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ABSTRACT

Graphitic carbon nanostructure (GCN) was synthesizg a simple procedure
using cobalt(ll) gluconate as a precursor and wsed catalyst support for polymer
electrolyte membrane (PEM) fuel cell cathode. Avelostabilization procedure was
developed to enhance the thermal stability of tl@&NGsupport. Support stabilization
resulted in well-defined crystalline graphitic il structures as confirmed by high-
resolution transmission electron microscope (HRTENIhe prepared GCNs are used as
support for depositing platinum nanoparticles (<4awg. Pt particle size) by modified
polyol process. Rotating ring disk electrode (RRBEd fuel cell studies were carried
out to evaluate the catalyst performance. Cyclingiss (0.6-1.0 V vs. RHE) performed

on RRDE indicated better catalyst stability whempared to commercial Pt/C catalyst.
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CHAPTER1
INTRODUCTION
Porous carbon materials such as hollow carbon mambgres are being
investigated for their use in a wide variety of lagagions from batteries, capacitors,
catalyst supports, fuel cell electrodes, and sen$dl. The physical performance
requirements are unique to each of these areaara€hristics such as specific surface
area, porosity, electrical conductivity, particiees and morphology can be controlled
using a template or nanocasting methods [2,3]. st@nity of the carbon structure is
one property which plays a key role for some appiloms. Carbon materials used as
supports for electrochemical catalysts require hadgctronic conductivity, accessible
pore structure and porosity, and resistance toatxid at low temperatures [4]. These
properties are found in carbon with defined strregusuch as nanotubes, nanofibers,
nanospheres, etc., which combine high degree qfhgra characteristic with surface
accessible pores. Framework confined pores (bathomand macro-) are not beneficial
for the purpose of catalyst support. Carbon maltenwith these characteristics are
produced at very high temperatures (>5000°C) uanegdischarge or thermal chemical
vapor deposition [5] which makes them cost-prohibitand difficult to make in large
scales. A more facile preparation method to maketired carbon materials is carbon
pyrolysis in the presence of first row transitioretals (Fe, Co, Ni, Mn, etc.) which

catalyze graphitization at moderate temperatures  ,7,9p
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The metal particles catalyze the graphitizationctiea of amorphous non-
organized carbon into a more crystalline structime a dissolution-precipitation
mechanism [9]. The catalytic synthesis approadften done by impregnating a carbon
source with a metallic salt using wet-chemistry moels, followed by a second step of
pyrolysis of the impregnated precursor [10,11,12Dne advantage of the present
preparation method is that the nanostructured canaterials can be synthesized using a
single step utilizing a cost effective commerciabailable starting material. Cobalt and
nickel gluconate are available on a metric ton asth a low cost. This precursor is
efficient at carbon graphitization in part becauke transition metal is dispersed
throughout the starting material at the molecwgael, with each catalyst being uniformly
surrounded by six-carbon chains, as can be seethdymolecular structure of the
transition metal salt shown in Figure 1.1. Thisnabates production variables associated
with dispersing the carbon and transition metahvattwo-step impregnation/pyrolysis

preparation.

Figure 1.1 Schematic representation of GCN synthesis fronakk@uconate.
Cobalt gluconate—» Co-containing carbon structure> Graphitic carbon structure
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Carbon supported catalysts used in polymer elgt&roinembrane fuel cells
(PEMFC) currently exhibit a significant performandecrease during durability cycling
testing (0.6 — 1,0 V at 50 mV*dor 30,000 cycles). One factor contributing tistis the
corrosion of carbon support on which Pt nanopasielre deposited. The high potentials
and acidic environment of PEMFC are conducive tobaa oxidation. Platinum
accelerates the carbon corrosion resulting in arease in the hydrophilic property and
affects the water removal, leading to increasedsmntesnsport losses. Furthermore,
carbon corrosion decreases the thickness of thalysatlayer due to Pt particle
detachment from the support leading to a decraaskei electrical contact between the
current collector and subsequent increase in thieresistance [13]. Therefore, the
graphitic characteristic should be more stableregyahis carbon loss, and the stability is
further enhanced by selective removal of any remginnstable amorphous carbon prior
to platinum deposition and subsequent catalytitdak use.

In the present work, we report a facile one-steyitssis procedure for preparing
mesoporous graphitic carbon nanostructure from lcgihaconate. The prepared support
was used to synthesize 40% Pt/ GCN catalyst and ase cathode catalyst support in
PEM fuel cells. The synthesized support and thalysit were subjected to variety of

physical and electrochemical characterization studi
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CHAPTER2
EXPERIMENTAL

2.1 Graphitic carbon nanostructure support synthesis

GCN support was prepared by heating cobalt glueopatvder between 800 and
1100°C under nitrogen atmosphere. Subsequentitepoh 0.5M HSO, for 2 hours at
80°C removed majority of transition metal used &batyze the formation of graphitic
structures. Carbon was stabilized by selectivelation to remove amorphous carbon
remaining in the sample from the initial pyrolysighe resulting graphitic carbon is a
hollow truncated triangle or polygon with approxiteaimensions of 50 nm height and
100nm width with 10 nm wall thickness. The GCN pém are identified as GCN-t.T,
where t is the pyrolysis time, and T is the pyr@ysmperature.

