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Abstract

Bimetallic nanoparticles have revolutionized nanomaterial-linked advances in
science and technology. The key to their success, in many applications, relies
largely on the superior chemical and physical properties endowed to them
through synergistic effects between the two metallic constituents. Thorough
studies on the formation and characterization of bimetallic nanoparticles are cru-
cial to understand the viability of these systems in many technological applica-
tions. In this chapter, we present recent advances in the formation and
characterization of bimetallic nanoparticles, especially with respect to electro-
chemical applications including our own efforts targeted in this direction. At
first, we will outline the recent progress achieved in developing diverse structure-
controllable synthesis strategies for bimetallic nanoparticles and promising char-
acterization techniques that can provide information on atomic distribution,
composition, morphology, and nanostructure. Later, emphasis will be focused on
composition—activity and structure—catalytic activity relationships of bimetallic
nanoparticles for specified electrochemical reactions generally involved in clean
energy production. Finally, possibilities for future developments and challenges
in bimetallic nanoparticle research will be discussed.

Keywords
Bimetallic nanoparticles ® Formation and characterization ® Electrochemistry

Introduction

Nanoscale metallic particles have attracted a great deal of attention as they afford
myriad of opportunities in nanotechnology and nano-biotechnological applications.
The rush toward the development of materials with smaller dimensions is due to the
fact that nanoparticles exhibit unusual chemical and physical properties that are dif-
ferent to those of their bulk analogues as a result of surface and quantum size effects
[1, 2]. The surface effect is related to the lower stabilization of atoms thereby form-
ing more unsaturated bonds at the surface than the bulk region, thus making the
nanoparticle more reactive. The quantum size effect is involved when the de Broglie
wavelength of electron at the Fermi energy is comparable to the size of metallic
particle itself and as a result particles behave electronically as zero-dimensional
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quantum dots relevant to quantum mechanical rules [3, 4]. Today many nanotechno-
logical applications largely rely on the effective use of nanosized effects in fine-
tuning the materials properties.

Heterogeneous catalysis is an area where development of nanomaterials is cru-
cial. Utilization of nanomaterials as nanocatalysts and corresponding nanocatalyst-
linked advances in catalysis can have a positive economic as well as environmental
impact. In particular, deployment of bimetallic nanoparticles for catalyzing electro-
chemical reactions is gaining momentum as they play a vital role in promising tech-
nologies related to both environmental and energy-related applications such as
polymer electrolyte membrane fuel cells (PEMFC) and direct methanol fuel cells
(DMEFC). In order to harness the potentiality of bimetallic electrocatalysts, a thor-
ough understanding of the origin of their enhanced performance is needed. The
electrocatalytic activities of nanoparticles employed in fuel cells are generally depen-
dent on numerous factors such as particle size and particle size distribution [5-8],
morphology(shape), atomic distribution (intra- and interparticle distribution) [9],
composition [10, 11], and in particular surface composition, oxidation state, sup-
port, and microstructure [11-21] (Table 1).

In the synthesis of bimetallic nanoparticles, special emphasis has been given to
the achievement of a high level of control over the particle’s size, morphology,
atomic distribution, and dispersion over supports by means of reproducible, low
cost, and scalable synthetic approaches [22, 23]. Further, rigorous characterization
techniques which can provide information about the above-described nanoscale
properties are required. For example, parameters such as surface structure, atomic
distribution, and composition are dominant nanostructural properties that require
both control and careful characterization.

Further, success in either particle design or scale-up requires a detailed knowl-
edge of the particle’s formation mechanism and will greatly benefit the development
of structure-controllable synthesis pathways for bimetallic nanoparticles. The recent
advent of high-intensity tunable sources of X-rays, now available at synchrotron
facilities worldwide, has made X-ray absorption spectroscopy (XAS) as a powerful
tool to examine the nucleation and growth process during the formation of nanopar-
ticles. We have recently made some significant contributions that highlight the
applicability of XAS technique to study the nanoparticle formation mechanism
[23-31]. The information obtained from XAS studies on local structural changes
during early stages of nanoparticle formation can be utilized to control the size,
shape, and surface morphology of the nanoparticles.

Certainly, understanding the formation mechanism and thorough characterization
of bimetallic nanoparticles are two aspects that warrant important consideration in
nanoscience and nanotechnology research. This chapter provides a comprehensive
review of the recent advances in the field of bimetallic nanoparticles research per-
taining to the formation and characterization of bimetallic nanoparticles and their
corresponding applications toward electrocatalytic reactions. Furthermore, this
chapter also examines decisive factors that are presently believed to play significant
role in the electrocatalytic reactivity of bimetallic nanoparticles with a specific
emphasis on understanding the relationship between the structure, chemical
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composition, surface composition, atomic distribution, and reactivity of bimetallic
nanoparticles especially toward electrocatalytic reactions involved in PEMFCs.

Bimetallic Nanoparticles

Bimetallic nanoparticles constituted as the combination of two different metals
show multiple functionalities, enhanced selectivity, catalytic activity, and stability
when compared to monometallic nanoparticles [32-36]. During the past few
decades, much research has been directed toward the design and synthesis of bime-
tallic nanoparticles due to their promising activity in catalyzing clean energy con-
version reactions. Figure 1 illustrates the recent growth in the number of papers
published on the formation and characterization of bimetallic nanoparticles.
Platinum-based bimetallic nanoparticles are widely utilized for both anodic
and cathodic reactions in fuel cells. Some excellent reviews of the progress made
in Pt-based fuel cell catalyst development for stationary and mobile applications
have been written from both an academic and industrial perspective [37-41].
Very recently, Debe has critically reviewed the electrocatalyst approaches and
challenges for automotive fuel cells [42]. The phenomenal interest in Pt-based
bimetallic nanoparticles largely stems from their ability in offering the favorable
electronic and geometric structures needed to catalyze small reactant molecules
in fuel cells [43-47]. The use of Pt alone as an anode catalyst is detrimental to
the performance of either H, or CH;OH-fed PEMFC. For example, in the case of
H,-fed PEMFC, the carbon monoxide, even when present in trace quantities,
competes with H, adsorption and poisons the Pt-active surface [48]. Similarly, in

