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ABSTRACT

 This work is mainly focused on gaining a fundamental understanding of 

conventional bimetallic catalysts in order to correlate their macroscopic properties with the 

observed kinetic properties. This is achieved by synthesizing and studying fundamental 

model surface analogues of conventional catalysts that are difficult to study due to their 

complex, ill-defined nature. A wide array of surface science techniques that use ultra-high 

vacuum (UHV) conditions are readily available for detailed studies that can be conducted 

on model surfaces. This work focuses on the synthesis and investigation of two 

fundamental bimetallic catalysts formed via the addition of a second metal to an existing 

system in order to give rise to enhanced catalytic properties. The systems investigated are 

the bimetallic Pt-Sn catalysts and Cu-Rh metal organic frameworks consisting of benzene 

tricarboxylic acid (BTC) linkers.  

Monometallic Pt catalysts with excellent hydrogenation properties can preferably 

undergo C=C hydrogenation and decarbonylation while the addition of oxophillic Sn to Pt 

to form bimetallic catalysts is reported to improve the selectivity to unsaturated alcohol 

synthesis via preferential C=O bond hydrogenation for larger aldehydes with substituted 

groups. The greater selectivity to unsaturated alcohol formation with the bimetallic Pt-Sn 

catalyst is claimed to stem from the presence of oxophillic Sn addition to Pt, which helps 

anchor the oxygen from the C=O bond due to electronic and/or geometric effects while Pt 

dissociates H2 to synergistically hydrogenate the C=O bond. However, the exact source of 

the observed enhancement in selectivity is still unknown. Fundamental studies performed 
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using model Pt-Sn ordered alloys with different surface metal ratios show that the 

selectivity to furfural alcohol formation and the resistance to catalyst deactivation increases 

with the surface Sn concentration while there was observed to be an optimum Pt:Sn surface 

ratio at which there was maximum activity with 50% conversion. DFT calculations predict 

the formation of a η1-(O)-intermediate that could be responsible for the observed selectivity 

to furfural alcohol formation. 

The synthesis of thin MOF films is a rising area of interest due to its increasing 

applications and ability to function as a model system to study powder MOFs that also have 

high end applications. Using sophisticated surface science techniques such as X-ray 

photoelectron spectroscopy, grazing incidence wide angle X-ray scattering and atomic 

force microscopy, this work demonstrates that crystalline, monometallic Cu based BTC 

MOF films can be synthesized via layer-by layer dip coating method. Node metal 

replacement of this monometallic CuBTC with a second metal such as Rh is also shown to 

produce bimetallic CuRhBTC MOF thin films that play an important role in heterogeneous 

catalysis. 
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CHAPTER 1 

INTRODUCTION 

1.1 HETEROGENEOUS MODEL CATALYSIS  

Heterogeneous catalysis is a form of catalysis where the catalyst is in a different 

physical phase than the reactants or products involved, the alternative being homogeneous 

catalysis. The origin of heterogeneous catalysis has brought about a major industrial 

breakthrough since it was first introduced over two centuries ago.1–3 Its cost effective 

methods and sustainable industrial applications and processes permit engineering 

advantages that have led to covering almost 80% of the global market share with a 

constantly growing demand.1,2 Among many industrial processes that dictate the economy, 

the current global production of ammonia, methanol, crude oil and fossil fuel all depend 

heavily on the development of highly efficient heterogeneous catalysts.4 Hence, 

uncovering highly efficient and sustainable new avenues is key to overcoming the 

imminent energy and environmental challenges for a brighter tomorrow.  

 It is well known that heterogeneous catalytic reactions mostly occur on the low 

coordinated steps, edges and kink sites on the surface which are considered highly active 

sites.5–9 However, there is very limited fundamental knowledge about the structure -activity 

correlation in commercial catalysts that are ill defined, highly complex material which 

makes them extremely complicated to study.10,11 In order to deal with these complexities, 

model systems which can be single crystals, thin film or nano particles can be effectively 

employed. In simple terms, the said model systems can be considered fundamental 2D-
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surface analogues of the complex commercial material which is in the form of a powder. 

Such model catalysts can be meticulously characterized in a pristine environment using a 

wide range of surface science techniques, under ultra-high vacuum (UHV) conditions 

(pressure ~1x10-10 torr) unlike the high surface area commercial catalysts.10,11 

1.2 BIMETALLIC CATALYSTS 

In the context of synthesizing highly efficient catalyst, bimetallic catalysts play a 

pivotal role since they are commonly known for their synergistic properties that make them 

superior to their corresponding monometallic counterparts.12,13 The enhancement in 

selectivity, activity and stability caused by the synergistic effects can be further categorized 

into electronic effects, geometric effects and bifunctional effects.14–17 Both model systems 

studied in this work are bimetallic catalysts in which two metals play an active role to 

enhance the overall catalytic properties. Pt-Sn catalyst are known to display synergistic 

behavior due to the efficient hydrogenation properties of Pt combined with the oxophillic 

nature of Sn that will help anchor the C=O group in unsaturated aldehydes in order to 

promote preferential hydrogenation of C=O groups.18,19 CuRhBTC MOF systems have Cu 

which provides structural integrity 20–22 to the MOF network while Rh provides sites for 

hydrogenation reactions.23 

1.3 MOTIVATION 

The synthesis and systematic characterization of fundamental surfaces warrant 

sophisticated surface science techniques for accurate correlations between macroscopic 

effects and kinetic processes. X-ray photo electron spectroscopy (XPS), scanning tunneling 

microscopy (STM), low energy electron diffraction (LEED), low energy ion scattering 

(LEIS), grazing incidence wide angle X-ray scattering (GIWAXS) and atomic force 
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microscopy (AFM) were few of the elaborate surface science techniques that were 

available at the University of South Carolina and used for this work. Regardless of vacuum 

studies being ideal for catalyst characterization itself, reactor studies performed under low 

pressures will reflect poorly on the true kinetics, due to being far from realistic pressure 

conditions under which commercial catalyst operate in industrial settings. By coupling a 

highly sensitive high-pressure cell suitable for reactor studies with model catalysts to an 

ultra-high vacuum (UHV) chamber that is capable of performing systematic surface 

science analysis, this pressure gap can be bridged.24–26 This way, pre and post catalyst 

characterization can be conducted using sophisticated surface science techniques under 

UHV conditions, while accurate kinetic evaluations can be performed in the coupled 

microreactor, without exposure to air in between to procure the best of both worlds.  

Well-ordered metal single crystals are commercially available to gain fundamental 

understanding of the real-world catalysts that are metals dispersed on high surface area 

supports. However, unlike metal single crystals, MOF thin films which are considered to 

be model systems of the 3D MOF networks are not highly available. Hence, developing 

methods to synthesize such thin film analogues have tremendous scope and utilization. 

Layer-by-layer growth method is an ideal technique to grow such thin MOF films and this 

work in combination with previous work20 are the first instances of synthesizing bimetallic 

Cu based MOFs in the form of thin films to the best of our knowledge. 
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CHAPTER 2 

EXPERIMENTAL 

2.1 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 

XPS is a UHV surface science analysis method that can provide qualitative and 

quantitative information about the elements (except H and He) present in a sample. 

Sophisticated applications of this technique can provide further information about the 

chemical environment, electronic structure and morphology of the surface.1 The probe 

depth of X-rays can extend up to 10 nm, enabling analysis of the first few monolayers of a 

surface.2 The underlying principles of XPS are the photoelectric effect and photo emission. 

X-ray irradiation can cause elements to emit photoelectrons from their core orbitals. These 

photoelectrons have characteristic binding energies, which enables elemental identification 

and quantitative analysis. The binding energy of the ejected photoelectrons relative to the 

fermi level, EB, can be determined from the difference between the constant energy of the 

X-rays, hν, under vacuum, the kinetic energy EK of electrons and the work function ϕ, 

which is the minimum energy required to remove an electron from the influence of the 

nucleus of an element. Equation 1 demonstrates this relationship. 

𝐸𝐵 = ℎ𝑣 − 𝐸𝐾 − ϕ     ---- Equation 1 

Typical lab-based X-ray sources employ Mg or Al anodes for which, hν is 1253.6 

eV and 1486.6 eV respectively. A series of electrostatic or magnetic lenses collects and 

focuses the photoelectrons into a hemispherical analyzer, which separates them based on
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their kinetic energies before they are seen by the detector. The measured kinetic energies 

of the photo-ejected electrons are directly correlated to their binding energies, which are 

characteristic of the atoms from which they were emitted. Since core-level electrons do not 

participate in chemical bonding but are sensitive to changes in the electronic structure of 

the material, they provide elemental identification as well as information about the 

oxidation state of the surface components. Figure 2.1 illustrates the basic setup used for 

XPS analysis.  

2.2 UHV-COUPLED MICROREACTOR 

The custom built microreactor used for the reactor studies conducted with model 

Pt-Sn catalysts was coupled to the UHV chamber with two UHV proof valves positioned 

in-between the chamber and the reactor to withstand the pressure differential on the two 

sides.3 This setup allowed samples to be well characterized with surface science techniques 

conducted under pristine UHV conditions while the kinetic evaluations were conducted 

under realistic pressure conditions for accurate correlation of macroscopic effects to the 

molecular level kinetics of the systems. In order to increase the sensitivity of the reactor to 

make it compatible with model catalysts that have far fewer active sites, it was made to 

have a small dead volume (18 cm3) with the capacity to be used in recirculation mode 

where the reactants are sent past the catalyst multiple times to build sufficiently detectable 

concentration of products. However, due to the high activity of the Pt-Sn catalyst, the 

reactions were conducted in flow through mode with fresh reactant constantly passing 

through the catalyst. Figure 2.2 depicts a schematic of the microreactor discussed. The 

system is equipped with an automatic sampler that can sample a fixed volume (~1cm3) of 

the reaction mixture at set intervals at which this small volume is sent to the GC (5890 



www.manaraa.com

8 

series II) consisting of a fused silica capillary column (Rtx-5) with the dimensions 30 m 

length and 0.25 mm ID.  At the end of the capillary column, the separated compounds will 

be burnt inside a flame ionization detector (FID) which will produce a signal proportional 

to the quantity of each compound eluted. This microreactor is capable of withstanding 

temperatures up to 190 °C and pressures near 1 atm. Figure 2.3 shows the outer view of 

the reactor system in the left image and the inner reactor housing in the right image. 

