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ABSTRACT 

The sluggish oxygen reduction reaction (ORR) kinetics remains the critical 

technical barrier to fuel cell technology commercialization. In this thesis, the 

mechanisms, critical problems, and current research activities are first discussed. 

Then, with insights gained from literature, two different types of catalysts are explored 

for the electrochemical reduction of oxygen.  

Pt/Sc2O3 was synthesized using wet chemistry approach. Analysis under high-

resolution transmission electron microscopy (HRTEM) revealed the unique nanosheet 

structure of the Sc2O3. Physical and chemical properties of the catalyst were examined 

including the morphology, particle size, and chemical bonding strength. Rotating disk 

electrode (RDE) measurement was carried out to evaluate the activity of the catalyst in 

an acidic environment. The observed catalyst activity is three times higher than the 

benchmark Pt/C. Furthermore, durability tests showed the electrochemical surface area 

(ECSA) losses of the catalyst is only one third of that of Pt/C after 30,000-cycles of 

durability test. The second catalyst explored iss designed for hydroxide exchange 

membrane fuel cells. Specifically, a platinum-free nano-Au supported on C was also 

produced under mild synthesis conditions. Ozone treatment was used to remove the 

surfactant on the surface of the particle. The activity was determined via RDE in 

alkaline medium. The specific activity of Au/C is remarkably approaching that of the 

Pt/C. In addition, the Au/C loses 9 % of the initial surface while the Pt/C has a loss of 

40 % after a modified stressful durability test. The results from this study provide 

useful information and guidance to the research of future catalysts.
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Chapter 1 

INTRODUCTION 

With the worldwide depletion of fossil fuels and the continually growing 

energy demand of human society, finding sustainable and reliable next-generation 

power source has been one of the critical topics of the past century. Fuel cells have 

drawn great attention as an environmentally friendly and high-efficiency 

electrochemical devices [1]. Fuel cells are generally categorized by their working 

electrolyte: acid fuel cell, alkaline fuel cell, solid oxide fuel cell and so on. Among all 

of these, the polymer electrolyte membrane fuel cell has been the most extensively 

studied. It has the advantages of portability, mild operating conditions and 

compatibility with a variety of fuels [2]. Polymer electrolyte membrane fuel cells can 

be further divided into two types, proton exchange membrane fuel cells (PEMFCs) 

and hydroxide exchange membrane fuel cells (HEMFCs) depending on the type of 

membrane employed.  

Figure 1 shows the structure and chemistry of operating PEMFC using 

hydrogen as fuel and oxygen as oxidant.  On the anode side, hydrogen is oxidized to 

produce protons and electrons. While the protons are transferred through the 

membrane, the electrons go through the external circuit to produce electricity. Upon 

meeting again at the cathode, they will spontaneously react with oxygen to produce 

water in the presence of a catalyst. For the HEMFC, the mechanism is similar, except 

that the transferred ion is hydroxide rather than proton. 
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Figure 1 Scheme of PEMFC using hydrogen as fuel and oxygen as oxidant. 

The commercialization of PEMFC has been inhibited by the high material cost 

associated mainly with the Pt catalyst required for both the anodic hydrogen oxidation 

reaction (HOR) and cathodic oxygen reduction reaction (ORR).  For PEMFCs, Pt is so 

far the only practical catalyst due to the device’s highly oxidative and acidic 

environment during operation. Between the two half-cell reactions, the ORR is a 

bigger concern since its large over-potential (300~400) severely limits performance 

[3]. So far, the commercial catalyst of 2 ~5 nm Pt nanoparticles supported on carbon 

still suffers from the poor activity and durability.  

HEMFC has a much shorter history than PEMFC. The switch from PEM to 

HEM makes the utilization of non-Pt or even non-precious-metal catalysts possible. 

Recently, the research of high performance HEMs is advancing rapidly [4-6].  

Nonetheless, finding a cheaper and more active catalyst for the device is still a big 

concern. Studies show that even with the best catalyst (Pt), the HOR in HEMFC has a 

much higher over-potential than in PEMFC. While there has been some success in 
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non-precious metals in alkaline fuel cells for ORR [7-9], such study in HEMFC is still 

rare.  

With the growing interest in both PEMFCs and HEMFCs, novel catalysts with 

better activity and durability are in great demand. 
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Chapter 2 

RESEARCH BACKGROUND 

ORR Mechanism 

The oxygen reduction reaction on a metal surface is a complex heterogeneous 

catalytic reaction which involves several elementary steps. Two general reaction 

mechanisms have been proposed, illustrated schematically in Figure 2.  

Figure 2 ORR mechanisms of dissociative and associative mechanism. 