Fig.1 Research articles 500
published per year for
bimetallic nanoparticles
during the period 2000

to April 2013 (Search made
through SciFinder Scholar
Database)
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the case of the electrooxidation of CH;OH in DMFC, the CO formed as one of
the intermediates covers the Pt-active surface and impedes the catalytic perfor-
mance for methanol oxidation [49]. The oxygen reduction reaction (ORR)
involved in PEMFC is a multi-electron reaction, and depending on the experi-
mental conditions, it is known to take place through two different reaction path-
ways: the direct four-electron pathway in which O, is reduced directly to water
and the two-electron pathway in which O, is reduced to hydrogen peroxide, fol-
lowed by decomposition, or further reduction, to water [50-52]. Platinum has
long been the best electrocatalyst for ORR. However, OH species formed from
water decomposition on Pt electrodes inhibit oxygen reduction by blocking
active surface sites which may lead to cathodic overpotentials. To overcome the
difficulties associated with the use of monometallic Pt nanoparticles as electro-
catalysts in PEMFC, Pt-based bimetallic nanoparticles are being extensively
investigated and deployed for fuel cell applications. Several explanations have
been given for the superior performance of Pt-based bimetallic nanoparticles
based on structural variations caused by the presence of the second metal and
will be discussed in the following sections.

Synergistic, Electronic, and Geometric Effects

Three explanations have been put forward for the higher activity offered by Pt-based
bimetallic nanoparticles over Pt-alone nanoparticles: these include (i) bifunctional
(or) ligand effect, (ii) electronic effect, and (iii) geometric (ensemble) effect.
According to the bifunctional effect, in bimetallic nanoparticles, each metal compo-
nent could promote different elementary reaction steps. For example, in the case of
PtRu bimetallic nanoparticles, the intermediate CO species formed during CH;OH
electrooxidation is strongly adsorbed on Pt sites. When Pt is alloyed with Ru, water
dissociation occurs on Ru sites to produce Ru—OH groups at (0.2-0.3 V vs. RHE),
i.e., at less positive potentials than on pure Pt surface (0.7 V vs. RHE) [53], and the
Ru-OH groups react with the neighboring CO adsorbed on Pt to give carbon diox-
ide through the bifunctional mechanism (Eq. 1) [53-56].

Pt—-CO+Ru-OH — Pt+Ru+CO, +H" +e” (1)

Secondly, the ensemble effect (or geometric effect) largely deals with specific
groupings of surface atoms that serve as active sites in the presence of secondary
metal component [57]. The third explanation is based on the electronic effect.
According to this effect, interactions between two metal components could improve
the reactivity. In PtRu bimetallic interactions, the presence of Ru can alter the elec-
tronic state of the Pt (variations in Pt d-band vacancies) leading to the weakening of
the Pt—CO bond facilitating CO oxidation. The enhancement of ORR kinetics on
bimetallic nanoparticles is also explained by electronic effect [58-61]. It was
reported that PtNi and Pt;Fe bimetallic systems which contain a quasi-complete Pt
surface layer with more, or less, Ni or Fe in the sublayers show strong electronic
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Fig. 2 The variations in Pt-unfilled d-states and extent of platinum alloying in bimetallic (a)
PtFe/C with various Pt-to-Fe ratios and (b) PtCo/C with various Pt-to-Co ratios (panel (a) and (b)
of Fig. 2 were reproduced with permission from ref. [63], © 2010 Royal Society of Chemistry and
Ref. [10] © 2009, American Chemical Society), respectively

modifications. The presence of an alloying component-rich second layer increases
the d-electron vacancies of the thin Pt layer and improves the chemisorptive proper-
ties and corresponding electrocatalytic performances [47, 62]. In our recent X-ray
absorption spectroscopic investigations, it was found that the alloying of Co!® and
Fe$ with Pt induces variations in unfilled d-states (Fig. 2) which in turn signifi-
cantly influences the catalyst’s electrochemical performance toward the ORR.

The variations in Pt-unfilled d-states in Pt-based bimetallic nanoparticles suggest
that charge transfer from one element to the other modifies the local electronic prop-
erties of pure platinum particles and makes bimetallic nanoparticles more attractive
catalyst candidates. It is suggested that charge localization or transfer within a
nanoparticle is strongly correlated with its structure, composition, and size.
Therefore, it becomes crucial, during synthesis, to have complete size, composition,
and structural control over the nanoparticles [64].

Electrochemical Aspects of Bimetallic Nanoparticles

Electrocatalytic reactions play a decisive role in emerging technologies related to
environmental and energy-related applications, such as fuel cells. The efficiency
and selectivity of electrocatalytic processes can be substantially improved by replac-
ing monometallic with bimetallic nanoparticle-based catalysts. Recently, Gasteiger
et al. have studied the electrooxidation of CO, formic acid, and methanol on well-
characterized PtRu alloys. The authors claim that a PtRu alloy having a 50:50 surface
composition presents the highest catalytic activity for CO oxidation [45, 65-67].
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In another interesting work, Lin et al. [68] have made a comparative study of CO
electrooxidation on different catalysts using in situ FTIR spectroscopy. From their
results, it was found that, compared to Pt, the onset of CO, formation at PtRu and
Ru is shifted by about —0.1 and —0.05 V, respectively. Further, the authors noticed a
faster increase of the CO, band intensity for PtRu than for the other materials. At 0.5
V, the CO, band intensity reaches already 97 % of its maximum value at the alloy
and only 23 % and 5 % of the maximum at Ru and Pt, respectively, indicating the
potentiality of bimetallic surfaces in removing the poisoning CO intermediate.
From the CO band intensities versus time plots, the authors found that the CO band
intensity at platinum does not change, since the onset potential for oxidation on this
metal lies above 0.4 V. For the other materials, the authors observed the oxidative
removal of CO: the rate being higher at PtRu than at pure Ru. It is noteworthy that
the same experiments performed at 0.35 V showed CO, formation at PtRu after 3
min, while no oxidation was observed at pure Ru even after 10 min; the authors thus
concluded that the onset of oxidation is fastest on the alloy (Fig. 3).

