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Electrocatalytic Activities of Supported Pt Nanoparticles

for Low-Temperature Fuel Cell Applications

ABSTRACT

Low-temperature fuel cells (FCs) are highly efficient and environmentally
friendly energy conversion devices that have been in the spotlight of many energy
research efforts in the past few decades. However, FC commercialization is limited by
several difficulties, one including the 60 % cell voltage loss caused by the sluggish
oxygen reduction reaction (ORR) at the cathode despite the use of the active Pt
nanoparticles (NPs) supported on high surface area carbon as the catalyst. In addition,
the voltage loss due to the anode reaction kinetics in alkaline FCs (AFCs) remains
unknown to the FC society, unlike for the proton exchange membrane fuel cell (PEMFC)
case, where the loss due to the anode reaction has been well understood. Moreover, the
high surface area carbon used for supporting nanoparticle catalysts is also known to
corrode during the FC operation, degrading the cell performance over time. To offer a
guideline to develop potential solutions to the above issues, this thesis seeks to explore
and develop the fundamental understandings of both the cathode and the anode reaction
kinetics for low temperature FCs of both PEMFCs and AFCs, and to demonstrate a new
type of catalyst support that is resistant to corrosion.

On the cathode side (the ORR), how the size of the Pt nanoparticle catalyst affect
the performance is still under debate. By investigating the ORR on Pt NPs at different
sizes and coupling the results to the spectroscopic information, we seek to explore the
fundamentals behind the size effect on the ORR activities. We found that below 5 nm,
particle size does not play a big role in the catalytic activity. However, the instability of
Pt NPs in acidic environment, under simulated operation conditions of a PEMFC, is
found to strongly depend on the particle sizes, which is proposed to be due to the Gibbs-
Thomson effect. The findings of the particle size effect on the ORR activities and
instability suggest that a trade off between smaller NP catalysts, which gives a benefit of
a larger mass activity, can suffer from fast degradation. Therefore, a proper NP size that
balances between high mass activity and stability would be the best for FC applications
according to our study.

On the anode side (the HOR), we found that the reaction kinetics in acid solution
on Pt is solely limited by the diffusion of the reactant, and therefore, within the
experimental uncertainty, the reaction rate of the HOR in acid is not measurable with
conventional rotating disk electrode setup. However, once the same testing configuration
is applied to the alkaline solution, the HOR kinetics on Pt electrode are found to be
limited by the reaction kinetics, which is in contrast to the case in acid. From this finding




the anodic overpotential loss in AFCs/AMFCs is projected for the first time and is found
to be 1/3 of the ORR loss. This thesis thus highlights the need for development of highly
efficient HOR catalysts in alkaline in order to make AFCs/AMFCs more efficient.

Carbon corrosion represents one of the biggest effects that contribute to the
performance degradation in FCs. In this work, multi-walled carbon nanotubes
(MWCNTs) supported Pt NPs as a novel corrosion-resistant electrocatalyst support for
the ORR is proposed as a solution. The Pt/MWCNTs were synthesized through the
electrostatic interaction between the Pt precursor and the functionalized MWCNTs,
followed by chemical reduction in H, at elevated temperatures. Our Pt/MWCNTs
catalysts exhibit an enhanced durability after an anodic potential holding, which
simulates a typical FC environment during the carbon corrosion. The ORR activity of
Pt/MWCNTs is also in agreement with that of the commercial Pt/C. The results indicate
that MWCNTSs have great potential to serve as a novel carbon-support material with high
stability without affecting the Pt catalytic activity.

Thesis Supervisor: Yang Shao-Horn
Title: Associate Professor,
Mechanical Engineering and Materials Science and Engineering
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Chapter 1

Introduction

1.1 History of fuel cells

Fuel cells, as highly efficient and environmentally friendly energy conversion
devices, have been in the spotlight of the energy research in the last few decades. Their
origin can be dated back to the 19" century, when Christian F. Schonbein first discovered
in 1838 that, once connected by electrodes, hydrogen and oxygen or chlorine could react
to generate electricity', which he termed as the “polarization effect”. Shortly afterwards,
William R. Grove invented a “gas voltaic battery”?, which drew a current between the
two Pt strips, one in hydrogen and another in oxygen in two separated bottles filled with
sulfuric acid. While this invention has now been recognized as the “First” fuel cell, yet
the concept or the term of “fuel cell” was not proposed until 1889 by Ludwig Mond and
Charles Langer’, who attempted to construct the first practical fuel cell device using
industrial coal gas as the fuel and air as the oxidant. At that time, they realized that
increasing the surface area of Pt would enhance the current. Thus, they started to use Pt
black as the electrodes and fabricated a cell that produced 6 A/ft* at 0.73 V output voltage.
However, the lack of understanding of fuel cell principles and the dependence on
expensive and unreliable fuel resources as well as the Pt requirement made it impossible
to commercialize the technology at that time. In addition, the exploitation and utilization
of fossil fuels and the emergence of internal combustion engine in the late 19" century

offered a more economically viable source of energy over fuel cells. As a result, the idea
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of fuel cell commercialization slowly disappeared and the research on fuel cells
continued only on the laboratory scale and attracted mainly scientists’ interests. Despite
the lack of commercial interest, new inventions were still being reported continually
during this period. For example, in 1932, Francis Bacon modified the structure of the
device built by Mond and Langer and produced the very first alkaline fuel cell by
utilizing alkaline electrolytes and nickel electrodes®. It was not until the 1950’s that the
fuel cell began to receive commercial attention again when General Electric (GE)
produced the first proton exchange membrane fuel cells (PEMFCs), which were chosen
by NASA for the Gemini and Apollo space projects.” However, despite the renewed
public attention on the technology, the initial success of PEMFC, which contained
sulphonated polystyrene ion-exchange membrane electrolyte with Pt deposited on top,
was limited to just space applications due to the cost issue of PEMFC.

As human activities have involved more and more energy consumption in the past
two decades, the release of greenhouse gases following the uses of fossil fuels such as
carbon dioxide has increased dramatically. Despite of the tremendous consumption of
fossil fuels, the energy need is still projected to grow even further, and thus human beings
are facing an increasingly severe energy shortage crisis. To maintain sustainable
development for the future generations, many nations and organizations have contributed
numerous efforts to employ renewable energy resources such as wind, solar, hydropower,
geothermal, and biofuels, etc. Among the alternative energy conversion devices, fuel
cells offer one of the highest efficiency with minimum green-house gas emission, and

have become alternative solutions for sustainable development.®
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Based on the types of the electrolytes and charge carriers, fuel cells can be
categorized into five major types: proton exchange membrane fuel cells (PEMFCs),
phosphoric acid fuel cells (PAFCs), alkaline fuel cells (AFCs), molten carbonate fuel
cells (MCFCs) and solid oxide fuel cells (SOFCs). PEMFCs can be further divided into
two types based on the fuel: H,-O, PEMFCs and direct methanol FCs. Table 1.1 provides
the technical characteristics of different types of FCs. The low-temperature FCs typically
have a compact size and light weight, do not generate pollutants such as NOy, and thus
are appropriate for portable and automotive applications. However, low-temperature FCs
have to utilize noble metals such as Pt as the catalyst to facilitate the reaction, and thus
their commercialization is constrained by the supply of the noble metals. The high-
temperature FCs on the other hand, such as MCFCs and SOFCs, do not require the noble
metal catalysts but instead require a complex component to recover the heat generated for
steam reforming, and consequently they generally occupy much larger spaces and are

more suitable for large-scale power plants.6’ 7

Table 1.1. Description of five major types of fuel cells.

PEMFC PAFC AFC MCFC SOFC
Polymer Liquid A Molten .
Electrolyte membrane H,PO, Liquid KOH carbonate Ceramic
Charge H' H' OH" CO* o>
carrier
Operating g 200C 60220 650C  600-1000°C
temperature
Catalyst Platinum  Platinum Platinum Nickel Perovsk.ltes
(ceramic)
Cell Carbon Carbon Carbon ~Stainless Ceramic
components based based based based based
Fuel Ha, H, H, H,,CH;  H, CHy, CO

compatibility  methanol
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1.2 Basics of fuel cells

1.2.1 Thermodynamics of fuel cells

Unlike a combustion engine, whose energy conversion is limited by the Carnot

cycle such that the efficiency can be defined by 7 = THT;TL, where a large fraction of
H

energy is wasted in the form of heat, fuel cells directly convert chemical energy into

AG(r)

()

electricity, which thermodynamically is instead limited by the ratio of , Where

AG(r) is the Gibbs free energy and AH(r) is the total enthalpy change of a chemical

reaction (r)> ®. Taking a H,-O, based PEMFC as an example, the overall reaction is
1
H2+502—>H20 [1.1]

AG(r) of this reaction is -237 kJ/mol and AH(r) is -287 kJ/mol at standard conditions,
i.e., 298.15 K, 1 atm of PH2 and 1 atm of Poz. At these conditions, the conversion

efficiency is about 83%, which is much higher than most of the other energy conversion
devices. Under constant temperature and constant pressure conditions, the Gibbs free
energy of a reaction can be converted into the electric work based on the following
equation:

e(r) = — ASIE,’) [1.2]

where n is the moles of electrons transferred and F, equal to 96485 C/mol, is the Faraday

constant. From the data given above, the cell voltage of a H,-O, based PEMFC at 298.15

K, 1 atm of P, and 1 atm of F, , is therefore E®=1.23 V. The variance of the cell
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voltage with temperature can be estimated from the following equation assuming

temperature-independent AH and AS:
g(r), =¢° +£(T—T0) [1.3]
nk

where £(r), represents the temperature-dependent cell voltage. For a H-O, PEMFC

operated at 80 °C, the cell voltage is decreased to 1.18 V, where AS is -163 J/mol/K for
the overall reaction.
From the thermodynamics of a reaction, the activities of reactants and products

affect the Gibbs free energy in such a way that:

Hatljprod
AG(@r) = AG® + RTIn [1.4]

[T e
J
For H, +%O2 — H,0 , the resulting activity-dependent cell voltage under standard

conditions thus becomes

RT, a RT, (B Y B\
£(r), =& ——=In—"20— = g%+ —In| 22 | = [1.5]
nf' aya, nF \ PP \ P

where &(r), represents the activity-dependent cell voltage at the temperature of 298.15 K

and P’ denotes the standard ambient pressure, i.e., 101.3 KPa. Combining the
temperature-dependence and activity-dependence of the cell voltage, for a PEMFC

running at any temperature and any partial pressures of H; and O,, the cell voltage can be

written as

AS RT PH2 Po, 172
e(r)y=¢ +E(T—T°)+nFln 0 | po [1.6]
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1.2.2 Kinetics of fuel cells

The kinetics of an electrochemical reaction can be described using the Butler-

i= io[exp(oll:—f—n)—exp(_’lf—;lrnﬂ [1.7]

where iy is the exchange current density of an electrochemical reaction at its reversible

Volmer equation:

potential on a certain surface; a and S are the transfer coefficients; » is the number

transferred; and # is the overpotential & —°, which is the extra potential applied to the

158, Because other parameters such as RT and F are constants and have

reversible potentia
their conventional definitions, the Butler-Volmer equation can be simplified to the

following:
7 1
i=i|109-10* [1.8]

where a and b are so-called Tafel slopes (TS) and equal to 2.303RT and 2.303RT ,
onF pnF

respectively. The first term in the brackets of Eq. [1.8] represents the kinetics of the
forward reaction (oxidation reaction) while the second term represents the backward
reaction (reduction reaction) kinetics. Depending on the sign and the magnitude of the
applied overpotential, one of the reaction directions can be favored. For example, with a
positive overpotential, the reaction will proceed in the oxidation direction (first term), and
vice versa. Generally, if the positive overpotential is large enough (half of the TS) such
that the second term will become 10% of the first term, the equation can be further

simplified to contain just the dominant term (first term, in this case) only.
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Figure 1.1 demonstrates a simulated kinetic current—voltage relation of reactions
on the two electrodes of a PEMFC running at 80 °C using the Butler-Volmer equation.
Note that air is used at the cathode, thus the theoretical potential of the cathode is 1.169 V
vs. reversible hydrogen electrode (RHE) (dashed blue in Figure 1.1). The theoretical
potential of the anode is 0 V vs. RHE (dashed blue). Ideally, the output cell voltage will
be 1.169 V regardless of the current density extracted from the cell. However, due to the
different exchange current densities, ORR and HOR exhibit different behaviors based on
the Butler-Volmer equation mentioned above. Because of the very fast kinetics of the
HOR, almost no overpotential (<20mV) is needed to drive 1.5 A/em? (a typical operating
current of PEMFCs). On the contrary, the ORR is more sluggish, where the exchange
current density is extremely small, on the order of ~10® A/cm?p, and therefore an
overpotential as large as 300 mV has to be applied even on the most active Pt-based

catalysts.
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Figure 1.1. Simulated kinetic current densities of HOR and ORR reactions of a
PEMFC running on H;-air system and at 80 °C.

1.2.3 Structure of a proton-exchange membrane fuel cell

Scheme 1.1 represents a typical structure of a Hy-O, based PEMFC, which
consists of three major components, i.e. the cathode, the anode, and the proton-exchange
membrane.” The membrane is generally sandwiched between the cathode and the anode.
To facilitate the electrochemical reaction at the interfaces between the membrane and the
cathode/anode, a catalyst layer is used. On each catalyst layer, Pt serves as the catalysts
for both reactions. At the anode, H, splits into protons, generating a pair of electrons on
Pt surfaces. Driven by the potential difference between the cathode and the anode,
electrons generated at the anode are transferred through the outer circuit to reduce the O,

at the cathode. Simultaneously, the protons diffuse across the membrane to the catalyst
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layer of the cathode, combine with reduced O,, and generate water. Nafion®, developed
by Dupont, is the most commonly used proton-conducting membrane, which consists of a
tetrafluoroethylene backbone with perfluorovinyl ether side groups terminated by
sulfonate moieties (Figure 1.2). In this material, proton transport is believed to occur via
the hopping mechanism along the sulphonated groups. Meanwhile, the membrane
physically separates the anode and cathode and blocks the pathway for electron transfer,
so that no short-circuit recombination of electrons and protons happens. Because the
electrochemical reactions are proportional to the surface area of the catalyst, the current is
therefore directly related to the catalyst’s surface area. To maximize the surface area
while minimizing the catalyst’s cost, Pt nanoparticles (NPs) with high surface-volume
ratio are utilized as the catalysts. However, these Pt NPs generally suffer from
aggregation due to the large surface energy of the NPs, which led to a decrease the
surface area over time. To prevent the aggregation of Pt NPs, high-surface-area carbon is
used as the support for two reasons: to disperse and stabilize Pt NPs, and to provide a
high electron conductivity channel between the catalysts and the current collector. The
combination of the cathode, the anode, and the membrane is sandwiched again between
two gas diffusion layers; together they constitute the so-called membrane electrode
assembly (MEA). The gas diffusion layers are made of highly porous carbon cloth or
paper to provide a pathway for gas delivery. Outermost are two graphite plates with

engraved gas channels, serving as the gas inlets and current collectors.
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Scheme 1.1. Structure of a PEMFC.

fo o™
A

Figure 1.2. Molecular structure of ®Nafion.

The reactions at the anode and cathode of a H,-O, based PEMFC are:

Anode: oxidation reaction H, > 2H" +2e” [1.9]

Cathode: reduction reaction %OZ +2H" +2e — H,0 [1.10]

The overall cell voltage is 1.229 V at 298.15 K and at 101.3 KPa of H, and O,, which is

calculated from the potential difference between the cathode and the anode. Herein, the
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potential of the oxidation reaction at the anode, namely the standard hydrogen electrode

(298.15K, P, =101.3 KPa) is defined to be 0 V and, for comparison, the potential of

the other half cell reactions will be constructed based on this reference. For example, with
respect to the hydrogen electrode, the oxygen reduction reaction has a standard potential
of 1.229 at 298.15 K and 101.3 KPa.

For an alkaline fuel cell, the reactions at each electrode instead become:

Anode: oxidation reaction H,+20H —2H,0+2e” [1.11]
Cathode: reduction reaction %02 +H,0+2¢” > 20H . [1.12]

The difference between the PEMFC and the alkaline fuel cell is the use of an anion-
conducting membrane instead of the proton-conducting one, which provides a conductive

pathway for OH" groups.

1.3 Challenges of fuel cells

Despite the thermodynamic cell voltage of 1.18 V (at 80 °C), H,-O, based FCs
can never achieve this value due to many potential losses during the operation such as the
mass transport loss and the ohmic loss as well as the ORR kinetic loss. Figure 1.3 shows
the distribution of these losses in a PEMFC, which highlights the important fact that the
ORR kinetic loss accounts for about 70% of the total loss’. Note that Figure 1.3 shows a

H,-Air cell, so the theoretical value is slightly decreased to 1.169 V.
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Figure 1.3. Cell voltage loss of a Hy-air PEMFC operating at 80 °C. Circles: Ecei-i
curve of a Hy-air PEMFC at 80 °C; squares: Ecq-i curve after mass and ohmic
resistance correction; trian%les: E.e-i curve after mass correction and diamonds: Eceji-i
after 50% mass correction.