2.3 SCANNING TUNNELING MICROSCOPY (STM) 

 STM is a type of scanning probe microscopy technique in which a sharp probe is 

scanned across the sample in a raster-fashion. This principle is used to map the morphology 

of the surface on the atomic scale.1 STM employs the quantum tunneling of electrons, 

which can occur in vacuum when an atomically sharp tip is brought within a few angstroms 

of the surface of the sample with an applied voltage. Figure 2.4 illustrates the schematic 

view of an STM setup. STM can be conducted under constant current mode where the 

tunneling current is kept constant by maintaining a constant voltage in the piezoelectric 

element.1 The voltage changes made to maintain the constant voltage will cause the 

piezoelectric crystal to move axially resulting in a mapped image of the surface which is 

the surface electron density as a function of vertical tip displacement. The tips can be made 

via electrochemical etching of a tungsten wire with a base like NaOH.4 Once the tip is in 

the vacuum chamber it can be further conditioned by applying high voltage pulses to drive 

tungsten atoms to the apex of the tip to obtain atomic sharpness for undistorted STM 

images. In constant height mode the surface is scanned with the piezoelectric element 

maintained at a constant voltage to measure the tunneling current as a function of the 

position of the tip. Figure 2.5 illustrates the two typical STM imaging modes.  
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2.4 LOW ENERGY ION SCATTERING SPECTROSCOPY (LEIS) 

LEIS also known as ion scattering spectroscopy (ISS) is a highly surface sensitive 

technique used to probe only the topmost atomic layer of a surface. The sample surface is 

bombarded with low energy ions of an inert gas, typically He+, Ne+ or Ar+, and an 

electrostatic analyzer is used to determine the kinetic energy of the ions that survive 

backscattering from different elements on the surface. Figure 2.6 illustrates the summarized 

process of the LEIS technique. Since only the ions backscattered from the topmost layer 

will have sufficient energy to reach the detector, this technique enables the determination 

of the surface composition of only the first monolayer. Elemental identification is possible 

because the mass of the surface atom that caused the backscattering event to occur can be 

back calculated using the kinetic energy of the scattered ions based on the principles of 

conservation of momentum, considering it to be a two-body elastic collision.  

2.5 LOW ENERGY ELECTRON DIFFRACTION (LEED) 

 In the late 1920s it was discovered that electrons can also be diffracted by 

crystalline solids, similar to X-rays. Thereby began the use of LEED for crystal structure 

determination of single crystals, ordered overlayers of thin films or adsorbates. A typical 

LEED setup is displayed in Figure 2.7. Here, an electron beam with variable energy is 

produced by an electron gun and directed on the sample surface. The electrons then 

backscatter from the sample surface onto a series of grids surrounding the electron gun. 

The backscattered electrons can be elastically scattered electrons that forms a set of 

diffracted beams which form the LEED pattern or the less significant inelastically scattered 

electrons which can consist of up to 99% of the total flux. These inelastically scattered 

electrons are filtered out while the elastically scattered fraction is accelerated towards a 
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phosphorous screen. These electrons coming in to contact with the phosphorous screen will 

create a diffraction pattern of bright green spots corresponding to the periodicity of the 

surface probed from the constructive interference of electron waves. A LEED pattern 

represents reciprocal space, meaning that the distances between the bright spots in the 

LEED pattern are inversely proportional to the distance between the points in the actual 

surface. 

2.6 ATOMIC FORCE MICROSCOPY (AFM) 

AFM is a scanning probe microscopy method in which a probe/cantilever that has 

a sharp, force sensing tip that is allowed to interact with the sample surface is placed 

parallel to the surface. With the change in the interaction force between the cantilever tip 

and the surface, deflections are produced in the cantilever.1 These deflections are measured 

to be used to construct a topographic image of the surface that will enable determination 

of the dimensions of the features observed on a surface.1 This process is schematically 

illustrated in Figure 2.8. Existing microscopes can image surfaces based on the principles 

of a wide range of forces including electrostatic and magnetic forces. Because AFM is 

based on a force measurement there is no restriction requiring the sample to be an electrical 

conductor unlike with STM. When AFM is used in the non-contact (tapping) mode, the 

cantilever oscillates at a fixed resonance frequency. However, when the tip comes close to 

a surface feature, forces from the feature can interact with the cantilever to decrease its 

resonance frequency. In order to maintain the initial resonance frequency, the distance 

between the tip and sample must be adjusted. The height adjustments made in such way is 

used to map the topography of the surface.5 
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2.7 GRAZING INCIDENCE WIDE ANGLE X-RAY SCATTERING (GIWAXS) 

 GIWAXS is a method to analyze crystal structure in the nanoscale by measuring 

the intensity of the scattered X-rays as a function of angle. Structural information can be 

collected in the transmission or grazing incidence mode to deduce structure of a wide range 

of materials.6 In the experimental process used to analyze thin MOF films, X-rays were 

directed to the surface to be analyzed at a grazing incidence angle to increase signal 

sensitivity and to account for the non-transparent nature of the substrates. The angle of 

incidence can be adjusted to probe only the topmost layer up to a depth of 10 nm or deeper 

for thicker samples. The scattered X-rays are identified by a 2D area detector which is 

schematically illustrated in Figure 2.9. The 2D area detector image can be reduced to a 1D 

intensity vs momentum transfer (I vs q) curve in which the slope of the curve and/or the 

oscillations within it contains structural information. When the 2D detector is placed at a 

wide angle, information about crystal structure can be obtained.7 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Setup used for XPS surface analysis8 
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Figure 2.3: The left image shows the outer appearance of the reactor (red box), feed 

manifold and the automatic sampling valves and the right image shows the inner 

reactor housing3 

Figure 2.2: Schematic illustration of the reactor setup3 
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Figure 2.4: Schematic illustration of the STM setup9 

 

Figure 2.5: Constant current and constant height STM imaging modes10 
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Figure 2.6: Summarized LEIS process11 

 

Figure 2.7: A typical LEED setup 12  
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Figure 2.8: Schematic illustration of AFM imaging process13 

 

Figure 2.9: Schematic illustration of GIWAXS scattering process7 
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CHAPTER 3 

THE FUNDAMANTALS OF SELECTIVE HYDROGENATION OF 

UNSATURATED ALDEHYDES WITH PT-SN BIMETALLIC 

CATALYSTS 

3.1 INTRODUCTION 

Selective hydrogenation of unsaturated aldehydes to produce their corresponding 

unsaturated alcohol is a key reaction in the production of several value-added chemicals 

with extensive industrial applications. In general, they are used to manufacture perfumes, 

flavorings and pharmaceuticals among others.1–5 Furfural/furfuryl alcohol and crotyl 

alcohol are two such unsaturated alcohols among the most important of these value added 

chemicals with additional applications in the manufacturing of lubricants, lysine, vitamin 

C and dispersing agents for the former.6–9 However, the selective hydrogenation to produce 

unsaturated alcohol is complicated by the competitive olefinic, C=C bond hydrogenation 

which is thermodynamically and kinetically preferable under most conditions.10–12 The  

C=C bond hydrogenation is thermodynamically favored by approximately 35 kJ/mol, 

compared to C=O bond hydrogenation.13 Due to the multiple functional groups available 

in unsaturated aldehydes such as furfural and crotonaldehyde, there can be multiple 

undesirable reaction pathways such as decarbonylation, non-selective decomposition, ring 

hydrogenation and ring opening reactions14–17 as depicted in Figure 3.1. With 

crotonaldehyde there are fewer types of undesirable reactions that can occur since it is a 
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less complex molecule. As seen in Figure 3.2, olefinic C=C bond hydrogenation, 

decarbonylation, non-selective decomposition and secondary hydrogenation to make the 

saturated alcohol are among these. 

Combining a noble metal with good hydrogenation properties (ex: Pt, Pd) with a 

second oxophillic metal that would help anchor the C=O bond (ex: Re, Sn, Fe, Zn) is a 

common strategy used in the development of catalysts that are active and selective for C=O 

bond hydrogenation.18–20 Supported Pt-Sn bimetallic catalysts that fall in to this category 

are recognized for their suitability to be used in hydrocarbon conversion reactions and have 

been used for hydrogenation-dehydration,21 selective oxidation22 and hydrogenolysis23 

reactions. The synergistic behavior of bimetallic Pt-Sn compared to monometallic Pt 

catalyst gives rise to different catalytic activity and greater stability from resistance to coke 

formation.24–26 The conversion of unsaturated aldehydes to their corresponding alcohols 

via selective hydrogenation is amongst the reactions that give promising results with Pt-Sn 

bimetallic catalyst.5 The enhanced selectivity obtained from Pt-Sn catalyst is broadly 

attributed to two main effects. The formation of bimetallic alloys,1,5,21 or that of Sn 

oxide.10,27,28 Alloy formation is further categorized to occur from the dilution of Pt 

ensemble to reduce C=C bond hydrogenation, C-C and C=O bond scission21,27,29–31 and/or 

electronic effects.32–34 However, there is still a lack of fundamental understanding about 

the exact nature of the synergistic behavior of the bimetallic Pt-Sn catalysts for selective 

hydrogenation reactions.5,35  

Supported Sn-Pt catalysts are high surface area catalysts with a complex structure 

which will make structure-kinetic correlations more complicated. Sn-Pt alloys made on 

Pt(111) on the other hand helps factor out many such undesirable support effects prevalent 
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in the supported catalysts in order to simplify the system. Metal-support interaction, 

incomplete reduction of metals, particle size effects and sintering are among the factors 

that can be taken out of the picture for fundamental studies.5,36 Hence, this study 

investigates the fundamental effects of alloy formation on the selective hydrogenation of 

unsaturated aldehydes by systematically probing the monometallic and bimetallic Pt-Sn 

alloy compositions on well-defined model catalysts to methodically study their selectivity 

and activity as a function of the catalysts’ structural aspects.  

