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Abstract

Design of bimetallic nanoparticles
and its electrocatalysis for fuel oxidation

Minjeh Ahn

School of Chemical and Biological Engineering
The Graduate School

Seoul National University

This study purposes the synthesis of nano-sized bimetallic electrocatalysts
toward fuel oxidation reaction with the lower price and the enhanced activity
compared to the existing catalysts. Moreover, a facile and rapid synthesis is
introduced via a microwave-assisted synthesis instead of the conventional
methods, and the complete oxidation reaction of fuel can be further achieved
to improve the efficiency. The electrochemical and morphological properties
of carbon supported platinum and tin oxide nanoparticles were evaluated in
the first part, and the heterogeneous rhodium-tin alloyed nanoparticles
deposited on the carbon as an electrocatalyst for the fuel oxidation were
prepared to further reach to the complete oxidation reaction into the carbon
dioxide as well as the better electrocatalytic activity and durability for fuel

oxidation.



The electrocatalyst of carbon supported platinum and tin oxide nanoparticle
was prepared through the microwave-assisted synthesis. It is clearly observed
that the platinum nanoparticles and tin dioxide nanoparticles were uniformly
dispersed onto the supporting material. The catalyst containing 16 wt% of tin
oxide nanoparticles exhibited the highest activity and durability for the
ethanol oxidation. The onset potentials of prepared electrocatalysts were
negatively shifted compared to that of the commercial catalyst, result from the
adsorbed CO species on platinum are more easily oxidized at lower potentials
by hydroxyl groups adsorbed onto the surface of nearby tin oxide. In addition
to the bifunctional effect, it is confirmed that the electronic effect was also
acted in the platinum-tin oxide nanocomposites. As the amounts of tin oxide
increased, the white line of Pt Ls-edge decreased. According to the cyclic
voltammetry results and theoretical calculations, the excess amounts of tin
oxide nanoparticles dispersed on the carbon surface play a role as an isolating
barrier that hinders the electron transfer between platinum and carbon support,
while too low amounts of tin oxide nanoparticles limit the transfer of adsorbed
hydroxy! groups for the oxidation of carbon monoxide species.

Without platinum as one of the most valuable metal, the rhodium-tin alloy
nanoparticle was formed for the efficient electrocatalyst toward fuel oxidation.
The alloyed bimetallic nanoparticles were uniformly distributed onto the
whole surface of carbon supporting material through the microwave-assisted

method. Electrocatalytic activity and the ratios of peak current density at



forward scan and backward scan were significantly enhanced in the tin-
abundant sample. Moreover, the rhodium-tin electrocatalysts produced much
carbon dioxide compared to the platinum-based conventional catalyst, result
from the accomplishment of additional total oxidation of ethanol including the
C-C bond splitting. Not only the increased production of carbon dioxide but
also the negative shift in onset potentials was observed. As the tin ratios were
increased, the white lines of Rh K-edge were up-shifted that the interactions
between rhodium and adsorbed species become stronger than the pure
metallic rhodium. It indicates the electronic modifications can be powerful
strategy to fulfill both the increased performance and the lower expense. Even
in concentrated fuel solutions and at lower operating potentials, the superior
activity and durability were maintained. These results correlated with the
lower overpotentials and the increased reaction rates under various fuel
concentrations, confirmed from the Tafel plots and Butler-Volmer equations.
Consequently, the bimetallic nanoparticles with improved electrocatalytic
activity and durability toward fuel oxidation were successfully synthesized

through the facile and swift method.

Keywords: fuel cell, electrocatalyst, ethanol oxidation reaction,

bifunctional effect, electronic effect
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Chapter 1. Introduction

1. 1. Renewable energy and fuel cells

Our world runs on energy. Energy plays a vital role in our life and economy
from fueling our cars to heating our homes to power the appliances we depend
on daily. However, expanding population, economic growth and changes in
the scope of regulations are all transforming the energy landscape. A lot of
researchers have estimated that the world’s population will rise by more than
25 percent from 2010 to 2040, reaching nearly 9 billion [1]. An additional 2
billion people worldwide means rising electricity needs for homes and other
buildings and increasing energy supplies to power industry and mobility. The
global economy is expected to grow at an annual average rate of 2.8 percent
for the same period [2]. Economic growth, and the improved living standards
it enables, will require more energy. Climate change policies are a key factor
in assessing the energy future, particularly in limiting the growth of
greenhouse gas emissions. These policies are likely to have a direct and
significant impact on the fuel choices made by individual countries, including
a shift away from conventional fuels as carbon dioxide costs rise. These
factors make us becoming more energy-efficient and moving to less carbon-
intensive fuels.

In many parts of the world, concerns about security of energy supplies and



the environmental consequences have spurred government policies that
support a projected increase in renewable energy sources. As a result,
renewable energy sources are the fastest growing sources of electricity
generation at 2.8% per year from 2010 to 2040 [1]. After renewable
generation, natural gas and nuclear power are the next fastest growing sources
of generation, each increasing by 2.5% per year. Almost 80% of the projected
increase in renewable electricity generation is fueled by hydropower and wind
power. The contribution of wind energy, in particular, has grown rapidly over
the past decade, and a trend continues into the future. Most of the growth in
hydroelectric generation (82%) occurs in the non-OECD countries, and more
than half of the growth in wind generation (52%) occurs in the OECD
countries. However, high construction costs can make the total cost of
building and operating renewable generators higher than those for
conventional plants. The intermittence of wind and solar energy from regional
and climatic factors, in particular, can further hinder the economic
competitiveness of those resources. Since concerns about energy security and
greenhouse gas emissions, electricity generation from nuclear power is
supported worldwide. But after the Fukushima disaster in March 2011, those
projects were planned retirements of nuclear capacity in Germany and
Switzerland under current policies.

Fuel cells, which convert diverse fuels directly into electricity without
combustion, are key elements of a broad portfolio for building a competitive,

secure, and sustainable clean energy economy [3]. Reducing greenhouse gas



emissions and eliminating dependence on imported fuel will require the use of
diverse domestic energy sources and advanced fuels in all sectors of the
economy (Figure 1.1, reprinted from ref. 3). Fuel cells offer a broad range of
benefits for the environment, for our nation’s energy security, and for our
domestic economy, including: reduced greenhouse gas emissions; reduced oil
consumption; expanded use of renewable power; highly efficient energy
conversion; fuel flexibility (use of diverse, domestic fuels, including clean and
renewable fuels); reduced air pollution; and highly reliable grid-support.
These also have numerous advantages that make them appealing for end-users,
including: quiet operation, low maintenance needs, less space requirement,
and high reliability. In addition to using hydrogen, fuel cells can provide
power from a variety of other fuels, including natural gas and renewable fuels
such as alcohols or biogas.

Moreover, fuel cells can provide these benefits and address critical
challenges in all energy sectors - commercial, residential, industrial, and
transportation - through their use in diverse applications, including:
distributed energy and combined-heat-and-power systems; backup power
systems; systems for storing and transmitting renewable energy; portable
power; auxiliary power for trucks, aircraft, rail, and ships; and passenger and
freight vehicles. Widespread use of fuel cells would play a substantial role in
overcoming our nation’s key energy challenges, as demonstrated in figure 1.2
(reprinted from ref. 3), including significant reductions in greenhouse gas

emissions and oil consumption as well as improvements in air quality.



Gaseline (Today's Vehicle)
Gasoline

Natural Gas

Gascline

Natural Gas

Diesel

Corn Ethanol (E85)

Cellulosic Ethanal (E85)

Gasoline & U.S. Grid Mix
Gasoline & Ultra-Low-Carbon Renewable

Cellulosic Ethanol (E85) & U.S. Grid Mix

Cellulosic Ethancl (EBS) &
Ultra-Low-Carbon Renewable

Gasoline & U.S. Grid Mix
Gasoline & Ultra-Low-Carbon Renewable

Cellulosic Ethanol (EES) & U.5. Grid Mix

Cellulosic Ethanol (EB5) &
Ultra-Low-Carbon Renewable

U5 Grid Mix

Ultra-Low-Carbon Renewable

H, - Distributed Natural Gas
H, - Coal Gasification w/ Seguestration
H, - Biomass Gasification

H, - Nuclear High-T Electrolysis or
Ultra-Low-Carbon Renewable

450
340
270
235
185
220
180
90
230
195
105
70
270
155
180
63
230

200
95
74
42

Conventional Internal
Combustion Vehicles

Hybrid Electric
Vehicles

Plug-in Hybrid
Electric Vehicles
(power-split, 10-mile
electric range)

Plug-in Hybrid
Electric Vehicles
(series, 40-mile
electric range)

Battery Electric
Vehicles (100-mile range)

Fuel Cell Electric
Vehicles

200

300
Grams of CO,-equivalent per mile

400 500

Figure 1.1. Well-to-wheels analysis of greenhouse gas emissions



iciency (LHV), %

Eff

100
90
80
70
60
b0

30
20
10

ine HY prid 35:‘3'“
o TUrbine H
rature Fuel Co gy - Advance

High-TemEg Turbine System
—— e R

Fuel Cells Gas Turbine Combined Czl:le

combustion Engin® ccle
pine SITEL

0.1 10 100 1

Power Output, MW

Figure 1.2. Power vs. efficiency for stationary power technologies

000



1. 2. Fuel cell fundamentals

Classification of fuel cells is summarized in Table 1.1, according to the
types of electrolyte where the charge carriers move between the anode and the
cathode. An electrolyte determines charge carriers and optimal temperature
ranges for operating conditions. Various catalysts and fuels can be utilized
under high temperature conditions due to the suppressed activation energy of
reactants and increased stability towards carbon monoxide species as
hinderers of active sites. However, the practical difficulty for applications in
transportation or portable devices and expensive maintenance costs cause
severe problems as well as the accelerated degradation and agglomeration of
materials in technical views. In that regard, low temperature fuel cell has
received much attention over the few decades for transportation, vehicles and
portable devices.

As shown in figure 1.3, low temperature fuel cells, with either hydrogen
(polymer electrolyte membrane fuel cell, PEMFC), methanol (direct methanol
fuel cell, DMFC), ethanol (direct ethanol fuel cell, DEFC), formic acid (direct
formic acid fuel cell) as the fuel, represent an environmentally friendly
technology with a high efficiency as a means of producing electricity by direct
electrochemical conversion of hydrogen/liquid fuel and oxygen into water and
carbon dioxide. In case of hydrogen as a fuel, only pure water is produced at
cathode from the electrochemical reactions, hydrogen oxidation at anode and

oxygen reduction at cathode, respectively. Unfortunately, hydrogen



production, storage, and transportation are the major challenges in addition to
cost, reliability and durability issues at current technological stage.

Compared to hydrogen, methanol, and formic acid, thus, ethanol becomes
an attractive fuel, because it is easy to store and transport due to its relatively
higher boiling point, and has less toxicity and higher energy density than other
alcohols (7 kwh L™ for ethanol, 4.69 kwh L™ for methanol and 2.1 kwh L™
for formic acid) [4]. Furthermore, ethanol has been qualified as an enormous
energy source since it can be obtained in large quantities from sugar- and
cellulose containing raw materials, such as sugar cane, potato, corn, wood,
grasses, and the inedible parts of plants. Especially, cellulosic ethanol (from
inedible plants) could allow as fuels to play an important role in the future
than now expectations [5].

In terms of the use of ethanol as a fuel of fuel cell, typical cell potential vs.
current density plots would be obtained as seen in figure 1.4 (reprinted from
ref. 5). The open circuit potential (E,c) should have the same value as the
reversible cell potential theoretically, however, even when no current is drawn
from a fuel cell, there is irreversible voltage loss, which means that the actual
value of the open circuit potential is always lower than the theoretically
expected values. It’s difficult to interpret clearly, but widely understand that
the mixed potentials caused by fuel crossover and internal short occurs lower
open circuit potential. And during the operation of a fuel cell, the potential of
single cell decays as current density increase by the overpotential (n) at the

anode, cathode, and electrolyte. Thus the potential can be expressed by the



following equation:

Eoc = Etheo — MNact — MNohmic — Tmass — Nmix

where Egeo IS the theoretically thermodynamic reversible potential, mg
means the activation overpotentials at the anode and cathode, nenmic indicates
the ohmic overpotentials in the electrolyte, nmss caused from the mass-
transport and concentration profiles at the anode and cathode, and nmiy is
mixed potentials, respectively.