Park et al. carried out electrochemical infrared reflection absorption spectros-
copy (EC-IRAS) for carbon monoxide (CO) adlayers formed by partial CO dosing
on various ruthenium-decorated platinum nanoparticles [69]. The observed promo-
tion in CO electrooxidation by the existence of a Ru-island on Pt nanoparticles, of
interest to fuel cell catalysts, showed a strong relationship with Ru surface concen-
trations, consistent with previous studies on single-crystal or polycrystalline bime-
tallic surfaces. Based on the attenuation of H,-upd peak with an increase in charge
in the double-layer region as the amount of Ru increases on platinum, the authors
suggested that at more negative potentials, the formation of oxygen-like species
takes place on bimetallic surfaces (Gasteiger et al.) [58]. The authors observed that

Fig.3 Change of band
intensity for adsorbed CO
on Pt, Ru, and PtRu during
CO stripping at a constant
potential of 0.4 V; spectra
(50 scans) were collected
each 15 s. The respective
surface was saturated with
CO at 0.3 V after which
CO was eliminated from
the electrolyte by nitrogen
bubbling (Reproduced with
permission from Ref. [68],
© 1999 American r
Chemical Society)

CO Band Intensity

PtRu

1 | 1 | 1 | 1
0.0 0 10 20 30 40
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Ru-decorated Pt nanoparticles with a composition of PtRu-48 % lower the CO strip-
ping peak down to 0.3 V when compared to the Pt-black nanoparticles which
showed a CO stripping peak at 0.45 V. However, the authors claim that if the surface
Ru concentration was increased to 66 %, then the CO oxidation peak shifts posi-
tively to be centered at 0.37 V. The results show that the presence of PtRu boundar-
ies in PtRu catalysts plays an important role in lowering the potential of irreversible
CO electrooxidation.

Architectures of Bimetallic Nanoparticles

Bimetallic nanoparticles assume various types of architectures based on the condi-
tions employed during the synthesis (Scheme 1). For example, during the simulta-
neous reduction process, if the standard reduction potentials of two distinct metals
used are different, then the two kinds of metals thermodynamically prefer to nucle-
ate and grow separately to generate core—shell-structured particles. By utilizing
strong reducing agents which are capable of reducing simultaneously all metal pre-
cursors at optimized rates, alloyed structures can be fabricated. In another approach,
by properly adjusting the redox potentials of two metals through specific adsorption
or coordination by the use of selected surfactants and counterions, two distinct
metal ions can be simultaneously reduced to produce alloyed nanoparticles.

Alloy-Structured Bimetallic Nanoparticles

Bimetallic nanoparticles are formed as alloy nanoparticles when the two metals are
mixed at the atomic level. Co-reduction of two different metal ions with a strong
reducing agent is a widely employed method for the generation of alloy-structured
bimetallic nanoparticles. Alloying Pt with suitable noble metals such Ru, Rh, Pd, Ir,
Os, Ag, and Au or non-noble transition metals such as Cu, Fe, Co, or Ni has been

Alloy Structure Core-Shell Structure Hollow Structure

Scheme 1 Various structures of bimetallic nanoparticles
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proved to be effective in electrocatalysis of fuel cell reactions, such as the methanol
oxidation reaction and the oxygen reduction reaction [35, 70-74]. It was reported
that the catalytic activity and long-term stability of Pt-based alloyed structures are
dependent both on composition and structure. For example, the stability of fct-FePt
NPs is much better compared to fcc-FePt NPs toward ORR activity in acidic envi-
ronments. Superior intermetallic stacking of Fe and Pt obtained under temperature
alloying coupled with well-order structures was proposed as a reason for the
enhanced catalytic activities of the fct-FePt versus fcc-FePt [75]. Among the vari-
ous alloyed Pt-based catalysts studied, the PtRu alloy has been identified to be the
most effective for MOR. The degree of alloying in bimetallic PtRu nanoparticles
plays a crucial role in determining the CO oxidation and methanol oxidation rates.
Recently, Lee et al. demonstrated that CO oxidation and methanol oxidation were
enhanced as the PtRu alloying degree became higher [76].

Core-Shell Bimetallic Nanoparticles

Core—shell-structured bimetallic nanoparticles are particularly attractive for
electrocatalysis in view of atom economy, which refers to the possibility to substi-
tute the use of noble metals with other less expensive materials. A number of
synthesis strategies have already been used for the production of core—shell bime-
tallic nanoparticles, such as redox-transmetalation [25, 77-79], ethylene glycol-
assisted polyol method [80], co-reduction [81], and seed-mediated growth method
[82]. In seed-mediated growth, a pair of metallic precursors is selected which differs
in reduction potentials. When a reducing agent is introduced into the synthetic sys-
tem containing metallic precursors, the metal cations with the highest redox poten-
tial will be reduced first by forming seeds, while the second metal will reduce and
grow on the preformed metal seeds [83]. In recent years, the redox-transmetalation
method has been widely used to fabricate core—shell-type nanoparticles [78]. It is an
advanced process compared with the conventional reduction methodologies avail-
able for the bimetallic nanoparticles. In this method, a first core component is gener-
ated by reducing its corresponding metal ion. Later, a metal precursor solution
intended for shell component will be added to the solution containing core compo-
nent. When the shell-forming metal salts come into contact with the metallic core
surface, they are reduced by the sacrificial oxidation of surface atoms of the metal
core and deposited on the surface of the core by redox-transmetalation (Scheme 2).
By properly understanding the redox chemistry, wide varieties of bimetallic nano-
structures can be generated through redox-transmetalation. When compared to tra-
ditional successive reduction strategies, the redox-transmetalation process has
several advantages. For example, the self-nucleation of the added second metal,
which usually occurs in conventional successive reduction methods, can be avoided
in redox-transmetalation, as it allows spontaneous shell layer deposition on the sur-
face of the core nanoparticle. Various bimetallic core—shell nanoparticles, e.g., PtAu
[84], PtRu [12, 85], and Pt—Co [78, 79], fabricated by redox-transmetalation are
reported in the literature.
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Scheme 2 Schematic of a polyol-assisted redox-transmetalation strategy to fabricate Pt-on-Ru
nanoparticles

Recently, we described the fabrication of well-defined bimetallic core—shell-
structured nanoparticles using a kinetically controlled autocatalytic chemical process
[23]. In this work, under kinetically controlled conditions, we carried out autocata-
lytic deposition of a sacrificial Cu ultrathin layer on a dimensionally stable palla-
dium-metal core, which is later displaced to form an active ultrathin platinum-layered
shell by redox-transmetalation (Fig. 4a). As can be seen from panels a and b of Fig. 4,
an ultrathin Pt layer was deposited on spherical and cubic Pd nanoparticles, respec-
tively. The striking advantages of the fabricated Pd.qPtyaminshen Nanoparticles are
enhanced platinum surface-to-volume ratio and superior catalytic activities.