Despite the use of the state-of-the-art Pt/C catalyst, the ORR overpotential is still
very large; in addition, the reliance on the noble metal catalysts greatly inhibits the
commercialization of PEMFCs and alkaline fuel cells'®. Therefore more active Pt-based
catalysts or non-precious metal catalysts for the ORR need to be developed to minimize
the usage of Pt electrocatalysts. One strategy of boosting the electrocatalytic activity of
the Pt-based catalyst is to alloy in transition metal to develop a more effective PtM alloy

catalyst. For the alloyed PtM catalysts, judging from the current economical analysis of

the Pt cost, at least 10-fold enhancement of the ORR activity must be achieved for the
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fuel cell commercialization. Recent studies’’ on PtsNi (111) single crystals has shown
that such a 10x improvement of the ORR is indeed possible and this finding has led to a
recent work of Pt(111)-enriched Pt;Ni nanoparticles for highly active ORR NP catalysts'.
Another strategy is to develop non-precious metal catalysts with an ORR activity
comparable to the Pt NPs. Recently, a non-precious metal containing catalyst involving
nitrogen-coordinated Fe ions with a comparable ORR activity to Pt has been developed
for the ORR in both acid and alkaline'* '*, offering an alternative route to lower the fuel
cell’s cost. However, despite these developments, the greatest source of inefficiency of
H,-0, fuel cells still lies in the sluggish ORR kinetics.

Another important issue that is relevant to the commercialization of fuel cells is
stability. To offer a reliable power generator for portable devices and automotives
applications, fuel cells have to meet the present DOE lifetime target of 5000 hours"’,
which to date, has not been achieved. The complexity of the degradation problem lies in
the fact that many factors cause the fuel cell degradation, which can be quantified using
the cell voltage drops over time. These factors include 1) the total surface area loss of Pt
catalyst at the cathode due to mass loss of Pt and Ostwald-ripening of Pt NPs'S; 2)
chemical degradation of the membrane due to the decomposition of the polymer chain
caused by the attack from the radicals generated during the fuel cell reactions' " '%; and 3)
“cathode-thinning” caused by carbon support corrosion when PEMFCs experience
localized H, starvation or the start-up/shut-down cycles'™ 2. The latter phenomenon
results in the loss of the cathode void volume, which compromises the mass transport of
the reactants, and eventually the cell performance. Advanced metal catalysts with

excellent ORR catalytic activities and resistance towards dissolution as well as new types
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of corrosion-resistant carbon supports are needed to resolve the stability issue of fuel

cells.

1.4 Open questions

Although the particle size effect of Pt (i.e. the activities of Pt catalysts at smaller
sizes vs. bulk) on the ORR activities has been studied extensively, the conclusions are
still under debate. Previously, it has been postulated that the unique surface structure of
the Pt NPs can cause the ORR activity to decrease’’. The first open question is whether
there is a correlation between the surface structure of a series of Pt NPs at different sizes
and the ORR activity.

The second open question lies in the performance comparison between PEMFCs
and alkaline fuel cells. Previous studies'®? have shown that Pt NPs have very similar
ORR activities in either acid or alkaline electrolytes, which suggests a very similar
cathodic overpotential in an alkaline fuel cell and a PEMFC. The HOR on Pt/C on the
anode side, however, has seldom been studied. Often, the HOR overpotential on Pt/C in
an alkaline fuel cell was extrapolated from the measurement in acid electrolytes. The
second open question is whether the performance of the anode between the two systems
is truly identical. The kinetic information of the HOR 1in an alkaline solution will provide
a better understanding of the difference between the acid and the alkaline electrolytes and
offer an important insight to the development of alkaline fuel cells.

The third open question is whether a development of a corrosion-resistant carbon
using a more stable form of carbon nanomaterials is possible. A more corrosion-resistant

catalyst support has to be developed to maintain a long-term operation of fuel cells. One
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possible strategy to develop such a support is to use a material known as carbon
nanotubes (CNTs). CNTs are examples of corrosion-resistant carbon nanomaterials.
Owing to their highly graphitized structure with minimal defects such as O-terminated
carbon, a moiety commonly found in a typical carbon support, CNTs offer a promising
approach to address the corrosion issue. In this work, we will address whether such a

material would truly serve as a more stable support or not.

1.5 Scientific approach

The ORR and HOR kinetics in aqueous eléctrolytes on polycrystalline Pt disk and
high surface area carbon supported Pt NPs with different sizes are investigated for the
first two open questions. For the third open question, multi-walled carbon nanotube
(MWCNTs) supported Pt nanoparticles will be synthesized and the durability of
Pt/MWCNTs will be compared to Pt/C. The electrochemical surface area of the Pt
electrodes is determined by the cyclic voltammograms, and the ORR and HOR activities
on Pt electrodes are measured using the rotation disk electrode (RDE) method. Ultra-
violet photoemission and X-ray photoemission spectroscopy were performed to examine
the surface electronic structure and surface compositions of these Pt NPs, which will be

correlated to the ORR activities.

1.5.1 Photoemission spectroscopy

Photoemission spectroscopy explores the surface electronic structure, specifically
the density of states, which can be used to extrapolate the elemental compositions of

studied substances. Based on the principle of the photoelectric effect, when a substance
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is exposed to a light source, the electrons from the substance will be ejected with a

kinetic energy of Ej, which is determined by the photon energy %zv, the work function ¢

and the binding energy BE of the electron at its initial state using the following equation:
E, =hv—(BE +¢) [1.13]

Since each state of an element has a characteristic binding energy, the observed binding
energy from the photoemission spectrum is typically used for chemical identification.
Since the photon-ejected electrons have a limited escape depth with only a few surface
layers of atoms, the photoemission spectroscopy can only measure the ejected electrons
from those few layers and thus is a surface-sensitive technique. While the ultraviolet-
photoemission spectroscopy and the X-ray photoemission spectroscopy are very similar
in principle, they use very different photon energy. Thus, one is more suitable for the
detection of the valence states, and another for the core levels. Figure 1.4 is the energy
diagram of the photoemission spectroscopy, showing the relation between the observed

kinetic energy and the binding energy of a material >
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Figure 1.4. Energy levels in the solid and the kinetic energy distribution of electrons
ejected by photons with photon energy of v . The x-axis is the density of states.”

1.5.2 Cyclic voltammetry

Cyclic voltammetry is a type of potential-controlled electrochemical techniques,
which is often used to examine the electrode’s electrochemical properties.g’ 2 The
potential of the working electrode is swept linearly with time and cycled between two
potential ends. By adjusting the potential of the working electrode, electrons are
transferred between the electrode and the molecules in the electrolyte. Figure 1.5 is a

typical CV of Pt/C collected in Ar-saturated 0.1 M HCIO; at a sweep rate of 50 mV/s,
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which records the current response of the working electrode when the potential is
scanned from 0.05 V to 1.1 V vs. RHE (forward scan) and swept back from 1.1 V to ~0.5
V vs. RHE (backward scan). The currents above 0 pA are conventionally defined as the
oxidation current and the currents below 0 pA represent reduction current. The CV can
be divided into three regions: H underpotential deposition region (~0.05 V-0.4 V vs.
RHE), double layer region (~0.4-0.7 V vs. RHE) and Pt oxide formation region (above
0.7 V vs. RHE). On the forward scan (from ~0.05 to 0.4 V vs. RHE), as the potential
increases, pre-adsorbed H atoms on Pt surface are oxidized to H and desorb from Pt
surface and diffuse into the electrolyte; as the potential goes into the high potential
window (above 0.7 V vs. RHE), H,O starts to adsorb and dissociate on Pt surface,
forming Pt-OH and continue to form Pt oxides as the potential increases. On the
backward scan, as the potential decreases, Pt-OH or Pt oxide is being reduced. When the
potential is decreased to 0.4 V vs. RHE, the protons from the electrolyte will adsorb on Pt
surface and be reduced, known as H under potential deposition. In the potential window
of ~0.4 V-0.7 V, the Pt surface is free of H or OH/O, and the current is mainly a
contribution of the double layer capacitance (anion adsorption such as ClOy4’). Due to the
large surface area of the carbon support, the double layer capacitive current can also take
place on carbon. After subtraction of the capacitive current, which is assumed to be a
horizontal line as in the ideal case, the charges in the H desorption or adsorption region
are integrated to generate the number of adsorbed H atoms. The total electrochemical
surface area (ESA) of Pt can be determined using an electric charge density of 210
pClem’p. Knowing the weight of Pt loaded on the electrode, the specific ESA in unit of

m?/gp;, known as the NP dispersion, can be obtained.
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Figure 1.5. Typical cyclic voltammogram of Pt/C in Ar-saturated 0.1 M HClOs at a
sweep rate of 50 mV/s.

1.5.3 Rotating disk electrode

Constructing a fuel cell device to perform an electrocatalytic characterization of
the catalyst is somewhat cumbersome and time-consuming. The rotating disk electrode
(RDE) technique is often utilized as an alternative screening tool for reactions that
involves mass transport.® >* In this work, a RDE technique is applied in a typical three-

electrode electrochemical cell as shown in Scheme 1.2.
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Scheme 1.2. Schematic of an electrochemical cell and a rotating disk electrode.
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Because the loss in an electrochemical reaction involving gas reactant is typically
a combination of the slow electrocatalytic activity of the catalyst and the poor mass
transport of the reacting gas, a RDE method is generally used to differentiate between
those two, allowing the electrocatalytic activity to be precisely quantified. The technique
takes advantage of the convective transport induced by the rotation of the working
electrode, which brought the reacting gas to the surface of the electrode in a controlled
fashion. The flux of the gas to the electrode surface is dependent on the intrinsic
properties of the electrolyte and the rotation rate. The measured current i, the kinetic
current i, and the mass transport limited current i, satisfies the Levich equation:

l=l+i=l+—1—=l+ L [1.14]

i i, i, i, Bew'* i 02nFCD**v¢0"

where n is the number of transferred electrons, F is Faraday constant, C is the

concentration of dissolved gas species, Dis the diffusivity of the gas, vis the kinetic
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viscosity of the electrolyte and @ is the rotation rate. Plotting — vs. —, known as the
i 1)

Koutecky-Levich plot, will generate a straight line with a y-axis intersect given by the

1 . 1 .. o
value —, and the slope being —. From the y-axis intersect, the kinetic current (ix) of
i, c,

the electrode can be determined, and from the slope (I/Bcy), the number of electrons
being transferred can also be extracted. The kinetic current (typically at 0.9 V for the
ORR) can then be normalized to the electrochemical surface area from cyclic
voltammograms to generate specific activities as in mA/cm?p, or normalized by the Pt
catalyst loading to generate mass activity as in A/mgp;. The former provides an intrinsic
electrocatalytic value of a catalyst and the latter provides the economical value of the
catalyst, which essentially is the activity normalized to cost.

Figure 1.6 shows a typical polarization curve of the ORR on carbon supported Pt
NPs in 0.1 M HCIO4 electrolyte. At high potential larger than 0.9 V, minimal current is
observed due to the insufficient overpotential to drive the ORR forward. At potential
more negative than 0.7 V, the overpotential is sufficiently large that all the O, molecules
coming to the surfaces will be reduced immediately. As a result, the current in this
potential range is limited by the O, mass transport to the electrode. In the potentials in
between 0.7 — 0.9 V, the current is now under control by both the ORR kinetics and the
O, mass transport. The inset is the Koutecky-Levich plot obtained at 0.6 V. From the
calculated slope, the number of electron transferred is determined to be four, indicating
that per mole of O,, a total of 4 moles of electrons are transferred, and thus prove a four-

electron pathway of the ORR. Figure 1.6 (b) illustrates the relationship between the
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potential (£) and the specific activity (ix), known as the Tafel plot. From this figure, the

Tafel slope of the ORR on Pt/C can be calculated, which yielded a value of 71 mV/dec.
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Figure 1.6. (a): Typical polarization curves of ORR on carbon supported Pt NPs at 10
mV/s at different rotation rates. Only the negative sweep at 1600 rpm is shown. The
inset is the Koutecky-Levich plot obtained at 0.6 V/RHE. (b): Tafel plot with a
TS=0.071 V/dec.

1.6 Structure of the thesis

In the following sections of this thesis, I will first present the study on the Pt
particle size effect on the ORR activities in both acid and alkaline electrolytes and on the
Pt instability in Chapter 2. The ORR activities of Pt NPs with a particle diameter between
1.6 nm to 4.7 nm are investigated in HCIO4 and H,SOj4 electrolyte using the RDE method.
The surface electronic structure and surface compositions of Pt NPs examined by
photoemission spectroscopic measurements including UPS and XPS are correlated to the

ORR activity. Following that, the instability of Pt NPs with different particle diameters
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under simulated PEMFC operation condition will be presented. The physics behind the
size effect of Pt NPs on the ORR activity and Pt instability is discussed.

Chapter 3 deals with the HOR/HER activities on Pt electrodes in acidic and
alkaline electrolytes. First, the HOR/HER activities on polycrystalline Pt disk and high
surface area carbon supported Pt NPs in the alkaline electrolyte at different temperatures
are demonstrated. The method of extracting the exchange current densities of the
HOR/HER on Pt electrodes by fitting the experimental data to the theoretical Butler-
Volmer equation is presented in great details. The kinetic information such as the
exchange current densities and activation energies are compared to the DFT calculation
results and the mechanisms of the HOR/HER on Pt electrodes in the alkaline electrolyte
is discussed intensively. The consequence of the observed HOR/HER activities on Pt
electrodes in alkaline electrolyte on the Pt anodic performance in an alkaline FC is
predicted and compared to that in a PEMFC under identical operation conditions.

Chapter 4 presents the synthesis of multi-walled carbon nanotube supported Pt
NPs as a corrosion-resistant electrocatalyst to overcome the carbon corrosion issue
associated with the startup-shutdown cycles during the PEMFC operation. The synthesis
of PUMWCNTs will be presented first, followed by the electrochemical characterizations
to quantify both surface areas and electrocatalytic activities. Finally, the durability of
PYMWCNTs under high potential is compared to that on high surface area carbon
supported Pt NPs.

Chapter 5 summarizes all my major contributions to the understanding of the
basic kinetics of the H,-O, based FC reactions from the proceeding chapters, and

provides an overview of the future work.
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Chapter 2

Size Effect on the Oxygen Reduction Reaction Activity and Instability of

Supported Pt Nanoparticles

2.1 Introduction

Oxygen reduction reaction (ORR)'? is kinetically sluggish, even on the surface of
Pt, which limits the efficiency of fuel cells. One of the intensively debated issues over the
last two decades is centered on whether and how the intrinsic ORR activity of Pt
nanoparticles (NPs) should be dependent on particle size. Although it is clear that Pt NPs
have much reduced ORR activity than Pt bulk surfaces” *, the influence of particle size
on the intrinsic ORR activity in the size range relevant to practical catalysts used in
proton exchange membrane fuel cells (PEMFCs) is not well understood. Kinoshita® have
first showed that the intrinsic ORR activity of Pt NPs with decreasing sizes (~15 to ~1.5
nm) in H,SO4 and H3PO4 reduces with increasing fractions of surface under-coordinated
sites. The reduced ORR activity of smaller Pt NPs has been attributed to lower ORR
activity on under-coordinated sites due to stronger adsorption of SO4* and PO*, and
decreasing fractions of highly active Pt (100) facets. Subsequently it is noted that
decreasing Pt particle sizes (~30 to ~1 nm) also lowers ORR activity in HC104," ¢ having
minimal anion adsorption. This trend has been attributed to increasing surface
oxygenated species with decreasing coordination of surface Pt atoms on smaller Pt NPs®,

which thus inhibits the ORR as a spectator7. This argument is supported by increasing
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OH/O adsorption strength on Pt NPs smaller than 5 nm as revealed from X-ray
photoelectron spectroscopy® °, and X-ray absorption spectroscopy'®. In contrast, Yano et
al.!! have found that specific ORR activity of carbon-supported Pt NPs in the range of 1
to 5 nm in 0.1 M HCIO; is size-independent, which has been attributed to comparable
surface electronic structure of different Pt NPs from '*°Pt electrochemical nuclear
magnetic resonance (EC-NMR) measurements.

In addition to the size-dependent ORR activity of Pt NPs, understanding the size-
dependent instability of Pt NPs is of great importance to develop PEMFCs with required
lifetime of a few thousands of hours for automotive applications.'? Previous studies have
shown that the electrochemical surface areca (ESA) loss of Pt-based catalysts in the
cathode limits PEMFC efficiency and lifetime'®">. Two processes are considered to
contribute significantly to the ESA loss of Pt NPs in PEMFCs'* '*: i) coarsening of Pt
NPs by Pt dissolution of smaller NPs and redeposition onto larger Pt NPs (also known as
electrochemical Ostwald Ripening;'? ii) loss of Pt mass from cathode.'*’* Previous
studies'®® have shown that the stability of Pt NPs can be highly size-dependent, which

16-18

can be explained by the Gibbs-Thomson relation, giving rise to higher free energy for

Pt NP surface by —2RE (y is the surface energy of the particle, Q is the volume per atom,

and R is the radius of the particle.) than that bulk surface."

