
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Figure V-2. Cycl ic voltammograms of As(I I I )  at  a Pt RDE in acidic 
solut ion as a funct ion of E^ 
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The current-potent ial  behavior in the potent ial  region of peak C is 

relat ively unchanged by changes in E^..  Fol lowing deposit ion of very large 

As deposits,  the anodic current on the posit ive scan is somewhat larger 

and the anodic current on the negat ive scan is somewhat smal ler,  relat ive 

to the same currents observed after depositon of smal l  quant i t ies of As. 

These effects are due to an increased amount of  chemisorbed (As(I I I )  that 

is present fol lowing heayy As deposit ion. 

3. The ef fects of changing the posit ive scan l imit  

Current-potent ial  curves obtained as a funct ion of the posit ive 

potent ial  scan l imit  are shown in Figure V-3. With an Eg of  0.8 V, only a 

smal l  amount of  Pt oxide is formed and the chemisorpt ion of As(I I I )  is 

clearly in region E. As E^ is made more posit ive, the corresponding Pt 

oxide peak on the negat ive scan becomes larger and shi f ts to more negat ive 

potent ials.  These two effects cause the As(I I I )  chemisorpt ion peak (E) to 

be obscured by the Pt oxide reduct ion peak. More important ly,  there is a 

cont inuous decrease in the anodic current on the negat ive scan as E^ is 

made more posit ive at this As(I I I )  bulk concentrat ion. At low As(I I I )  

bulk concentrat ions, the anodic current for As(I I I )  is essent ial ly 

independent of  Eg. The As(I I I )  faradaic current is clearly related to the 

quant i ty and nature of the Pt oxide present.  

4.  The effects of changing the electrode rotat ion speed 

In Figure V-4, the effects of electrode rotat ion speed on an As(I I I )  

voltammogram are exhibi ted. As the rotat ion speed is increased, the 

anodic current for any Eg > 0.7 V is also increased. This i l lustrates 
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Figure V-3. Cycl ic voltammograms of As(I I I )  at  a Pt RDE in acidic solut ion as a funct ion of E^ 
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Figure V-4. Cycl ic voltammograms of As(I I I )  at  a Pt RDE in acidic 
solut ion as a funct ion of 10 
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that the anodic current on both the posit ive and negat ive scans is to some 

extent dependent on the rate of mass t ransfer to the electrode. I f  the 

current at  a given potent ial  (^.5.. .  1.0 V) on the plateau region for the 

1/2 negative scan is plotted versus u ,  a deviat ion from the theoret ical  

Levich slope is observed at  a rotat ion speed as low as 100 rpm. This is 

indicat ive of ei ther a slow kinet ic step or a macroscopical ly nonuniform 

surface, as described in Sect ion IV. 

At rotat ion speeds greater than about 500 rpm, the i -E curve for < 

0,6 V is unchanged by any further increase in rotat ion speed. However, at  

rotat ion speeds less than 500 rpm, this potent ial  region exhibi ts some 

dramatic qual i tat ive changes. These changes are shown in Figure V-5. for 

rotat ion speeds 0-100 rpm. This f igure shows that the surface react ions 

contr ibute negl igible currents on the negative scan and that the most 

dramatic increase in the size of peak E occurs when the electrode is 

completely stopped. There is also a signif icant change in the anodic 

current in the potent ial  region 0=0 V < E^ < 0,7 V: with rotat ion, the 

current gradual ly increases fol lowing scan reversal and reaches a somewhat 

constant value, whi le without rotat ion peaks A and B are observed to be 

very dist inct.  This behavior can be explained in terms of As(I I I )  

chemisorpt ion and the upd of As(V), both of which wi l l  be covered in more 

detai  U 

5, The effects of changing the potent ial  scan rate 

The effects of varying the potent ial  scan rate are i l lustrated by 

Figure V-6, Anodic peak C and cathodic peaks D and E a l l  show some scan 
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Figure V-5. Cycl ic voltammograms of As(I I I )  at  a Pt RDE in acidic 
solut ion at low w 
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Figure V-6. Cycl ic voltanmograms of As(I I I )  at  a Pt RDE in acidic 
solut ion as a funct ion of scan rate 
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rate dependence since each is the result  (part ial ly or completely) of  a 

surface process. The peak current for anodic peak C(ip g) is less 

dependent on scan rate than the peak currents of the cathodic processes 

( ip D and ip g).  For example, a factor of 10 increase in the scan rate 

causes ip^g to increase by a factor of 9.3, whi le ip [  increases by a 

factor of only 2.7. Angerstein-Kozlowska e^^. have reported (57) that 

ip for Pt oxide reduct ion is not 1inearly related to scan rate when the 

posit ive-going and negat ive-going sweep rates are simultaneously var ied, 

as they were in this experiment.  The much smal ler increase in ip Q with 

scan rate ref lects the fact that only a port ion of the total  current is 

due to a surface process. However, the anodic current obtained on the 

negat ive scan is essent ial ly independent of  scan rate; this is consistent 

with the earl ier conclusion that faradaic react ions of the surface i tsel f  

cease quickly after reversing the scan direct ion. The peak potent ials of 

cathodic peaks D and E shi f t  to more negat ive values as the scan rate is 

increased, whi le the anodic peak potent ial  shi f ts to more posit ive 

potent ials.  This indicates that each peak represents an i rreversible 

process. The source of the i rreversibi l i ty of peaks C and D is 

undoubtedly due to the formation and reduct ion of Pt oxides on the 

electrode surface, as discussed in Sect ion I I .  I t  is also known that 

adsorpt ion of ions can increase the i rreversibi l i ty of the in i t ia l  stages 

of formation of noble-metal oxides (120).  The magnitude of the anodic 

currents at 0.0 V < Ej  < 0.8 V wi l l  be discussed later.  
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6. Summary 

Several  important conclusions can be drawn f rom potent iodynamic 

exper iments performed at  a Pt RDE in acidic solut ions containing As(I I I ) .  

At suf f ic ient ly negat ive potent ia ls,  metal l ic  As can be deposi ted on Pt 

f rom the +3 state.  This deposi ted arsenic can be removed f rom the surface 

by anodic str ipping. At suf f ic ient ly posi t ive potent ia ls,  As(I I I )  is  

oxidized at  a Pt  anode. The reversible reduct ion potent ia l  for  the 

As(I I I ) /As(V) couple is  0,32 V, so the react ion proceeds only at  high 

overpotent ia ls.  Oxidat ion of  As(I I I )  f rom the bulk of  the solut ion does 

not occur at  a mass-transport  l imi ted rate,  implying ei ther a slow k inet ic 

step or a macroscopical ly inhomogeneous surface. In i t ia l ly ,  the anodic 

currrent in region C (see Figures V-1 through V-6) appears to be the sum 

of  three electrochemical  react ions:  oxidat ion of  the Pt surface, 

oxidat ion of  adsorbed As(I I I ) ,  and oxidat ion of  As(I I I )  t ransported by 

convect ion f rom the bulk solut ion,  (Essent ia l ly  th is same conclusion was 

drawn by Sutyagina(43),  except that  their  exper iments were 

performed on a stat ionary Pt electrode and, therefore,  d id not have large 

contr ibut ion from As(I I I )  t ransported by convect ion,)  The contr ibut ions 

of  the surface oxidat ion and adsorbed As(I I I )  oxidat ion are highly 

dependent on the scan rate,  scan direct ion,  and electrode history.  In 

addi t ion,  the current der ived from the oxidat ion of  As(I I I )  that  is  

transported to the electrode surface by convect ion is  related to the 

quant i ty and nature of  the Pt oxide present on the electrode surface. 

This is  most c lear ly seen in the value of  the anodic current on the 
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negat ive scan as a funct ion of  E^.  The surface react ions are 

i r reversible.  

B.  As(I I I )  Electrochemistry on a Pt Di  sc/Au Ring RRDE 

in Acidic Media 

1.  Introduct ion 

The rotat ing r ing-disc electrode (RRDE) is  recognized as an extremely 

valuable tool  for  the invest igat ion of  electrode react ions.  Since As(V) 

is  not electroact ive unless the support ing electrolyte is  12 M HCl (13) or  

the As(V) is  complexed wi th a compound such as pyrogal lo l  (14),  col lect ion 

exper iments (347) cannot be performed wi th detect ion of  As(V) at  the r ing 

electrode. However,  the RRDE has been ut i l ized in a ser ies of  shielding 

and t ransient exper iments (347) that  have provided a great deal  of  

s igni f icant informat ion,  in these exper iments,  the r ing potent ia l  must be 

potent iostated at  a potent ia l  where As(I I I )  is  oxidized. I f  the r ing 

mater ia l  Is  Pt,  an exper imental  d i f f icul ty is  encountered, namely the 

coincident growth and aging of  the Pt oxide f i lm. From Fig.  V-3,  i t  is 

clear that  an increase in the quant i ty of  Pt oxide on the anode surface 

causes a decrease in the As(I I I )  faradaic current.  Thus, potent iostat ing 

the r ing electrode at  a potent ia l  where As(I l I )  is  oxidized also leads to 

a decrease in tne As(I I I )  current wi th t ime, compl icat ing the relat ionship 

between disc current,  r ing current,  and electrode geometry.  The r ing 

current does become steady i f  the r ing is potent iostated for  90 minutes or 

more; th is would enable one to exper imental ly determine a factor to 

correct  for  the loss of  r ing act iv i ty.  A more sat isfactory approach is  to 
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ut i l ize the anodic oxidat ion of  As(I I I )  on a Au r ing.  Gold was deposi ted 

on the r ing of  a Pt-Pt RRDE using a current densi ty of  about 0.25 A dm" 

in an alkal ine solut ion of  gold cyanide. Even for  very large deposi t ion 

t imes, the potent iodynamic character ist ics of  the Au-plated Pt r ing were 

not  exact ly those of  a sol id Au r ing electrode. I t  is  known that  Au 

deposi ts f rom an alkal ine cyanide solut ion are much more porous than 

deposi ts f rom other Au p lat ing solut ions (348);  the di f ferences in the 

potent iodynamic behaviors therefore are at t r ibuted to a very smal l  amount 

of  oxidat ion of  the Pt substrate.  The Au-plated r ing nevertheless gave 

very acceptable resul ts,  and the fol lowing RRDE exper iments were performed 

using th is Pt disc/Au-plated r ing electrode. 

There are two important constants which re late the r ing and disc 

currents at  a RRDE. The f i rst  of  these represents the rat io of  the mass-

t ransport  l imi ted r ing current to the mass-transport  l imi ted disc current,  

the r ing current measured when the disc current is  zero.  This rat io is  

given by 

, , / io B .  12^)2/3 V-1 

where r^ ,  rg,  and rg represent the disc radius,  inner r ing radius,  and 

outer r ing radius,  respect ively.  The col lect ion ef f ic iency N also 

represents the rat io of  r ing current to disc current,  but  under a 

d i f ferent set  of  condi t ions.  Suppose that  the disc is  held at  a potent ia l  

where the react ion Ox + ne > Red occurs producing a cathodic current 

i j ,  and the r ing potent ia l  is  held at  a potent ia l  such that  the react ion 

Red > Ox + ne occurs,  producing an anodic r ing current ip.  The r ing 
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potent ia l  should be set  posi t ive enough to dr ive the surface concentrat ion 

of  R at  the r ing to zero.  I f  the bulk concentrat ion of  R is  in i t ia l ly  

zero,  then 

N = - iR/ io V-2 

The col lect ion ef f ic iency (N) can be theoret ical ly determined (347),  but  

i t  also is  a funct ion only (a lbei t  a compl icated one) of  r^ ,  r2,  and rg.  

2/3 
However,  3 and N are sensi t ive to the values of  r^ ,  r2» and rg,  so the 

accuracy of  these constants is  l imi ted by the accuracy wi th which the 

radi i  can be determined. I t  is  a s imple process to exper imental ly 

2/3 
determine g '  and N. This was done using the I~/ l2 couple.  The l imi t ing 

disc current and l imi t ing r ing current (measured wi th i^  = 0) gave a value 

of  = 0.368 on the basis of  Eq. V-1.  The col lect ion ef f ic iency was 

determined from the slope of  a p lot  of  - ip vs.  iwhich was obtained by 

potent iostat ing the r ing at  0.0 V and varying the disc current galvano-

stat ical ly.  The col lect ion ef f ic iency was found to be 0.178. 

In order to better understand the resul ts of  the part icular RRDE 

exper iments,  i t  is useful  to i l lustrate the theoret ical  i j -E^ and ip-E^ 

behavior for  the reversible react ion Red >0x + ne that  is  free from 

side react ions such as surface oxidat ion or adsorpt ion.  This is  

i l lustrated by Figure V-7,  where i t  is assumed that  the bulk concentrat ion 

of  the oxidized specie (Ox) is  zero.  The d isc current is  zero unt i l  the 

potent ia l  is  swept posi t ive enough for  the react ion Red > Ox + ne to 

occur.  The disc current reaches a maximum value when the disc potent ia l  

is  posi t ive enough to dr ive the surface concentrat ion of  Red to zero;  the 
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disc current is  that value predicted by the Levich equat ion,  » mass-

t ransport  l imi ted.  Since the react ion is  reversible and there are not 

surface compl icat ions,  the disc current on the negat ive scan retraces the 

current obtained on the posi t ive scan. Now consider the i^-Ej  behavior,  

where is  potent iostated at  a potent ia l  where Red is  also oxidized to Ox 

and which is  suff ic ient ly posi t ive to ensure that  the surface concen

t rat ion of  Red at  the r ing is zero.  When E^j  is  negat ive of  the potent ia l  

required for  oxidat ion to occur,  no Red is  removed f rom the solut ion by 

2/3 
the disc,  and the r ing current is  simply the product g ' id,Lev" th is 

state,  the r ing is of ten referred to as "deshielded".  However,  as the 

disc potent ia l  becomes posi t ive enough to oxidize Red, the amount of  Red 

that  reaches the r ing decreases accordingly.  When i^  = i^  the r ing 

current has decreased by an amount Ni^ so the r ing current reaches a 

2/3 2/3 
steady value of  g i^  Lev"^^d Lev'  (B -N) i j  The r ing is  now in 

the "shielded" condi t ion.  The r ing current on the reverse scan also re

traces the current of  the forward scan. 

2.  Potent iodynamic exper iments at  the RRDE 

Figure V-8 shows both i^-E^ and i^-E^ vol tammograms for  the As(I I I )  

system, wi th E^ held at  1.0 V. The features of  the i^-E^ curve have been 

previously discussed, so at tent ion wi l l  be focused on the addi t ional  

informat ion that  can be obtained from the i^-E^ data.  The r ing current at  

Ej  = 0.0 V is  sl ight ly less than the predicted value 113 yA, and actual ly 

increases as Ej  is  scanned toward more posi t ive potent ia ls.  This increase 

means that  some As(I I I )  is  being l iberated from the disc in the region 
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between 0.00 V and 0.65 V. At 0,65 V, the oxidat ion of  As(I I I )  begins at  

the disc,  giv ing the corresponding decrease in anodic r ing current.  The 

r ing current at ta ins a steady value at  = 0.85 V that  is  within about 2% 

of  the predicted value of  shielded current.  I f  the posi t ive scan l imi t  is  

not too posi t ive (a restr ict ion to be discussed in further detai l ) ,  the 

r ing current on the negat ive scan in i t ia l ly  retraces the current on the 

posi t ive scan. At = 0.80 V, the r ing current does not begin to 

increase sharply to the deshielded value, but  rather cont inues at  the 

shielded value for  an addi t ional  60-70 mV. The rate of  change of  the r ing 

current wi th disc potent ia l  on the negat ive scan is  somewhat less than 

that  on the posi t ive scan. This behavior is  ent i re ly consistent wi th the 

shape of  the i^-E^ curve, but  the di f ference in the apparent E^g values 

between the forward and negat ive scans is  more readi ly observed on the ip-

Ej  curve. These resul ts are consistent wi th the fol lowing explanat ion.  

Adsorbed As(I I I )  in i t ia l ly  inhibi ts the surface oxidat ion of  Pt (see 

Figure V- l )  in a manner s imi lar  to that of  adsorbed hal ide ions (120).  At 

E > 0.7 V, oxidat ion of  the adsorbed As(I I I )  begins,  g iv ing As(V) which is  

not adsorbed (43).  Oxidat ion of  the Pt surface then proceeds at  an 

in i t ia l ly  high rate unt i l  the oxide coverage at ta ins the value for  the 

appl ied potent ia l .  Oxidat ion of  As(I I I )  f rom the bulk solut ion proceeds 

on the oxide-covered anode, the rate depending or.  the nature of  the oxide, 

the oxide coverage, and the appl ied potent ia l .  Due to the electrochemical  

i r reversibi l i ty  of  the Pt oxide, oxidat ion on the negat ive scan cont inues 

at  potent ia ls negat ive of  the potent ia l  where oxidat ion began on the 

forward scan. In other words, As(I I I )  oxidat ion is  catalyzed by the Pt 
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oxide formed dur ing the posi t ive scan at  E > 0.7 V, In the sense that  the 

^112 the negat ive scan is  shi f ted toward the thermodynamic value, the 

react ion is  "more reversible" in the presence of  the oxide. 

The behavior of  the r ing current at  Ej  < 0,5 V is  dependent on the 

posi t ive scan l imi t .  I f  the scan l imi t  is  not too posi t ive,  the r ing 

current cont inues to slowly increase as the potent ia l  is  scanned 

negat ively,  but  does not reach the maximum theoret ical  value 

2/3 
(B '  i j  Lgy)» As the posi t ive scan l imi t  is  made increasingly more 

posi t ive,  the r ing current may actual ly decrease as the disc potent ia l  

decreases. At lower As(I I I )  concentrat ions,  depending on the rotat ion 

speed and posi t ive scan l imi t ,  the r ing current may e i ther increase very 

l i t t le,  or increase and then again decrease back to the value where 

As(I I I )  is  being consumed by the disc at  the mass t ransport  l imi ted value, 

_i_.^. ,  i^  = (ef /^-N) i j  (see Figure V-9),  In a l l  cases, the r ing 

current does again increase at  some potent ia l  E^ > 0.0 V, the precise 

potent ia l  depending on the posi t ive scan l imi t .  This is  posi t ive of  the 

As(I I I ) /As reduct ion potent ia l .  These exper iments show that  th is 

addi t ional  As(I I I )  consumption by the disc is  not due to one of  the 

fami l iar  As(I I I )  faradaic react ions.  Simi lar  exper iments where the 

posi t ive scan l imi t  was var ied from 0.80 V to 1.50 V show that  the 

potent ia l  of  the local  mi nima in the r ing current on the negat ive scan 

shi f ts in precisely the same manner as the Pt oxide reduct ion peak. This 

means that  th is As(I I I )  consumption occurs only when an appreciable 

f ract ion of  the Pt oxide has been reduced. One must conclude, therefore,  

that  As(I I I )  consumed by the disc in the potent ia l  range 0.0 V to 0.5 V 
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fo l lowing Pt oxide reduct ion is  due to a chemisorpt ion or adsorpt ion of  

As(I I I )  on a reduced Pt surface. method for  quant i fy ing th is As(I I I )  

adsorpt ion wi l l  be descr ibed short ly.)  The pecul iar  behavior of  the r ing 

current in the potent ia l  region 0.0 V < Ej  < 0.5 V, therefore,  is  due to a 

combinat ion of  several  factors:  As(I I I )  adsorpt ion on a reduced Pt 

surface, which in turn is  determined by the history of  the electrode; the 

As(I I I )  adsorpt ion isotherm; the rate of  mass t ransport  of  As(I I I )  to the 

electrode; and the potent ia l  scan rate.  In addi t ion,  the f luctuat ion of  

the r ing current wi th disc potent ia l  is  accentuated by the previous 

posi t ive scan l imi t .  A scan l imi t  posi t ive enough to resul t  in the 

oxidat ion of  a l l  adsorbed As(I I I )  to As(V) (which is  not adsorbed to the 

electrode surface) means that  a l l  the As(I I I )  which adsorbs fo l lowing the 

subsequent Pt  oxide reduct ion comes f rom the bulk solut ion.  

I t  was previously stated that  the shielded r ing current was 

independent of  scan direct ion I f  the posi t ive scan l imi t  was not  " too 

posi t ive".  I f  the posi t ive l imi t  is  equal  to or greater than 1.2 V, the 

r ing current at  a given potent ia l  on the negat ive scan wi l l  be greater 

than that  on the posi t ive scan. This can be seen on Figures V-8 and V-

9.  Ear l ier  i t  was stated that  the As(I I I )  faradaic current was inversely 

re lated to the quant i ty of  Pt oxide present;  th is conclusion was drawn 

from i j -Ej  curves, examining the current on the negat ive scan. The RRDE 

data also show th is conclusion to be correct ,  but  in addi t ion i t  shows 

that  the As(I I I )  faradaic current on the forward scan is  seemingly 

independent of  the Pt oxide coverage. For very large values of  the 

posi t ive scan l imi t ,  the r ing current remains at  the shielded value on the 
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reverse scan for  > 1,4 V. At potent ia ls negat ive of  approximately 

1.4 V, the oxygen evolut ion react ion ceases at  the disc.  I t  is ,  

therefore,  concluded that  the simultaneous evolut ion of  o>^gen in some way 

contr ibutes to an increase in the rate of  As(I I I )  oxidat ion,  s ince the 

quant i ty of  Pt oxide is  f ixed immediately fo l lowing scan reversal .  This 

conclusion is  conf i rmed by an ent i re ly di f ferent exper imental  technique to 

be discussed in Sect ion VI I ,  At Ej  < 1,4 V, i t  becomes apparent (see 

Figure V-9) that  the As(I I I )  faradaic current at  the disc is  indeed a 

funct ion of  the Pt oxide coverage when O2 evolut ion is  not occurr ing.  

Again,  th is statement is  t rue for the case where the quant i ty of  Pt oxide 

is  relat ively high, s ince the RRDE data at  lower oxide coverages show 

almost no dependence on the scan direct ion,  

A careful  examinat ion of  Figure V-8 reveals some highly unusual  

behavior when the vol tammograms wi th scan l imi ts of  0,0 V and 1,1 V and 

wi th 0,0 V and 1,4 V are compared. The d isc currents on the posi t ive scan 

for  Ej  > 0.25 V are ident ical .  The r ing currents for  these same disc 

potent ia ls are not ident ical .  The larger r ing current for  the less 

posi t ive Eg means that  a lesser amount of  As(I I I )  is  being removed by the 

disc at  these potent ia ls re lat ive to the amount removed for  the more 

posi t ive Eg. This is  related to the incomplete oxidat ion ana removal  of  

adsorbed As(I I I )  for  Eg = 1.11 V, which in turn reduces the amount of  

As(I I I )  that  must be consumed f rom the bulk solut ion in order to at ta in 

the equi l ibr ium coverage determined by the adsorpt ion isotherm. This 

di f ference in the rate at  which As(I I I )  is  removed f rom the bulk impl ies 

that  the instantaneous As(I I I )  surface coverage in the two cases is  not 



www.manaraa.com

147 

ident ical ,  yet  the total  disc current is  ident ical .  This apparent anomaly 

st imulated more exper iments as wel l  as a search for  a theory which would 

account for  equal  d isc currents for  obviously unequal  surface coverages. 

In one set  of  RRDE exper iments,  the r ing current obtained at  Ej  = 0.0 

V on the forward scan fo l lowing many cycles of  the disc potent ia l  between 

0.0 V and +1.1 V was compared wi th the r ing current obtained fo l lowing a 

three minute holding per iod at  0.0 V. The r ing current at  0.0 V fo l lowing 

2/3 
the three minute hold was exact ly g i^  indicat ing that  the As(I I I )  

surface coverage had at ta ined an equi l ibr ium value and that  fur ther 

As(I I I )  chemisorpt ion had stopped. The r ing current at  0.0 V obtained 

when the disc was scanned cont inuously was about 0.976 In 

both cases the r ing current increased as the disc potent ia l  was scanned 

toward more posi t ive values. For example,  at  Ej  = 0.6 V, the r ing current 

was 1.047 ,  when E^ had been held at  0.0 V, and 1.032 
d,Lev a 

2/3 g i j  when Ej  was cont inuously cycled. A r ing current greater 

9 /3 
than g- '  i^  indicates that  As(I I I )  is  being desorbed by the disc and 

leads one to the conclusion that  the adsorpt ion isotherm is  potent ia l  

dependent.  

Exper iments where the rotat ion speed was var ied show how a given 

quant i ty and state of  Pt  oxide can ef fect  the vol tammetr ic 

character ist ics.  The r ing current remains at  the shielded value for  a 

greater range of  disc potent ia ls at  low rotat ion speeds, and the r ing 

current shows a greater scan direct ion dependency at  the higher rotat ion 

speeds. Higher rotat ion speeds do not give r ing currents that  at ta in the 

deshielded value at  more posi t ive potent ia ls,  s ince the shape of  i^-Ej  
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curve in the adsorpt ion region can only be interpreted that  the f inal  

stages of  the adsorpt ion are rate l imi ted and not mass-transport  

l imi ted.  This is  not to say that  the adsorpt ion is  never mass t ransport  

l imi ted;  in fact .  Figure V-9 gives an example where just  such a l imi t  is  

reached. This condi t ion ar ises when the As(I I I )  f lux is  smal l  and the 

posi t ive scan l imi t  was posi t ive enough to remove a l l  the previously 

adsorbed As(I I I ) .  I t  appears that  the chemisorpt ion proceeds at  a mass 

t ransport  l imi ted rate unt i l  some intermediate coverage is  at ta ined and 

then gradual ly becomes more and more k inet ical ly l imi ted. 

The RRDE can be used to give an est imate of  the amount of  soluble 

As(I I I )  produced in the anodic str ipping peaks. Figure V-8 shows r ing-

current peaks at  those disc potent ia ls where anodic str ip ing of  bulk and 

upd As is  occurr ing.  In exper iments where a large amount of  bulk As was 

deposi ted,  the magnitudes of  the corresponding r ing and disc currents were 

compared. The theoret ical  peak r ing current for  a disc str ipping peak 

should be - /3^" 'c i ,peak- assuming that  the As str ipped from the disc is  

oxidized to the +3 state.  The factor of  2/3 is  introduced because r ing 

oxidat ion is  from the +3 to +5 state.  The actual  r ing current was 71.1% 

of  the theoret ical  r ing current for  the str ipping peak at  0,2 V, and was 

92.8% of  the theoret ical  value for  the str ipping peak at  0.5 V. The value 

obtained for  the peak at  0.5 V is  probably wi th in the exper imental  error 

f o r  t h i s  t e c h n i q u e ;  h o w e v e r ,  t h e  r e s u l t  o b t a i n e d  f o r  t h e  p e a k  a t  0 , 2  V i s  

s igni f icant ly di f ferent f rom the predicted value. The most straight

forward interpretat ion of  th is di f ference is  that not a l l  of  the As 

oxidized goes into solut ion,  but rather that  some remains adsorbed to the 
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electrode. This is  reasonable in l ight  of  the previous evidence 

establ ishing that  As(I I I )  does adsorb on Pt .  Another explanat ion of  th is 

discrepancy is  that some f ract ion of  the As str ipped from the disc is  

oxidized to a higher oxidat ion state,  presumably the +5 state.  This 

lat ter  explanat ion seems unl ikely,  given the standard reduct ion potent ia l  

for  the As(V)-As couple of  +0.132 V vs.  SCE, which is  0.125 V posi t ive of  

the standard reduct ion potent ia l  for  the As(I I I ) -As couple.  Since the 

oxidat ion state of  the arsenic str ipped in the peak at  0.5 V would appear 

to be the +3 state,  i t  is reasonable to conclude that  arsenic str ipped in 

the peak at  0.2 V would not contain As(V).  These resul ts are d i f f icul t  to 

interpret  in l ight  of  the fact  that  a greater percentage of  As is  str ipped 

as soluble As(I I I )  in the peak where the interact ion forces wi th the 

substrate metal  would be expected to be strongest.  

The presence of  bulk As(V) in the same solut ion as the As(I I I )  does 

not cause any change in the vol tammetr ic character ist ics.  

3.  Transient RRSE exper iaents:  evidence for  As(I I I )  adsorpt ion 

I t  was stated ear l ier  in th is sect ion that  the amount of  As(I I I )  that  

adsorbs on a reduced Pt surface can be quant i f ied.  This can be done using 

a t ransient RRDE technique. The theoret ical  t reatment involves the 

solut ion of  the basic d i f ferent ia l  equat ion for  the transport  of  a species 

of  concentrat ion C f rom the bulk of  the solut ion to the electrode surface, 

including the SC/ôt term. ( In the Levich t reatment,  i t  is assumed that  a 

steady-state condi t ion exists and therefore the 6C/6t term is set equal  to 

0.)  Two approximate solut ions have been given (347,349).  The f i rst  use 
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of a t ransient RRDE technique to study an adsorpt ion process was conducted 

by Bruckenstein and and Napp (350) on the Cu(I)-Pt system. The basic idea 

is  that an adsorpt ion process that  occurs at  the disc causes a delay in 

the appearance of  that  substance at  the r ing.  The delay caused by 

adsorpt ion is  of much longer durat ion than the expected t ransi t  t ime t ' ,  

which is  the t ime for  the substance to t ransi t  the distance from the 

outside edge of  the disc to the inside edge of  the r ing.  An approximate 

value for  the t ransi t  t ime was der ived by Bruckenstein and Feldman (351) 

and is  given by 

oj t '  = 3.58(v/D) l /3[ iog(r2/r i ) ]2/3 V-3 

Subst i tut ing typical  values for  the constants into Eq. V-3 gives a t ransi t  

t ime of  about 29 msec for  an w of  100 sec"^ (955 rpm).  

Figure V-10 shows the resul ts of  RRDE t ransient exper iments carr ied 

out at  two di f ferent values for  [As(I I I ) ] .  The d isc electrode potent ia l  

' . ' •as held at  L4 V pr ior  to the t ransient and was then stepped to 0.2 V. 