Regardless of the details, it consists broadly of adsorption, reaction and 

desorption steps. The reactivity of the metal surface is controlled by the activation 

energy of the rate determining step, which in most cases is either the adsorption or 

desorption step. According to study of T. Bligaard [10], the activation energy is 

proportional to the bonding energy of metal and adsorbate which reflects the 

interaction strength between them. This is a very significant result in heterogeneous 
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catalytic studies because it provides the relationship between a catalyst’s intrinsic 

properties and reactivity.  

More specifically, weak bonding corresponds to the adsorption-limited case, in 

which large activation energy is required for the adsorbates to bond with the catalyst 

surface. Conversely, strong bonding corresponds to the desorption-limited case, in 

which the surface of the catalyst will be blocked by the strongly bonded reaction 

intermediate and the active surface sites will continuously decrease with the 

accumulation of the intermediates [11]. Accordingly, a good catalyst surface must be 

reactive enough to form the bond and noble enough to release the product [12]. 

ORR Activity on Pt Surface  

Figure 3 [13] shows the free energy change of oxygen reduction reaction on Pt 

surface with different oxygen coverage under different potentials. The three black 

lines compare different potential. At U=0 V, the free energy change of all steps is 

downhill, indicating the forward reactions are all favorable. At higher potential, the 

difference between the reactants and products becomes smaller, so driving force for 

the forward reaction is much less. At U=1.23 V, which is the standard reduction 

potential for oxygen, the last two steps become even more difficult showing an uphill 

free energy change. The blue line of oxygen coverage of 0.5 illustrates that at higher 

adsorbate coverage, the Pt surface is less active for both the adsorption and proton 

transfer steps. This graph suggests that the Pt is bonding too strongly with the 

adsorbed oxygen atom, making the following proton transfer step unfavorable. Similar 

study of ORR on all other metals can be done and the results will provide a rough 

screening for oxygen reduction catalysts.  
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Figure 3 Free energy chart of oxygen reduction reaction on Pt surface of 

dissociative reaction mechanism [13]. 

Figure 4 Volcano plot of ORR activity on different metal surfaces [13]. 

In previous work, J. Nørskov and co-workers plotted the ORR activity of 

different metal surfaces against the oxygen bonding energy [13, 14]. The plot has a 
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volcano shape as shown in Figure 4, with the strongly bonding elements on the left 

side and the weakly bonding elements on the right side. Clearly, Pt is the closest to the 

optimum and better activity is expected if we can tune the Pt-O bond to be weaker. 

While other metals (silver, palladium, copper and so on) also show acceptable 

activity, their strong tendency to dissolve in acid makes them less competitive in 

practical applications [15]. 

Stability of Pt for ORR 

Figure 5 Cell voltage (a) and Pt electrochemical surface area (b) as a function of 

short-stack run time. Operating condition: Hydrogen/air stoichiometric 

flow is 2/2, under 80 ℃, 150 kPaabs, 100% RH [16]. 

The conventional PEMFC catalyst consists of 2~5 nm Pt nanoparticles 

dispersed on a high surface area carbon support. The particle size maximizes 

utilization of the Pt surface. However, the electrochemically active surface greatly 

diminishes during fuel cell operation. Figure 5 [16] shows clearly the potential and Pt 
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surface area losses as a function of time. A significant part of the losses can be 

attributed to the slow cathodic kinetics.  

Figure 6 Proposed mechanisms of instability of Pt particles in low temperature 

fuell cells [17]. 
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In general, four main mechanisms for Pt degradation have been proposed in 

previous literature [17, 18] as shown in Figure 6 [17]. Ostwald ripening is a 

thermodynamically driven process, in which smaller Pt particles will dissolve and re-

deposited on larger particles. In this way, the particles grow larger at the expense of 

high-surface-area small particles. The second mechanism describes the movement of 

Pt particles on the carbon support and the coalescence when particles meet. In the third 

mechanism, detachment of particles from carbon support becomes considerable during 

start-up and shut-down due to severe carbon corrosion. The last mechanism mainly 

refers to Pt loss in the catalyst layer due to the re-deposition in the ion conductor and 

membrane layer. 

With the help of the advanced microscopy, a recent study revealed the 

structure evolution during the degradation of Pt (and PtM) nanoparticles at the atomic 

level [19-22]. By using an indexed gold grid, they were able to take images of exactly 

the same part of the sample. We can clearly observe the movement and coalescence of 

the particles on the carbon surface in Figure 7 (c), (d) and (e)[22].  
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Figure 7 Microscopic images of PtCo/C sample with low resolution (a) before 

(b)after the durability test and with high resolution (c) before, (d) after 

and (e) overlay of the two [22]. 