In this study, we examine the ORR activity of supported Pt NPs on carbon in the
particle size from 1.6 nm to 4.7 nm in HC1O4 and H,SO4 by using rotating disk electrode
(RDE) measurements. The intrinsic ORR activity of Pt NPs in these catalysts is then
correlated to the coverage of oxygenated species deduced from cyclic voltammetry, and

surface Pt oxidation states and valence band information of Pt NPs obtained from X-ray
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photoemission spectroscopy and ultraviolet photoemission spectroscopy measurements.
In addition, we further compare the trend in the ORR activity of these Pt NPs as a
function of particle size with that in the stability measured from potential cycling
experiments. The origin in the size influence on the ORR activity and instability of Pt

NPs having sizes smaller than ~5 nm is discussed.

2.2 Experimental

2.2.1 Physical Characterization of Pt NP catalysts

Five samples of Pt catalysts supported on high-surface-area carbon (Pt/C) were
investigated in our study to explore the size-dependent behavior of the ORR. Three
pristine Pt/C catalysts supplied by Tanaka Kikinzoku (TKK) have Pt weight fractions of
9% (TEC10E10A), 19% (TEC10E20A) and 46% (TEC1050E), respectively. The Pt/C
catalyst containing 46% Pt NPs was further treated in Ar (99.999%, Airgas) at 900 °C for
one minute or two hours (the ramping rate was ~30 °C per minute) to create larger Pt
particle sizes. The samples were referred to as Pt-9%, Pt-19%, Pt-46%, Pt-46%-900°C-
1m and Pt-46%-900°C-2h in the following text.

2.2.1.1 High resolution transmission electron microscopy (HRTEM)
measurements. The Pt NP sizes of these samples were examined by high-resolution
transmission electron microscope (HRTEM) on a JEOL 2010F operated at 200 kV with a
point-to-point resolution of 0.19 nm. TEM samples were prepared by drop casting the
catalyst powders dispersed ultrasonically for five minutes in ethanol onto TEM grids
(Lacey carbon coated copper grids, Electron Microscopy Sciences) and then dried in air.

Pt NP diameters (d) were measured from bright field TEM micrographs. The number-
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2.4

averaged (d,=—1— ) diameter and the volume/area-averaged diameters, defined as
n

n

2.4

dvia =— 12 were calculated.

2.d;

1

2.2.1.2 X-ray photoemission spectroscopy measurements. Surface oxidation of
supported Pt NPs was investigated by X-ray photoemission spectroscopy (XPS) on a
Kratos Axis Ultra Spectrometer (Manchester, UK) with a monochromatized Al X-ray
source (Al Ka). High-resolution spectra were collected for quantitative analysis of
surface composition of Pt NPs. All spectra were calibrated with the sp” hybridized carbon
component of C 1s at 284.5 eV. The photoemission spectra of Pt 4f were fitted to three
species’™ 2! including Pt’ at ~71.5 eV, Pt (II) at ~72.5 eV and Pt (IV) at ~74.8 eV after
Shirley-type background subtraction. The ratios between Pt species of different oxidation
states were calculated from the peak areas of deconvoluted Pt 4f spectra.

2.2.1.3 Ultraviolet photoemission spectroscopy measurements. Surface electronic
structures of three Pt/C catalysts (Pt-19%, Pt-46% and Pt-46%-900°C-1m) and high-
surface-area carbon (TKK) were examined by ultraviolet photoemission spectroscopy
(UPS), and compared with Pt foil. Pt valence band of Pt-9% were not resolved because of
the low signal to noise ratio due to its extremely low Pt loading. The catalyst powder
samples were deposited on clean highly oriented pyrolytic graphite (HOPG, SPI
Supplies). UPS measurements were performed at the USUA beam line at the National
Synchrotron Light Source at the Brookhaven National Laboratory. The ultraviolet

photoemission spectra were collected with a 125-mm hemispherical analyzer at photon
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energies of 80 eV under ultra high vacuum conditions of SE-11 torr. The total instrument
resolution was set to 0.10 eV. As the photoemission cross section of Pt is dominated by
the d states at a photon energy of 80 eV?, the valence band structure measured mostly
reflects the valence d states. Shirley-type background was subtracted to remove the
secondary electron scattering as described in the literature®. To obtain the photoemission
contribution from Pt NPs only, the density of states of carbon was subtracted from those
of Pt/C samples. This method has been previously used by Eberhardt et al.** The d band

center energy relative to the Fermi level was calculated from the density of states based

_ [N@)sds

on —
cente J‘ N (5‘) d&'

2.2.2 Electrochemical Measurements

2.2.2.1 Preparation of Pt catalyst electrodes. Pt loading of ~6.4-7.4 ;Lg,pt/cm2
(except for 14 ugpt/cm2 for Pt-46%-900°C-2h) on GCE without any Nafion® was used for
cyclic voltammetry and the ORR measurements in both HC10, and H,SO4. Suspension of
Pt-19%, Pt-46%, Pt-46%-900°C-1m and Pt-46%-900°C-2h of 0.15-0.70 mg/mL were
obtained by dispersing the catalysts in de-ionized water (18.2 MQscm, Millipore) using
ultrasonication in ice-bath. 20 pL of the Pt/C catalyst suspension was deposited on the
glassy carbon electrode (GCE) (5 mm in diameter, Pine Instrument), which was pre-
polished using alumna of 0.05 micron and dried in air at room temperature. Pt loading of
~10 ugpt/cm2 was used for potential cycling experiments of Pt/C catalysts (Pt-46% and

Pt-46%-900°C-1m). In addition, 20 pL of 0.025 wt% Nafion® water solution (diluted
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from 5 wt% Nafion®, Ion Power, Inc.) was added to dried catalyst thin film on GCE,
which was dried subsequently in air to immobilize the catalysts.

2.2.2.2 Electrochemical surface area measurements from cyclic voltammetry.
Cyclic voltammograms (CV) on Pt/C were collected in both 0.1 M HClO4 (diluted from
70% HClO4, GFS Chemicals.) and 0.5 M H,;SO4 (diluted from 18 M H,SO4, Sigma
Aldrich). A Pt wire and a saturated calomel electrode (SCE, Analytical Sensor, Inc.) were
employed as the counter electrode and the reference electrode, respectively. However, all
the potentials reported in this paper were referenced to that of the reversible hydrogen
electrode (RHE), which was calibrated from the RDE measurements of hydrogen
oxidation”. After the electrolyte was saturated with Ar, the steady-state CV of the
working electrode was recorded at 50 mV/s from 0.03 V to 1.1 V vs. RHE at the room
temperature (296+2 K) after it was scanned between ~0.03 V and ~1.1 V vs. RHE at a
sweep rate of 50 mV/s for ~20 cycles. CVs of catalyst thin films without Nafion® binder
were measured with rotation at 1600 rpm to ensure that no catalyst fell off from GCE,
where no change in the CV data was found before and after rotation. The ESA of Pt/C
was determined from the Pt-hydrogen desorption region between 0.05 V and ~0.4 V (the
onset of the double layer region) vs. RHE, assuming a surface charge density of 210
pC/em’p, for a monolayer adsorption of hydrogen on Pt surface®®.

2.2.2.3 ORR activity measurements using rotating disk electrode. ORR activities
of these Pt/C catalysts were examined in 0.1 M HCIO4 and 0.5 M H,SO4 using RDE
measurements. After the electrolyte was purged with pure oxygen (99.995%, Airgas) for
at least half an hour, polarization curves were recorded between ~0.03 V and ~1.1 V vs.

RHE at a sweep rate of 10 mV/s with rotation rates of 100, 400, 900 and 1600 rpm at
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room temperature. To remove the capacitive currents of these Pt/C samples, oxygen
reduction currents collected in O, atmosphere were obtained from subtracting the

polarization curve in O, by the corresponding CV in Ar at the same sweep rate. The

o : . .1 1 1 .
kinetic current i, was calculated based on the Levich equation, —=—+— where iis the
U A

measured current and ipis the mass-transport limited current. The specific activity i; of
ORR was then obtained by normalization of i by the electrochemical surface area of Pt.
iy and the mass activity i, (i normalized by the weight of Pt) at 0.9V/RHE were used to
compare the catalytic properties among the samples. The error bars were constructed
from at least four repeat experiments. The Koutecky-Levich plot was obtained at E = 0.6

V/RHE for HCIO,4 and 0.4 V/RHE for H,SOj4, based on 1.= l+i = l+—lﬁ Bcey,
i i, i, i, Bew

determined from the slope, reflects the number of electrons transferred in the reaction and

the predicted value for Bcy is calculated based on i), =0.2nFC, (D, )**v"*0"?

where n is the number of transferred electrons, F' is Faraday constant, C, is the
concentration of dissolved Oy, D,, is the diffusivity of O, vis the kinetic viscosity of the

electrolyte and @ is the rotation rate.

2.2.24 Pt/C instability upon potential cycling. Accelerated instability
measurements of Pt/C catalysts were performed in Np-saturated 0.5 M HSO4 using
potential cycling from 0.6 V to 1.0 V vs. RHE at 20 mV/s and at 80 °C. At the beginning
of each potential cycling experiment, the working electrode was scanned between ~0.03
V and ~1.1 V vs. RHE at a sweep rate of 200 mV/s for 60 cycles to reach steady-state CV.

After every 200 cycles at 80 °C, steady-state CV's were recorded subsequently at 50 mV/s
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from 0.03 V to 1.1 V vs. RHE and at room temperature, from which the ESA of Pt/C

catalysts was obtained as a function of cycles.

2.3. Results and Discussion

2.3.1 Size distribution and surface morphology of Pt/C catalysts

Figure 2.1a-e shows representative HRTEM images of supported Pt NPs of five
catalyst samples used in this study, where single-crystalline Pt NPs were found to
uniformly distribute on carbon support. The pristine Pt-9%, Pt-19% and Pt-46% catalysts
have a number-averaged particle size of 1.6+0.5 nm, 1.7+0.6 nm and 2.0+0.6 nm,
respectively. As shown in Figure 2.1f, Pt-46%-900°C-1m and Pt-46%-900°C-2h have
considerably larger particle sizes and wider size distributions of 3.1£0.7 nm and 4.7£1.2
nm, respectively. In addition, the volume/area-averaged diameter of each sample was
calculated from the histogram data, from which the specific surface area based on

HRTEM data was estimated, which is listed in Table 2.1.
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Figure 2.1. HRTEM images of Pt NPs for (a): Pt-9%,; (b): Pt-19%; (c): Pt-46%; (d): Pt-
46%-900°C-1m; (e): Pt-46%-900°C-2h; and (f): number-averaged diameters of Pt NPs
for each sample. The scale bars are 5 nm. The insets are the Pt particle size distributions,
and the indicated sizes are number-averaged (d,) and volume/area-averaged (dy/,) particle
sizes. The error bars in (f) are standard deviations of the particle size based on at least
200 counts for each sample.

Table 2.1. The number and volume/area averaged diameters (dy/dy) over 200 Pt NP counts
from HRTEM measurements for each sample, surface area values of Pt NPs calculated from dy/

based on S™ =6000/(p,d,,,)"*, surface area values of Pt NPs from CV measurements, the
specific ORR activities and mass activities of Pt NPs in 0.1 M HCIO4 and 0.5 M H;SO4. The
standard deviations are constructed based on at least four repeats of measurements for each
sample.

Particle size STEM 3 ST s, 09V im, 05V is,09v im, 09v
dn (hm)/dye (nm)  (m¥/g) (m®/g) (m%/g) (nA/cm’s) (A/mgp) (nA/om) (A/mgp)
(0.1 MHCIO))  (0.5MH,80,) (0.1 MHCIOy) (0.1 MHCIO,)  (0.5MH,S0,) (0.5 M H;804)

Pt-9% 1.6/2.0 140 148 +3 204+8 0.30+£0.02

Pt-19% 1.72.2 127 126+ 3 11744 239+9 0.30+0.01 574 0.067+0.004

Pt-46% 2024 117 78+£3 734 355+12 0.28 £0.01 66+2 0.048+0.002
Pt-46%-900°C-1m 3.1/34 82 38+6 46+2 238+ 71 0.09 £0.03 57+6 0.026+0.003
Pt-46%-900°C-2h 4.7/53 53 24+4 242 299+31 0.07+0.02 72+8 0.017+0,002
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2.3.2 Surface composition and electronic structure of Pt NPs

XPS was used to determine the Pt oxidation state of Pt NPs. Pt 4f doublet profile
can be fitted to three components: Pt’, a Pt (II) and a Pt (IV) species. Representative Pt 4f
doublet profile of the 1.7+0.6 nm sample is shown in Figure 2.2a, having Pt® with Pt 4f 7,
peak at ~71.5 eV, Pt (II) with Pt 4f 7 peak centered at ~72.5 eV, and Pt (IV) at ~74.8
eV2® 2! The surface fractions of Pt was found to increase from 47% to 56% with
increasing particle size from 1.6+0.5 nm to 3.1+0.7 nm, and eventually level off at
4:7+1.2 nm (Figure 2.2b). This apparent size-dependent surface oxidation can be
attributed to 1) increasing under-coordinated sites on smaller particles, which can bind

more strongly with oxygen-containing species than terrace sites”®.
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Figure 2.2. (a): Representative X-ray photoemission spectra of Pt 4f level for Pt-19%
(1.740.6 nm) sample. Curve fitting was done after a Shirley-type background subtraction.
The Pt 4f peaks were fitted into three sets of Pt species, i.e. Pt° (solid red line), Pt(IT)
(dashed green line) and Pt(IV) (dash-dotted blue line); and (b): the fractions of Pt surface
atoms at different oxidation states calculated from the corresponding peak areas of Pt 4f
spectra.
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Surface electronic structure of theses Pt NPs were examined using UPS. Figure
2.3a shows the partial valence band of bare HSAC and HSAC supported Pt NPs. The sole
photoemission contributions of Pt NPs were obtained by subtracting the spectrum of
HSAC from that of Pt/C, as shown in Figure 2.3b. All Pt NPs show well-developed
density of states comparable to that of Pt foil near the Fermi level (binding energy equal
to 0) while Pt NPs illustrate a higher density of states from -4 to -8 eV below the Fermi
level. The valence band structure measured mostly reflects the valence d states because
the cross section of s and p states is much smaller than that of d states at 80 eV2. It was
found that Pt NPs have a much lower d band center compared to Pt foil, and interestingly
the d band center was reduced slightly with decreasing particle size, as shown in Figure
2.3c. Although larger fractions of low-coordinated surface atoms’ on Pt NPs than bulk
surface should lead to a narrowed and up-shifted d band from previous DFT studies®®>!,
surface oxygen on Pt NPs can cause d band broadening and thus lower the d band
center’>. Therefore, the d-band lowering of smaller Pt NPs shown in UPS data can be

attributed to increasing surface oxygenated species on Pt NPs with decreasing size as

revealed by XPS results (Figure 2.2).
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Figure 2.3. (a): Outer-level photoemission spectra of Pt-19% (1.7+0.6 nm, red square),
Pt-46% (2.0+0.6 nm, green circle), Pt-46%-900°C-1m (3.1+0.7 nm, blue triangle), and a
high-surface-area carbon sample (black star) collected at a photon energy of 80 eV; (b):
subtracted photoemission signals of Pt NPs and Pt foil (grey pentagon); and (c):
estimated d band center of Pt 5d emission relative to the Fermi level of different sized
samples based on d_,,.= fN(s)eds/ _[N(a)de 23 The error bars of x-axis in (c) are

standard deviations of Pt NPs based on at least 200 particle counts for each sample, and
the error bars of y-axis in (c) are the total UPS instrumental resolution (0.1 eV).
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2.3.3 Cyclic voltammograms of Pt/C catalysts