3.2 EXPERIMENTAL 

 Catalyst preparation and characterization were performed in two ultra-high vacuum 

(UHV) chambers that have been described in detail elsewhere. The first chamber 37,38 has 

a base pressure <5x10-10 torr. Among other instrumentation, this chamber is equipped with 

a four-pocket electron-beam evaporator (Oxford Applied Research, EGCO4) for metal 

deposition which was used to make the Pt-Sn bimetallic surfaces. Additionally, it also 

includes a hemispherical analyzer SPHERA II integrated with Mg/Al Kα X-ray sources 

(Omicron, DAR 400) operated at 15 kV and 20 mA emission current for X-ray 

photoelectron spectroscopy (XPS) analysis. Catalyst were prepared for the reactor studies 

in the first chamber that is coupled to a custom built microreactor in such a manner that it 

can be completely isolated from the chamber except during sample transfer.39   

The second chamber 40,41 that has a base pressure <2x10-10 torr is equipped with a 

variable-temperature scanning tunneling microscope (Omicron, VT-STM) a hemispherical 

analyzer (Omicron EA125) for XPS and low energy ion scattering spectroscopy (LEIS), as 

well as optics for low energy electron diffraction (LEED) analysis.   
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Catalyst preparation 

Monometallic and bimetallic catalysts were prepared using a Pt(111) single 

crystal  (99.999%, Princeton Scientific Corp., 8 mm diameter, 2 mm thickness) mounted 

on a standard Ta Omicron sample holder plate in to which a 8.9x8.9 mm2 window was 

cut, while two Ta wires are spot welded on it to seat the crystal in place by press-fitting 

the Ta wires in 1.1mm deep slots cut in to its sides. This Pt(111) crystal was cleaned 

using Ar+ ion sputtering at 1 kV and 10 mA for 20 minute followed by an annealing step 

where the crystal was heated to 950 K for 1 minute with the sample directly heated 

through the window in the sample plate, using a Tungsten filament via electron beam 

heating. The sample annealing temperature and the rate of heating/cooling step which 

was maintained at 2 K/s was monitored using an infrared pyrometer (HEITRONICS, 

D65205 Wiesbaden). Bimetallic Pt-Sn surfaces were made via the evaporation of Sn 

using pellets (ESPI, 5N purity, 1-3 mm) placed in a Ta crucible. Sn coverages of 0.5 

monolayer (ML) and 1ML were deposited on Pt(111) where a monolayers is defined 

relative to the surface packing density of Pt(111) (1 ML = 1.5x 1015 atom/cm2). Sn was 

deposited on Pt(111) via physical vapor deposition method, at a rate of ~0.05 ML/min, 

measured using an independently calibrated quartz crystal microbalance flux monitor 

(QCM, Inficon, XTM-2). Pt-Sn ordered alloys were synthesized by annealing the surface 

to a given temperature (800-1000 K) following the initial Sn deposition which was a 

procedure borrowed from the literature.5,42  

Reactor studies 

Samples prepared in the UHV chamber were directly transferred in to the coupled 

microreactor via linear transfer enabled by a transfer arm, without the sample being 
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exposed to air or breaking vacuum. H2, which also acted as the sweep gas for the reaction 

was introduced via an independently calibrated mass flow controller (Brooks, 5890i) that 

was directed to a homemade stainless-steel vapor liquid equilibrator (VLE) containing a 

liquid chemical at a time, to obtain the low concentrations of vapor phase unsaturated 

aldehyde in balance H2. 

The temperature of the sample was monitored with a type K thermocouple (Omega, 

KMQSS-040G-6) welded into the feed gas inlet, beside the surface of the sample. The gas 

lines were maintained at ~80 °C to avoid condensation of unsaturated aldehydes in the 

lines, using two Valco Instruments temperature controllers. Pressure was monitored by two 

capacitance manometers (MKS Instruments, Baratron 722A) located upstream of the 

reactor in the feed gas line (790 Torr ~ 800 Torr) and downstream of the reactor (770 Torr 

~ 780 Torr). Dilute feed concentrations of the unsaturated alcohols were used in the reactor 

studies to avoid polymerization9,15,43 in the gaslines while the low total feed gas flows 20-

25 sccm would maximize the feed contact time in order to increase conversion. The 

reaction temperatures, 160 ºC and 80 ºC were chosen because maximum selectivity to the 

unsaturated alcohol formation is reported at these temperatures.5,17,44,45 

The catalytic conversions and product distribution for monometallic Pt(111) as well 

as three Pt-Sn ordered alloys with different surface compositions were investigated in the 

UHV coupled microreactor for furfural hydrogenation reactions. The reaction was 

conducted in the microreactor used in the flow reactor mode with 0.1% furfural (Sigma 

Aldrich, 99%) balance H2 (Airgas, 99.999%) at 1 atm pressure and a total feed gas flow of 

20 sccm (measured using a digital flow meter (Agilent Technologies, ADM2000)) at 160 

ºC temperature. The product distributions, selectivity and conversions for monometallic 
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Pt(111) as well as a Pt-Sn alloy mixture of ordered p2x2 and √3x√3 R30º structures were 

also studied for crotonaldeyhe hydrogenation reactions. The reaction was conducted using 

0.27% crotonaldehyde balance H2 with a total feed gas flow of 25 sccm at 80 ºC 

temperature and 1 atm pressure. For both the reactions studied, once the feed mixture was 

introduced to the catalyst, a volume of ~1.096 cm3 from the reaction mixture was sampled 

with a 1:10 split ratio, every 30 minutes, using an automatic sampling system to analyze 

the product distribution with  a gas chromatograph (HP 5890 series II). This GC was 

integrated with a Rtx-5 capillary column (0.25 mm ID, 30 m length, RESTEK) that carries 

the separated components to a flame ionization detector (FID). The column was maintained 

at 50 ºC and 40 ºC under isothermal conditions for furfural and crotonaldehyde reactions 

respectively in order to obtain the maximum separation between the aldehyde and the 

corresponding unsaturated alcohol. Background subtractions were carried out to correct for 

the formation of certain products via unsaturated aldehyde decomposition on the stainless-

steel reactor walls/lines. Reactant and product calibrations were performed by headspace 

sampling of furfural alcohol (Sigma Aldrich, 98%), furan (Sigma Aldrich, >99%), 

tetrahydrofuran/THF (Sigma Aldrich, >99.0%), butyraldehyde (Sigma Aldrich, >99.0%) 

and crotyl alcohol (Sigma Aldrich, 96%) to calculate FID response factors for rate 

calculations. The conversion at a given time was calculated using the quantity of reactant 

unsaturated aldehyde as seen in the equation below. 

Conversion =
 Reactant in the feed(nmol) − Reactant at a given time(nmol)

Reactant in the feed(nmol)
 % 

The selectivity towards a specific product at a given time was calculated using the equation 

given below, 
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Selectivity =
Rate of formation for a given product at a given time (nmol)

Rate of total prodcut formation at the given time (nmol)
% 

The non-selective decomposition % was calculated using a difference measurement 

by subtracting furfural alcohol, furan and THF selectivities from a unity by assuming that 

all furfural that did not get converted to either furfural alcohol, furan or THF underwent 

decomposition and that these were the only possible reaction pathways since these were 

the only pathways for which products were observed. 

Non selective decomposition % = 1 − (furfural alcohol + furan + THF selectivity)% 

Catalyst characterization 

For qualitative as well as quantitative elemental analysis, XPS was performed in 

the first chamber coupled to the reactor, using the Mg Kα X-ray source. The Pt(4f), Sn(3d), 

C(1s) and O(1s) regions were scanned with a 0.2 s dwell time and a 0.025 eV step size for 

monometallic Pt and the PtSn surfaces prepared using the Pt(111) single crystal. The 

binding energies of Pt(4f) and Sn(3d) pre and post reaction enabled understanding what 

occurred to the catalyst under reaction conditions. The low-resolution survey region was 

scanned with a 0.2 s dwell time and a 0.5 eV step size to verify that there was no 

contamination problem introduced in the sample preparation step as well as during 

reaction. 

Scanning tunneling microscopy (STM) and LEED experiments were carried out in 

the second chamber. The STM studies were conducted with an Omicron VT-STM to 

investigate the growth and surface morphology of Pt and Sn clusters as well as alloy 

formation on Pt(111). STM images were collected at 0.1-0.2 nA constant tunneling current 

for Pt(111). STM tips were made by electrochemically etching a 0.38 mm diameter 

tungsten wire in NaOH.46 Tips were further conditioned by sputtering with argon ions at 3 
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kV and pulsing at higher voltages up to 10 V. LEIS experiments were conducted using He+ 

ions with a low energy of 600 eV and the acquisition times were adjusted to minimize 

sample destruction during data collections. LEED analysis was performed using 80 eV 

beam energy. 

DFT calculations 

Density functional theory (DFT) calculations were conducted by the Henkelman 

group from the University of Texas, Austin, using the Vienna Ab-Initio Package.47,48 Core 

electrons were described within the projected augmented wave framework;49 valence 

electrons were described with a plane wave basis set up. The generalized gradient 

approximation in the form of the Perdew, Burke and Ernzerhof functional was utilized to 

model electronic exchange and correlation.50 The Brillouin zone was sampled using 

Monkhorst pack with a K-point density of 2 2 1. This is found to be adequate for binding 

energy calculations for the surfaces introduced in this chapter. The Pt(111) slab contains 

16 atoms in each layer and a total of 4 layers, with the bottom two layers constrained to 

their positions in bulk while the top two layers are allowed to relax. Pt3Sn (p2x2), Pt2Sn 

(√3x√3 R30º) and PtSn slabs with Sn compositions of 25%, 33% and 50% respectively 

were simulated using VASP code and PBE-GGA exchange correlation functional with an 

energy cutoff of 400 eV to calculate upright and flat binding energies of unsaturated 

aldehydes on these surfaces. 

3.3 RESULTS  

This study was carried out in order to obtain fundamental insights into the gas phase 

selective hydrogenation reactions of unsaturated aldehydes, using monometallic Pt as well 

as bimetallic Pt-Sn alloy catalysts. Two unsaturated aldehydes, furfural and crotonaldehyde 
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were used for the synthesis of their corresponding unsaturated alcohol which has important 

applications in industry.5,9,51–53 The said reactor studies were performed with model 

monometallic Pt(111) and Pt-Sn bimetallic ordered alloys as a comparative study to 

investigate the source of the selectivity enhancement to furfuryl alcohol formation with 

bimetallic catalysts and identify the optimum bimetallic compositions that will preferably 

synthesize the unsaturated alcohol in good yield.  