  In follow-up study [21], the authors were able to take hundreds of images of 

PtCo nanoparticles of the same sample. As mentioned previously, Co is not stable in 

acidic environments and will be dissolved. As a result, a core-shell structure is 

produced with a PtCo core and Pt shell. Two different types of core-shell structures 

showed up in the elemental mapping images in Figure 8 [21]: single-core and multi-

core. While the single-core particles are a result of Ostwald ripening, the multi-cores 

can only be generated from the coalescence of particles. In this way, the authors 

demonstrated the significant contribution of Ostwald ripening and particle coalescence 

to the degradation of the active Pt surface area.  

file:///C:/Users/distantcat/Desktop/Thesis Writing/ref for literature/David Muller/nl203920s_si_002-3D.mp4
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Figure 8 Hundreds of elemental mapping images of the PtCo particles, (a) before 

and (b) after the durability test; (c) and (d) presents an example of multi-

core and single-core particle respectively [21]. 

Selective Research Activities 

Research to understand reaction/degradation mechanisms and explore new 

catalysts has been carried out for the past several decades. Nowadays researchers 

mainly focus on three directions: improving activity, increase Pt utilization and 

enhancing durability of the catalyst.  

As an effective way to tune the activity of Pt, alloying is one of the most 

extensively studied strategies. Previous studies demonstrated a substantial 

improvement in specific activity of PtM [23-25] due to the electronic structure tuning 

from the second metal, such as Co, Fe, or Ni. A general trend which can be seen in 
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both experimental and computational modeling studies is that when Pt is alloyed (or 

incorporated into a layered structure) with elements that bond strongly with oxygen, 

like the ones on the left side of the volcano plot, the bonding between Pt and oxygen 

weakens.  Pt-based alloys can not only improve the intrinsic activity of Pt, but also 

reduce the usage of Pt compared to particles of similar size. 

The mechanism of ORR on Pt alloys has been studied for more than 20 years. 

Some researchers attributed higher activity on bulk PtCr alloys to surface roughening 

[26]. Others attributed the activity to particle termination with particular vicinal planes 

on dispersed catalyst surfaces [27]. In a paper published 1983 [28], the authors 

investigated the relationship between interatomic distance and catalytic activity for Pt 

alloys in phosphoric acid. They used XRD to determine the nearest neighbor distance 

of 10 different Pt alloys. A linear relation curve was observed upon plotting the 

activity against nearest neighbor distance. Still others researchers attributed the 

activity to the electronic tuning from the ligand effect (such as d-band vacancy) and 

the strain effect caused by introducing other metal atoms into the Pt lattice [29, 30]. 

Despite their high activity, the stability of alloy catalysts is still a concern. 

Studies [31] show that, since the second metal is much less stable than Pt, over long-

term fuel cell operation, the second metal will leach out, leading to a dramatic change 

in catalyst composition and activity. The final structure of catalyst usually consists of 

a skeleton Pt skin [32, 33] which is vulnerable to dissolution [34].  

Another strategy to reduce Pt usage is to construct materials with novel nano-

structure, for instance, Pt monolayers supported on other metals. Adzic and co-

workers successfully generated Pt monolayer supported on both single-crystal [35] 

and nanoparticulate metal surfaces [36, 37]. Results showed that when Pt is supported 
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on Pd, the activity can be improved. Due to the low amount of Pt being used, the mass 

activity can be improved considerably. However, the stability is still under debate. 

Theoretical studies [15, 38] claim that the monolayer structure is not 

thermodynamically stable: the top layer will diffuse into the base metal to form a solid 

solution.  

Two strategies have been explored to improve durability. One is to replace the 

carbon support with other materials, such as TiO2 [39]. As shown in Figure 9, with 

comparable initial membrane electrode assembly (MEA) performance, the Pt/TiO2 has 

a much longer lifetime than Pt/C. The other method is to construct free-standing Pt 

catalyst without C support. As reported by S. Alia [40], the Pt nanotube degrades 

much less than Pt/C after a 30,000 cycle durability test.  

Figure 9 Accelerated stress test results of (a) Pt/TiO2 over 200 h and (b) Pt/C over 

80 h [39]. 

  Other studies concerning non-precious metal catalyst development are outside 

the scope of this thesis. 
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Chapter 3 

CATALYST OF PT SUPPORTED ON SCANDIUM OXIDE NANOSHEETS 

FOR PEMFC 

Background 

Most of the early studies of the Pt alloy catalysts have been limited to late 

transition metal (or group VIIB metals), such as Ni, Co, Fe group. . It is only recently 

that studies have incorporated the early transition metals and rare earth, transition 

metals. In 2009, J. Greeley [41] published results from density functional theory 

(DFT) calculations for various PtM systems. Of particular interest were the resulting 

predictions for Pt(Pd)3M and Pt(Pd)M systems. Specifically, relationships between 

bonding energy and predicted activity, and alloy heat formation energy and resulting 

stability were discussed. The useful result is summarized in Figure 10 [41]. The 

calculations suggest that PtY and PtSc are two promising candidates for PEMFC 

catalysts, due to their suitable bond energy and predicted.  