Adzic et al. [86] and Zhang et al. [§7] synthesized Pt monolayers on various core
structures in an effort to stabilize Pt and Pt group metals. In their experiments, either
carbon-supported Pt or a noble single-crystal metal was used as the core component
[88, 89]. Later, a monolayer of another noble metal was deposited on top of the core
component to generate core—shell-structured nanocatalysts. These catalytic plati-
num monolayers on various core structures were tested for ORR activity and stabil-
ity. By properly tuning the compositions of the core and monolayer components, the
authors achieved remarkable ORR activity on monolayer catalysts. For example, in
rotating ring-disk (RRDE) experiments in 0.1 M HCIO, supporting electrolyte solu-
tions, the observed Pt mass-specific activities for the ORR of Pty /Pd/C catalyst,
with a typical loading of 3.4 pgPt/cm? were 5-8 times higher than that of
Pt/C. Oxygen reduction followed a four-electron reduction pathway O, to H,O, with
the first-charge transfer as the rate-determining step.

Hollow-Structured Bimetallic Nanoparticles

In recent years, there has been a growing interest in the fabrication of hollow-
structured bimetallic nanoparticles for catalytic applications because of their unique
void structure, increased surface areas, and reduced densities [90-92]. The interior
voids that are usually present in hollow-structured bimetallic NPs play a dual role
by serving both as a tiny container for encapsulating multifunctional active materials
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Fig.4 Schematic of architecture of Pdco—Ptyiramin—shell/C nanoparticles (a), TEM images of dif-
ferent morphologies (b and c¢), and corresponding Pd@Pt nanocrystals (insets) (Reproduced with
permission from ref. [23], © 2011 American Chemical Society)

and as a nanoreactor. Many synthesis strategies including hard-templating, soft-
templating, and sacrificial templating approaches have been developed for the syn-
thesis of hollow-structured bimetallic nanoparticles. Silica colloids [93-95],
selenium colloids [96], polystyrene colloids [97], and Ag nanoparticles [98] are
some of the commonly utilized templates for the fabrication of hollow structures.
Au-Pt and Au-Pd bimetallic hollow structures have been conveniently prepared by
utilizing silica colloidal templates [96]. Zhang et al. emphasized a facial colloidal
templating method to monodisperse hollow Ag and Ag/Au submicrometer spheres
by using silica colloidal templates [99]. Xia and coworkers have proposed a gal-
vanic replacement reaction for the fabrication of various noble metal-based NPs
[90-92, 100]. In this process, a Ag-based sacrificial template reacts with a precursor
compound of the desired metal such as Au, Pd, and Pt. It has been demonstrated that
by tuning the synthesis conditions and structures of starting Ag nanoparticle tem-
plates, different end products can be made [100, 101]. The Kirkendall effect which
deals with the creation of “Kirkendall voids” close to the interface of a bimetallic
couple has been used as a new fabrication route to designed new hollow nano-
objects [102]. Puntes and coworkers [36] demonstrated fabrication of bimetallic
Au-Ag hollow nanoparticles by the simultaneous or sequential action of galvanic
replacement and the Kirkendall effect using a silver template and HAuCl, - 4H,0 as
an oxidizing agent. Li and coworkers demonstrated a one-pot synthesis for bimetallic
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Pt/Cu [103] and Pd/Sn [104] hollow nanostructures with large surface areas that
potentially open up new opportunities for catalytic applications.

Formation of Bimetallic Nanoparticles
Structure-Controllable Synthesis Methodologies

The performance of the fuel cell is dependent on how robust the electrocatalyst is
for each electrode. The electrocatalyst must exhibit high activity and durability
while being cost-effective. Regardless of being an anode or cathode, the electrocata-
lyst’s activity is surface atom sensitive only, which means that a high surface area-
to-volume ratio must be achieved. Therefore, the ability to manipulate the size and
shape of the nanocatalyst is crucial to achieving high activity without losing dura-
bility. However, the challenge still lies in fabricating highly active and durable cata-
lysts while also having homogeneity in size and good particle dispersion.

Various methods have been employed for the preparation of bimetallic nanocata-
lysts, based on colloidal chemistry [105, 106], reverse micelles [107, 108], micro-
wave irradiation, [109] and alcohol reduction [74, 110]: a brief summary of each is
given below. No single method is universally superior; thus depending on the situa-
tion, the reader is advised to consider the intrinsic advantages and disadvantages of
each approach when deciding which method to employ.

Colloidal Chemistry Methods

The colloidal methods, which offer a good capability for structural control, are
widely used for the preparation of metal nanoparticles. The starting material, or
precursor, is a metallic salt solution mixed with protective agents, which are usually
surfactant molecules. The metal precursors are chemically reduced by the addition
of reducing agents to form metal nanoparticles. A narrow size distribution can be
achieved by the colloidal metal nanoparticles stabilized by stereo-hindrance effects
or electrostatic charge.

The major drawback is the presence of protecting ligands (stereo-hindrance)
such as NR,*, PPh;, PVP, PNI, PAAm, and PVA, which may also block the catalytic
active sites of the nanoparticles. Therefore, the removal of the protecting shells is
necessary and important for realistic applications. The protecting shells can be
removed by washing in an appropriate solvent or by decomposition at high tempera-
ture in an inert atmosphere. However, these processes result in unpredictable phe-
nomena such as the surface segregation or cluster growth due to sintering effects
during decomposition.

It is preferable to use an alternative route to prepare colloidal metal nanoparticles
without protecting agents. The synthesis of bimetallic nanoparticles by this approach
was shown to be effective; see Christina et al. [111]: they proved that size-selected
PtRu bimetallic nanoparticles can be synthesized by reducing Pt* and Ru** ions in
ethylene glycol (EG) without a need for protection agents. The size of nanoparticles
can be easily manipulated by varying the pH value of EG solvent. Shape-controlled
synthesis of nanocrystals can also be achieved by the colloidal route.
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Reverse Micelles Methods

Metal nanoclusters can be prepared by reverse micelle methods with oil, water, and
surfactant. The inverse micelle solution is used to solubilize the metal salt and pro-
vide a microreactor for the nucleation, growth, and stabilization of the nanometer-
sized clusters. For example, the oil component (n-heptane) and surfactant
((2-ethylhexyl) sulfosuccinate (AOT)) are first well-mixed, and an aqueous solution
containing metal ions is subsequently added to form well-defined microemulsion
phase with the metallic complex in the “water pool.”