Selective hydrogenation of furfural 

 Furfural hydrogenation reaction studies conducted with monometallic Pt(111) 

surface displayed the highest selectivity to decarbonylation and formed furan as the major 

product as illustrated in Figure 3.3-3.4, agreeing with other reports from the 

literature.14,51,54 The furan rate of formation was highest for this surface, although it 

dropped off rapidly, indicating prompt catalyst deactivation. No furfural alcohol was 

detected on Pt(111) which is again in agreement with the literature.14,51 Ring hydrogenation 

and ring opening products such as THF, butanol and C3-C4 hydrocarbons were detected in 

small amounts from the reaction on this surface. This surface also demonstrated a low 

conversion of only 10%. The three ordered Pt-Sn bimetallic alloys that were used for 

reactor studies only produced furfural alcohol, furan and THF. The alloy surfaces used 

were 1 ML Sn deposited on Pt(111) annealed  to 800 K for 1 minute, 1 ML Sn deposited 

on Pt(111) annealed  to 1000 K for 1 minute and 0.5 ML Sn deposited on Pt(111) annealed  

to 1000 K for 1 minute. Out of these surfaces, the first two demonstrated stable selectivity 

for furfural alcohol formation (see Figure 3.5 showing selectivities settle at 70% and 60% 

with greater selectivity observed when annealed to a lower temperature). However, as 

shown in Figure 3.6, the rate of formation of furfural alcohol was > 4 times higher with no 
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loss of activity for over 6 hours with the 1000 K annealed surface (~17 μmol/hr), 

corresponding to a 50% conversion. Compared to this, the 800 K annealed alloy for which 

the rate of furfural alcohol formation started off at ~11 μmol/hr, dropped to ~4 μmol/hr 

corresponding to a decreasing conversion that finally settled at only ~10% by the end of 6 

hours. Furthermore, the furan and THF selectivities were near 2% each for both of the 1 

ML Sn on Pt(111) alloys. Leading to non-selective decompositions near ~33% and ~26% 

for the 1000 K alloy and 800 K alloy respectively (Figure 3.7). Selectivity, conversion and 

rate values are averaged over the last 4 hours when they seemed to settle unless mentioned 

otherwise. Hence, selectivities for furfural alcohol formation, decarbonylation and non-

selective decomposition observed between the two 1ML Sn-Pt alloys indicate similar 

trends. However, the 1000 K alloy had >4 times activity compared to the 800 K alloy which 

seemed to be losing activity from the loss of active sites. 

  The surface alloy made by depositing 0.5 ML Sn on Pt(111) was an attempt to start 

with less Sn on the surface. Hence, post annealing to the same 1000 K temperature, there 

would be less Sn on the surface compared to the 1 ML Sn-Pt(111), 1000 K alloy. The 

reactor studies conducted with this surface produced furfural alcohol at an initial rate of 

~2.5 μmol/hr which declined rapidly overtime and dropped to 0.5 μmol/hr at the end of 6 

hours corresponding to a conversion of only ~8% (see Figure 3.8). The selectivity to 

furfural alcohol also started higher at ~70% and dropped to ~30% over the course of 6 

hours, all pointing to rapid deactivation of the surface similar to the monometallic Pt(111) 

surface containing no Sn. This surface demonstrated a higher selectivity to the 

decarbonylation pathway that produced furan compared to the two other alloys with greater 

Sn surface coverages. The furan selectivity started off near 18% and dropped off rapidly to 
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almost zero by the end of 6 hours, again pointing to prompt deactivation. The THF 

selectivity (~6%) displayed a similar trend to that of furan on this surface as observed in 

Figure 3.9. In a control experiment, an unannealed surface with 1 ML Sn deposited on 

Pt(111) displayed no activity whatsoever, indicating that all Pt sites were blocked by the 

Sn layer which was covering the entire Pt crystal and had no activity for furfural 

hydrogenation. Figure 3.3-3.9 graphically illustrate the rates of formation and selectivities 

for furfural alcohol, furan and THF, decomposition on the different surfaces as well as the 

conversions for the reactor studies.   

Selective hydrogenation of crotonaldehyde 

 Catalytic activity of model Pt-Sn bimetallic alloy were also studied for the selective 

hydrogenation of crotonaldehyde for the synthesis of the corresponding unsaturated 

alcohol, crotyl alcohol. Monometallic Pt(111) produced butyraldehyde as the major 

product,  with small amounts of decarbonylation products (propane/propene) detected, 

while Pt-Sn alloy annealed to 1000 K produced only butyraldehyde. Crotyl alcohol was 

not detected on either surface.  These observations are also consistent with that seen in the 

literature.5 Pt-Sn surface alloy annealed to 1000 K was used as the chosen alloy for the 

rudimentary crotonaldehyde reaction due to its preferable properties displayed in the 

furfural hydrogenation reaction, giving rise to maximum activity and catalyst stability with 

good selectivity. Although both the monometallic as well as the bimetallic surface 

produced butyraldehyde as the major product and had similar conversions, there was a 

significant difference as seen in Figure 3.10-3.11. The Pt(111) surface produced 

butyraldehyde at an initial rate of 6 µmol/hr and dropped off rapidly to finally settle near 1 

µmol/hr between 4-6 hours, while the Pt-Sn bimetallic surface alloy produced 
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butyraldehyde at a constant rate of ~2.5 µmol/hr throughout the 6hr experiment with no 

indication of surface deactivation during this time. Crotonaldehyde selective 

hydrogenation was also conducted with the 1 ML Sn-Pt(111) 1000 K alloy, using a lower 

feed concentration of 0.125% crotonaldehyde in balance H2 at a total flow of 55 sccm, 

maintaining the rest of the reaction conditions the same, to investigate the effects of the 

change in the reactant concentration to the selectivity to crotyl alcohol formation. However, 

butyraldehyde was again the major product, with no crotyl alcohol detected, confirming 

that neither the Pt(111) surface nor the bimetallic Pt-Sn alloy annealed to 1000 K were able 

to selectively hydrogenate the C=O bond in crotonaldehyde. 

Catalyst characterization 

The model catalysts were characterized using XPS, STM, LEED and LEIS 

techniques. Regardless of the surface Sn coverage on the different alloys, the Pt(4f) and 

Sn(3d) XPS regions of all the bimetallic surfaces displayed similar trends for both furfural 

and crotonaldehyde hydrogenation reactions. XPS binding energies for the Pt(4f) and 

Sn(3d) regions being 71.03 eV and 484.90 eV respectively, verified that both metals were 

in the metallic, zero oxidation state55–57 in the as synthesized surface. Depositing Sn on 

Pt(111) was observed to shift the Pt(4f) signal by 0.1 eV to lower binding energies due to 

the surface core level shift58,59 that causes lower coordinated Pt surface sites to have lower 

binding energy than bulk Pt as observed in Figure 3.12. The Pt(4f) peak intensity returned 

to almost the clean Pt(4f) signal intensity upon annealing the Sn overlayer, indicating that 

Sn was driven subsurface as the alloy formed. As observed in Figures 3.12-3.13, no shift 

in the Pt(4f) or Sn(3d) XPS regions were observed from regular angle XPS spectrum 

reported here which is dominated by bulk properties due to its reduced surface sensitivity. 
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Post reaction, the Sn(3d) region displays a 0.2-0.4 eV shift to higher binding energy which 

is consistent with the presence of oxygen on the surface, evident by comparing the pre and 

post reaction O(1s) regions. Overall, the O(1s) regions for Pt-Sn bimetallic surfaces had 

more oxygen post reaction compared to the monometallic Pt(111) surfaces, which was true 

for both aldehyde hydrogenations as seen in Figure 3.14. The C(1s) regions for all the 

surfaces analyzed showed similar amounts of carbon deposited on the surfaces post 

reaction as observed in Figure 3.15. A similar C(1s) signal has been observed upon 

treatment of the surfaces in pure He at 160 ℃. Hence, it can be concluded that the carbon 

signal observed was due to the overriding effect by the carbon desorbing from the reactor 

walls condensing on the surfaces upon cooling down to room temperature in inert gas, post 

reaction. Using dilute feed mixtures with high H2: aldehyde ratios also further prevents 

high carbon buildup. The survey region showed the presence of a minor sulfur 

contamination in the post reaction XPS data indicating that the layer of H2S used to 

passivate the reactor walls to kill its activity was desorbing small amounts of H2S on to the 

surface. However, the high activity and selectivity of the 1 ML Sn-Pt(111), 1000 K alloy 

model catalyst  with far fewer active sites being comparable with what is reported in the 

literature for high surface area powder catalysts51,58,59 stipulated minimal effects from 

sulfur.  

STM studies conducted with 1 ML Sn deposited on Pt(111) at room temperature 

show nano scale, three dimensional islands of Sn covering the entire surface (Figure 3.16a). 

Upon annealing the surface to 800 K and 1000 K the islands disappear (Figure 3.16b and 

3.16c) indicating that Sn goes subsurface as confirmed with XPS analysis as well. The 
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fingerprint like patterns observed on the terraces of the alloy surface are evidence for such 

alloy formation.60,61  

LEED studies conducted on 1 ML Sn on Pt(111) annealed to 800 K and 1000 K 

show different ordered crystal structures of PtSn alloys formed on the surface. Upon 

annealing this surface to 800 K for 1 minute, the √3x√3 R30º surface structure was obtained 

(Figure 3.17), while annealing to 1000 K for 1 minute gave a co-existing mixture of p(2x2) 

and √3x√3 R30º ordered structures62 as observed in Figure 3.18. In accordance with the 

LEIS results, the 800 K and 1000 K alloys had Sn surface coverages of 0.43 ML and 0.34 

ML respectively, which illustrated that both Pt and Sn were on the top monolayer. This 

verifies the formation of PtSn ordered surface alloys when subject to annealing treatments. 

See Table 3.1 for summarized results.  

DFT studies were carried out in order to gain insights into the selectivity trends 

with the monometallic and bimetallic surfaces by investigating the binding of furfural and 

crotonaldehyde on model monometallic Pt(111) and three ordered, bimetallic, surface 

alloys, namely, Pt3Sn (25% Sn , p(2x2) structure) and Pt2Sn (33% Sn, √3x√3 R30º) and 

PtSn (50% Sn, 110 phase). Calculated binding energies for flat and upright binding 

configurations of furfural showed that flat binding with lower energy was favored over 

upright/head on binding for the monometallic Pt(111) slab. As the Sn composition was 

increased to 25% with the Pt3Sn surface alloy, the furfural molecule still preferred to lay 

parallel over the surface while there was no bond formation detected between the Pt3Sn 

surface and the furfural molecule as shown in Figure 3.19. As the surface Sn content was 

increased further to 33% by employing a Pt2Sn surface, the head on as well as flat binding 

configurations converged to one. Here, furfural was bound to the surface via the C=O end, 
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forming an η1-(O) intermediate that displayed no bonding with the furan ring, which lay 

almost parallel to the surface. Further increasing the Sn concentration to 50% employing a 

PtSn surface structure still predicted the formation of a stable η1-(O) intermediate on the 

surface. Hence, the most favorable binding configurations for furfural was observed to be 

flat on Pt(111) while Pt-Sn alloys preferred head on binding in agreement with what is 

reported in the literature.51,63 

 As shown in Figure 3.20, crotonaldehyde on the other hand preferred flat/linear 

binding that would activate the C=C bond on most Pt surfaces that were investigated for 

the DFT studies. According to the DFT calculations, the surface Sn coverage 

corresponding to the 1 ML Sn on Pt(111), 1000 K alloy  (θSn = 0.34 ML) forms an η2-(C,C) 

intermediate that would explain the experimentally observed favorable hydrogenation of 

the C=C bond to form butyraldehyde. Further increasing the Sn coverage to 0.5 ML is 

predicted to energetically favor the formation a flat bound η2-(C,O) intermediate.  