Inspired by this finding, Dr. Chorkendorff and others have extended the study 

to other rare metals, such as Gd, Hf and Zr [42-46]. In these studies, the authors have 

reported activity, stability, and durability of various synthesized catalysts. For 

example, durability tests of bulk Pt5Gd show nearly no decreases in activity after 

30,000 cycles.  

Given the favorable results of the previously synthesized materials above, and 

the potentially good candidates PtY and PtSc as suggested by Figure 10, synthesis of 
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Pt with early transition metals are a promising next step. However, metals such as Sc, 

Y, Hf, and Gd have very negative reduction potential, which indicate difficulty in 

forming alloys. Up to now, no studies have been reported of these materials in nano-

scale. 

In the following section, the author summarized her study on synthesis and 

characterization of Pt/Sc2O3/C composite catalysts. The interesting observations and 

results will be discussed in details as well. 

Figure 10 Screening the activity and stability using DFT calculation. The horizontal 

axis is the heat formation energy which can be related to stability. The 

vertical axis is the bonding energy which is an indicator of activity [41]. 

Experiment 

Synthesis of Pt/Sc2O3/C Catalyst 

Pt supported on Sc2O3 was prepared by an organic solvothermal method. In a 

typical synthesis, 68 mg scandium acetylacetonate (Alfa-aesar) and 129 mg 1,2-

hexanedecanediol (Sigma-Aldrich) were dissolved in 20 mL diphenyl ether(Sigma-

Aldrich)  in the presence of 1 mL oleic acid (Sigma-Aldrich) and 1 mL oleylamine 
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(Sigma-Aldrich).  The mixture was heated to 80 ℃, under Ar atmosphere, to get a 

clear solution before being raised to 240 ℃. Next, 30 mg platinum acetylacetonate 

(Sigma-Aldrich) in 0.5 mL dichlorobenzene (Sigma-Aldrich) was injected into the 

solution, which immediately turned dark brown, indicating the formation of metal 

nuclei. The reaction was maintained at 240 ℃ for 1 h before cooling down to room 

temperature for collection. 

Post-treatment 

The Pt/Sc2O3 catalyst was loaded onto high surface area carbon support before 

washing. Typically, 15 mg Ketjen carbon black was dispersed in 10 to 15 mL iso-

propanol. The as-synthesized catalyst was added to the mixture under vigorous stirring 

at 80 ℃. After 30 min, the mixture was transferred to an ultrasound bath for another 

30 min mixing. The product was collected by centrifuge and washed with hexane and 

ethanol 3 times. 

High temperature annealing was done to remove any residual organic 

surfactant. Under these conditions, the catalyst has been shown to retain its particle 

size and composition [47]. In this synthesis, the carbon supported catalyst was 

transferred to a ceramic boat and placed in a tube furnace. The catalyst was then 

annealed at 650 K or 700 K for 30 min in a H2 and Ar mixture prior to further 

characterizations. 

Thermal Gravimetric Analysis 

The carbon to metal loading ratio was obtained from a thermal gravimetric 

analyzer. For each test, approximately 2 mg of catalyst was loaded in an alumina 
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crucible. The temperature was raised to 900 ℃ under oxygen to burn off all the 

carbon. The remaining residue is considered as carbon-free. 

Transmission Electron Microscopy  

TEM was carried out using JEM-2010 FX in the W.M. Keck Electron 

Microscopy Facility Center at the University of Delaware. To prepare the sample 

suspension for TEM, a small amount of dry powder was dispersed in methanol and 

sonicated. Afterward, the Lacey Carbon copper grid was coated with a drop of the 

sample suspension and dried thoroughly before being loaded into the TEM chamber. 

The dark field images and Z-contrast images were obtained using JEOL 2200FS 

STEM with a CEOS probe-corrector from Oak Ridge National Laboratory.  The 

STEM instrument is also equipped with a Bruker-AXS silicon drift detector for 

recording EDS maps, which investigate the composition of the catalyst. 

Surface Composition and Binding Strength 

Surface composition was obtained with a Phi 5600 X-ray photoelectron 

spectroscopy (XPS) system equipped with a multi-channel hemispherical analyzer and 

Al anode X-ray source.  The XPS was calibrated using binding energies of the primary 

peaks from Au, Ag, and Cu reference samples. Samples were prepared by pressing the 

powder into In foil before mounting on a sample holder.  The Pt/Sc atomic ratio was 

determined from the Pt 4f and Sc 2p photoelectron peaks.  