2.2  Pt/GCN catalyst preparation

GCN -supported Pt catalysts with 40 wt. % Pt werdlsesized using a modified
polyol described in previous work [14]. In bridf) wt. % Pt was deposited using a
modified polyol deposition at elevated pH with sfie@amounts of PtGlin ethylene
glycol (EG). After heating at 160°C for 3 hoursif®, pH was slowly decreased.

Samples were filtered with water and dried.
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2.3  Physical characterization

X-ray diffraction (XRD) of samples was charactedzéRigaku D/Max 2500
V/PC) with a Cu Ka source operated at 40 keV atam sate of 5° mi. The elemental
composition was measured using X-ray florescenlierscope XDAL). Transmission
electron microscopy (TEM) images were obtained witmgh-resolution Hitachi H-9500
system. Brunauer-Emmett-Teller (BET) surface aee Barrett-Joyner-Halenda (BJH)
pore size distribution of the GCN were measuredgidlitrogen adsorption isotherm at
77°K on a Quantchrome NOVA 2000. The cobalt amorerhoved during acidic
leaching was analyzed Bthylenediaminetetraaceta(EDTA) titration with a xylenol
orange indicator which changes from purple to yellat endpoint. In brief, leach
solution was mixed with 10mL sodium acetate (4My &ipO (pH = 5.80%+0.05) and
titrated at 90-95°C with EDTA using xylenol orangpelicator. The amount of cobalt
remaining in the GCN support is calculated by Cssnaalance. The amount of Pt and
Co wt. % in the Pt/ GCN catalyst was determinedhgisnductively coupled plasma
atomic emission spectroscopy (ICP-AES). Thermalignetric analysis (TGA) in air
(10°C min' heating rate) measured thermal stability of carbepports in an oxidative
environment using a TA Instruments Q5000.

2.4  Electrochemical studies

2.4.1 Rotating ring disk electrode (RRDE) measurements

The RRDE experiments were performed at room tenyeran a three-electrode
electrochemical cell. An RRDE with a glassy carlisk (0.247 crf) was employed as
the working electrode. The catalyst ink was pregdre blending 5 mg of catalyst with 3

mL of isopropyl alcohol and 1mL water and 0.2 mLaofixture of a NafioH" solution
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(5 wt. %, Alfa Aesar) and isopropyl alcohol (thelwme ratio of 5% NafioH" to
isopropyl alcohol was 1:19) in an ultrasonic bathen, 10 pL of the catalyst ink was
deposited onto the glassy carbon disk, resultingOipg Pt crif loading. After drying, 5
mL of a mixture of a Nafiol solution (5 wt. %, Alfa Aesar) and isopropyl alobiithe
volume ratio of 5% NafioH" to isopropyl alcohol was 1:19) was coated ontocttalyst
layer to ensure better adhesion of the catalysthenglassy-carbon substrate. The
electrolyte was a 0.1M HClOsolution. A platinum mesh and an Ag/AgCl electrode
(0.254 V vs. RHE) were used as the counter andemdte electrodes, respectively. All
potentials in this work were reported as potemtg#dtive to reference hydrogen electrode
(RHE). The RRDE with the catalyst layer was fixed ahen dipped in the £saturated
electrolyte. The air bubble initially formed on tbatalyst layer was removed by low-
potential cycling. Then the ORR polarization cuwas recorded by scanning the disk
potential from 1.10 to 0.05 V vs. RHE at a rate5omV s’. In order to estimate the
double-layer capacitance, the electrolyte was dateg by bubbling with Nitrogen, and
linear sweep voltammogram (LSV) was recorded at #ae above-mentioned
conditions. Electrochemical active surface are@3E) was measured by CV between
0.05 and 1.10 V vs RHE at a sweep rate of 50 Msing a glassy carbon rotating ring
disk electrode (RRDE) in Nourged electrolyte.

2.4.2 Performance tests of membrane-electrode assembli@dEAS)

The cathode catalyst ink was prepared by ultrasdigiblending the catalyst with
a Nafiod™ solution (5 wt. %, Alfa Aesar) and isopropyl alebhThe catalyst ink was
sprayed onto a Nafidif 212 membrane until the desired catalyst loading.5 mg Pt

cm? was achieved. The weight percentages of N&floratalyst and in the dried
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cathode layer and anode layer were 20 wt. % anavt30% respectively. The anode
catalyst for all fuel cell test was 46 wt.% Pt/Grouercial catalyst (TKK TEC10ES50E)
dispersed and sprayed onto a gas diffusion layBiL{G10 BC, Sigracet lon Power) with
a Pt loading of 0.09-0.10 mg &nThe anode and cathode were hot-pressed with @noth
GDL for 3 min at 284°C. The geometric area of thEAMas 25 cri The MEA test for
H,-O, was carried out in a single cell with serpentif@vf channels (25 cmcCell
Hardware Assembly, Fuel Cell Technologies Inc.he H-O, polarization curves were
obtained using pure Hgas, humidified at 80°C, and pure,humidified at 80°C,
supplied to the anode and the cathode, respectiViab/ flow rates of Hland Q were 750
and 750 mL mif, respectively. Polarization experiments were cetell to measure
ECSA using 100%RH Hand N gas, with flow rates 200 and 75 mL flinespectively
with no backpressure. The catalyst mass activdg measured undertdnd Q (2/9.5
stoic.) with backpressure of 150kRand relative humidity (RH) of 100%. Pure ghs,
40%RH humidified at 59°C, and Air Blend (21%/@% N,), 40%RH humidified at
59°C was supplied to the MEA at 80°C to obtaipAir polarization curves. H: Air
supplied with stoichiometric ratio 1.5 : 1.8 withimmum flow rates of 50 and 150 mL
min™ respectively with backpressure of 150kRa