An important parameter in characterizing the microemulsion is the water-to-
surfactant molar ratio, W, = [water]/[surfactant], which plays a crucial role in control-
ling the equilibrium state of phase in a microemulsion system. The microemulsion of
the same composition of oil, water, and the surfactant that contained the reducing agent
was also prepared. An appropriate amount of reducing agents containing microemul-
sion was then gradually added to the microemulsion containing metal ions, reducing them
to metal nanoparticles. For a binary system, the final composition of the bimetallic nanopar-
ticles can be easily controlled by the molar ratio of the metal precursors [25, 29-31].
Therefore, the materials synthesized from micellar solutions of surfactants, which com-
bine the advantages of both high specific surface area and uniform particle size distribu-
tion, are of great interest for applications in catalysis and fuel cells. However, the
disadvantage of this method is its cost since the surfactant and oil used are expensive.
Additionally, both surfactant and oil have negative environmental impacts, and the
removal of the surfactants is also necessary for further catalytic applications.

Microwave Irradiation Methods
Microwaves are electromagnetic waves. Dielectric materials in a microwave field will
be heated by the amount tand, the dielectric loss tangent, to define the ability of a mate-
rial to convert electromagnetic energy into heat energy at a given frequency. The major
advantage of microwave irradiation is that it can heat a substance uniformly through a
glass or plastic reaction container, leading to a more homogeneous nucleation and
shorter crystallization time compared to those obtained from conventional heating.
Conductive heating is often used, but microwave dielectric loss heating may be a
better synthesis approach in view of its energy efficiency, speed, uniformity, and
implementation simplicity; hence, the microwave-assisted method is beneficial to the
formation of metal colloids. Liu et al. [112] have prepared the PtRu nanoparticles sup-
ported on Vulcan XC-72 carbon and carbon nanotubes by a microwave-assisted polyol
process. An ethylene glycol solution containing Pt and Ru salts was heated in a house-
hold microwave oven for several seconds. The resulting suspension was filtered, and
the residue was washed with acetone and dried at 100 °C overnight in a vacuum oven.
It was found that the PtRu nanoparticles (2—6 nm in diameter) were uniformly dis-
persed on carbon. It was also found that both PtRu/C catalysts exhibited higher elec-
trocatalytic activities for methanol oxidation than a comparative Pt/C catalyst.

Alcohol-Reduction Methods

The alcohol-reduction method has been developed for the preparation of metal
colloids for both homogeneous and heterogeneous catalysis. In both cases, well
monodispersed metal colloids can be formed and stabilized in aqueous solution
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with the existence of polymers. The successful application of the alcohol-reduction
method for the preparation of supported Pt and PtRu catalysts for fuel cell applica-
tions has been reported by Hsing et al. [110].

The prepared metal colloids were stabilized with a surfactant (SB12) without
influencing the deposition of the colloids on the carbon support during the reduc-
tion process. Hwang et al. [74] have synthesized a nanosized PtRu/C catalyst
using a modified alcohol-reduction method by incorporating small amount of
Nafion in the preparation step. The addition of Nafion eliminates the use of stabi-
lizers, which are commonly used to prevent cluster agglomeration. Even though
the addition of stabilizers prevents agglomeration and coalescence of the metal
particles on the supports, their removal prior to the electrochemical measurements
requires complex procedures. However, the addition of Nafion in the present
investigation serves a dual role. It disperses the catalyst particles on the carbon
support and controls the size of the PtRu particles. Additionally, it is found that the
Nafion addition into the catalytic layer can enhance the activity of PtRu catalyst
for the electrooxidation of methanol by acting as a dispersing agent while
increasing the ionic conductivity.

Electrochemical Deposition

Electrochemical deposition can be utilized to deposit a variety of metal nanopar-
ticles, such as Pt and Cu, onto various substrates. The deposition system consists
of an electric conductive working electrode, counter electrode, and a reference
electrode. A metal salt was dissolved in the electrolyte, by applying suitable poten-
tial on the substrate, upon which metal salts can be deposited to form metal
nanoparticles.

The 2-D or 3-D growth of metal can be controlled by the selection of applied
potentials. 2-D growth can be fabricated by using underpotential deposition (UPD),
in which the potential used for depositing the metal is higher than its reversible ther-
modynamic potential. For 3-D growth, overpotential deposition (OPD) can be used
for bulk-like metal film. Adzic et al. [87, 113, 114] has utilized the UPD method to
fabrication a variety of core—shell nanocatalysts. For example, they deposited Cu
onto the substrate of Pd nanoparticles using an UPD method, in which a thin layer of
Cu was formed on the surface the Pd substrate. By using redox-transmetalation, Pt
metal can be deposited onto the surface of Pd nanoparticles to fabricate the Pd.,.—
Pty nanocatalyst. Fabrication of nanocatalysts by using electrochemical method
may not be as attractive as chemical methods in which the large-scale synthesis of
catalyst can be achieved. Fabrication of nanocatalysts using electrochemical methods
may not be attractive as chemical methods in which the large-scale synthesis of cata-
lyst can be achieved.

Formation Mechanism Studies
Understanding structural variations during the nucleation and growth process,

especially in the early stages of nanoparticle formation, are extremely important to
achieve structural as well as size control of the nanoparticles. For metal nanoparticles,
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X-ray absorption spectroscopy (XAS) has proved to be one of the most suitable
methods for investigating structural evolution, and in many cases structural proper-
ties of metal particles can be probed in situ during the different preparation steps
[20, 115-118]. Other techniques such as X-ray diffraction (XRD) and transmission
electron microscopy (TEM) [119] are difficult to employ in situ because the
nanoparticle’s structure changes during preparation of the sample or due to the lack
of long-range ordering [120]. UV—Vis spectroscopy has also been utilized for prob-
ing the nanoparticle formation mechanism [121-125]. By following the shift in the
absorbance band and accompanying changes in the intensity in absorbance, infor-
mation about the formation of nanoparticles can be obtained.