 Electro-chemical Measurements 

Rotating disk electrode (RDE) measurements were used to evaluate the activity 

of the catalyst. First, catalyst powder was dispersed in ultrapure DI water. 20 µL of the 

suspension was dropped onto a glassy carbon electrode and dried in air at room 
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temperature to form a uniform thin film. Later, 10 µL of a 0.005% Nafion in ethanol 

solution was dropped on top of the electrode as a conducting binder. The loading on 

the electrode was adjusted to 10 to 20 µg Pt /cm
2
 of electrode surface for both the 

synthesized catalyst and the commercial Pt/C. The electrochemical test was conducted 

in a jacketed electrochemical glass cell. A saturated Calomel electrode and a Pt wire 

were used as reference and counter electrodes. All measurements were carried out in 

0.1 M HClO4 at room temperature (RT). The electrochemical surface area (ECSA) 

was obtained from the Pt hydrogen adsorption and desorption region of the cyclic 

voltammogram. This involved integration to find the total charge, and then dividing 

the total charge by the charge density of Pt [48]. The ORR catalytic activity was 

obtained from the ORR polarization curve. The current at 0.9 V vs. RHE was taken 

from the curve using a sweep rate of 20 mV/s. Durability tests were carried out by 

cycling the potential from 0.6 V to 1.1 V vs. RHE for 30,000 cycles at RT with a 

sweep rate 50 mV/s. ECSA measurements were taken at the 6,000th, 12,000th, 

18,000th, 24,000th and 30,000th cycle. 

Results and Discussions 

Morphology and Growth Mechanism of Pt/Sc2O3/C 

Solvo-thermal method has been applied to successfully produce PtM (M=late 

transition metals) alloy nano-crystals before [49-51]. Typically, the co-reduction of Pt 

and Ni, Co or Fe will produce uniform PtM nanocrystals. But in the case of Pt-Sc 

system, the product is quite different. Figure 11 (b) is the EDAX mapping image 

corresponding to the squared region of (a) the bright field image. The Pt signal is 

represented by red dots while the Sc signal is represented by green. A sheet-like 
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structure with strong Sc signal in the area is observed. From the elemental analysis, 

the strong oxygen peak confirms the composite of Sc2O3. Rather than forming uniform 

alloy nanocrystals, scandium oxide nanosheets were produced and serve as another 

support for Pt nanoparticle dispersion. In Figure 12, there are three sets of bright field 

and dark field images revealing the structure of Sc2O3 nanosheets explicitly. The oxide 

nanosheets are not uniform in thickness. In Figure 12 (a) and (b), the voids and 

differences in thickness of each nanosheet can be seen from the contrast. Under low 

magnification, the nanosheets have similar morphology and cannot be clearly 

distinguishable from carbon. However, at high magnification (d), the lattice of the 

Sc2O3 (separated by red line) can be seen, compared to the amorphous carbon 

(separated by green line). There also exist free standing Sc2O3 nanosheets in the 

sample, which are fully unattached to any carbon support as shown in Figure 12 (e) 

and (f). 

Figure 11  (a) Bright field image of Pt/Sc2O3/C. the light grey area is free of C; and 

(b) the EDAX mapping of the squared area.  
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Figure 12 Dark field and bright field images of (a) the voids on the Sc2O3 

nanosheets; (b) adjacent area of the nanosheets marked in red and carbon 

support marked in green; and (c) free standing nanosheets. 

 

Studies were carried out to determine the effect of Sc on catalyst formation. 

The first study involved a control synthesis without Sc precursor. Results showed that 

Sc2O3 formation plays an essential role in separating the Pt particles and preventing 

them from aggregating into larger entities. As illustrated in Figure 13 (a), the Pt 

particle size is much larger without Sc precursor, compared to that of the original 

recipe with Sc. When the Sc precursor was substituted with a Ce precursor, which has 

similar chemical properties as Sc, interestingly, the nanosheet structure was again 

generated as shown in Figure 13 (b). The EDAX indicated the presence of CexOy in 

the light grey area of the nanosheets. 
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This simple method to produce metal oxide supported Pt catalyst has never 

been reported before. Since elements like Sc and Ce are chemically too active to be 

reduced to their zero valences, they are more likely to form oxides during the 

synthesis. 

Figure 13 TEM images of (a) Pt nanoparticles obtained without Sc precursor; (b) Pt 

supported on CeO nanosheets synthesized via similar method; and (c) 

EDAX spectrum showing the presence of CexOy. 

ORR Activity and XPS 

Since Sc2O3 is not stable in the electrochemical testing environment, the 

nanosheets will be dissolved eventually. Pt/Sc2O3/C catalyst exhibits typical Pt 

features in the CV as shown in Figure 14 (a). The ORR polarization curve was 

obtained at room temperature with sweeping rate 20 mV/s. Both the original and IR-

corrected curves are shown in Figure 14 (b). The significant deviation between 

original and IR-corrected curves suggests that the resistance from the support and/or 

conducting binder cannot be ignored.  For the sake of comparison, the commercial 

catalyst, 20% Pt/C provided by EC-lab, was also tested. The results for both specific 
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activity and mass activity are summarized in Figure 15. The lab-synthesized 

Pt/Sc2O3/C catalyst exhibits about 3 times higher specific activity, which already 

surpasses the DOE’s target for 2015 (marked by the blue dash line). Slight 

improvements in specific activity were observed for both of the catalyst in the longer 

run (6000 cycles), due to growth of Pt nanoparticles. The initial mass activity of 

Pt/Sc2O3/C is 0.42 mA cm
-2

, which is very close to the  DOE target of 0.44 mA cm
-2

. 