2.5 Catalyst Stability

The stability of Pt/ GCN and commercial Pt/C cattdywere evaluated in a three-
electrode cell using RRDE. These catalysts wergestddl to a potential cycling to
30,000 cycles between 0.6 and 1.0 V vs. RHE in BDR. The ORR and ECSA of the

catalysts were measured periodically as describsddtion 2.4.1
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CHAPTERS

RESULTS ANDDISCUSSION

3.1  X-ray diffraction measurements

XRD spectra is of cobalt gluconate precursor (ftgranitial pyrolysis at 1000°C
(2), Co peak intensity is decreased after leacleixgess Co from GCN (3) and final
prepared GCN after stabilization to remove amorghcarbon (4) are shown in Figure
3.1. Sharp diffraction peak at 26° representingwsha high degree of crystalline
graphite structure [15]. Cobalt nanocrystals aetected between 40°-50° in XRD
pattern after the initial heat treatment, and the®eremoved during acidic leaching to
remove excess surface cobalt. Diffraction peaksoaf€o are in the pyrolyzed but
unleached GCN1000 at 44, 52, and 76° representiaddt 1 1), (2 0 0), and (2 2 0)
planes. Diffraction peaks at 43, 54, and 78° regméng the (1 0 0), (00 4), and (1 1 0)
planes of the graphitic structure [16] are ideatfiin the final stabilized GCN XRD
pattern in Figure 3.1. Figure 3.2 shows XRD s@ecfrGCN after 40wt. % Pt deposition
with an additional diffraction peak attributed teetgraphitic (0 0 2) crystalline plane at
20 = 26° compared with commercial TKK 46wt. % cataljis’]. Both spectra show the
characteristic diffraction peaks of the Pt fcc stowe at ® = 40, 46, 67, and 81°

associated with the (11 1), (2 00), (2 2 0), ghd 1) planes respectively.
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3.2 Effect of heat treatment

Structural properties of the graphitic carbon namnasures change with different
heating conditions. Heating cobalt gluconate paovateemperatures >750°C produces
increasingly defined graphitic structures [18]. isTltan be seen in TEM images of
samples heated between 800-1000°C prior to stabdiz (images not shown). Weight
loss greater than 60% occurs during initial pyrdyiue to the fact that 12 moles ofH
are liberated per mole of cobalt gluconate. Colmis are reduced to small metallic
nanoparticles dispersed throughout the gluconagecprsor during heating as some
carbon is oxidized to CO These act as nuclei which catalyze the formatiographitic
carbon layers from amorphous carbon close to the@wparticle. Graphitic structures
continue to grow thicker around Co nuclei accordioga dissolution-precipitation
mechanism using nearby amorphous carbon [6,9,1&lucose heated under inert
atmosphere to 1000°C in absence of cobalt showgraqghitic carbon crystalline peaks
by XRD, and no evidence of mesoporous porosity esected by BET. This is
confirmation that the presence of cobalt (or simitansition metal) is key to catalyze the
graphitization under these moderate temperatureert atmosphere pyrolysis yields
porous graphitic carbon nanostructures with cobwdtal cores mixed with amorphous
carbon. Iron(ll) gluconate can also be used shhgilaand resulting structures are long
hollow carbon nanotubes instead of closed capsi@@s Cobalt based GCNs are
selected for this work, because the closed castuleture is expected to be more stable
and uniform compared with nanotubes which contaiencends that are more susceptible

to oxidative attack.

11
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After pyrolysis, excess cobalt present in the GQNp®rt is leached out at 80°C
in a measured amount of 0.5M$0,. The sample is filtered, washed and dried. Gobal
amount removed during acidic leaching was quaxtibig EDTA titration of the filtrate
with a xylenol orange indicator. Mass balance obait accounting for weight loss
during initial heating and leaching results in & % cobalt present in the GCN support

after leaching.

GCN-1000 with 5 hour initial heat time at 1000°Cswselected as the GCN
support for subsequent Pt deposition and electbdet performance evaluation based
on combination of highest degree of graphitizatamial large BET specific surface area.
This combination was estimated to provide the maxmGCN-support stability with

minimal mass-transport resistance for reactantgydseng fuel cell testing.

3.3  Support stabilization and refinement

Stabilization of the carbon is done prior to Pt @®pon by eliminating
amorphous carbon impurities. Stabilization of @@N support is beneficial against both
physical corrosion as well as electrochemical é$tecThe corrosive effects of the fuel
cell environment should disproportionally affect@phous carbon more because it has a
higher specific surface area than graphitic carbtyoctures. This is similar to the
Ostwald ripening effect which causes smaller Ptoparticles to dissolve and redeposit
onto larger existing Pt particles. Amorphous carbopurities in carbon nanotubes have
been reported to have a strong negative impact lectrechemical performance as
measured by cyclic voltammetry [21]. Removal ofoapmous carbon prior to deposition

of Pt catalyst is expected to result in enhanceaiphl and electrochemical stability.