X-ray Absorption Spectroscopy

It has been shown in the literature that the study at the X-ray absorption near-edge
spectroscopy (XANES) region (conventionally from below the edge up to ~ 30 — 50
eV) provides information about the oxidation state, fractional d-electron density,
and electronic environment of the absorbing atom. Spectra obtained from the region
extending from the XANES region to as high as 2 keV above the edge are known as
the extended X-ray absorption fine structure (EXAFS) and are primarily due to the
scattering of the photoelectron by near-neighbor atoms. The amplitude of the
EXAFS function y(k), where k is the wave vector, is proportional to the number of
nearest neighbors, and the change of phase with the wavelength of the photoelectron
depends on the distance between the emitter and the backscattering atom. The back-
scattering strength also depends on the type or atomic number of atoms evolved in
the backscattering process. Thus, an analysis of EXAFS data yields structural
details about the absorbing atom and its local environment. In recent years, XAS
studies have been explored on bimetallic nanoparticles. In our group, we explored
XAS methodologies to understand the formation of bimetallic nanoparticles.

Formation mechanism of PtRu/C bimetallic nanoparticles synthesized by a modified
Watanabe’s method: We reported the formation mechanism of carbon-supported bime-
tallic PtRu nanoparticles by performing XAS measurements at each stage of synthesis
[27]. The synthesis process involves adjustment of the pH of equimolar aqueous H,PtCl
and RuCl; followed by reduction with NaHSO; to their corresponding intermediate
compounds. Later, to each compound, hydrogen peroxide was added, and again the pH
was adjusted to 5 using 1 M NaOH. These two solutions were then mixed, and the pH
was maintained at 5. Later, an appropriate amount of Vulcan XC-72R carbon was mixed
in, and the mixture was heated at 100 °C for 8 h. The resulting colloidal product was
then washed with ultrapure water and dried. Hydrogen reduction was performed on the
colloidal product at 300 °C for 2 h to achieve carbon-supported PtRu bimetallic NPs.
Based on the XAS parameters, formation mechanism of bimetallic PtRu/C NPs was
proposed. From Pt Ly-edge XAS, we observed that, for the beginning compound
H,PtClg, the coordination number of Pt, i.e., Np_c1, is 6.0 showing that Pt* ion is sur-
rounded by six chloride ions. Upon addition of NaHSO;, we observed the change in Pt
neighbors with sulfur contribution around Pt (Np,_s, 3.9). From the EXAFS results, we
confirmed that the species formed at this stage is in the form of [Pt(SO;),]% in which Pt
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ion is surrounded by four SO ionic groups. The addition of H,0, to these species
increases Np,_, coordination to 5.9 with a bond length of 2.00 A which is comparable
with that of the Pt~OH bond length indicating that Pt** ions are oxidized to Pt** and sur-
rounded by six hydroxide ions. Ru K-edge XAS analysis reveals that Mg, ¢ coordination
is 6.0 for RuCls, and after the addition of NaHSOs, the contribution from Ru—O coordi-
nation with Ny, o is 3.9 similar to the [Ru(OH),]*~ species, while upon addition of H,O,,
the Ru—O coordination with Ny, is 6.0 similar to the RuO, species. Later, when we
mixed the RuO, species with the H,Pt(OH)s and heated this mixture at 100 °C for about
8 h, it produced Ru and Pt coordination values of around Ru as 1.6 and 1.2, respectively.
Similarly, Pt and Ru coordination around Pt is found to be 0.8 and 1.3, respectively. The
oxygen contribution around Pt and Ru is found to be 2.8 and 4.1, respectively. After
hydrogen reduction, the Ny, p, is increased to 1.9, and Npg, is increased to 1.9 revealing
the formation of PtRu bimetallic NPs. From the compilation of XAS data, a schematic
of PtRu formation process was proposed as shown in Scheme 3.
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Scheme 3 Schematic of formation of carbon-supported bimetallic PtRu nanoparticles synthe-
sized by a modified Watanabe’s method (Reproduced with permission from ref. [27], © 2006
American Chemical Society)
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Scheme 4 Formation of PtRu bimetallic NPs in EG solutions (Reproduced with permission from
ref. [26], © 2007 American Chemical Society)

XAS results of this study revealed that the mixing of Pt** ions with a ligand envi-
ronment of OH- groups and Ru** surrounded by oxygen groups at a reaction tem-
perature of 100 °C for 8 h prior to H, reduction initiated the reduction reaction as
evidenced by the presence of Pt and Ru bimetallic and ionic contributions that
enhance the atomic distribution and dispersion in PtRu bimetallic nanoparticles.

Formation of PtRu/C bimetallic nanoparticles in ethylene glycol solutions: Very
recently, by using XAS, we deduced the formation process of PtRu nanoparticles in
ethylene glycol solutions [26]. The reduction of Pt* and Ru** metallic ions was
performed in ethylene glycol solutions at 160 °C for four time periods, i.e., 0.5, 1,
2, and 4 h. After reflux at each time period, the reaction mixture was cooled to room
temperature and was taken for the XAS measurements.

By comparing the FT-EXAFS spectra and fitting results of both Pt Ly-edge and
Ru K-edge, the formation mechanism of PtRu nanoparticles in EG solutions was
understood (Scheme 4). From the Pt Lj;-edge XAS and Ru K-edge XAS, we
observed that upon mixing H,PtClg with RuCl; in EG solution, the coordination
numbers Np,_¢; and Ng,_¢; were found to be 5.6 and 6.0, respectively. However, after
controlling the pH at 11, the Np,_¢; are found to be 3.8 with a Pt—Cl distance of 2.311
A related to anionic PtCI; ions, respectively. However, at the same step, around
Ru, a contribution from OH~ appeared (Ng,_o = 4.9) and the contribution from Cl —
is largely decreased (Ng,_c; = 0.5).
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Hence, higher OH™ coordination around Ru indicated that the species pro-
duced at this stage are in the form of [Ru(OH)¢]*~. Later refluxing the mixture
containing PtCli’ and [Ru(OH)4]*-ions at 160 °C for 0.5 h produces Pt and Ru
coordination around Pt of 6.5 and 2.7, respectively. Similarly, the Ru and Pt coordi-
nations around Ru are 2.8 and 2.7, respectively. No change in coordination numbers
and interatomic distances were found after increasing the reflux time, i.e., to 1, 2,
and 4 h, indicating good stability of PtRu NPs formed in EG solutions.