2.3.3.1 ESA estimation of Pt/C catalysts. Figures 2.4a and 2.4c show CVs of five
catalyst samples collected in Ar-saturated 0.1 M HCIO4 and 0.5 M HySO4. The CVs of
these catalysts clearly show underpotential deposition of hydrogen on Pt between 0.05 V
and ~0.4 V, followed by a double layer region, and Pt-OH formation and reduction in the
voltage range from 0.6 to 0.8 V vs. RHE, which is in good agreement with previous
studies?® 334, The peaks in between 0.1 and 0.2 V and the broad shoulder in between 0.2
and 0.3 V correspond to the Pt-H adsorption/desorption on Pt (110) and Pt (100) facets,
respectively. The ESA of Pt/C catalysts, estimated from the charge in the hydrogen
desorption region, are compared with those calculated from the HRTEM data in Table
2.1. Pt NPs in pristine catalysts (Pt-9%, Pt-19% and Pt-46%) have very large ESA values
in the range from 78 m*/gp, to 148 m?%/gp.. As expected, Pt-46%-900°C-1m and Pt-46%-
900°C-2h with larger particles have considerably lower ESA values. The ESA values of
Pt NPs in pristine Pt-9% and Pt-19% catalysts are in very good agreement with the
apparent, specific surface area estimated from HRTEM data, suggesting ~95% to ~99%
of the apparent, specific surface area electrochemically active. This agreement should be
treated with caution as HRTEM measurements in this study failed to detect Pt particles
smaller than ~0.5 nm, which can contribute to ESA. With increasing particle sizes, the
ratio between the ESA and the apparent, specific surface area from HRTEM data
decreases to ~45% for the heat-treated catalysts, which can be attributed to the facts that
1) Pt NPs are perfectly spherical, 2) the contact between Pt NPs and the carbon support
can reduce the percentage of the apparent, specific surface area electrochemically

accessible and 3) the number of Pt NPs smaller than 0.5 nm is reduced significantly by
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the heat-treatment.'* Lastly, the ESA obtained in HC1O4 and H,SO4 are very comparable,
which suggests that anion adsorption may not interfere with H underpotential deposition

on Pt.
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Figure 2.4. CVs of Pt NPs recorded at room temperature and at a sweep rate of 50 mV/s
in (a): 0.1 M Ar-saturated HCIO4; and (c): 0.5 M Ar-saturated H>SOq; (b): background-
corrected charge density associated with Pt-OH formation in the positive sweeps (top)
and Pt-OH reduction in the negative sweeps (bottom) in HCIO4; (d): background-
corrected charge density associated with Pt-OH formation (top) and Pt-OH reduction
(bottom) in H,SO4; and (e): OH coverage at 0.9 V on the positive sweeps in HC1O4 and
H,SO4. Error bars are standard deviations constructed from at least four repeats of
experiments.
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2.3.3.2 Estimated surface coverage of oxygenated species on Pt NPs. In the CVs,
increasing oxidation current with an onset voltage at ~0.7 V in the positive-going scan is
associated with the formation of oxygenated species on Pt (e.g. OH,q) while the reduction
peak around 0.6~0.8 V in the negative-going scan is related to the reduction of Pt oxides.
With decreasing Pt particle sizes, the onset voltage of rising oxidation current and the
peak voltage of the reduction peak are shifted negatively. To examine this further, the
charge densities associated with the formation and reduction of Pt oxygenated species,
were calculated from CV data, as shown in Figures 2.4b and 2.4d. It is interesting to note
that the coverage of oxygenated species such as OH,q at 0.9 V, where ORR activity is
typically measured, increased slightly with decreasing particle size in HCIO4 and H,SOq,
as shown in Figure 2.4e. This particle-size dependent trend is more apparent for reduction
of Pt oxygenated species on the negative-going scan (Figure 2.4b and 2.4d, bottom
panels). Not only the peak potential of Pt oxide reduction shifts significantly to the
negative potential in the CV data with decreasing particle sizes, which can be attributed
to increasing oxyphilicity of smaller Pt NPs and the formation of more irreversible oxide
species,35 but also the surface charge density or coverage of oxygenated species is much
higher for smaller Pt NPs in the voltage range (0.8 - 0.9 V vs. RHE), where ORR activity
was determined typically.6 Moreover, the onset voltage for the formation of oxygenated
species on Pt NPs was influenced by anion adsorption, where it were delayed from ~0.7
V in HCIO;4 to ~0.8 V in H,SOy in the positive-going sweep due to strong (bi)sulfate
anion adsorption3 6. This effect can be seen more clearly in the charge density of

oxygenated species on Pt NPs in Figures 2.4b and 2.4d (top panels). For example, the
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charge density of 50 uC/cmzpt was obtained at 0.85 V in HCIO4 while this was achieved

at 095 Vin H2SO4.

2.3.4 ORR activity as a function of particle sizes

ORR polarization curves of all catalyst samples on RDE show a diffusion-
controlled region at voltages lower than 0.6-0.7 V, a diffusion-kinetic combined region,
and a kinetic-controlled regionz’ 3 at voltages equal to or greater than 0.9 V vs. RHE.
Representative background-corrected polarization curves of the Pt-46% sample (2.0£0.6
nm) at different rotation speeds in HC104 and H,SO4 are shown in Figures 2.5a and 2.5c,
respectively. Diffusion-controlled currents are well defined for all catalysts as 1)
diffusion currents of different catalysts are very comparable at a given rotation speed; and
2) representative Koutecky-Levich plots in Figures 2.5a and 2.5¢ insets show that
diffusion currents linearly scale with o having Bcy parameters of 0.156 mAcm’
2sisrpm’ (obtained at 0.6 V in HClO4) and 0.133 mAcm gigrpm™? (obtained at 0.4 V in

37 38 The background-corrected

H;S04) in good agreement with previous studies
polarization curves of all catalysts compared at 1600 rpm in HC1O4 and H,SO4 show very
comparable diffusion currents and a positive potential shift in the kinetic-controlled
region with decreasing Pt NP size, as shown in Figures 2.5b and 2.5d, respectively. To
remove the influence of catalyst loading on the current-potential profile in the kinetic-
controlled region, kinetic currents extracted from these polarization curves were
normalized to Pt ESA (specific ORR activity i5), which is plotted as a function of

potential in the voltage range from 0.85 to 0.95 V in Figures 2.5b and 2.5d insets. While

all the catalysts show very similar Tafel slopes having ~72 mV/dec for HCIO4 and 80
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mV/dec for H,SO4, which agree well with previous studies>*’, there is no apparent trend

for size-dependent ORR activity, which will be examined in detail below.
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Figure 2.5. Representative background-corrected polarization curves of ORR on Pt-46%
(2.0+0.6 nm) collected at a sweep rate of 10 mV/s and at room temperature in (a): O2-
saturated 0.1 M HCIO4 and (c): O,-saturated 0.5 M H,SOs. The rotation rates are 100,
400, 900 and 1600 rpm. Solid lines represent positive-going scans and only negative-
going scans at 1600 rpm are shown by the dotted lines. The insets are the Koutecky-

Levich plot based on l — l - i = 1 + L — at 0.6 V for HC1O4 and 0.4 V for HSO4;

i i iy i, Bew
background-corrected polarization curves of ORR at a sweep rate of 10 mV/s and at 1600
rpm in (b): Oy-saturated 0.1 M HCIO;4 and (d): Oz-saturated 0.5 M H,SO4. The insets are
the Tafel plots of these samples obtained from the normahzed polarization curves in the
positive-going scans at 1600 rpm. Pt loadmg of 14 pgpt/cm on GCE was used for 4.7+1.2
sample, and Pt loading of ~6.4-7.4 ugp/cm’ were used for all the other samples.

The specific ORR activity i values at 0.9 V in HCIO4 and H,SO4 as a function of
number-averaged Pt NP size are summarized in Table 2.1 and Figure 2.6a. The specific

ORR activity values for all catalyst samples were found to be ~300 pA/cm?p in HCIO4
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and ~ 60 pA/cm’p in HySO4, which is in reasonable agreement with those reported
previously” % %34, The five-fold reduction in the specific ORR activity in H,SO4 can be
attributed to strong adsorption of SO4* ions.*® Clearly between Pt NP sizes from 1.6%0.5
nm to 4.7£1.2 nm examined in this study, the specific ORR activity of Pt NPs is
independent of particle size in both acids. Figure 2.6¢c compares the specific ORR activity
in 0.1 M HCIO, in this work with those in previous studies.”* The specific ORR activity
is plotted against the specific ESA of Pt instead of number-averaged size as different
catalysts with comparable number-averaged sizes of Pt NPs can have very different
specific ESA values. The specific ORR activity values at 25 °C from Gasteiger et al.!
were extrapolated using an activation energy of 10 kJ/mol reported previously®”. The
specific ORR activity on Pt (pc) having specific ESA of 0 m%/gp, was also included in the
plot, where the values obtained from this study agree very well with those reported
previously" **. Interestingly, we note that the ORR activity values of all Pt/C catalysts
scatter from 100 pA/cm’p to 400 uA/cmzpt without an obvious trend in the ESA range

from 30 m%gp; (~5 nm) to 150 m*/gp¢ (~1.5 nm), as shown in Figure 2.6¢. Nevertheless, it

should be pointed out that the specific ORR activity values of the three pristine Pt/C
samples decrease with decreasing number-averaged sizes of Pt NPs (1.6+0.5 nm, 1.7+0.6
nm and 2.0+0.6 nm), which is in agreement with previous findings of similar catalysts®*,
the sizes of Pt NPs (0.5 nm and greater from HRTEM measurements shown in Figure 2.1)
in these catalyst samples are very comparable considering standard deviation in the
particle size histograms. This is in contrast to the fact that Pt NPs with considerably
greater sizes (such as 4.7+1.2 nm) prepared by a heat-treatment, do not show higher

specific ORR activity, which suggests that the Pt NP size of Pt/C catalysts alone is not
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sufficient to describe the specific ORR activity of Pt NPs. It is postulated that very small
Pt NPs (smaller than ~0.5 nm) present in the pristine catalyst samples but not in the heat-
treated catalyst samples, may play a role in the weak size-dependent ORR activity, which
needs to be studied in detail in future work. The significant increase in the specific ORR
activity from several hundred uA/cmzpt on Pt/C to over a thousand uA/cmzpt on Pt (pc)
appears to occur between ~30 mzlgpt (~5 nm) and ~10 m%/gp (~15 nm), which is good
agreement with the fact that Pt black' or nanostructured thin films of Pt** have specific

ORR activity approaching that of Pt (pc).
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Figure 2.6. (a): The ORR specific activities at 0.9 V in 0.1 M HCIO4 and 0.5 M H,S0;, as
a function of the number-averaged diameter of Pt NPs (d,); (b): the ORR mass activities
at 0.9 Vin 0.1 M HCIO4 and 0.5 M H»SO4 as a function of the number—averaged diameter
of Pt NPs (dp); (c): the ORR specific act1v1t1es at 0.9 V in 0.1 M HCIOj in this work,
compared with reference' and reference®® as a function of ESA. Note that the data at 25
°C were calculated from the orlgmal data in reference at 60 °C using an activation
energy of 10 kJ/mol for the ORR as in reference®; and (d): the mass activities at 0.9 V in
this work, compared with reference' and refe:rence34 as a function of ESA. The standard
deviations in this work were constructed from at least four repeats of experiments.

Previous work® has suggested that increasing coverage of surface oxygenated
species on Pt NPs of supported catalysts can reduce ORR activity of small Pt NPs, which
is supported by a clear size-dependent coverage of oxygenated species obtained from CV
data in the negative-going scans. However, it should be noted that the reported ORR
activity in this previous study was obtained from the positive-going scans. Considering

the coverage of oxygenated species in the negative-going scans can differ significantly
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from that in the positive-going scans at the same potential, and there is a considerable
difference in the specific activity between the negative-going and positive-going scans, as
shown in Figure 2.4b and 2.4d, one may argue that it is more appropriate to correlate
specific ORR activity with the coverage of oxygenated species in the same positive-going
direction, which yields a weak size-dependent coverage of oxygenated species in Figure
2.4e. The slight increase in the oxygenated species with decreasing Pt NP size from CV
measurements can be attributed to increasing fractions of surface under-coordinated sites.
This finding is further supported by the increasing fraction of oxidized Pt species (Figure
2.2) and lowered d band center (Figure 2.3) with decreasing Pt NP size. Our previous
work® has suggested that majority terrace sites instead of minor under-coordinated sites
(such as edge and corner sites) on Pt NPs govern specific ORR activity. It is thus
postulated that the size-independent activity in particle sizes lower than ~5 nm can be
attributed to the following: 1) the specific ORR activity and the coverage of oxygenated
species on terrace sites are comparable for all catalysts in this Pt NP size range, and 2) the
specific ORR activity on majority terrace sites is much greater than those of minority
under-coordinated sites.

As expected from the size-independent specific activity up to 5 nm, the mass
activity values of these catalysts increase with decreasing particle size and reach a
maximum for catalysts of 1.6+0.5 nm and 1.7+0.6 nm in HC1O,4 and H,SOs4, as shown in
Figures 2.6b and 2.6d. Specifically, with a three-fold reduction in the number-averaged

particle size, the mass activity was found to increase by four-fold from 0.07 A/mgp

(4712 nm) to 0.3 A/mgp (1.6£0.5 nm). As catalysts are expected to operate in
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PEMFCs for thousands of hours, the stability of these catalysts as a function of Pt NP

size was examined by potential cycling, which is discussed in detail below.

2.3.5 Surface area loss as a function of particle size upon potential cycling

Unlike the size-independent ORR activity, the instability of Pt NPs was found to
be strongly dependent on the particle size even in a narrow size range, as shown in Figure
2.7. Upon potential cycling, Pt NPs with Pt-46% (2.0+£0.6 nm) exhibit a faster current
drop in the Pt-H interaction than Pt-46%-900°C-1m (3.1£0.7 nm), and in the Pt-OH
region, as shown in Figures 2.7a and 2.7b, respectively. The specific and normalized ESA
of Pt NPs of 2.0+0.6 and 3.1+0.7 nm as a function of the number of potential cycles in
Figures 2.7c and 7d show a total ESA loss of 60% and 40%, respectively. The ESA loss
upon potential cycling was accompanied with visible growth for Pt NPs of 2.0+0.6 nm
(Figures 2.8a-2.8c), where the number of particles below 1 nm was decreased greatly
after 1200 cycles. On the other hand, no visible change was detected for Pt NPs of

3.1£0.7 nm before and after cycling (Figures 2.8d-2.8f).
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Figure 2.7. Steady-state CVs of (a): Pt-46% (2.0+0.6 nm) and (b): Pt-46%-900°C-1m
(3.1+0.7 nm) after every 200 potential cycles. The CVs were recorded at 50 mV/s and at
room temperature in 0.5 M Np-saturated H,SOy, after every 200 cycles at 80 °C between
0.6 V and 1.0 V at 20 mV/s. (¢): The specific ESA of Pt NPs as a function of the number
of potential cycles for Pt-46% (2.0+£0.6 nm) and Pt-46%-900°C-1m (3.1+0.7 nm); and

(d): normalized specific ESA of the two samples as a function of the number of potential
cycles.
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Figure 2.8. HRTEM images of Pt-46% (2.0£0.6 nm) before (a) and after (b) 1200 cycles
between 0.6 V and 1.0 V at 80 °C and at 20 mV/s; HRTEM images of Pt-46%-900°C-1m
(3.140.7 nm) before (d) and after (e) 1200 cycles; size distributions of Pt NPs before and
after potential cycling for Pt-46% (2.0+0.6 nm) (c) and Pt-46%-900°C-1m (3.1£0.7 nm)
(). The indicated sizes are number-averaged particle sizes, and the standard deviations
are based on at least 200 counts for each distribution.

It is very interesting to note that the P-H features on Pt(110) and Pt(100) diminish
after the first 400 cycles for both samples. The remaining featureless Pt-H currents are
probably coming from Pt(11 1)* as the most surface planes of Pt NPs are Pt(111) planes,
which may suggest that Pt(110) and Pt(100) most likely dissolve faster than Pt(111).

Smaller particles with greater fractions of under-coordinated sites can show
higher oxyphilicity towards O-containing species. Upon cycling to higher potentials,
these oxygenated species on under-coordinated sites can promote Pt dissolution, which

leads to loss of Pt mass (soluble Pt species) into the acid solution, and deposition of

soluble Pt species onto larger Pt NPs upon potential cycling to lower potentials (Ostwald-
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ripening). Therefore, it is hypothesized that the ESA loss for Pt NPs of 2 nm could come
from Pt dissolution of smaller particles (smaller than 1 nm), and Ostwald ripening by
which particles grow at the expense of smaller particles. Previous studies'® ' 41 * have

shown that the size-dependent stability can be explained reasonably well by the Gibbs-

Thomson relation.