12
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Table 3.1 Graphitic carbon nanostructures prepared atreifite
initial pyrolysis conditions show similar BET sucfaarea.

Sample| HT Temp| HT time | Stabilization| Surface Area mg™
GCN 1000 1Hr Condition § 132
GCN 1000 5Hr Condition § 151
GCN 900 3Hr Condition § 145
GCN | 850 3Hr Condition § 158
GCN | 800 1Hr Condition § 150
GCN 1000 SHr None 153
GCN 1000 1Hr None 177
GCN 800 1Hr None 186

Yields: HT#1 35 wt. %; Stabilization 83 %; Oab#iyield 17wt. %

13
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Graphitic carbon can be oxidized at slower reactate relative to amorphous
carbon [22]. Graphitic carbon is thermodynamicatipre stable than single bonded
carbon, as is discussed in section 3.5. Acidic Klylhas been reported as effective for

selective removal of amorphous carbon from graplegirbon structures [20,22].

3C+4KMnO, +4HY >4 Mn0,+3C0,+4K*+2H,0

Residual Mn@ removal was found to be difficult for these symsited GCN
structures even after strong acidic leaching, altitianally KMnO, oxidation reaction is
also temperature dependent, resulting in compleigatbon at 100°C, and low yields at
reduced temperatures. In order to evaluate thfernpeance of the GCN-support without
any performance contribution from MpQOa different method of selective oxidation

which would not leave transition metal impuritieasipreferred.

Alternate pathways to remove amorphous carbon vi@rad in literature. A
different stabilization method to eliminate amorplompurities was pursued in order to
avoid Mn contamination effects in the GCN catalggpport. A variety of different
classifications has been reported for selectiveoraiof amorphous carbon, including
physical separation methods which do not requirbaraoxidation such as centrifugation
and chemical oxidation via gas phase or liquid phasthodologies [23]. #30,/HNO3
(3:1, viv) at 70-120°C, is used to partially oxilizarbon nanotubes [24] and can be
followed by aqueous NaOH treatment to remove residebris from graphitic surfaces
after oxidation [25]. Gas phase oxidation usingctants such as Qair, or HCI is
another reaction pathway for amorphous carbon eétion [26,27]. Polyoxometalates

such as phosphotungstic acid has been used folldwedentrifugation to remove

14

www.manaraa.com



impurities and solubilize carbon nanotubes withhhygelds [28]. Nitric acid baths at
various reaction times and temperatures are onghef most commonly applied
approaches used for removal of metallic and amarplearbonaceous impurities [29].
The resulting oxidation effect is dependent on bottic acid concentration and reaction
time [30], and fluid temperature also affects ttrersgth or rate of oxidation as was seen
with the initial permanganate results above. Asmtutions of various compositions and
concentrations have also been reported for suffaneionalization without destruction
of single wall — and multiwall carbon nanotubes GMI, MWCNT) with oxygen
moieties. It is thus possible to remove a majooityindesired amorphous carbon while

retaining the beneficial graphitic nanostructures.

It is important to remove the transition metal usedcatalyst for graphitization
prior to stabilization for optimal results, for homethods. Presence of transition metal
catalyzes the oxidation reaction. This decreakestémperature or solution strength
where reaction will be selective. This can resulcomplete oxidation of all carbon.
Oxidizing carbon based samples containing 21 wtdball results in a 71.3+1.1 wt.%
loss, compared with similar carbon based suppdit vl wt.% Cobalt yielding 34.5+3.6
wt.% loss under same condition. A specific stahtion condition must be found for any
support which contains metals such as Pt or fogt transition metals which can act to

catalyze oxidation reaction to occur under mildanditions.

Stabilization is done by selective separation ordatkon of amorphous vs.
graphitic carbon. Surface area and support priggecan be controlled and altered by
adjusting strength and duration of the selectivielation reaction. Excessive oxidation

will consume the desired GCN structures in additionthe amorphous carbon, so a
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balance may need to be achieved among graphititypetectrocatalytic performance,
yield and physical characteristics such as porpsttgnductivity, surface area,
hydrophobicity. By removing unstable amorphousoarprior to Pt deposition, Pt will
only be supported by more thermodynamically statdgstalline graphitic carbon

structures. This should improve catalyst durabdiiring electrochemical cycling

After preparing a maximum stability GCN-support g¢enfor Pt Deposition with
long initial heating time to maximize graphitic cheter and with most aggressive
oxidation condition to ensure complete removal lbhmorphous carbon, milder process
conditions were investigated to optimize stabilmatwt.% yield, specific surface area,

and evaluate porosity effect on the GCN-support.