On closed circuit, the polarization can be sorted into three distinctive
regions: activation overpotential region, ohmic overpotential region, and mass
transport overpotential region. The causes of potential drop in the polarization
curve for direct ethanol fuel cell can be understood as below.

(a) Activation overpotential: The activation overpotential is dictated by
ethanol oxidation kinetics at the anode as well as oxygen reduction kinetics at
the cathode. These are caused by the slowness of the reactions taking place on
the surface of the catalyst. This loss is significantly considered at initial stage
as shown by a suddenly drop of polarization curve.

(b) Ohmic loss: The slope where cell voltage decreases nearly linearly in
the polarization curve is recognized as the ohmic overpotential region. This
results from the resistance to the flow of electrons through the electrodes
including ionomer, interconnections, and in the polymer electrolyte.

(c) Mass transport loss: The mass transport overpotential region, whereby



either ethanol transport on the anode side results in a mass transport limiting
current, or the oxygen supply due to depletion and cathode flooding becomes
a limiting step.

(d) Mixed potential: This results from the waste of fuel crossover through
the electrolyte, and tiny amounts of electron are also conducted through the
electrolyte. Electrolyte should only transport the ions, however, a certain
amount of fuel and electron flow can be possible due to the electro-osmotic
drag force or swelled electrolyte.

In the case of direct ethanol fuel cell, the value of ohmic overpotential is
very low due to the electrolyte is usually well hydrated under operating
conditions, and the concentration profiles can be easily enhanced through
systematic control, such as increasing the flow rate and portions of reactants
and improving cell designs. Although the overall performance can be
diminished partially, the mixed potential can be minimized by use of thicker
membrane. However, a major impediment to the commercialization of ethanol
fuel cell is the difficulty in designing an effective electrocatalyst, because the
kinetic rates of ethanol oxidation and oxygen reduction at the catalyst are very

slow reactions, particularly, the more sluggish ethanol oxidation.



Table 1.1. Classification of various fuel cell types

PEFC AFC PAFC MCFC SOFC
Hydrated Mobilized or | Immobilized
Immobilized
polymeric immobilized liquid Perovskites
Electrolyte liquid molten
ion exchange potassium phosphoric (Ceramics)
carbonate
membranes hydroxide acid
Charge
H* OH H* COs” o*
carriers
Operating
20-80C 40-220°C 100-205C 600-800C 400-1000C
temperature
Perovskite
Nickel
Transition (perovskite-
Electrode Platinum Platinum (nickel
metals metal
oxide)
cermet)
External
No, for some
reformer for No, for some
Yes Yes Yes fuels and cell
hydrocarbon fuels
designs
fuels
External
Yes, plus Yes, plus
shift
purification purification
conversion Yes No No
to remove to remove
of CO to
trace CO trace CO
hydrogen
Prime cell Carbon- Carbon- Graphite- Stainless-
Ceramic
components based based based based

10
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1. 3. Electrochemical reactions and nano-electrocatalysts

On the surface of electrocatalyst at the anode and cathode for a direct
ethanol fuel cell, the half-reactions and overall reaction in acidic medium are

shown as below:

Ethanol oxidation reaction (EOR) at the anode

C,HsOH + 3H,0 — 2CO, + 12H* + 12¢”  (E°=0.084 V)
Oxygen reduction reaction (ORR) at the cathode

30, + 12H" + 12" — 6H,0 (E°=1.229V)
Complete overall reaction in direct ethanol fuel cell

C,HsOH + 30, — 3H,0 + 2CO, (E°=1.145 V)

The oxidation of ethanol at the anode occurs to form carbon dioxide. Water
is consumed at the anode and is produced at the cathode. Protons are
generated at anode, are transported across the proton exchange membrane
from the anode to cathode where they react with oxygen to produce water.
Electrons are transported through an external circuit from anode to cathode,
providing power to connected devices as previously illustrated in figure 1.3.

A lot of researchers have been reported on the electrocatalyst for ethanol
oxidation, but some problems still remain. Platinum is well-known as the
most reactive catalyst which had the highest exchange current density among

pure metallic compounds [7], however, its expensive cost causes a major
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impediment to the commercialization of fuel cell. In addition to the
economical issues, more severe problem of platinum for alcohol oxidation is
the carbon monoxide (CO) poisoning.

Oxidation of ethanol involves several steps, including dehydrogenation of
ethanol followed by rearrangement of the chemisorbed intermedidates,
chemisorption of active oxygen species on the alloying element and the
surface reaction between adsorbed CO and an adsorbed oxygen-containing
species forming CO,. During the ethanol oxidation reaction, various
intermediates are formed that are adsorbed on the surface of catalyst. Some of
these reaction intermediates have been found to block the active sites and
inhibit further reaction. Especially, the strong adsorption of CO species
produced by ethanol oxidation leads to the poisoning on the platinum surfaces.
Such strong binding has been explained by electron donation from the 56 CO
orbital to the metal, and back-donation as the subsequent transfer of two
electrons from the d metal atomic orbitals to the antibonding 2z* CO orbital
[8], as illustrated in figure 1.5.

To eliminate adsorbed CO from the surface it is necessary to form some
oxygenated species that can react with adsorbed CO producing carbon dioxide
(CO,) and thereby to release some free sites on the Pt surface. The mechanism
for the oxidative removal of adsorbed CO poison from platinum anodes has
been a topic of intense investigation for the past decades. The overall reaction

for removing adsorbed CO is as below.
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CO(ads) + H,0 — CO, + 2H" + 2¢

but the mechanistic details have been elusive. The thermodynamic potential
lies close to 0 V versus the reversible hydrogen electrode. Some other authors
considered that adsorbed CO oxidation proceeds through reaction with
adsorbed hydroxyl group (OH). The oxidation of adsorbed CO on a metal

(M,) by adsorbed OH on another metal (M,) proceeds as follows.

Ml'CO(adS) + Mz'OH(adS) — M;+M, +CO, + H" + e

The hydroxyl group is formed by the dissociative adsorption of a water

molecule on the platinum.

H,O — OH(ads) + H(ads)

The evidence that adsorbed hydroxyl group is an active species in reaction
comes from the coincidence of the potential for the onset of water oxidation
with the potential of CO oxidation. On pure platinum surface, the dissociative
adsorption of water is very slow at normal operating potentials, that is, this
reaction step is as a rate-determining step. The formation of adsorbed
hydroxyl groups on platinum lies between 0.5 to 0.8 V, which is the main
reason why platinum oxidizes CO in that potential region.

To make the CO oxidation at lower overpotentials, it is essential to provide
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OH at lower potentials. This can be done by means of some other metal,
alloyed with platinum, which can generate adsorbed hydroxyl group at lower
potentials on the surface for the oxidation of adsorbed CO on adjacent Pt sites.
Such catalysts are known as bi-functional catalysts [9,10]. Ruthenium (Ru) is
a well-known as a second metal for alloying with Pt. The bifunctional
mechanism that dissociative adsorption of water molecules induces at nearly
0.2 V on Ru surfaces with the formation of Ru-OH.

An alternative interpretation based on an electronic ligand effect has been
also suggested, although the bifunctional mechanism is the most approved.
The electronic effect assumes that the alloy component changes the electronic
properties of Pt atoms in its vicinity [11,12]. The presence of tin (Sn) in the
surface allows for the continuous oxidation of adsorbed CO through electronic
effect, whereby the Sn lowers the adsorption energy of adsorbed CO on
neighboring active metal such as Pt.

Combining the electronic and bifunctional theories, it is postulated that the
role of the second element is to increase OH adsorption on the catalyst surface
at lower potentials, and to decrease the adsorption strength of the poisoning
CO residues.

These theories can be well fitted and explained on alcohol oxidation
reaction, however, more and more important factor still remained in ethanol
oxidation that the bonding between two carbon molecules should be broken to
complete the perfect reaction, as introduced above. Ethanol has a carbon-

carbon (C-C) bond requires a higher energy to split relative to a carbon-
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hydrogen bond. Thus, various intermediates are produced during ethanol
oxidation reaction from partial oxidation reaction, not complete reaction, due
to the difficulty in C-C bond splitting, as seen in figure 1.6 (reprinted from
ref.13). And the main products from complete and partial oxidation of ethanol

are listed as below [14,15].

Complete reaction
C,HsOH + 3H,0 — 2CO, + 12H" + 12¢~
Partial reactions
C,HsOH + H,0 — 2CH3;COOH + 4H" + 4e”
C;HsOH — CH3;CHO + 2H" + 2¢”

C2H5OH + Hzo — CH3CH(OH)2 +2H" + 2e”

These partial reactions result in poor performance and generation of
undesirable by-products due to the lower electron gains than desired
theoretical values calculated from complete reaction. Therfore, notable
experimental and theoretical efforts to develop effective electrocatalysts with
superior activity and better CO tolerance have been concentrated for ethanol
oxidation reaction, for example, alloy with Pt [16-18] and incorporating oxide

materials [19-21], and DFT calculations [22-24].
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1. 4. Subject of research in the thesis

This study purposes the synthesis of nano-sized electrocatalysts toward fuel
oxidation with economic advantages and improved the activity with lower
overpotentials than the existing catalysts. In addition, facile and rapid
synthesis is introduced via microwave-assisted synthesis compared to the
conventional methods, and total oxidation reaction of fuel can be further
achieved to improve the efficiency.

If the nanoparticles as an electrocatalyst are prepared by conventional
method, for example, polyol reduction method, it will be taken at least 5 hours.
Some other methods also need long time to synthesis from few hours to few
days. However, microwave-assisted synthesis can prepare the materials within
only few minutes. A microwave consists of an electric field and a magnetic
field. Since only the electric field transfers energy to heat a substance, thus the
energy in photon is too low to transform other molecules as shown in figure
1.7. But it provides the momentum to overcome reaction barrier and complete
the reaction more quickly than conventional methods. In addition to the facile
synthesis, the nanoparticles can be formed uniformly without surfactants. It is
certain that the additional process should be undergone to get rid of strongly
adsorbed organic molecules on the metal surface by acid treatment, irradiation
under ozone, and heat treatment at higher temperature. In this studies, the
electrocatalysts would be prepared uniformly and regularly without any

surfactants. Some nanoparticles have been prepared by microwave synthesis
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in other literatures, but few published papers were existed in case of carbon
supported nanoparticles under surfactants-free conditions [25].

From a strategic point of view, the further achievement of complete ethanol
oxidation reaction would be reached simultaneously. Ethanol has a carbon-
carbon (C-C) bond requires a higher energy to split compared to other bonds.
Thus, unwanted by-products are more produced than carbon dioxide at
platinum surface during ethanol oxidation reaction. It causes lack of
performance due to the lower electron gains than expected theoretical values
calculated from complete reaction. Tin and rhodium is recognized to efficient
for ethanol oxidation, but some different effects are revealed [26-29]. Some
reports have prevailed that the tin offers the hydroxyl groups in the vicinity of
active sites suffered from CO species at lower potentials, while the rhodium
has the capability to split the C-C bond. From these properties of them,
ternary electrocatalysts for the cooperative effect from tin and rhodium in the
nearby platinum become popular for highly active toward fuel oxidation [30-
32].

Thus tin oxide nanoparticles adjacent to the platinum nanoparticle will be
prepared through  microwave-assisted synthesis in  surfactant-free
environments, and discussed the correlation among the electrochemical
activity, surface coverage, bifunctional effect and electronic effect.
Furthermore, it will be discussed that rhodium-tin alloy have not only
selectivity to carbon dioxide but also fairly good activity and durability

toward ethanol oxidation.
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Chapter 2. Experimental

2.1. Synthesis of nanoparticle as electrocatalysts

2.1.1. Selective deposition of platinum and tin oxide

nanoparticles

Chloroplatinic acid hexahydrate (H,PtClg-6H,0, > 99%), tin (V) chloride
(SnCly, 99%), benzyl alcohol (anhydrous, 99.8%), ethylene glycol (anhydrous,
99.8%), tetrahydrofuran (anhydrous, > 99%, inhibitor-free), perchloric acid
(ACS regeant, 70%), 2-propanol (CHROMOSOLYV Plus, for HPLC, 99.9%)
and Nafion perfluorinated resin solution (5 wt% in mixture of lower aliphatic
alcohols and water) were received from Sigma-Aldrich. Nitric acid (for trace
analysis, 69.0%) was purchased from Fluka, and sodium hydroxide (bead,
98%) and ethanol (95.0%) were obtained from samchun chemicals. Carbon
black (VMulcan XC-72) and carbon supported platinum (nominally 20% on
carbon black) were purchased from Carbot corporation and Alfa Aesar
(Johnson Matthey Co.), respectively. Deionized water was obtained through a
Mili-Q system (millipore water, 18.2 MQ-cm).