Surprisingly, after 6000 cycles, the Pt/Sc2O3/C catalyst showed improvement in mass 

activity of about 20 %. This can be explained by the “peel off” process of the catalyst. 

During the synthesis, some of the Pt particles will be covered by the Sc2O3 nanosheets. 

And these Pt particles do not provide active surface until the nanosheets are leached 

away by the acid gradually. The author believes that this “peel off” process will 

protect the Pt from dissolution at the early age of the test and slow down the 

degradation process. 
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Figure 14 (a) CV of Pt/Sc2O3/C catalyst with clear Pt features; and (b) ORR 

polarization curves of Pt/Sc2O3/C with and without IR correction. 
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Figure 15 (a) Specific activity and (b) mass activity comparisons of Pt/C and P 

Pt/Sc2O3/C at the beginning and after 6,000 cycles of test. 

Figure 16 is the XPS results for Pt/C and Pt/Sc2O3/C. The original signal is de-

convoluted into Pt and Pt oxide peak. With much smaller Pt oxide formation in the 

Pt/Sc2O3/C, the binding energy is weakened and subsequently, the specific activity is 

improved compared to that of Pt/C. This result further confirms a beneficial tuning 

effect is indeed introduced by the Sc2O3 support.   
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Figure 16 XPS measurement comparison of Pt/C and Pt/Sc2O3/C 
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ORR Durability of Pt/Sc2O3/C 

A durability test was carried out over 30,000 cycles, with the potential ranging 

from 0.6 to 1.1 V, which is slightly larger than reported in literatures [40, 52]. Larger 

potentials correspond to harsher environments for durability testing. Figure 17 

summarized the ECSA loss during the durability test. As proposed previously, the 

“peel off” process of Pt/Sc2O3/C first results in an increase in the ECSA. By the end of 

30,000 cycles, the ECSA gradually decreases to 77 % of the initial surface area. In 

contrast, the commercial Pt/C sample lost about 40 % of the surface area within the 

first 6,000 cycles, due strong dissolution and coalescence of tiny Pt particles. Only one 

quarter of the initial surface area of Pt/C remains after the durability test.  
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Figure 17 ECSA loss during durability test for Pt/C and Pt/Sc2O3/C. 

Summary 

For the first time, metal oxide supported Pt catalyst (Pt/Sc2O3/C) has been 

synthesized via a simple one pot reaction. The morphology and growth mechanism of 
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these oxide nanosheets have been discussed. The interaction between Pt nanoparticles 

and Sc2O3 nanosheets result in a beneficial tuning effect on catalytic reaction of 

oxygen. The lab-made catalyst exhibitsa ORR activity that is three times as high as 

Pt/C. It also has much slower degradation rate. At the end of a 30,000 cycle durability 

test, about 80 % of the electrochemical surface area remains. This is very promising 

for practical application. 
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Chapter 4 

STUDY OF NANO-GOLD PARTICLES FOR ORR OF HEMFCS 

Background 

Many studies have looked at designing catalysts with the intention of 

minimizing the use of expensive and limited Pt. However, the ideal solution may be to 

eliminate its use entirely. Efforts on non-Pt catalysts are currently a hot topic. For 

example, Au has been looked at as an alternative catalyst, since it offers unique 

properties. Compared to Pt, bulk Au has very poor catalytic performance because of 

its less active surface. At the nanosale, however, Au metal becomes quite reactive. 

Studies showed small particles of Au to have surprisingly high activity and selectivity 

for CO oxidation, as well as other oxidation reactions involving small molecules [53]. 

Typically, the mechanism for oxygen reduction using a Pt surface occurs via a 4-

electron transfer pathway. In contrast, on bulk Au, oxygen reduction generally goes 

through a 2-electron transfer mechanism due to the weak binding between the Au 

surface and its reaction intermediates [54]. As a result, the efficiency for energy 

conversion is lower, as evidenced by its decreased activity compared to Pt. When the 

particle size decreases, there is an increase in the fraction of atoms with low 

coordination number and high tendency for reaction. Thus, the activity and even the 

mechanism of nanoscale materials can be very different from that of the bulk. 