Formation of Pd—Au/C bimetallic nanoparticles in AOT reverse micelles: We have
recently demonstrated the unique application of XAS as a fundamental character-
ization tool to help in designing and controlling the architecture of Pd—Au bimetal-
lic nanoparticles within a water-in-oil microemulsion system of water/sodium
bis(2-ethylhexyl)sulfosuccinate (AOT)/n-heptane [25]. By properly performing
hydrazine reduction and redox-transmetalation reactions sequentially within water-
in-oil microemulsions, we have generated Pd—Au bimetallic clusters with various
Pd—Au atomic stackings. At first by performing a redox-transmetalation reaction
between Pd,,; NPs and the Au** ions, Pd,,cei—AUg.a.; NPs were generated. By fol-
lowing hydrazine reduction reaction, Pd* ions were reduced on the preformed
Pd,ucei—AUg,a1 NPs in order to fabricate (Pd,uqei—AUgek.1)—Pdgrs NPs (Scheme 5).

NH,
Hydrazine v

reduction reaction

Scheme 5 Schematic of architecture of Pd—Au bimetallic NPs as investigated by X-ray absorp-
tion spectroscopy (Modified and reproduced with the permission from the original figure of ref.
[29], © 2007 American Chemical Society)
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Both the redox-transmetalation and hydrazine reduction reactions were repeated to
manipulate the Pd—Au stacking until we reach (Pd,,cei—AUgacr.3)—Pdgus NPs.

From the XAS structural parameters, the degree of alloying and extent of atomic
distribution were evaluated. In the case of (Pd,,cei—AUgqci 1) —Pdgu-stacked Pd—Au bime-
tallic NPs formed during the second hydrazine reduction reaction, the Na,_s, and Ny, pq
were determined as 8.17 and 1.37, respectively, giving the total coordination number of
Au and Pd around Au (XN, =N, ., +N Aufpd) as 9.54. Similarly, the Npy_pq and
Npy_ae are determined as 6.37 and 0.87, respectively, providing the total coordination
number of Pd and Au around Pd (EN,, ; =N, ,,+N,, ., ) as 7.24. From
these values, the structural —parameters P, (=N, p,/EZN,, ;) and
R, e (: Nypy_ay / EN,,_; ) are calculated as 0.14 and 0.12, respectively. From the cal-
culated degree of alloying of Au and Pd, i. e., Ja, (22.9 %) and Jp; (30.8 %), by our
developed methodology, low J,, and Jp, indicated that both Pd and Au atoms are segre-
gated in the cluster. Thus, XAS can be conveniently utilized to characterize the segrega-
tion in nanomaterials once we properly extract the coordination number parameters.

Nashner et al. have studied the formation process of carbon-supported PtRu5
bimetallic nanoparticles synthesized from molecular cluster precursors, i.e.,
PtRus;C(CO)6 [117, 126]. By following in situ EXAFS studies, scanning transmis-
sion electron microscopy, the authors have understood the atomic distribution and
surface segregation phenomena. Authors have shown that during the nucleation and
growth process, while the metallic character increases, the bond between the CO
ligands and metals should gradually break. Further, it was demonstrated that Pt
exhibits a marked preference for segregation to the particle’s surfaces under an
ambient H, atm. However, in the presence of O,, the authors observed the formation
of a metal oxide surface over a metal core which can revert back to the initial metal
core structure on exposure to H,.

The examples discussed above indicate that XAS can be conveniently employed
to understand the early stage formation of bimetallic nanoparticles. The information
obtained from XAS can be utilized to develop structure-controllable synthesis strategies
for a wide variety of bimetallic nanoparticles.

UV-Vis Absorbance Spectroscopy

The characteristic surface plasmon absorption of metallic species is a convenient
tool for following the formation of nanoparticles and their reaction kinetics. In addi-
tion, when following the simultaneous reduction of two metal systems, UV-Vis
spectroscopy offers information whether the resultant system is a bimetal, an alloy,
or a physical mixture [127, 128]. Torigoe et al. studied the formation of Ag—Pt alloy
colloidal nanoparticles with optical absorption spectra [123]. The Ag—Pt alloy col-
loidal nanoparticles were prepared by step-by-step reduction of Ag,[Pt(C,0,),] by
dropwise addition of NaBH, in ethylene glycol solution. The authors recorded opti-
cal spectra of Ag,[Pt(C,0,),] at various stages of the reduction (Fig. 5). The authors
pointed out that the reduction reaction is composed of at least three stages. In the
first stage (a—c), colloidal Ag particles were formed as evidenced by the growth of
the absorption band at 407 nm with increasing concentrations of the reductant and
lower extent of shift in the A, (less than 3 nm). In the second stage (d-f), the
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Fig. 5 Optical spectra of Ag,[Pt(C,0,),] at various reduction stages with NaBH,. (Reproduced
with permission from ref. [123], © 1993 American Chemical Society)

authors observed a red shift of the plasmon band and an accompanying decrease in
the absorbance. The authors opinioned that this is probably due to the hole injection
and the accompanying decrease in the density of conduction electron. In the final
stage (g), the plasmon band abruptly reestablishes at further shorter wavelengths
than the initial position, i.e., at 340 nm, with a long tail toward longer wavelengths.
At this stage, the plasmon band has only one peak, with a bandwidth broader than
that of the silver colloid observed in the first stage. This observation was taken as
evidence for the formation of Ag—Pt alloy colloid.

In another interesting study, M. A. El-Sayed and coworkers followed the forma-
tion of bimetallic gold—silver alloy nanoparticles with UV-Vis spectroscopy [121].
The authors prepared Au—Ag bimetallic nanoparticles by the co-reduction of chlo-
roauric acid (HAuCly) and silver nitrate (AgNO;) with sodium citrate. From the
UV-Vis absorption spectra (Fig. 6), the authors noticed that the plasmon maximum
blue-shifts linearly with increasing silver content. Further, as the optical absorption
spectra of their solutions shows only one plasmon absorption, the authors concluded
that co-reduction of chloroauric acid and silver nitrate with sodium citrate leads to
a homogeneous formation of alloy nanoparticles.