Some exper iments were a lso performed in which the disc potent ia l  was 

stepped from 1.1 V to 0.0 V; these resul ts were ident ical  wi th those 

obtained for  the potent ia l  step from 1.4 V to 0.2 V at  the lower As(I I I )  

concentrat ions,  but  d id seem to give a greater data scatter at  the higher 

concentrat ions.  Since the t ransi t  t ime was very short  re lat ive to the 

t ime scale of  the exper iment,  the charge associated wi th the adsorpt ion of  

As(I I I )  on the disc was approximated as the area under the ip- t  curve from 

t=0, 2, .^. ,  the t ime when E^ was stepped from 1.4 to 0.2 V, unt i l  the r ing 

current stabi l ized at  the higher (deshielded) value. This charge (Qp,)  was 
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measured by using a Keuffel  and Esser compensat ing planimeter.  The number 

of  moles of  As(I I I )  that  adsorb on the disc is  related to th is charge by 

moles cm-2 = QR/nNFA^j^gj .  V-4 

For example at  [As(I I I ) ]  = 4.16 x 10"^ M, the charge under the i^- t  curve 

was found to be 33.9 yC. This charge corresponds to 2,14 x 10"^ moles 

cm"^ of  As(I I I )  adsorbed to the disc.  Simi lar  calculat ions at  other 

values of  [As(I I I ) ]  give the adsorpt ion isotherm as shown in Figure V-

11, The maxi imim surface coverage is  2,30 x 10"^ moles cm"^,  or  1,38 x 

10^5 atoms As(I I I )  cm"^,  A rough calculat ion for  the nunber of  Pt atoms 

per uni t  area for  polycrystal l ine Pt gives 1,35 x 10^^ atoms/cm^, so i t  is 

concluded that  As(I I I )  adsorbs on Pt in a 1:1 rat io.  

The RRDE and t ransient RRDE exper iments have c lear ly demonstrated 

that  As(I I I )  adsorpt ion does occur on a reduced Pt surface and occurs to a 

s igni f icant extent.  This knowledge enables one to interpret  fur ther the 

data obtained from cycl ic vol tammetry at  the RDE, 

4,  Adsorpt ion pseudocapaci tance in the As(I I I ) -Pt  system 

In the previous discussion on the ef fect  of  scan rate (see Figure V-

6) ,  the treatment of  the anodic currents in the potent ia l  region 0,2 V < 

Eg < 0,8 V was deferred. For scan rates of  1,  2,  6,  and 10 V min '^.  the 

anodic current at  0,5 V is  8,  15, 41, and 65 pÂ, respect ively,  whi le the 

anodic current does not increase l inear ly wi th scan rate there is ,  

nevertheless,  a s igni f icant relat ionship.  Given th is scan rate dependence 

and the relat ively constant current over the potent ia l  0,2 V < Eg < 0,8 V 

at  a given scan rate,  one might be led to conclude that  these currents are 
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simple charging currents,  associated wi th the rearrangement of  the 

electr ical  double- layer.  A rough est imate of  the double- layer capaci tance 

can be obtained by d iv id ing the charging current by the scan rate;  a 

typical  value for  a Pt electrode in a pure acidic electrolyte is  about 

100 ] i¥ cm" (see Figure V-1).  Using the scan rates and anodic currents of  

Figure V-6 gives values for  the "capaci tance" of  1050, 991, 902, and 

2 856 ixF/cm .  These values are almost an order of  magnitude greater than 

those expected for  a s imple double- layer capaci tance. A value of  th is 

s ize is  more proper ly referred to as a "pseudocapaci tance",  a term which 

was f i rst  suggested by Grahame (352) to dist inguish the capaci tance- l ike 

behavior observed when a faradaic react ion occurs that  leads to a 

s igni f icant surface coverage of  an adsorbed intermediate f rom the t rue 

capaci tance of  the double layer.  The theory of  adsorpt ion pseudo-

capaci tance was in i t ia l ly  developed for  appl icat ion to the hydrogen 

evolut ion react ion,  but was later appl ied to a number of  other electrode 

processes (353).  The br ief  der ivat ion that  fo l lows is  adapted f rom that 

of  Conway (354).  

The faradaic adsorpt ion react ion is  denoted by 

_ " l  X 
As(I I I )  + Xe -çr  Pt . . .As(I I I ) ,  V-5 

*^-1 

where X represents the number of  e lectrons t ransferred in the react ion.  

I t  wi l l  be assuned that  fo l low-on react ions do not occur to an appreciable 

extent in the potent ia l  range of  interest  so that  the adsorpt ion can be 

t reated as a quasi-equi l ibr ium condi t ion.  
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Frequent ly,  the part ia l  surface coverage 6 for  the adsorbed product 

is  potent ia l  dependent.  To at ta in each value of  8,  i t  is required that  a 

charge q be passed in order to at ta in that coverage f rom a previously 

uncovered state (8=0).  Therefore,  q = k '6,  where k '  is  constant.  The 

var iat ion of  9 wi th potent ia l  g ives r ise to the pseudocapaci ty C def ined 

by 

In th is der ivat ion,  the potent ia l  of  the metal  e lectrode is  denoted 

by Again,  e can only be changed by a charge t ransfer across the 

double layer.  

For a Langmuir  isotherm, the forward and reverse rates of  Eq. V-5 

are given by 

^1 ~ exp[-anF/RT] V-7 

V = k 9 exp[( l -a)nF/RT],  V-8 

where is  the bulk As(I I I )  concentrat ion and n is  the 

overpotent ia l .  At equi l ibr ium, d8/dt  = 0 and, therefore,  = v 

Assuming that  a = 1/2,  and combining Equat ions V-6 and V-8 gives 

k '  RT d ,  8 .  
TT = "39" = T 138 TTg) V-9 

and 

C= 1^8(1-9) V-10 

The pseudocapaci tance has a maximum at  9 = 0.5 and i t  is symmetr ical  
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with respect to 0.  Expressing the part ia l  surface coverage in terms 

of  potent ia l  g ives 

Q -  k 'F *^1 V-11 

^  (1 + exp[-*MF/RT])Z 

where = k^/k, ! .  The pseudocapaci tance also exhibi ts a very sharp 

maximum and is  symmetr ical  when p lot ted versus potent ia l .  

For a Temkin isotherm, the veloci ty equat ions must be al tered to 

^1 ~ exp[-anF/RT] expC-yge] V-12 

V = k 0 exp[( l -a)r \F/RT] exp[( l -Y)g0] V-13 
- i  - i  

In Equat ions V-12 and V-13, g is  the interact ion parameter def ined by 

<!(<) 
9 = 1/RT -55-^ ,  V-U 

and Y is  a proport ional i ty constant (0 < y <1),  the magnitude of  which 

depends on the form of  the energy barr ier  for  the act ivat ion-control  led 

adsorpt ion/desorpt ion process. The s igni f icance of  y is  that of  a 

symmetry factor,  and in fact  y is  usual ly equal  to 1-a.  Using the same 

assumptions as for  the Langmuir  isotherm gives 

Equat ion V-15 cannot be solved expl ic i t ly  for  C as a funct ion of  

potent ia l ,  but  may be numerical ly evaluated. Figure 25 of  reference 

354 and Figures 1,  2,  and 4 of  reference 355 show plots of  C vs 0,  C 

vs.  4»u, and 0 vs.  ()>_ for  the Langmiir  (g = 0) and Temkin (g = 5,  10, 20) 
M M 
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isotherms for  the adsorpt ion of  H"*" on Pt .  The p lot  of  C vs.  e is  

symmetr ic about 9 = 0.5 and C = 0 at  9 = 0.0 and 1.0.  The maximum for  the 

_2 C-9 curve wi th g = 0 occurs at  1600 pF cm" ,  whi le the curves for  g = 5,  

10,  20 are essent ia l ly  f lat  wi th considerably smal ler  pseudocapaci tances. 

_2 For example,  for  g = 5,  the maximum is  ~530 pF cm" .  Likewise, the plot  

of  C vs.  shows that  the maximum decreases as g increases and that  C 

becomes a f lat ter  funct ion of  over a larger potent ia l  range as g 

increases. The s lope of  a p lot  of  9 vs.  (t>|^ decreases dramat ical ly as g 

i  ncreases. 

The Temkin isotherm is  considered to be super ior  to the Langnuir  

isotherm when electrochemical  processes are involved (353).  The fact  that  

the pseudocapaci tance observed in the As(I I I ) /Pt  system is  about 

2 900 yF/cm and exhibi ts a fa i r ly  constant value over a range of  

approximately 200-300 mV indicates that  a Temkin Isotherm with an average 

g factor of  about 4 may be appl icable.  A rough calculat ion of  the 

expected current for  g = 5 can be performed using Conway's f igures.  

The anodic current for  the desorpt ion of  As(I I I )  wi l l  be given by 

i  = nFAdr/dt ,  V-16 

where r is  the coverage in moles/cm^. But,  r = so 

1  f )  f  •  

The term dE/dt  is  simply the scan rate,  r  is  the maximum surface 
max 

coverage obtained from the transient RRDE exper iments,  and de/dE from 
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Conway's f igure is  1/0.32 V, For n = 1 and a scan rate of  0.1 V s ' l ,  Eq. 

V-18 predicts a current of  32 uA, compared wi th an exper imental  value of  

41 yA. I f  the value of  g was actual ly smal ler  than 5.0 as the 

pseudocapaci tance values would suggest,  then de/dE would be somewhat 

larger and the predicted current would possibly be even c loser to the 

exper imental  value. However,  there is  no a pr ior i  reason to assume that  n 

= 1 or,  in fact ,  that  n is  an inte-gral  value. The topic of  part ia l  

charge t ransfer in speci f ic  adsorpt ion was examined in a recent t reat ise 

(356).  A:know!edging that  there are " indicat ions of  the real i ty of  

part ia l  charge t ransfer" ,  Habib and Bockr is are forced by other evidence, 

such as the lack of  a correlat ion between adsorbi l i t ies and standard f ree 

energies or covalent bond energies,  to conclude that  "wi th the concept of  

part ia l  charge t ransfer,  we are at  an uncertain f ront ier  of  a developing 

f ie ld."  

The theory of  adsorpt ion pseudocapaci ty a lso permits an explanat ion 

of  the cur ious behavior i l lustrated by Figure V-8.  Note that  the disc 

current for  0.25 V < E^ < 0.65 V is  ident ical  for  the vol tammograms having 

scan l imi ts of  0.0 V to 1.1 V and 0.0 V to 1.4 V, but  that  the r ing 

currents in the same potent ia l  range are not ident ical .  This can only 

mean that  the anodic d isc current is  unrelated to the f lux of  As(I I I )  at  

the disc.  As was stated ear l ier ;  the coverage 8 is  a complex combinat ion 

of  factors which include the As(I I I )  f lux,  scan rate» and posi t ive 

potent ia l  scan l imi t .  The fact  that  the anodic d isc currents are the same 

is  due to the constancy of  d0/dE^ over a wide range of  9.  
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While As(I I I )  adsorpt ion wi th (part ia l )  charge t ransfer may at  f i rst  

appear to be improbable,  i t  can be rat ional ized in terms of  i t  bonding. I t  

is  known, for  example,  in compounds containing arsenic that  i f  the atom to 

which arsenic has donated electrons also has an orbi ta l  of  the same 

symmetry as the empty d-orbi ta ls of  arsenic,  back-donat ion resul t ing in 

overal l  mult ip ie-bond character can occur (357).  Whi le i t  may be 

meaningless to discuss Pt d-orbi ta ls on the surface of  a polycrystal l ine 

metal ,  there is  sol id evidence of  Pt contr ibut ing to d%-d% back-bonding in 

CO adsorpt ion (358).  This back-donat ion impl ies a speci f ic  or ientat ion of  

the As(I I I )  on the surface; th is "ster ic factor"  may contr ibute to the 

apparent decrease in the rate of  adsorpt ion that  occurs at  the higher 

re lat ive surface coverages. Another probable cause for  the decrease in 

the adsorpt ion rate wi th coverage is  a decrease in the heat of  adsorpt ion 

as a funct ion of  the adsorbed As(I I I )  coverage. This would be consistent 

wi th the resul ts of  H2 adsorpt ion on Pt,  Rh, and I r ,  which show a sharp 

decrease i r .  the heat of  adsorpt ion as the surface coverage increased 

(354).  

C. As(V) Electrochemistry on Pt in Acidic Media 

1.  Potent iodynamic studies at  a Pt  RDE 

The anodic oxidat ion of  As(I I i )  gives As(v) as a product.  Whi le the 

electrochemistry of  As(V) is  not of  pr imary interest  in this dissertat ion,  

i t  is informat ive to consider the behavior of  As(V) at  a Pt anode as a 

means of  understanding the As(I I I ) -As(V) electrode react ion.  As was 

stated ear l ier ,  As(V) is  general ly considered to be electroinact ive 
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unless conplexed wi th pyrogal lo l  ( l ,2,3-tr ihydro%ybenzene) or Cl~ in 

very concentrated HCl solut ions.  This statement is  t rue, however,  only 

i f  electroact iv i ty is  def ined as a cont inuing oxidat ion or reduct ion 

of  the bulk specie.  As the fol lowing discussion shows, As(V) is  

electrochemical ly act ive when the def in i t ion is  expanded to include 

electrochemical  surface react ions.  

A ser ies of  i^-E^ curves are shown in Figure V-12 for  a solut ion of  

As(V) recorded for  var ious values of  the negat ive l imi t  of  the cycl ic 

potent ia l  scan. Again,  a Pt residual  curve in included. The predominant 

features of  th is As(V) vol tammogram are:  1) a very prominant cathodic 

peak E at  ca.  0.25 V on the negataive scan; 2)  two wel l -def ined anodic 

peaks at  0.25 V (A) and 0.40 V (B);  and 3) an anodic peak C at  0.84 V, A 

comparison of  Figure V-12 wi th an As(I I I )  vol tammogram recorded at  0 rpm 

(Figure V-4 or V-5) reveals that  the same features occur in both cases. 

This is  reasonable i f  one real ized that  the As(V) produced in the 

di f fusion layer by oxidat ion of  Asf l l l )  remains in the immediate v ic in i ty 

of  the electrode surface in the absence of  st i r r ing.  In the quiescent 

solut ion,  any loss of  As(V) due to di f fusion away f rom the electrode 

should be replaced by As(V) formed as a resul t  of  the oxidat ion of  As(I I I )  

(on the subsequent forward scan) that  cont inues to di f fuse to the 

electrode. The prominance wi th which cathodic peak E appears in both 

cases indicates that  i t  is due to the reduct ion of  an As(V) specie,  even 

though As(V) is  general ly considered to be nonreducible.  Anodic peaks A, 

B,  and C can be explained as successive oxidat ions of  the product of  the 

As(V) reduct ion.  The most l ikely explanat ion is  that As(V) is  reduced to 
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two approximately zero states by underpotent ia l  deposi t ion processes. 

Anodic peaks A and B represent the oxidat ion of  the s l ight ly di f ferent 

As(0) states to adsorbed As(I I I )  and peak C (which occurs at  the same 

potent ia l  as the analogous peak in an As(I I I )  solut ion) represents the 

combined oxidat ion of  the adsorbed As(I I I )  and the Pt surface. Anodic 

peak B,  occurr ing at  the more posi t ive potent ia l ,  corresponds to the 

oxidat ion of  the more stable of  the two As(0) states.  Anodic peak A can 

be increased by al lowing the potent ia l  to scan to more negat ive values, 

but  approaches a maximum value. This increase in the amount of  As(V) 

deposi ted as the potent ia l  is  scanned to more negat ive values can also be 

observed in the increase in the size of  peak C, due to the oxidat ion of  a 

greater amount of  adsorbed As(I I I ) .  

In i t ia l  scan-rate studies performed in an As(V) solut ion seemed to 

indicate that  the ent i re cycl ic vol tammogram was the resul t  of  surface 

react ions.  This in turn led to the conclusion that  cathodic peak E was 

the resul t  of  the reduct ion of  adsorbed As{V).  Later,  th is conclusion 

was shown to be in error (see the next sect ion).  I t  is  instruct ive to 

note here that  a whole range of  f luxes must be examined before concluding, 

on the basis of  scan rate data,  that  only surface react ions are occurr ing.  

The shape of  cathodic peak E var ies as a funct ion of  scan rate.  

Assuming that :  1) the PtO reduct ion peak is  symmetr ical :  2)  the charging 

currents are negl ig ib le;  and 3) the H2(g) evolut ion current can be 

extrapolated to zero,  the charge passed in peak E can be determined. The 

charge passed at  6.0 V min"^ is  88% of  the charge passed at  1.0 V min"^.  

This is  excel lent  agreement g iven the assumptions l is ted above. However,  
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i t  is also reasonable to expect that  s l ight ly more arsenic would deposi t  

at  the slower scan rate.  As was the case wi th As(I I I )  adsorpt ion,  the 

deposi t ion rate of  As(V) probably decreases as the coverage increases. 

The s lower scan rate al lows the electrode potent ia l  to remain in the 

region where deposi t ion occurs for  a greater length of  t ime. 

2.  As(V) underpotent ia l  deposi t ion and isopotent ia l  points 

The term "underpotent ia l  deposi t ion" has been used and should be 

def ined. Deposi t ion that  occurs at  potent ia ls posi t ive of  the value 

predicted by the Nernst equat ion for  a product wi th an act iv i ty of  1 is 

cal led "underpotent ia l  deposi t ion,"  The underpotent ia l  deposi t ion (upd) 

phenomenon is  complex and widespread; a recent review (359) g iv ing 255 

references is  recommended. 

The value predicted by the Nernst equat ion for  the deposi t ion of  

arsenic metal  f rom a 10"^ M As{V) solut ion is  0.085 V vs.  SCE. 

In Figure V-13, the negat ive scan l imi t  is  f ixed at  a potent ia l  where 

the As(V) upd porcess produces the l imi t ing As coverage and the posi t ive 

scan l imi t  is  var ied.  The i^-Ej  curve obtained wi th a posi t ive l imi t  of  

0.5 Vis very d i f ferent f rom those obtained wi th Eg > 0.7 V. In the 

former case, the cathodic deposi t ion peak and the 0 to +3 oxidiat ion peaks 

are not wel l  def ined. However,  for  Eg > 0.7 V, where Pt  oxide format ion 

and reduct ion occurs dur ing each potent ia l  cycle,  these three peaks are 

wel l  def ined. These resul ts can be understood in the fol lowing way. The 

As(V) species in solut ion are considered to be electroinact ive ( in the 

more general  sense) because of  the f i l led 4p orbi ta l  s and the extended 
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Figure V-13. Cyclic voltammograms of As(V) at a Pt RDE in acidic 
solution as a function of E^ 
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degree of  hydrat ion.  I t  is  reasonable,  therefore,  to assume that  the free 

energy of  deposi t ion would have to be qui te large, and in fact  the process 

of  underpotent ia l  deposi t ion is  considered to ar ise precisely because of  a 

strong interact ion between the deposi t  and the substrate.  The upd process 

for  As(V) appears to require the format ion and reduct ion of  PtO in order 

to generate a sui table state of  the Pt surface. The generat ion of  a 

sui table Pt state could,  in turn,  be related to the pr ior  desorpt ion of  

As(I I I )  which acts to inhibi t  the deposi t ion,  or  to the format ion of  a 

t ransient s i te geometry ( for  example,  PtO-Pt pairs)  which faci l i tates the 

deposi t ion.  The necessi ty of  PtO format ion and reduct ion for  As{V) upd is  

establ ished by exper iments where the posi t ive potent ia l  scan l imi t  is  set 

at  £^.  +0.6 V and the negat ive scan l imi t  is  set at  +0.1 V. In th is case, 

the posi t ive l imi t  is  posi t ive enough to oxidize the surface arsenic to 

the +3 state,  but not posi t ive enough for  PtO format ion.  The negat ive 

l imi t  (0.1 V) is  negat ive enough to permit  some As(V) underpotent ia l  

deposi t ion to occur,  but  is  not negat ive enough for  the l imi t ing coverage 

to be at ta ined. After a large number of  cycles wi th these part icular 

potent ia l  scan l imi ts,  an electrode state is  achieved in which the 

currents are roughly 1/3 the value of  those shown on Figure V-12, I f  the 

electrode is  in this state and the negat ive scan l imi t  is  then changed to 

-0.2 V, a very large catnOuic current is  recorded on the f i rst  negat ive 

scan, and the anodic and cathodic currents throughout the potent ia l  range 

return to their  ear l ier  ( j_.^. ,  3 t imes larger)  values. Simi lar ly,  i f  the 

electrode is  again al lowed to repeatedly scan between +0.6 V and +0.1 V, 

and then the posi t ive l imi t  is  increased to a potent ia l  in the oxide 



www.manaraa.com

166 

region, a large upd peak is  observed on the f i rst  negat ive scan. These 

exper iments establ ish that  PtO reduct ion is  necessary for  As(V) upd and 

that  surface contaminat ion is  not responsible for  lack of  As(V) upd. The 

cause of  the current decay wi th the number of  potent ia l  scans when the 

scan l imi ts are 0.6 V and 0.1 V is  at t r ibuted to a very s l ight  desorpt ion 

of  the As(I I I )  formed on each forward scan. This leads to a smal l  but  

cont inuous decrease in the amount of  arsenic on the electrode surface, 

because As(I I I )  re-adsorpt ion is  negl ig ib le and the condi t ions for  As(V) 

underpotent ia l  deposi t ion are not present.  

The explanat ions that  have been advanced to explain the As(V) i -E 

curve can be tested by adding a substance to the solut ion that  

compet i t ively adsorbs on the electrode surface, thereby prevent ing the 

As(V) upd process and subsequent oxidat ions and reduct ions from occurr ing.  

Iodide is  known to strongly adsorb on Pt (360).  When a solut ion 

containing 1.9 x lOT* M As(V) was made 9.76 pM in I "  (a concentrat ion 

known to exceed that  necessary for  monolayer I  coverage),  the As(V) 

reduct ion peak at  0.27 V, the cathodic current at  < 0.1 V, and a l l  of  

the anodic peaks on the forward scan were e i ther completely e l iminated or 

great ly reduced in size.  The I "  f lux was evident ly suf f ic ient  to occupy 

the Pt s i tes formed as the PtO was potent iodynamical ly reduced. This,  in 

turn,  prevented the As(V) upd process and subsequent anodic peaks for  0 to 

+3 and +3 to +5 oxidat ions.  

The ef fects of  varying the As(V) bulk concentrat ion and/or the 

electrode rotat ion speed are dependent on the in i t ia l  value of  the 

concentrat ion.  At h igh [As(V)]  (> ca.  2 x 10"^ M),  the i -E curve does not 
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change wi th ei ther a change in the concentrat ion or a change in the 

rotat ion speed. These observat ions in i t ia l ly  led to the conclusion that  

As(V) underwent underpotent ia l  deposi t ion from an adsorbed state (also see 

Sect ion V.C.I) .  When i t  was real ized the As(V) was surely not adsorbed on 

PtO, based on a number of  exper imental  and theoret ical  considerat ions,  i t  

became necessary to re-examine the concentrat ion and rotat ion speed 

dependence. I t  was then found that  the vol tammogram of  an As(V) solut ion 

is  both concentrat ion and rotat ion-speed dependent at  low (< 10"^ M) bulk 

concentrat ions.  In these exper iments,  a posi t ive l imi t  of  1.32 V was 

used; th is is  suff ic ient  to oxidize a l l  of  the surface arsenic to the +5 

state which is  desorbed. For example,  a 10 As(V) solut ion at  a 

rotat ion speed of  240 RPM gives a s l ight  broadening of  the PtO reduct ion 

peak in the region 0.07 < < 0.35 V; the hydrogen adsorpt ion and 

desorpt ion peaks and the Pt oxidat ion wave are a l l  essent ia l ly  unchanged 

f rom the vol tammogram obtained in pure support ing electrolyte.  However,  a 

very smal l  anodic wave at  0.35 Y does appear under these condi t ions.  I f  

the rotat ion speed is  increased, the PtO reduct ion peak cont inues to 

broaden, there is  a cont inuous decrease in the s ize of  the hydrogen peaks, 

and the onset of  Pt  oxidat ion becomes less and less dist inct .  However,  

the most obvious feature cont inues to be the anodic peak at  0.36 V, the 

peak current increasing wi th rotat ion speed and the peak potent ia l  

shi f t ing to more posi t ive potent ia ls.  Decreasing the rotat ion speed to 

the or ig inal  value resul ts in retracing the or ig inal  vol tammogram; th is 

shows that  a l l  of  the surface arsenic is  oxidized and desorbed dur ing the 

forward scan. Figure V-14 i l lustrates th is behavior at  a somewhat h igher 
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Figure V-14. Cyclic voltammograms of As{V) at a Pt RDE in acidic 
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[As(V)]  and at  f ive di f ferent rotat ion speeds. At the higher rotat ion 

speeds i t  becomes apparent that  a cathodic peak is  forming in region E. 

Note the " isopotent ia l  points" at  0,24 V, 0.53 V, and 0.68 V. The theory 

of  isopotent ia l  points has been developed by Untereker and Bruckenstein 

(361),  who a lso presented some examples of  systems which give isopotent ia l  

points.  Reference 361 also gives f ive addi t ional  references where 

isopotent ia l  points were obtained; reference 362 is  a more recent paper 

that  i l lustrates th is behavior.  Basical ly,  an isopotent ia l  point  is  a 

common intersect ion in a fami ly of  i -E curves that  occurs when: 1)  the 

potent ia l  scanning program is  the same for  a l l  curves; 2)  the electrode 

surface is  covered wi th at  least  one adsorbed or deposi ted species at  the 

start  of  the potent ia l  program; 3) the in i t ia l  amount of  adsorbed or 

deposi ted species is  di f ferent for  each curve; and 4) the electrode 

surface behaves as i f  i t  consists of  independent electrochemical  regions, 

the sum of  whose areas is  constant at  a l l  t imes for  a l l  of  the i -E curves. 

The s implest  (and most common) case that  gives isopotent ia l  points 

involves a faradaic react ion involv ing an adsorbed or deposi ted specie on 

the covered port ion of  the electrode and the metal /metal  oxide react ion 

occurr ing on the uncovered port ion of  the electrode. I f  the in i t ia l  

amount of  the adsorbed or deposi ted specie is  the only var iable,  then the 

condi t ion for  an isopotent ia l  point  is  

i °  + CjE'  = ig + CgE' V-20 

where i° and i^ are the current densities for the two faradaic reactions, 

Cj and C2 are the differential double-layer capacitances of the two 
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regions, and E'  is  the potent ia l  scan rate ( ,  dE/dt) .  From Eq. V-20, 

three cases can ar ise.  I f  both of  the faradaic processes give currents 

much larger than the charging currents,  then Eq, V-20 s impl i f ies to 

i j  = 12. I f  one of  the electrochemical  react ions does not occur in a 

potent ia l  region where charging currents are important,  then an 

isopotent ia l  point  can resul t  wi th 

i .  = C.A.E' ,  V-21 
ip 11 

where i - jp is  the current at  the isopotent ia l  point ,  and and are the 

di f ferent ia l  double- layer capaci tance and area, respect ively,  associated 

wi th the inert  couple.  Final ly,  i f  nei ther faradaic process occurs in a 

potent ia l  region, an isopotent ia l  point  can ar ise i f  Ci=C2* 

In the case of  the As(V)-Pt system, the combinat ion of  oxidat ively 

removing a l l  of  the surface arsenic as As(V) on the posi t ive potent ia l  

scan and the var iable amount of  As(V) that  can be t ransported to and 

deposi ted at  the electrode by changing the electrode rotat ion speeds gives 

precisely those condi t ions which lead to isopotent ia l  points.  Plat inum 

oxide format ion does not occur at  potent ia ls as negat ive as 0.24 V; 

therefore,  the isopotent ia l  point  at  0.24 V is  due to a combinat ion of  the 

charging current on the uncovered Pt region and the oxidat ion of  the 

underpotent ia l  deposi ted As to the +3 state.  The charging current 

contr ibut ions are probably negl ig ib le at  the isopotent ia l  points at  0.53 V 

and 0.68 V, so these points are due to the oxidat ion of  the Pt surface and 

As(I I I ) .  Two isopotent ia l  points are obtained because the current densi ty 

for  the oxidat ion of  the adsorbed As(I I I )  would be expected to increase 
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and then decrease (s ince there is  only a f in i te amount of  As{I I I )  on the 

disc) and thus would be expected to be equal  to the current densi ty for  Pt 

oxide format ion at  two di f ferent potent ia ls.  

Isopotent ia l  points can also be observed in As(I I I )  solut ions when 

the concentrat ion and rotat ion speed are low. For the As(I I I )  solut ion,  

the isopotent ia l  points appear at  0.16 V, 0,60 V, and 0.72 V, and are 

at t r ibuted to the same process as occur in the As(V) solut ion.  The As 

surface coverage can be incremented by e i ther changing the rotat ion speed 

or by decreasing the negat ive scan l imi t .  At low [As(I I I ) ] ,  an under-

potent ia l  deposi t ion of  As(I I I )  is  clear ly observed in a cathodic peak at  

0.26 V, which is  the same potent ia l  as the upd peak in the As(V) solut ion.  

This As(I I I )  cathodic react ion,  which occurs about 250 mV posi t ive of  the 

standard reduct ion potent ia l ,  is  also seen on Figure V-13, where adsorbed 

As(I I I )  ( that  which was produced by the oxidat ion of  an As(V) under-

potent ia l  deposi t )  is  reduced at  about 0.2 V. This phenomenon evident ly 

occurs in.  addi t ion to the adsorpt ion process that  gives r ise to the 

adsorpt ion pseudocapaci tance descr ibed ear l ier .  

The Og reduct ion react ion does not appear to be ef fected by an As(V) 

underpotent ia l  deposi t .  I t  is  not known whether th is unusual  phenomenon 

is  due to a mechanism whereby the reduct ion react ion occurs on As-covered 

s i tes,  or i f  i t  simply occurs on those Pt s i tes not occupied by As atoms. 