Therefore, there have been several studies about the size and facet dependence of Au 

for the reduction of oxygen [54-56].  
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Even under similar particle size, however, studies have shown that the activity 

of Au is quite dependent on the particular synthesis method, preparation procedure, 

and/or treatment process [54-58]. Furthermore, the study of the stability of Au 

catalysts for ORR is quite lacking. In this work, the author did a systematic study of 

synthesis and characterization of ultra-small gold particles. Both the initial activity and 

stability have been discussed and compared to standard Pt/C. The result will provide 

useful information for further developing Au-based catalyst.  

Experiment 

Catalyst Preparation 

The synthesis procedure can be found elsewhere [59] . In a typical synthesis of 

ultra-small gold nanoparticles, 0.1 g HAuCl4·3H2O (Alfa) was dissolved in 10 mL 

tetralin (Sigma-Aldrich) and 10 mL oleyalmine (Sigma-Aldrich), all in a three-neck 

round-bottom flask. The solution was stirred under Ar for 10 min at 30 ℃. After 

obtaining a clear solution, 0.5 mmol TBAB (Tetra-n-butylammonium bromide, Sigma-

Aldrich) dissolved in 1 ml tetralin and 1 ml oleyalmine was injected into the reactor. 

The solution color quickly changed from transparent to dark brown, indicating the 

formation of Au nuclei.  Growth of the nanoparticles was carried out for 1 h before 

washing with hexane and ethanol. 

To load the particles on carbon support, 20 mg Ketjen carbon was dispersed in 

50 mL isopropanol. The hexane suspension with Au particles was added dropwise into 

the carbon suspension under vigorous stirring. After sonicating for 30 min, the carbon 

supported sample was washed with isopropanol for three times before further 

characterization.  
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Transmission Electron Microscopy 

The size of gold nanoparticles was determined using JEM-2010 F TEM in the 

W.M. Keck Electron Microscopy Facility Center at the University of Delaware. In 

preparing the samples for TEM, the carbon loaded sample was dispersed in iso-

propanol and sonicated to form dilute suspension. Then the Lacey Carbon copper grid 

was coated with a drop of the mixture and dried thoroughly before loaded into the 

TEM chamber. 

Electrode Preparation 

The electrochemical measurement was carried out similarly as described in 

Chapter 3, aside from the preparation of the working electrode. To prepare the Au 

electrode, the carbon supported catalyst was dispersed in isopropanol at a 

concentration of 0.3 mg/mL. After sonication, 5 μL of suspension was transferred to 

the glassy carbon electrode and dried rapidly under infrared lamp. For continuous 

coverage, this step was repeated at least five times. Later, the electrode was treated by 

ozone under ultraviolet radiation lamp (0.9 W) overnight to remove the organic 

surfactant before running electrochemical measurements. In this study, the author 

intentionally avoided the use of thermal treatment to remove the surfactant, since high 

heat is known to cause changes in particle size of nano Au. 

Results and Discussions 

Morphology 

Electron micrographs of Au nanoparticles showed particles with narrow size 

distribution, as intended from the synthesis approach. Figure 18 (a) is the TEM image 

of the gold particles on top of lacey carbon. The average size is 3.5 nm, with a 
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majority of particles ranging from 2.2 nm to 3.8 nm. EDAX shows no presence of 

either N or Br, indicating the effective washing of the surfactant. The large Cu peak is 

attributed to the TEM grid, as no Cu was used in the synthesis of the catalyst. For 

brevity, the following discussions will be limited to Au particles of 3.5 nm.  

Figure 18 (a) TEM image of free Au particles without carbon support; (b) 

histogram of Au particles; and (c) EDAX of the particles. 

Cyclic Voltammetry 

The cyclic voltammograms of Au/C with different scanning potential ranges 

are summarized in Figure 19. The featureless region is apparent in the voltammogram 

at potentials of 0.0 to 0.9 V, since Au has no response to hydrogen adsorption or 

desorption under these conditions. From 0.9 to 1.2 V is the oxide reduction region, and 

above 1.2 V is the oxide formation region. The degree of Au oxide formation is known 

to be very sensitive to the sweeping potential [60, 61], and has been shown to correlate 

to the size of the reduction peak, which is distinctly different when using different 

sweeping potentials. In addition, the evaluation of active surface area of Au is quite 
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different from Pt  [62]. While some researchers have used a Cu monolayer deposition 

method [54] to do the evaluation, most studies rely on the reduction peak alone. 

Assuming the Au surface forms a monolayer of AuO at the potential for oxygen 

evolution, the empirical charge density of Au is 390 uC/cm
2
 [48]. Using this, the 

surface area can now be determined. 
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Figure 19 CV of Au/C in 0.1 M KOH with different upper potential, the reduction 

peak size is proportional to the potential upper limit. 

ORR Activity and Durability 

To study the kinetics of ORR on Au/C surface, polarization curves at different 

rotating speeds were taken. These curves are shown in Figure 20 (a) with the 

background subtracted. The onset potential for the reduction of oxygen is about 0.95 V. 