3.4 DISCUSSION 

Physical vapor deposition is an ideal method that can be used to deconvolute the 

effects of Sn-Pt alloy formation from that of Sn oxide induced activity due its capability to 

be used for metallic Sn deposition. Annealing treatments conducted at 1000 K with a thin 

overlayer of Sn vapor deposited on Pt(111) are well known to form surface alloys with 

p(2x2) and  √3x√3 R30º periodicities corresponding to Pt3Sn(111) face and substitutional 

Pt2Sn surface alloy respectively.42,64,65 Reactor studies combined with LEED analysis 

showed that the 1 ML Sn on Pt(111) annealed to 800 K and 1000 K containing metallic Pt 

and Sn had the highest selectivity for furfural alcohol formation with corresponding crystal 

structures that were pure √3x√3 R30º and a mixture of  p(2x2) + √3x√3 R30º 62 
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respectively. For the 1ML Sn-Pt alloys, the attenuation in the Pt peak observed in LEIS, 

the recovery of the Pt(4f) peak post annealing in XPS and the Sn island disappearance 

observed in STM analysis, all confirm that over half a monolayer of Sn deposited is driven 

subsurface upon being subject to annealing treatments to form Pt-Sn surface alloys. Such 

ordered Pt-Sn surface alloys are reported to form via annealing due to three major driving 

forces, the low surface free energy of Sn (0.51 Jm-2 )66 compared to that of Pt (2.7 Jm-2 ),67 

the greater atomic diameter of Sn (3.01 Å) compared to that of Pt (2.77 Å) and the 

exothermic heat of formation of  the alloy.42 The LEIS Sn coverages determined by the 

attenuation in the Pt peak were 0.43 ML and 0.34 ML for the 800 K and 1000 K alloy 

respectively. These results verified that the 800 K annealed surface had more Sn on the 

surface compared to that of the 1000 K annealed. Additionally, the results further confirm 

that both catalysts were surface alloys with both metallic Sn and Pt on the topmost 

monolayer with a 3:4 and 1:2 surface Sn to Pt ratio respectively.  

 Due to the systematic nature of annealing treatments conducted, the surface Sn 

coverages of the three ordered alloys should decrease in the following order: 1 ML Sn-

Pt(111), 800 K alloy > 1 ML Sn-Pt(111), 1000 K alloy > 0.5 ML Sn-Pt(111), 1000 K alloy. 

Sn surface coverages obtained for the first two surfaces using LEIS further verify this 

phenomenon. Furfural alcohol selectivities for these surfaces changing in the same trend 

as the surface Sn coverage establishes that there is a positive association of the surface Sn 

coverage with the selectivity to furfural alcohol formation. Furthermore, 1 ML Sn on 

Pt(111) unannealed surface gave rise to no activity indicating that Sn by itself is not active 

for the reaction with furfural, thus completely covering the Pt sites with Sn kills the activity 

completely. In agreement with what was observed for the ordered alloys, supported Pt-Sn 
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catalysts have also been reported to display monotonically increasing selectivity to C=O 

bond hydrogenation with increasing surface Sn coverage over a wide surface Sn coverage 

range with maximum activity detected between 0.4-0.8 Sn:Pt surface ratios; established 

with XPS analysis.10,68–70 Simultaneously, DFT calculations demonstrate the increasing 

preference for head on C=O binding with increasing Sn coverage. Even though all the Sn-

Pt alloys were highly selective for furfural alcohol formation at the beginning of the 

reaction, only one alloy surface composition demonstrated consistent high activity. Hence, 

Pt-Sn alloy formation is not observed to be the major reason for the consistent high activity 

for unsaturated alcohol formation which is derived from resistance to surface deactivation. 

5,71 The initial selectivity to furfural alcohol formation was however high with all the alloys 

studied, indicating that alloy formation had a direct positive influence on it. 

Rapid increase in the non-selective decomposition percentage as well as 

decarbonylation pathway to form furan were observed with a simultaneous decrease in the 

furfural alcohol selectivity for the surfaces with little or no Sn while the 1 ML Sn-Pt(111) 

alloys annealed to 800 K and 1000 K demonstrated higher, more stable, furfural alcohol 

selectivity as well as stable decomposition rates. Among the surfaces that rapidly 

deactivated were the 0.5 ML Sn on Pt(111), 1000 K alloy and the Pt(111) surface (Figure 

3.7). The surface Sn: Pt ratio for the 0.5 ML Sn, 1000 K alloy, would be < 1:2 (less than 

the surface Sn:Pt ratio of 1 ML Sn on Pt(111) 1000 K alloy). The surfaces that deactivated 

promptly also produced more CO, evident by the higher rates and selectivity to furan 

formation/decarbonylation pathway. CO poisoning is a commonly known cause for Pt 

surface deactivation.72–74 However, XPS results do not indicate the presence of more 

oxygen on the surfaces with low Sn coverages. In fact, the O(1s) signal was higher for 
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surfaces containing more Sn. Hence, CO poisoning does not appear to be the main reason 

for surface deactivation. However, the greater preference to undergo non-selective 

decomposition observed with surfaces that have low Sn coverages indicate that the loss of 

active sites from furfural decomposition could be a prime reason for surface deactivation. 

It was also observed that although the furan formation rate was second highest with the 1 

ML Sn-Pt(111), 1000 K alloy; this surface gave rise to stable amounts of furfural alcohol 

with no sign of deactivation. This indicates that the Sn:Pt ratio for this surface (1:2) is an 

optimum composition that leads to excellent activity, furfural alcohol selectivity and 

catalyst stability by possibly suppressing the binding of carbonaceous species that could 

block the active sites. In agreement with the results from these studies, the Pt to Sn surface 

ratio is reported to be vital for catalyst stability and longevity.51 

 DFT studies for furfural binding on Pt(111), Pt3Sn, Pt2Sn and PtSn revealed that 

the head-on binding configuration via the C=O bond is preferred, favoring the formation 

of an η1-(O) intermediate with increasing Sn concentration. Head on binding of furfural 

molecules on low activity Cu surfaces have been found to exclusively form an η1-(O) 

adsorbed aldehyde intermediate which is the reason for the observed 100% selectivity to 

furfural alcohol synthesis.53,79 Electronic effects that are claimed to govern the binding 

configurations are commonly attributed to be a reason behind the preferred head on C=O 

binding observed on Pt-Sn catalyst.32–34 Bimetallic Pd-Cu catalysts that are similar to Pt-

Sn catalysts in that they also have an efficient hydrogenation metal (Pd) mixed with a 

second oxophillic metal (Cu) combination, are claimed to repel the furan ring in furfural 

from the interactions of metal d electrons with the antibonding orbitals of the furan ring 

due to electronic effects from alloy formation.53,79–82 Pt-Sn bimetallic alloys are said to 
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have similar electronic effects due to their difference in electro negativities (relative electro 

negativities for Sn and Pt are 1.8 and 2.2 according to the Pauling’s scale).1,3,83 However, 

regular angle XPS data reveals no evidence for electronic interactions due to the spectrum 

being dominated by bulk properties and grazing angle XPS will be required to make surface 

sensitive determinations of Pt-Sn charge transfer interactions. Geometric effects from Pt 

ensemble dilution is another popular effect ascribed to Pt-Sn alloy formation. 21,27,31 C=C 

bond hydrogenation as well as C-C bond cleavage (involved in decarbonylation/furan 

synthesis) are classified as two types of reactions that require contiguous Pt sites.30,84,85 

With the addition of increasing amounts of Sn on the surface, the concurrent dilution of the 

Pt ensemble is known to suppress said reactions due to the loss of these adjacent Pt sites. 

21 The phenomenon of ensemble dilution can be verified by LEED analysis confirming the 

formation of ordered Sn-Pt surface alloys, while the attenuation in the Pt peak observed in 

the LEIS analysis upon alloy formation further confirms that the alloy surface had fewer 

Pt sites compared to Pt(111).  Hence, the observed suppression in the selectivity to flat 

binding could be due to the Pt ensemble dilution by Sn atoms, which is a geometric effect 

rather than electronic. Furthermore, the furan ring could be pointing away from the surface 

as the Sn content increases due to steric hindrance from Sn that is known to buckle 

outwards in these surface alloys.3,26 The simultaneous increase in head on binding of the 

C=O oxygen by Sn, which is evident from the XPS O(1s) regions corresponding to the 

bimetallic alloys being oxygen rich, would cause a combined effect to increase the overall 

selectivity in favor of furfural alcohol formation. 

Crotonaldehyde hydrogenation on the other hand displayed no selectivity to crotyl 

alcohol formation on monometallic Pt(111) or 1 ML Sn on Pt(111), 1000 K alloy (mixture 
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of  p(2x2) + √3x√3 R30º structures), which demonstrated the highest activity for furfural 

alcohol formation. Instead, the major product in both cases was butyraldehyde formed from 

preferably hydrogenating the thermodynamically favored C=C bond. This is observed to 

correlate well with the η2-(CC)-intermediate predicted to form over a wide Sn surface 

coverage (0-0.33 ML) as indicated by the DFT studies performed. The low selectivity to 

crotyl alcohol formation is also reported elsewhere in the literature with model Pt(111) as 

well as Pt3Sn/Pt(111) and Pt2Sn/Pt(111) ordered alloys.5 This unfavorable selectivity 

towards unsaturated alcohol is attributed to crotonaldehyde being a small molecule that 

does not have steric restrictions from substituted groups near the C=C bond, rendering a 

greater thermodynamic favorability to C=C bond hydrogenation.68,86 As with furfural 

hydrogenation, the monometallic Pt(111) surface that underwent decarbonylation is again 

the surface that was observed to deactivate promptly. This suggests that the surface 

selectivity, which is dictated by the Sn:Pt ratio, has an association with the surface 

deactivation. DFT calculations conducted show that flat binding configuration is preferred 

by at least -0.5 eV with all the different Pt-Sn compositions starting from monometallic 