Carbon black was used as support of the tin oxide and platinum
nanoparticles. In order to the densely functionalize the surface of carbon, the

carbon nanopowder was previously oxidized by refluxing in 5.0 M nitric acid
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at 80 °C for 4 h, washed with water and dried.

Deposition of the tin oxide and platinum nanoparticles was done by
microwave-assisted synthesis methods as previously reported [1]. Carbon
supported tin oxide composites with amounts of tin oxide ranging from 10 to
70 wt% were prepared by changing the quantities of carbon support and metal
oxide precursor used in the synthesis.

First, suitable quantities of carbon and tin (IV) chloride were placed in a
microwave vial containing 20 mL of benzyl alcohol, under argon. The mixture
was sonicated to disperse the carbon material and then heated in a microwave
(150 W) at 185 °C for 10 minutes. Then the solid was collected by
centrifugation, washed with tetrahydrofuran and dried at 65 °C.

After deposition of tin oxide nanoparticles on carbon, platinum
nanoparticles were then deposited onto the previously prepared materials by a
microwave-assisted polyol reduction method. In all cases the amount of Pt
deposited was 20 wt%. As-prepared tin oxide and carbon hanocomposite was
added to a solution of chloroplatinic acid in 20 mL of ethylene glycol, under
inert gas. A solution of sodium hydroxide in ethylene glycol was added to
raise the pH to 11-12. The suspension was uniformly dispersed for 10 minutes
and submitted to microwave irradiation for 5 minutes at 140 °C. The final
solid was recovered by centrifugation, washed with ethanol and ultrapure
water and dried at 65 °C.

Conventional polyol thermal reduction method was also introduced to

compare with microwave-assisted synthesis. The carbon supported platinum
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nanoparticles were synthesized as follows. First, the carbon black was
uniformly dispersed in 250 ml of ethylene glycol under oxygen-free
atmospheric conditions. Platinum precursor was added into the as-prepared
solution, and then the solution was refluxed in a three-necked flask at 160 °C
for 15 minutes. After stirring for several hours, the solutions were filtered with
ethanol. Obtained particles were heated in a tube furnace at 140 °C for an hour

in air ambient to eliminate residual organic materials.

2.1.2. Heterogeneous rhodium-tin alloy nanoparticles

Rhodium(111) chloride hydrate (> 99.9% trace metals basis), tin(ll) chloride
(> 99.99% trace metals basis), ethylene glycol (anhydrous, 99.8%), potassium
hydroxide (45wt% solution in water), 2-propanol (CHROMOSOLYV Plus, for
HPLC, 99.9%) and Nafion perfluorinated resin solution (5 wt% in mixture of
lower aliphatic alcohols and water) were received from Sigma-Aldrich.
Ethanol (95.0%) was purchased from samchun chemicals. Carbon black
(Vulcan XC-72) and carbon supported platinum (nominally 20% on carbon
black) were obtained from Carbot corporation and Alfa Aesar (Johnson
Matthey Co.), respectively.

Indeed, the synthesis of carbon supported rhodium-tin alloy nanoparticle
was quite simple and quick via microwave-assisted methods. Furthermore,
there has no surfactant that can incur the performance diminution results from

inhibition of active sites by a lot of organic molecules. In addition to the

30



surfactant-free synthesis, no toxic materials are used during preparation of
electrocatalysts.

All samples had the amounts of 20 wt% of metal with varied molar ratios of
rhodium and tin. In brief, the carbon black was dispersed in 50 ml of ethylene
glycol under agitation for 30 minutes, and the mixture was stirred for an hour.
Adequate quantities of rhodium(lll) chloride and tin(ll) chloride were
dissolved in 10 ml of ethylene glycol, and this mixture was added into the
previously prepared ethylene glycol solution containing well dispersed carbon
black under vigorous stirring. After stirring for few minutes, the suspension
was submitted to microwave reactor (140 W) for 10 minutes at 170 °C in
order to complete the reduction of metal precursors, followed by filtration by
ethanol and drying in an oven at 75 °C. Then heat treatment of the as-prepared
carbon supported rhodium-tin alloy nanoparticles was performed at 160 °C in
reducing atmosphere for an hour to get rid of the unreacted metallic

precursors.
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2.2. Physicochemical characterization

High resolution transmission electron microscope (HR-TEM) and normal
TEM were measured using JEM-2100F at an accelerating voltage of 200 kV,
and JEM-2100 operated at an accelerating voltage of 120 kV, respectively.
The energy of the electrons in the TEM determines the relative penetration
degree of electrons, therefore, TEM with higher voltage not only offers better
resolution but also allows thicker samples (less than approximately 200 nm).
Cs-corrected scanning transmission electron microscope (STEM) was
acquired by JEM-ARM200F (200 kV, JEOL) equipped with energy dispersive
X-ray spectroscope (EDS) with a Bruker Quantax 400, and by JEM-2100F
equipped with EDS made by Oxford instruments, respectively. The error
associated with the determination of the platinum and tin atomic percentages
by EDS was below 20 % for all the samples investigated.

Inductively coupled plasma-atomic emission spectra (ICP-AES) analysis
using Shumdzu JP/ICPS-7500, elemental analysis (EA) of C, H, N through a
TruSpec 630 elemental analyzer, and thermogravimetric analysis (TGA) via
TAS5000/SDT-Q600 (TA instruments) were carried out to confirm the
quantitative information about samples, respectively. TGA measurements
were conducted in the temperature range from 25 °C to 800 °C at a heating
rate of 10 °C/min with 100 sccm of air flow using an alumina sample pan.

Nitrogen adsorption isotherms at -196 °C were measured on a

Micromeritics Gemini. Prior to the measurements the samples were outgassed
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at 150 °C overnight. The micropore volume and external surface area of the
uncoated carbon were calculated by the o method using standard data for
nitrogen adsorption on non porous carbon [2].

High-resolution X-ray diffraction (HR-XRD) spectra were obtained using
Rigaku D/MAX 2500 with Cu Ka radiation (A=0.1541 nm) at 50 kV and 200
mA. The scan range was 20° < 2 6 < 80° at a scan rate of 0.1° per minute.

X-ray photoelectron spectroscopy (XPS) was conducted in a surface
analysis system (Thermo, Sigma Probe) by Al Ko (1486.6 V) as an X-ray
source. The constant analyzer energy mode was employed at 30 eV of pass
energy with 0.1 eV steps. The obtained spectra were calibrated by C 1s peak
as 284.6 eV of binding energy, and analyzed by deconvolution of the spectra
using AVANTAGE software.

High-resolution  X-ray  photoelectron  spectroscopy  (HR-XPS)
measurements were performed on the soft X-ray beam line connected to an
undulator (U7) at the 8A1 beamline of Pohang Accelerator Laboratory. The
end station was composed of a high performance electron analyzer
(SCIENTA-200) with energy and angular resolution of 0.005 eV and 0.5°,
respectively. The experiment was carried out in an ultrahigh vacuum (UHV)
chamber with a base pressure< 5 x 10 Torr. All spectra were measured

using 630 eV of incident photon energy.
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2.3. Electrochemical characterization

The electrochemical tests were performed in a standard three-electrode
electrochemical cell using a glassy carbon electrode as a working electrode
and platinum wire as a counter electrode. Saturated calomel electrode and
Ag/AgCI electrode were used as a reference electrode in an acidic electrolyte
and in an alkaline electrolyte, respectively. All measurements were performed
using an AUTOLAB potentiostat manufactured by Eco Chemie. The catalyst
ink slurries were prepared by mixing of catalyst powder with deionized water,
2-propanol, and 5 wt% Nafion solution as a binding material. Following
mixing and ultrasonication, 5 uL of ink slurry was dropped onto the glassy
carbon electrode (0.196 cm?® geometric surface area) with a micropipette and
dried in an oven at 60 °C for 15 minutes. Then dried electrode was transferred
to the electrochemical cell, so the setting of working electrode was completed.
All electrochemical data were recorded and reported versus reversible
hydrogen electrode (RHE) to calibrate pH dependency.

Cyclic voltammograms were recorded in a liquid electrolyte at room
temperature and at a scan rate of 20 mV s™. An oxygen-free 0.1 M perchloric
acid solution was set as an electrolyte under acidic conditions, while an
oxygen-free 0.1 M potassium hydroxide solution was used for the
electrochemical test under alkaline conditions.

In terms of platinum-tin oxide composites, the catalytic activity of

electrocatalyst for ethanol oxidation was evaluated by cyclic voltammetry in
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argon-saturated 0.1 M perchloric acid solution containing 0.1 M ethanol. The
chronoamperometric measurements were also conducted in the same solution
as referred above at a constant potential of 0.5 V for 1000 seconds to estimate
the long-term activity toward ethanol oxidation.

In order to assess the electrochemical stability, accelerated degradation tests
(ADT) were performed in a harsh environment. The catalysts were submitted
to 1000 potential cycles in argon-saturated 0.1 M perchloric acid, ranged from
0.5V to 1.0 V at a scan rate of 100 mV s™. For comparison, the activity of
commercial carbon supported platinum catalyst with 20 wt% metal contents
(Johnson Matthey Co.) was also performed for the ethanol oxidation in the
same conditions.

For rhodium-tin alloy nanoparticle, the ethanol oxidation reactivity of
electrocatalyst was identified by cyclic voltammetry in argon-saturated 0.1 M
potassium hydroxide solution containing various concentrations of ethanol. In
order to check the long-term activity for ethanol oxidation, the
chronoamperometric measurements were also conducted in identical solution
at a constant potential of certain value for an hour. All scan rates were 20 mV
s, except Tafel plots were acquired. To clearly obtain values of ethanol
oxidation on samples at lower overpotentials, the scan rate was fixed at 1 mV
s [3]. Current densities were normalized according to the loading amounts on
the working electrode and active surface area of catalyst.

CO displacement was conducted in 0.1 M electrolyte with a scan rate of 20

mV s™. First, the adsorption of CO to surface of active materials via purging
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high purity CO gas was achieved at a potential of 0.10 V for 10 minutes. Then
the cyclic voltammograms of CO oxidation curves were acquired, after
removal of residual CO gas in the electrolyte by bubbling with argon gas for

20 minutes.

2.4. in-situ fourier transform infrared spectroscopy

In-situ infrared spectroscopy combined with the electrochemical method is
a powerful tool for understanding of the electrochemical reaction mechanisms.
The electrochemical response of the ATR-FTIRS cell is usually much faster
than that in the conventional cell. The ATR-FTIR measurements (Thermo
Scientific) were controlled by a spectrometer with an MCT detector using
unpolarized infrared radiation. The resolution of spectra, the angle of
incidence, and number of scans were set as 4 cm™*, 60°, and 6, respectively,
and the results were collected under series collection mode to observe the
spectra with applied potential for the duration. Since the submitted
electrolytes were varied from acidic to alkaline environments, germanium
crystal is used as an ATR prism, and the ATR-FTIR measurements were
analogous to electrochemical environments. The obtained data were properly
calculated through OMNIC software suite for FT-IR, NIR, and raman

spectroscopy.
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2.5. Synchrotron X-ray absorption spectroscopy

X-ray absorption fine structure (XAFS) experiments were performed at 7D
beamline of Pohang Accelerator Laboratory (PAL, 3.0 GeV of storage ring
energy, 230 mA with top-up mode) using from 4 keV to 30 keV photon energy
range with bending magnet as a source. From XAFS measurements, the local
structure of a specific element in materials can be examined. The main optics
consists of collimating mirror, double crystal monochromator and focusing
mirror. The incident beam was monochromatized using a Si(111) double
crystal monochromator.