The reduction reaches a plateau at 0.75 V before shifting slightly, due to the peroxide 

production. The inset (b) in Figure 20 presents a plot of i
-1

 vs  
-0.5 

for various 

potentials. The slope equals 6.73 cm
2
·rpm

0.5
/mA, which is in good agreement with the 

accepted literature value of 7.0 cm
2
·rpm

0.5
/mA for a four electron (n=4) process based 
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on O2 solubility [63]. This suggests improved efficiency of nano-Au compared to the 

traditional bulk-sized Au material.  

Figure 20  (a) ORR polarization curves at different rotation speed with sweeping 

rate 50 mV/s; (b) Levich-Koutecky Plots for the ORR on Au at various 

potentials extracted from data in (a); current density normalized to the 

geometric electrode area.  

Commercial catalyst, Pt/C, was tested as a bench mark for comparison. The 

initial activity of Au/C is 0.17 mA/cm
2
, which approximately 60% of that of Pt/C at 

0.29 mA/cm
2
. This difference is much smaller than the several orders of magnitude 

difference between bulk Au and Pt. Next, the accelerated durability test was carried 

out by cycling the potential from 0.6 V to 1.1 V at 20 mV/s for 2000 cycles. With the 

help of the slow potential sweeping rate, it was possible to see dramatic differences 

between the two catalysts. By the end of the durability test, Pt/C had lost 40 % of its 

initial surface area; meanwhile, Au/C surface area decreased by only 9 %. The 

improved stability of Au/C catalyst is a result of the inherently higher dissolution 
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potential. With slower dissolution and redeposition kinetics, Au/C exhibits a much 

smaller degradation than Pt/C as shown in Figure 21.  

0.0 0.2 0.4 0.6 0.8 1.0 1.2

-6

-5

-4

-3

-2

-1

0

 

 

I 
/ 
m

A
.c

m
d

is
k

-2
 Au/C initial 

 Au/C after 2000 cycles

0.0 0.2 0.4 0.6 0.8 1.0 1.2

-6

-5

-4

-3

-2

-1

0

 Pt/C initial

 Pt/C after 2000 cycles

E / V vs RHE

ECSA Loss:

              Au/C= 9%

              Pt/C = 40%

 

Figure 21 ORR polarization curves of Au/C and Pt/C both at the beginning (solid 

line) and at the end (dash line) of the durability test with ECSA loss 

comparison inset. 

Summary 

Nanoscale Au on C catalyst has been studied in detail. During catalyst 

synthesis, it was found that solvent washing and ozone treatment is an effective way to 

remove the surfactant. The only drawbacks of this treatment are the uncertainty in the  

mass loading of metal on the electrode, and difficulty in applying large amounts of 

sample. Furthermore, Au/C exhibits activity approaching that of Pt/C, in addition to 

exceptionally high stability under stressful test conditions. This result is very 

encouraging for design of catalysts without Pt, as well as development of future Au-

based catalyst. 
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Chapter 5 

SUMMARY AND CONCLUSION 

In this thesis, the author first discussed and summarized the mechanism and 

development of the electrochemical reduction of oxygen on Pt and Pt-based catalysts. 

In the second part, two different types of catalysts were explored for fuel cell 

application.  

The author established a simple wet chemistry method to produce Pt/Sc2O3 

catalyst via a one-pot synthesis approach. The sheet-like structure of Sc2O3 serves as 

both a support and a protecting structure for Pt nanoparticles, at early stages of 

durability testing. The tuning effect from the metal-support interaction was 

demonstrated by XPS analysis. Remarkably, the Pt/Sc2O3/C catalyst shows three times 

higher activity than the commercial Pt/C, under an acidic environment. Furthermore, 

the ECSA loss of Pt/Sc2O3/C after a 30,000-cycles durability test is only one third of 

Pt/C, demonstrating a much slower degradation rate. 

The author also studied the activity of nano Au/C for fuel cell catalysis in 

alkaline environments. Au/C with narrow size distribution was produced under mild 

reaction conditions. Performance suggests that the catalyst utilized a 4-electron 

transfer process during the reduction of oxygen. In addition, Au/C demonstrated 

comparable activity to that of the commercial Pt/C. With a much higher dissolution 

potential, the Au/C catalyst proved to be the more stable catalyst. Durability tests 

showed only 9 % of the initial surface loss in Au/C, compared to that of 40 % in 

commercial Pt/C. 
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The improved activity and enhanced stability of the catalysts just discussed 

provide useful information for further research into fuel cell catalysis. Furthermore, 

large scale catalyst synthesis should be carried out so that fuel cell MEA testing with 

PEM or HEM can be performed, providing the stepping stones for commercialization. 
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