I t  should be noted that  the theory of  macroscopical ly inhomogeneous 

surfaces (see Sect ion IV) predicts that  the mass-transport  l imi ted current 

can be at ta ined even when the area of  the act ive s i tes represents a very 

smal l  f ract ion of  the total  area. 
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3. RRDE studies 

The Pt disc/Au r ing RRDE can be ut i l ized to study the 

electrochemistry of  As(V).  A r ing current-disc potent ia l  curve is  

i l lustrated in Figure V-15. The r ing was once again potent iostated at  

1,0 V, a potent ia l  where As(I I I )  is  oxidized to As(V).  Figure V-15 

i l lustrates two vol tammograms, one having scan l imi ts of  +1.2 V and 

-0.2 V, the other having scan l imi ts of  +1.5 V and -0.2 V. The r ing 

current appears to be "of fset"  by an approximately 170 nA anodic current;  

i t  is bel ieved that  th is is  due to a combinat ion of  oxidizable impuri t ies 

(possibly As(I I I )  in the AsgOg used to prepare the stock As(V) solut ion) 

and very smal l  e lectronic of fsets in the potent iostat  that  become apparent 

only at  the very high r ing current sensi t iv i ty used in this exper iment.  

I t  is  clear f rom the magnitudes of  the r ing currents that  only very minute 

amounts of  As(I I I )  are released by the disc.  The anodic current at  A on 

Figure V-15 occurs where As(I I I )  adsorbed on the disc (2«_e.,  that  produced 

by the oxidat ion of  the As(V) underpotent ia l  deposi t )  is  oxidized to 

As(V).  The anodic current at  C occurs at  potent ia ls on the negat ive scan 

where some As(V) upd is  occurr ing,  so i t  appears that  a smal l  amount of  

the arsenic undergoing th is process "escapes" as As(I I I ) .  This indicates 

that  an "As( in)- l i lce" specie is  an intermediate in the upd of  As(V) on 

Pt .  The anodic current at  B on Figure V-15 is  due the oxidat ion of  Pt( I I )  

produced when the PtO on the disc is  reduced (363).  This was deduced f rom 

the increase in this current for  the more posi t ive potent ia l  scan l imi t .  
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D. As(I I I )  Electrochemistry on a Au RDE in Acidic Media 

I t  has been concluded from the studies of  As(I I I )  oxidat ion on Pt 

electrodes that  the th in f i lm of PtO that  is  anodical ly formed on the 

electrode surface ef fects the electrode react ion in a number of  ways. 

There are several  other noble metals that  might be used as electro-

catalysts,  each of  which exhibi ts s igni f icant di f ferences from Pt and from 

each other wi th respect to anodical ly- formed oxides. Whi le i t  was known 

that  As(I I I )  could be oxidized at  a Au e lectrode (44,45,364),  i t  was 

recognized that  addi t ional  exper iments might provide informat ion that  

could be used in developing a more complete and general  react ion 

mechanism. 

A Au residual  curve and an As(I I I )  vol tammogram on a Au RDE are 

i l lustrated on Figure V-16. The Au residual  curve wi l l  be discussed 

f i rst .  Start ing at  0.0 V on the forward scan, one observes only the very 

smal l  double- layer charging currents for  E^ up to about 1.01 V, where the 

oxidat ion of  the Au surface to a phase oxide occurs.  The potent ia l  where 

oxide growth begins is  more c lear ly seen at  higher scan rates.  Gold oxide 

growth cont inues as E^ increases up to about 1.5 V, where Ogfg) evolut ion 

begins.  Surface oxidat ion ceases quickly on scan reversal ,  leaving only a 

smal l  charging current on the negat ive scan. The reduct ion of  the surface 

oxide occurs in a sharp peak C wi th Ep at  0.90 V;.  w^çf 'eupon the current 

returns to charging-current levels.  There is  no appreciable adsorpt ion of  

molecular hydrogen on Au, and at  Ej  < -0.3 V there is  a sharp increase in 

cathodic current,  corresponding to the reduct ion of  H"*" to  H2(g).  
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The addi t ion of  As(I I I )  resul ts in an anodic wave B that  has an £^2 

of  0.82 V. The anodic current reaches a plateau between 0.88 V and 

1.02 V, imply ing a mass-transport  l imi ted process. At Eq > 1.02 V, 

oxidat ion of  the Au surface causes the current to decrease rapidly.  

Oxygen evolut ion and possibly electrode re-act ivat ion causes the current 

to increase at  > 1.4 V. When the scan direct ion is  reversed, 

essent ia l ly  no anodic current is  observed, as opposed to the oxidat ion of  

As(I I I )  on Pt.  At Ej  = 0.96 V reduct ion of  the gold oxide begins and the 

total  current momentar i ly  becomes cathodic.  As the potent ia l  becomes 

s l ight ly more negat ive,  however,  the current then becomes anodic once 

again,  peaking at  0.86 V. The current then essent ia l ly  retraces the 

current obtained on the forward scan. The current is  negl ig ib le unt i l  

Ej  = 0.08 V, where a cathodic wave D is  observed. This cont inues into the 

potent ia l  region where H2(g) evolut ion occurred in the absence of  

As(I I I ) .  Fol lowing scan reversal  at  the negat ive l imi t ,  a very sharp 

anodic peak A is  obtained wi th Ep = 0.14 V. The cathodic wave D and the 

anodic peak A correspond to the deposi t ion of  As(I I I )  and anodic str ipping 

of  that  deposi t ,  respect ively.  This str ipping peak is  much sharper than 

the str ipping peaks(s) obtained on a Pt  electrode, and in fact  Au was 

found to be super ior  to Pt for  the determinat ion of  As(I I I )  by anodic 

str ipping vol tammstry (21).  

The ro le that  the gold oxide plays in the oxidat ion mechanism was 

examined by varying the posi t ive scan l imi t  Eg, Figure V-17. When Eg = 

1.0 V, no gold oxide Is formed and the current on the corresponding 

negat ive scan is  only s l ight ly less than that  of  the forward scan. When 
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Figure V-17. Cyclic voltammograms of As(III) at a Au RDE in acidic 
solution as a function of 
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Eg = 1.2 V, a smal l  amount of  gold oxide is  formed, leading to a 

s igni f icant ly smal ler  current on the negat ive scan. I t  appears that  the 

oxide reduct ion current is  smal l  re lat ive to the As(I I I )  anodic current 

and that  the removal  of  even th is smal l  quant i ty of  oxide resul ts in an 

increase in the As(I I I )  current.  Posi t ive scan l imi ts of  1.4 V and 1.6 V 

i l lustrate even more dramat ical ly the ef fect  that  gold oxide has on th is 

react ion.  I t  is  clear that  the anodic oxide acts as a very powerful  

oxidat ion inhibi tor ,  the degree of  inhibi t ion being direct ly related to 

the oxide coverage. The behavior at  Ej  = 0.9 V on the negat ive scan is  

due to a dynamic combinat ion of  the gold oxide reduct ion current and the 

As(I I I )  oxidat ion current made possible by the appearance of  oxide-free 

surface s i tes.  The magnitudes of  these "opposing" currents depends on the 

gold oxide coverage, which is  i tsel f  changing as a funct ion of  potent ia l .  

The rotat ion-speed dependence of  the anodic current was invest igated 

in exper iments i l lustrated by Figure V-18. For a scan rate of  1.0 V 

min ' l ,  a correct ion of  2 yA (anodic)  was appl ied to the net current to 

1/2 
correct  for  double- layer charging. F i t t ing the i^-u '  data from Figure 

V-18 (plus the data for  four other rotat ion speeds not i l lustrated on 

Figure V-18) to a l inear least-squares program gives an intercept of  

-1.04 vA and a s lope of  59.69 yA sec^/^ wi th a correlat ion coeff ic ient  of  

0,99998, This f i rmly establ ishes that  the oxidat ion of  As(I I I )  on Au is  

mass-transport  l imi ted in the potent ia l  region between 0.88 V and 1.02 V 

on the forward scan. In other words, the Levich equat ion gives the 

precise relat ionship between the current,  the rotat ion speed, and the 

var ious physical  constants given by Eq. IV-9.  This is  signi f icant for  
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two di f ferent reasons. Use of  rotat ion speed data and the Levich equat ion 

enables one to determine the value of  the one physical  constant that  

cannot be determined by any other re lat ively straightforward technique, 

_i_,_e,,  the di f fusion coeff ic ient  of  the reactant.  The ease wi th which a 

d i f fusion coeff ic ient  can be determined using a RDE makes i t  possible to 

determine th is constant in a large number of  support ing electrolytes.  

From a mechanist ic v iewpoint ,  i t  is clear that  the oxides of  Au and Pt 

d i f fer  radical ly in their  abi l i ty  to act  as electrocatalysts for  the 

oxidat ion of  As(I I I ) .  

Resul ts of  scan-rate studies (Figure V-19) are consistent wi th the 

conclusion drawn from the rotat ion-speed studies concerning the anodic 

current in the potent ia l  region 0.88 V < < 1.02 V. When the current is  

corrected for  double- layer charging, i t  is found that  the remaining 

current in th is region is  independent of  the scan rate.  This indicates 

that  any contr ibut ion from surface react ions is  negl ig ib le.  

E. As( i n )  Electrochemistry on I r  and Pd RDEs 

in  Acidic Media 

The anodic electrochemistry of  As(I I I )  on I r  and Pd rotat ing disc 

electrodes was examined very br ief ly.  The anodic behavior of  As(I I I )  on 

these metals is  somewhat more d i f f icul t  to discern,  given the less 

predictable nature of  the anodic oxides formed on these metals,  as 

descr ibed in Sect ion I I .B.  

The experiments on the I r  electrode were performed in 5.0 M HCIO^ in 

order to minimize the continuous buildup of oxide with repetitive 
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potent ia l  cycl ing that  is  observed in less-concentrated acidic 

electrolytes.  Even in 5.0 M HCIO^ there does appear to be a s l ight  

increase in the oxide current wi th each subsequent potent ia l  cycle.  

Consequent ly,  the i^-Ej  curves do not become reproducible fo l lowing 2-3 

potent ia l  cycles,  as is  the case on Pt or Au. An anodic wave 

(Ei /2 = 0 .8 y) that  is  a combinat ion of  As(I I I )  oxidat ion and I r  oxide 

format ion and/or oxide stoichiometry changes is  obtained on the forward 

potent ia l  scan. The anodic current for  E^ > 0.7 Visa funct ion of  both 

the posi t ive and negat ive scan l imi ts.  This phenomenon is  evident ly 

re lated to the extent that  the oxide stoichi  ometry is  changed on the 

forward and reverse scans. 

The residual  current on an I r  electrode having an appreciable oxide 

coverage is ,  of  course, large. This makes the col lect ion of  precise 

rotat ion-speed data d i f f icul t .  The di f ference in the anodic current 

obtained at  a low rotat ion speed {_e._2,,  240 rpm) and the anodic current 

obtained at  0 rpm is  roughly equal  to the value predicted by the Levich 

equat ion.  At h igher rotat ion speeds, there is  a negat ive deviat ion from 

the Levich equat ion,  as was the case wi th Pt.  For Eg < 1.3 V, no current 

p lateau is  obtained on the reverse scan, the current s imply decreasing as 

the potent ia l  scans to more negat ive values. The current on the reverse 

scan is  rotat ion-speed dependent to the same extent that  i t  is on the 

forward scan. With E^ = 1.4 V, a smal l  current plateau on the reverse 

scan is  obtained for  1.10 V < Eg < 1.25 V, but  the current is  only about 

20% of  the Levich value. The oxidat ion of  As(I I I )  on I r  was invest igated 
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using the hydroxynamic modulat ion technique; these resul ts are discussed 

i  n Sect ion VI I .  

The electrochemistry of  As(I I I )  on Pd is  not straightforward. 

Oxidat ion of  arsenic that  has e i ther adsorbed or deposi ted on the surface 

occurs over a very wide range of  potent ia ls and the presence of  arsenic on 

the surface appears to dramat ical ly a l ter  the format ion of  Pd oxide. 

These surface react ions introduce severe d i f f icul t ies in determining the 

anodic current resul t ing from the oxidat ion of  As(I I I )  t ransported from 

the bulk solut ion to the electrode. There may be oxidat ion of  soluble 

As(I I I )  occurr ing between 1,00 V and 1.25 V, but  i t  is surely a smal l  

f ract ion of  the total  As(I I I )  f lux.  There is  no anodic current on the 

reverse scan for  < 1,1 V, even though PdO reduct ion does not begin 

unt i l  Ej  = 0,5 V, In th is respect,  PdO has ef fects s imi lar  to the Au(I I )  

oxide, but is  qui te di f ferent f rom that of  PtO, A s l ight  rotat ion-speed 

dependence is  obtained between 1,30 V and 1,42 V on the forward scan and 

1,40 V and 1.20 V or.  the reverse scan: Nei ther the current on the forward 

1/2 scan nor the current on the reverse scan is  a l inear funct ion of  w 

Evident ly,  the k inet ics of  the oxidat ion of  As(I I I )  on Pd are very s low, 

because even at  re lat ively low rates of  mass t ransfer to the electrode, 

the vol tammogram appears to be highly i r reversible.  I t  was unfortunate 

that  a Pd electrode compat ib le wi th the rotator used in the hydrodynamic 

modulat ion exper iments was not avai lable.  
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F. As(I I I )  Electrochemistry on a Pt RDE in 

Basic Media 

The electrochemical  behavior of  As(I I I )  in basic solut ions is  

signi f icant ly di f ferent f rom that in acidic solut ions.  Figure V-20 is  an 

i l lustrat ion of  an As(I I I )  cycl ic vol tammogram on Pt in 0.5 M NaOH. A Pt 

residual  curve is  also included on th is f igure;  note that  in strong base 

the oxide format ion wave is  less dist inct ,  the PtO reduct ion peak D is  

broader,  and the sizes and shapes of  the hydrogen adsorpt ion and 

desorpt ion peaks are al tered, re lat ive to the corresponding phenomena in 

acidic solut ions.  The addi t ion of  As(I I I )  again gives an anodic peak C 

wi th Ep = 0,23 V; note that  th is potent ia l  is  about 600 mV posi t ive of  the 

PtO reduct ion peak, whereas in an acidic solut ion,  the corresponding 

anodic peak is  only 400 mV posi t ive of  the oxide reduct ion peak. A 

re lat ively smal l  anodic current is  observed on the negat ive scan provided 

that  the oxide coverage is  smal l .  Increasing the posi t ive scan l imi t  and 

thereby the oxide coverage causes the As(I I I )  oxidat ion current to rapidly 

return to zero on the negat ive scan. The cathodic peak E at  -0.67 V 

would,  by analogy, be due to As(I I I )  adsorpt ion pseudocapaci tance. A 

rough calculat ion of  the "capaci tance" at  -0.4 V for  1,  6,  and 10 V min"^ 

gives values that  range from 667 to 756 uF cm"^;  these values are c lear ly 

in the range of  a pseudocapaci tance. Note that  peak E occurs 300 mV 

negat ive of  the PtO reduct ion peak, whi le the analogous peaks in acid were 

not  "resolved".  Decreasing the negat ive potent ia l  scan l imi t  to values 

less than -1.0 V does not lead to a large anodic str ipping peak. This 
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means that  appreciable bulk deposi t ion of  As does not occur in basic 

solut ions on Pt.  

A rotat ion-speed study (Figure V-21) establ ished that  the peak 

current of  anodic wave C exhibi ts a smal l  rotat ion-speed dependence, but  

that  the anodic current on the negat ive scan is  independent of  rotat ion 

speed. This behavior is  dramat ical ly d i f ferent f rom that in acidic 

solut ions.  The very s l ight  increase in the adsorpt ion pseudocapaci ty peak 

E wi th rotat ion speed is  consistent wi th the concept of  l imi t ing,  

monolayer coverage of  adsorbed As(I I I ) .  

Examinat ion of  the peak currents as a funct ion of  scan rate leads to 

the conclusion that  the anodic peak C and the cathodic peak E are the 

resul t  of  both surface and mass-transport  control led processes. For a 

given change in the scan rate,  the shi f t  in the anodic peak C is  more 

pronounced in a basic solut ion than in an acidic solut ion.  For example,  a 

change in the scan rate from 1.0 V min"^ to 10.0 V min"^ causes a 145 mV 

posi t ive shi f t  in 0,5 M NaOH. but  the same change in the scan rate in 

0.5 M HClOg produces only a 50 mV shi f t .  

The major d i f ferences in As(I I I )  behavior in acidic and strongly 

basic solut ions are these: a separat ion of  the PtO reduct ion and 

pseudocapaci ty peaks; the di f ferent rates at  which the anodic peak shi f ts 

as a funct ion of  scan rate;  and the very l imi ted anodic current obtained 

on the negat ive scan in base. Given the pK^ values for  As(I I I )  in 

solut ion (pKi 8.62, pK2 12.13, pKg 13.40),  i t  is clear that  As(I I I )  in 0.5 

M NaOH would consist  of  HAsOg^ and AsOg^. This has also been ver i f ied 

direct ly by Raman spectroscopy (4) .  On the basis of  electrostat ics,  one 
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Figure V-21. Cycl ic vol tammograms of  As(I I I )  at  a Pt RDE in basic solut ion as a funct ion of  w 
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would expect that  the oxidat ion would be even more favorable in base. I t  

would,  therefore,  appear that  changes in the electrode surface, 

speci f ical ly the nature of  and coverage by PtO, are the predomiant 

factors.  As d iscussed in Sect ion I I .B,  the exchange current densi ty for  
O 

oxide growth in a pH 14 solut ion is  10" '  t imes that  in an acidic 

solut ion.  I t ,  therefore,  fo l lows that  at  any given overpotent ia l ,  a 

greater oxide coverage would be formed on a Pt anode in base than in 

acid.  This explains why posi t ive scan l imi ts that  are only 100-200 mV 

posi t ive of  the anodic peak potent ia l  g ive very smal l  anodic currents on 

the reverse scan (_e.^,  i / i^gy = 0.13 for  = 0.4 V) and why fur ther 

increments in lead to even smal ler  currents.  The s l ight  rotat ion-speed 

dependence on the forward scan indicates that  low oxide coverages in base 

can act  as an oxidat ion catalyst .  The lack of  any rotat ion-speed 

dependence on the negat ive scan indicates that  the oxide growth rate 

quickly leads to an anodic f i lm that gives an apparent rate constant that  

is  smal l  re lat ive to the rate of  mass t ransfer,  ever,  at  low rotat ion 

speeds. 

As a funct ion of  scan rate,  the peak potent ia l  of  anodic peak C 

shi f ts about three t imes faster in a basic solut ion than i t  does in an 

acidic one. The peak in base also consists of  a combinat ion of  Pt  oxide 

format ion,  adsorbed ns ( I I I )  oxidat ion,  and oxidat ion of  As(I I I )  f rom the 

bulk.  I t  is  unl ikely that  oxidat ion of  the adsorbed As(I I I )  would d i f fer  

in any s igni f icant way in the two media.  Once again,  however,  the faster 

rate of  oxide growth in base suggests why the anodic wave appears to be 

more i r reversible in base. Conway's theory of  Pt oxide growth (see 
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Sect ion I I .B) basical ly states that  the in i t ia l  oxide that  is  formed is  

reversible,  but that  i r reversibi l i ty  is  introduced by both fur ther 

oxidat ion and place-exchange when the potent ia l  is  swept about 350 mV 

posi t ive of  onset of  oxide format ion.  In base, where the overal l  rate is  

known to be 10^ higher than in acid,  i t  is reasonable to assume that  the 

oxide format ion would become i r reversible at  a somewhat smal ler  

overpotent ia l .  In addi t ion,  the As(IH) oxidat ion react ion i tsel f  appears 

to be most reversible,  in a k inet ic sense, on the thermodynamical ly 

reversible oxide. Therefore,  in a basic solut ion,  the introduct ion of  

thermodynamic i r reversibi l i ty  into the oxide format ion at  a lower 

overpotent ia l  and the k inet ic i r reversibi l i ty  of  As(I I I )  oxidat ion on the 

thermodynamical ly i r reversible PtO combine to give an overal l  oxidat ion 

wave that  is  somewhat more i r reversible than the corresponding wave in an 

acidic solut ion.  This,  in turn,  accounts for  much larger shi f t  in the 

peak potent ia l  wi th scan rate.  

Giver;  the large di f ferences in the electrochemistry of  As(I I I )  in 0.5 

M HCIO^ and in 0.5 M NaOH, i t  was of  some interest  to invest igate the 

behavior at  intermediate pH values. I t  was observed that  the behavior in 

less-concentrated acidic solut ions was essent ia l ly  the same as that  in 0.5 

M HCIO4. The resul ts presented here deal  wi th several  neutral  and 

moderately basic solut ions.  

Signi f icant pH gradients can exist  in the v ic in i ty of  the double 

layer in unbuffered solut ions;  therefore,  i t  was necessary that  the 

exper iments be performed in buffered solut ions.  This unfortunately led to 

the introduct ion of  another support ing electrolyte,  which in turn makes 
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exact comparisons impossible.  The major concern here is  the s l ight  

modif icat ions of  the oxide growth character ist ics caused by the di f ferent 

adsorpt ion propert ies of  the anions in the support ing electrolyte.  In 

order to minimize the ef fects of  anion adsorpt ion as much as possible,  a 

0.05 M sodiun phosphate buf fer was used; the pH was adjusted using concen

t rated HCIO^ and NaOH, Fortunately,  as the pH of  the buffer was changed, 

c lear and unambiguous t rends were observed which were large compared to 

the electrolyte ef fects.  

Increases in pH caused a l l  of  the peaks observed in the i^-E^ curves, 

_i_._e.,  the major anodic peak, the PtO reduct ion peak, and the As(I I I )  

adsorpt ion peak to shi f t  to more negat ive potent ia ls vs.  SCE. The major 

anodic peak shi f ted at  a rate s l ight ly less than the "normal"  value of  59 

mV/pH uni t ,  averaging 53 mV/pH uni t  over a 4.18 pH uni t  change. The oxide 

reduct ion peak shi f ted at  the s l ight ly higher than normal rate of  67 mV/pH 

uni t  over the same range. The As(I I I )  adsorpt ion peak appeared to shi f t  

at  a considerbly higher rate.  87 mV/pH uni t ,  but th is value is  based on 

only three values over a 2.60 pH uni t  range. 

Exper iments were performed where a constant overpotent ia l  was appl ied 

at  each pH. This overpotent ia l  was at ta ined by adjust ing the posi t ive 

scan l imi t  to a value 200 mV posi t ive of  the anodic peak potent ia l  at  each 

pH. Table V- l  gives the anodic current obtained on the negat ive scan as a 

funct ion of  pH. Assuming a value for  the As(I I I )  d i f fusion coeff ic ient  

of  9.4 x 10~® cm^ sec' l  (a value obtained in a 0.05 M borate buffer at  pH 

8.67, but total  ionic strength of  0.5 M (365))  g ives a mass-transport  

l imi ted current at  108 j iA.  The observed current var ies from 77% of  the 
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Table V-1,  Anodic current for  As(I I I )  oxidat ion on Pt as a funct ion of  pH 

pH i  (anodic,  pA) 

6.90 83 
8.10 57 
9.11 40 

10.02 37 
11.08 32 

Levich current at  pH 6.90 to 30% at  pH 11.08. In 0.5 M NaOH, the current 

was 10-12% of  the Levich current for  an equivalent overpotent ia l ,  whi le in 

0.5 M HCIO^ the corresponding value was at  least  90%. There is  a c lear 

t rend of  a smal ler  apparent rate constant and, therefore,  a smal ler  anodic 

current as the pH increases for  a given overpotent ia l .  These resul ts can 

also be rat ional ized in terms of  the resul ts of  Damjanovic e^a_L (124) 

for  the exchange-current densi ty for  oxide format ion as a funct ion of  pH 

in basic solut ions.  Given the increase in exchange-current densi ty wi th 

pH, a f ixed overpotent ia l  would,  of  course, lead to a greater oxide 

coverage wi th pH. The ef fect  of  the exchange-current densi ty also is  seen 

in exper iments where the posi t ive scan l imi t  was incremented at  each pH; 

as the pH increases, a given incronent ( typical ly 0.1 V) has a larger 

ef fect  on the anodic current.  At the lower pH values, the anodic current 

was rotat ion-speed dependent on the forward scan and to a lesser extent on 

the negat ive scan. The anodic current on the negat ive scan formed a 

current plateau for  pH up to and including pH 9.11. At pH < 10.02, a 

wel l -shaped plateau was not observed. 
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G. As(I I I )  Electrochemistry on a Au RDE in 

Basic Media 

The oxidat ion of  As(I I I )  on Au in basic solut ions was examined 

br ief ly.  In general ,  the resul ts were analogous to those obtained on 

Pt :  the oxidat ion is  kinet ical ly l imi ted to a s igni f icant ly greater 

extent in the basic solut ions than in the acidic solut ions.  Recal l  that  

in a 0.5 M HCIO4 solut ion,  mass-transport  l imi ted currents were obtained 

on a Au anode over a range of  potent ia ls where a phase gold oxide was not  

present.  This behavior is  not observed in basic solut ions.  In 0,5 M 

NaOH, the As(I I I )  anodic wave begins at  -0.05 V, or  only about 150 mV 

negat ive of  the potent ia l  where an appreciable ( j_.^. ,  bulk)  oxidat ion of  

the Au surface occurs in the absence of  As(I I I ) .  The anodic wave is  not 

as "sharp" as the reversible wave observed on Au in an acidic solut ion,  

and the wave has an inf lect ion point  at  0.14 C. The current reaches a 

peak at  0.34 V and then decreases rapidly as the disc potent ia l  is  scanned 

to more posi t ive potent ia ls.  This benavior in the oxide region is 

ident ical  to that observed in acidic solut ions:  a rapid decrease in the 

current when an appreciable amount of  gold phase oxide is  formed. 

However,  in  a 0.5 M NaOH solut ion,  there is  no potent ia l  range where the 

As(I I I )  current reaches the mass-transport  l imi ted value before phase 

oxide begins to inhibi t  the react ion.  Scan reversal  at  0,4 V does g ive a 

smal l  current plateau (ca,  50 mV),  but  the current is  est imated to be less 

than hal f  of  the mass-transport  l imi ted value and is  not a l inear funct ion 

of  Scan reversal  at  more posi t ive potent ia ls gives l i t t le or no 
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current  on the negat ive scan unt i l  the  gold oxide i s  electrochemical ly  

reduced.  

The e lectrochemistry of  As(III)  on Au in  a  Bates  and Bower borax 

buffer  (HCIO4 was used instead of  HCl)  a t  pH 8 .00 was,  as  expected,  

intermediate  between that  in  s t rong acid and s t rong base.  Gold phase 

oxide formation begins  a t  0.50 V in  this  buffer ;  addi t ion of  As(III)  gives  

an anodic  wave that  begins  a t  0.21 V.  A very sharp peak i s  obtained a t  

0.50 V; i f  the scan i s  reversed a t  this  potent ia l ,  the  current  on the 

reverse scan essent ia l ly  re t races  the current  recorded on the forward 

scan.  I f  the  potent ia l  i s  al lowed to  scan posi t ive of  0 ,50V, a  local  

minimum i s  obtained a t  0.61 V,  fol lowed by another ,  broader  peak with Ep = 

0 .83 V. At  Ej  > 0 .83 V,  the  current  again decreases  with potent ia l  unt i l  

02(g)  evolut ion begins  a t  about  1 .10 V.  Reversing the scan direct ion a t  

Ej  < 0 .9  V g ives  a  small  p la teau on the reverse  scan,  the magnitude of  

which i s  a  funct ion of  the  posi t ive l imit .  The currents  on the forward 

scan and the reverse scan (provided that  Eg < 0 .9  V) are  rotat ion-speed 

dependent .  For  a  posi t ive l imit  of  0 .6  V,  the  plateau current  i s  within 

about  5% of  the Levich current  i f  the rotat ion speed i s  low,  again 

assuming that  the diffusion coeff ic ient  i s  9,4 x 10~® cm^ sec"^.  As 

i s  increased,  the negat ive deviat ion from the Levich current  becomes 

greater  and greater .  A scan-rate  s tudy shows that  there  i s  a  surface 

process  that  contr ibutes  to  the peak current  a t  0.50 V,  but  that  the 

current  on the negat ive scan i s  free  of  contr ibut ions from surface 

react ions.  



www.manaraa.com

194 

To date ,  there  has  been no s tudy of  the  exchange-current  densi ty  for  

gold oxide formation over  a  wide range of  e lectrolyte  pH. Cycl ic  

vol tammograms of  Au in  the Bates  and Bower buffer  obtained a t  24 V min"^ 

indicate  that  incipient  oxidat ion may begin a t  potent ia ls  as  negat ive as  

-0 .075 V vs .  SCE. As i s  the case in  acidic  solut ions,  the  As(III)  

oxidat ion appears  to  be electrocatalyzed by the  gold oxide precursor  and 

inhibi ted by the phase gold oxide.  
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VI.  POTENTIOSTATIC STUDIES OF As(III)  OXIDATION 

I t  was observed in  experiments  for  which the electrode rotat ion 

speed was var ied that  the anodic  current  resul t ing from the oxidat ion of  

As(III)  in  solut ion was not  a  l inear  funct ion of  the square root  of  

rotat ion speed.  Recal l  that  the Levich equat ion predicts  just  such a  

re la t ionship,  viz .  

i  = 0 .62 nFAD^/V^/®(C*-C^)u)^^^ .  VI-1 

In Eq.  VI-1,  A i s  the geometr ic  area of  e lectrode,  D i s  the diffusion 

coeff ic ient ,  v i s  the kinematic  viscosi ty ,  C* i s  the bulk concentrat ion 

of  the  electroact ive species ,  i s  the concentrat ion a t  the electrode 

surface and n and F have their  usual  e lectrochemical  s ignif icance.  For  

discussion purposes ,  the  rotat ion speed w wil1 have uni ts  of  revolut ions 

per  minute  (rpm);  however ,  the  rotat ion speed must  be converted to  

radians per  second when Eq.  VI-1 i s  used.  A deviat ion from the Levich 

equat ion i s  indicat ive of  "mixed kinet ics" ,  as  discussed in  Sect ion.  