GCN graphitization degree which is controlled bytiah cobalt gluconate
pyrolysis time and temperature improved wt.% yieydl — 2% seen in Figure 3.3 with
the difference between GCN prepared with 1 and &r lpyrolysis times at 1000°C
representing moderate and high graphitization smdy. Using milder oxidation
conditions, by decreasing the oxidation fluid tenapa@re by 35°C, stabilization yield
increased from 83 wt. % to 91% for the same reactime. Figure 3.4 shows the
decrease in temperature has a more significantatrayield improvement with longer

selective-oxidation reaction times.
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GCN Pyrolysis Condition Stability Yield Effect
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86% 1 1 1 1 1 1

Increasing Reaction Time—>

Figure 3.3 Degree of graphitization represented by lengtltaifalt gluconate
initial pyrolysis time has small 1% - 2% impactstabilization wt. % yield.
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GCN1000 stabilization fluid temperature effect
98%

96% -
94% +
92% +

84% | —e—T°C

~
~
~
~
S
~

8206 | B (T+35)°C =
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Figure 3.4 GCN-Support stability yield increased with use efluced oxidizing
temperature
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3.4  Adsorption characteristics

N, adsorption isotherm having a broad adsorption-empésn hysteresis loop,
characteristic of mesoporous materials with cake-pores [31] displays similar curve
shape and gas absorbanceFigure 3.5for GCN supports with moderate and high
graphitization. A clear hysteresis at relative pressure ratios w@litates the presence of
mesoporous structure, and the upward curvatureeskapn in the hysteresis between
adsorption and desorption suggests a cylindricad phape. Jansen reported the peak
pore diameter near 4nm is an artifact of the BJHhoe and could represent pores with
constricted openings of pore sizes up to 4nm. Adllaive pressure of ca. 0.45 there is a
sudden desorption of nitrogen, which is visibléhesclosing of the hysteresis loop at this
pressure. All inkbottle type micropores or mesopomih pore necks smaller than 4 nm
will release their nitrogen at a relative pressoirea. 0.45 [32]. In Figure 3.6 the pore
size distribution is given as analyzed using thelHadethod of the adsorption isotherm,
and average values are summarized in Table 3.2.

Treating GCN'’s with longer selective oxidation tsne conditions B, C, D and E
respectively shows the pore structure progressiavaind larger pore dimensions from
initial unoxidized condition A before stabilizationThis progression can be seen for
highly graphitized GCN.5.1000 (5Hr pyrolysis) ingbre 3.7 stabilized at temperature
(T+35)°C; for GCN.1.1000 (1 Hr pyrolysis) in Figu®8 stabilized at temperature
(T+35)°C; and for the same GCN.1.1000 support ktali at reduced temperature (T)°C

in Figure 3.9.
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Figure 3.6 Mesoporous GCN pore size distribution (BJH methmafpre stabilization.
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Figure 3.7 Pore size distribution of highly graphitized GCipport with increasing
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temperature (T+35) °C.
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Porosity increases for pore distributions near d 26nm diameter under mild
oxidation condition B. It can be inferred from thdsorption data that a majority of
inkbottle type pores are unclogged by mild oxidat®, seen by the porosity change at
4nm from A to B. Pore diameter for condition B @@ns almost unchanged with
increased pore volume, as amorphous carbon isrprei@ly oxidized and removed from
pores in the support. The volume of gas adsorbewvs a corresponding increase as
amorphous carbon debris is cleaned out of porésinghmore adsorption toward higher
relative pressures. It is not clear if all amomph@arbon has been removed in condition
B. Pores are becoming deeper as amorphous casbealactively oxidized without
significant etching of pore walls, as the pore den remains largely unchanged.
Stronger oxidation does not change the microporodiétected in all samples in
conditions C and D, compared with condition B, aglenced by near constant pore
volume at 4 nm pore diameter as mesoporous porerdilons continue to increase. This
suggests the shell of the GCN may have inherentomicous character, or gases may be

escaping from the hollow core at low pressures.

Differences between the support properties andligiatiion temperature begin to
differentiate as the reaction time increases. dVerage pore diameter size distribution
increases in condition C as the pores of the GQiypau increase in physical dimensions
due to oxidative attack on the pore walls for sanmtabilized at elevated temperature
(T+35)°C. GCN.5.1000 pore size shifts larger coragdao GCN.1.1000 stabilized at the
same temperature. This may be due to greater elerjrgraphitization in the 5-hour
sample. Once amorphous carbon has been consun@@Nr6.1000, then the oxidation

would no longer be selective and would start insirega size of all GCN pores and also
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decreasing weight yield of the reaction, adlsorption isotherm hysteresis shape shifts in
condition C, to higher partial pressures, with thgh graphitization sample showing a
more significant change and is displayed for higlghaphitized GCN.5.1000 (5Hr
pyrolysis) in Figure 3.10 stabilized at temperat(ife-35) °C; for GCN.1.1000 (1 Hr
pyrolysis) in Figure 3.11 stabilized at temperat(@iler35) °C; and for the same
GCN.1.1000 support stabilized at reduced tempexdfliy °C in Figure 3.12. This shape
change can be due attributed to decreased effepbraf wall surface roughness with
increased pore diameter [33]. There is no cormedipg increase in the pore size
distribution or N adsorption isotherm shape of GCN.1.1000 stabilipedhe same time
as condition C with reduced temperature (T) reteteeas condition G.

BJH Pore Size distribution shows diminished porkime at 4nm and increased
macroporous character above 50nm in GCN-5-1000G@N.1.1000 supports treated at
temperature (T+35)°C with excessive oxidation cboadiE. Oxidation is consuming
walls of mesoporous pores, resulting in a shiftrfrmitial mesoporous character into
macroscopic pore sizes at very long reaction tim@sis suggests that micro- and
mesoporous structure is substantially consumedngueixcessive oxidation of GCN-
supports.