2.4 Conclusions

The particle size effect on the ORR of Pt NPs is important to the fundamental
understanding of the electrocatalysis process. By investigating a series of carbon-
supported Pt NPs, we demonstrate that ORR activity is independent on the particle size in
a range of particle size from 1.6+0.5 nm to 4.7£1.2 nm in both HCIO4 and H,SO4 with
ORR in H,S04 being significantly lower than that in HClIO4 due to strong (bi)sulfate
adsorption. UPS measurements show that the surface valence band structure of Pt NPs is
broadened and down-shifted compared to bulk material and XPS measurements illustrate
that the amount of Pt oxides including Pt(II) and Pt(IV) on Pt surface increases as particle
size increases. CVs demonstrate a weak size-dependent surface coverage by OH anion on
different sized Pt NPs, which is most likely caused by Pt clusters smaller than 0.5 nm in
pristine Pt samples. However, the coverage of oxygenated species on terrace sites are
probably comparable for all catalysts in this Pt NP size range, and the specific ORR
activity on majority terrace sites is much greater than those of minority under-coordinated
sites, which results in the size-independent specific ORR activities. On the contrary, the
instability of Pt NPs in acidic environment is found to strongly dependent on the particle

sizes due to the Gibbs-Thomson effect. It suggests that a balance has to be maintained in
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terms of decreasing particle sizes to obtain larger surface areas, thus a better overall
PEMFC performance while keeping a reasonable durability of the catalysts under

PEMFC operation.
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Chapter 3

Hydrogen Oxidation and Evolution Reaction Kinetics on Platinum:

Acid vs. Alkaline Electrolytes

3.1 Introduction

Fuel cells show promise to provide environmentally friendly energy conversion at
high efficiency and high power density. One of the major focus areas in proton exchange
membrane fuel cell (PEMFC) research is the oxygen reduction reaction (ORR) on the
cathode, because the slow ORR kinetics are responsible for more than 50% of the overall
cell voltage loss during PEMFC operation.l'3 Thus, even on platinum (Pt), the most
active ORR catalyst in PEMFCs, the ORR overpotential is typically on the order of 300
to 400 mV*, consistent with the very low ORR exchange current density of only
~10® A/cm?®p, at 80 °C°. The same applies to the ORR in alkaline electrolytes, where Pt
has similar ORR activity as in acid.% 7, and again is among the most active catalysts8
(including catalysts” '© with active sites composed of nitrogen-coordinated iron and/or
cobalt displaying ORR activities comparable to Pt). This suggests that the ORR
overpotential loss in alkaline fuel cells (AFCs) or alkaline membrane fuel cells (AMFCs)
is very similar to that in PEMFCs, i.e., that the cathode overpotential loss still remains the
major factor limiting the overall energy conversion efficiency and performance of

AFCs'! and AMFCs'®.
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In contrast to the slow ORR Kkinetics, the kinetics of the hydrogen oxidation
reaction (HOR) on Pt anode catalysts in a PEMFC are so fast that the cell voltage losses
at the anode are negligible even for very low Pt loadings (<5 mV at anode Pt loadings of
0.05 mgpt/cmzelectmdelz). As a matter of fact, due to the very high HOR exchange current
density, iy, on Pt in acid electrolytes, its quantification is experimentally difficult, leading
to a wide range of experimentally reported values in acid electrolytes at room
temperature. For example, HOR exchange current densities measured by the rotating
disk electrode (RDE) technique are reported to be on the order of ~1 mA/cm?p on poly-
crystalline Pt"3, Pt single-crystals”, and carbon supported Pt (Pt/C)"*. On the other hand,
much larger values of 24 to 50 mA/cm’p have been obtained by micro-electrode studies
on Pt/C'¢ and poly-crystalline Pt' or by Pt/C based gas-diffusion electrodes'®. Moreover,
the observed Hy/air PEMFC performance independence of Pt anode loadings (varied
between 0.4 and 0.05 mgpt/cmzelecmde), could only be rationalized by assuming very high
HOR exchange current densities'®, and subsequent kinetic measurements in PEMFCs at
80 °C indeed yielded iy values of 400+200 mA/cm’p'?. This ambiguity in the
measurement of the HOR/HER kinetics in acid can be related to the fact that it is
experimentally very challenging to eliminate hydrogen mass-transport resistances in RDE
measurements. For example, if one were to assume that the HOR/HER exchange current
density were ten-fold larger than the diffusion-limited HOR current density
(*3.5 mA/cm’gigy at typical maximum rotation rates of 3600 rpm'*), the quantification of

kinetic constants for the HOR/HER would not be possible.

As micro-electrode studies on poly-crystalline Pt actually suggest two orders of

magnitude lower HOR/HER exchange current densities in alkaline compared to acidic
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e:lectrolytes,17 RDE measurements may allow the quantification of HOR/HER kinetics in
KOH. Previous RDE measurements of the HOR/HER kinetics in alkaline electrolytes on

Pt single-crystals have yielded exchange current densities on the order of ~1 mA/cm’p. 2"

2l However, neither HOR/HER exchange current densities nor reaction mechanism
details have been reported for industrially relevant carbon supported Pt catalyst (Pt/C)
catalysts in alkaline electrolyte. If they were on the order of only 1 mA/cm’p, it would
imply that the anode overpotential losses in AFCs/AMFCs would be substantial,

prohibiting the use of ultra-low anode Pt loadings which have been demonstrated

successfully in PEMFCs (0.05 mgpt/cmzelectmdelz).

In this study, we investigate the HOR/HER kinetics on polycrystalline Pt (Pt(pc))
and Pt/C at different temperatures using RDE measurements combined with in-situ
uncompensated solution resistance measurements (i.e., iR-correction term via AC
impedance). In addition, the temperature-dependent HOR/HER exchange current
densities can be well modeled using the Butler-Volmer equation, from which the
mechanism of the HOR in alkaline solution is discussed. Moreover, comparative
measurements illustrate that the HOR/HER kinetics in acid electrolyte is orders of
magnitude faster, which cannot be quantified by RDE measurements due to the Nernstian

1722 Pyrthermore, we contrast ORR

diffusion overpotential as suggested previously.
activity of Pt(pc) and Pt/C in alkaline with acid, after which the performance of

AFCs/AMFCs and PEMFCs using Pt/C at the anode and cathode is compared.
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3.2 Experimental

3.2.1 Electrode Preparation

Thin film electrodes of high surface area carbon supported Pt catalyst were made
with 46 (wt)% Pt (Pt/C) supplied by Tanaka Kikinzoku International Inc. (TKK)
following previous studies.” 2* The average Pt nanoparticle (NP) diameter of the Pt/C
determined by transmission electron microscopy (TEM) was 2.0+0.6 nm based on at least
200 particle counts. Aqueous suspensions of Pt/C of ~0.15 mg/mL were obtained by
dispersing the catalyst in de-ionized water (18.2 MQ-cm, Millipore) using ultrasonication
of the suspension in an ice-bath. 20 uL. of the Pt/C catalyst water suspension were
deposited on a glassy carbon electrode (GCE) disk (5 mm diameter, Pine Instruments)
which was polished with 0.05 micron alumina (Buehler), and dried in air at room
temperature, resulting in a Pt loading of ~7.0 pugp/cm® on GCE. The polycrystalline Pt
disk electrode (5 mm diameter, Pine Instruments) was also polished with 0.05 micron

alumina and was cleaned by ultrasonication in de-ionized water.

3.2.2 Modification of the Reference Electrode

It is well known that glass corrodes in alkaline solution and the arising
contaminants (lead and silica) can significantly influence the ORR and the HOR/HER
activity of Pt electrodes.”>*® To minimize contamination from the gradual dissolution of
glass, fresh alkaline electrolyte was prepared for each electrochemical measurement at
each temperature, and all electrochemical data were collected within 30 minutes. More

importantly, we also modified the Luggin capillary, replacing the highly KOH-soluble
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vycor glass tip of the Luggin capillary with a 50 um thick Nafion® film, analogous to
what was shown previously*’. Short exposure time and modification of the Luggin
capillary tip eliminated contamination; consequently, as will be shown later, the
HOR/HER and ORR activities obtained in our study are equal to those reported for

measurements in a Teflon® cell.

3.2.3 Electrochemical Measurements

The electrochemical measurements were carried out in a jacketed glass cell (Pine
Instruments), connected to a circulating temperature-controlled water bath (Thermo
Electron Corp.). As prepared Pt/C thin film electrodes or a polycrystalline Pt disk were
mounted onto a rotator (Pine Instruments) and immersed into 0.1 M potassium hydroxide
(99.99% purity, Sigma Aldrich) solution. A Pt wire served as the counter electrode and a
saturated calomel electrode (SCE, Analytical Sensor, Inc.), immersed into the Nafion®
film modified Luggin capillary filled with 0.1 M KOH was used as the reference
electrode. However, all potentials reported in this paper are referenced to the reversible
hydrogen electrode (RHE) potential, calibrated in the same electrolyte by measuring
HOR/HER currents on the Pt RDE, whereby the potential at zero current corresponds to
0 V vs. RHE. After the electrolyte was saturated with argon, the cyclic voltammogram at
294 K was recorded between ~0.08 and ~1.0 V vs. RHE at a scan rate of 50 mV/s after it

reached steady-state.

The HOR/HER rates were measured using rotating disk electrode measurements.
After the electrolyte was saturated with pure hydrogen, polarization curves were recorded

between ~ -0.08 and ~1.0 V vs. RHE at a sweep rate of 10 mV/s and rotation rates of 400,
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900, 1600 and 2500 rpm. Freshly prepared 0.1 M KOH electrolyte was used for each
measurement at each temperature as described above. Exchange current densities, iy, of
the HOR/HER were obtained by fitting the experimental data to the Butler-Volmer
equation. The HOR/HER was also measured on Pt(pc) in Hj-saturated 0.1 M HCIO4

(70%, GFS Chemicals Inc.) using the same method and the same experimental conditions.

After measurements of the HOR/HER at 294 K, the ORR Kkinetics were also
measured on Pt(pc) and Pt/C in O,-saturated 0.1 M KOH at 1600 rpm and 10 mV/s. The

kinetic current at 0.9 V vs. RHE was calculated based on the Levich equation:

11 1 1 1
+

3.1
i i, i, i Bc" B-11

The kinetic currents were then normalized to the electrochemical surface area to obtain

the specific activity and, in case of Pt/C also to the Pt mass to obtain the mass activity.

3.2.4 Impedance Measurements

The cell resistance was measured immediately after RDE measurements using
VoltaMaster (Voltlab), taking the AC impedance spectra from 32 KHz to 0.1 KHz and a
voltage perturbation of 10 mV. The real part of the resistance at 1 kHz was taken as the
cell resistance and used to obtain the iR-free potential of the working electrode. The
solution resistances at 275 K at 314 K measured were 65 and 35 Q, respectively. These
rather high non-compensated solution resistances in the relatively conductive 0.1 M KOH
are due to the highly skewed potential distribution in the vicinity of the rotating disk
electrode surface®®, with half of the potential drop in the electrolyte phase occurring at a

distance of only a disk radius from the disk surface.
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3.3 Results

3.3.1 Measurements of HOR/HER Kkinetics of Polycrystalline Pt

The cyclic voltammogram of a polycrystalline Pt disk in 0.1 M KOH, Figure 3.1,
shows the typical Pt-H underpotential deposition region (0.08 — 0.5 V), double layer
region (0.5 — 0.6 V), and Pt-oxide region (above 0.6 V), similar to that reported
previously.29 The Pt-H peaks at ~0.3 V and ~0.4 V can be attributed to the Pt-H
interaction on Pt (110) and Pt (100) planes, respectively, based on the cyclic
voltammograms of Pt single crystal surfaces in 0.1 M KOH.?* 2! To determine the Pt
surface area, the positive potential window was restricted to 0.6 V in order to eliminate
the interference from Pt oxide reduction in quantifying the double-layer contribution to
the H-adsorption/desorption region. The Pt surface area was then obtained by integrating
the H-adsorption/desorption region, subtracting the double-layer charging currents,
dividing the resulting coulombic charge by two and 210 p.C/szpt.B +2% The thus obtained
roughness factor of the Pt(pc) disk from four independent experiments, which was

defined as ESA/areagisc, was ~1.610.2 cmzpt/cmzdisk.
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Figure 3.1. Cyclic voltammograms of Pt(pc) at 294+1.5 K in Ar-saturated 0.1 M KOH
at 50 mV/s with two different positive potential limits. The current density is referenced
to the actual Pt surface area.

Figure 3.2a shows the HOR/HER polarization curves on Pt(pc) in 0.1 M KOH at
204 K as a function of rotation rate, with well-defined hydrogen mass transport controlled
(limiting) current densities occurring at potentials above 0.2 V/RHE. They scale linearly
with the inverse of the square root of the rotation rate as shown by the Koutecky-Levich
plot constructed at 0.5 V/RHE (see inset of Figure 3.2a), yielding a zero y-axis intercept
and a Bcy value (see Eq. 3.1) of 0.0664 mA/(cmzdiSk-rme'S). The limiting current density
of 3.31 mA/cm’gig at 2500 rpm is in excellent agreement with the value obtained in a
Teflon® cell®®, where it was shown that impurities derived from KOH-induced glass
corrosion would lead to substantially lower limiting current densities. In addition, our
measured HOR half wave potential of 0.065 V/RHE on Pt(pc) at 2500 rpm and 294 K

(Figure 3.2a) is actually slightly higher than that of 0.08 V/RHE obtained in a Teflon®
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cell?® at essentially the same conditions. The identical diffusion limited current densities
and the slightly higher HOR activity in our study compared to the data reported for

1?6 clearly proves that there is no contamination by glass

measurements in a Teflon® cel
corrosion products in our experiments, which was accomplished by the short exposure

time and the elimination of the vycor frit from the Luggin capillary.
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Figure 3.2. (a) HOR/HER polarization curves (positive-going scans) on Pt(pc) at
different rotation rates at 294 +1.5K. The inset shows a Koutecky-Levich plot at
0.5 V/RHE. (b) HOR/HER polarization curves on Pt(pc) at 1600 rpm at different
temperatures (positive-going scans). The data were collected in H,-saturated 0.1 M KOH
at 10 mV/s.
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The temperature dependence of the HOR limiting current densities is shown in
Figure 3.2b, illustrating the previously reported observation of decreasing HOR limited
current densities with decreasing temperatures. The limiting current of 2.14 mA/cm’ g
at 275 K and 1600 rpm in Figure 3.2b is in good agreement with that reported for Pt(hkl)

single crystals at 275 K.%°

The HOR/HER Kkinetic current densities, i , on Pt(pc) are shown as a grey solid
line in Figures 3.3a (at 275 K) and 3.3b (at 314 K), which were obtained from correcting
the polarization curves by the measured iR resistance and the hydrogen mass transport in
the HOR branch (Eq. 3.1). The voltage corrections associated with the iR resistances can
be quite substantial at the higher end of the current density scale, amounting to, for
example, 25 mV (275 K) and 12 mV (314 K) at 2 mA/cm2disk, as shown in the insets in
Figure 3.3a and 3.3b. Following the iR-correction, the HOR/HER kinetic current
densities were obtained by hydrogen mass transport resistance correction for the HOR
branch using the Levich equation (Eq. 3.1). Only data below 80% of the HOR diffusion
limited current density were used in order to minimize errors in the analysis, which can
become substantial as the measured current approaches the mass transport limited current.
Since hydrogen oversaturation and bubble formation can introduce mass transport
resistances for the HER at high current densities, only data with HER current densities
equal to or lower than -2 mA/cm? g Were used, where no bubble formation was observed
and where the measured current was rotation rate independent (between 900 and
2500 rpm). The thus obtained HOR/HER kinetic current densities, i, on Pt(pc) were then

plotted in Figure 3.3 (grey solid line) at 275 K (a) and 314 K (b).
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Figure 3.3. HOR/HER measured kinetic current densities (grey solid line) on Pt(pc) in
0.1 M KOH at 10 mV/s and their fit to the Butler-Volmer equation (see Eq. 3.2) with
a =0.5 (dashed black line): (a) at 275 K; (b) at 314 K. The HOR/HER Kkinetic current
densities were obtained from iR-corrected polarization curves and are corrected for
hydrogen mass transport in the HOR branch using Eq. 3.1. The corresponding insets
show the HOR/HER polarization curves before (solid black line) and after (dashed red

line) iR correction.

The HOR/HER exchange current densities, iy, on Pt(pc) were extracted
subsequently by fitting the HOR/HER kinetic current densities to the Butler-Volmer

equation (dashed black line in Figures 3.3a and 3.3b) as a function of the HOR/HER

overpotential, 7,
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o, ~(-a)F

where « represents the transfer coefficient, /' is the Faraday constant (96485 As/mol), R
is the universal gas constant (8.314 J/mol/K), and T is the temperature in Kelvin. In
fitting all the HOR/HER data in this study, « and iy were first set as variables, where we
found that the best fit was obtained for @=0.5. Therefore, the reported iy values herein
were obtained by setting a =0.5. It can be seen in Figure 3.3 that the simple Butler-
Volmer equation with « =0.5 perfectly fits the experimental HOR/HER kinetics on Pt(pc)
at both 275K and 314K, but equally good fits were obtained at intermediate
temperatures, corresponding to Tafel slopes defined as 75=2.303-RT/(aF) with values of
109 mV/dec at 275 K and 125 mV/dec at 314 K. The symmetry of the anodic (HOR) and
cathodic (HER) current densities with respect to the reversible potential suggests that the
HOR and HER have the same reaction mechanism and intermediates, which will be
discussed in more details later. It should be noted that the above determined potential-
independent Tafel slopes of ~120 mV/dec disagree with the variable Tafel slopes ranging
from ~50 mV/dec to ~150 mV/dec at low and high overpotentials, respectively, reported
for the HOR/HER on Pt(hkl) in 0.1 M KOH.?*?' However, the origin of this discrepancy
is simply a misinterpretation of the definition of the Tafel slope, since the latter can only
be obtained from a plot of log (ix) vs. 7 only if 7 is significantly larger in value than
roughly one half of the Tafel slope®, so that the fitting of a Tafel slope to the low

20.21 45 incorrect. Consequently, only their reported

overpotential region in these studies
value of ~150 mV/dec at high overpotentials is determined correctly and, is reasonably

close to the Tafel slope obtained in our work.
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Based on fitting at least three independent datasets at each temperature, specific
HOR/HER exchange current densities of Pt (pc), normalized to the Pt ESA, are
0.2540.01, 0.69+0.01 and 1.26=0.30 mA/cm?p, at 275, 294, and 314 K, respectively. At
294 K, our value of 0.69 mA/cm>p (listed in Table 3.1) is larger than the ~0.1 mA/cm’p,
reported for Pt(pc) in 0.5 M NaOH'” and for Pt(110), which was the most active surface
for the HOR/HER amongst the three low-index Pt single-crystal faces reported in an
early study*!. The origin of this discrepancy is likely caused by both the lack of iR-
correction in these studies and electrolyte contamination effects, which is supported by
the fact that the more recently measured HOR/HER specific exchange current density on
Pt(110) at 293 K of 0.6 mA/cm?p’ is much larger and comparable to our value on Pt(pc)
(note that the exchange current density given in the reference®® must be multiplied by a
factor of two in order to be consistent with the definition used in Eq. 3.2 here). In
addition, the activation energy of the HOR/HER on Pt(pc) was obtained by plotting iy
versus I/T, where a linear relationship was found between 275 and 314K. A
representative data set is shown in Figure 3.4. Based on four independent sets of repeat
measurements, the HOR/HER activation energy, E,, on Pt(pc) was determined to be
28.9+4.3 kJ/mol, which is listed in Table 3.1. This value is in reasonably good agreement

with 23 kJ/mol obtained for Pt(110) in the same electrolyte.2°
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Table 3.1. Average HOR/HER exchange current densities (ig) and mass activity (ipm) at
294+ 1.5K for Pt(pc) and Pt/C in 0.1 M KOH. Activation energies (E,) were obtained
by fitting the data between 275+1.5 K and 314+1.5 K (see Figure 3.4). Data were iR-
and mass-transport corrected as described in the text.

io, 204 k (MA/cm’py) io,m, 204k (A/mgpy) E,4 (kJ/mol)
Pt(pc) 0.6940.03 (4") . 28.9+4.3 (4)
Pt/C 0.57+0.07 (2 0.3540.05 (2" 29.5+4.0 (2")

Notes: # indicates number of independent repeat experiments.
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Figure 3.4. Representative Arrhenius plots of the HOR/HER exchange current densities
on Pt(pc) (black squares) and Pt/C (red circles) in 0.1 M KOH. The calculated

HOR/HER activation energies, E,, are 28.9+4.3 kJ/mol for Pt(pc) and 29.5£4.0 kJ/mol
for Pt/C based on four and two sets of repeat measurements, respectively.