The spectra for Pt Ls-edge (Eo = 11564 eV) and Sn K-edge (E, = 29200 eV)
were attained in a transmission mode with separate He-filled IC Spec
ionization chambers for incident and transmitted beams, respectively. In case
of receiving the Pt spectra, the incident beam should be detuned by about 30%
to minimize the contamination from higher harmonics, in particular, the third
order reflection of the silicon crystals, while the detuning process of the
incident beam for the obtaining Sn spectra was skipped. Because it is
commonly known that the detuning process is not needed when the E, is
larger than about 17000 eV. Then the energies were calibrated by Pt foil and
Sn foil for obtaining Pt and Sn related spectra, respectively. The energy scan
was performed in five regions for good energy resolution in a steep absorption
and measurement of X-ray absorption near edge structure (XANES) and

extended X-ray absorption fine structure (EXAFS) spectra at a time, for Pt, 5
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eV step in region of -200 ~ -50 eV relative to E, with 1 seconds of integration
time, 1 eV step in region of -50 ~ -20 eV with 1 seconds, 0.3 eV step in region
of -20 ~ 40 eV with 1 seconds, 0.03 k step in region of 40 eV ~ 12.0 k with 2
seconds, and 0.05 k step in region of 12.0 k ~ 15.0 k with 2 seconds.

For the spectra of Sn, 5 eV step in region of -200 ~ -50 eV relative to E,
with 2 seconds of integration time, 3 eV step in region of -50 ~ -20 eV with 2
seconds, 2 eV step in region of -20 ~ 40 eV with 2 seconds, 0.04 k step in
region of 40 eV ~ 12.0 k with 5 seconds, and 0.06 k step in region of 12.0 k ~
16.0 k with 5 seconds.

The spectra for Rh K-edge (E, = 23220 eV) were also obtained in a
transmission mode with separate He-filled IC Spec ionization chambers for
incident and transmitted beams, respectively. First, E; was moved to 23220 eV,
and the incident beam was set to reach at the maximum values without
detuning process. Energy calibration process was conducted using of Pd foil
(Eo of Pd K-edge = 24350 eV) which has the closest E, value to that of Rh K-
edge, because the Rh foil was not existed. The E, was shifted to 24350 eV
where the Pd K-edge appeared without controlling incident beam. After
calibration was completed, the E, was moved back to 23220 eV again. The
energy scan was performed in five regions for fine energy resolution in a steep
absorption and measurement of XANES and EXAFS spectra at once, 5 eV
step in region of -200 ~ -50 eV relative to E, with 2 seconds of integration
time, 2 eV step in region of -50 ~ -20 eV with 2 seconds, 1 eV step in region

of -20 ~ 40 eV with 2 seconds, 0.03 k step in region of 40 eV ~ 12.0 k with 3
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seconds, and 0.05 k step in region of 12.0 k ~ 16.0 k with 3 seconds.

The gained results were analyzed with ATHENA and ARTEMIS in the suite
of IFEFFIT software programs. Pre-edge absorption due to the background
and detector were subtracted using a linear fit to the data in the range of -180
to -50 eV relative to Eo. E; was defined as the first inflection point on the
rising absorption edge. Each spectrum was then normalized by a constant,
extrapolated value to E, of third-order polynomial fit over absorption at 150-
800 eV relative to E,. To isolate EXAFS signal, the post-edge background
function was approximated with a piecewise spline that could be adjusted so
that the low-R component of pre-Fourier transformed data were minimized.
After calculation of EXAFS function y(k), k’-weighted EXAFS function in
momentum (k) space was Fourier transformed to reveal the neighboring atoms
arranged according to distance from a central As atom in R-space. The k range
of the transform varied between a kq, of 1.0 ~ 3.0 A? and a kg Of 12.0 ~
12.5 A™. Kaiser-Bessel function was adopted as a window function and the
windowsill of dk=1 was also used in the transform. A shell of interest in R-
space was back-transformed into the momentum space with Kaiser-Bessel
window function and windowsill of dR=0.1. Fourier-filtered spectra derived
from the experiments were fitted by using of the theoretical standards

generated with the ab-initio FEFF 8.2 code [4].
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Chapter 3. Results and Discussion

3.1. Selective deposition of platinum and tin oxide
nanoparticles

3.1.1. Physicochemical characterization

First of all, in order to ascertain the merits of surfactant-free microwave-
assisted synthesis for nanoparticle preparation, the carbon supported platinum
electrocatalysts as the most interesting material for low temperature fuel cell
fields were prepared through the polyol thermal reduction method and
microwave method, respectively. Ethylene glycol is widely used as a solvent
in polyol reduction method that enhanced controllability for particle size and
dispersion of the supported metallic nanoparticles due to its homogeneous and
rapid reduction of precursor, as mentioned in introduction part.

The TEM images and size distributions of carbon supported platinum
catalysts prepared by ethylene glycol thermal reduction and by microwave-
assisted method are shown in figure 3.1 and in figure 3.2, respectively. From
counting each size of tens of platinum nanoparticle, the average particle size
of platinum synthesized via thermal reduction method was about 3.29 nm and
its standard deviation was 0.917. On the other hand, average particle size and

standard deviation of platinum nanoparticle prepared by microwave-assisted
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method are 3.26 nm and 0.472, respectively. Both samples exhibited similar
particle size, but significantly smaller value was appeared in case of the
microwave-assisted synthesis. It indicates that the microwave-assisted
synthesis leads more uniform nanoparticle formation rather than thermal
reduction method due to quick nucleation process and minimization of growth
and agglomeration [1].

To prepare the carbon supported platinum-tin dioxide (Pt-SnO,/C)
nanocomposites, several amounts of tin dioxide were first deposited on the
surface of the carbon black particles, by reaction of tin (1) chloride in benzyl
alcohol in the presence of the carbon and under microwave irradiation. This
approach was recently reported to prepare tin dioxide/reduced graphene oxide
nanocomposites in short times and with high yields [2]. It has been extended
here for the coating of a common carbon support (Carbon black Vulcan
XC72) used in electrocatalysis in order to synthesize catalysts for ethanol
electrooxidation. Identical amounts of platinum (20 wt%) were then deposited
on all the tin oxide-carbon composites.

The quantity of metal oxide and carbon black used in the synthesis, and the
chemical composition and textural characteristics of the obtained materials are
registered in Table 3.1. The carbon content and molar ratio of tin oxide and
platinum in the composites were determined by carbon elemental analysis and
EDS, respectively, and the results obtained are in close agreement with the
nominal values. Since the platinum wt% is the same in all samples, the

increase of the metal oxide content of the materials reflects the increase of the

42



SnO,/Pt ratio. The proximity between the nominal and experimental chemical
composition of the fabricated materials, reflects another advantage of the
microwave heating: owing to the higher microwave absorption ability of the
carbon particles compared to the solvent, the nanoparticles selectively grow
on the carbon surface, in a process promoted by the surface functional groups.
Therefore, the formation of free or weakly attached particles is minimized,
which leads to a more precise control over the composition of the materials
and higher reproducibility.

Table 3.1 also shows the apparent Brunauer—Emmett—Teller (BET) surface
areas and pore volumes of the samples. BET theory purposes to explain the
physical adsorption of gas molecules such as nitrogen molecules on a rough
and porous solid surface and serves as the basis for an important analysis
technique for the measurement of the specific surface area of a material [3].
The uncoated carbon support, i.e., the oxidized carbon black, has BET surface
area of 253 m® g, micropore volume of 0.045 cm® g and surface area
external to the micropores of 146 m® g*. The deposition of tin oxide and
platinum nanoparticles on the carbon surface leads to a considerable decrease
of the surface area and pore volume, probably caused by partial or complete
blockage of the microporosity of the support. As expected, in general the
surface area and pore volume decreases as the amount of tin oxide deposited
on the carbon surface increases, with the samples containing the lowest
amounts of metal oxide nanoparticles having similar textural characteristics.

The resolution attainable for TEM images is orders of magnitude better
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than that of optic microscope since the wavelength of electrons in very
smaller than that of the light. Thus the TEM can reveal the finest details of
internal structure as tiny as atomic scale. In figure 3.3(a) and (b), and 3.4(a),
the TEM images of the as-prepared nanocomposites clearly show an increase
in the density of the particles deposited on the surface of the carbon support
with the increase of the amounts of tin oxide. Moreover, the nanoparticles
homogenously coat the entire surface of the carbon particles in sample Pt-
Sn0O,(40)/C. However, there seems to be a tendency towards the formation of
nanoparticles agglomerates as the SnO,/Pt ratio decreases, which
consequently results in portions of the carbon surface being left uncoated.

A representative HRTEM image is also presented. It shows an edge of a
carbon particle containing an agglomerate of metal oxide and metal
nanoparticles. Figure 3.3(c) and 3.4(b) displays the power spectrum of the
whole image in figure 3.3(b) and 3.4(a), respectively, showing reflections
associated to the (111) and (200) lattice planes of platinum and (110) of the tin
oxide cassiterite structure. Figures 3.4(c) and (d) are the power spectrums of
the delimited regions in figure 3.4(2) and are due to SnO, and Pt nanoparticles,
respectively. The particles are not oriented along a particular zone axis, but
the 3.35 A and 2.27 A reflections of the (110) and (111) lattice planes of the
cassiterite and fcc Pt structures, respectively, are clearly visible. The size of
the SnO, and Pt nanoparticles estimated from the TEM images is
approximately 4 nm in both cases.

From the study of many HRTEM images, it was found that the Pt
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nanoparticles preferentially nucleate, and are therefore deposited, at the SnO,
sites. This is attributed to the fact that the platinum-metal oxide interactions
are stronger than platinum-carbon interactions [4,5]. In the case of the
materials with lower SnO2/Pt ratios (Pt-SnO,(8)/C, Pt-SnO,(16)/C, and Pt-
Sn0,(24)/C), in which the quantity of tin dioxide is not enough to cover most
of the carbon surface, as it happens with Pt-SnO,(40)/C, the higher affinity of
the platinum for the metal oxide leads to the formation of small Pt-SnO2
clusters, as shown in figure 3.3. As it will be shown below, this particular type
of morphology is especially favorable for the ethanol oxidation reaction.

XRD is a non-destructive and relatively swift analyzing tool in observing
the structural properties of materials. X-ray application is to verify the
structural quality of crystals and stems of nanoparticle from the short
wavelength of X-ray compared to the interatomic spacing. Diffractions are
produced from the existence of certain phase relations between two or more
waves. In the case of crystalline phase material, an interaction between the
incident X-ray beam and the atoms of a particular crystal plane results in

constructive interference when the Bragg condition is satisfied.

niA=2dsin®

where n is the order of the diffraction, A means the wavelength of the X-ray
beam, d indicates the interatomic spacing of crystal plane, and 0 is the

incident angle of X-ray source. 0-20 offers information on the crystallographic
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structure such as metallic/oxide phases and lattice structures. The average
crystalline size (L) of the nanoparticles can be calculated by using the

Scherrer equation from the full width at half maximum (FWHM).

L=09 ;\'Ka/ B(ze) Cos emax

where Ay, IS Cu Ka beamline as the X-ray source from a X-ray generator,
B(20) refers the FWHM in radians, and 6. is the angle value of the specific
crystal plane at maximum intensity.

As exhibited in figure 3.5, it shows the X-ray diffraction patterns of the
composites with different tin oxide amounts. All diffractograms exhibit peaks
of the cassiterite structure of SnO, (JCPDS file no. 41-1445) and of the face-
centered cubic platinum lattice (JCPDS file no. 87-0640). Specifically,
diffraction by the (111), (200) and (220) lattice planes of platinum are
observed at approximately 39, 46 and 67° (260), while the diffraction peaks
associated with the (110), (101) and (211) planes of the tin oxide structure are
seen at approximately 26, 34 and 52° (260). The change in the SnO,/Pt ratio of
the samples is noticeable on the variation of the intensity of the corresponding
reflections. As the amount of tin oxide nanoparticles increases, the
corresponding diffraction peaks become progressively much intense. The
average size of the tin oxide nanoparticles, estimated with the Scherrer
equation from the XRD data of the Pt-SnO,/C composites and SnO,/C

samples prior to Pt deposition, is about 5, 4, 4 and 4 nm for tin oxide amounts
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of 8, 16, 24, and 40 wt%, respectively, which is in close agreement with those
calculated from the TEM data. The slight decrease of the average particle size
with the decrease of the SnO,/Pt ratio can be attributed to the decrease of the
amount of metal oxide precursor added to the synthesis in order to produce
composites with low tin oxide weight %. On the other hand, the average size
of the Pt nanoparticles estimated from the (200) reflection is ca. 3, 4, 4 and 4
nm for tin oxide amounts of 8, 16, 24, and 40 wt%, respectively. The
calculated average size of the Pt nanoparticles is slightly lower for the highest
SnO,/Pt ratio, which can be explained by differences in the dispersion of the
platinum nanoparticles on surfaces with distinct metal oxide coverage (the
dispersion is better on the carbon with the highest amount of SnO2).