The same CNC.1.1000 support sample initially pyzety1 Hr at 1000°C shows a
shift toward smaller average pore size and reduvadroscopic pore characteristic
greater than 50nm by reducing oxidation fluid terapgre -35°C for the same reaction
times. Pore Volume as a function of increasinglation reaction times at reduced fluid
temperature shows a pattern of increased pore wloetween 5-20nm diameter with

little shift in average pore size up to moderat&ct®n times. This can be attributed to
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selective oxidation of amorphous carbon, uncloggigsting pores. The very small
change in adsorption isotherm hysteresis shapesailggests that deeper pores increase
pore volume without corresponding average pore eiamncrease. Increasing reaction
times show an increase in the average pore diarasténe selective oxidation reaction
proceeds to longer conditions H and |.

Pore Diameter begins to increase toward larger pwsas sizes at longest
oxidation reaction times as pore walls are etchmdking more GCN-support pores
surface accessible, as seen by adsorption isotsleape change and increased volume at
relative pressures above 0.8. Average pore sizk BT surface areas trends are

compared in Figures 3.13 and 3.14 for the varitaisilization and support conditions.

Condition E represents excessively aggressive tmitlato assure that all
amorphous carbon has been completely removed. nHgative impact of excess
oxidation is the removal of beneficial pore strueton the GCN surface, shifting some
pores from mesoporous to larger macroporous cleasdn and reduced weight yield for
condition E vs. all other samples. Final Surfagad51 g™ was measured using BET
for GCN.5.1000 with 1000°C initial pyrolysis tempaure, and Table 3.1 shows the as
prepared BET surface area in the range of 132 -n¥5§" for GCN samples prepared at

different temperatures.

N adsorption isotherm shows surface accessible pypmisthe graphitic carbon
nanostructures after preparation, leaching andligi@ion. This is evident from the large
N, adsorption at relative PJRatios >0.8. The large adsorption at higher pness
indicates that pores are accessible for Pt depasiir gas diffusion, and TEM images in

section 1.3.5 show the benefit of this pore stmgtavident in the uniform deposition of
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Figure 3.13Stabilization condition influence on BET surfacea
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Stabilization influence on pore size
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32

www.manharaa.com




Table 3.2 Physical properties of GCN -support

BJH Avg.
BET surface TGA
pore diameter Yield weight%
area (Mg?) Tae (°C)
(nm)
Ketjenblack high 835 7.55 - 695
surface area carbon
GCN1000A 152 8.53 - 699
(no stabilization)
GCN1000B 223 7.10 97.2 --
GCNZ1000I 168 10.86 90.8 713
GCN1000E 132 17.84 83 >750
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small Pt nanoparticles. This effect becomes mooaqunced with stronger oxidation
condition and the large adsorption in conditionsDC,and E are indication that these
pores are easily surface accessible for Pt depositi easy transport reactant gases to
catalyst surface during fuel cell operation.

Porosity, wt. % yield, surface area, and graphaticity of these graphitic carbon
nanostructures can be adjusted and tuned by climgrdhe strength and duration of
selective oxidation, and support properties. Tas approach can be applied generally
to other carbon based catalyst support systemsphiyniaing the selective oxidation
reaction conditions for the particular properti€s@iven support system.

A mixture of graphitic structures with defined sea@nd amorphous carbon after
initial pyrolysis at 1000°C and acidic leachingémove excess surface Co, are shown in
Figure 3.15 with diameters ranging between 25 abdnt. After stabilization, the
highly crystalline nature and hollow triangular phawith approximate dimensions
~140nm wide by ~50nm thick is evident in Figure 3nb¥ing distinct crystalline faces.
Wall thickness ~10-20nm thick with individual grapbicarbon layers are evident in
Figure 3.16 inset. TEM pictures and dimensionsraegreement with literature reported
values of 10-30nm wall thickness and 50nm diaméterM. Sevilla [20] for GCN

prepared from the same cobalt gluconate precussog @ different stabilization method.
3.5 Thermal Stability of Support

Thermal gravimetric analysis was performed to eatmuthe thermal stability
effect of amorphous carbon removal. Experimentseweerformed in air to simulate
oxidative attack which GCN-catalyst will be subggttto in PEM fuel cell environment.

Samples were heated in air with a 10°C Timmp rate. The increased thermal
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Figure 3.15 GCN1000-support after acidic leaching and beftabilization shows a
mixture of defined graphitic shapes and amorpharban. Bar represents 100nm
scale.
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Figure 3.16 HRTEM shows a defined GCN structure with orderegeta of graphitic
carbon after stabilization to remove amorphousaartBar represents 20nm scale. Inset
shows 10nm thick ordered graphitic wall structufeG&ZN. Inset bar represents 5nm

scale.
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decomposition temperaturegelfand a small difference between 550 and 650°Eiguare
3.17 shows the improved stability performance absgized GCN1.1000.LHS compared
with same sample without amorphous carbon remavaich can be attributed to the
oxidative loss of amorphous carbon. Samples cooreding to initial GCN support (A =
GCN1000L) and same sample after oxidative stalidimacondition | (C = GCN1000LS)
shift the temperature of maximum weight lost dedrmixeg from 699 to 713°C. TGA
results show thermal stability of the GCN1000 suppacreases with more aggressive
oxidation treatment to remove amorphous carbogs isTshifted further for the harshest

oxidation condition E is >750°C (beyond TGA expezimntal endpoint)..