3.3.2 Measurements of HOR/HER kinetics of Pt/C

The same HOR/HER electrochemical measurements as on Pt(pc) were made on
Pt/C. Figure 3.5 depicts the cyclic voltammograms of Pt/C in 0.1 M KOH at 294 K and

50 mV/s, where current was normalized to the true Pt surface area. The observed
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features resemble those of Pt(pc) except that it has higher currents in the double-layer
region due to the capacitive contribution from the high surface area carbon support.
Using the double-layer-corrected Pt-H underpotential deposition region, the si)eciﬁc
surface area of Pt/C was determined to be 62 mzlgpt, corresponding to a roughness factor

of 4.3 cm’p/cm’gisk for thin-film RDE electrodesrof Pt/C.

Pt/C, 294 K

0.1 M KOH, Ar, 50mV/s "

1 'l 1 " [

0.0 - 0.2 . 0?4 . 0.6 0.8 1.0
E (V/RHE)

Figure 3.5. Cyclic voltammograms of Pt/C at 294+ 1.5 K in Ar-saturated 0.1 M KOH at
50mV/s with two different positive potential limits. The current density is referenced to
the actual Pt surface area.

HOR/HER kinetic current densities of Pt/C RDE electrodes are shown in
Figure 3.6 and were extracted from HOR/HER polarization curves following processes
analogous to what was used for Pt(pc) in Figure 3.3. It should be pointed out that the
hydrogen transport limited current densities on Pt/C RDE electrodes (not shown) were
within 10% of those shown for Pt(pc) in Figure 3.2. The fitting of the HOR/HER Kkinetic

current densities using the Butler-Volmer equation with & =0.5 was excellent, from

87



which the exchange current density iy was obtained. The experimentally extracted and
fitted kinetic current densities at 275 K and 304 K are shown in Figure 3.6 as examples
while fits at intermediate temperatures (data not shown) are equally good. The specific
exchange current density of the HOR/HER on Pt/C at 294 K was found to be
0.57+0.07 mA/cm’p, which is comparable to that obtained on Pt(pc) (see Table 3.1).
Normalized to Pt mass, the mass exchange current density of Pt/C is 0.35+0.05 A/mgp;.
A representative Arrhenius plot of iy on Pt/C versus /T ranging from 275 to 304 K is
shown in Figure 3.4. Based on two independent repeat measurements, Pt/C has a
HOR/HER activation energy of 29.5+4.0 kJ/mol, which is essentially identical to that on

Pt(pc) (see Table 3.1) considering experimental uncertainty.

88



P ——— . .
10 i
§ (a) 275K =
Ng‘% 18 .Z..J
k ~ 2} '
E 0.1 A "Eg—;-
= § i
— > ol
= 001} e :
& 101 00 01 0.2 03 0.4 05 3
- E (V/RHE) :
[ | I
°F (b) 304 K// -
~ 1 1% s .
v e el BE ek 7
NE'a 4 at
[ g |
o i [} 1_-3 i
E 0.1 4+ E %
~ : E af
:—_:( T at
— 0.01 - e AP - T N
~[01 00 01 0Z 03104 05 1
: E(VRHE) 1
. 2 A i " i F
-0.05 0.00 0.05 0.10 0.15
E (V/RHE)

Figure 3.6. HOR/HER measured kinetic current densities (grey solid line) on Pt/C in
0.1 M KOH at 10 mV/s and their fit to the Butler-Volmer equation (see Eq. 3.2) with
a =0.5 (dashed black line): (a) at 275 K; (b) at 314 K. The HOR/HER Kkinetic current
densities were obtained from iR-corrected polarization curves and are corrected for
hydrogen mass transport in the HOR branch using Eq. 3.1. The corresponding insets
show the HOR/HER polarization curves before (solid black line) and after (dashed red

line) iR correction.

The essentially identical specific exchange current densities, activation energies,
and transfer coefficients for the HOR/HER on Pt(pc) and on Pt/C, and it is hypothesized
that there is no significant Pt particle-size effect for the HOR/HER in 0.1 M KOH.
Considering the roughly 10-fold lower specific exchange current densities reported for

Pt(111) compared to Pt(1 10)%°, future studies on Pt nanoparticles of different shapes are
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needed to examine this hypothesis further. To our knowledge, the HOR/HER kinetics on
Pt/C in alkaline electrolytes have never been reported before, and this is the first

comparison of the HOR/HER kinetics of polycrystalline Pt with that of Pt nanoparticles.

3.4 Discussion

3.4.1 Comparing HOR/HER Kkinetic data with proposed mechanisms in_alkaline

electrolyte

Due to the experimental difficulties of measuring the kinetic reaction rates of very
fast reactions, the HOR/HER mechanism on Pt still remains inconclusive and under
active investigation. This is particularly true for HOR/HER in acid as some authors
argue that the rate of the HOR/HER is so high that conventional RDE measurements
cannot provide sufficiently high hydrogen mass-transport rates, which would be required
to unambiguously quantify kinetic rates of the HOR/HER'> ! (this will be discussed in

more detail below).

Nevertheless, it is widely accepted that the HOR/HER proceeds through a
combination of several of the following elementary steps: the dissociative adsorption of
H, without electron transfer (Tafel reaction, see Eq. 3.3) or with simultaneous electron

transfer (Heyrovsky reaction, Eq. 3.4) and the discharge of adsorbed hydrogen, Haq,

(Volmer reaction, Eq. 3.5), whereby * represents an adsorption site on Pt
Tafel: H,+2*<2H, [3.3]
Heyrovsky: H,+*o H_ ,+H" +e [3.4]
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Volmer: H,o*+H +e [3.5]

While the Heyrovsky and Volmer reactions as written above apply for the HOR/HER in
acidic electrolytes, they can also be written for the reactions occurring in alkaline

solution:’!

Heyrovsky: H,+OH +* H_,+H,0+e [3.6]
Volmer: H,+OH &*+H,O+e” [3.7]

The possible HOR/HER mechanisms based on these three elementary reactions
are thus the Tafel-Volmer (Egs.3.3+3.5 or 3.3+3.7) or the Heyrovsky-Volmer
(Egs. 3.4+3.5 or 3.6+3.7) reaction sequence. The most simple kinetic HOR/HER models
assume that one of the reactions in each of the two reaction sequences are rate-

31, 33

determining steps (rds), which leads to four limiting cases: Tafel-Volmer(rds),

Heyrovsky-Volmer(rds), Heyrovsky(rds)-Volmer, and Tafel(rds)-Volmer.

In the following we review and discuss the kinetic HOR/HER expressions for the
first two cases (Volmer reaction being rds) in alkaline solution, which was first derived
by Vetter.! The anodic reaction rate of Eq. 3.7 is proportional to the surface coverage of

Hag, 6, , and the activity of OH while the cathodic reaction rate is proportional to the
coverage of unoccupied surface sites, 1 -6, , as well as the activity of H>0. Using the

Butler-Volmer equation (Eq. 3.2) to describe this elementary reaction step, the kinetic

expression can be written as:

—(l—a)Fg

RT V:l [3.8]

. aF
i, =k,0ya,,. exp[—ﬁs,,] —k_(1-64 )ay o exp{
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where ¢, represents the half-cell potential across the solid/liquid interface measured
against an arbitrary reference electrode. At the reversible potential of the Volmer

reaction, &,,, Eq. 3.8 can be re-written as:

~(-a)F

7T sw} [3.9]

. aF
iy =k.Oga,, exp[ﬁ go),,} =k (1-0y)ay, explz

where iy y is the exchange current density of the Volmer reaction. Dividing Eq. 3.8 by

Eq. 3.9 yields:

1-6, {—(l—a)F

1_913 RT (5'_30,V):|} [3.10]

R N aF
L =hy {'é%" eXp[ﬁ (- Eoy )} -
H

In the assumed case that the Volmer reaction is the rds and (& — &, ) corresponds to the
overpotential, 77, of overall HOR/HER. Furthermore, if the HOR/HER kinetics are
measured in a reasonably narrow potential range (e.g., from -0.075 to +0.15 V in our
study), the variation in 8y is small (i.e., 8, ~8;). To a first approximation, the terms

,/6> and (1-6, )/(1-85) can be approximated to be one, as the potential-

dependence of the exponential terms influence kinetic current densities much more

strongly. Thus, Eq. 3.10 can be approximated as:

iy =iy, {exp[;—‘; n} - exp[i;ﬁf— n}} [3.11]

Formally, Eq. 3.11 is equivalent to the Butler-Volmer equation (Eq. 3.2), which was used
to fit the HOR/HER Kkinetic current densities in our study, providing an excellent fit with

all the experimental data (see Figures 3.3 and 3.6).
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An analogous derivation assuming the Heyrovsky reaction to be the rds is given
in Reference’, yielding the same expression as Eq.3.11 in the limit that 6, ~ 6, .

Therefore, the Butler-Volmer equation given by Eq. 3.11 will describe the HOR/HER
kinetics in the vicinity of the HOR/HER equilibrium potential for three of the four
limiting cases, ie., for the Tafel-Volmer(rds), Heyrovsky-Volmer(rds), and
Heyrovsky(rds)-Volmer mechanisms>"*® A very different kinetic expression is obtained

31, 33

only for the Tafel(rds)-Volmer mechanism™ >, so that it can be excluded as possible

HOR/HER mechanism in alkaline electrolytes on the basis of our measurements.

In recent density functional theory (DFT) calculations, a Tafel-Volmer
mechanism was assumed and successfully described the HER activity trends of a wide
range of metal catalysts in acid electrolyte.** It should be noted this and later DFT*
calculations nominally evaluated for pH zero, should apply equally to alkaline pH, as
long as the potential scale is referenced to RHE. In the later DFT study by the same
group on the HER mechanism on Pt(11 1), however, it was concluded that the activation
barrier at zero overpotential of the Volmer reaction (~0.15 eV) is substantially lower than
that of the Tafel (~0.8 eV) and Heyrovsky (~0.6 eV) reactions, suggesting that either one
or both of the latter reactions would be rds. The calculated transfer coefficients for the
Tafel and Heyrovsky reactions were a=0.64 and o =0.45, respectively.32 One major
discrepancy between experimental data and their DFT calculations noted by the authors is
the fact that the calculated activation barriers (0.6 to 0.8 eV) are so much larger than the
experimentally reported activation energies on Pt(hkl) in acid electrolytes (<0.2 eV
measured via RDE. As will be argued below, meaningful HOR/HER Kkinetics in acid

electrolyte cannot be obtained by RDE measurements, so that these experimental

93



activation energies are not meaningful. On the other hand, experimental RDE-based
activation energies in 0.1 M KOH, where the HOR/HER kinetics are slow should be
reliable and, indeed, the value of ~0.5 eV on Pt(111) in 0.1 M KOH reported by Schmidt
et al?® is quite comparable with the DFT-based values considering the expected
uncertainties of the latter. If one were to assume that the basic learnings from the DFT
model*? are correct, i.e, that the Volmer reaction would have the lowest activation barrier
and that the Heyrovsky reaction would have a transfer coefficient of &=0.45, our
experimental observation that the HOR/HER on Pt in 0.1 M KOH can be described by a
simple Butler-Volmer equation with « =0.5, would favor the Heyrovsky(rds)-Volmer
mechanism. However, this hypothesis is very tentative. Further experimental studies on
the effect of pH and the partial pressure of H, on the HOR/HER kinetics should be

carried out to explore its mechanism in more detail.

3.4.2 Comparing HOR/HER Kkinetics in Acid with Alkaline Electrolyte

Although HOR/HER kinetics on Pt in alkaline can be measured accurately from
conventional RDE measurements with iR correction, we here compare HOR/HER
kinetics in acid and alkaline, and show that the HOR/HER kinetics on Pt in acid cannot
be separated from the hydrogen diffusion overpotential in RDE measurements due to the
very fast reaction rate. To illustrate this point, we conducted RDE measurements of the
HOR/HER on Pt(pc) in 0.1 M HCIOs, including appropriate correction of the non-
compensated solution resistance measured by AC impedance. Figure 3.7a shows the
polarization curve of the HOR/HER on the Pt(pc) electrode at 1600 rpm and 294 K

before (solid black line) and after (dotted red line) iR correction, and the Koutecky-
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Levich plot demonstrates that hydrogen mass transport limited current densities are
obtained at already 0.1 V/RHE. The dashed black line represents the calculated

Nernstian diffusion overpotential, 7apsion, assuming ideal reversibility of the HOR/HER,

i.e, infinitely fast reaction kinetics:">*'

ﬂdtﬁ%ston = -R_Tln(l - _l—] [3 12]

where i_ is the hydrogen diffusion limited current density. Clearly, after iR correction,

the experimental current densities of the HOR/HER are indistinguishable from the
Nernstian diffusion overpotential and since the latter assumes infinitely fast reaction
kinetics, it is clear that it is not reasonable to attempt to extract kinetic rates for the
HOR/HER on Pt in acid using the RDE method, consistent with previous conclusions.”
Consequently, the several orders of magnitude lower HOR/HER exchange current

density values from RDE measurements (0.1 to 1 mA/cm’p> ' *) compared to those

16,17 12,18

obtained from micro-electrode or gas-diffusion electrode measurements is caused
both by the rather low hydrogen diffusion limited current densities in the RDE
configuration (on the order of several mA/cm?4ig) as well as by the lack of iR-correction.
In other words, kinetic currents cannot be measured with reasonable precision if the
exchange current density is one or two orders of magnitude larger than the diffusion
limited current density. Consequently, many RDE-based studies on the HOR/HER on Pt

in acid electrolyte report Tafel slope values in the vicinity of 7.5=2.303-RT J2F)'* %,

which simply reflects the apparent Tafel slope of the Nernstian diffusion overpotential
(Eq. 3.12). Finally, it should be mentioned that, based on RDE and micro-electrode data

36

for the HOR on Pt in acid electrolytes, Wang et al.”” recently developed a complex
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kinetic model which suggests that the HOR proceeds through parallel Heyrovsky-Volmer
and Tafel-Volmer mechanisms. However, considering the difficulty of extracting HOR
kinetics on Pt in acid electrolyte from RDE measurements, the complexity of the model is

perhaps not warranted by the uncertainties associated with available electrochemical data.

On the other hand, the iR-corrected polarization curve of the HOR/HER on Pt(pc)
in 0.1 M KOH under the same experimental conditions deviates substantially from the
Nernstian diffusion overpotential, as demonstrated in Figure 3.7b. This is caused by the
much slower HOR/HER kinetics on Pt in KOH, so that the diffusion-limited current
density is only reached at ~ 0.25 V/RHE (note that the diffusion limited current densities
are essentially the same in both 0.1 M KOH and 0.1 M HCIOy4). Since the difference
between the Nernstian diffusion overpotential relationship and the experimental data in
KOH is very large, kinetic parameters for the HOR/HER can be extracted easily without
interference from mass transport resistances. As was shown, this is not the case in acidic
electrolyte (see Figure 3.7a), which is the reason why reliable HOR/HER Kkinetics on Pt
with the RDE method can be obtained in alkaline but not in acid electrolytes. The fact
that the HOR/HER kinetics on Pt are slower in alkaline compared to acid electrolyte was
noted before”, but, its cause remains unclear and, as discussed, is not captured in recent
DFT models of the HER®. Recent theoretical calculations® > about the HOR in acid and
alkaline solution suggest that the bond distance between Pt surface atoms and Hag
intermediates is shorter in alkaline than in acid electrolyte, which would imply a stronger
Pt-H binding energy in alkaline electrolyte, which in principle could result in lower

HOR/HER kinetics™.
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Figure 3.7. (a) HOR/HER polarization curve on Pt(pc) in 0.1 M HCIO4 at 1600 rpm
before (Erpe, solid black line) and after (Eig.fee, dotted red line) iR-correction. The inset
is the Koutecky-Levich plot obtained at £=0.1 V/RHE for the HOR at different rotation
rates. (b) HOR/HER polarization curve on Pt(pc) in 0.1 M KOH at 1600 rpm before
(Erpe, solid black line) and after (Eigpe., dotted red line) iR-correction; the dashed black
line is the Nernstian diffusion overpotential calculated according to Eq. 3.12. The data
are shown for the positive-going scans at 10 mV/s at a temperature of 294+ 1.5 K. Note
that the x-axis potential range in (b) is double of that in (a).