IV.  More precisely,  th is  deviat ion can be caused by e i ther  a  re la t ively 

slow chemical  s tep (heterogeneous or  homogeneous)  or  by a  macro-

scopical ly  inhomogeneous e lectrode surface.  As der ived in  Sect ion IV,  

the  general  form of  the equat ion for  the current  i s  

i  = .  VI-2 

where 6 represents  the diffusion layer  thickness  a t  a  homogeneously 

accessible  e lectrode and K i s  a  constant .  For  the  case where a  s low 

chemical  s tep is  involved,  K i s  of  the  form D/k,  where k i s  the 
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heterogeneous or  homogeneous ra te  constant .  For  the  case where an 

inhomogeneous e lectrode surface is  involved,  K i s  a  complex funct ion of  

the  radius  of  the "act ive s i tes"  and their  dis t r ibut ion on the surface 

(see Sect ion IV).  For  the  rotat ing disc  e lectrode,  the diffusion layer  

thickness  i s  equal  to  1.61 (324) .  Subst i tut ing for  6 in  

Eq.  VI-2 gives  

.  _ nFADC* ^  

'  "  1.61 .  K-

Equat ion VI-3 can be a lgebraical ly  t ransformed in  two different  ways to  

1/2 
faci l i ta te  the evaluat ion of  K.  A p lot  of  i /co vs .  i  gives  an 

intercept  of  0 .62 nFAD^^^v~^^®C* ( the s lope of  a  "Levich plot")  and a  

-1 -1/2 slope that  i s  proport ioal  to  K. A p lot  of  i~  vs .  w" '  gives a  s lope 

that  i s  the reciprocal  of  the  "Levich s lope" and an intercept  that  i s  

K/nFADC*. In  the  case of  a  heterogeneous react ion,  the intercept  

becomes i j^^,  where 

i v  = knFAC*.  V I - 4  

Here,  i^  represents  the kinet ic  current  that  would be obtained in  the 

absence of  any mass- t ransfer  effects ,  the so-cal led " t rue kinet ic  

current ."  Both of  these t ransformations of  Eq.  VI-3 have been used in  

the analysis  of  data  obtained from potent iostat ic  experiments  performed 

a t  rotat ing disc  electrodes.  

As Schel ler ,  Landsberg,  and Wolf  (338)  have pointed out ,  the 

-1  -1 /2  
product  of  D and the intercept  of  a  plot  of  i~  vs .  CD "  '  is  a  constant  

in  the case of  a  par t i  a l ly-blocked ( inhomogeneous)  e lectrode.  This  was 
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ver i f ied by Schel ler ,  Landsberg,  and Wolf  in  experiments  conducted on 

two completely different  systems.  In  the f i rs t  system, FefCNjg^ was 

reduced on a  special ly  prepared model  e lectrode.  The model  e lectrode 

was made by applying a  photoresis t  to  the surface of  a  Pt  RDE and then 

exposing and developing the photoresis t  to  generate  a  known number of  

act ive s i tes  and a  known degree of  blockage.  The diffusion coeff ic ient  

and the kinematic  viscosi ty  were var ied by the  addi t ion of  glycer in;  the 

value of  the diffusion coeff ic ient  was calculated from the s lope of  

- 1  - 1 / 2  the  i"  vs .  u)~ '  plot .  The product  was constant  to  within about  1%. 

In  the  second system, Schel ler ,  Landsberg,  and Wolf  (338)  conducted 

experiments  on the reduct ion of  CIO" on a  macroscopical ly  inhomogeneous 

graphi te  e lectrode.  In th is  case,  the  diffusion coeff ic ient  was var ied 

by increasing the concentrat ion of  the KOH support ing e lectrolyte .  

-1  -1 /2  
Again,  the  product  of  D and the intercept  of  the  i~ vs .  u"  '  plot  was 

constant .  

The Landsberg theory for  mixed kinet ics  was tes ted for  As(III)  

oxidat ion on a  Pt  RDE by varying the ionic  s t rength of  support ing 

e lectrolyte  a t  a  constant  pH.  The support ing e lectrolytes  used were 0 .5  

M HCIO4,  0.5 M HCIO4 + 2.25 M NaClO*,  and 0 .5  M HCIO4 + 4.50 M NaClO*.  

The NaClO^ used to  adjust  the ionic  s t rength was "analyt ical  reagent"  

grade that  was twice recrystal l ized from water  in  order  to  minimize CI"  

contaminat ion.  While  i t  is  possible  to  determine the value of  the  
—1 —1/2  

diffusion coeff ic ient  from the s lope of  a  plot  of  i  vs .  w ,  the 

diffusion coeff ic ient  was independent ly  determined.  This  was done by 

1/2 
determining the s lope of  a  plot  of  i  vs .  ui  on a  Au RDE, where Levich 
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behavior  i s  observed (see Sect ion V.C).  Convent ional  cycl ic  vol tammetry 

can,  of  course,  be used for  0 .5  M HCIO4,  but  in  the case of  0 .5  M HCIO^ 

+ 2 .25 M NaClO* and 0 .5  M HCIO4 + 4 .5  M NaClO* support ing e lectrolytes ,  

a  s l ight ly  different  technique was required.  As l i t t le  as  0.01 ppm CI" 

can cause a  shif t  in  the As(III)  oxidat ion wave observed a t  a  Au RDE, 

and 0 .13 ppm CI"  causes  the complete  e l iminat ion of  a  l imit ing current  

plateau.  Even using recrystal1ized NaClO^,  i t  i s  apparent  that  CI"  

contaminat ion in  excess  of  0 .13 ppm occurs  in  solut ions with NaClO^ 

concentrat ions greater  than about  2  M. I f ,  however ,  the  potent ia l  i s  

stepped from -0.100 V to  +1.000 V,  a  l imit ing anodic  current  i s  obtained 

that  las ts  for  several  seconds,  depending on the rotat ion speed.  This  

i s  because CI"  i s  desorbed from the electrode a t  -0.100 V and i t  takes  a  

f ini te  per iod of  t ime,  depending on the  CI" f lux,  for  a  suff ic ient  

amount  of  CI"  to  accumulate  on the disc  to  inhibi t  As(III)  oxidat ion.  

Fi t t ing the i  -  data  with a  least-squares  program gave very small  

in tercepts  ( re la t ive to  the measured l imit ing currents)  and correlat ion 

coeff ic ients  greater  than 0.9999,  again es tabl ishing the Levich behavior  

of  As(III)  oxidat ion on a  Au RDE. 

-1 -1/2 The raw data  for  the i~ vs .  w" p lots  was obtained in  the 

fol lowing manner .  At  t  = 0 ,  the  potent ia l  was s tepped to  1.10 V.  The 

e lectrode rotat ion speed was 300 rpm. At  t  = 12,  18,  24,  30,  and 60 

minutes ,  the  electrode rotat ion speed was l inear ly  ramped from 300 rpm 

to  5000 rpm a t  6000 rpm min"^ and the current  recorded as  a  funct ion of  

the  rotat ion speed.  As soon as  the rotat ion speed reached 5000 rpm, i t  

was immediately reduced back to  300 rpm. Linear  regressions were then 
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performed on the data  for  12 rotat ion speeds.  The 

correlat ion coeff ic ients  of  these l inear  regressions were excel lent ,  

ranging from r  = 0 .9981 to  r  = 0 .9998.  According to  theory,  the s lope 

- 1  - 1 / 2  of  a  plot  of  i~  vs .  oj"  '  is  the reciprocal  of  the  Levich s lope.  Table  

VI-1 i s  a  summary of  the  resul ts  obtained in  the three support ing 

e lectrolytes  of  di f ferent  ionic  s t rengths .  

The agreement  between the theoret ical  s lope and the experimental ly  

determined s lope i s  excel lent  for  I  = 0 .5  M, very good for  I  = 5 .00 M, 

and sat isfactory for  I  = 2 .75 M. While  the  average s lope for  I  = 2 .75 M 

i s  6.7% less  than the theoret ical  s lope,  th is  is  not  excessive given the 

uncertaint ies  in  A,  D,  v ,  and C*.  Such agreement  indicates  that  i f  

potent ia l ,  t ime,  and As(III)  bulk concentrat ion are  f ixed,  Eq.  VI-2 

adequately descr ibes  the current  resul t ing from the oxidat ion of  As(III)  

under  mixed kinet ic  control  a t  a  Pt  RDE. I t  i s  a lso qui te  c lear  that  

-1  -1/2 the  product  of  D and the intercept  of  the  i"  vs .  w '  plot  i s  not  a  

constant .  These data  can be compared qual i ta t ively with that  of  

Schel ler ,  Landsberg,  and Wolf  (338) ,  who obtained values  of  2 .20,  2 .21,  

and 2.22 x 10"® cm^ uA"^ s"^ for  the analogous product  in  the 

Fe(CN)gVPt system. The conclusion to  be drawn i s  that  the condi t ion of  

mixed kinet ics  that  ar ises  in  the oxidat ion of  As(III)  on Pt  does not  

ar ise  solely from the nonl inear  diffusion of  As(III)  to  isolated act ive 

s i tes  on the electrode surface.  This  does not  preclude,  however ,  the  

possibi l i ty  that  mechanism involves  both nonl inear  diffusion and a  

re la t ively slow chemical  s tep.  However ,  for  purposes  of  discussion,  the 

constant  K in  Eq.  VI-3 wil l  be equated with D/k;  subsequent  analysis  
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Table VI- l .  Summary of  data  col lected to  tes t  the theory developed for  a  macroscopical ly  
inhomogeneous e lectrode surface 

Time 
(min)  

la  

Slopeb 

= 0 .5  M 

D' int '108cm2wA-ls- l^  

I  

SI  ope 

= 2 .75 M 

D' int '108cm2wA"ls"l  

I  

SI  ope 

= 5 .00 M 

D•int•1O^cm^ pA"^s" 

12 +0.7 2.99 -4 .8  3.36 -2 .4  4.96 

18 +0.4 3 .56 -5 .8  4.12 -3 .3  5.98 

24 +0.7 4.02 -5 .8  4.72 -2 .9  6.80 

30 +0.0 4 .48 -7.4 5.34 -4.2 7.66 

60 -2 .1  6.32 -9 .9  7.65 -5 .4  11.0 

^ I  = ionic  s t rength.  

^Expressed as  a  % difference from the theoret ical  s lope.  

^Product  of  the  diffusion coeff ic ient  and the intercept  of  i"^  vs .  p lot ;  
D = 1 .15 X 10~®cm2s"l .  

= 9 .30 X lO-Gcm^s ' l .  

®D = 6 .60 X 10-6cm2s-l .  
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wil l  be reported in  terms of  k ,  a  chemical  ra te  constant  with dimensions 

of  cm s~l .  

The numerical  value of  k has  been determined under  a  number of  

condi t ions.  Two d i f ferent  potent iostat ic  techniques were ut i l ized to  

measure k a t  re la t ively short  t imes.  The f i rs t  of  these techniques was 

to  record the i - t  response fol lowing a  potent ia l  s tep a t  5 s teady-state  

rotat ion speeds.  These data  were analyzed using the plot  of  

1/2 i /o)  vs .  i  and i s  summarized in  Table  VI-2.  The theoret ical  intercept  

i s  53.6 uA s^^^;  the average value of  intercepts  of  the  l inear  

regressions i s  54.3 uA s^^^,  which i s  only 1.3% high.  There i s  no c lear  

t rend in  k as  a  funct ion of  potent ia l ,  but  a t  a  given potent ia l ,  k 

decreases  with increasing t ime.  The second method of  determining k a t  

re la t ively short  t imes i s  to  simply apply Eq.  VI-3 (with K = D/k)  to  the 

i - t  response for  a  f ixed potent ia l  and a  f ixed rotat ion speed.  Typical  

data ,  obtained a t  potent ia ls  between 0 .9  V and 1 .2  V and a t  a  rotat ion 

speed of  2000 rpm, i s  given in  Table  VI-3,  At  a  given potent ia l ,  k 

decreases  monotonical ly  with t ime.  For  a  f ixed t ime,  k decreases  

monotonical ly  as  the potent ia l  increases .  There does not  appear  to  be 

any s imple re la t ionship between k and t  for  t imes between 20 s  and 140 s  

that  i s  appl icable  to  a l l  four  values  of  potent ia l .  The values  of  k 

calculated from i - t  data  a t  a  f ixed rotat ion speed are  qui te  comparable  

to  the values  given in  Table  VI-2.  
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Table VI-2.  SumiiKiry of  the  parameters  from l inear  regression analysis  performed on data  from 
potent!ostat ic  experiments  a t  s teady-state  rotat ion speeds 

t  = 30s t  = 60s 

Potent ia l  (V vs .  SCE) k(cm s" l )b  r  i io"^/^(uA s l /2)  k(cm s"  1)  r  

0 .8  57.2 0 .021 0.9908 57.4 0 .021 0.9930 

0.9 49.4 0.011 0.9972 49.0 0.0075 0.9871 

1.0 50.5 0.068 0.9977 51.3 0.047 0.9946 

1 .1  52.9 0.030 0.9937 55.4 0.020 0.9959 

1 .2  55.8 0.013 0.9853 62.8 0.0076 0.9874 

^Theoret ical  in tercept  = 53.6 uA s^^^.  

"Calculated , r„„  k -
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Table  VI-3.  Calculated* values  for  k(cm s-^)  a t  
potent ia l  s tep a t  t=0 

var ious t imes af ter  a  

E (V vs ,  SCE) +20 s  +30 s  +60 s  +120 s  

0.9 0.0483 0.0474 0.0449 0.0429 

1 .0  0.0345 0.0335 0.0321 0.0306 

1.10 0.0298 0.280 0.0264 0.0246 

1 .2  0.0242 0.227 0.0200 0.0175 

^Calculated from i  = nFADC*/(6+D/k)  = 8 .52 x 10-2/(1.14 x 10-3 + 1 .15 
X 10-5/k) .  

The raw data  used to  determine k a t  longer  polar izat ion t imes were 

obtained using the technique descr ibed ear l ier ,  in  which the rotat ion 

speed was l inear ly  ramped from low speeds to  high speeds.  Ini t ia l ly ,  i t  

was fe l t  that  i t  would be useful  to  compare the  kinet ic  parameters  for  

As(III)  oxidat ion with those of  a  react ion known to  be revers ible .  There 

have been numerous s tudies  that  have shown that  Br-  oxidat ion on Pt  i s  

reversible  (see ref .  366 and the ci ta t ions therein) .  Unfortunately,  as  

these s tudies  wil l  show, the kinet ics  of  Br"  oxidat ion on Pt  e lectrodes 

having a  s ignif icant  oxide coverage are  not  as  s t ra ightforward as  one 

might  assume.  Nevertheless ,  some resul ts  from Br" oxidat ion wil l  be 

included for  comparison purposes .  
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One ser ies  of  experiments  performed to  determine k used the Model  ASR 

rotator .  This  rotator  uses  a  ra ther  large RDE. This ,  in  turn,  l imits  the 

ra te  a t  which the rotat ion speed can be scanned.  The maximum ra te  was 

determined by ramping the rotat ion speed from low speeds to  high speeds 

and then back to  low speeds.  Any d i f ferences in  current  a t  a  given 

rotat ion speed can be a t t r ibuted to  slow response of  the  rotator .  No 

d i f ferences in  current  were observed a t  w > 600 rpm when the rotat ion 

speed was scanned a t  5000 rpm min"^.  At  100 rpm < u  < 600 rpm, the  

effects  or  rotator  response could be observed a t  5000 rpm min ' l ;  in  this  

range of  rotat ion speeds,  the ra te  of  change was l imited to  2000 rpm 

min ' l .  A s imilar  kind of  response was observed by Mil ler ,  Bel lavance,  and 

Bruckenstein (367) .  

The e lectrode was potent iostated a t  0 .9  V -  1.2 V for  As(III)  

oxidat ion and was potent iostated a t  1 .1  -  1.3 V for  Br"  oxidat ion.  

1/2 
Following a  polar izat ion t ime of  15 min,  the  i -w data  were taken as  

descr ibed above.  These data  are  summarized in  Table  VI-4 for  As(III)  

oxidat ion and Table  VI-5 for  Br"  oxidat ion.  Sixteen rotat ion speeds 

between 350 rpm and 4075 rpm were used in  the l inear  regressions for  

As(III) .  The theoret ical  intercept  for  the As(III)  react ion i s  6.05 

1/2 uA s  '  ;  the average of  the  four  values  from the l inear  regressions i s  

5.58 uA which i s  7.8% low.  The values  of  k decrease as  the 

potent ia l  increases .  The values  for  k are  somewhat  h igher  than might  be 

expected,  given the longer  polar izat ion t ime.  For  the  l inear  regressions 

of  the  Br" data ,  14 rotat ion speeds between 850 rpm and 4075 rpm were 
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used.  A value of  1 .55 x lO'^cm^s"^ (368)  was used for  the diffusion 

coeff ic ient  of  Br~.  

Table  VI-4.  Summary of  parameters  f rom l inear  regressions on As(III)  data  
obtained by l inear ly  ramping the rotat ion speed.  ASR rotator  

Potent ia l  (V vs .  SCE) ia j"^^^(uA k(cm s- l )b  r  

0 .9  5.53 0.0892 0.9976 

1 .0  5.61 0.0516 0.9989 

1 .1  5.47 0.0249 0.9953 

1 .2  5.71 0.0108 0.9988 

^Theoret ical  in tercept  = 6 .05 yA s^^^.  

"Calculated from k = 

Table  VI-5.  Summary of  parameters  f rom l inear  regressions on Br"  data  
obtained by l inear ly  ramping the rotat ion speed.  ASR rotator  

Potent ia l  (V vs .  SCE) ia»"^/^(yA s^/^)* k(cm s '^)^  r  

1 .1  38.7 0.225 0.9727 

1 .2  38.4 0.215 0.9813 

1 .3  37.7 0.184 0.9898 

3Theoret ical  in tercept  = 39.0 uA s^^^ .  

^Calculated from k = 
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The average of  the  experimental  in tercepts  i s  38.2 pA s^^^> just  2% less  

than the theoret ical  intercept .  The values  of  k are  s ignif icant ly  greater  

than those for  As(III)  oxidat ion and are  in  the range where the react ion 

i s  usual ly  considered to  be revers ible .  I t  should be noted,  however ,  that  

these values  are  2-4 orders  of  magnitude smaller  than the corresponding 

heterogeneous ra te  constants  for  the electron t ransfer  react ions,  as  

calculated from the values  of  the  t ransfer  coeff ic ient  and the exchange 

current  densi ty  given by Rubinstein (366)  and the appl ied 

overpotent ia ls .  In  other  words,  a t  these overpotent ia ls ,  another  s low 

chemical  process ,  character ized by the  k values  given in  Table  VI-5,  i s  

ra te  1 imit ing.  

The acquis i t ion of  data  using the technique of  1inear ly  ramping the 

rotat ion speed was la ter  modif ied by using the MSR rotator .  The high-

torque motor  and the less-massive e lectrode permit ted the use of  somewhat  

h igher  ra tes  of  change of  rotat ion speed.  These resul ts  are  given in  

Table  VI-6 for  As(III)  and Table  VI-7 for  Br" .  At  least  14 rotat ion 

speeds were used in  the As(III)  l inear  regressions and a t  least  12 

rotat ion speeds were used in  the Br" l inear  regressions.  The average of  

the  intercepts  from the l inear  regressions of  the As(III)  data  i s  the same 

as  the theoret ical  value.  The values  for  k obtained with the MSR rotator  

are  15-50% smaller  than those obtained with the ASR rotator .  The reason 

for  this  difference i s  not  known.  For  Br" ,  the  average of  the  intercepts  

of  the l inear  regressions i s  3.8% less  than the theoret ical  intercept .  

The values  for  k a t  1 .1  V and 1 .3  V are  in  excel lent  agreement  with the 

values  given in  
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Table  VI-6.  Summary of  parameters  f rom l inear  regressions on As(III)  data  
obtained by l inear ly  ramping the rotat ion speed.  MSR rotator  

Potent ia l  (V vs .  SCE) ia)"^/^( i iA s^/^ya k(cms"l)b r  

0 .9  2.72 0.0630 0.9837 

1 .0  2.71 0.0436 0.9868 

1 .1  2.90 0.0207 0.9941 

1 .2  3.35 0.00532 0.9954 

^Theoret ical  in tercept  = 2 .92 yA s^^^ .  

"calculated from k = 

Table  VI-7.  Summary of  parameters  f rom l inear  regressions on Br"  data  
obtained by l inear ly  ramping the rotat ion speed.  MSR rotator  

Potent ia l  (V vs .  SCE) ia>"^^^(uA k(cm s" l )b  r  

1 .1  16.78 0.233 0.9767 

1 .2  17.23 0.176 0.9749 

1 .3  16.66 0.173 0.9810 

^Theoret ical  in tercept  = 17.54 uA 

^Calculated from k = 
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Table  VI-5,  but  the value obtained as  1.2 V i s  18% less  than the 

corresponding value in  Table  VI-5.  

The same data  that  were used to  tes t  the Landsberg theory of  macro

scopic  inhomogenei ty  (see Table  VI-1)  can be used to  give values  of  k as  a  

funct ion of  t ime and ionic  s t rength.  These data  are  col lected in  Table  

VI-8.  I t  i s  clear  that  k i s  dependent  on the ionic  s t rength.  The values  

a t  I  = 2 .75 M are  50+2% of  the  values  a t  I  = 0 .5  M, and the values  a t  I  = 

5 .00 M are  24+2% of  the  values  a t  I  = 0 .5  M. The best  l inear  correlat ion 

between k and polar izat ion t ime for  a l l  three ionic  s t rengths  came from 

plots  of  k vs .  log t .  Linear  regressions of  k on log t  gave the resul ts  

below: 

I  = 0 .50 M: k(cm s"^)  = 0 .0415 -  0.0166 log t (min);  r  = 0 .9955,  
I  = 2 .75 M: k(cm s ' l )  = 0 .0230 -  0.0100 log t (min);  r  = 0 .9927,  
I  = 5 .00 M: k(cm s ' l )  = 0 .0118 -  0.00526 log t (min);  r  = 0 .9936.  

Table  VI-8.  Values  of  k(cm s"^)  as  a  funct ion of  t ime and the ionic  
s t rength I  a t  a  constant  pH.  Applied potent ia l  1 .10 V vs .  
SCE 

Time (mi n)  I  = 0 .5  M I  = 2 .75 M I  = 5 .00 M 

6  0.0355 0.0174 0.00797 

12 0.0245 0.0126 0.00607 

18 0.0205 0.0103 0.00503 

24 0.0182 0.00898 0.00443 

30 0.0163 0.00795 0.00393 

60 0.0116 0.00554 0.00275 

90 0*00910 ——— — 

120 0.00767 
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The regressions for  I  = 0 .5  M and I  = 2 .75 M do not  include the data  taken 

a t  t  = 6 min.  For  I  = 0 .5  M, the  f i t ted value for  t  = 1  min i s  within a  

factor  of  about  2 of  the  values  given in  Tables  VI-2 and VI-3.  

Another  ser ies  of  experiments  were performed in  order  to  evaluate  the 

effect  of  pH on k in  acidic  solut ions.  These experiments  were performed 

in  solut ions with a  constant  ionic  s t rength of  1 .00 M, adjustments  again 

made with recrystal l ized NaClO^.  The data  are  col lected in  Table  VI-9.  

The l inear  regressions of  k on log t  are  given below: 

pH = 0 .0;  kfcm s"J)  = 0 .0294 -  0.0115 log t (min);  r  = 0 .9997,  
pH = 0 .4:  k(cm s~M = 0.0325 -  0.0136 log t (min);  r  = 0 .9956,  
pH = 1 .0:  k(cm s"M = 0.0144 -  0.00617 log t (min);  r  = 0 .9914,  
pH = 2 .0:  k(cm s"^)  = 0 .0132 -  0.00586 log t (min);  r  = 0 .9914.  

Table  VI-9.  Values  of  k(cm s"^)  as  a  funct ion of  t ime and pH a t  a  
constant  ionic  s t rength and a  constant  overpotent ia l  

Time(min)  pH = 0 .0  pH = 0 .5  pH = 1 .0  pH = 2 .0  

6  0.0227 0.0207 — 0.00998 

12 0.0170 0.0182 0.00805 0.00707 

18 0.0150 0.0153 0.00661 0.00571 

24 0.0136 0.0134 0.00576 0.00490 

30 0.0123 0.0121 0.00516 0.00432 

60 0.00900 0.00861 0.00369 0.00293 
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For  any given t ime,  the value of  k for  pH 0 .0  and 0 ,5  are  very s imilar .  

At  pH 1 .0  and 2 .0 ,  two effects  are  observed.  While  the  values  of  kj  

( i^ .^ . ,  k a t  t=l  min)  are  very s imilar  for  pH 1 .0  and 2 .0 ,  they are  roughly 

half  of  the  values  obtained a t  pH 0 .0  and 0 .5 .  Similar ly ,  the  rate  of  

decrease of  k with t ime about  the  same for  pH 1 .0  and 2 .0 ,  but  th is  ra te  

of  decrease i s  about  half  the  ra te  of  decrease a t  pH 0 .0  and 0.5.  

While  the  mechanism of  As(III)  oxidat ion on noble  metal  e lectrodes 

wil l  be discussed in  detai l  in  Sect ion VIII ,  i t  can be pointed out  here  

that  the relat ionship between k and log t  strongly implies  that  the Pt  

oxide coverage i s  a  key factor  in  determining the numerical  value of  k .  

I t  is well-known that under potentiostatic conditions, Qoxide ® linear 

funct ion of  log t .  

There are ,  however ,  some addi t ional  complexi t ies  present  in  the 

kinet ics  of  the oxidat ion of  As(III)  on Pt .  One s imple way to  i l lustrate  

this  conplexi ty  i s  to  generate  i - t  curves a t  a  ser ies  of  values  for  the 

As(III)  f lux.  The Levich equat ion (Eq.  VI-1)  predicts  that  the l imit ing 

1/2 current  i s  a  l inear  funct ion of  both C* and u .  In Figure VI-1,  the  

current- t ime response i s  shown for  the oxidat ion of  As(III)  a t  a  Pt  RDE 

fol lowing a  potent ia l  s tep to  1.10 V a t  a  f ixed rotat ion speed.  The 

quot ient  of  the  current  sensi t ivi ty  ( i_ .e_. ,  pA/inch)  divided by the  bulk 

concentrat ion was maintained constant  for  4 bulk concentrat ions.  In 

Figure VI-2,  the  current- t ime response fol lowing the same potent ia l  s tep 

i s  recorded,  but  the  bulk concentrat ion of  As(III)  was a  constant  and the 

quot ient  of  the  current  sensi t ivi ty  divided by ( radians^/^sec"^/^)  

1/2 was maintained a  constant  over  5  different  w I f  the  relat ionship 
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Figure VI-1.  Potent iostat ic  i - t  response as  a  funct ion of  [As(III)]  

Condit ions:  955 rpm 

0 .5  M HCIO^ 

Ed 2-2 V 

[As(III)]  = 0 .515 mM; 50 yA/in 

[As(III)]  = 1 .026 mM; 100 pA/in 

[As(III)]  = 1 .534 mM; 149.6 yA/in 

[As(III)]  = 2 .039 mM; 198.8 yA/in 
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Figure IV-2.  Potent iostat ic  i - t  response as  a  funct ion of  

Condi t ions:  0 .5  M HCIO^ + 2.039 mM As(III)  

1 .1  V 

5 .00 f ' " ;  100 pA/in 

- 10.00 rad ' /Z 200 Win 

15.00 rad ' /2  300 yA/in 

-  «,1/2 = 20.00 rad ' /Z 400 j jA/in 

-  ."2 .  26.00 rad ' /Z 500 l iA/in 
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between i  and C* was that  of  the  Levich equat ion,  then the four  i - t  curves 

of  Figure VI-1 would be superimposed.  The fact  that  they are  not  

superimposed i s  indicat ive of  mixed kinet ics .  The same conclusion can be 

drawn from Figure VI-2.  Figures  VI-1 and VI-2 are  convenient  ways of  

i l lus t ra t ing the effects  of  s ignif icant  changes in  the ra te  of  mass  

t ransfer  on a  react ion proceeding under  mixed kinet ic  control .  

The basic  equat ion of  mixed kinet ics  a t  a  rotat ing disc  electrode is  

,  nFADC* y ,  _ 

" 1.61 D ^ K 

This  equat ion predicts  that  for  a  f ixed rotat ion speed and a  f ixed value 

of  K,  a  p lot  of  i  vs .  C* should be l inear  and have a  zero intercept .  

Earl ier  in  this  sect ion,  K was tentat ively ident i f ied with D/k,  where k i s  

a  chemical  ra te  constant .  I t  has  been shown that  k i s  a  funct ion of  

several  parameters .  I t  was expected that  i f  polar izat ion t ime,  appl ied 

potent ia l ,  ionic  s t rength,  and pH were e i ther  held constant  or  f ixed,  then 

some reproducible  value of  k a lso would be f ixed.  These condi t ions are  

met  in  Figure VI-1 by se lect ing a  t ime t  and s imply determining i  a t  each 

C* using the def lect ion of  the  recorder  and the current  sensi t ivi ty .  A 

d i f ferent  value of  t  would give different  value of  k and would,  therefore ,  

product  a  different  s lope for  a  plot  of  i  vs .  C*.  