Pt(111) with no Sn. To be more specific, although the flat binding configuration is less 

favored for the Pt3Sn, Pt2Sn and PtSn surfaces compared to that of monometallic Pt(111), 

in general it was preferred on all tested surfaces compared to head on binding via the C=O 

bond. Furthermore, High resolution electron energy loss spectroscopy (HREELS) and  

temperature programmed desorption (TPD) studies combined with DFT calculations have 

shown that crotonaldehyde can adsorb irreversibly on Pt(111) and Pt3Sn, Pt2Sn 

superstructures formed on Pt(111), giving rise to similar binding configurations and 
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experimental vibrational fingerprints1 which could explain the similar trends in 

selectivities.4,5,87 

3.5 CONCLUSION 

This study investigates the effects of Pt-Sn alloy formation on the selective 

hydrogenation of two unsaturated aldehydes containing C=C and C=O bonds with different 

structures using ordered Pt-Sn alloys made on model Pt(111) catalyst to remove structural 

complexities that derive from support effects. Selective hydrogenation reactions conducted 

with furfural using low CH:H2 feed ratios with monometallic Pt(111) and three ordered Pt-

Sn alloys demonstrate a direct correlation between the Sn:Pt surface ratio with the 

selectivity to furfural alcohol formation. Monometallic Pt(111) produced decarbonylation 

and ring opening products with no selectivity to furfural alcohol formation. Ordered Pt-Sn 

alloys used as bimetallic catalyst demonstrate an increase in the selectivity to furfural 

alcohol formation with increasing Sn:Pt surface ratio over the range 0-3:4 with optimum 

activity and catalyst longevity observed at a 1:2 Sn to Pt ratio. DFT calculations 

demonstrate the upright binding via the C=O bond to form a η1-(O) intermediate, which is 

favored more with the increasing surface Sn coverage. Sn can further increase the 

preference to bind head on via the C=O bond due to its oxophillic nature, giving rise to the 

predicted η1-(O) intermediate, which would explain the furfural alcohol selectivity increase 

with Sn coverage. 

Crotonaldehyde hydrogenation on monometallic Pt(111) and the ordered Pt-Sn 

alloy preferentially hydrogenated the C=C bond to give rise to the saturated aldehyde, 

butyraldehyde and did not produce crotyl alcohol. This in agreement with the DFT 

calculations that demonstrate that the flat binding configuration is preferred on Pt(111) as 
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well as bimetallic Pt-Sn alloys. This can be explained by the formation of a η2-(CC)-

intermediate over an extended range of Sn surface coverages with crotonaldehyde which 

is a small molecule that does not give rise to steric hindrance unlike furfural. This is 

accredited to the linear binding of crotonaldehyde favoring the C=C bond activation. 

Furthermore, the catalyst also displayed more resistance to deactivation with increasing 

surface Sn coverage as observed for both unsaturated aldehyde hydrogenations.  

The ordered Sn-Pt alloy with a lower Sn coverage undergoing swift surface 

deactivation as with the monometallic Pt(111) strongly suggests that the Sn: Pt ratio also 

plays a role in increasing the surface resistance to deactivation. The surface deactivation 

also has a direct correlation to the selectivity to the decarbonylation pathway as observed 

for both unsaturated aldehyde hydrogenations. However, CO poisoning which is more 

likely to occur concurrently with the decarbonylation pathway did not appear to be the 

reason for the observed surface deactivation. The high initial selectivity observed with all 

three alloys confirms that alloy formation is a major player in the high selectivity to furfural 

alcohol formation. However, since not all surface alloys displayed longevity, alloy 

formation does not appear to be main reason behind resistance to surface deactivation that 

will ensure consistent activity. Instead, the Sn:Pt ratio that has an optimum value is what 

seems to be dictating the longevity of the surface. Reduced surface deactivation observed 

with the Sn-Pt alloy with 1:2 Sn:Pt ratio suggests that the Sn:Pt ratio can be fine-tuned to 

prevent surface deactivation. The results indicate that the Sn:Pt surface ratio, which 

governs the adsorption geometry to determine the reaction pathway is the key consideration 

for designing practical and stable Pt catalysts for this important bio-economy 

transformation. 
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Sn: Pt ratio 

800 K 1 minute  (√3 x √3) R30° 0.43 ML 3:4 

1000 K 1 minute 

p(2x2) + (√3 x √3) 

R30° mixture 0.34 ML 
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Table 3.1: Annealing treatment, crystal structure and LEIS Sn coverages for the 1ML 

Sn-Pt(111) alloys 

 

 

Table 3.1: Annealing treatment, crystal structure and LEIS Sn coverages for the 1ML 

Sn-Pt(111) alloys 

 

Figure 3.1: Furfural reaction scheme. (1) selective C=O hydrogenation; (2) 

decarbonylation; (3) nonselective decomposition, (4) ring hydrogenation, (5) ring opening 

reactions. 

Figure 3.2: Crotonaldehyde reaction scheme. (1) Selective C=O hydrogenation; (2) 

decarbonylation; (3) nonselective decomposition; (4) olefin bond hydrogenation; (5) 

secondary hydrogenation. 
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Figure 3.4: Rate of furan formation 

as a function of time for for furfural 

reaction on different Pt(111) surface 
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Figure 3.3: Selectivity to furan as a 

funcntion of time for furfural reaction 

on different Pt(111) surfaces 
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Figure 3.5: Selectivity to furfural alcohol 

as a function of time for furfural reaction 

on different Pt(111) surfaces 
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Figure 3.6: Rate of furfural alcohol 

formation as a function of time for 

furfural reaction on different Pt(111) 

surfaces 
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Figure 3.8: Conversion % as a function of 

time for furfural reaction on different 

Pt(111) surfaces 
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Figure 3.7: Non-selective decomposition 

as a function of time for furfural reaction 

on different Pt(111) surfaces 
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Figure 3.9: THF selectivity % as a function of 

time for different Pt(111) surfaces 
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Figure 3.10: Butyraldehyde 

formation rate as a function of 

time for crotonaldehyde reaction 

on different Pt(111) surfaces 
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Figure 3.11: Conversion % as a 
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reaction on different Pt(111) 
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Figure 3.12: Pt(4f) region for clean Pt(111)-red; 1ML Sn-Pt(111)-

blue; 1ML Sn-Pt(111) 1000K alloy-green; 1ML Sn-Pt(111) 1000K 

alloy post reaction-black 
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Figure 3.13: Sn(3d) region for clean Pt(111)-red; 1ML Sn-Pt(111)-

blue; 1ML Sn-Pt(111) 1000K alloy-green; 1ML Sn-Pt(111), 1000K 

alloy post reaction-black 
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Figure 3.14: post reactions O(1s) region for furfural hydrogenation reactions 

on 1ML Sn-Pt(111) 1000K alloy-red; 1ML Sn-Pt(111) 800K alloy-pink; 

Pt(111)-blue; crotonaldehyde hydrogenation reactions on 1ML Sn-Pt(111) 

1000K alloy-green and Pt(111)-black 

Binding energy (eV) 

 

Figure 3.15: post reactions C(1s) region for furfural hydrogenation 

reactions on 1ML Sn-Pt(111) 1000K alloy-red; 1ML Sn-Pt(111) 800K alloy-

pink; Pt(111)-blue; crotonaldehyde hydrogenation reactions on 1ML Sn-

Pt(111) 1000K alloy-green and Pt(111)-black 
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Figure 3.17: 1ML Sn-Pt(111) , 

800 K alloy. Blue-(√3 x √3) R30° 

Sn; Yellow-1x1) Pt. 

 

Figure 3.18: 1ML Sn-Pt(111), 

1000 K alloy. Blue-(√3 x √3) 

R30° Sn; Red-p(2x2) Sn; Yellow-

(1x1) Pt. 

 

Figure 3.16: STM images of 1ML Sn on Pt(111): a) after room temperature deposition; 

b) annealed to 800K for 1 minute; c) annealed to 1000K for 1 minute. All images are 

110x110 nm.2  

a b c 
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Figure 3.19: Furfural binding configurations on Pt-Sn 

surfaces as a function of surface Sn coverage. 

Figure 3.20: Crotonaldehyde binding configurations on Pt-Sn 

surfaces as a function of surface Sn coverage. 
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CHAPTER 4 

SYNTHESIS OF BIMETALLIC MOF THIN FILMS FOR 

FUNDAMANTAL STUDIES 

4.1 INTRODUCTION 

Metal organic frameworks (MOFs) are an emerging class of crystalline, high 

surface area, porous material which consist of metal centers with organic linkers bound to 

it.1–4 The metal centers acts as joints while the organic linkers play the role of struts forming 

the framework.5 These materials have potential applications in the areas of gas storage5,6, 

gas adsorption/separation7–10, air purification5,11, chemical sensing5,12, optical devices5,13,14, 

energy conversion/storage15,16 and heterogeneous catalysis.8,17–20 The chemical versatility 

that enables various applications are a consequence of the tunable properties of MOFs that 

arise from the ability to use a wide range of metal-ligand combinations to control the 

structure, geometry and distribution.6,14 Second metal incorporation is one such method by 

which the properties of MOFs can be tuned. Node metal replacement, metal node extension 

and metal coordination to the linker are three common pathways by which a second metal 

can be integrated in to an existing framework.3,21–23 Out of these methods, node metal 

replacement using solvothermal techniques is one of the least complicated options where 

the second metal will replace the existing metal in the same coordination environment.3,22 

Previous studies conducted by the Chen group in collaboration with the Shustova group 

investigated the tunable electronic properties and catalytic activity of CuBTC powder 

MOFs and its bimetallic derivatives synthesized using solvothermal reactions.19,24 

HKUST-1 MOFs that will be identified as CuBTC in this work has a unit cell formula 
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Cu3(BTC)2 and forms a paddle wheel structure where the two Cu(II) ions in the binuclear 

nodes are each coordinated to four carboxylic oxygen atoms from four BTC3- ligands that 

are completely deprotonated, forming dimeric units,25,26 as depicted  in Figure 4.1. 