The Pt 4f and Sn 3d XPS spectra of the Pt-Sn0,(40)/C sample in figure 3.6.
XPS is a surface-sensitive method because the emitted photoelectrons
originate from the upper 0.5 - 5 nanometers of the sample. Thus main purpose
of using XPS is to identify components using binding energy shifts due to the
changes in the chemical structure and oxidation states. The binding energy of
Pt 4f,, is 70.9 eV (Figure 3.6(a)), corresponding to platinum in the zero-
valent state. The binding energy of the Sn 3ds/, peak (487.6 eV) indicates the
presence of tin oxide on the material (Figure 3.6(b)). The value is shifted to
higher binding energies with respect to the binding energy corresponding to
the Sn** oxidation state (486.4 eV) [6]. Shifts in the binding energies can be
also attributed to interactions between the various components of the sample

such as tin oxide and platinum. Even though the electrocatalysts were

47



submitted to the electrochemical conditions including tens of potential cycling,
dipping in an acidic solution, and oxidizing atmosphere, there were no
discernible peak shifts on the Pt 4f and Sn3d XPS spectra compared to that of
the pristine. It means that the prepared catalysts had fairly stable oxidation
state and structural properties, results in relatively regular performances will

be observed in electrochemical results.
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Figure 3.1. (a) TEM image and (b) platinum particle size distribution of
20wt% carbon supported platinum electrocatalyst synthesized through the

polyol thermal reduction method
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Figure 3.2. (a) TEM image and (b) platinum particle size distribution of
20wt% carbon supported platinum electrocatalyst synthesized through the

microwave-assisted synthesis
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Table 3.1. Quantities of metal oxide and carbon used in the synthesis, and

composition and textural characteristics of the various prepared Pt-SnO,/C

catalysts
Sample CWwt%?® | SnO, wtd% " ST Vioss
/m?*gt lemigte
Oxidized carbon 100 0 253 0.05
Pt-Sn0,(8)/C 69 8 142 0.24
Pt-SnO,(16)/C 66 16 154 0.24
Pt-SnO,(24)/C 56 24 134 0.18
Pt-SnO,(40)/C 42 40 108 0.16

& carbon weight percentage determined by CHNS elemental analysis
® molar SnO,/Pt ratio estimated by EDS

¢ pore volume obtained at p/p°=0.95
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Figure 3.3. (a) TEM image and (b) high resolution TEM image of Pt-
SnO,(40)/C. Power spectra (c) of the whole image and (d) of the delimited

regions.
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Figure 3.4. (a) High resolution TEM image of Pt-SnO,(16)/C. Power
spectra (b) of the whole image and (c, d) of the delimited regions. Indices in

grey for the SnO, cassiterite and in black for the Pt fcc structure
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Figure 3.5. X-ray powder diffraction patterns of (a) Pt-SnO,(8)/C, (b) Pt-

Sn0,(16)/C, (c) Pt-SnO,(24)/C and (d) Pt-SnO,(40)/C nanocomposites
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3.1.2. Electrochemical characterization

The electrochemical activity of the carbon supported platinum and tin oxide
nanocomposites toward the ethanol oxidation reaction was investigated by
cyclic voltammetry and the results are presented in figure 3.7(a).For
comparison, the voltammogram of a commercial carbon supported platinum
(Johnson Matthey Co.) catalyst with 20 wt% metallic compounds is also
presented. The curves show multiple oxidation peaks, similarly to results
reported in the literature [7,8]. The multiple oxidation peaks are caused by
intermediate species formed after the ethanol oxidation reaction, especially
unstable carbon species that react rapidly on metal surfaces. Intermediate
species that may be produced during ethanol oxidation include acetaldehyde,
acetate or acetic acid, in addition to hydrocarbon fragments [9,10]. The
presence of many unstable intermediates during the electrochemical reactions
also induces current perturbations during potential cycling, which can be
minimized by controlling the scan rate, but not fully eradicated.

The onset potential for the ethanol oxidation reaction is similar for all Pt-
Sn0O,/C nanocomposite catalysts (0.21 V), and c.a. 200 mV lower than that of
the Pt/C catalyst. This means that tin oxide decreases the activation energy of
the reaction, so the oxidation starts at lower potential. Moreover, the onset
potential is not influenced by the quantity of tin oxide on the sample.

Additionally, the current density of the bimetallic systems at low potential

(0.4 V) is in all cases higher than that of monometallic system (between 2.5
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and 4.6 times higher), with the lowest increase corresponding to the material
with higher amount of metal oxide nanoparticles and the maximum being
observed for Pt-SnO,(16)/C. With the exception of high loading amounts of
tin oxide samples, the composites also produce higher peak currents densities
than commercial catalyst as shown in figures 3.7(a). In particular, the anodic
peak current density of ethanol oxidation on Pt-SnO,(16)/C is approximately
33 % higher than that of Pt/C. Therefore, all three catalysts with lower
amounts of tin oxide show better performance for the electrocatalytic
oxidation of ethanol at room temperature than the commercial catalyst, with
the optimal performance being achieved with 16 wt% of tin oxide in catalyst,
that is, SnO,/Pt molar ratio of 1.0.

It is worth noticing that improvement of the electrocatalytic activity of
platinum by tin oxide has been reported by several other authors [11-14]. The
advantage of the materials described here is the simplicity and quickness of
the procedure by which they are synthesized. Moreover, the characteristics of
microwave heating lead to a selective growth of the nanoparticles on the
carbon surface, therefore allowing a relatively precise control over the
composition of materials.

The electrochemical active surface area is an important parameter affecting
the performance of the catalysts. However, the determination of active area by
hydrogen desorption for materials containing metal oxides does not lead to
highly exact values due to the presence of a high amount of functional groups

on the metal oxide. Nevertheless, considering that (i) the size of the platinum
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nanoparticles is similar in the materials with various tin oxide amounts
(various molar ratio of tin oxide and platinum); (ii) the amount of platinum is
the same in all the samples; and (iii) the platinum was reduced after tin
dioxide deposition, the electrochemical active surface area of the samples
should be similar, as also reported by other authors [14].

Chronoamperometric measurements performed at a constant potential of
0.5 V for 1000 seconds were exhibited in figure 3.7(b) and are consistent with
the cyclic voltammograms reported in figure 3.7(a). The current densities of
all the bimetallic nanocomposite catalysts are higher than that of commercial
carbon supported platinum catalyst during the measurement time. The decay
of the current density with time during ethanol oxidation on Pt-based catalysts
is attributed to the poisoning of the metal active sites by reaction
intermediates like CO species. The slower decrease of the current density
observed for the Pt-SnO,/C materials compared to the Pt/C catalyst reflects
the promoting effect of tin oxide on CO oxidation (i.e., its anti-poisoning
effect) and the consequent higher electrochemical stability and efficiency of
the former catalysts.

The cyclic voltammograms and chronoamperometry results of
electrocatalysts were summarized in figure 3.8. Peak current densities of
forward scan and current densities under steady-state at a constant potential of
0.5 V were plotted along the weight percent of tin oxide as bars and straight
lines, respectively. It indicates that the highest initial and final current

densities were observed on Pt-SnO,(16)/C sample, and similar tendencies
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were shown between initial current density profiles and current density
profiles at steady-state. Only the platinum was presented as an electrocatalyst,
commercial Pt/C, the decay of current density during 1000 seconds was
extremely large relative to the Pt-SnO,/C nanocomposites. This result stated
that the tin oxide can play an important role in alleviating the CO poisoning
on Pt.

As mentioned above, the oxidation of ethanol at platinum surfaces involves
a complex set of reactions and the formation of a high number of intermediate
products, including CHx, CHxO or CO species, which can be further oxidized
to carbon dioxide [15]. Intermediate species such as CO adsorb strongly on
the surface of the Pt catalyst, poisoning it by making the active sites
unavailable for further reaction. The effect of tin oxide on the electrocatalytic
activity of platinum has been extensively studied and is attributed to an
increase of the CO-tolerance of the metal catalyst by the metal oxide (i.e., to
an anti-poisoning effect of the metal oxide), through a bi-functional
mechanism [16,17] or an electronic effect [7,12], which can also occur
simultaneously.

On the one hand, the increase of the CO-tolerance of Pt through the bi-
functional mechanism arises from the ability of tin oxide to dissociate water
molecules at lower potentials (at about 0.2 V) than platinum, forming
adsorbed hydroxyl group that provide the oxygen atom required for the
oxidation of CO to CO, at the metal surface and freeing the active sites

[16,17]. Cyclic voltammetry results were attained under argon-purged 0.1 M
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perchloric acid electrolyte, as seen in figure 3.9, which can offer the
characteristics of material surface indirectly. According to the 6 cyclic
voltammograms, similar shapes were observed on low tin oxide amounts
(from 8 wt% to 24 wt%) in electrocatalysts in figure 3.9(a), (b) and (c),
respectively, and figure 3.9(d) and (e) showed similar trends. Hydrogen
desorption peak ranged from 0 to 0.4 V could be found in figure 3.9(a), (b)
and (c), although the tin oxide also was existed. It means that the Pt-SnO,/C
nanocomposites with low tin oxide amounts act as a Pt-like behavior, that is,
the surface characteristics are close to the commercial Pt/C catalyst, as
displayed in figure 3.9(f). On the contrary, the cyclic voltammograms of Pt-
SnO,/C nanocomposites with high tin oxide amounts showed as an oxide-like
shape as seen in figure 3.9(d) and (e).

From the quantitative and qualitative methods such as elemental analysis,
ICP-AES results, TEM images and XRD results, the particle size of carbon,
tin oxide and platinum were acquired roughly as a 60 nm, 4 nm and 4 nm,
respectively. Thus, we can assume the number of layers for tin oxide and
platinum, and the calculated results were confirmed in figure 3.10. It is
assumed that the roughness, agglomeration, volume and shape changes were
ignored and the particles were packed like as cubic. It is certain that the
surface coverage is increased as the larger loading amounts of tin oxide in a
constant weight of catalyst. Plots demonstrated that the surface coverage
degree of Pt-SnO,/C nanocomposites with low tin oxide amounts was lower

than a single layer, whereas that of nanocomposites with high tin oxide
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amounts exceeds 100 %. This result showed highly intimate correlations
between surface coverage, electrochemical performances and shapes of cyclic
voltammograms, as seen in figure 3.10.

On the other hand, it has been reported that the metal oxide in contact with
metal particles can change the electronic structure of the metal catalyst. These
changes in the electronic structure can lead to a more efficient oxidation of the
intermediates or to weaker Pt-CO interactions with similar outcome [7,18].
This phenomenon can be confirmed by X-ray absorption near-edge structure
(XANES) of Pt L; edge, commonly known as white line. The alteration of the
d-band structure is induced from electron transfer between metal compounds.
The Pt L; edge XANES spectra of Pt-SnO,/C samples were shown in figure
3.11, where the white line is the lesser intense in the more Sn-rich
electrocatalysts. This reduction is consistent with experimental observations
that the Pt L; white line is decreased as increasing the tin oxide amounts,
which due to the charge transfer from Sn to Pt [19,20]. Not only can the
neighboring metallic atoms usually take place the shifts of white line, but also
the tin oxide nanoparticles adjacent to the Pt nanoparticle induce the electron
density, as observed in figure 3.11.