Ear l ier  work (364)  a t  Iowa State  Universi ty  s ta ted that  a  plot  of  i  

vs .  C* was l inear ,  but  that  the intercept  was not  zero.  These data  were 

obtained from cycl ic  vol tammograms;  the  nonzero intercept  was a t t r ibuted 

to  inadequate  correct ion for  the background current .  Replot t ing the 

or iginal  data  has  confirmed that  the intercept  i s  not  zero.  Similar  
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cycl ic  vol tammograms obtained in  this  s tudy (see Figure V-1)  a lso give 

anodic  currents  that  are  a  l inear  funct ion of  concentrat ion,  but  a lso give 

nonzero intercepts .  Potent iostat ic  experiments ,  especial ly  a t  the As(III)  

concentrat ions that  were used and a t  t imes greater  than a  few seconds,  

should not  be subject  to  any appreciable  error  due to  background 

current .  When the  currents  given in  Figure VI-1 are  plot ted versus  C* a t  

a  number of  given t imes,  a  family of  l inear  plots  a l l  having a  zero 

intercept  i s  not  obtained.  At  short  t imes,  a  "best  f i t"  of  these data  i s  

l inear  but  has  an intercept  of  +30 uA. I f  the  plot  i s  constrained to  a 

0 uA in tercept ,  the point  a t  C* = 2 .04 mM fa l ls  beneath the l ine.  As the  

polar izat ion t ime increases ,  a  plot  of  i  vs .  C* becomes increasingly more 

curvi l inear .  A more sensi t ive measure of  l inear i ty  is  the ra t io  i /C*.  I f  

1  and C* t ruly are  related by a  l inear  funct ion,  then i /C* should be a  

constant .  In  fact ,  i /C* is  not  a  constant  for  any given t ime,  and,  

fur thermore,  the  relat ive deviat ion in  i /C* increases  with the 

polar izat ion t ime.  For  example,  for  t  = 12.5s ,  i /C* for  C* = 0 .515 mM i s  

548 uA nnM"^ and i /C* for  C* = 2 .039 mM i s  510 pA mM"^;  the  relat ive 

decrease i s  7%. At  t  = 500 s ,  the analogous re la t ive decrease i s  21%. I t  

should be pointed out  that  i /C* for  var ious C* i s ,  in  fact ,  constant  for  

both the oxidat in  of  As(III)  on Au (a  react ion that  exhibi ts  Levich 

behavior)  and the reduct ion of  ferr icyanide on special  Pt  e lectrodes 

(336,337)  — a system where the  basic  equat ion for  mixed kinet ics  (Eq.  VI-

3)  i s  appl icable .  This  nonl inear i ty  means that  the ra te  constant  k i s  not  

s imply a  funct ion of  potent ia l ,  t ime,  ionic  s t rength,  and pH, but  i s  

somehow determined to  some extent  by the  As(III)  f lux i tself .  In other  
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words,  for  a  f ixed potent ia l ,  t ime,  ionic  s t rength,  and pH, d i f ferent  

values  of  k wi l l  be  obtained a t  different  levels  of  As(III)  f lux.  The 

fact  that  k i s  inf luenced by the As(III)  f lux and not  s imply by the  

As(III)  bulk concentrat ion i s  discerned from an analysis  of  the  data  on 

Figure VI-2,  where the  concentrat ion was held constant  and the f lux was 

var ied by changing the rotat ion speed.  From Equat ion VI-3 

1/2 nFADC* 

1.61 '  

The ra t io  i /w^^^ i s  a  funct ion of  therefore ,  a  plot  of  

i /o)^^^ vs .  i s  expected to  be curvi l inear ,  i /u^^^ decreasing as  

increases .  However ,  Eq.  VI-5 can be solved for  k for  var ious values  of  

a t  a  f ixed t ime.  For  example,  a t  t  = 100 s ,  i /w^^^ = 106 yA s^^^ for  

= 5 .01 s ' l /Z;  solving Eq.  VI-5 gives  k = 0 .0233 cm s-1.  For  the  same 

t ime,  i /w^/^ = 55.8 pA s^^^for  = 25.00 s ' l /Z;  solving Eq.  VI-5 gives  

k = 0 .0144 cm s"^.  

As was the  case with the data  a t  different  ionic  s t rengths  and 

different  pH, the  best  correlat ion found between k and t  for  a l l  of  the 

var ious values  as  As(III)  f lux i s  k vs .  log t .  However ,  good correlat ions 

between k and log t  were obtained only for  t  > 100 s ;  the relat ionship 

between k and t  for  t  < 100 s  wil l  be discussed in  Sect ion VIII .  These 

correlat ions are  summarized in  Table  VI-10 for  the data  from Figure VI- l ,  

and in  Table  VI-11 for  the data  from Figure VI-2.  The values  of  k^ are  

large because in  this  case the t ime scale  was in  seconds.  The general  

t rend is  toward smaller  values  of  k^ and toward greater  ra tes  of  decay as  

the f lux increases .  These resul ts  indicate  qui te  c lear ly  that  
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Table  VI-10.  Summary of  parameters  of  l inear  regressions of  k 

t (s) .  = 10.00 radl /2  s ' l /Z 
vs.  log 

C*(nM) ki(cm s ' l )*  Slope r  

U.515 0.0937 -0.0265 0.9976 

1.U26 0.0690 -0.0199 0.9989 

1.534 0.0579 -0.0171 0.9966 

2.039 0.0496 -0.0147 0.9976 

^Value of  k a t  t  = 1  s .  

Table  VI-11.  Summary of  parameters  of  l inear  regressions of  k 
t (s) .  C* = 2 .039 nW 

vs .  log 

i } ' ^  ( radl /2  s- l /2\  (c?.  s - l )a  SI ope r  

5.01 0.0526 -0.0149 0.9988 

10.00 0.0430 -0.0124 0.9990 

15.00 0.0408 -0.0120 0.9988 

20.00 0.0340 -0.00994 0.9386 

25.00 0.0353 -0.0106 0.9974 

®Value of  k a t  t  = 1  s .  
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the ra te  constant  of  the  rate-determining s tep is  in  par t  f ixed by the 

f lux of  As(III)  a t  the electrode.  While  th is  conclusion i s  undoubtedly 

unusual ,  perhaps the most  p lausible  explanat ion i s  that  the nature  of  the  

oxide f i lm is  affected by the occurrence of  a  s imultaneous faradaic  

react ion on the electrode.  This  point  wil l  be discussed in  more detai l  in  

Sect ion VIII .  

Not  only i s  the As(III)  f lux an important  factor ,  but  the  length of  

t ime that  the electrode is  polar ized a t  that  f lux also is  important .  For  

example,  an e lectrode was polar ized a t  1.10 Vina 2.54 mM As(III)  solu

t ion.  After  1000 s ,  the current  was 48.0% of  the Levich (mass t ransport  

l imited)  value.  Then the same e lectrode was polar ized a t  the same 

potent ia l  and a t  the same rotat ion speed,  but  in  a  0.258 mM As(III)  solu

t ion.  After  about  500 s ,  addi t ional  As(III)  was added to  br ing the total  

concentrat ion to  2.54 nM. In  this  case,  the current  af ter  a  to ta l  of  

1000 s  was 57.2% of  the  Levich value.  A somewhat  s imilar  experiment  was 

conducted a t  longer  polar izat ion t imes.  In  this  experiment ,  the  electrode 

was f i rs t  polar ized a t  1.10 V for  35 min in  the support ing e lectrolyte  

only.  After  th is  35 mi n  of  oxide growth,  As(III)  was added to  give a  5.00 

mM solut ion.  At t  = 35 mi n + 500 s ,  the anodic  current  was 55.6% of  the  

calculated Levich current .  I f  the  electrode was polar ized from t=0 in  the 

5.00 inÎT As(III)  solut ion,  the current  a t  35 mi n + 500 s  was 26.4% of  the  

Levich current .  Deplet ion of  As(III)  under  these condi t ions i s  est imated 

to  be less  than 1%. Interest ingly,  when the  electrode was polar ized for  

35 ri i i  n  a t  the same potent ia l  and a t  the same rotat ion speed,  but  in  a  

solut ion of  support ing e lectrolyte  that  was 4 .88 mM in  As(V),  the  addi t ion 
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of  As(III)  to  make the  solut ion 5.00 mM in  As(III)  gave a  current  a t  t  = 

35 min + 500 s  that  was 41.8% of  the  Levich current .  Since As(V) does not  

undergo any anodic  react ions,  no effect  was expected.  

The importance of  oxide coverage as  wel l  as  appl ied potent ia l  can be 

demonstrated by potent iostat ic  experiments .  At  a  f ixed bulk concentrat ion 

and a  f ixed rotat ion speed,  the  i - t  behavior  was recorded for  30 minutes  

fol lowing 3 different  potent ia l -s tep sequences.  In  the  f i rs t ,  the 

potent ia l  was s tepped from 0.00 V to  1.100 V. In  the second,  the  

potent ia l  was s tepped to  1.200 V for  5 minutes  and was then s tepped to  

1.100 V for  the remaining 25 minutes .  In  the third sequence,  the  

potent ia l  was s tepped from 0.00 V to  1.400 V and held for  5  minutes  and 

then s tepped to  1.100 V for  the remaining 25 minutes .  The current- t ime 

behavior  for  the f i rs t  sequence was the  usual  s low decay with t ime (e_.^ . ,  

Figure VI-1 or  Figure VI-2) .  The current  af ter  30 minutes  was 58.4% of  

the Levich current .  In the  second sequence,  the  current  decayed a t  a  

soaswhat  higher  ra te  during the f i rs t  5 minutes:  fol lowing the potent ia l  

s tep to  1,100 V,  there  was a  very small  (< 1  yA) decrease in  current ,  but  

the decay ra te  (di /dt)  decreased to  a value that  was ident ical  with the 

f i rs t  potent ia l  sequence.  For  th is  sequence,  the  current  a t  t  = 30 min 

was 53.5% of  the  Levich current .  In the  third sequence,  the  current  

decreased by c^ .  30 uA fol lowing the potent ia l  s tep from 1.400 V to  1.100 

V, but  the  decay ra te  for  t  > 5  min was the  same as  that  for  the other  two 

sequences.  In  th is  case,  the current  a t  t  = 30 min was only 34.8% of  the 

Levich current .  Evident ly ,  the  total  quant i ty  of  oxide i s  important  in  

f ixing the value of  k ,  and the phenomenon that  i s  responsible  for  the 
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decrease in  k with t ime a t  a  given potent ia l  (possibly oxide aging)  i s  

independent  of  the  oxide coverage.  

A few potent iostat ic  experiments  have been performed on anode 

mater ia ls  other  than Pt .  A potent iostat ic  experiment  a t  long (35 min)  

polar izat ion t imes was performed on an I r  RDE. The e lectrode was 

polar ized a t  1,10 V for  35 min in  the support ing e lectrolyte  a lone,  then 

suff ic ient  As(III)  was added to  make the  solut ion 5.00 mM. At  t  = 35 mi n 

+ 500 s ,  the anodic  current  was 79.2% of  the  mass t ransport  l imited 

current .  This  can be compared with the 55.6% obtained under  ident ical  

condi t ions on Pt .  When the  solut ion contained As(III)  during the ent i re  

polar izat ion t ime,  the current  a t  t  = 35 min + 500 s  was 72.5% of  the  

Levich current .  The corresponding value using a  Pt  e lectrode was 26.4%. 

When polar izat ion occurred in  the presence of  As(V),  the  As(III)  anodic  

current  obtained a t  t  = 35 min + 500 s  was only 51.4% of  the Levich 

current .  Recal l  that  under  ident ical  condi t ions on Pt ,  the  effects  of  

polar izat ion in  the presence of  As(V) were intermediate  between those of  

support ing e lectrolyte  only and those of  support ing e lectrolyte  plus  

As(III) .  Nevertheless ,  i t  is  clear  that  the I r  e lectrode does give 

s ignif icant ly  greater  currents  for  As(III)  oxidat ion than does Pt ,  

especial ly  in  the case where e lectrode polar izat ion occurs  in  the presence 

of  As( i l l ) .  

Two potent iostat ic  experiments  on Au were performed.  In  an 

experiment  where a  0 .5  M HCIO4 + 0 .515 mM As(III)  solut ion was 

potent iostated a t  0.900 V,  a  very unusual  i - t  behavior  resul ted.  Based on 

a  cycl ic  vol tammogram of  the  same solut ion,  i t  was expected that  current  
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would not change as a funct ion of  t ime. Instead, the current s lowly 

decreased for  the f i rst  two minutes,  rapidly ds^^cased for  about the next 

four minutes to a value about 35% of  the mass-transport  l imi ted value, and 

then resimed a re lat ively slow rate of  decrease. 

The cause of  the abnormal behavior exhibi ted in these separate 

techniques was found to be t race CI" in the HCIO^ reagent.  A spectro-

photometr ic determinat ion of  CI"  in 5.0 M HCIO^ using the mercury(I I )  

th iocyanate method (369) showed that  the concentrat ion was < 10"® M. This 

meant that  the [CI" ]  in the concentrated reagent was in fact  considerably 

less than the label  value. Nevertheless,  even th is very smal l  

concentrat ion can lead to " foul ing" the electrode in potent iostat ic 

exper iments at  a ROE or in SHMV exper iments (Sect ion VI I ) ,  where the scan 

rate is  l imi ted to 0.1 -  0.3 V min"^.  The adsorpt ion of  CI"  on Au is  wel l  

known (370).  and the ef fect  of  somewhat larger chlor ide concentrat ions on 

the As(I I I )  oxidat ion on Au was previously observed by Lown (364).  As 

l i t t le as 0=017 ppm CI"  causes a posi t ive shi f t  in the Eiy2 the As(I I I )  

oxidat ion wave. The l imi t ing current plateau is  el iminated by the 

addi t ion of  about 0.1 ppm in cycl ic vol tammetry exper iments at  1.0 V min"^ 

and 955 rpm. However,  when standard addi t ions of  CI"  were made to a 5.0 M 

HCIO4 solut ion to give CI"  concentrat ions of  0.02 ppm, 0.04 ppm, etc. ,  the 

Ei /2 for  bulk oxide format ion (1.16 V) d id not shi f t  f rom the value 

obtained in the absence of  added CI" .  Since CI"  causes a posi t ive shi f t  

in the As(I I I )  oxidat ion wave on Au at  disc potent ia ls in the range 0.85 V 

to 1.U2 V and CI"  does not cause any shi f t  in Au oxidat ion wave obtained 

in the absence of  As(I I I ) ,  i t  can be concluded that  CI"  does not inhibi t  
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the As(I I I )  react ion by a l ter ing the bulk phase oxide. Rather,  CI"  

appears to poison the electrocatalyst  by blocking the format ion of  an 

act ive surface moiety,  possibly the gold oxide precursor.  This 

explanat ion is  preferred over one which at t r ibutes these CI"  ef fects to a 

s imple surface foul ing.  The for  th is react ion is  over 500 mV 

posi t ive of  the thermodynamic potent ia l  for  the As(I I I ,V) couple,  yet  the 

shape of  the wave is  character ist ic of  a reversible react ion.  These two 

facts lead to the conclusion that  the react ion occurs when a potent ia l -

dependent surface specie is  formed on the electrode surface. 

When the potent ia l  of  a Au RDE was set  a 0.600 Vina Bates and Bower 

borax buffer (see Sect ion V.C) at  pH 8.00, the resul t ing anodic current 

was in i t ia l ly  within 2-3% of  the Levich current,  but  the current decayed 

at  a steady rate of  2.5 yA min" l ,  or  about 1.1% of  the Levich current per 

minute.  This decrease is  at t r ibuted to a very s low format ion of  the 

Au(I I I )  oxide at  0.600 V. Oxide growth is  not apparent at  th is potent ia l  

in this electrolyte unless a fa i r ly  high potent ia l  scan rate is  used. A 

cycl ic vol tammogram of  Au obtained in the support ing electrolyte alone, at  

a potent ia l  scan rate of  24 V min"!  and wi th = 0.6 V g ives a reduct ion 

peak for  a quasi-reversible oxide 0.54 V and a second reduct ion peak at  

0.27 V, indicat ing the presence of  an i r reversible oxide as wel l .  

Whi le i t  is not the expressed purpose of  th is dissertat ion to develop 

another analyt ical  technique for  the determinat ion of  As(I I I ) ,  i t  should 

be noted that  the technique of  t r ip le-pulse anperometry (TPA) developed by 

Hughes (322) can be appl ied to determinat ion of  As(I I I )  in f lowing 

streams. The opt imum TPA parameters found were: = 1.000 V; tg^ = 60 
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msec; E2 = 0.900 V; delay t ime = 15 msec; and E3 = 0.200 V. The 

analyt ical  s ignal  in this appl icat ion of  TPA is  the current sampled 15 

msec af ter  the potent ia l  step to 0.900 V. In a TPA exper iment performed 

1/2 
at a Pt  RDE, a p lot  of  sampled current vs.  UJ was l inear for  rotat ion 

speeds up to at  least  6000 rpm. The appl icat ion of  TPA to the 

determinat ion of  As(I I I )  by f low in ject ion analysis would be super ior  in 

many respects to the potent iostat ic method given by Lown and Johnson 

(371).  
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VII .  STUDIES USING HYDRODYNAMIC MODULATION OF A 

ROTATING DISC ELECTRODE 

A. Theory 

Rotat ing disc electrodes operat ing at  a steady rotat ion speed have 

been in use s ince the 1930s. About 1970, appl icat ions of  hydrodynamic 

vol tammetry began to appear in which the electrode rotat ion speed was 

changed in some programmed manner s imultaneously wi th the l inear scan of  

the electrode potent ia l .  The ear l iest  of  these appl icat ions involved the 

var iat ion of  the rotat ion speed was a funct ion of  t ime in order to 

1/2 
generate "automated Levich plots" ( i_.ey,  i  j  vs. w ) .  Whi le th is k ind of  

technique can be useful ,  an even more useful  technique can be obtained by 

modulat ing the electrode rotat ion speed about a f ixed center speed. 

Mi l ler ,  Bruckenstein,  and co-workers have been pr imari ly responsible for  

the development of  the theory and the pract ice of  "s inusoidal  hydrodynamic 

modulat ion at  the rotat ing disc electrode (SHMRDE)."  A br ief  overview of  

the theory of  SHMRDE, as i t  was h istor ical ly developed, is  presented here.  

Mi l ler ,  Bel lavance, and Bruckenstein (367),  in a general  study of  the 

feasibi l i ty  of  programmed speed control  at  rotat ing disc electrodes, made 

the assumption that  the Levich equat ion adequately descr ibes the 

relat ionship between the current i  and the electrode rotat ion speed w 

dur ing changes in u.  The Levich equat ion is  given by 

i  = 0.62 nFAD2/3v- l /6(C*-Cg)wl/2 VI I -1 

where C* is  the bulk concentrat ion of  the electroact ive species,  Cg is  the 
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concentrat ion at  the electrode surface, and a l l  other terms have their  

usual  e lectrochemical  meaning. Suppose that  the rotat ion speed is  

sinusoidal ly modulated between and wg about the center rotat ion speed 

(Oq = (oj^ + Wgj/Z.  The current wi l l  modulate about a dc component 

proport ional  to and wi l l  have an ac component wi th a peak-to-peak 

&i of  

Ai  = 0.62 nFADZ/Sv- l /Gfca-CgjAwl/Z ^ VI I -2 

where Am = Wg-w^. Equat ions VI I -1 and VII-2 can be combined to give 

Ai = VI I -3 

With proper s ignal  processing, the modulat ing component can be recorded. 

This permits ef fect ive discr iminat ion between convect ive-di f fusion 

processes that  obey the Levich equat ion and nonconvect ive-di f fusion 

processes, such as oxide growth or  solvent decomposi t ion,  that  are 

independent of  w. In th is same paper (367),  they observed that  fo l lowing 

a step change in y,  the corresponding change in the convect ive-di f fusion 

current took more t ime than could be accounted for  on the basis of  rotator 

performance. The addi t ional  delay was at t r ibuted to what Mi l ler ,  

Bel lavance, and Bruckenstein cal led a "hydrodynamic re laxat ion process".  

The modulated s ignal  showed no discernable response when oxygen and 

hydrogen were evolved on a Au e lectrode. 

In 1974, Mi l ler  and Bruckenstein (372) reported several  appl icat ions 

of  SHMRDE to trace analysis.  They state without proof that  at  low 

modulat ion frequencies ,  a few Hz) and smal l  ampl i tudes 
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(Awl/2/u^l /2 ^ 0.1) there is  no ser ious deviat ion from the hydrodynamic 

steady state.  

A s l ight ly more sophist icated theoret ical  t reatment was presented and 

exper imental ly ver i f ied by Mi l ler  and Bruckenstein (373) in 1974 as wel l .  

In th is treatment,  they begin wi th the But ler-Volmer equat ion of  electrode 

k inet ics for  the process Ox + Ne^=^ Red 

i  = nFAk^{C°g^exp(agF(E-E°)/RT) -  c0^exp(-a^F(E-E°)/RT)} VI I -4 

Here, kg is  the standard heterogeneous rate constant,  is  the transfer 

coeff ic ient  for  the anodic react ion,  and is  the transfer coeff ic ient  

for  the cathodic react ion.  Anodic currents and overpotent ia ls are 

posi t ive.  From Eq. VI I -1 

Cs.ox '  r  "1-5 

and 

Cs.red '  Cfed '  

where B = 0.62 nFAD^^V^/®. 

Subst i tut ing Eq. VH-5 and VII-6 into Eq. VI I -4 and solv ing for  i  gives 

Eq. VI I -7:  

"FAko%exp(agF(E-E°)( /RT) -  C*j^exp(-a^F(E-E°)/RT)} 

VI I -6 ^ -0\  ,r ,T c t r  r O  nFAk^ •exp(-o^F(E-E")/RT exp(agF(E-E")/RTy 

B B" ox red 
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Dif ferent iat ing i  in Eq. VI I -7 wi th respect to and def in ing 

nFAk, 
exp(-a F(E-E°)/RT) exp(a F(E-E®)/RT 

EZ ^ E ox red 
VII-8  

i t  can be shown that  

d i / i  = VI I -9 

For smal l  modulat ions about a center rotat ion speed w 

VI I -10 

and 

d i / i  = Ai /T,  VI I -11 

where T is  the current at  Hence, 

Ai/T = (Aw^/Z/w l/2)|kr/kr + w VII-12 

Having arr ived at  Eq. VI I -12, Mi l ler  and Bruckenstein (373) then 

considered three l imi t ing cases. At e i ther the anodic or  cathodic 

1/2 l imi t ing current,  the term k^/k + > 1,  so Eq. VI I -12 reduces to 

VII-13 

where the subscr ipt  " l im" designates the l imi t ing convect ive-di f fusion 

condi t ion.  This is ,  of  course, the same resul t  obtained ear l ier .  Now 

consider the case of  a reversible react ion at  a potent ia l  where the 
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l imi t ing convect ive-di f  fusion current is  not obtained. Since kg is  large 

1/2 
for  a reversible react ion,  >> w ,  and Eq. VI1-12 then becomes 

6i/f = Awl/Z/Wql/Z. VII-14 

In other words, normal ized plots of  î / î , .  vs.  E and Ai /Ai , .  vs.  E 
nm nm 

should super impose for  a l l  values of  E for  a reversible react ion.  For a 

total ly i r reversible react ion.  Mi l ler  and Bruckenstein obtain the resul t  

= /ÂTrilTÂT-. vn-16 

Equat ion VII-15 is  der ived by recogniz ing that  kg approaches e i ther a 

cathodic or  an anodic l imi t ,  subst i tut ing ei ther l imi ted form of  kg into 

equat ion VII-14, and el iminat ing the Bq^ or  Bpgd term using Eq. VI I -5 or 

VI1-6.  Subst i tut ing th is resul t  and Eq. VI1-13 into VI1-12 gives Eq. VI I -

15. I t  should be pointed out that  the value of  the convect ive-di f fusion 

current for  an i r reversible react ion may or  may not  be known. 

Nevertheless,  Eq. VI I -15 indicates that  normal ized plots of  and 

Ai /Ai^^.^ would not super impose for  an i r reversible react ion,  as they do 

for  a reversible react ion.  Mi l ler  and Bruckenstein (373) then went on to 

exper imental ly ver i fy th is theory using the reduct ion of  Pd(I I )  as an 

example of  a total ly i r reversible react ion,  the Fe(I I I ) /Fe(I I )  couple at  

Au in IM HCl as an example of  mixed k inet ic and convect ive-di fvusion 

control ,  and the Fe(CN)5^/Fe(CN)5^ couple at  Au in 1 M KCl as an example 

of  convect ive-di f fusion control .  Good agreement between Equat ions VI1-13, 

VI I -14, and VII-15 and the exper imental  resul ts was obtained. 
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Tokuda, Bruckenstein,  and Mi l ler  (374) considered the response of  the 

modulated current as a funct ion of  the modulat ion f requency. This is  of  

importance because higher modulat ion f requencies permit  the use of  higher 

potent ia l  scan rates wi thout d istort ion of  the Ai-E curves. The response 

is  reported in terms of  a dimensionless parameter A,  which is  equal  to 1 

at  hydrodynamic steady state.  The response parameter A can be calculated 

by solv ing a complex set  of  ordinary d i f ferent ia l  equat ions obtained from 

physicochemical  hydrodynamics.  Response parameter A is  tabulated as a 

funct ion of  two general  parameters:  1)  the relat ive modulat ion frequency 

p = a/oj^,  where o is  the modulat ion frequency in radians s '^  and is  the 

center rotat ion speed, a lso in radians s~^;  and 2) the Schmidt number 

Sc = v/D. As expected, A decreases as p and Sc increase. The theory 

predicts that ,  wi th in a range of  condi t ions def ined by p and the quant i ty 

1/2  1 /2  E = / lu '  ,  the total  current wi l l  be determined by convect ive-

di f fusion processes only;  outs ide of  th is range of  condi t ions,  the current 

is  determined by a coupl ing of  convect ive-di f fusion and a deviat ion from a 

hydrodynamic quase-steady state.  The theory was ver i f ied over a wide 

range of  p and for  Schmidt numbers f rom 230-2100 for  the reduct ion of  

Fe(I I I )  on Pt .  

Tokuda and Bruckenstein (375) extended the complexi ty of  SHMRDE 

theory.  Normal ized current funct ions were calculated as a funct ion of  

potent ia l  and as a funct ion of  X, the rate of  electron t ransfer re lat ive 

to the rate of  mass t ransfer,  for  a wide var iety of  p,  Sc, and kg.  

Reversible,  quasi-reversible,  and i r reversible react ions were considered. 

Kanzaki  and Bruckenstein (376) exper imental ly ver i f ied the theory of  
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Tokuda and Bruckenstein (375),  again using the reduct ion of  Fe(CN)g^ and 

Fe(I I I )  on Pt as examples of  reversible and quasi-reversible processes, 

respect ively.  The reduct ion of  T l ( I I I )  in 0.1 M H Cl + 1.0 M HCIO4 was 

used as an example of  an i r reversible electrode react ion.  At p = 0.05, 

1/2 
the normal ized current-potent ia l  curve and the (6i /Ai^)  -potent ia l  curve 

for  Tl( I I I )  reduct ion could be super imposed, in accordance wi th theory.  

At p = 0.24, these two curves could not be super imposed, demonstrat ing 

that superposition is a limiting law for p > 0. 

Albery,  Hi l lman, and Bruckenstein (377) ref ined the theoret ical  

t reatment of  the hydrodynamics and considered galvanostat ic exper iments 

conducted under hydrodynamic modulat ion condi t ions.  

B.  Studies of  As(I I I )  Oxidat ion on Pt 

Ut i l iz ing SHMRDE 

The exper imental  parameters used in the fol lowing exper iments are as 

fo l lows. The mean (center)  rotat ion speed was 2000 rpm (209.4 radians 

s" l ) ;  was therefore 44.72 rpm^/^ (14.47 radians^/^ sec"^/^) .  The 

modulat ion ampl i tude Aw was 40 rpm (4.2 radians s~^) peak-to-peak, g iv ing 

a of  6.3 rpml/2 (2.0 radians s~^/^) .  The re lat ive modulat ion 

parameter e = def ined by Tokuda, Bruckenstein,  and Mi l ler  

(374) was equal  to 0.14. The modulat ion frequency was 3 Hz (19 radians 

s" l ) .  The constant p,  also def ined by Tokuda, Bruckenstein,  and Mi l ler  as 

the rat io of  the modulat ion frequency to the mean rotat ion frequency was 

0.09. From Table I I I  of  reference 374, i t  can be concluded that  the 

modulat ion current is  determined solely by convect ive-di f fusion processes. 
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In other words, deviat ions from hydrodynamic quasi-steady state are 

negl ig ib le.  The lock- in ampl i f iers were usual ly operated wi th a 

12 db/octave ro l l -of f  and wi th a t ime constant of  3-4 seconds, a l though 

t ime constants as smal l  as 1 second and as large as 10 seconds were 

occasional ly used. The potent ia l  scan rate was usual ly 100 mV min"^,  

but  again,  scan rates as low as 60 mV min"^ and as high as 300 mV min"^ 

was used, depending on the electrode mater ia l  and the t ime constants in 

use. 

Oxygen evolut ion on Pt begins at  about 1.35 V in 0.5 M HCIO4. The 

"concentrat ion" of  H2O at  the electrode surface is  obviously not a 

funct ion of  the electrode rotat ion speed; therefore,  the Ai for  oxygen 

evolut ion should be zero.  This was tested for  the support ing electrolyte 

alone, using the same exper imental  condi t ions as were used in recording 

the Ai-Ej  curves in the presence of  As(I I I ) .  These condi t ions included 

compensat ion for  a smal l  phase shi f t  that  was observed between the 

modulat ion s ignal  appl ied to the rotator and the modulated current.  The 

phase shi f t  was compensated for  by s imply nul l ing the lock- in ampl i f ier  

output that  was in quadrature (90° out of  phase) wi th the modulated 

current.  There was no modulated s ignal  observed on the forward scan for  

potent ia ls up to 1.7 V, al though there was a very smal l  amount of  noise 

at  potent ia ls greater than 1.5 V. There was a s igni f icant amount of  

" r inging" that  occurred on the negat ive potent ia l  immediately fo l lowing 

scan reversal  at  posi t ive scan l imi ts of  1.6 V or  greater.  This "r inging" 

consisted of  large (approximately 6-8 t imes the peak-to-peak noise) anodic 

and cathodic osci l lat ions that were damped as the potent ia l  scanned toward 
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more negat ive values. At a potent ia l  of  1.45 V on the negat ive scan, th is 

exper imental  ar t i fact  was no longer evident.  This "r inging",  though 

s igni f icant,  d id not severely l imi t  the exper iments,  s ince the maximum 

osci l lat ions were s t i l l  8-10 t imes smal ler  than the Ai observed in the 

presence of  As{I I I ) .  