3.4.3 Predicted Performance of AFCS/AMFCs vs. PEMFECs using Pt/C

In this section, we estimate and compare the performance of AFCs and PEMFCs
using Pt/C on the anode and cathode. We first examine the implications of the slow
HOR/HER kinetics on Pt in alkaline electrolyte on the projected HOR overpotential in an

AFC/AMFC using a Pt/C anode catalyst. In order to obtain the HOR/HER exchange
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current density at the typical fuel cell temperature of 80 °C, we extrapolated our
experimental ig-values to 80 °C using the Arrhenius plot, as shown in Figure 3.8a. Quite
clearly, the estimated specific exchange current density in alkaline electrolyte on Pt/C is
at least two orders of magnitude lower than that reported for PEMFCs."? In order to
predict the fuel cell relevant Pt mass activity in KOH as a function of overpotential, we
then used the Butler-Volmer equation (Eq. 3.2) in combination with the specific surface
area either of our 46%wt. Pt/C catalyst (62 m2/gpt) or of the 5%wt. Pt/C catalyst tested in
PEMFCs (92 m?/gp)."? The resulting polarization curves in KOH are compared to that
measured in PEMFCs,'? which is shown in Figure 3.8b.  Considering an envisaged
anode catalyst loading of 0.05 mgpt/cmzanode and an operating current density of
1.5 A/cmzanode, corresponding to a required mass activity of 30 A/mgp, Figure 3.8b
illustrates that one would expect a hydrogen anode overpotential in an AFC/AMFC of
130 to 150 mV depending on the specific Pt surface area. This is in stark contrast to the
negligibly small anode overpotential under the same conditions measured in a PEMFC.
This projection clearly emphasizes that ultra-low Pt anode loadings are not feasible in
AFCs/AMFC:s (in contrast to PEMFCs) and that novel anode catalysts must be developed
for these applications which have either much higher mass activity for PGM-based

anodes or which are PGM-free.
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Figure 3.8. (a) HOR/HER specific exchange current dens1ty of Pt/C in a PEM fuel cell at
353 K and 101 kPags H; (solid circle, from reference’ ) compared to that obtained in
0.1 KOH in this study (solid squares) and extrapolated to 353 K (open square)
(b) Projected HOR overpotential vs. Pt mass activity in KOH based either on 62 m*/gp;
for the 46%wt. Pt/C catalyst used in thls study (black solid line) or on 92 m */gp, for the
5%wt. Pt/C catalyst used in reference'? (grey dashed line); this is compared w1th mass
activities measured on 5%wt. Pt/C in a PEMFC at 353 K (red line, from reference'?).
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Lastly we compare ORR kinetics of Pt/C in alkaline with that in acid, and discuss
the implication in the performance of AFCs/AMFCs relative to PEMFCs. As Pt
nanoparticles are shown to exhibit much lower ORR activity than Pt bulk surfaces in
acid® *°, we here examine the ORR specific activity of both Pt(pc) and Pt/C in 0.1 M
KOH at 294 K and 100 kPas,s O,. The activities at 0.9 V/RHE are summarized in
Table 3.2. The ORR activity of Pt(pc) is 0.95+0.25 mA/cm?’p, which is consistent with
the value of ~0.8 mA/cm?p; reported in a Teflon® cell*® (confirming our measurements of
ORR activity are free of glass-cell related contamination effects). Unlike HOR/HER
kinetics on Pt, the ORR specific activity of Pt/C is roughly two times lower than that of
Pt(pc) (see Table 3.2), indicating a Pt particle size effect on the ORR kinetics in alkaline.
The ORR specific activities of Pt/C and Pt(pc), and the mass activities of Pt/C in 0.1 M
KOH are identical to those in 0.1 M HCIO, within the experimental error*’ (see
Table 3.2). This is perhaps not surprising since the ORR rate-controlling formation of
adsorbed oxygen-containing species, OH,q4, occurs at essentially the same potential vs.
RHE in both electrolytes”. For practical applications, the identical ORR activities in
acid and base predict that the ORR overpotential on a Pt cathode in AFCs/AMFCs would
be the same as that of PEMFC under the same conditions (i.e., under the same mass

specific current density [A/gp], temperature, and oxygen partial pressure).
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Table 3.2. ORR specific activity (i509r) and mass activity (imo.or) at 0.9 V vs. RHE,
100 kPags O, and 294+1.5K in 0.1 M KOH and 0.1 M HCIO, for Pt(pc) and Pt/C.
Data were obtained from the positive-going scans at 10 mV/s and were iR- and mass-
transport corrected as described in the text.

I5,0.97, 294 k Im0.97,294K I5097V,294 K Im0.9V,294K
(mA/cm’p) (A/mgpy) (mA/cm’p) (A/mgpy)
in0.IMKOH in0.1MKOH | in0.l MHCIO, in0.1 M HCIO,
Pt(pc) 0.951+0.25(3) - 1.2740.43 25" .
PUC  0.42+0.01(2) 0262000127 | 045+0.02()"  03540.01 (5H"

Notes: # indicates number of independent repeat experiments.

3.5 Conclusions

Our RDE measurements show that the HOR/HER on Pt(pc) and Pt/C in alkaline
electrolyte have very comparable specific exchange current densities (showing no size
effect of HOR/HER on Pt) of ~0.6 mA/cm?p at 294 K, and activation energies of
~29 kJ/mol. In addition, based on the fact that the kinetics of the HOR/HER in our study
are very well described by the Butler-Volmer equation and considering recent DFT
findings®, it is hypothesized that the mechanism of the HOR/HER in KOH may go
though Heyrovsky-Volmer mechanism with the Heyrovsky step as the rate-determining
step.

Analogous RDE measurements of the HOR/HER on Pt(pc) in 0.1 M HCIO;4
clearly demonstrate that the HOR/HER current densities in acid solution simply follow
the Nerstian hydrogen diffusion overpotential relationship, which is based on assuming
reversible, i.e., infinitely fast HOR/HER kinetics. This implies that the HOR/HER
exchange current densities in acid electrolyte are one or more orders of magnitude larger
than the typical hydrogen diffusion limited current density, and can therefore not be

quantified in RDE measurements. This finding is consistent with the much higher

101



HOR/HER exchange current densities in measurements based on micro-electrode or gas
diffusion electrodes.

Our measurements and analysis suggests that the HOR/HER kinetics on Pt(pc)
and Pt/C is several orders of magnitude slower in alkaline compared to acid electrolyte.
Therefore, the use of Pt/C anode catalysts in AFCs/AMFCs would require high loadings,
and thus become a significant cost factor unlike in PEMFCs, where very low Pt anode
loadings are sufficient. On the other hand, the use of Pt/C cathode catalysts in
AFCs/AMFCs would result in comparable ORR potential losses as in PEMFCs, but other
non-noble metal based cathode catalysts are available for AMFCs/AFCs with ORR
activity comparable to Pt/C. Therefore, the development of highly efficient catalysts
towards HOR in alkaline electrolyte will be one of the critical challenges in order to

make alkaline fuel cells more practical.
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Chapter 4

Synthesis of Multi-walled Carbon Nanotube Supported Pt

Nanoparticles and their Electrocatalytic Activities and Durability

4.1 Introduction

Proton exchange membrane fuel cells (PEMFC), as the highly efficient and
environment-friendly energy conversion devices, have been showing great potential in
the applications for both stationary and transportation power supply'™. Screening high
quality catalysts in terms of activity and durability has been an urgent mission to
approach the theoretical efficiency of fuel cells, and to expedite the reactions at both
electrodes, especially the very sluggish oxygen reduction reaction (ORR) at the cathode.*
> Among all the metal candidates, platinum (Pt) and Pt-based alloys have shown the
highest activity for ORR® 7. These catalysts are usually nanoscale and supported on
carbon powders to maximize the overall surface area in a specified mass. However, a
notable “cathode-thinning” effect is often caused by carbon corrosion during the PEMFC
operation,s’ 9 which leads to a loss of the cathode void volume, thus influences the mass
transport, and eventually the overall cell performance. This effect can be ascribed to the
high cathode potential of 1.2 V ~ 1.5 V upon the start/stop during the PEMFC operation®
10 or under localized H, starvation condition.'"™™ Carbon corrosion rates significantly

increase at such high potentials''. It has been found that a carbon weight loss of 5%~8%
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will cause a serious current density loss of 20%~60% at 0.5V'*. Therefore, a more
electrochemically stable support material is desired to improve PEMFC performance.
One family of candidates is graphitic carbon materials such as carbon nanotubes
(CNTs)"®. CNTs have received extensive attention due to their unique structures, high
conductivities, high mechanical properties and electrochemical stability.'® These
excellent properties of CNTs compared to amorphous carbon have made them very
competitive as alternative support materials for fuel cell catalysts. To fabricate CNT
supported catalysts, several synthesis methods are typically utilized: 1): direct decoration
of pre-synthesized metal nanoparticles onto CNTs;'""!° 2): electrodeposition of dissolved
metal precursors in aqueous solution onto carbon nanotubes electrodes; " 3): chemical
reduction of metal precursors using a reducing reagent such as supercritical methanol,”
copper foil** or carbon nanotube itself;?> and 4): immobilizing metal precursor on CNTs
through electrostatic interaction followed by chemical reduction.®?® These methods
often lack technical controls for preventing agglomerations, narrowing particle size
distribution, and cleaning particle surfaces. In this study, we have employed the same

2628 je., using electrostatic interaction between positively

concept as in references,
charged CNT and negatively charge Pt salts to anchor Pt precursors onto multi-walled
CNTs (MWCNTSs) and subsequently the Pt precursor/MWCNTSs composite are heat-
treated in H, atmosphere as shown in Scheme 4.1. H; not only plays a role of reducing
agent but also facilitates removing of impurity and functional groups under a thermal

treatment. We present the evaluation of their activities for ORR and durability under

potential holding using high-surface-area carbon supported Pt NPs as reference. The
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results show that this fabrication approach is very straightforward and indicates the

application in the synthesis of a wide choice of metal/ MWCNTSs materials.

Scheme 4.1. Synthesis route of MWCNT supported Pt NPs.
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4.2 Experimental

4.2.1 Sample Preparation

pH effect on the loading of PtCl# on NH,-MWCNT: the amine functionalized
multi-walled carbon nanotubes (NH-MWCNTs) were prepared based on the method
reported previously”. One mg of dried NH,-MWCNTs was dispersed in 3.5 mL of de-
ionized water (18.2 MQecm, Millipore) of which pH was adjusted using chloric acid
(Sigma Aldrich). 0.5 mL of KthCL; solution was added into the NH,-MWCNT water
suspension while stirring and the final concentration of K,PtCls in the suspension was 5
mM. The mixture was kept stirring for overnight and the final pH was measured using pH

meter (AB15plus, Sisher Scientific Inc.). Subsequently, the PtCls> adsorbed MWCNT

109



powder was collected through nylon membrane filter and washed several times using de-
ionized water with the same pH.

Concentration effect of the PtCl42' on the loading of PtCl42' on NH-MWCNT:
One mg of dried NH,-MWCNTs was dispersed in 3.5 mL of de-ionized water. 0.5 mL of
K,PtCl, solution with different amount of K,PtCl, dissolved was added into the MWCNT
water suspension under stirring, resulting in the final concentration of K,PtCl4 ranging
from 0.1 mM to 10 mM. The suspension was kept stirring for overnight, and the final pH
was about 3.5. The PtCly® adsorbed MWCNTs were collected in the same manner as
mentioned above.

Heat-treatment of PtCl42' adsorbed MWCNT: PtCl42' adsorbed MWCNTSs made
from the suspension with a final pH of 3.5 and a final K,PtCls concentration of 5 mM
were treated in 4% hydrogen (H,) atmosphgre (balanced with argon) in a image furnace
(ULVAC/SINKU-RIKO, Inc.) at 200 °C, 300 °C, 400 °C, 500 °C or 600 °C for three

hours to generate MWCNT supported Pt nanoparticles.

4.2.2 Physical characterization of PtChz'/MWCNTs composite upon heat-treatment

X-ray photoemission spectroscopy measurements: the element analysis of PtCls>
/MWCNTs was done using X-ray photoemission spectroscopy (XPS) on a Kratos Axis
Ultra Spectrometer (Manchester, UK) with a monochromatized aluminum X-ray source
(Al Ka). High-resolution spectra were collected for quantitative analysis of element
composition of PtCL>*/MWCNTs. All spectra were calibrated with SP? hybridized
carbons of C 1s photoemission peak at 284.5 eV. The photoemission spectra were fitted

after a Shirley-type background subtraction. The relative sensitivity factors (RSF) values
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of 0.278 and 5.575 for C 1s and Pt 4f respectively, were used for the element
quantification, as supplied by the XPS manufacturer (Kratos Analytical).

High-resolution transmission electron microscopy measurements: The particle
size and size distribution of Pt NPss"MWCNTs prepared through the heat-treatment of
PtCl42'/MWCNT in 4% H, atmosphere at different temperature were made on JEOL
2010F high resolution transmission electron microscope (HRTEM) operated at 200k eV.
TEM samples were prepared by drop casting suspensions of the PYMWCNTs powder in
ethanol on TEM grids (Lacey carbon coated copper grids, EMS) and dried in air.

Thermal gravimetric analysis: The weight loss of PtCls> adsorbed MWCNTs
upon heat-treatment was made on (Netzsch STA 449 C, Exponent) in 2.5% H
atmosphere, balanced with Argon (Ar). The sweep rate was 5 °C/minute. Absolute

loading of Pt on MWCNTs was determined by burning off MWCNTSs in O, atmosphere.

4.2.3 Electrochemical characterization of Pt NPs'yMWCNTSs

Pt/MWCNTs electrode preparation: The PUMWCNTs electrodes were prepared
following our previous study’’ except that Nafion binder was not used in this work. First,
Pt/MWCNTs powder under different heat-treatment temperatures was dispersed in de-
jonized water (18.2 MQecm, Millipore) using ultrasonication in ice-bath, generating a
catalyst suspension of ~0.5 mg/mL. 20 uL of the suspension was deposited on the glassy
carbon electrode (GCE) (5 mm in diameter, Pine Instrument) which was pre-polished to
0.05 micron alumna and dried in air at room temperature.

Cyclic voltammetry: As prepared electrodes were mounted to a rotator (Pine

Instruments) as the working electrode and immersed into 0.1 M of perchloric acid
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(HCl1Oy), diluted from 70% HCIO4 (GFS Chemicals Inc.) with de-ionized water. A Pt
wire and a saturated calomel electrode (SCE, Analytical Sensor, Inc.) were used as the
counter electrode and the reference electrode respectively. However, the potentials
reported throughout this paper were referred to that of the reversible hydrogen electrode
(RHE), which was calibrated from the rotating disk electrode measurement of hydrogen
oxidation®®. After the electrolyte was bubbled with argon (Ar) for at least 20 minutes, the
working electrode was scanned between ~0.03 V and ~1.1 V vs. RHE at a sweep rate of
50 mV/s for ~60 cycles before reaching the steady state. The cyclic voltammograms were
then recorded at 50 mV/s and at the room temperature in the same potential window. The
electrochemical surface area (ESA) of Pt nanoparticles were calculated from the Pt-
hydrogen desorptions region between 0.05 V and ~0.4 V after double layer subtraction,
assuming an electrical charge density of 210 pC/cm’p for one monolayer adsorption of
hydrogen on Pt surface®".

Rotating disk electrode measurements of ORR activity: The oxygen reduction
reaction (ORR) activities on PUMWCNTs catalysts in 0.1 M HCIO4 were investigated
using the rotating disk electrode method. After the electrolyte was saturated with pure
oxygen (0O,), polarization curves were recorded between ~0.03 V and ~1.1 V vs. RHE at
a sweep rate of 10 mV/s and at room temperature. The rotation rates were 100, 400, 900,
and 1600 rpm. To eliminate the background contribution from CVs, the ORR polarization
curves were normalized by subtracting the corresponding CVs which were collected in
Ar-saturated 0.1 M HClO4 at the same sweep rate. The kinetic current i of ORR was
obtained after mass-transport correction, e.g. calculated based on the Levich equation

1 1 1 . I . .
- =—+—. Normalization of the kinetic current i; by the true electrochemical surface

R P S
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area (ESA) of Pt from CVs provided the specific activities is; and i; at 0.9 V vs. RHE was
used to compare the catalytic properties among the samples. The Koutecky-Levich plot

(1.05‘%) from l_:_l+_l=_l+ 1 — was obtained at E = 0.6 V and compared to
@ i i, i, i Bew

the literature. In the Levich equation, Bc,=0.2nFC, (D, )*°v™""® where n is the

apparent number of electrons transferred in the reaction (4), F'is the Faraday constant,

C,, is the O, concentration in 0.1 M HCIOq, D, is the diffusivity of O, in dilute

electrolyte solutions and v is the kinematic viscosity of the electrolyte®.