TGA results are compared in Figure 3.18 with unriiedi Ketjenblack carbon
(BET surface area 835ng) which has J. = 694.9°C. TKK Pt/C is made from similar
high surface area carbon support, so Ketjenblackpsesentative of the carbon support
used in TKK commercial catalyst. GCN weight losge do stabilization is an order of
magnitude smaller than Ketjenblack high surface aabon at 750°C (1.6 vs. 18.0 wt.

%) showing enhanced thermal stability of GCN -suppuaterial.

Increased thermal stability of the more graphitigZdN sample is in agreement
with higher C-C bond energies 125 kcal th{84,35] for graphite relative to C-C single

bond energies of 83-88 kcal riqi36].

Platinum was deposited uniformly on the surfacetled GCN1000 support.
Pt/GCN sample was characterized using X-ray diffoacand Figure 3.2 compares 40%

Pt/GCN with commercial TKK 46% Pt/C.
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Thermogravametric Analysis
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Platinum particle sizes were estimated to be 3.Pgmasing Scherrer’'s equation
applied to the X-ray diffraction patterns from Rt4 0) crystal plane betwee® Zangles
60-75 [37]. TEM image in Figure 3.19 shows platmdeposition is well dispersed, with
an average Pt particle size of 3.6nm, in agreeméhtXRD calculated particle size and
the corresponding histogram is in Figure 3.20. I@Pasured cobalt, and platinum
loading amount in GCN1000 catalyst samples at AdL3¥.34% respectively for 40%Pt

target loading.

3.6 Electrochemical Studies

3.6.1 Rotating ring-disk electrode (RRDE) studies

ORR activity was measured in oxygen saturated relgte to evaluate catalyst
performance. Linear sweep voltammetry curve was aleasured with nitrogen purged
electrolyte after cleaning the catalyst surfaceywting between 0.05-1.10 V vs. RHE as
a baseline for ORR activity without the double lagapacitance. Figure 3.21 shows the
polarization curve for oxygen reduction of 40%P{ZELO00, compared with 46%Pt/C
TKK commercial catalyst. The measurement was pexdd with Pt loading of 2@ cm
2 using a potential scan rate of 5 mVand a rotation rate of 1600 rpm in a 0.1 M HEIO
electrolyte solution saturated with,.O'he kinetic onset potential for ORR is similar fo
40%Pt/ GCN (0.97 V) compared with 46%Pt/C TKK connon catalyst (0.95 V), and
the smaller diffusion current seen with the GCN1@@afalyst can be attributed to the

lower surface area compared with TKK commercialyat (265 m g with Pt).
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Figure 3.21 Fresh ORR activity of 40%Pt-GCN catalyst has saimHiinetic onset
potential as 46%Pt-C TKK commercial catalyst. ¢ding is 20pg cifion glassy
carbon electrode.
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Catalyst stability was evaluated by periodicallyasi@ing ORR and ECSA after
subjecting catalyst to N2 saturated potential egeli Figure 3.22 shows the direct
comparison of ORR activity for the 40%Pt/GCN caséllyefore and after cycling 30,000
cycles 0.6-1.0V vs. RHE with very similar kinetinget potentials to initial performance.
46%Pt/C TKK catalyst also shows good initial pemi@ance, however the potential
cycling causes a large degradation (-44%) in curaée®.8 V vs. RHE. Contrasting the
stable Pt/GCN results with the commercial catalyst Figure 3.23 shows the
electrochemical stability improvement. Peroxidenfation varied from 1-3% for all
catalysts tested for RRDE [38]. Electrochemicadlgtive surface area (ECSA) was
determined using a conventional electrochemicahotktoy integrating the area under
the hydrogen desorption peak from 0.05 to 0.45sV RHE, based on the electrical
charge required for hydrogen desorption correlateth the (1 0 0) facets of the
polycrystalline Pt Surface area (210 C9n{39,40] Electrochemical surface area shows
significant improvement vs TKK commercial catalg$ter cycling using Pt loading was
20ug cnt in Figure 3.24. The GCN supported platinum catashows 10% less change
in electrochemical surface area (ECSA) after cgcbr000 between 0.6 — 1.0V vs RHE
as compared with Pt/C Commercial Catalyst. The A@SEPt/GCN catalyst plateaus
after 20,000 cycles, and shows 25% less changeG8AEcompared with the same
commercial catalyst. Pt/GCN electrochemical swfarea decreases 31% from 42.59 to
29.39 nf g* Pt after 30,000 cycles between 0.6 and 1.0V vsERH his compares
favorably with commercial TKK 45.8% Pt/C catalyshieh decreases 56% ECSA from
90.35 to 39.53 mg*. The Pt/GCN support shows less %ECSA loss in(Bycles

than the commercial catalyst loses after only 58@des.
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Figure 3.22 40Pt/GCN ORR cycling shows very stable kinetic etngotential as a
function of electrochemical potential cycling. 18ading 20pg cii was deposited on the
glassy carbon electrode.
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Figure 3.2346Pt/C TKK ORR cycling results in degraded kinaditset potential after

electrochemical cycling. Pt loading 100 pgTmvas deposited on the glassy carbon
electrode.
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Table 3.30RR Kinetic onset current before and after eletteonical cycling in N