Figure VII-1 i l lustrates the resul ts of  a ser ies of  SHMRDE 

exper iments;  the only parameter var ied was the posi t ive potent ia l  scan 

l imi t .  The potent ia l  scan rate in these exper iments was 300 mV min"^.  

Between 0.0 V and about 0.7 V on the forward scan, the Ai  is  zero.  Hi is 

is  ent i re ly consistent wi th the conclusions drawn ear l ier ,  J_.^. ,  that  only 

surface-control led processes are occurr ing in th is potent ia l  region on the 

forward scan. At about 0.72 V, a very sharp anodic Ai wave begins,  having 

an ^112 of  0.78 V. Using the general  vol tammetr ic current-potent ia l  

equat ion for  a reversible wave, the equat ion 

^2/3 -  El /3 =  ̂  

can be der ived. For n = 2,  should be 17.8 mV. For th is Ai-E^ 

wave, E2/3-E1/3 is  20 mV. I t  would appear that  the oxidat ion of  As(111) 

to As(V) is  reversible,  at  least  in the v ic in i ty of  0.8 V. However,  the 

thermodynamic reduct ion potent ia l  for  the As(V)/As(I I I )  couple is  0.32 V, 

so the overpoter. t is l  at  the onset of  As(I I I )  oxidat ion is  400 mV. This 

logical  contradict ion wi l l  be discussed in greater detai l  later on. 

The onset of  As(I I I )  oxidat ion on the forward scan is  highly 

reproducible and is  independent of  e lectrode history,  provided that  

surface oxides are not present.  The remainder of  the Ai-E^ curve is  
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Figure VII-1.  SHMRDE vol tammogram of  As(I I I )  at  Pt as a funct ion of  E^ 
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highly dependent on the posi t ive potent ia l  scan l imi t .  I f  the scan 

direct ion is  reversed at  0.8 V, on the r is ing port ion of  the wave, 

the Ai cont inues to increase, peaks at  0.77 V, and then decreases to zero 

as the potent ia l  becomes less posi t ive.  The Ei /2,rs ( the hal f -wave 

potent ia l  on the reverse scan) is  c^.  100 mV negat ive of  the Ei /2, fs ( the 

hal f -wave potent ia l  on the forward scan).  The oxidat ion is ,  in a 

thermodynamic sense, more reversible in the presence of  the smal l  amount 

of  surface oxide formed under these condi t ions.  

A l imi t ing value of  Ai  is  at ta ined at  0.85 V on the forward scan. 

Given the resul ts of  the RRDE studies and SHMRDE resul ts obtained at  a 

s lower scan rate,  there probably is  a smal l  amount of  overshoot in Ai  at 

th is potent ia l .  The value of  Ai  should be re lat ively constant over the 

range 0.85 -  1.0 V (see Figure VII-2).  Scan reversal  at  0.9 V g ives an 

^1/2,rs about 0.64 V, or  140 mV negat ive of  the Ei /2, fs '  the 

posi t ive l imi ts are increased above 1.0 V, three ef fects are observed. 

The f i rst  of  these ef fects is  the development of  three potent ia l  regions 

on the reverse scan: two potent ia l -dependent regions and a potent ia l -

independent region. For Eg < 1.2 V, Ai  on the reverse scan s imply 

decreases f rom the value that  Ai  had at  the posi t ive potent ia l  scan 

l imi t .  For Eg > 1.2 V, a Ai  plateau is  also obtained on the reverse scan 

and th is Ai is  very much a funct ion of  the scan l imi t .  But for  Eg > 1.2 

V, there is  an addi t ional  potent ia l -dependent region that  gives an in i t ia l  

rapid decrease in Ai  unt i l  the potent ia l  has decreased to 1.15-1.20 V. 

The second of  these ef fects is  a posi t ive shi f t  in Ei /2,rs ^a becomes 

more posi t ive.  The E^^2 rs ^a ~ V is  5-10 mV posi t ive of  E]y2,rs 
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for  Eg = 0.9 V; the Ei /2rs ^ I ' l  V is  30 mV posi t ive of  the Ei /2,rs 

for  Eg = 1.0 V; and so on. The th i rd ef fect  is  the arrest  in the decrease 

in Ai on the forward potent ia l  scan that  occurs at  about 1.3 V, This last  

ef fect  can be seen on Figure VII-1,  but is  even more c lear ly seen on 

Figure VI1-2.  The only di f ference in exper imental  parameters is  that the 

scan rate used to record the Ai-E^ curves on Figure VII-2 was 100 mV 

min ' l .  The s lower scan rate al lows s l ight ly more posi t ive potent ia ls 

to be at ta ined with minimum of  noise.  The r inging phenomenon descr ibed 

previously is  clear ly marked on Figure VII-2.  I t  should again be 

emphasized that  r inging begins only af ter  scan reversal .  I t  is  

signi f icant that  Ai begins to increase at  precisely the same potent ia l  

that  oxygen evolut ion begins.  I t  would seem that  simultaneous 02(g) 

evolut ion modif ies in some manner the k inet ics of  As(I I I )  oxidat ion.  

The most l ikely qual i tat ive explanat ion for  the shape of  these Ai-E^ 

curves is  that the k inet ics of  As(I I I )  oxidat ion is  determined in some 

manner by the nature and amount of  Pt oxide or.  the surface, but that  the 

rate of  oxidat ion also can be enhanced by s imultaneous oxygen evolut ion.  

Scanning the potent ia l  beyond 0.85 V leads to sn increased oxide 

coverage. The surface oxide does not completely passivate the electrode, 

as is  the case wi th many anodic react ions,  but does become somewhat less 

act ive wi th potent ia l  and/or coverage. Oxygen evolut ion "react ivates" the 

electrode surface, wi th the extent of  react ivat ion again dependent on the 

rate of  oxygen evolut ion and/or potent ia l .  The rapid decrease 

in Ai fo l lowing scan reversal  at  potent ia ls greater than 1.3 V i s  due to 

the rapid decrease in the rate of  oxygen evolut ion as the potent ia l  
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becomes less posi t ive;  th is phenomenon is  known f rom numerous studies of  

the oxygen evolut ion reacton on Pt (51, 280-282).  However,  as Damjanovic 

and Jovanovic (284) have pointed out,  oxide growth does cont inue dur ing 

oxygen evolut ion,  al though at  a somewhat lesser rate.  The addi t ional  

oxide growth that  occurs in the o)^ygen evolut ion region leads to 

addi t ional  decreases in the magnitude of  Ai  on the reverse scan. I t  must 

be pointed out that  for  a given Eg, the normal ized modulated current,  

using the Ai p lateau values and Ai  at  0.85 V, is  a much smal ler  f ract ion 

than the normal ized current obtained by normal cycl ic vol tammetry.  I t  

would appear that  oxide age is  also an important factor.  Addi t ional  

detai ls on the mechanism of  As(I I I )  oxidat ion on Pt wi l l  be discussed in 

Sect ion VI I I .  

In addi t ion to these vol tammetr ic resul ts,  some exper iments were 

performed in  which Ai was recorded as a funct ion of  t ime fol lowing a 

potent ia l  step. The disc potent ia l  was stepped from 0.0 V to potent ia ls 

f rom 0.8 V to 1.6 V in 0.1 V increments.  The resul ts were consistent wi th 

the vol tammetr ic resul ts.  A potent ia l  step to 0.8 V gave a large Ai that  

decayed s lowly as a funct ion of  t ime. Potent ia l  steps to 0.9 V, 1.0 V, 

1.1 V, and 1.2 V resul ted in successively smal ler  Ai that  decayed at  

successively greater rates.  The Ai - t  behavior for  a potent ia l  step to 

1.3 V is  essent ia l ly  ident ical  to that for  a step to 1.2 V. For steps to 

1.4 V, 1.5 V, and 1.6 V, successively greater Ai are obtained that  decay 

at  successively smal ler  rates.  Equivalent Ai - t  curves are obtaind for  

potent ia l  steps to 0.8 V and 1.6 V. 
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C. Br ief  Study of  As(V) Electrochemistry on Pt  

Ut i l iz ing SHMRDE 

As stated in Sect ion V.B, i t  was in i t ia l ly  bel ieved that  an As(V) 

vol tammogram on a Pt RDE was total ly determined by surface react ions.  

Surface react ions do not give a Ai  response; therefore,  i t  was predicted 

that  an As(V) Ai-E^ vol tammogram would be f lat .  Indeed, such a 

vol tammogram at  the same Ai  sensi t iv i ty as used in the As(I I I )  exper iments 

gave no discernible Ai  response. Two more vol tammograms, one at  a 10 

t imes greater Ai  sensi t iv i ty and the same lock- in ampl i f ier  t ime constant,  

and the second at  a 10 t imes greater Ai  sensi t iv i ty and a much lower t ime 

constant were recorded. Both of  these act ions great ly increased the base 

l ine noise.  I t  is now known that  the smal l  quant i ty of  As(V) that  

undergoes an underpotent ia l  deposi t ion on Pt is  transported from the bulk 

solut ion (see Sect ion V.B).  In retrospect,  i t  now appears probable that  a 

smal l  cathodic Ai ,  not at t r ibutable to electronic noise,  is  present at  Ej  

between 0.2 V and 0.3 V. The reason that  a larger A1 ' . - . 'as not  observed Is 

that  the As(V) f lux was large, due to the As(V) concentrat ion (0.19 mM) 

and the rotat ion speed (oj^ = 2000 rpm).  I t  is now predicted that  at  a 

much smal ler  As(V) f lux that  a cathodic Ai  signal  could be generated. 

This technique might prove useful  in determining i f  other upd processes 

proceed through pr ior  adsorbed states.  
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D. Study of  As(I I I )  Oxidat ion on I r  

Ut i l iz ing SHMRDE 

In the case of  Pt ,  the most posi t ive potent ia l  that  could be used was 

about 1.7 V. This l imi t  is  evident ly re lated to the relat ive magnitudes 

of  the dc background current due to oxygen evolut ion and the ac s ignal  

resul t ing from convect ive-di f fusion processes. I r id ium, being a much 

bet ter  oxygen evolut ion catalyst  than plat inum (219,318),  has a 

correspondingly lower posi t ive potent ia l  l imi t .  This l imi t  is  about 

1.5 V. 

The Ai-Ej  behavior of  As(I I I )  oxidat ion on I r  is  relat ively straight

forward, corrpared to Pt.  On the forward scan, oxidat ion begins at  0.85 V. 

The modulated current Ai  steadi ly increases as the potent ia l  cont inues to 

scan toward more posi t ive potent ia ls.  A l imi t ing Ai  is  reached at  ca.  

1.25 V.  The shape of  the Ai-E^ wave appears to be much less reversible 

than the wave on Pt .  Recal l  that  on Pt ,  E2/3~^l /3 was 20 mV on the 

fo rward  scan ;  on  I r ,  ^ 0  mV.  The  l im i t i ng  A i  does  r o t  

immediately begin to decrease wi th increasing potent ia l ,  as is  the case on 

Pt .  In fact ,  a l imi t ing Ai  plateau is  obtained on the forward scan unt i l  

Ej  reaches 1 . 4  V.  At Eg > 1.4 V,  Ai  decreases very rapidly wi th 

potent ia l ,  wi th Ai  = 0 at  Ej  = 1.5 V. Immediately upon scan reversal ,  

however.  Ai  rapidly increases as the potent ia l  decreases, at ta in ing the 

l imi t ing value at  1.4 V.  The Ai  on the reverse scan essent ia l ly  retraces 

the l imi t ing Ai  plateau formed on the forward scan. For E^ < 1.3 V,  the 

Ei /2,rs is  30 mV negat ive of  5^/2, fs* ^a ~ V, Eiy2,rs shi f ts to a 
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value that  is  20 mV posi t ive of  Ejy2, fs* For Eg = 1.5 V, Ei /2, fs 

^1/2,rs 3re coincident at  1.07 V. Note that  whi le E^/g.rs does shi f t  wi th 

Eg on an I r  anode, the shi f ts are much smal ler  than those observed on a Pt 

anode. 

Perhaps the most st r ik ing feature of  these exper iments is  the very 

dramat ic ef fects observed at  Ej  > 1.4 V. As d iscussed in sect ion I I .B,  

the nature of  the anodic f i lms on I r  makes the assignment of  oxide 

stoichiometry d i f f icul t .  Nevertheless,  Kim, Sel l ,  and Winograd (161) 

c la im to have detected IrOg by XPS on electrodes held at  high potent ia ls.  

Buckley and Burke (210) state that  at  1.6 V vs.  RHE (ca.  1.36 V vs.  SCR), 

the fur ther oxidat ion ( to I r (VI))  of  the outer oxide layers is  the source 

of  the smal l  amount of  corrosion that  occurs at  these high potent ia ls.  

Burke and O'Sul l ivan (213) maintain that  o)^gen evolut ion on i r id ium oxide 

involves the part ia l  conversion to a hydrated I rOg. Thus, i t  is at  least  

suggested that  the sharp decrease in electrode act iv i ty at  Ej  > 1.4 V vs.  

SCE is  related to a conversion of  the i r id ium oxide to a higher oxidat ion 

state.  

E.  Br ief  Comments on As(I I I )  Oxidat ion on Au 

and Glassy Carbon 

Resul ts of  As(I I I )  oxidat ion on the Au using SHMRDE were not 

consistent wi th resul ts of  convent ional  cycl ic vol tammetry (see Sect ion 

I I .B).  The source of  the inconsistency was determined to be the very 

smal l  (<< lO'G M) CI"  present in the 0.5 M HCIO4 support ing electrolyte.  

This has a very large ef fect  on Ai  because the very slow potent ia l  scan 
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rate required by SHMRDE resul ts in a substant ia l  accumulat ion of  Cl~ 

adsorbed on the electrode surface. The adsorbed CI"  appears to both block 

the electrode surface and inf luence the react ion k inet ics.  However,  

resul ts recent ly obtained at  Iowa State in 0.5 M H2SO4 support ing 

electrolyte,  using an analogous technique in which the electrode is  

modulated in a square wave pat tern should be noted (378).  Since Au is  a 

poorer e lectrocatalyst  for  oxygen evolut ion than is  Pt,  a posi t ive 

potent ia l  l imi t  of  1.8 V can be at ta ined. On the forward scan, a very 

sharp anodic wave is  obtained, wi th Ei /2, fs = 0.878 V. The quant i ty 

(E2/3 -E1 /3 )  is  equal  to 13 mV. This is  a remarkable resul t ,  s ince theory 

predicts that  E2/3-E1/3 should be 17.8 mV for  a reversible,  two-electron 

oxidat ion.  This is  a strong piece of  evidence in support  of  a catalyt ic 

mechanism of  As(I I I )  oxidat ion.  A l imi t ing plateau Ai^^^ is  obtained on 

the forward scan in the range 0.86 V -  1.08 V. At 1.08 V, bulk oxide 

format ion begins on the electrode surface and Ai  begins to decrease very 

rapidly;  th is phenomenon can be observed also in convent ional  cycl ic 

vol tammetry exper iments.  At ca.  1.35 V, Ai  has a very smal l ,  anodic 

value. At Ej  > 1.35 V, Ai  increases l inear ly wi th potent ia l ;  at  

Ej  = 1.8 V, Ai /Ai- j^ j j^  = 0.24. The modulated current rapidly returns to 0 

upon scan reversal  and remains at  0 unt i l  the Au phase oxide is  

electrochemical ly reduced at  about 0.88 V, g iv ing a sir ia l l  anodic Ai  peak. 

The addi t ional  informat ion provided by th is hydrodynamic modulat ion 

technique is  that As(I I I )  oxidat ion on a Au(I I I )  oxide surface is  enhanced 

by s imultaneous 0)^gen evolut ion.  This behavior is  somewhat s imi lar  to 

that  observed on a Pt anode, but  very d i f ferent f rom that observed on I r .  
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Square-wave hydrodynamical ly modulated vol tammetry was a lso appl ied 

to the oxidat ion of  As(I I I )  on glassy carbon. Ear l ier  studies of  the 

react ion of  As(I I I )  on glassy carbon were inconclusive,  pr imari ly because 

of  the large residual  currents obtained at  a l l  potent ia ls on glassy 

carbon. This residual  current is  due pr imari ly to double- layer charging, 

al though other surface react ions may occur.  These residual  currents are 

el iminated in hydrodynamic modulat ion exper iments just  as the oxide 

format ion currents are el iminated when noble metals are used. The extent 

of  the i r reversibi l i ty  of  As(I I I )  oxidat ion on glassy carbon is  

remarkable.  There is  no Ai unt i l  the potent ia l  is  1.62 V, or  1.3 V 

posi t ive of  the standard reduct ion potent ia l .  Oxygen evolut ion is  a very 

i r reversible react ion on glassy carbon, but  does begin at  about 1.1 V. I t  

is  clear that  any informat ion on the oxidat ion of  As(I I I )  on glassy carbon 

can be obtained only by using a hydrodynamic modulat ion technique, s ince 

the react ion occurs only in  the 0 )<ygen evolut ion region. The Ai increases 

s lowly wi th potent ia l  at  E > 1.52 V, peaks at  about 1.83 V, and then 

decreases s lowly as the potent ia l  is  scanned to the posi t ive l imi t  of  

1.92 V. The Ai decreases 1inear ly wi th potent ia l  on the reverse scan 

and Ai = 0 at  1.62 V, the same potent ia l  where oxidat ion began on the 

forward scan. According to Bard and Faulkner (328),  the fol lowing 

equat ion can be used to obtain k inet ic parameters for  systems in which 

mass t ransfer ef fects are important:  

a a 
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In Equat ion VII-17, n is  the overpotent ia l ,  is  the anodic charge 

t ransfer coeff ic ient ,  i^  is the exchange current densi ty,  and i^^g is  the 

l imi t ing anodic current.  A p lot  of  E vs.  ln( i / i .  - i )  is  l inear (wi th 

some data scatter)  for  potent ia ls up to about 1.77 V; at  greater 

potent ia ls,  there is  a s igni f icant deviat ion from l inear i ty.  The s lope of  

the l ine for E < 1.77 V is  0.055 V; th is gives a value for  a^n of  0.47. 

In th is case, n real ly represents the number of  electrons in the rate-

determining step. For most mult i -e lectron react ions,  only one electron is  

transferred in the rate-determining step (328).  The anodic charge 

t ransfer coeff ic ient  would be the coeff ic ient  for  the rate-determining 

step; a value of  0.47 is  very reasonable.  
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VII I .  THE MECHANISM OF As(I I I )  OXIDATION ON PT 

AND OTHER NOBLE METAL ELECTRODES 

A. Introduct ion 

The oxidat ion of  As(I I I )  proceeds under mixed control  ( ,  

commensurate rates of  mass t ransport  and electrochemical  conversion) on 

rotat ing disc electrodes of  Pt ,  I r  and Pd. The oxidat ion of  As(I I I )  on Au 

proceeds under mass t ransport  control  at  potent ia ls less than about 1.1 V, 

but  proceeds under mixed control  at  potent ia ls greater than 1.1 V. In 

Sect ion IV,  i t  was shown that  i -w data obtained from a react ion proceeding 

under mixed control  at  a RDE can be f i t ted to an equat ion of  the form 

i '^  = + Z IV-35 

for  four di f ferent k inds of  k inet ic processes. These k inet ic processes 

are character ized by the fol lowing: (1) a s low, heterogeneous charge-

t ransfer step; (2) a s low, homogeneous, preceding chemical  react ion that  

produces an electroact ive specie:  (3)  nonl inear d i f fusion to "act ive 

s i tes" on a macroscopical l .y inhomogeneous electrode surface; and (4) a 

s low, heterogeneous react ion not involv ing an electron t ransfer.  A l inear 

plot  of  i "^  vs.  is  of  i tsel f  not suf f ic ient  evidence on which to 

assign any one of  the four possible k inet ic processes as the cause of  the 

observed mixed control .  In th is sect ion,  each of  the k inet ic processes 

l is ted above wi l l  be examined in turn.  I t  wi l l  be shown that  the f i rst  

three of  these processes cannot account for  key exper imental  observat ions 

and therefore must be discounted when formulat ing an overal l  mechanism. 

I t  wi l l  be shown that  the data can be understood in terms of  mechanism 
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which has as i ts  central  feature a chemical  react ion that  occurs on the 

electrode surface and which does not involve a charge t ransfer.  The rate 

constant of  th is surface react ion is  inf luenced in several  ways by the 

oxide coverage. Addi t ional ly,  the rate of  the surface react ion is  

inf luenced by the surface densi t ies of  the reactants,  which are under 

certain circumstances potent ia l -dependent quant i t ies.  

Most of  the fo l lowing discussion wi l l  deal  wi th the oxidat ion of  

As(I I I )  on Pt .  The e lectrochemistry of  Pt has been studied to a much 

greater extent than the other noble metals and is  the most commonly used 

of  the noble metals.  Plat inum has many character ist ics (e.^,  corrosion 

resistance) that  are important f rom a pract ical  standpoint .  However,  the 

important s imi lar i t ies and di f ferences between Pt and other noble metals 

wi l l  be discussed in order to develop a more general  mechanism for  anodic 

react ions on noble-metal  e lectrodes. 

B.  Slow Heterogeneous Charge Transfer 

Cycl ic vol tammograms obtained at  a Pt RDE have, for  suf f ic ient ly 

posi t ive values of  Eg, a potent ia l  region on the negat ive scan of  several  

hundred mi l l ivol ts (depending on the posi t ive potent ia l  scan l imi t )  where 

the anodic current is  essent ia l ly  independent of  potent ia l ;  see Figures  V-

3 and VI-1.  This s imple observat ion leads to the conclusion that  the rate 

determining step in the oxidat ion of  As(I I I )  on Pt cannot be a 

heterogeneous charge-transfer step wi th in that  potent ia l  region. The 

c lassical  and wel l -known But ler-Volmer formulat ion of  electrode k inet ics 

has the form 
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i  = nFAk°[C exp{a nF{E-E°') /RT)]  VI I I -1 

for  an i r reversible anodic react ion.  In Eq. VI I I -1,  k° is  the standard 

rate constant,  Cg is  the surface concentrat ion of  the electroact ive 

specie,  cx^ is  the anodic t ransfer coeff ic ient ,  and E° '  is  the formal 

e lectrode potent ia l  for  the redox couple.  I t  is  clear f rom Eq. VI I I -1 

that  the current is  an exponent ia l  funct ion of  the appl ied potent ia l .  

Since the observed current on the current plateau of  i -E curves is  both 

less than the mass-transport  l imi ted current and is  independent of  

potent ia l  over a wide potent ia l  region, one must conclude that  a 

heterogeneous charge-transfer step is  not responsible for  the mixed 

control  observed in the oxidat ion of  As(I I I )  on Pt wi th in the potent ia l  

range that  def ines the current p lateau. This same conclusion can be drawn 

f rom a s impl i f ied considerat ion of  electron tunnel ing (379).  The theory 

of  e lectron tunnel ing predicts that  the current wi l l  be an exponent ia l  

funct ion of  the appl ied overpotent ia l .  Recent ly,  Schul tze and Habib (380) 

have col lected several  examples of  redox react ions that  occur on 

electrodes conpletely covered by oxide f i lms. At any given overpotent ia l ,  

log i  is a l inear funct ion of  the oxide thickness d,  as expected for  a 

tunnel ing phenomenon. At  a greater overpotent ia l ,  however,  the ent i re 

log i -d curve shi f ts to greater values of  i .  Thus, both f rom theory and 

f rom exper imental  resul ts,  one cannot rat ional ize the ent i re i -E behavior 

observed for  As(I I I )  in the cycl ic vol tammograms wi th a heterogeneous 

charge-transfer step. 
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In l ight  of  these observat ions,  the analysis of  the oxidat ion of  

As(I I I )  on Pt given by Cather ino (40) must be rejected. Cather ino s imply 

assumed that  a l l  other steps preceding and subsequent to the electron-

transfer react ion were fast .  His analysis of  log i  vs. E at  the foot  of  

wave led him to conclude that  two consecut ive one-electron t ransfers 

occurred. Whi le Cather ino was aware of  the "passivat ing" inf luence of  the 

Pt oxide at  higher potent ia ls,  he fa i led to consider the current due to 

oxide format ion at  the foot of  the wave. He a lso appears to have ignored 

the contr ibut ion to total  current f rom the oxidat ion of  chemisorbed 

As(I I I ) .  For a l l  of  these reasons, the mechanism proposed by Cather ino 

(40) cannot be accepted as correct  for  the ent i re range of  exper iments 

descr ibed in th is dissertat ion.  

I t  is  interest ing to consider br ief ly the oxidat ion of  Br"  at  a Pt 

e lectrode. Rubinstein (366) has determined the mechanism and k inet ic 

parameters for  the oxidat ion of  Br"  on an "oxide-covered" Pt e lectrode, 

formed by polar iz ing the electrode for  10 s at  0.80 V vs.  mercury sul fate 

reference electrode. From the potent iostat ic work of  Gi l roy (113),  i t  is 

est imated that  the oxide coverage 0 would be approximately 2.0 ( j .^ . ,  a 

monolayer of  PtO) under these condi t ions.  The heterogeneous rate constant 

is  given by the equat ion (328) 

K = K expLa=nrib-L ; /KIJ v i i i - f  

Rubinstein gives a value for  k° of  about 0.010 cm s~^ and of  0.43 for  

the oxidat ion of  Br-  on an oxidized Pt e lectrode. Assuming that  the 

formal reduct ion potent ia l  in 0.5 M HCIO4 is  approximately the standard 
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reduct ion potent ia l  (0.85 V vs.  SCE),  the values of  (E-E° ' )  var ied from 

0.25 V -  0.45 V in the exper iments descr ibed in Sect ion VI.  Subst i tut ing 

these values into Eq. VI I1-2 gives values for  k of  0.66 cm s"^ for  E = 

1.1 V, 3.50 cm s"^ for  E = 1.2 V, and 18.6 cm s"^ for  E = 1.3 V. The 

exper imental  values of  the rate constant for  Br" oxidat ion were 0.233 

cm s"^ for  E = 1.1 V, 0.176 cm s"^ for  E = 1.2 V, and 0.173 cm s~^ for  

E = 1.3 V (Table VI-7).  The conclusion to be drawn is  that even though a 

charge-transfer step may be the rate-determining step at  low 

overpotent ia ls,  the rate constant for  the charge t ransfer step can become 

so large at  high overpotent ia ls that  some other elementary step must be 

rate l imi t ing i f  the observed current is  less than the transport  l imi ted 

value. 

C. Slow Homogeneous Chemical  React ion 

The possibi l i ty  of  a s low, preceding, homogeneous chemical  react ion 

also can be el iminated as the slow k inet ic step in the oxidat ion of  

As(I I I )  on Pt .  From Tables VI-2,  VI-3,  VI-4 and VI-6,  i t  is clear that  

the exper imental  k is  potent ia l  dependent,  k decreasing as the appl ied 

potent ia l  is  made more posi t ive.  The inf luence of  potent ia l  on the 

exper imental ly-der ived k is  both direct  and indirect ,  depending on the 

oxide coverage and the actual  value of  potent ia l  (see Sect ion VI I .B).  In 

ei ther case, such var iat ions in k cannot be rat ional ized as consistent 

wi th a s low, homogeneous chemical  react ion.  

A homogeneous react ion preceding the oxidat ion of  As(I I I )  can also be 

el iminated by other l ines of  reasoning. The most common preceding 
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homogeneous react ions that  are  important  with respect  to  subsequent  

e lectrochemical  react ions are  protonat ion,  deprotonat ion,  loss  of  a  l igand 

to  give an e lectroact ive form,  and dehydrat ion to  give an e lectroact ive 

form.  An example of  a  preceding dehydrat ion react ion occurs  in  the 

reduct ion of  formaldehyde a t  a  Hg e lectrode in  aqueous solut ions.  A non

reducible  form,  H2C1(0H)2» i s  in  equi l ibr ium with the reducible  form,  

H2CO. Given the s t ructure  of  As(III)  in  acidic  and basic  solut ions (4,5)  

and the pkg values  of  the  As(III)  species  (pk^ = 8 .62,  pk2 = 12.13 and 

pkg = 13.40) ,  none of  the  typical  homogeneous react ions l is ted above can 

be considered as  l ikely.  In addi t ion,  Eq.  IV-27 predicts  that  the 

intercept  of  a  plot  of  i '^  vs .  should be proport ional  to  

(D^/^K(k^ + k2)^/^)"^« For  solut ions of  dif ferent  ionic  s t rength,  the 

product  of  the  intercept  and and a  correct ion factor  to  account  for  

the var ia t ion of  the  rate  constant  with ionic  s t rength (381) ,  should be 

constant .  This  var ia t ion ar ises  due to  changes in  the act ivi ty  

coeff ic ients .  The correct ion factor  was calculated based on a  formula of  

the  form 

log + Be + D'c^ VIII-3 

given by Harned and Owen (382) ,  where A,  B,  C,  D'  and J  are  constants  

and T_ i s  the mean act ivi ty  coeff ic ient .  These products  were not  constant  

for  I  of  0 .5M, 2.75M and 5.CM. 
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D. Nonlinear  Diffusion to  Active Si tes  

I t  i s  conceivable  that  in  the course of  Pt  oxide formation,  small  

areas  of  a  polycrystal l ine e lectrode might  be re la t ively less  suscept ible  

to  oxidat ion than the surface of  the  electrode as  a  whole.  These small  

areas  might  be extremely act ive s i tes  for  the oxidat ion of  As(III)  by 

v i r tue of  their  abi l i ty  to  adsorb As(III) ,  their  proximity to  especial ly  

act ive oxide species ,  or  other  favorable  s ter ic  effects .  For  an As(III)  

to  be oxidized,  i t  would be necessary for  the As(III)  specie  to  not  only 

diffuse across  the famil iar  diffusion layer  but  a lso to  diffuse along the 

electrode surface unt i l  an act ive s i te  is  encountered.  This  addi t ional  

diffusion length has  the same effect  as  a  s low kinet ic  s tep and can cause 

a  case of  mixed control  a t  a  RDE. I t  was es tabl ished in  Sect ion VI (see 

Table  VI-1)  that  the mixed control  exhibi ted in  the oxidat ion of  As(III)  

on Pt  i s  not  solely due to  nonl inear  diffusion on a  macroscopical ly  

inhomogeneous e lectrode surface,  diffusion to  isolated act ive 

s i tes .  Tnis  was done by showing that  the product  of  D ar .d  the  intercept  

of  a  plot  of  i"^  vs .  was not  constant  for  var ious values  of  D.  This  

product  i s  a constant  for  a  t rue case of  nonl inear  diffusion,  as  ver i f ied 

by Schel ler ,  Landsberg and Wolf  (338) .  The theory developed by Landsberg 

and coworkers  (see Sect ion IV) assumes that  the number and dis t r ibut ion of  

act ive s i tes  on the electrode is  constant .  There are  two ways in  which 

the number and dis t r ibut ion of  act ive s i tes  within the oxide f i lm might  be 

changed by the  var ia t ion in  ionic  s t rength.  The f i rs t  of  these is  i f  the 

kinet ics  of  oxide growth i s  in  someway a  funct ion of  ionic  s t rength a t  a  
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constant  pH.  I f  the  ra te  of  Pt  oxide formation increased with ionic  

s t rength,  then the oxide coverage a t  a  given t ime would increase with 

ionic  s t rength and there  would therefore  be a  decrease in  the number of  

act ive s i tes .  Unfortunately,  there  are  no known s tudies  of  th is  kind in  

support ing e lectrolytes  where the  anion does not  specif ical ly  adsorb.  