Water/solvent molecules can also bind to the metal nodes at the axial unsaturated metal 

sites along the Cu-Cu vector giving rise to an octahedral geometry.24,25,27–29  

The incorporation of a second metals such as Rh, Co or Zn via metal node 

replacement have been studied in the past in order to synthesize bimetallic powder MOFs 

with an isostructural framework to CuBTC as illustrated in Figure 4.2.19,24 These MOFs 

have invaluable applications in heterogeneous catalysis19 and electronics.19,24 However, 

many complications can arise when conducting thorough analysis with high surface area 

powder MOFs making it difficult to distinguish between the nature of interactions of the 

inner surfaces of the pores with guest molecules and that of the outer MOF surface. As an 

example, with complex powders it is difficult to conduct controlled, systematic studies for 

kinetic insights due to the diffusion of gaseous molecules into pores.30  Furthermore, the 

three-dimensional nature of the MOF powders can also hinder use of standard 

spectroscopic techniques for elaborate characterization. For example, X-ray photoelectron 

spectroscopy of the powder MOFs is complicated by the insulating nature of the MOFs, 

which can give rise to severe charging issues and the complex nature of the powder that 

can give rise to background features.31 On the other hand, bulk sensitive techniques such 

as IR spectroscopy makes it impossible to be used to distinguish between surface and pore 

interactions of guest molecules.31 In this context, the synthesis of homogenous thin films 

of MOFs that can be considered as 2D analogues or model systems can unlock the doors 

to a wide variety of in-depth surface science techniques that are available to meticulously 
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study and characterize the surface components present in the complex 3D material that 

have ample applications.21,22,31 By growing the insulating MOF films on semiconducting 

substrates such as Si, the charging issues can be reduced, while the growth of few layers 

of film will eliminate the formation of deeper pores to significantly eliminate interaction 

of guest molecules with the MOF pores. Furthermore, MOFs are required to be made in 

the form of thin films to enable their usage for certain applications such as membranes, 

semiconducting material and photovoltaics.16,31–33 

 In contrast to the established solvothermal synthesis where the primary building 

blocks are mixed together and left to react under solvothermal conditions, sequential, layer-

by-layer techniques are employed to grow thin film analogues of the high surface area 

powder MOFs. Here, sequential dip coating is performed by periodic immersion of a 

substrate into separate precursor solutions, one at a time to enable serial growth for bottom 

up synthesis as illustrated in Figure 4.3.16,34–36 The substrate is rinsed with solvent in 

between the precursor dip coating steps to remove excess precursor molecules that did not 

get incorporated in the structure before putting down the next component.34,35 Previous 

studies have demonstrated the successful growth of bimetallic CuCoBTC MOF thin films 

using a layer-by layer synthesis of CuBTC followed by metal node replacement in CoCl2 

solution.30 The current work demonstrates that a similar growth technique can be used to 

synthesize thin films of CuRhBTC MOFs that have excellent hydrogenation properties,19 

in order to enable fundamental kinetic investigations with this simplified analogue of the 

CuRhBTC powder material.  
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4.2 EXPERIMENTAL 

Materials 

Cu(CH3COO)2·H2O (>95%, TCI America), 1,3,5-benzenetricarboxylic acid (98%, 

Alfa Aesar), RhCl3·H2O (98.98%, Engelhard Chemicals), Rh2(CH3COO)4 (99.99%, 

Sigma-Aldrich), ethanol (200 proof, Decon Laboratories), N,N′-dimethylformamide (ACS 

grade, BDH), tetrachloroethylene (99.9%, BDH), acetone (≥99.5%, Sigma-Aldrich), and 

methanol (≥99.8%, Sigma-Aldrich), p-type Si(100) substrate (University Wafer).  

Monometallic MOF film preparation 

Copper acetate and 1,3,5-benzenetricarboxylic acid (H3BTC) solutions made in 

1mM concentrations in ethanol were used as the precursors for Cu and 

benzynetricarboxylic (BTC) acid ligand respectively for dip coating thin films of binodal 

CuBTC MOF on Al2O3 (2.5 nm layer) sputter deposited Si substrate. Al2O3-Si wafers were 

cut in to roughly 1.0 cm x 1.2 cm rectangles using a diamond scribe and cleaned by 

sonicating in trichloroethylene, acetone and methanol for 15 min each. Sequential dip 

coating was performed using a homemade robotic arm that is shown in Figure 4.4, which 

was used to dip the Al2O3-Si wafer in copper acetate and H3BTC solutions for 1 min each. 

A rinsing step with ethanol and a drying step with N2(g) were carried out for 15s each, in 

between the precursor solution dips to remove excess physisorbed film off the Si substrate.  

MOF film Transmetallation  

 In order to prepare bimetallic films containing both Cu and Rh in the binuclear 

nodes, the premade monometallic, binuclear CuBTC film was submerged in 0.5-1 mL 

RhCl3/Rh acetate solutions made using ethanol as the solvent. Ethanol was chosen as the 

exchange solvent because CuRhBTC MOF powders have been successfully synthesized 
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by the Shustova group using ethanol as a solvent.19 The amount of Rh exchanged was 

attempted to control by changing the RhCl3 concentration (0.001 M-0.03M), the exchange 

temperature (25 ℃ -90 ℃) and the time length of exchange (0.25 h-48 h). Following the 

exchange step, by letting the films sit in DMF solvent, the films were thoroughly washed 

to remove any hovering counter ions (eg: Cl-) or Rh precursor that is not exchanged and 

could be trapped in the pores of the MOF film. DMF was used for most of the washing 

steps since it has been identified as a superior washing solvent that got rid of more Cl- in a 

given time compared to ethanol. During the washing step, the solvent was replaced with a 

fresh batch every 30 min for the first two hours, in order to quickly remove the unwanted 

components from the surroundings and make the wash more efficient. Additionally, Rh 

acetate precursor was also used in the dip coating step along with Cu acetate and H3BTC 

in order to synthesize bimetallic film using a different procedure where the synthesis and 

transmetallation steps were combined.  

Characterization 

 Grazing incidence wide angle X-ray scattering (GIWAXS) data was collected using 

a Xenocs GeniX3D microfocus source with a Cu target and a Hybrid Pixel Array Pilatus 

detector (Dectris) was used for collecting scattering patterns on a SAXSLab Ganesha at the 

South Carolina SAXS Collaborative, to determine the crystallinity of the MOF films pre 

and post transmetallation. GIWAXS measurements were collected over the diffraction 

angle (2θ) of 0-42°, on the MOF films grown on Al2O3 coated Si wafers at an incident 

angle of 4˚ at room temperature for 30 minutes. GIWAXS spectra was collected pre and 

post transmetallation to investigate Rh incorporation into the CuBTC framework. 
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The elemental composition of the MOF films was determined using XPS with a 

Kratos AXIS Ultra DLD system including a monochromatic Al Kα source, hemispherical 

analyzer and a charge neutralizer3,24 which were installed in a UHV chamber with a base 

pressure of 1x10-9 torr and a load lock chamber for swift sample introduction without 

breaking vacuum. The C(1s) and O(1s) regions were collected with a dwell time of 800 ms 

each, while Cu(2p) and Rh(3d) regions were collected using a dwell time of 1000 ms each. 

Cu(LMM), Cl(2p), Al(2s), Si(2p), valence band and N(1s) regions were collected with a 

dwell time of 600 ms each. The energy step size for all the regions mentioned above were 

0.06 eV, with a pass energy of 40 eV. A rough survey scan was performed with a dwell 

time of 300 ms, pass energy of 160 eV and a step size of 0.8 eV to confirm that there was 

no contamination that took place during the sample preparation step. Due to the insulating 

nature of MOF samples, a charge neutralizer was used to shoot low energy electrons at the 

sample to compensate for sample charging from photoelectron emission. The adventitious 

C(1s) peak was set to 284.8 eV to be used as an internal reference to determine the binding 

energies for the rest of the regions collected. To determine the Rh: Cl ratio, Kratos atomic 

sensitivity factors 4.822 and 0.891 were used for the Rh(3d) and Cl(2p) region respectively. 

 Atomic force microscopy (AFM) images were collected on the films before and 

after the transmetallation step, in the tapping mode, in air, using a Multimode Nanoscope 

IIIA system (Digital Instruments Inc.) with commercial Si cantilevers (ACT, Applied 

NanoStructures) at a scan rate of 1 Hz to study the topography of the MOF films. 

4.3 RESULTS AND DISCUSSION 

The GIWAXS spectrum revealed that the sequential dip coating method enabled 

the growth of crystalline thin CuBTC films with the predicted paddle wheel structure. The 
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simulated CuBTC GIWAXS spectra with different crystalline phase assignments was very 

similar to that obtained for the films synthesized via the dip coating method, as illustrated 

in Figure 4.5 traces (a) and (c).This is also in agreement with the structure reported in the 

literature.10,12,17,24,37,38 Previous work by the Chen group in collaboration with the Shustova 

group demonstrated that bimetallic CuRhBTC powder synthesized from Rh exchange of 

CuBTC has Rh2+ incorporated in the paddle wheel structure with some of the Cu in the 

framework being replaced with the second metal Rh.19 Similarly, post transmetallation 

GIWAXS spectra was collected for the MOF thin films in order to investigate the 

preservation of the crystal structure and the incorporation of Rh into the paddle wheel 

structure via Cu node replacement. Post Rh exchange with RhCl3 precursor, the paddle 

wheel structure was retained as depicted in Figure 4.5, trace (d). Trace (e) shows that the 

film synthesized by using Rh acetate in the dip coating step also showed a similar GIWAXS 

spectra to a typical CuBTC film indicating that there was an isostructural, crystalline film 

formed. 

XPS revealed the presence of copper, carbon and oxygen in the monometallic film, 

verifying that the paddle wheel structure had Cu in the binuclear nodes and BTC ligands 

bound to it. The XPS data was also consistent with that of the powder CuBTC MOF 

reported in prior work.19 The C(1s) region had two peaks indicating that there were two 

types of carbon detected in the films. The lower binding energy C(1s) peak which was used 

as the internal standard was set to 284.8 eV and this peak has a major contribution from 

adventitious carbon and a smaller contribution from aliphatic carbons.39,40 The additional 

peak in the C(1s) region that is observed to have a binding energy of 288.8 eV is attributed 

to the presence of C=O groups coming from the MOF ligands.39,40 The ratio between the 
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two C(1s) peaks gives us an idea of the thickness of the film and can also be used to evaluate 

the extent of film delamination post transmetallation and solvent wash compared to the 

initial monometallic CuBTC film.30 Traces (a)-(f) in Figure 4.6 illustrate the C(1s) regions 

for four CuBTC films subject to Rh precursor treatment (the treatment parameters are listed 

in Table 4.1), one CuBTC film and a blank Al2O3 substrate from top to bottom. The Al(2s) 

and Si(2p) regions can also be used to estimate the film thickness because the signal for 

these regions will give us an idea about the amount of exposed substrate. The 284.8 eV 

C(1s) peak heights for all the films in Figure 4.6 have been scaled to match that of CuBTC 

to enable visual comparison of the 284.8 eV to 288.8 eV peak ratio which dictates the film 

thickness. It can be observed that the C(1s) peak at 288.8 eV is much smaller for the 

CuRhBTC film trace (d) which was subject to an extended 48 hour wash in DMF solvent, 

indicating the presence of a thinner layer of film compared to (a) which was only washed 

for 24 hours. The XPS C(1s) spectra for the blank Al2O3 substrate also had a large peak at 