Furthermore, it has also been suggested that saturation of SnO, sites by
H,O/OH weakens the interaction of water with Pt, making the metal active
sites available for ethanol oxidation [11]. The decrease of the onset potential
observed for all bimetallic catalysts studied here and the peak current

densities observed for some of them can be partially explained by these
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effects. However, the electrocatalytic performance of the composites clearly
also depends on the morphology and quantity of the metal oxide nanoparticles
present on the sample. When the carbon surface is homogeneously and almost
entirely coated with tin dioxide and platinum nanoparticles, like as Pt-
Sn0,(40)/C, low oxidation peak current densities are observed. Tin oxide has
low electrical conductivity, therefore, excess amounts of tin oxide
nanoparticles dispersed on the carbon surface generates as an isolating barrier
that hinders the electron transfer between platinum and carbon support.

The electrocatalytic performance is significantly improved when small
clusters of Pt and SnO, nanoparticles are formed. This morphology facilitates
the hydroxyl functional group transfer from the metal oxide to the platinum at
lower potentials and also the electron transfer between carbon and platinum.
The optimal performance is obtained for a SnO,/Pt ratio of 1.0 as discussed
above, suggesting that the size and amount of the clusters also play an
important role on the electrocatalytic activity, with the number of three-phase
boundaries being maximized in this case.

The number of interfacial regions between tin dioxide and platinum
decreases for lower molar ratio of oxide and platinum, i.e., not all Pt
nanoparticles are in contact with the metal oxide, which limits the adsorbed
hydroxyl group transfer between metal oxide and metal, as illustrated in figure

3.12.
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3.1.3. Electrochemical stability test

The electrochemical stability of the Pt-SnO,(16)/C bimetallic catalyst was
further investigated by performing ADT (accelerated degradation test), which
consisted of 1000 potential cycling between 0.5 and 1.0 V in 0.1 M perchloric
acid electrolyte at a scan rate of 100 mV/s.

TEM images of the nanocomposite before and after ADT are also shown in
figure 3.13(a), (b), (c) and (d), respectively. Continuous potential cycling in
acidic media can lead to the growth and agglomeration of the platinum
nanoparticles, either by re-deposition of previously dissolved platinum or
migration on the support surface. These processes, in turn, cause platinum loss
and consequently decrease the catalyst activity. As can be seen in figure 3.13,
no drastic physical changes of the material are observed from the TEM
images taken after ADT.

Moreover, platinum particle size distributions before and after ADT as
shown in figure 3.13(e), calculated by analysis of the TEM data, confirm this
observation. A median particle size of 4.2 nm was found after ADT, against
3.9 nm obtained for the pristine material, which may cause for the loss of
performance observed. It has been shown before that metal oxides can have a
stabilizing effect over platinum nanoparticles, because the interactions of the
metal with the metal oxide are stronger than with the carbon surface, which
leads to lower rates of migration, agglomeration and growth of the metal

particles during potential cycling [4,5].
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The CV and chronoamperometry curves of the Pt-SnO,(16)/C catalyst
before and after 1000 potential cycles are compared in figure 3.14(a) and (b),
respectively, with the initial curves of commercial catalyst. After potential
cycling, a slight increase in the onset potential of ethanol oxidation (from 0.21
to 0.24 V) is observed, in addition to a decrease of the peak current density
(c.a. 13 % for the anodic oxidation peak). Moreover, a faster decay of the
current density with time is also seen in figure 3.14(b). Nevertheless, even
after 1000 cycles, the performance of the Pt-SnO,(16)/C catalyst on the EOR
IS quite superior to that of the commercial one as Pt/C, indicating a significant

stability of the former, in agreement with the TEM results.
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3.2. Heterogeneous rhodium — tin alloy nanoparticles

3.2.1. Physicochemical characterization

Before the structural and electrochemical characterizations, the quantitative
information of metallic compounds in the carbon supported heterogeneous
rhodium-tin (Rh-Sn) alloy nanoparticle should be revealed to clearly confirm
the amounts of reduced metallic compounds and the precisely controlled
molar ratios between two metals through the thermogravimetric analysis
(TGA) and inductively coupled plasma atomic emission spectroscopy (ICP-
AES), respectively.

As seen in figure 3.15, all samples showed about 20 wt% of metallic
residues in each electrocatalyst from TGA results. In addition to the thermally
analyzing methods, the atomic information was also investigated for all
samples via atomically analyzing method and summarized in table 3.2. In
order to dissolve the noble metals such as platinum and gold, aqua regia is
usually used as dissolving solutions that composed of the concentrated nitric
acid and hydrochloric acid optimally in a volume ratio of 1:3. Unfortunately,
the rhodium and a few other metals are capable of withstanding its corrosive
properties. Therefore, small amounts of concentrated sulfuric acid were added
into the prepared aqua regia. According to the ICP-AES results, the molar
ratio of rhodium and tin in all samples exhibited similar values compared to

the expected ratios, and the electrocatalysts were denominated using the
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analyzed and calculated molar ratios.

From the transmission electron microscopy (TEM) and high-resolution
TEM (HR-TEM) for Rh-Sn samples, the particle size, size distribution and
composition of a single nanoparticle were investigated.

TEM images and size distribution of Rhgs-Sn;s/C were shown in figure 3.16.
Average particle size of Rhgs-Shis nanoparticle was approximately 3.3 nm
with a standard deviation of 0.655, which had a smaller standard deviation
than carbon supported platinum prepared by thermal reduction method, in
spite of similar average particle size. The bimetallic nanoparticles were highly
uniformly distributed onto the whole surface of carbon supporting material as
observed in graphical images.

As the tin amounts were increased in an electrocatalyst, the alloyed
nanoparticle was dimmed on the TEM images. It is likely that the tin existed
in amorphous-like structure or had a higher oxidation state rather than
metallic state. In order to enhance the visualizing and understanding, the HR-
TEM images of Rh,g-Sn7,/C were taken with the highlighted black spots at
active sites and the mapping process by EDS was achieved at a selected area
as suggested in figure 3.17(a) and (b), respectively. The green squares stand
for the tin, and the red squares indicate the rhodium at the EDS spectra, and
these squares were uniformly dispersed on certain areas like a nanoparticle.
The weight percent of tin and rhodium at a selected area were 77.7 and 22.3,
respectively, corresponding to the ICP-AES results.

In figure 3.18, the HR-TEM images were also collected for the
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electrocatalyst as the Rhgy-Snsg/C, and the line scanning was submitted on a
nanoparticles by EDS. Only a nanoparticle was selected for line scanning
from the HR-TEM image of figure 3.18(b) and (c), the intensities of rhodium
and tin exhibited along the distance at a scale of few nanometers. The ratio of
intensity for rhodium and tin was accordance with ICP-AES results, and the
ranges of intensity were also well-fitted with TEM data. From the EDS
measurements, it is undoubtedly confirmed that the carbon supported
rhodium-tin alloy nanoparticle was successfully synthesized through the
microwave-assisted method.

Structural features of rhodium-tin alloy electrocatalysts were investigated
by X-ray diffraction (XRD) as seen in figure 3.19. The diffraction peak at
around 25 ° is attributed to the diffraction at the (002) plane of the hexagonal
structure of Vulcan as a carbon. In terms of the large amounts of rhodium in
an electrocatalyst, the diffraction patterns showed the three main characteristic
peaks of the face-centered cubic (fcc) crystalline rhodium, namely the planes
(111), (200) and (220). As the portion of rhodium is decreased in an
electrocatalyst, these three peaks were shifted in the peak positions for the
lower 26 values caused by an enlargement in the lattice parameters due to the
longer lattice parameter of tin-based structures [21].

In addition to the negative peak shifts, some other peaks at around 34°, 43°
and 52° are becoming more visible, which can be related to structures of tin
oxide, namely the planes (101), (210) and (211), respectively. The tin oxide

peaks were grown in intensity and the rhodium peaks were diminished in

75



intensity with the increase of tin contents, and the similar results were also
revealed from Adzic’s group [22]. Silva and others reported that the positions
of the diffraction peaks remained in the non-alloyed system, while the peak
shifts could be observed in the alloyed system [23]. According to the XRD
results and atomic mapping data by EDS, the rhodium-dominant
electrocatalysts maintained a fair alloyed system, but partial segregation or
alloy of tin oxide with an alloyed system was introduced as decreasing
amounts of rhodium as a noble metal.

It is widely known that the rhodium is resistant to corrosion and oxidation
in moisture and oxygen species, whereas tin, especially surface of tin, is easily
transformed into the tin dioxide (SnO,) under oxidative conditions. Moreover,
tin does not like to form wide solid solution with other metals in general, and
few elements have appreciable solid solubility in tin, for example, bismuth,
lead, zinc, thallium and gallium. These intrinsic properties of metal can cause
heterogeneous alloy formation of rhodium and tin with partial segregation
systems by tin oxide.

In order to elucidate the compositions and chemical states of the prepared
Rh-Sn/C electrocatalysts, the high resolution X-ray photoelectron
spectroscopy (HR-XPS) was measured at the 8A1 beamline of Pohang
Accelerator Laboratory. Using this beamline, tiny amounts of specified
element can be clearly detected, and the incident photon energy can be also
controlled to observe the surface and bulk properties of the samples. Seah and

Dench reported that the depth of analysis can be directly derived from the
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inelastic mean free paths if the information of the outermost atomic layer is
required, and the inelastic mean free paths of electrons in solids obey a
universal curve [24]. According to the universal curve, the inelastic mean free
paths have the minimum value of approximately 0.5 nm when the kinetic
energies are ranged about from 50 to 100 eV. Crystal structures usually have
about 0.3 nm of distances, thus the extremely surface-sensitive information
(almost monolayer) can be obtained under these kinetic energy ranges.

The Rh 3d and Sn 3d peaks of the heat-treated Rh-Sn/C electrocatalysts
were measured through the XPS with 630 eV of the incident photon energy, as
shown in figure 3.20(a) and (b), respectively. Furthermore, the same
procedures were performed under 1000 eV of the incident photon energy in
figure 3.21. From the changes of the incident photon energy, the surface-
sensitive compositions of materials are evaluated from a lower incident
energy measurement, whereas the core-sensitive properties are dominant in
the results under a higher incident energy measurement.

Metallic rhodium appears as a spin-orbit doublet at 307.6 eV as Rh 3ds,
and 312.4 eV as Rh 3ds,. Peak intensities of Rh,O; are set at 309.6 eV (Rh
3ds;,) and 314.4 eV (Rh 3dsp), respectively. Peak intensities of metallic tin
and tin dioxide as the most stable state of tin are 486.0 eV (Sn 3ds,), 494.5 eV
(Sn 3dsp,), 488.0 eV (SnO, 3ds,) and 496.5 eV (SnO, 3dsp), respectively.
Curve-fitting was executed via an AVANTAGE program, and the summarized
data were suggested in table 3.3.

From curve-fitting on the results received from the measurement under 630
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eV of the incident photon energy, it was noticed that the rhodium existed two
states such as zero-valent state (metallic Rh) and Rh(lll), and the ratio of these
states was changed with composition. For the all electrocatalysts, the metallic
phase was intensified due to the intrinsic property of noble metal. The ratio of
zero-valent state of rhodium in Rh/C, Rhgs-Snys/C, Rhgy-Snsg/C, Rhys-Snsg/C
and Rhyg-Sn7,/C was 77.6, 99.8, 98.9, 90.0 and 84.9 %, respectively. It was
found that most of tin existed as a Sn(IV) state, and the ratio of oxidized tin is
increased with decreasing rhodium contents in electrocatalysts. The ratio of
Sn(IV) state of tin in Rhgs-Sns/C, Rhgy-Snsg/C, Rhy,-Snsg/C, Rhyg-Sn7,/C and
Sn/C was 83.6, 95.3, 99.4, 99.8 and 99.9 %, respectively.

The core properties were a similar trend with surface-sensitive results
through the HR-XPS measurement with 1000 eV of the incident photon
energy. The ratio of zero-valent state of rhodium in Rh/C, Rhg-Snse/C, and
Rhyg-Sn7,/C was 99.3, 97.1 and 95.2 %, respectively. The ratio of Sn(IV) state
of tin in Rhg-Snse/C, Rhyg-Sn.»/C and Sn/C was 82.2, 90.8 and 92.9 %,
respectively.

It can be concluded that most of rhodium and tin were existed as metallic
rhodium and oxidized tin in a heterogeneous alloyed nanoparticle, and the
metallic properties were maintained well at the core part of a particle
compared to the surface.