Electrochemical cycling in40%Pt / GCN1000 46%Pt / TKK Commercial
\P) ORR Current ORR Current

(0.6-1.0 V) mA cm”@ 0.8V mA cm”@ 0.8V

Cycle#

Initial -1.795 (1.00x)| -3.10716  (1.00x)
10k -1.751

20k -1.769

30k -1.905 (1.06x)| -1.3734 (0.56x)
Catalyst loading 20 100

(ug Pt cnf)
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Figure 3.24 ECSA as function of cycle number (0.6V — 1.0V) whoimproved
stability for GCN-supported catalyst compared VRtHC TKK commercial catalyst.

48

www.manharaa.com




The improvement in electrochemical stability présdrhere can be attributed to
removal of unstable amorphous carbon prior to Podigion on the GCNs in addition to
surface accessible porous structure of the unaerlgraphitic support. The superior
cycling stability is due to better Pt catalyst-GGNpport interaction when compared to
commercial high surface area carbon (Ketjen bl&83%6-m2 @) supported catalyst.
Commercial TKK 46%Pt/C catalyst uses Ketjen blagkbon with high amount of
amorphous carbon, and support-catalyst interadgsonot good in TKK commercial
catalyst, but is better in GCN. The electrocheintiierence may also be due to the
highly graphitized Pt/GCN catalyst structure. Aptoous carbon impurities in carbon
nanotubes have been reported to have a strongiveegatpact on electrochemical
performance as measured by cyclic voltammetry [8d]the selective oxidative removal
of these amorphous impurities also should be dmuting factor in ECSA half-cell

stability improvements.

The main mechanisms for loss of catalytic actiarg Pt dissolution, Oswald
ripening of Pt particles, and agglomeration coaase of nanoparticles by collision or
movement on carbon support [39,41,42,43,44]. Hngel surface accessible pores may

be a favorable morphology against platinum agglati@n or dissolution.
3.6.2 Fuel Cell Performance

The Pt/GCN catalyst was prepared into a MEA to pestormance in Fuel Cell in
H,-O,, Ho-Air and in-situ ECSA measurements. »-8, current density of Pt/GCN
catalyst is 1934 mA cihat 0.7 \fk-free is improved compared to Pt/C commercial TKK of

1913 mA cnT at 0.7 \r-re, i Figure 3.25.
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Figure 3.25 H,-O, MEA fuel cell testing of 40Pt/GCN1000 vs 46Pt/C KK
commercial catalyst.
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Ho-Air current density of Pt/GCN catalyst is 932 m&vt measured at 0.6Mee
is improved compared to Pt/C commercial TKK of 868 cm? at 0.6 \kee PoOwWer
density is also higher for the Pt/GCN in the maasdport limited region under larger
current density loading compared with the TKK comerad catalyst, due in part to
reduced iR-loss in the Pt/GCN catalyst. Power itigas lower voltages is important for
automotive applications of fuel cell catalysts. eTimcreased power of the Pt/GCN
catalyst with H-Air is shown in Figure 3.26. The polarizationwes demonstrated good
ORR kinetics and fuel cell performance for Pt/GChtatyst synthesized at USC.
GCN1000 Mass activity is 0.143 A MgPt at 0.9Vkree This activity is similar to
reported literature values of 0.104 — 0.16 ARt at 0.9Vk.fee fOr 46% Pt/C TKK

commercial catalyst [45,46].
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Figure 3.26 H,-Air MEA fuel cell performance 40Pt/GCN power deagss higher
compared with 46%Pt/C TKK commercial catalyst aghhcurrent density in the
mass transport region.
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CHAPTER4
CONCLUSION
This work presents a simple method for preparatibhollow graphitic carbon
nanostructures with ~50-100 nm diameter and ~10 nhntwekness. These GCNs have
a porous structure which is surface accessible,fraobework confined pores. Solid
phase synthesis followed by selective oxidativeaesh of unstable amorphous carbon
presents a unique stable support system with tanadre size and BET surface area to

achieve desired catalyst performance.

The highly crystalline graphitic nature of this mb\atalyst support preparation
results in improved stability. The thermal stabilhs measured by TGA weight loss is an
order of magnitude more stable compared with higtlese area Ketjenblack carbon.
Catalyst stability improvement is due to betterabat-support interaction and the
removal of amorphous carbon. Pt/GCN shows impraledtirochemical stability of the
carbon support measured by CV after 30,000 cyal®&RDE half-cell experiments.

This catalyst shows good performance for oxygengtadn reaction in PEM Fuel
Cell, with increased power density in the massspan region compared to commercial

TKK catalyst.
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This approach of controlling the strength of thkestgve-oxidation condition can
be applied generally, however optimal stabilizattmmditions are dependent on support
properties such as metal content and degree ohigjzsgiion. The precise stabilization
conditions will vary for different catalyst supp®rt requiring support-specific
optimization to effectively utilize this stabilizah method to improve catalyst support

stability.

The financial support of DOE under grant DE-EEO@ID4s gratefully

acknowledged.
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