248.8 eV as illustrated in trace (f), verifying that the peak has a major contribution from 

adventitious carbon. The blank substrate also appeared to have a much smaller peak at 

288.8 eV, even though no film was grown on it. This can be attributed to the C=O from 

atmospheric CO2,  which has been  reported to adsorb on Al2O3.
41–43  

The oxidation states of the Rh species were determined by collecting XPS on two 

standard Rh compounds: RhCl3 and Rh2(CH3COO-)4 which are known to have 3+ and 2+ 

oxidation states respectively as illustrated in Figure 4.7. The XPS data collected on a 

specific sample is given a fixed color in all the different regions for the sake of cross 

comparison. Comparing the Rh(3d) and Cl(2p) regions for the RhCl3 exchanged film, 

which is brown in color in Figures 4.8 & 4.9, it can be observed that both Rh3+ and Cl- 
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were present after the Rh precursor treatment in the film that was not washed for an 

extended time. In order to confirm that the Rh was incorporated in the framework and was 

not filling the pores of the MOF film in the form of RhCl3, longer DMF washes were 

conducted. After a 48 hour wash the Cl(2p) signal was comparable with that of a Rh acetate 

dip coated film which had no source of Cl as observed by comparing traces (c) & (d) in 

Figure 4.9. However, the Rh(3d) signal which significantly diminished was still undeniably 

present as observed by comparing traces (b) & (e) in Figure 4.8. Hence, the longer DMF 

wash appeared to have removed the excess RhCl3 and left behind the exchanged Rh in the 

framework. Regardless of the Rh oxidation state in the initial Rh precursor being 3+ 

(RhCl3) or 2+ (Rh acetate), the MOF films that were subject to the transmetallation 

treatment predominantly had Rh3+ ions identified by the 310.1 eV 19,44 binding energy from 

XPS studies. This is different to what was previously reported with the well characterized 

bimetallic CuRhBTC MOF powder where Rh2+ (309.2 eV) was the predominant species 

as observed in Figure 4.8, trace (a).19 However, XPS also revealed that the bimetallic MOF 

film subject to a 48 hour DMF wash (trace (e) in Figure 4.8) showed the most evidence for 

the presence of a mixture of both Rh 3+ and 2+ species. See Figure 4.10 for deconvoluted 

peak spectra showing Rh3+ and Rh2+ oxidation states. It is also true that this particular film 

had very few layers of film remaining after the extended wash step, which was evident 

from the lower C(1s) signal at 288.8 eV.  

Cu2+ is the predominant Cu species observed in the films and is attributed to the 

Cu(2p3/2) peak at 935.0 eV 8,24,40 depicted in Figure 4.11. A shoulder for Cu+ observed 31 at 

933.4 eV 24 was also present in some of the MOF films (eg: traces (a) and (c) in Figure 

4.11). The presence of  Cu in the +1 oxidation state is attributed to the reduction of the Cu2+ 
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under vacuum or from being irradiated with X-rays.24 Satellite features characteristic of 

Cu2+ were present at 940.0 eV and 944.5 eV, further verifying that it was the predominant 

Cu species.8,20,24 The film that had a mixture of 3+ and 2+ Rh oxidation states also 

contained very little Cu as observed in Figure 4.11, trace (d). One reason for this 

observation could be the fewer layers of MOF film present in this sample from the loss of 

film with the 48 hour extended washing step. Another reason could be that this film 

sustained a large amount of Rh exchange from the extended 33 hour transmetallation step 

in RhCl3. Hence, the observed reduction in the Cu(2p) peak can be explained by a 

combined effect that is a result of the above-mentioned causes. XPS can also be used to 

quantify the Rh:Cu ratio in the framework. However, extended washes for over 48 hours 

are required to first remove all non-exchanged Rh precursor molecules that can get into the 

MOF pores. 

The binding energy of the O(1s) peak in the CuBTC film was observed to be 532.0 

eV 8 which is attributed to the oxygen in the Cu-O-C bond that forms between the Cu metal 

node and the BTC ligand.8,20,40 Post transmetallation in RhCl3 or Rh acetate, the O(1s) peak 

broadened in the higher binding energy region compared to the monometallic CuBTC for 

the films treated in Rh precursor solutions as observed in Figure 4.12.  For most of the 

films subjected to the Rh precursor exchange treatment, a broad oxygen region was 

observed even when they seemed to have predominantly unexchanged RhCl3, which was 

evident from the larger Cl(2p) signals. This broadening towards the higher binding energies 

was also observed with the previously studied powder CuRhBTC MOFs compared to its 

monometallic CuBTC counterpart as illustrated in Figure 4.15 included in the supplement 

information section. In Figure 4.15, where the O(1s) region of Rh acetate is plotted with 
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that of the powder MOFs, it can be observed that neither CuBTC with equivalent Cu2+-O 

bonds nor Rh acetate with equivalent Rh2+-O bonds have an O(1s) peak at higher binding 

energies, near 534.5 eV. This is also true for Rh3+-O bonds which have been reported for 

Rh2O3
45,46. However, oxygens with binding energy > 532 eV have been reported for Rh 

compounds that have less electron rich oxygens such as O2, OH or H2O adsorbed on the 

surface.47–50 It is also worth noting that the powder MOFs have been treated at ~160 ℃ for 

24-48 hours under vacuum before the XPS analysis, to remove any water and solvent 

ligands present. Hence, the O(1s) peak broadening didn’t appear to directly correlate with 

the extent of Rh exchanged in the framework. All traces in Figure 4.12 and Figure 4.15 

have been scaled to match the height of the CuBTC O(1s) peak to compare the peak 

broadening effectively. As observed in Figure 4.12, the O(1s) region of the Al2O3-Si 

substrate itself has a peak with a binding energy of 531.4 eV.51,52,56 Therefore, the 

broadening of the 534.5 eV peak at higher binding energy should not be due to substrate 

exposure from film washing off either. The film made via sequential dip coating in Cu 

acetate, H3BTC ligand and Rh acetate solutions had an O(1s) region that was similar to the 

CuBTC films in that it was narrow and had a binding energy of 532.0 eV as observed in 

Figure 4.12. This suggests that the crystalline film present is more similar to CuBTC itself 

with oxidized Rh3+ present in the pores. This experiment also provides evidence to suggest 

that the mere presence of Rh3+ in the pores does not cause the O(1s) region to broaden.  

The topography of the monometallic and bimetallic MOF films was analyzed using 

AFM in the tapping mode. In order to grow films throughout the substrate, 40 cycles of 

sequential dip coating was used as it has been observed from previous studies that 40 cycles 

was sufficient to cover the substrate completely.30 Figure 4.13 illustrate the CuBTC film 
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had octahedral crystallites 9,40,53 that were on average 80-130 nm in height and 120-300 nm 

wide with a root mean squared (RMS) roughness of ~28 nm. AFM images of a film that 

was exchanged in 0.0386 M RhCl3 in DMF for 22 hours at room temperature and washed 

for 9.5 hours in DMF had crystallites that were 90-110 in height and 200-250 nm wide 

indicating a slight reduction in the crystallite sizes. The crystallite shapes in the films that 

were subject to Rh precursor treatment were more round than octahedral after extensive 

soaking in solvent during the exchange and wash steps as observed in Figure 4.14. This 

could be due to the exchanged film having less well-defined crystal facets. 

4.4 CONCLUSION 

Bimetallic BTC based MOFs have interesting applications in heterogeneous 

catalysis and electronics among others. However, the powder MOFs can be complicated to 

study due to their three-dimensional network nature. By synthesizing thin film of these 

MOFs to reduce the extension of the framework in one-dimension, analogous 2D surfaces 

that are more suitable for fundamental studies and thin film applications can be 

synthesized. Thin films of monometallic CuBTC were successfully grown on a Si substrate 

coated with Al2O3 in a layer by layer fashion via a dip coating method and characterized 

with GIWAXS, AFM and XPS to verify the formation of thin films with the well-known 

crystalline MOF network. GIWAXS and XPS data collected post transmetallation with 

RhCl3 precursor suggest that isostructural bimetallic films with node Cu2+ replacement by 

Rh can be synthesized. However, extended DMF washes are required to remove all non-

exchanged precursor molecules from the pores of the MOF. The absence of Cl with 

persisting Rh was observed with multiple bimetallic films subject to extended washes 

further indicating that the Rh had exchanged in to the CuBTC framework.  
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Table 4.1: Parameters used for the MOF film Rh exchanges. All exchanges were 

conducted at room temperature with precursor solutions made in ethanol solvent 

Film label trace color 

Rh 

precursor 

used for 

exchange 

Exchange 

precursor 

concentration 

(mM) 

Exchange 

time 

length (h) 

Wash time 

length in 

DMF (h) 

RhCl3 

Exchanged brown RhCl3 1 4.5 24 

Rh acetate 

exchanged light blue Rh acetate 1 6 3.5 

Rh acetate dip 

coated green Rh acetate 1 

used Rh acetate in the dip 

coating step 

RhCl3 

Exchanged 

extended 

wash purple RhCl3 3 33 48 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.1: CuBTC synthesis and structure 55 
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Figure 4.2: Second metal incorporation via node metal exchange54 

Figure 4.3: Layer-by-layer growth of thin MOF films 
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Figure 4.5: GIWAXS spectra for simulated CuBTC (a); Al2O3 -Si substrate (b); 

CuBTC thin film (c); RhCl3 exchnaged CuBTC film (d); Rh acetate dip coated 

film(e) 

Figure 4.4: Home-made automated dip coater used to soak the substrate in Cu 

acetate and H3BTC solutions with ethanol rinsing and N2 drying steps in 

between to synthesize thin films of CuBTC 
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Figure 4.7: Rh(3d) XPS region for as 

received Rh(III) chloride-red and Rh(II) 

acetate-blue standards also used as 

precursors for the Rh transmetallation  
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Figure 4.6: XPS C(1s) spectra for films; 
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Figure 4.9: Cl(2p) XPS reigion for 

films; RhCl3 exchanged CuBTC (a); 

Rh acetate exchanged CuBTC (b); Rh 

acetate dip coated (c); RhCl3 

exchanged with extended wash (d) 
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Figure 4.10: Fitted Rh(3d) region for 

RhCl3 exchanged film with extended wash 

showing the presence of Rh3+ and Rh2+ 

species 

Figure 4.11: Cu(2p) XPS region for 

films; RhCl3 exchanged CuBTC (a); Rh 

acetate exchanged CuBTC (b); Rh 

acetate dip coated(c); RhCl3 exchanged 

with extended wash (d); CuBTC(e) 
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