The Rh 3d core-level peak of the Rh-Sn/C samples with low amounts of
rhodium was slightly shifted to a higher binding energy more than the

rhodium-abundant samples, which is attributed to the changes in the nearest
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neighbors surrounding the Pt atom [25,26]. The variation in the d-band center
for metal overlayers is also accompanied by a similar variation in the core
level shift. In addition, according to the effective medium theory, the upshift
of binding energy can be induced by a decreased number of neighboring Rh
atoms around a single Rh atom [27].

It is interesting that the carbon supported rhodium electrocatalyst liberated
from the tin element exhibited the higher ratio of oxidized part at the surface
than other tin-containing samples. This result can be explained that the
nonexistence of the lateral repulsion of adsorbed hydroxyl groups. A
nanoparticle has significantly large surface area, that is, the surface of a
nanoparticle is prone to oxidize in atmospheric conditions. For this reason, the
rhodium nanoparticle has partially oxidized surface. However, if the small
amounts of tin are submitted on the rhodium surface, the oxidizing species
like to form a tin oxide from a tin rather than oxidation of rhodium. Oxidized
tin easily adsorbs the oxygen species such as hydroxyl groups, results in the
inhibition of further access of hydroxyl groups to the rhodium surfaces by its
repulsion [28].

According to the above results, the surface and bulk properties of the
carbon supported heterogeneous alloy Rh-Sn electrocatalysts were expressed
as a scheme in figure 3.22. Atomic compositions were fixed from the ICP-
AES results, and particle size was determined from the HR-TEM results.
Heterogeneously alloyed system was confirmed from the HR-XRD

measurement. Surface properties about from a surface to the second layer and
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bulk (core) properties were observed from the HR-XPS results. The changes
of lattice parameter were ignored due to the complex and irregular system.
(Rhodium has a face-centered cubic structure, while tin or tin oxide has
tetragonal structure.) Thus, this scheme can’t express real crystal structure
exactly, however, it is certain that it can promote the understanding for the

nano-scaled electrocatalyst structures approximately.
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Table 3.2. Summarized data of compositions of samples with theoretically

calculated molar ratios, measured molar ratios by ICP-AES

Theoretical ICP-AES
Sample Denomination
molar ratios (molar ratios)
Rho-Sny00/C | 0:100 0:100 Sn
Rhgo-Sn7/C 30:70 28 .72 Rhyg-Sny,
Rhsp-Snse/C 50:50 42 : 58 Rh,-Snsg
Rhz0-Sngo/C 70:30 62 : 38 Rhg,-Sngg
Rhgo-Sn;o/C 90:10 85:15 Rhgs-Snys
Rh1go-Sne/C 100:0 100:0 Rh
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EDS Layered Image 1

Figure 3.17. HR-TEM images of Rhy-Sny,/C catalyst at (a) high
magnification with highlighted spots at active materials, and (b) their mapping
results with red square (Rh) and green square (Sn) using EDS. Inset: weight %

of each metal in selected area
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Table 3.3. Deconvoluted and summarized data of XPS results for Rh-Sn

electrocatalysts

Set Rh/ % Sn/ %
Sample
energy 0 3+ 0 4+
630 eV N/A N/A 0.02 99.98
Sn/C
1000 eV N/A N/A 7.07 92.93
Rhys- 630 eV 84.93 15.07 0.16 99.84
Snz,/C 1000 eV 95.19 4.81 9.22 90.78
Rhyp- 630 eV 89.98 10.02 0.64 99.36
Snsg/C 1000 eV N/A N/A N/A N/A
Rhep- 630 eV 98.90 1.10 4.66 95.34
Snge/C 1000 eV 97.11 2.89 17.76 82.24
Rhgs- 630 eV 99.76 0.24 16.42 83.58
Sn;s/C 1000 eV N/A N/A N/A N/A
630 eV 77.63 22.37 N/A N/A
Rh/C
1000 eV 99.28 0.72 N/A N/A
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3.2.2. Electrochemical characterization

The activity and selectivity of the Rh-Sn/C electrocatalysts for ethanol
oxidation reaction was investigated by potentiodynamic and potentiostatic
methods under electrochemical cell, and the electronic properties of alloyed
formation were studied using x-ray absorption spectroscopy.

Polarization curves for ethanol oxidation on the rhodium-tin alloy were
recorded in the mixture of 0.1 M potassium hydroxide and 0.5 M ethanol
solution at room temperature with a scan rate of 20 mV s™, as shown in figure
3.23(a) and (b). The scanned potential range reaches from 0.05 Vto 1.0 V at a
scan rate of 20 mV s™. Carbon supported tin sample did not showed any
performance, that is, only Sn can’t make the activity toward ethanol oxidation.
Rhodium had an activity, but too small. In terms of the Rh-Sn/C
electrocatalysts, they exhibited highly active behaviors for ethanol oxidation,
and some of them had superior to the commercial Pt/C electrocatalyst. The
onset potential was negatively shifted as increasing Sn contents in sample, and
the current density also increased. It is likely that the electrocatalyst including
tin atom showed similar tendencies with this results, as a bifunctional effect
[29].

Peak potential at forward scan, peak current density at forward scan and
backward scan, the ratios of two peak current densities, and potential at 10
mA g™ were recorded and summarized in table 3.4. Potential values at 10 mA

g™ can be indicated as onset potential, thus more exact potential values can be
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read from these summarized data. The peak current density at forward scan
was higher as the Sn contents increased with lower overpotential, but the peak
potential at forward scan was also negatively moved. It indicates the Sn can
easily adsorb hydroxyl species and transfer to nearby carbon monoxide (CO)
species adsorbed on rhodium, results in negatively shifts of onset potentials.
But the Sn has too poor to electrochemically oxidize the ethanol oxidation and
bond with CO species, peak potential was appeared earlier and dropped than
Rh-abundant samples.

The ratio of forward and backward peak current can be used to describe the
CO tolerance of catalysts. High values imply superior CO tolerance [30,31].
This ratio of Pt/C usually showed 0.6, and that of the oxide submitted to the Pt
had 0.8 ~ 0.9 in the acid medium [4]. From the results, the ratios were
increased as the diminution of the Sn contents in the electrocatalyst.
Especially, over the 8 was calculated as a i(f)/i(b) ratio in the case of Rhyg-
Snz,/C sample, although the highest activity was appeared. It means the Rhys-
Sn.,/C electrocatalyst had both the best activity for ethanol electro-oxidation
and the tolerance for CO species.

To identify the activity duration, chronoamperometry were also performed
at 0.5 V during 3600 seconds in figure 3.24. Among of them, the Rhg,-Snzg/C
sample showed the best durability. The Rhy-Sns,/C electrocatalyst that
exhibited the best activity for ethanol electro-oxidation and the tolerance for
CO species was sharply dropped for longer time. This can be explained that

the chronoamperometry was recorded at 0.5 V where the maximum current
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density shown in the Rhy-Sn.,/C sample. A lot of products were intensely
generated from  electrochemical reaction under the obtaining
chronoamperometry data, thus the products on active sites inhibits fuel
adsorption to aggravate the oxidation current [32]. This tendency appeared
with decreasing rhodium amounts in catalytic materials.

With the aim of evaluating the product yields of the ethanol oxidation on
the different rhodium-tin alloy, in situ FTIR measurements were performed at
several potentials. Among of a lot of products of ethanol oxidation reaction,
the main purpose of this research is to confirm the complete electro-oxidation
from ethanol to carbon dioxide. in situ FTIR spectra was received in the
mixture of 0.1 M potassium hydroxide and 0.5 M ethanol solution with
potentiodynamic control. Adsorbed and produced carbon dioxide at the

! The band intensities of

surface of catalyst are detected at about 2343 cm
carbon dioxide were plotted as a function of the potential for commercial Pt/C
and Rhgy-Snag/C electrocatalyst as seen in figure 3.25. The band intensities
were divided by the band intensity obtained at 1.0 V for each electrode. Plots
showed the carbon dioxide formation was taken place even at very low
potentials in Rhgy-Snse/C catalyst compared to the Pt/C. In terms of platinum
catalyst, the ratio was too low at low potentials and reached a maximum near
the 0.7 V, with lower than a half value of that of rhodium-tin alloy catalyst.
These results support the mechanism in which Rh atoms and Sn atoms play

critical roles in inducing the C-C bond scission and facilitating the hydroxyl

group transfer to rhodium through the bifunctional effect. It leads to the
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formation of carbon dioxide and oxidation of CO species even at low potential
ranges with superior activity [33].

Figure 3.26(a) and (b) proposed a linear region of the Tafel plots obtained
in the mixture of 0.1 M potassium hydroxide and 0.5 M ethanol solution with
a scan rate of 1 mV s of Rh-Sn/C electrocatalysts and commercial Pt/C. The
linear region was magnified for the Tafel plots from the onset potential to the
near the peak potential. As the potential was further increased above about 0.5
V, the Tafel plot became curved, indicating that the ethanol oxidations were no
longer the charge transfer controlled. The slopes were decreased with increase
of tin loading amounts, finally the Tafel plot of Rh,s-Sn.,,/C indicated the
lowest value, considerably lower than that of commercial Pt/C at a slope of
0.176 V dec™.

Lower Tafel slope means that the charge transfer of the ethanol oxidation
reaction on the catalyst are easier than that on other catalysts in the alkaline
medium [34,35]. The lowest Tafel slope was found in the Rh,g-Sn;,/C at a
slope of 0.108 V dec®, which had the largest portions of tin in the
electrocatalysts. Maybe it will help the oxidation of the CO intermediates that
adsorbed on the active sites because tin interacts strongly with hydroxyl
groups, result in facile charge transfer.

For accounting the Tafel plot, specific current density was calculated using
the electrochemical surface area (ECSA). The ECSA was commonly
calculated from the hydrogen desorption area ranged from 0 V to 0.4 V in an

argon-saturated electrolyte during cyclic voltammetry tests, however, in the
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case of rhodium-tin catalyst, it’s too difficult to discriminate the area of under-
potential deposited hydrogen due to the oxidized surface of tin. Therefore, the
carbon monoxide (CO) displacement method was adopted [36]. Strong
adsorption of CO leads to the poisoning of the active sites as mentioned
earlier, results from the electron donation and back-donation between CO
orbital and metal atomic orbital. The oxidation of adsorbed CO on the active
surface can be occurred. (CO. + OH,g — CO, + H' + &) The hydroxyl groups
are formed by dissociative adsorption of a water molecule on the active
surface, ranged from about 0.5 V to 0.8 V where the main oxidized peak of
CO was observed.

X-ray absorption fine structure (XAFS) refers to the details of how x-rays
are absorbed by an atom at energies near and above the core-level binding
energies of that atom [37]. Specifically, it is the modulation of an atom’s x-ray
absorption probability due to the chemical and physical state of the atom.
XAFS spectra are especially sensitive to the formal oxidation state,
coordination chemistry, and the distances, coordination number and species of
the atoms immediately surrounding the selected element. The x-ray absorption
spectrum is typically divided into two regimes: Xx-ray absorption near-edge
spectroscopy (XANES) and extended x-ray absorption fine-structure
spectroscopy (EXAFS). Though the two have the same physical origin, this
distinction is convenient for the interpretation. XANES is strongly sensitive to
formal oxidation state and coordination chemistry (e.g., octahedral, tetrahedral

coordination) of the absorbing atom, while the EXAFS is used to determine
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the distances, coordination number, and species of the neighbors of the
absorbing atom.

When discussing x-ray absorption, we are primarily concerned with the
absorption coefficient, p which gives the probability that x-rays will be
absorbed according to Beer’s Law (I = I, ™) where I, signifies the x-ray
intensity incident on a sample, t is the sample thickness, and | stands for the
intensity transmitted through the sample. Iy as a photon flux is measured via
gas ionization chamber filled inert gases such as pure helium, nitrogen, argon
or their mixtures at a certain pressure. Photon flux is digitized to a current
generated from the instantaneous ionization of inert gases under the radiation
of x-ray beam and electrodes to which submitted to extremely high potential.
Transmittance intensity is determined at detector through the sample under
same conditions with obtaining lo.