However ,  s ince ClO^" does not  specif ical ly  adsorb to  any s ignif icant  

extent ,  i t  does seem reasonable  to  assume that  any effects  of  the  ionic  

s t rength of  the  support ing e lectrolyte  on Pt  oxide growth are  minimal .  

The second way in  which the number and dis t r ibut ion of  act ive s i tes  might  

have been a l tered is  by the  co-adsorpt ion of  CI"  present  as  a  contaminant  

in  the NaClO^ used to  adjust  the ionic  s t rength.  Since the amount  of  CI"  

present  in  the support ing e lectrolyte  would be direct ly  proport ional  to  

concentrat ion of  NaClO^. ,  i t  i s  conceivable  that  Cl~ adsorpt ion on the 

act ive s i tes  would lead to  smaller  numbers  of  avai lable  s i tes  as  the ionic  

s t rength is  increased.  However ,  Lown (364)  has  shown that  CI"  

concentrat ions wel l  in  excess  of  c^ .  0 ,1  ppm, the  level  present  in  these 

experiments ,  has  a  re la t ively small  effect  on the As(III)  anodic  current  

obtained a t  a  Pt  anode.  I t  i s  concluded that  CI"  adsorpt ion on act ive 

s i tes  would not  s ignif icant ly  reduce the number avai lable  for  the 

oxidat ion of  As(III)  in  the experiments  descr ibed here .  In l ight  of  the  

facts  that  the products  of  D and the intercept  of  the  plots  of  i"^  

- 1 / 2  vs.  u)~ a re  not  constant  for  var ious values  of  D and the number and 

dis t r ibut ion of  act ive s i tes  ( i f  they exis ted)  i s  not  l ikely to  be a  

funct ion of  ionic  s t rength,  i t  is  concluded that  the oxidat ion of  As(III)  

on Pt  does not  proceed by process  involving nonl inear  diffusion.  
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A comparison of  the  resul ts  of  the  hydrodynamic modulat ion 

experiments  obtained a t  Pt ,  Au and I r  a lso tends to  argue against  an 

"act ive s i te"  mechanism.  I f  such act ive s i tes  did exis t  in  an oxide f i lm,  

i t  is  expected that  the number and dis t r ibut ion of  these s i tes  would be 

comparable  for  polycrystal l ine Pt ,  Au,  and I r  surfaces  under  comparable  

condi t ions.  However ,  the  s inusoidal  hydrodynamic modulat ion experiments  

( for  Pt  and I r )  and the square-wave hydrodynamic modulat ion experiment  

( for  Au) exhibi t  dramatical ly  different  behaviors  when phase oxides  are  

formed or  alreacjy present  in  the surface.  The resul ts  obtained on Pt  (see 

Figure VII-1) ,  where Ai gradual ly  decreases  with increasing potent ia l  and 

therefore  increasing oxide coverage,  leads one to  conclude that  the number 

of  act ive s i tes  decreases  re la t ively s lowly with increased oxide 

coverage. On Au and Ir, however, there are very sharp decreases in Ai 

over  very small  potent ia l  ranges (see Sect ions VII .D and VII .E) .  On Au,  

A i  decreases  very rapidly as  soon as  the potent ia l  i s  suff ic ient ly  

posi t ive to  form a  phase oxide on the surface.  I f  the  react ion on Au 

proceeded through act ive s i tes ,  one would conclude that  the number of  

sites decreased very rapidly with phase oxide coverage. On Ir, Ai 

decreases  very rapidly when the  potent ia l  i s  posi t ive enough to  convert  a  

lower oxide (probably I r ( IV))  to  a  higher  oxide (probably I r (VI)) .  Since 

the number of  act ive s i tes ,  i f  such s i tes  do exis t  would be expected to  

respond to  oxide growth in  s imilar  manners  for  the three different  metals ,  

i t  is  reasonable  to  conclude that  act ive s i tes  do not  play a  s ignif icant  

role  in  the oxidat ion of  As(III) .  I t  i s  much more logical  to  assume that  

differences observed in  the hydrodynamic modulat ion experiments  are  due to  
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propert ies  of  the respect ive oxides  ra ther  than act ive s i tes  within the 

oxide f i lms.  

E.  Slow Heterogeneous React ion Not  Involving 

Charge Transfer  

The vast  major i ty  of  the  data  obtained on the oxidat ion of  As(III)  a t  

noble  metal  e lectrodes is  consis tent  with a  mechanism in  which the overal l  

ra te  i s  l imited by the ra te  of  a  chemical  react ion that  occurs  on the 

electrode surface and that  does not  involve the t ransfer  of  an e lectron.  

The ra te  constant  of  th is  surface react ion is  s t rongly inf luenced by the 

oxide coverage.  The ra te  of  th is  surface react ion a lso is  inf luenced by 

the  surface densi t ies  of  the  reactants ,  quant i t ies  which are  potent ia l  

dependent .  The most  l ikely surface react ion is  one that  involves  e i ther  a  

s t rongly-  or  weakly-adsorbed AsfOH)]  and an oxygen-containing surface 

specie .  Under  most  c i rcumstances,  th is  wil l  be an adsorbed hydroxyl  

radical .  As reviewed in  Sect ion I I .C,  there  is  a  considerable  amount  of  

evidence that  adsorbed hydroxyl  radicals  par t ic ipate  in  surface react ions 

with a  wide range of  adsorbed reactants .  In fact ,  in  almost  a l l  of  the 

react ions discussed in  Sect ion I I .C,  the surface react ion involving the 

OHgjg i s  the rate-determining s tep.  

In order  to  explain a l l  of  the  resul ts  obtained for  As(III)  oxidat ion 

from convent ional  cycl ic  vol tammetry,  hydrodynamical ly-modulated 

vol tammetry,  and the potent iostat ic  experiments ,  i t  is  necessary to  

propose a  mechanism in  which both a  charge- t ransfer  react ion and a  s low 

surface react ion not  involving charge t ransfer  are  involved in  the ra te-
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determining s tep.  For  the  most  par t ,  the  parameter  k that  was used to  

character ize  the mixed control  observed in  oxidat ion of  As(III)  i s  

concluded to  be re la ted to  the surface combinat ion react ion between 

(OK)ads and an adsorbed arsenic  species .  This  conclusion i s  val id  under  

condi t ions where the surface react ion i s  the rds  (e .^ . ,  on the current  

plateau of  an i -E curve,  a t  1 .1  Vina potent iostat ic  experiment) .  The 

ra te  of  the  surface react ion is  s t rongly inf luenced by the  oxide coverage 

via  changes in  the surface concentrat ions,  the  type of  oxygen-containing 

reactants  and the nature  of  the  As(III)  adsorpt ion s i tes .  In general ,  the  

ra te  constant  k of  the  surface react ion i s  expected to  vary as  a  smooth 

funct ion of  0 ,  but  for  discussion purposes  one can consider  the ra te  of  

the  surface react ion to  fa l l  into 3  regimes.  At  low coverages by the  

oxide,  _i_._e. ,  0  < 1 ,  the ra te  of  the surface react ion i s  very fas t ,  and may 

in  fact  be fas t  enough to  give mass- t ransport  l imited currents  ( i_ .e . ,  

D/k << 6 in  Eq.  VI-3) .  At  in termediate  coverages by the  oxide,  def ined as  

1  < e  < 2 .5 ,  the  surface react ion proceeds a t  a  s ignif icant ly  s lower 

ra te .  At  high coverages,  j_ .^ . ,  0 > 2 .5 ,  the  value of  k i s  very small ;  

there  may even be a  change in  the nature  of  oxygen-containing species  that  

acts  as  a  reactant  a t  0 > 3 .  The reasons for  these regimes wil l  be 

discussed in  terms of  the  nature  of  oxide f i lms on noble  metals .  

In  addi t ion to  the facts  that  the proposed mechanism is  consis tent  

with the resul ts  from a wide var ie ty  of  e lectrochemical  techniques and i s  

consis tent  with a  large body of  l i terature ,  i t  can be used to  explain a t  

least  some of  the  differences in  electrochemical  behavior  observed on 

different  noble  metal  e lectrodes.  The important  theoret ical  
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considerat ions and experimental  observat ions that  were used to  develop and 

to  tes t  this  mechanism wil l  be discussed now in  some detai l .  

F.  Detai led Discussions of  the  Mechanism of  

Anodic Oxidat ion 

The role  that  surface oxides  or  the precursors  in  the product ion of  

surface oxide play as  e lectrocatalysts  i s  crucial .  As has  been pointed 

out  previously,  the  s tandard reduct ion potent ia l  for  the As(III ,V) couple  

i s  0.32 V vs .  SCE. The fact  that  only small  anodic  currents  are  obtained 

unt i l  the  potent ia l  up to  400 mil l ivol ts  posi t ive of  0 .32 V i s  evidence 

that  the uncatalyzed oxidat ion of  As(III)  i s  e i ther  very i r revers ible  or  

inhibi ted by a  surface f i lm of  some sor t  or  both.  I t  was es tabl ished in  

Sect ion V.B.3 that  As(III)  chemisorbs on a  reduced Pt  surface,  and Loucka 

(44)  has  presented evidence that  As(III)  a lso chemisorbs on Au.  I t  might  

be reasonable  to  assume that  the oxidat ion of  As(III)  i s  inhibi ted by the  

presence of  a  monolayer  of  chemisorbed As(III) .  I t  i s  diff icul t ,  however ,  

to  understand why the  oxidat ion of  the  chemisorbed As(III)  would be even 

more i r revers ible  (with respect  to  the overpotent ia l  required to  ini t ia te  

oxidat ion)  than the oxidat ion of  As(III)  that  i s  not  chemisorbed.  The 

experiment  performed using a  glassy carbon e lectrode i l lustrates  both the 

" t rue i r revers ibi l i ty"  of  the  oxidat ion of  As(III)  and the importance of  

surface oxides  (Sect ion VII .E) .  

At  a  glassy carbon surface,  the  consequences of  As(III)  adsorpt ion 

and e lectrocatalysis  via  surface oxides  are  el iminated.  As discussed in  

Sect ion VII .E,  a  huge overpotent ia l  (ca .  1 .3  V) i s  required to  oxidize 
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As(III)  in  the absence of  any e lectrocatalyt ic  effects .  I t  would appear  

that  a  direct  e lectron t ransfer  from AsfOH)]  I sa  very demanding 

e lectrochemical  react ion.  I t  i s  very l ikely that  the oxidat ion wil l  

proceed along any a l ternate  path that  becomes avai lable  a t  an 

overpotent ia l  less  than the ca.  1 .3  V required for  direct  e lectron 

t ransfers  to  the carbon e lectrode.  

The anodic  wave for  As(III)  a t  a  Pt  e lectrode occurs  a t  a  potent ia l  

that  i s  several  hundred mil l ivol ts  posi t ive of  the  E°,  yet  has  the shape 

of  a  revers ible  wave.  These facts  are  especial ly  obvious in  the resul ts  

of  the  hydrodynamic modulat ion experiments  (Figures  VII-1 and VI1-2) .  The 

e lectrocatalysis  of  the  oxidat ion by (OH)ads can ra t ional ize  this  apparent  

logical  contradict ion.  The behavior  on a  Pt  e lectrode wil l  be considered 

f i rs t .  In essent ia l ly  a l l  cycl ic  vol tammograms (convent ional  and 

hydrodynamical ly  modulated) ,  the  negat ive potent ia l  scan l imit  was se t  

suff ic ient ly  negat ive to  reduce the Pt  oxides  formed on the previous 

posi t ive scan.  I t  has  bean conclusively shown that  As(III)  chemisorbs on 

Pt ,  giving a  ful l  monolayer  coverage within a  few seconds (see Figure V-

10)  under  the  condi t ions of  As(III)  bulk concentrat ion and rotat ion speed 

that  were used typical ly .  Therefore ,  the  electrode surface i s  covered 

with a  complete  layer  of  adsorbed As(III)  a t  essent ia l ly  a l l  values  of  Ej  

< 0 .75 on the  posi t ive scan.  The adsorbed As(III)  inhibi ts  the oxidat ion 

of  the  Pt  surface for  qui te  logical  reasons:  any adsorbed H2O i s  simply 

desorbed when the As(III)  adsorbs,  and when the  As(III)  monolayer  i s  

complete ,  there  are  s imply no Pt  s i tes  that  can be oxidized to  the 

corresponding oxide.  At  Ej  = 0 .75 V a  small  number of  the  s t rongly-
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adsorbed As(III)  species ,  probably those a t  surface s i tes  having an 

especial ly  high surface energy (^ . ju ,  kinks,  grain boundaries ,  or  edge 

dis locat ions)  are  oxidized by e lectron t ransfer  to  As(V),  which i s  not  

adsorbed.  The direct  oxidat ion of  As(III)  to  As(V) in  this  case i s  not  in  

contradict ion with the resul ts  obtained on glassy carbon.  I t  i s  reason

able  that  a  direct  e lectron t ransfer  would be s ignif icant ly  easier  a t  a  Pt  

e lectrode than a t  a  glassy carbon e lectrode for  three reasos:  1)  the  

As(III)  orbi ta ls  are  in  a  favorable  posi t ion for  electron t ransfer  by 

v i r tue of  the  preceding adsorpt ion;  2)  the  As(III)  has  alreacjy been 

s tabi l ized by an amount  of  f ree  energy equivalent  to  the free  energy of  

adsorpt ion;  and 3)  that  surface s ta tes  of  especial ly  high energy do exis t  

on Pt  and probably do not  exis t  on glassy carbon.  Once a  few of  the  

adsorbed As(III)  species  are  oxidized and desorbed,  the  fol lowing events  

can occur  in  rapid succession.  The potent ia l  a t  this  point  (Ej  = 0 .75 V) 

i s  ca .  200 mV posi t ive of  the  potent ia l  where Pt  surface oxidat ion would 

begin in  the absence of  adsorbed As (HI) .  The most  l ikely event  to  occur  

a t  the bare  Pt  s i te  just  formed i s  to  discharge H2O to  give PtOH. The 

s i tuat ion on the surface now i s  that  a  few PtOH are  present  but  are  

essent ia l ly  surrounded by adsorbed As(III) .  A surface react ion between 

the PtOH and the adsorbed As(III)  gives  As(V) and two bare  Pt  s i tes .  

These s i tes  quickly are  re-oxidized to  PtOH, which can then react  with 

other  As(III)  species  that  are  adsorbed on the nearest  neighboring Pt  

a toms.  A s i tuat ion emerges in  which expanding two-dimensional  is lands of  

PtOH are  being formed.  Since both the react ions to  form PtOH and the 

react ion of  PtOH with As(III)ads the adjacent  Pt  a toms are  relat ively 
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fas t ,  the surface is  t ransformed from one completely covered with 

As(III)gdg and therefore  not  react ive toward oxidat ion of  As(III)  from the 

bulk solut ion to  one covered by Pt  oxides  and,  therefore ,  react ive ( to  a  

greater  or  lesser  extent)  toward oxidat ion of  As(III)  from the bulk 

solut ion.  This  explains  why the  oxidat ion wave s imultaneously occurs  a t  a  

potent ia l  several  hundred mil l ivol ts  posi t ive of  the  E°,  yet  has  the shape 

of  a  revers ible  wave.  The same argument  can be appl ied to  the As ( I I I )  

oxidat ion wave on Au,  a l though the s i tuat ion on Au i s  somewhat  s impler .  

While  there  is  some evidence for  As(III)  adsorpt ion on Au (44) ,  the  

resul ts  of  cycl ic  vol tammograms (see Figure V-16)  es tabl ish that  the 

extent  of  adsorpt ion on Au i s  small  re la t ive to  the extent  of  adsorpt ion 

on Pt .  At  the  As(III)  concentrat ions typical ly  used in  this  research,  the 

amount  of  adsorbed As(III)  i s  much less  than 1  monolayer .  As soon as  the 

potent ia l  i s  suff ic ient ly  posi t ive,  AuOH i s  formed on those s i tes  not  

occupied by As(III) .  As soon as  AuOH i s  formed,  the  surface react ion 

between AuOH and As(III)  can occur  rapidly.  This  react ion is  the rds ,  but  

i s  nevertheless  fas t  enough to  give a  mass- t ransport  l imited current .  

Careful  analysis  of  the  resul ts  of  Landsberg 's  group,  as  c i ted by 

References 334-340,  reveals  that  a  mass- t ransport  l imited current  can be 

obtained even i f  the coverage of  the  act ive s i tes  is  relat ively small .  

This  explains  why a  mass- t ransport  l imited current  i s  at ta ined within a  

few mil l ivol ts  of  the  onset  of  AuOH formation.  The current  remains a t  the 

mass- t ransport  l imited value for  approximately 150 mV, or  unt i l  the  

formation of  a  Au(II)  phase oxide begins .  A l imit ing-current  plateau over  

a  wide range of  potent ia l  i s  obtained on Au but  not  on Pt  because of  
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differences in  the conversion of  (OH)gj jg  species  to  higher  oxides  under  

the inf luence of  potent ia l  and/or  t ime.  The higher  oxide of  Au i s  a  

severe inhibi tor  to  oxidat ion of  As(III) ,  while  the higher  oxide of  Pt  has  

a  f ini te  catalyt ic  effect .  The effect  of  oxidat ion of  the gold surface to  

the Au(III)  oxide wil l  be discussed la ter .  

Attent ion is  turned now to  the var ia t ion in  k as  a  funct ion of  the  

oxide coverage e .  I t  does not  appear  to  be possible  to  ident i fy  a  s ingle  

parameter  that  var ies  as  a  funct ion of  e  and that  direct ly  inf luences k .  

Rather ,  as  0 changes in  e i ther  potent iostat ic  or  potent iodynamic 

experiments ,  a t  least  three factors  change that  inf luence the rate  of  the 

surface combinat ion react ion.  However ,  under  specif ic  condi t ions,  the  

change in  one of  these factors  may predominate  over  a l l  of  the  others ,  a t  

least  to  the extent  that  the t rends in  k as  a  funct ion of  e  can be semi-

quant i ta t ively rat ional ized.  

As i l lus t ra ted in  Figure V-3,  there  is  a  c lear  re la t ionship between 

the value of  the  anodic  current  plateau and the posi t ive potent ia l  scan 

l imit  Eg in  convent ional  cycl ic  vol tammetry.  This  re la t ionship can be 

seen for  more posi t ive values  of  Eg in  the hydrodynamic modulat ion 

experiments  i l lust ra ted by Figures  VII-1 and VII-2.  I t  i s  clear  from 

Figure V-3 that  9 i s  a  funct ion of  when an oxidizable  substance i s  

present  in  the bulk solut ion,  just  as  i t  is  in  the absence of  oxidizable  

substances (57) .  However ,  i t  is  not  possible  to  determine i f  e  for  the 

absence of  As(III)  i s  the same as  9 for  the presence of  As(III))  because 

the mixed current  in  the potent ia l  region around 0.75 V makes accurate  

integrat ion of  the  oxide reduct ion peak impossible  when As(III)  i s  
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present .  In  fact ,  a t  a  f ixed scan ra te ,  6 i s  usual ly  a  l inear  funct ion of  

Eg,  with small  breaks in  the s lope a t  9 =1 and a t  8 = 2 .4  (55) .  From 

Figure 2 of  reference 55,  i t  can be determined that  for  cycl ic  vol tammetry 

a t  6 .0  V min-l ,  e  = 1  a t  = 0 .86 V,  0  = 2  a t  Eg = 1 .16 V,  6  = 3  a t  1 .43 

V,  and 0 = 4  a t  1 .71 V,  where 0=1 corresponding to  a  monolayer  of  

PtOH. I t  i s  known from many potent iodynamic s tudies  of  Pt  oxide growth 

that  fur ther  oxide growth ceases  immediately upon scan reversal .  I t  can 

hardly be a  coincidence that  8 i s  a  funct ion fo  E^,  and i s  f ixed a t  that  

value as  soon as  the potent ia l  begins  to  scan in  the negat ive direct ion,  

and that  the As(III)  anodic  current  plateau decreases  as  a funct ion of  Eg 

and yet  i s ,  by def ini t ion,  independent  of  E^ for  several  hundred 

mil l ivol ts  for  a  given value of  Eg.  

Further  evidence that  l inks k and the oxide coverage 8 i s  obtained 

from potent iostat ic  experiments .  At  a  given potent ia l  and As(III)  f lux,  k 

i s  a  l inear  funct ion of  lo t  t .  I t  i s  well  known from potent iostat ic  

s tudies  of  Pt  oxide growth (113)  that  0 i s  a  l inear  funct ion of  log t ,  the 

s lope increasing with appl ied potent ia l .  Before examining the 

relat ionship of  k and 0 in  detai l ,  several  causes  for  the decrease in  k 

wi th  8 wil l  be suggested.  

The ra te  of  oxygen evolut ion on noble-metal  oxides  i s  frequent ly  

c i ted as  being a  funct ion of  the thickness  of  the oxide f i lm.  Note:  

oxide thickness  is  s imply another  way of  expressing the quant i ty  of  oxide,  

as  i s  0 .  Gilroy (116)  has  given 3  possibe explanat ions for  this  

phenomenon:  
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1)  A var ia t ion in  the adsorpt ion energy of  hydroxy!  radicals  with 

the degree of  coverage;  Gilroy bel ieves  this  to  be val id  only for  

the f i rs t  two monolayers .  

2)  The work funct ion of  the surface is  direct ly  related to  the 

degree of  oxidat ion.  

3)  The densi ty  of  sui table  electron acceptor  levels  in  the surface 

i s  diminished by oxidat ion.  

In his  f i rs t  point ,  Gi1roy refers  to  general ized adsorpt ion s i te ,  S.  I t  

i s  not  c lear  in  reference 116 whether  Gil  roy means that  are  formed 

on the Pt  atoms in  the oxide f i lm,  analogous to  the theory of  OgCg) 

evolut ion on I r  given by Gottesfeld and Srinivasan (219) ,  or  that  

i s  formed on the oxygen atoms in  the oxide f i lm,  in  accordance with the 

theory given by Damjanovic  and Jovanovic  (284) .  In  any case,  the  

var ia t ion in  adsorpt ion energy with coverage i s  doubly important  in  the 

case of  As(III)  oxidat ion by (OH)^^^.  The ra te  of  the surface react ion 

must  be proport ional  to  product  of  the  surface concentrat ions of  

and As(III) .  The f ree  energy of  adsorpt ion energy of  As(III)  i s  

undoubtedly a lso effected by the oxide coverage,  especial ly  a t  0 where 

some place-exchange has  occurred.  I t  i s  reasonable  to  assume that  f ree  

energy of  As(III)  adsorpt ion on Pt  a toms within a  PtO f i lm is  much less  

than that  on a  Pt  metal l ic  surface,  and that  this  f ree  energy would 

decrease even fur ther  as  the oxide f i lm becomes thicker .  In other  words.  
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the "s t icking probabi l i ty"  of  As(III)  on the  electrode surface decreases  

with increasing 0,  and this  surely effects  the ra te  of  the  surface 

react ion.  A d iscussion of  the  var ia t ion of  the  work funct ion and the 

densi ty  of  e lectron acceptor  s ta tes  with 0 i s  beyond the scope of  th is  

disser ta t ion,  but  these factors  are  expected to  be of  no importance with 

respect  to  the rate  of  the  surface react ion i tsel f .  However ,  these 

factors  cer ta inly are  important  in  any charge- t ransfer  react ions that  

precede or  fol low the surface react ion and can under  cer ta in  circumstances 

effect  the overal l  ra te .  

Two other  factors  that  are  l ikely to  inf luence the ra te  of  the  

surface react ion,  and that  are  related to  the oxide coverage,  can be 

ident i f ied.  The f i rs t  of  these i s  the dis tance between the adsorbed 

As(III)  and the act ive oxygen specie .  For  0 < 1 ,  this  dis tance can,  as  a  

minimum, be the dis tance between nearest  Pt  neighbors .  Note that  the 

number of  nearest  Pt  neighbors  i s  dependent  on the crystal lographic  

surface;  in  the polycrystal l ine electrodes that  were used,  there  is  

probably a  random dis t r ibut ion of  the three major  crystal lographic  surface 

across  the surface of  the  electrode.  For  0 > 2 ,  where place-exchange has  

occurred,  the  minimum dis tance can be that  of  next-nearest  neighbors .  

Orbi ta l  overlap and therefore  the rate  constant  of  the surface react ion 

cer ta inly must  be effected by the  dis tance between the reactants .  The 

second factor  that  inf luences k i s  the kind of  oxygen-containing reactant  

present  a t  var ious 0 .  For  0 < 1 ,  th is  i s  cer ta inly (OH)ajg,  designated 

"PtOH".  At  somewhat  h igher  0 ,  the surface densi ty  of  (OH)ads i s  

considerably less ,  but  when 02(g)  evolut ion i s  occurr ing the surface 
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densi ty  of  i s  again probably very high.  Even a t  values  of  8  for  

which the surface densi ty  of  (OH)ads i s  expected to  be very small ,  there  

is  s t i l l  some react ivi ty  of  the  oxide,  indicat ing that  la t t ice  oxygens can 

par t ic ipate  in  the surface react ion,  a lbei t  a t  a  s ignif icant ly  lower ra te  

than for  (OH)adg.  I t  should be noted that  direct  par t ic ipat ion of  la t t ice  

ojygen has  been documented in  a  wide var ie ty  of  cases:  the  gas-phase 

oxidat ion of  a  wide var ie ty  of  organic  substances by heterogeneous 

catalysts  made f rom t ransi t ion-metal  oxides  (383);  the  oxidat ion of  U(IV) 

to  U(VI)  by Pb02,  Mn02,  and NaBiOg (384)  and the oxidat ion of  sulf i te  by 

Mn02 (385)  in  aqueous solut ions;  and the electrochemical  evolut ion of  

02(g)  on Pt  (289,290) .  Another  way of  looking a t  the react ivi ty  of  

oxygen-containing species  i s  to  consider  the effects  of  increasing Eg on 

the  reduct ion potent ia l  of  Pt .  I t  i s  well  known that  the reduct ion peak 

potent ia l  shif ts  negat ively as  Eg becomes more posi t ive.  This  can be 

interpreted as  an increase in  s t rength of  the average Pt-0 bond.  I t  i s  

reasonable  that  any process  involving the breakage of  a  Pt-0 bond should 

occur  less  rapidly as  the average Pt-0 bond s t rength increases .  

I t  was ment ioned in  Sect ion VI that  k i s  related to  log t  for  large 

values  of  t  (> 100 s)  in  potent iostat ic  experiments .  I t  was noted that  

this  implied the exis tence of  a  re la t ionship between k and the oxide 

coverage,  s ince the relat ionship between the quant i ty  of  oxide and log 

t  under  potent iostat ic  condi t ions i s  wel l  known (55,  113) .  The 

re la t ionship between k ,  and t  wil l  be examined in  more detai l  now. 

An in terest ing relat ionship between k and QQ ^ can be discerned from 

data  obtained by cycl ic  vol tammetry.  As i l lus t ra ted in  Sect ion V.A,  the  
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anodic  current  plateau on the reverse  scan i s  a  funct ion of  both the 

rotat ion speed and the posi t ive scan l imit .  I t  i s  a s imple matter  to  

combine these two dependencies  to  obtain values  for  k as  a  funct ion of  

i f  one assumption i s  made.  As d iscussed in  Sect ion V.A,  i t  is  not  

possible  to  obtain an accurate  value for  by integrat ing the area of  

the  Pt  oxide reduct ion peak of  cycl ic  vol tammograms recorded when As(III)  

i s  present .  However ,  accurate  values  of  can be obtained by th is  

technique i f  As(III)  i s  absent .  I t  was assumed that  the amount  of  oxide 

formed in  the presence of  As(III)  i s  the same as  that  formed in  the 

absence of  As(III)  for  ident ical  support ing e lectrolytes ,  posi t ive scan 

l imits ,  and scan ra tes .  This  assumption i s  just i f ied based on the 

observat ions that  a l l  of  the  As(III)aj js  i s  oxidat ively removed on the 

forward potent ia l  scan and that  the oxide growth ra te  appears  to  greater  

than normal  once the oxidat ion of  the  surface does begin.  The data  are  

generated by determining Qq ^ for  a  given posi t ive scan l imit  in  the 

absence of  As(III) :  and then determining k for  the same scan l imit  by 

varying the rotat ion speed of  the  electrode and plot t ing i~^ vs .  A 

p lot  of  log k vs .  log QQ^ has  two l inear  regions:  the  f i rs t  region is  for  

Qox < £3.  540 uCoul  cm" ,  and the second region i s  for  Qqx ^  £ i :  

750 uCoul  cm"2.  The s lope of  the region a t  high i s  twice that  a t  low 

CL».  The intersect ion of  the  two l inear  regions occurs  a t  about  

660 wCoul  cm"2,  in  terms of  8 ,  the  f i rs t  s ignif icant  deviat ion from 

l inear i ty  occurs  a t  e  = 2 .5 ,  the intersect ion of  the  extrapolat ions for  

the two l inear  regions i s  a t  0 = 3 .0 ,  and the second l inear  region begins  
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a t  8 = 3 .4 .  Clear ly ,  the  relat ionship between k and 8 undergoes a  

t ransi t ion in  the region between e  =2.5 and 8 = 3 .4 .  