4.3 Results and Discussion

Chemical composition analysis of PtCl,>/MWCNTSs composites was measured

using X-ray photoemission spectroscopy (XPS) (Figure 4.1).
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Figure 4.1. Representative XPS spectra of PtCl;*/MWCNTs composites for (a): carbon 1s;
and (b): Pt 4f. Curve-fitting has been made according to reference” after a Shirley-type
background subtraction, and all spectra have been calibrated to SP? hybrid carbon at 284.5
ev.
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C 1s peak has been de-convoluted into SP* and SP* hybrid C peaks and other
components of the functional groups. Concrete peak assignment is referred to the
previous study®™. Pt 4f doublets at 72.7 eV (Pt 4f,) and 76.0 eV (Pt 4fs,) are assigned to
PtCL* species on MWCNTs. From the peak area ratio between Pt 4f and C 1s, with the
relative sensitivity factors (RSF) taken into account, the relative loadings of Pt species on
MWCNTs obtained from the suspension at different pH levels and precursor

concentrations were constructed as shown in Figure 4.2a and 4.3.
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Figure 4.2. (a): Change of atomic ratio between Pt and C with the pH of suspensions
containing PtCl,®> and NH-MWCNTs. The concentration of PtCl* is fixed at 5 mM.
(b): Simulated fraction of protonated amines among the total amine functional groups at

. NH . . .
different pH based on pK, = pH —log NHi , assuming that amine functionalized
3
MWCNTs have a same pK, (6.9) as that of NH,(CH,),NH,.
Figure 4.2a shows that there is a certain range where PtCl,> loading reaches a
maximum. Both strong basic and strong acidic suspensions result in a very low PtCl>
loading. In very basic environment such as pH=12, amine functional groups stay un-

protonated due to abundant OH" anion groups, electrostatic interaction caused by opposite

charges therefore does not take place. However, the very small Pt loading on MWCNTs
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from strong acidic suspension seems to be contradictory with the predicted pH effect
(Figure 4.2b). Assuming that the amine functional groups on MWCNTs have the same

pK, value as 4NH3-(CH2CH2)-NH3+, the pK, of which is 6.9, we calculated the fraction of

H2
+
3

at

protonated amine among the total amine groups based on pK, = pH —log

different pH (Figure 4.2b). Obviously, the -NH;" fraction reaches the maximum below
pH=6 and keeps constant regardless of the pH. This behavior suggests that the loading of
PtCL* onto MWCNTs should not change at low pH because all the amine functional
groups are protonated and will participate in the electrostatic interaction. Nevertheless, in
fact, the loading of PtCls* keeps decreasing as the pH becomes smaller. This discrepancy
is believed to be caused by the competitive adsorption of foreign anion, mainly CI” which
was introduced when chloric acid was used to adjust the pH value. In this study, the
concentration of PtCl,> was fixed at 5 mM. When pH deceases to 3, the concentration of
CI" anion is 20% of PtCl,*; at pH=2, the concentration of CI anion is as much as twice
that of PtCls>. The electrostatic interaction between —NH;" and CI" would probably
dominate at very low pH and thus the adsorption of PtCl> onto MWCNTSs would be

inhibited.
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Figure 4.3. Change of atomic ratio between Pt and C with the concentration of PtCl;* in
suspensions. The pH of the suspensions is about 3.5.

Figure 4.3 shows the change of loading of PtCl,** with the concentration of PtCl,*
in the suspension containing 1 mg of MWCNTs at a final pH of about 3.5. For precursor
concentrations higher than about 2 mM, the loading of PtCl* reaches a plateau. However,
at lower concentrations, loading of PtCl,*" decreases accordingly. Apparently there are
not enough PtCly> anions in the suspension, which is further supported by the thermal
gravimetric analysis (TGA) of PtCL,*/MWCNTs in H, atmosphere as shown in Figure

44.
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Figure 4.4. Weight change of PtCl>/MWCNTs upon heat-treatment in H,. The sweep
rate is 5 °C/minute.

The weight loss of PtCl>/MWCNTs (prepared from the suspension with a pH of
~3.5, containing 1 mg of MWCNTs and 5 mM of PtCLs) below 300 °C is due to the loss
of the surface functional groups. The functional groups account for roughly 23% of the
total PtCL,*/MWCNTSs composites. By burning off the carbon nanotube support in O,
(data not shown here), Pt weight was determined to be about 20% of total mass of PtCl>
/MWCNTs composite, corresponding to the ratio between Pt and MWCNTs of about
0.001 (mmoles of Pt) : 1 (mg of MWCNTSs). When the concentration of PtCls* in the
suspension is lowered to 0.1 mM (The total volume of the suspension is 4 mL), the total
PtCl,>" anions would be 0.0004 mmoles, which is much lower than needed for the same
loading (20%). Therefore, the loading of PtCl,* onto MWCNTs under this condition (0.1
mM of PtCLi*, 1 mg of MWCNTs, pH=3.5) is limited by the amount of PtCls* available
as mentioned above.

Element analysis of PtCl,>/MWCNTs composite upon heat-treatment in H»

atmosphere was also investigated by XPS (Figure 4.5). The core level Pt 4f peaks (Figure
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4.5a) show a clear positive shift as the heat-treatment temperature increases. Pt 4f7» peak
at 72.7 eV is assigned to PtCLs> precursors and it changes to 71.2 eV (Pt%) when treated at
300 °C and above, proving that PtCl42' precursors have been reduced to Pto, while PtCl42'
/MWCNTs composite treated at 200 °C falls in between. This observation is also in
accordance with the TGA results that the weight loss below 200 °C is only 5% and
almost no surface functional groups are removed; and the groups still bond to Pt
precursors. In addition, after heat-treatment at 300 °C and above, Cl species are
completely removed as shown by the disappearance of Cl 2p peaks (Figure 4.5b),

supporting the argument that adsorbed PtCL,>" anions have been entirely converted to Pt’.
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Figure 4.5. XPS spectra of PtCL;*/MWCNTs composites upon heat-treatment for (a): Pt
4f; and (b): Cl 2p.

High-resolution transmission electron microscopy measurements (HRTEM,
Figure 4.6) shows that Pt” species form Pt NPs upon reduction by Hy at elevated
temperatures. Pt NPs disperse quite well on MWCNTSs as can be seen from the HRTEM
images and have a relatively narrow distribution. Pt NPs formed at 300 °C have an

average particle size of 2.1+0.6 nm and the size slightly grows to 2.6+0.6 nm when
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treated at 600 °C, yet the effect of heat-treatment temperature on particle size is not

substantial.

HT=400°C
d =2.2+£0.5 nm

Figure 4.6. HRTEM images of PYMWCNTs formed by heat-treatment of PtCl>
'MWCNTs in H; atmosphere at (a): 300 °C; (b): 400 °C; (¢): 500 °C and (d): 600 °C.

To compare the durability of PUMWCNTs and commercial high-surface-area-
carbon supported Pt NPs (Pt/C), potential holding experiments were performed in Ar-
saturated 0.1 M HCIO,. After holding the potential at 1.5 V/RHE for a certain period of
time, cyclic voltammograms (CVs) of PUMWCNTSs and Pt/C were recorded at 50 mV/s
as shown in Figure 4.7a and 4.7b. The CVs show a typical Pt-H adsorption/desorption

region below ~0.4 V/RHE, a double layer region between 0.4 V and 0.6 V and Pt-OH

119



interaction region above 0.6 V, which agree well with the literature.*> 3* Both of
Pt/MWCNTs and Pt/C lose the electrochemical surface area upon potential holding and
the ESA of the two types of catalysts drops to 50% of the original values after 36 hours
(Figure 4.7¢). There does not seem to be substantial difference in the ESA loss upon
potential holding. However, the double layer current changes significantly (by a factor of
two) with potential holding for Pt/C while it stays constant for PYMWCNTs as shown in
Figure 4.7d. This current increase corresponds to quinone/hydroquinone redox couple
due to the surface oxidation of the carbon support at 1.5 V, as suggested by previous
study®®. This observation strongly suggests that MWCNTSs are more resistant towards
electrochemical oxidation than amorphous carbon, thus are appropriate for the

application as the catalyst support.
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Figure 4.7. Cyclic voltammograms collected in Ar-saturated 0.1 M HCIO,4 upon potential
holding at 1.5 V/RHE for (a): PUMWCNTs; and (b): Pt/C. The scanning rate is 50 mV/s.
(c): Normalized electrochemical surface area of PUMWCNTSs and Pt/C upon potential
holding; and (d): normalized double-layer currents at 0.6 V/RHE of PUMWCNTs and

Pt/C upon potential holding.

The morphology of PUMWCNTs and Pt/C after potential holding shows
significant particle growth for both of the two types of catalysts (Figure 4.8). The length
of the worm-like Pt particles for both cases is on the order of 10 nm. Because the
potential was held at 1.5 V/RHE at which Pt dissolution is inhibited due to the
passivation of Pt oxides®, we speculate that the ESA loss for PYMWCNTs and Pt/C is

entirely caused by the particle growth via particle coalescence.’’
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Figure 4.8. HRTEM images of (a): Pt/C and (b): PYMWCNTs after potential holding at
1.5 V/RHE for 36 hours.

Oxygen reduction reaction (ORR) on PYMWCNTs was measured in O,-saturated
0.1 M HCIO, using the rotating disk electrode (RDE) method. Representative ORR
polarization curves of PUMWCNTs (treated at 600 °C) at different rotation speeds and at
room temperature are shown in Figure 4.9a. Following the kinetic-controlled region
above 0.95 V/RHE, ORR enters the kinetic-diffusion mixed controlled region between
0.8 V and 0.95 V/RHE and subsequently is completely limited by mass transport staring

from 0.8 V, which matches very well with previous reports”> *°. The Koutecky-Levich

plot (inset) obtained at 0.6 V/RHE based on the Levich equation. l Vs. % at different
i ®

rotating speeds gives a perfect line, from the slope of which Bc, is determined to be

0.1514 mAcm’w™'2, which is in good agreement with the previously reported value®® and
suggests a four-electron transfer process of ORR. ORR specific activities at 0.85 V and
0.9V are obtained by normalization of kinetic currents, which are calculated from the
Levich equation, to the true electrochemical surface area and compared with that of Pt/C

as shown in Figure 4.9b. Regardless of the heat-treatment temperature, PUMWCNTs
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show identical ORR activity with that of Pt/C, which agrees with the so-called particle
size effect on ORR because Pt/MWCNTs treated at different temperature have very close
particle size with that of Pt/C.3® This result also indicates that the type of carbon support

does not seem to influence on the activity of Pt NPs.
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Figure 4.9. (a): Representative ORR polarization curves of PYMWCNTs in O-saturated
0.1 M HCIO; at different rotating speeds. The inset is the Koutecky-Levich plot obtained
at 0.6 V/RHE; and (b): specific ORR activities at 0.9 V and 0.85 V of PUMWCNTs
treated at different temperatures, compared with those of Pt/C.

4.4 Conclusions

In summary, we have demonstrated an approach to synthesizez MWCNT
supported Pt NPs as electrocatalyst for oxygen reduction reaction. Through the
electrostatic interaction between anion PtCl42' precursor and amine-functionalized
MWCNTs, PtCly® anions are introduced ohto MWCNTs and subsequently reduced to
form Pt NPs upon heat-treatment in H,. The results show that the loading of Pt on

MWCNTs can be tuned by adjusting either the pH value of the reaction suspension or the
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concentration of PtCL>. XPS combined with TGA measurements illustrate that a
complete reduction of PtCLy> on MWCNTs takes place above 300 °C and the functional
groups are also removed completely around this temperature. HRTEM characterizations
show that as-prepared Pt NPs are 2 nm in average particle size with a narrow distribution
and they are well-dispersed on MWCNTs. As-prepared PYMWCNTs catalysts exhibit a
greatly enhanced durability upon potential holding due to the higher resistance of
MWCNTs over high-surface-area carbon towards carbon corrosion, while maintaining
comparable ORR activities to that of Pt/C. The study indicates that MWCNTSs have great

potential to solve the problem of carbon corrosion during the fuel cell operation.
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Chapter 5

Achievements and Perspectives

5.1 Achievements

The ORR and the HOR are the two main reactions in a H,-O, based PEMFCs or
alkaline FCs. In addition to a prospect of improving FC performance, both of the ORR
and the HOR kinetics are also of scientific interests for understanding physical chemistry
at the solid-liquid interface. In this thesis, the ORR activities and HOR activities on
carbon supported Pt NPs were studied in both acidic and alkaline electrolytes to develop
a better understanding of the electron-transfer kinetics at the solid-liquid interface and to
provide fundamental understandings of the electrocatalytic behaviors of Pt nanoparticles
for the ORR and the HOR as a function of electrolytes.

Our findings that the specific ORR activities are size-independent below 5 nm in
both HC104 and H>SO; acids suggest that smaller Pt NPs can be used for the cathode of
FCs for higher mass activities due to their larger surface area per mass. However, the
instability tests of Pt NPs show that larger sizes can maintain a long-term operation in FC
better than smaller ones. Therefore, we suggest that a moderate NP size that is optimized
for both high mass activity and stability is most desirable for FC applications.
Investigations of the surface electronic structure by the UPS measurements and surface

composition by the XPS measurements help identify the material properties relevant for
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the ORR activity. We expect these findings to provide significant insights into the design
of new Pt NP catalysts with high ORR activity and stability.

The HOR/HER kinetics were studied on a polycrystalline platinum (Pt(pc)) and
an industrial applied catalyst Pt/C in 0.1 M KOH successfully. We show for the first time
that the slow HOR kinetics in alkaline will induce additional 130 mV~ 150 mV
overpotential in alkaline FCs compared with PEMFCs under the same conditions
(catalyst loading, temperature, pressure of H). This additional overpotential accounts for
almost one third of the ORR overpotential in alkaline FCs and calls for a new research
activity for the development of the anode catalysts for the alkaline FCs. From the
fundamental point of view, although the information obtained so far cannot exclusively
determine the mechanism for the HOR/HER, we have tentatively assigned the reaction
mechanism to the Heyrovsky-Volmer mechanism with the Volmer reaction being the
rate-determining step, which needs to be verified by further experiments and theoretical
calculations.

The studies of the multi-walled carbon nanotube supported Pt NPs present a
convenient approach of synthesizing Pt NPs/MWCNTs hybrid material as a stable,
corrosion-resistant electrocatalyst for the FC reactions. This approach allows a good
dispersion of Pt NPs supported on MWCNTs with a comparable ORR activity to that of
the Pt/C. From a durability test, the PYMWCNTSs have a more durable performance upon
potential holding over the Pt/C, which we believe is due to the resistance of the
MWCNTs towards carbon corrosion. This work indicates that MWCNTs offer a

potentially more robust catalyst support for NPs in FC applications.
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5.2 Perspectives

The development of a more active catalyst for the ORR is the most crucial
research goal for improving the FC efficiency. Currently, Pt-based catalysts are the most
active catalytic materials for the ORR. This thesis work suggests that the ORR prefer to
take place at the terrace plane, while the Pt dissolution prefers to happen on the corner
and edge sites. Therefore developments of highly-facetted Pt NPs with less surface
defects, such as nanocubes or nanotetraheda, are possible approaches for engineering a
more durable form of Pt electrocatalyst than the current Pt/C. Furthermore, because only
the surfaces of catalysts are responsible for the electrochemical reactions, the inner core
can be replaced with other materials in order to reduce the cost. Studies of such
core/shell structures have been carried out in many research groups, which have
demonstrated the use of lower cost transition metal cores to lower the Pt mass activity"”.
In addition, using transition metal core also offers a possibility of further increasing the
mass activity by way of changing the Pt electronic structure. From the study of the
model bulk surfaces®, the chemical composition underneath the surface Pt layer can
significantly affect the outer most Pt surface electronic structure, which has resulted in a
ten-fold improvement in the ORR catalytic activity. Such an enhancement has also been
observed at the nano-scale®. The core/shell NP structure thus represents a promising
group of materials for the ORR catalysis.

Another approach to improve the ORR activity is to develop non-precious metal
catalysts to replace the expensive Pt catalysts used in the low-temperature FCs. In the
past decade, researchers” 8 have shown many progresses in this regard. For example, Fe-

based catalysts have been demonstrated to show very comparable ORR catalytic activity
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to that of Pt in both acid and alkaline. However, the lifetime of these materials in the
actual FC operation is not yet sufficient and further work in the durability of the non-
precious-metal-containing catalysts is therefore needed.

As stated in Chapter 3, the HOR presents an additional overpotential to the overall
alkaline FC performance, which we found to account for almost 1/3 of the cathode
voltage loss. Although a higher Pt catalyst loading on the anode in alkaline FCs can
easily solve this issue, such a solution will lead to a more expensive FC, which is not
desirable. More active catalysts for the HOR in alkaline FCs are therefore in demand for

cost-efficient alkaline FCs.
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