In the study of fuel cell catalysts, the position of the absorption edge is
related to the oxidation state of the absorbing atom and the detailed features
can provide an identification of the neighbors and coordination geometry [38].
In figure 3.27 and 3.28, the background corrected and normalized XANES
spectra of Rh K-edge and Sn K-edge of electrocatalysts were exhibited,
respectively. The normalized intensity of Rh K-edge white line as the intense
peak at the absorption edge was increased with diminution of the rhodium in
the sample. Since the white line features in the Rh K-edge represent the
transition from 1s orbital to hybridized 5p and 4d orbitals, the up-shifted

white line was observed in Rh-Sn/C electrocatalysts may suggest a less filled
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d band of Rh [39].

This implies that the electron transfers from rhodium to other compounds,
results in binding more strongly with adsorbates. The intrinsic activity of
rhodium is too low to treat as electrocatalytic material, but stronger adsorption
of molecules such as ethanol on the rhodium by electronic effect can become
a fair electrocatalyst toward electro-oxidation.

The reasons for up-shifts of white line can be explained these electronic
effect as well as the nanosized effect and oxide effect. Nanosized effect can be
ignored due to the comparison with the white line of nanosized rhodium. As
shown in figure 3.27(a), the slopes of edge showed slightly positive shifts
result from the increase oxidation state [40]. These shifts in XANES spectra is
corresponding to the XPS results that the oxidation state of Rh was slightly
increased with decreasing Rh amounts in sample. Therefore, the up-shift from
oxide effect cannot be fully negligible. However, the Sn K-edge profiles were
opposite with Rh-K edge profiles, as seen in figure 3.28. The down-shifted
white line was found although most of tin was existed as a tin dioxide, which
may indicate more filled d orbital of Sn [41]. Therefore, both electronic effect
and oxide effect cause the changes of white line features in Rh-Sn/C
electrocatalysts.

In the former part, the electrocatalyst of slightly down-shifted Pt Ls-edge
exhibited better performance, in this part, however, the superior fuel oxidation
ability was observed on the electrocatalyst of up-shifted Rh K-edge. Some

papers have reported that the rhodium has the lower bonding energy with CO
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species than that of platinum [42]. Therefore, this electronic modification via
Rh-Sn alloy can reinforce the bonding energy with CO relative to interactions
between native rhodium and CO.

To explore the coordination geometry of rhodium-tin alloy, the k*-weighted
Fourier transform (FT) of the Rh K-edge and Sn K-edge EXAFS signals were
analyzed and presented in figure 3.29(a) and (b), respectively. Accordance
with the XPS and XANES spectra, more Rh-O bonding from intensity of the
first shell (1.45 A) and less Rh-Rh or Rh-Sn bonding from intensity of the
second shell (2.41 A) were confirmed that contained the lowest rhodium
amounts [43]. Sn-Sn and Sn-Rh bonding were also increased with lower
amounts of rhodium observed from the first shell intensity. More oxidized Rh
shell and little changes of oxidized Sn shell in Rh-lack electrocatalysts means
that rhodium-tin alloy nanoparticle becomes rhodium-tin alloy with surface
oxide as increased Sn contents in catalytic material. The peak splitting in case
of bimetallic nanoparticles indicates the presence of two types of

backscattering atoms in the first shell coordination [44].
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Table 3.4 Summarized data of peak potentials, peak current densities at

forward scan and backward scan and their ratios, and potentials at 0.01 A g™

E at E@O0.0LA
i (f,peak) i (b,peak) i(f)/i(b)

i(f peak) g™ m
Rhgs-

0.51 281.73 33.48 8.416 0.287
Sn.,/C
Rhy-

0.65 205.61  149.33 1.377 0.355
Snsg/C
Rhe.-

0.71 194.35  159.24 1.220 0.370
Snye/C
Rhgs-

0.67 136.04  147.08 0.925 0.392
Snys/C
Rh/C 0.99 36.51 51.39 0.710 0.590
Pt/C

0.94 252,71  267.42 0.944 0.311
(.M.
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3.2.3. Electrochemical durability test

In order to confirm the electrochemical activity for ethanol oxidation under
more concentrated ethanol solution and at lower potential through the
intended selection of catalytic materials and their modification, the
performance data were obtained in the mixture of 0.1 M potassium hydroxide
and 6.0 M ethanol solution at a scan rate of 20 mV s, as shown in figure
3.30(a) and (b). As the concentration of ethanol increased, the peak current
densities were significantly improved in all Rh-Sn/C electrocatalysts, while
the commercial Pt/C had less activity than at lower ethanol concentration.
Among of samples, the Rh,s-Sn7,/C electrocatalyst showed the highest current
density of nearly 500 A g™* under the highly concentrated ethanol solution.

In the more concentrated ethanol solution, it is certain that the probability
of ethanol adsorption on the active sites. At this point, the Rh-Sn/C
electrocatalysts had ability to facile oxidation of ethanol and CO species
through the bifunctional effect and electronic effect, thus more reactants can
be further oxidized. However, the platinum has more frequent interactions
with increased CO species in the concentrated ethanol solution, results from
the limitation of CO species removal rate rather than further oxidation of
ethanol.

In figure 3.31, chronoamperometry data were obtained in the mixture of 0.1
M potassium hydroxide and 6.0 M ethanol solution at a constant potential of

0.5 V. Substantially high current density at steady-state was observed in the
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Rhyg-Sn7,/C electrocatalyst. Not only the initial current density but also
current density steady-state was maintained, thus the Rh,g-Sn+,/C is a highly
active and durable electrocatalyst toward ethanol oxidation in alkaline
medium.

Moreover, the chronoamperometry were conducted at a constant potential
of 0.3 V in 0.5 M ethanol electrolyte and 6.0 M ethanol electrolyte in figure
3.32(a) and (b), respectively. Lower current densities were appeared at lower
potential due to the overpotential of ethanol oxidation, but the Rhy-Sn;,/C
also exhibited the best performance and maintained it longer.

These characteristics are attributed to the faster charge transfer kinetics [34].
In figure 3.33, the Tafel plots were taken in the mixture of 0.1 M potassium
hydroxide and 6.0 M ethanol solution with a scan rate of 1 mV s™ of Rh-Sn/C
electrocatalysts and Pt/C catalyst. The Tafel slope of Pt/C remarkably
increased as increasing ethanol concentration, whereas that of Rh-Sn/C
showed obscure increments compared to the lower concentrated solution.

The effect of ethanol concentration can be explained by the competition
between the coverage of ethoxy (*CH;CO), resulting from the
dehydrogenations of adsorbed ethanol on the surface of the catalysts, and
hydroxyl groups (*OH). Because of its strong interaction with hydroxyl
groups, Sn leads to higher hydroxyl coverage on the surface of Rh-Sn
catalysts and lower surface concentration of ethanol than Rh. As ethanol
concentration is increased, the CO intermediate coverage will increase,

resulting in the increase of current density and facile charge transfer, that is,
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the lower Tafel slopes.

In terms of Tafel plots, it can be concluded that the current is related
exponentially to the overpotential. But the potential strongly affects the
reaction Kinetics, thus the rate constants is predictable using potential
dependency using Butler-Volmer equation expressed as follow (O + ne = R)

[45].

i = icathodic - ianodic =nFA [kf CO(O:t) - kb CR(O!t)]

wherej=i/A

j=nF [k Co(0,t) — ky Cr(0,1)]

where n means number of electron, F is faraday constant, A stands for
surface area, k is rate constant, C indicates concentration. By keeping the
potassium hydroxide concentration as a 0.1 M, the reaction constant is
calculated by changing the concentration of ethanol.

Therefore, the current densities at a certain potential at 0.4 V were recorded
in various ethanol concentration ranged from 0.02 M to 6.0 M, and plotted as
log scale in figure 3.34. The slopes of Pt/C sample were not changed during
varying the ethanol concentration. Rh/C also showed poor behavior along the
concentration changes, however, the slopes were gradually improved as the

rhodium ratios increased. This indicates the Sn-abundant electrocatalysts had
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faster kinetics than Rh-abundant samples even at high concentration of
ethanol. In addition to the improved slopes, the potential at maximum current
density also positively shifted.

In figure 3.35, the current densities of Rhys-Sn7,/C and Pt/C at three
potentials with varied ethanol concentration were exhibited. As the potential
increased, the slope of Pt/C became a negatively, while that of Rh,g-Sn.,/C
maintained to positive values. Potential dependencies on this graph stated that
the Rhy-Sn;»/C electrocatalyst is a highly active material even at lower
potentials and more concentrated solution, which attributed to the quick

charge transfer rate relative to the other samples.
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Table 3.5 Summarized data of peak potentials, peak current densities at

forward scan and backward scan and their ratios, and potentials at 0.01 A g™

E at E@O0.0LA
i (fpeak) i (bpeak) () /i(b)
i(f,peak) g nm
Rhyg-
0.56 490.83 80.13 6.125 0.213
Sn72/C
Rhyp-
0.91 339.74 248.01 1.370 0.306
Sn53/C
Rhe,-
0.99 358.94 372.09 0.965 0.358
Sngglc
Rhgs-
0.88 216.58 243.59 0.889 0.421
Sn15/C
Pt/C
1.00 154.85 154.85 1 0.404
(3.M.)
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Chapter 4. Conclusions

This study purposes the synthesis of nano-sized electrocatalysts toward
fuel oxidation with lower price and enhanced the activity with lower
overpotentials than the existing catalysts. In addition, facile and rapid
synthesis is introduced via microwave-assisted synthesis compared to the
conventional methods, and total oxidation reaction of fuel can be further
achieved to improve the efficiency. The electrochemical properties and
morphological properties were evaluated carbon supported platinum and tin
oxide nanoparticles in the first part, and the rhodium-tin alloyed nanoparticle
deposited on carbon as an electrocatalyst for the fuel oxidation was prepared
to further reach to fully oxidation reaction into the carbon dioxide.

The electrocatalyst of carbon supported platinum and tin oxide
nanoparticle was prepared through the microwave-assisted synthesis. It is
clearly confirmed that the platinum nanoparticles and tin dioxide
nanoparticles were uniformly dispersed onto the surface of carbon
supporting material. The electrocatalyst containing 16 wt% of tin oxide was
exhibited both the highest activity for ethanol oxidation and
chronoamperometry result at 0.5 V. The onset potentials of prepared
electrocatalysts were negatively shifted compared to that of commercial
catalyst, result from the adsorbed CO species on platinum are easily oxidized

at lower potential by hydroxyl groups adsorbed onto the surface of nearby
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tin oxide. In addition to the bifunctional effect, it is elucidated that the
electronic effect also was also acted in the platinum-tin oxide
nanocomposites from the investigations using x-ray absorption spectra. As
the amounts of tin oxide increased, the white line of Pt Ls;-edge decreased.
According to the cyclic voltammetry results of changed shape along the
amounts of tin oxide and theoretical calculations, the excess amounts of tin
oxide nanoparticles dispersed on the carbon surface generates as an isolating
barrier that hinders the electron transfer between platinum and carbon
support, while too low amounts of tin oxide nanoparticles limits the
adsorbed hydroxyl group transfer. The best electrocatalytic performance
exhibited in the Pt-SnO,(16)/C electrocatalyst that facilitates not only the
hydroxyl functional group transfer from the oxide to platinum at lower
potentials but also the electron transfer between carbon and platinum.
Without platinum as one of the most valuable metal, the rhodium-tin alloy
nanoparticle as an electrocatalyst was formed onto the carbon. Alloyed
nanoparticles with surface oxide were observed, and the tin oxide amounts
were increased as increasing tin contents. Electrocatalytic activity and the
ratios of peak current density at forward scan and backward scan were
increased at higher tin contents in the sample. And rhodium-tin
electrocatalysts produced much carbon dioxide compared to the
conventional catalyst, result from the accomplishment of additional total
oxidation of ethanol including C-C bond splitting. As the tin ratio was

increased, the intensity at white line was increased that the interactions
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between rhodium and adsorbed species become stronger than pure metal,
which is corresponding with the electrochemical results. The overpotential
and reaction rate were also improved even at lower operating potential and
in concentrated ethanol solution calculated from Tafel plots and Butler-
\Volmer equations.

Consequently, the electrocatalysts with improved electrocatalytic activity
and superior durability toward fuel oxidation were synthesized through the
facile and swift method, and achieved further oxidation to carbon dioxide via
total oxidation reaction of ethanol even in highly concentrated fuel solutions

and at lower potentials.
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