These resul ts  can be interpreted in  l ight  of  the  s t ructure  of  the Pt  

oxide as  8 increases .  According to  Tilak e^a_L (58) ,  a  value of  8  = 1  

corresponds to  a conpletely place-exchanged layer  of  PtOH; Pt  a toms and 

hydroxyl  radicals  a l ternate  in  the two layers  above the metal l ic  Pt  

substrate ,  ra ther  than complete  monolayer  of  (OH)ads on an undis turbed Pt  

substrate .  A value of  8  = 2  {_i_. je . ,  P tO) corresponds to  the oxidat ion of  

the  hydro)yl  radicals  to  oxide ions in  the oxide la t t ice .  Again,  Pt  ions 

and oxide ions a l ternate  within the two layers  above the substrate .  

Further  oxidat ion of  the  surface beyond 8 = 2 .0  i s  accomplished by the  

formation of  (OH)gdg on the  Pt  ions in  the outermost  layer  of  the  oxide 

f i lm.  All  of  the Pt  ions in  the outer  layer  are  covered by (OH)adg when 

6 = 2 .5 .  I t  appears  that  a  s ignif icant  change in  the mechanism occurs  a t  

that  oxide coverage where there  are  no "uncovered" Pt  a toms on the surface 

of  the  oxide.  

The importance of  8  = 2 .5  a lso can be seen in  the SHMRDE data  (Figure 

VII-1) .  According to  Belanger  and Vijh (55) ,  a  coverage of  2 .5  i s  

obtained in  a  potent iodynamic experiment  when the  appl ied potent ia l  

reaches 1 .20 V, On Figure VII-1,  a  posi t ive scan l imit  of  1 .20 V resul ts  

in a potential-dependent Ai on the reverse scan. The appearance of a Ai 

plateau occurs  only when the  posi t ive l imit  i s  great  enough to  form an 

oxide coverage greater  than 2 .5 ,  again showing that  some change in  the way 

that  As(III)  i s  oxidized has  occurred.  
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The re la t ionship between k and t  was examined br ief ly  in  Sect ion 

VI.  In  general ,  the  values  for  k obtained a t  long t imes decreased as  a  

l inear  funct ion of  log t .  The re la t ionship between k ,  t ,  and the As(III)  

f lux now wil l  be examined in  more detai l .  

The values  of  k given in  Table  VI-8 were obtained in  a  potent iostat ic  

experment  a t  polar izat ion t imes from 6 min to  120 min.  In  Sect ion VI i t  

was s ta ted that  k and log t  are  related by the  equat ion 

k (cm = 0 .0415 -  0.0166 log t  (min)  

These data  were obtained by rapidly scanning the rotat ion speed from 300 

rpm to  5000 rpm a t  each of  the  polar izat ion t imes given in  Table  VI-8.  

The bulk concentrat ion of  As(III)  in  this  experiment  was 0 .515 mM^ These 

data  a lso can be f i t ted to  a  l inear  equat ion re la t ing log k and log t ;  

Figure VII-1 i s  a  plot  of  the  data  in  this  form,  with t  converted from 

minutes  to  seconds.  The s lope of  th is  plot  i s  -0.50.  These data  have 

been replot ted in  this  way in  order  to  faci l i ta te  a  comparison with the 

data  obtained a t  shorter  t imes in  other  potent iostat ic  experiments .  I t  

a lso was s ta ted in  Sect ion VI that  a  good f i t  was obtained for  k as  a  

funct ion of  log t  for  t  > 100 s  in  the potent iostat ic  data  given on 

Figures  VI-1 and VI-2;  the  parameters  of  the  l inear  regressions are  

col lected in  Tables  VI-10 and VI-11,  respect ively.  The data  from Figure 

VI-1 for  t  from 12.5 x to  475 s  has  been replot ted in  Figure VIII-2 as  

log k vs .  log t  for  three of  the As(III)  bulk concentrat ions.  Data  f rom 

Figure VI-2 have been replot ted in  the same manner  for  two of  the  rotat ion 

speeds and i s  given in  Figure VII1-3.  Figures  VIII-2 and VII1-3 

i l lust ra te  the effect  that  the As(III)  f lux has  on the relat ionship of  
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as  a  funct ion of  w 



www.manaraa.com

272 

log k vs .  log t .  At low As(III)  f lux ,  curve A),  the  s lope has  a  

value of  -0 .25 for  low values  of  log t .  Deviat ion from l inear i ty  begins  

a t  log t  = 2 .2 .  As the  f lux increases ,  the  deviat ion from a s lope of  

-0 .25 begins  a t  lower values  of  log t .  At high values  of  As(III)  f lux and 

a t  long t imes,  the s lope of  a  plot  of  log k vs .  log t  is  -0.50 (curve C on 

Figure VI11-2 and curve B on Figure VI11-3) .  This  s lope is  the same as  

that  given on Figure VIII- l  for  very long t imes.  Figures  VII1-2 and VIII-

3  are  fur ther  support  of  the  observat ion that  k i s  not  only a  funct ion of  

the  appl ied potent ia l  and the t ime,  but  i s  a  funct ion of  the As(III)  f lux 

as  wel l .  They a lso show why good correlat ions between k and log t  were 

obtained only for  t  > 100 s .  

Unfortunately,  i t  is  not  possible  a t  this  t ime to  give a  quant i ta t ive 

interpretat ion of  the s lopes of  plots  of  log k vs .  log t  or  of  k vs .  

log t .  The ra te  of  the  surface react ion can be effected by the  oxide 

coverage in  many  ways,  as  descr ibed above.  The effects  of  6  on  k^p and on 

the surface densi t ies  of  the  reactants  obviously combine in  a  complex 

manner ,  g iving a  s lope that  cannot  be interpreted in  any s imple manner .  

There i s ,  for  example,  no s imple theoret ical  interpretat ion for  a  s lope of  

-0 .5  in  a  plot  log k vs .  log t  a t  the highest  As(III)  f luxes used.  Had a  

much higher  As(III)  f lux been used,  i t  is  l ikely that  a  more negat ive 

s lope would have been obtained.  

While  an exact  quant i ta t ive re la t ionship between k ,  t ,  and the 

As(III)  f lux cannot  be der ived for  comparison with experimental  values ,  i t  

is  possible  to  suggest  qual i ta t ive explanat ions.  I t  i s  clear  that  for  a  

given potent ia l  and polar izat ion t ime,  a  higher  As(III)  f lux resul ts  in  a  
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lower value of  k .  Another  anodic  react ion that  decreases  with t ime under  

potent!ostat ic  condi t ions i s  the evolut ion of  oxygen.  Gottesfeld and 

Srinivasan (219)  have discussed the decrease in  the rate  of  the  o%ygen 

evolut ion react ion on I r  under  potent iostat ic  condi t ions.  According to  

them, o>ygen evolut ion on I r  proceeds by a  mechanism in  which an act ive 

s i te  in  the oxide-electrolyte  interface is  oxidized,  via  an adsorbed OH 

intermediate ,  to  a  higher  metastable  oxidat ion s ta te .  Oxygen gas  i s  

produced as  the resul t  of  a  surface react ion between two molecules  of  the  

metastable  oxide,  thus regenerat ing two act ive s i tes .  According to  

Gottesfeld and Srinivasan,  deact ivat ion occurs  when act ive s i tes  are  

" lost"  due to  a  "s tabi l izat ion" of  the higher  oxide s t ructure .  In the  

case of  As(III)  oxidat ion on Pt  under  potent iostat ic  condi t ions,  the  

general  t rend of  decreasing electrode act ivi ty  with t ime is ,  in  some 

respects ,  s imilar  to  the decay in  the oxygen evolut ion current  on I r .  If  

the  ra te  a t  which Pt  s i tes  in  the oxide f i lm were s tabi l ized in  a  higher  

oxidat ion s ta te  was a  funct ion of  the number of  react ions a t  those s i tes  

per  uni t  t ime,  then the overal l  ra te  of  deact ivat ion would be a  funct ion 

of  the  As(III)  f lux.  This  possible  explanat ion i s  judged to  be re la t ively 

unl ikely under  the  condi t ions employed,  pr imari ly  the value of  appl ied 

potent ia l .  Although a  s table  Pt(IV) oxide can be formed anodical ly  (75,  

83-90);  th is  occurs  only when the  potent ia l  i s  about  1 .9  V. Therefore ,  i t  

does not  seem l ikely that  any appreciable  amount  of  Pt(IV) oxide could be 

formed in  potent iostat ic  experiments  recorded in  Figures  VI-1 and VI-2.  

Another  possible  explanat ion for  the dependence of  k on f lux is  that  

the total  e lectrode act ivi ty  is  related to  the homogenei ty  of  the  
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electrode surface and that  the homogenei ty  of  the  electrode surface is  

inf luenced by the ra te  a t  which As(III)  i s  being oxidized on the 

surface.  A mechanical ly  pol ished,  polycrystal l ine electrode is  qui te  

c lear ly  inhomogeneous on a  microscopic  scale .  Even though there  is  some 

value for  average oxide coverage which can be calculated based on the 

geometr ic  area of  the  electrode,  the dis t r ibut ion of  surface s ta tes  around 

grain boundaries ,  edge dis locat ions,  pol ishing marks,  e t  cetera ,  assures  

that  there  are  microscopic  regions with e  < and other  regions with 

8 > .  There wil l  be,  therefore ,  some areas  that  wil l  be more 

catalyt ical ly  act ive than others .  In  other  words,  there  wil l  be act ive 

regions on a  microscopic  level .  Note that  this  is  qui te  a  different  case 

than that  developed by Landsberg 's  group (see Sect ion IV and References 

334-340);  that  theory deals  with a  macroscopical ly  inhomogeneous surface 

in  which the area that  i s  not  "act ive" i s  total ly  inact ive.  The diffusion 

layer  thickness  for  the highest  rotat ion speed used was ~  6.6 x 10"^ cm; 

th is  is  so large on Q microscopic  scale  that  any deviat ion from uniform 

accessibi l i ty  is  negl igible .  I t  has  been proposed that  the oxidat ion of  

As(III)  "consumes" e i ther  (OH)gjg or  la t t ice  oxygen,  depending on the 

s ta te  of  the  oxide.  A high As(III)  f lux would tend to  l imit  the growth of  

local  act ive s i tes ,  due to  the high ra te  of  the  react ion and therefore  a  

high ra te  of  consumption of  "act ive" oxide.  The oxide f i lm as  a  whole 

would tend to  be somewhat  more homogeneous and inact ive.  The observed 

current  densi ty  can be thought  of  as  the sum of  the  current  densi t ies  for  

each microscopic  area.  I f  microscopic  areas  of  especial ly  high current  

densi ty  are  el iminated,  the total  current  densi ty  wil l  be less .  A good 
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analogy i s  the growth of  precipi ta tes  and the improvement  in  precipi ta te  

qual i ty  obtained by "aging" the precipi ta te .  Precipi ta tes  formed very 

rapidly are  of ten character ized by very poorly developed crystals  having a  

large number of  defects ,  dis locat ions,  dendri tes ,  and so on.  Analogous 

defects  within a  Pt  oxide f i lm are  probably areas  of  high e lectrocatalyt ic  

act ivi ty .  Precipi ta te  aging,  which a l lows for  many successive 

dissolut ions/reprecipi ta t ions,  leads to  well- formed and much more 

homogeneous crystals .  This  would be analogous to  repeated consumption and 

reformation of  the Pt  oxide when a  high f lux of  As(Tn) i s  present .  A 

more homogeneous anodic  f i lm resul ts ,  a  f i lm having a  smaller  number of  

s i tes  that  have a  greater  than average e lectrocatalyt ic  act ivi ty .  

An experiment  was descr ibed in  Sect ion VI for  which the rate  of  decay 

of  current  with t ime a t  a  given potent ia l  was determined to  be independent  

of  the  total  oxide coverage.  These resul ts  can be interpreted in  l ight  of  

the relat ionship between k and the oxide coverage.  These data  were 

obtained from a double  potent ia l -s tep experiment .  Gilroy (113)  a lso 

performed double  potent ia l -s tep experiments  in  his  s tudy of  oxide grow 

that  Pt .  In  experiments  where the potent ia l  of  the  f i rs t  s tep was 

positive of the potential of the second step, Gilroy observed that after a 

cer ta in  amount  of  t ime a t  the second potent ia l  the s lope of  VS .  log t  

was the same as  that  obtained when the potent ia l  was s imply s tepped to  

second value.  In  other  words,  the  plot  of  vs .  log t  for  the double  

potent ia l -s tep experiment  eventual ly  became paral le l  to  the plot  of  

vs .  log t  for  a  s imple potent ia l -s tep experiment  to  the second ( lower)  

potent ia l ,  but  was,  of  course,  displaced to  higher  values  of  Qg*.  Since 
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the  ra te  of  oxide growth eventual ly  becomes the  same in  double  potent ia l -

s tep experiments  having the same f inal  potent ia l ,  the  rates  of  decay of  

As(III)  anodic  current  with t ime a lso wil l  be the same.  

In  l ight  of  a l l  of  the  evidence presented thus far ,  the fol lowing 

detai led mechanism for  the oxidat ion of  As(III)  on noble-metal  e lectrodes 

is  proposed:  

•^1 
1)  :AS (0H)3 :As(OH)^^^ ( fas t )  VIII-1 

— 1 

^2 

2)  :A:(0")3ads "k: ; -  'A:(0")3ads + = 

3)  'As(0H)3gjg + (OH)adg —> H0:As(0H)2aj2 ( rds)  VIII-3 

k 
4)  H0:As(0H)3ajg —^> OzAsfOH)]  + ( fas t )  VIII-4 

5)  HgO -y— (OH)ajs  + H+ + e .  ( fas t )  VIII-5 

In th is  mechanism,  the  react ive oxygen-containing specie  in  3)  i s  

denoted by (OH)^^^,  but  the  slow t ransfer  of  an oxygen atom from the oxide 

la t t ice  is  also possible ,  and,  in  fact ,  i s  probably the predominant  

react ion occurr ing a t  very high oxide coverages.  Up to  this  point ,  most  

of  the  experimental  resul ts  recorded in  potent iodynamic and potent iostat ic  

experiments  have been explained in  terms the effect  that  the appl ied 

potent ia l  and the oxide coverage have on the surface densi ty  of  (OH)gjg 

and value of  k .  The oxide coverage a lso exerts  an inf luence on the 

overal l  mechanism by effect ing the adsorpt ion of  As(III)  and the ra te  
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constant  of  s tep 2 via  changes in  the work funct ion and the avai labi l i ty  

of  sui table  e lectron acceptor  levels .  The experimental  observat ion of  

potent ia l -dependent  regions for  > ~  1 .3  V and for  Ej  < ~  0.95 V on the  

reverse scan have not  been discussed up to  this  point ;  these dependencies  

are  most  easi ly  seen in  the hydrodynamic modulat ion data  (Figures  VII-1 

and VII-2) .  The potent ia l  dependence of  the  As(III)  anodic  current  for  

Ej  > 1 .3  V can be explained in  terms of  the dramatic  changes in  the 

surface densi ty  of  (OH)adg that  occurs  during 02(g)  evolut ion (284) .  This  

large increase in  surface densi ty  evident ly  more than compensates  for  the 

decrease in  the rate  caused by the  addi t ional  oxide growth that  i s  

s imultaneously occurr ing.  The effect  that  this  addi t ional  oxide growth 

has  on the  overal l  ra te  i s  readi ly  apparent  by the  magnitude of  anodic  

current  af ter  oxygen evolut ion ceases .  The rapid decrease in  current  with 

potent ia l  on the negat ive scan ref lects  the rapidi ty  with which the rate  

of  the oxygen evolut ion react ion decreases  with decreasing overpotent ia l  

(280) .  

The or igin of  the  potent ia l  dependence of  k a t  Ej  < 0 .95 V on the  

negat ive potent ia l  scan i s  somewhat  less  s t ra ightforward.  Two different  

factors  probably are  responsible  for  this  decrease in  the overal l  ra te  

with potent ia l .  As previously discussed,  one of  the  factors  that  

determines the magnitude of  k i s  the s t rength of  the  interact ion between 

the oxygen-containing reactant  and the electrode surface.  The Pt-OH 

interact ion i s  less  than the Pt-0 and the (OH)ads i s  correspondingly more 

react ive.  For  Eg of  1 .1  V to  1.6 V,  the  peak potent ia l  for  Pt  oxide 

reduct ion var ies  from about  0 .53 V to  about  0 .4  V.  I t  i s  clear  from 
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Figures  VII-1 and VI1-2 that  the anodic  current  begins  to  decrease a t  a  

potent ia l  where only a  small  f ract ion of  the oxide f i lm has been 

reduced.  I t  i s  ent i re ly  l ikely,  however ,  that  the oxide that  i s  reduced 

a t  potent ia ls  posi t ive of  the  oxide peak potent ia l  i s  precisely the oxide 

that  i s  most  catalyt ical ly  react ive in  the oxidat ion of  As(III) .  The 

decrease in  the ra te  with potent ia l  i s  due to  a potent ia l -dependent  

removal  of  the  most  act ive oxygen-containing reactants .  This  argument  i s  

appl icable  a lso to  those cases  in  which la t t ice  oxygen i s  the react ive 

specie .  

The surface densi ty  of  the  other  reactant  in  s tep 3) ,  "AsfOHjggjg,  i s  

potent ia l  dependent  a lso.  At  very posi t ive potent ia ls ,  the  equi l ibr ium in  

s tep 2)  i s  dr iven to  the r ight .  In th is  case,  the  surface densi ty  of  

•As(0H)3g(j5 i s  l imited by :As(0H)3 adsorpt ion isotherm,  which in  turn is  

cer ta inly effected by the  oxide coverage.  As the  potent ia l  becomes less  

posi t ive,  the  equi l ibr ium of  s tep 2)  must  begin to  shif t  toward the 

lef t .  Since the E*" of  s tep 2)  i s  unknown,  i t  is  not  known how much the  

equi l ibr ium of  s tep 2)  i s  shif ted.  I f  th is  E" '  i s  considerably negat ive 

of  0 .95 V, then the effect  of  potent ia l  on the  surface densi ty  of  

'As(0H)3gds and therefore  on the ra te  of  s tep 3)  would be negl igible .  

Conversely,  i f  th is  E*" was only s l ight ly  negat ive of  0 .95 V,  then the 

effect  of  potent ia l  in  this  manner  would be s ignif icant .  I t  i s  l ikely 

that  changes in  the react ivi ty  of  the  oxide and changes in  the surface 

densi ty  of  'As(0H)3ajg both contr ibute  to  the potent ia l  dependence of  the  

anodic  current  a t  E^ < 0 .95 V.  
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A few general  comments  can be made concerning the oxidat ion of  

As(III)  on the other  noble  metals  in  acidic  solut ions.  The oxidat ion 

mechanism on Au i s  in  some respects  analogous to  the mechanism of  Pt .  As 

previously s ta ted,  the l imit ing-current  plateau obtained on the forward 

scan i s  related to  the relat ively large range of  potent ia l  in  which AuOH 

exis ts .  A major  difference in  the behaviors  of  Au and Pt  i s  the act ivi ty  

of  oxide having the next  highest  oxidat ion s ta te .  A monolayer  of  AuO 

displays essent ia l ly  no act ivi ty  in  the oxidat ion of  As(III) .  There are  

several  possible  explanat ions for  this  behavior .  The f ree  energy of  

adsorpt ion of  As(III)  on Au i s  apparent ly  much less  than the corresponding 

energy on Pt ;  therefore ,  i t  is  l ikely that  As(III)  adsorpt ion on AuO 

occurs  to  a very small  extent  indeed.  Another  contr ibut ing factor  may be 

the surface densi ty  of  (OH)ajs  on AuO. This  surface densi ty  may be very 

low on AuO re la t ive to  equivalent  surface coverage for  PtO. ,  The Au-0 bond 

s t rength may be s t rong enough to  completely preclude any direct  oxygen-

atom t ransfer ,  whereas  PtO can par t ic ipate  catalyt ical ly ,  a lbei t  a t  a  s low 

rate .  I t  i s  interest ing to  note  that  the hydrocjynamic modulat ion 

experiment  showed an increase in  electrode act ivi ty  when the potent ia l  was 

scanned into the o)ygen evolut ion region.  I t  i s  in  the o)^gen evolut ion 

region that  the surface densi ty  of  again becomes large and the 

surface oxide i s  converted to  AufOHig (306) .  

There does seem to  be a  good deal  of  evidence for  a  Pd e lectrode that  

points  to  the electroformation of  PdOH and to  the fur ther  oxidat ion to  

PdO. In  th is  sense,  Pd i s  very s imilar  to  Pt .  However ,  in  their  s tudy of  

CO oxidat ion,  Blur ton and Stet ter  (310)  es t imated that  the coverage of  the  
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active metal-OH species on Pd was several orders of magnitude less than 

that on Pt.  Capon and Parsons (234,248) have pointed out that there is 

almost a complete lack of strongly-adsorbed intermediate products when Pd 

is  exposed to simple organic molecules.  Both of these factors undoubtedly 

contribute to the very low activity of Pd for the oxidation of As(III).  

Evidence was presented in Section VI for an Ir  electrode that showed 

that the anodic current obtained at  an Ir  electrode was significantly 

larger than that obtained Pt electrode and was much less time dependent 

under potentiostatic conditions. The fact that the current is  less time 

dependent is  undoubtedly due to the fact that continuing oxide growth does 

not occur on Ir  unless the potential is  cycled into the hydrogen region 

(220,221).  The relatively high currents obtained on Ir  are certainly due 

in part  to the large real surface area of Ir  oxide films caused by their 

extremely porous nature (223-225). On the negative side, however,  i t  is 

known that Ir-0 bonds are stronger than either Pt-0 or Au-0 bonds (224),  

so oxygen-atom abstraction from the oxide latt ice is less likely to occur 

on Ir  than on Pt or Au. 

While the proposed mechanism (Equations VIII-1 to VIII-5) does 

account qualitatively for the vast majority of the experimental results,  

two sets of data cannot be explained at  this time. The data obtained as a 

function of pH at  constant ionic strength (Table VÎ-9) establishes that k 

decreases as the pH increases above 0.5. A decrease in the rate constant 

with an increase in pH is  usually interpreted as meaning that is a 

reactant in a pre-equilibrium step, j_.^. ,  in chemical steps leading to and 

including the rds.  Polish workers (46) have invoked hydronium ions as 
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reactants in a pre-equilibrium step, but their scheme cannot be accepted 

as correct in l ight of true structure of As(III) species in solution 

(4,5).  Neither the proposed mechanism nor any other mechanism that was 

contemplated in the course of this research can account for this pH 

dependency. Similarly, the dependence of k on ionic strength at  a 

constant pH (Table VI-1) cannot be explained on the basis of the proposed 

mechanism. For a given polarization time, t j ,  a plot of k vs.  I  is  

l inear; a plot of k vs.  I  for a different t ime, t2» is parallel  to the 

plot for ty As far as is  known, there are no other data of this kind for 

an electrode reaction in which a surface reaction is the rds.  Even though 

the structure of the diffuse layer and the outer Helmholtz layer are 

likely to be modified by fairly large changes in I ,  i t  is not obvious how 

changes in I could effect a reaction occurring at  the inner Helmholtz 

plane. 

Several attempts were made in the course of this research to examine 

by Auger electron spectroscopy and secondary-ion mass spectrometry the 

surface of electrodes having various amounts of adsorbed or deposited 

As. None of these attempts was successful.  The reason for this lack of 

success was identified by Sutyagina _e;t  _al_. (43) as arising from the rapid 

oxidation of the As in air  to form AS2O3, which is  volatile.  From the 

data compiled by Stull  (386),  i t  is clear that the vapor pressure of AS2O3 

is  quite low (e._3.,  T for 1 mm vapor pressure = 212*C for AS2O3, but is  

2148°C for AlgOg). Meaningful surface analysis could be obtained only if  

the electrode was transferred via an apparatus that excluded oxygen. 

Dickinson j^al_. (101) have constructed just such an apparatus.  
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IX. SUMMARY 

The purpose of this research was the study of the anodic oxidation of 

As(III) on Pt and several other noble metals in an attempt to gain a 

detailed understanding of the heterogeneous electrochemical process.  Of 

specific interest was the role of surface oxides that are anodically 

formed on noble metals at  positive potentials.  

A wide variety of electrochemical techniques were used in the study 

of this oxidation; among these were potentiodynamic and potentiostatic 

experiments at  rotating disc electrodes and rotating ring-disc 

electrodes. A relatively new technique, hydrodynamically-modulated 

voltammetry, also was used in one of i ts '  f irst  applications as a means of 

investigating an electrode reaction. 

Cyclic voltammograms at  a Pt rotating disc electrode are complex, 

exhibiting some potential regions in which the rate of As(III) oxidation 

is potential dependent and other regions in which this rate is potential 

independent.  Onset of As(III) oxidation does not occur until  the applied 

potential is  nearly 400 mV positive of the thermodynamic potential;  yet 

once oxidation begins, the current increases rapidly with potential.  This 

combination of high overpotential and a rapid increase in current with 

potential is  highly unusual and can be explained only in terms of an 

"electrocatalytic" mechanism. The onset of As(III) oxidation is 

accompanied by the oxidation of the electrode surface; this is strong 

evidence of the catalytic nature of the surface oxides. However,  further 

oxidation of the electrode surface causes a decrease in the rate of 
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As(III) oxidation, thus showing that the surface oxides can act as 

oxidation inhibitors.  This behavior is  particularly evident on a Au 

electrode. 

A mechanism for the anodic oxidation of As(III) on Pt is  proposed 

that is  consistent with the vast majority of the data.  At the heart of 

this mechanism is a surface reaction between an adsorbed hydroiyl radical,  

or an oxygen atom in the oxide latt ice,  and an adsorbed arsenic specie; 

this surface reaction is the rate-determining step (rds).  There is  no 

transfer of charge across the electrode interface in the rds.  The rate 

constant of this surface reaction is a complex function of the oxide 

coverage. Techniques were developed that gave values of rate constant 

under a variety of experimental conditions. The potential dependence of 

the rate of As(III) oxidation under certain conditions is  explained in 

terms of the surface densities of the reactants in the surface reaction 

described above. 

The general nature of the mechanism proposed for the oxidation of 

As(III) on Pt is  demonstrated in discussions of the anodic behavior of 

As(III) on Au, Pd, and Ir .  
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X. SUGGESTIONS FOR FUTURE RESEARCH 

This research, as does most scientific research, has answered some 

questions but has generated a great many more. Only a few of the more 

exciting areas for future research will  be given here. 

All of the experiments performed in this research were conducted on 

polycrystalline electrodes. There are considerable differences in 

reactivity among the principle crystallographic surfaces for many 

electrode reactions. I t  would be of some interest,  therefore, to examine 

the oxidation of As(III) on two or more electrodes made from single 

crystals.  

Folquer (130) and Arvia (131) have shown that the properties 

of oxide films can be altered significantly by "potentiodynamic aging". 

The reactivity of such films toward the oxidation of a wide variety of 

substances should be investigated. 

A great deal of work has been done in the area of electrocatalysis by 

ad-atoms of various metals on noble-metal substrates.  This has not been 

applied to anodic oxidations of inorganic species to any extent.  Two 

particularly attractive systems are Sn ad-atoms on Pt and Ru ad-atoms on 

Pt.  

I t  should be possible,  by the combination of a very high oxide 

coverage, a very high As(III) concentration, and a high rotation speed, to 

observe a truly "kinetically-controlled" rate of As(III) oxidation, _i_.e_.,  

the anodic current is  independent of rotation speed. This should be 

verified. 
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The development of hydrodynamically-modulated voltammetry should 

continue, especially in i ts use as a means of elucidating reaction 

mechanisms in those cases where surface reactions introduce 

complications. A detailed analysis of the instrumental l imitations of 

sinusoidal hydrodynamic modulation and computer-controlled square-wave 

hydrodynamic modulation should be undertaken in order to determine if  one 

technique is  superior to the other over a wide range of criteria.  

As discussed in Sectin V.E, the surface reactions that occur on Pd 

obscure the electrochemistry of As(III) on Pd. Hydrodynamic modulation 

experiments using a Pd electrode would do much to increase the general 

understanding of the mechanism of As(III) on noble metals.  

Use has been made of labelled oxygen in experments designed to 

determine the mechanism of the o)ygen evolution reaction on Pt.  Similar 

techniques could be applied to oxidation of As(III);  however,  the rate of 

oxygen exchange between arsenate and HgO would have to be carefully 

evaluated. 

The heterogeneous reaction between As(III) and (OH)adg has been 

proposed in this dissertation. I t  would be extremely interesting to 

examine the reaction rate of analogous homogeneous reaction. This could 

be done by using the technique of pulse radiolysis,  in which a beam of 

high-energy electrons impinges on an aqueous solution. Hydroxy! radicals 

are formed in high yield in this procedure, and other energetic species 

such as solvated electrons can be scavenged by working in acidic solutions 

or by the addition of N2O. 
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