Zhang et al. followed the evolution of Ag@AgAu metal core—alloy shell bime-
tallic nanoparticles by UV-Vis spectroscopy [129]. The authors prepared Ag@
AgAu metal core—alloy shell bimetallic nanoparticles by a replacement reaction
between Ag nanoparticles and HAuCl,. The authors recorded absorption spectra at
various stages of nanoparticle formation (Fig. 7). The surface plasmon resonance
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Fig.6 UV-Vis absorption spectra of gold and gold-silver alloy nanoparticles with varying gold
mole fractions X,. The inset shows how the absorption maximum of the plasmon band depends on
the composition (Reprinted with permission from Ref. [121], © 1999 American Chemical Society)

peak appeared at 409 nm for the initial Ag nanoparticles was slightly red shifted
with a decrease in peak intensity. At the same time the authors noticed the appear-
ance of a new peak at 565 nm which began to red shift with reaction time (panel A
of Fig. 6). The authors pointed out that the position of the peak at 565 nm was a
significant red shift from the SPR of non-alloyed Ag@ Au core—shell nanoparticles
which normally exhibit a SPR peak at 530 nm. From this observation, the authors
surmise that Au atom deposition and Ag atom dissolution were not uniform across
the nanoparticle’s surface. By comparing the locations of two peaks with the theo-
retical calculations derived from plasmon hybridization theory, the intermediate
bimetallic nanoparticle was a hybrid of a Ag nanosphere and a hexapod-like
branched particle. The authors also noticed that the position of the second peak did
not change 4 to 6 min after the HAuCl, addition, while the first peak underwent a
red shift (spectrum 360 s in Fig. 6a). This observation was related to the deposition
of Au atoms and alloying with the underlying Ag atoms. The authors observed a
blue shift of the second peak 9 min after the addition of HAuCl, (spectrum 540 s,
Fig. 6b) and pointed out that this happened due to the atomic rearrangement by
Ostwald ripening. Finally, the red shifting of the first peak and the blue shifting of
second peak finally collapsed into a common peak (spectrum 1200s and 6000 s in
Fig. 6b), signaling the complete formation of Ag@AgAu bimetallic nanoparticles.



7 Formation and Characterization of Bimetallic Nanoparticles in Electrochemistry 191

Fig.7 Evolution of the
absorption spectra of
bimetallic nanoparticles
(Reproduced with
permission from ref. [129],
© 2008 Wiley-VCH)
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Electrochemical energy conversion for technical applications relies largely on the
high catalytic reactivity of electrocatalysts. The optimum catalytic activity is strongly
dependent on various factors such as atomic distribution of catalytic metal sites in the
catalyst matrix [20, 111, 130, 131], as well as the surface structure, composition, and
particle size distribution of the nanocatalysts. In order to select the proper electrocata-
lyst materials for energy applications, characterization methods play an important role
in energy-related research. Ideally, the characteristics of the electrocatalyst materials
should be used as selection criteria, and they should allow researchers to forecast the
corresponding PEMFCs performance. The physical characterization and electro-
chemical characterization will be introduced and discussed in this section.
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Physical Characterization

Several experimental techniques, including microscopy, diffraction, and numerous
spectroscopies, have been successfully applied to deduce the structural aspects of
bimetallic nanoparticles. Size distribution, morphology, segregation, alloying
extent, atomic distribution, degree of alloying, and surface composition are some of
the key properties given considerable attention in the characterization of bimetallic
alloy or core—shell-structured electrocatalysts.

X-Ray Diffraction (XRD)

XRD has been widely employed to study supported and unsupported electrocatalyst
nanoparticles to gather information on structure, crystallinity, lattice spacing, and
grain size. In practice, the average particle size of PtRu-based electrocatalysts is
calculated from the broadening of the (220) peak using the Scherrer equation [132],
as shown in Eq. 2.
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where d is the average particle diameter, A, is the wavelength of X-ray radiation,
05 is the angle of the (220) peak, and B g, is the width in radians of the diffraction
peak at half-height. The determination of average particle diameter using (220)
peak broadening in 20 ~ 67° is particularly reliable for carbon-supported PtRu elec-
trocatalysts, since in this region there are no reflection signals associated with the
carbon support. By careful XRD measurements, several authors have followed the
changes in the lattice constant caused by alloying in electrocatalysts in order to
obtain information about the alloying degree [133—136]. Antolini and coworkers
have proposed an equation for determining the alloying degree of a PtRu catalyst
which is defined as the Ru atomic fraction (xg,) through Eq. 3 [137, 138]:

a=a,—-0.124 x,, 3)

where qy is the lattice constant of pure Pt. For unsupported pure Pt, a, has the value
of 0.39231 nm, whereas for supported pure Pt, a, = 0.39155 nm reported for Pt/C
catalyst of E-TEK [137]. Radmilovi¢ and coworkers also proposed a similar type of
relationship for single-phase PtRu bulk alloys: a = 0.39262 — 0.124 xg, (or a =
0.38013 + 0.1249 xp,) [132]. Antolini and Cardellini utilized the peak height ratio of
the Pt[111] crystal face and the C[0015] reflection of the carbon in order to evaluate
the thermal crystallization considered as a crystallinity degree index of PtRu/C
nanoparticles [138]. In some cases, XRD has been also used to calculate the surface
area of the catalyst if the shape of the catalyst particles is spherical by using Eq. 4:
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where S is the surface area (m? g™'), d is the average particle size (nm), and p is the
Pt density (21.4 g cm™3). Information on chemical composition can be obtained first
by constructing a calibration graph of lattice parameter versus atomic fraction and
later by quantifying a composition based on the measured lattice parameter.
Gasteiger et al. carried out detailed studies on the correlation of the lattice parame-
ter with the alloy composition in the binary PtRu system [58] and found a linear
dependence, according to the Vegard’s law. These studies allowed the authors to
establish the relationship between the electrode composition and electrocatalytic
activity. However, XRD is a bulk method and reveals information on the bulk struc-
ture of the catalyst, and its support and its application to the interpretation of nano-
sized particles are rather difficult. By using simulation calculations, Debye function
analysis (DFA) offers a convenient approach to determine the size distribution and
structure of small clusters [139]. In contrast to the analysis restricted to the limited
regions such as the integral intensities of single Bragg peaks, the DFA provides
detailed structural information in a range of dispersion (approx. > 40 %). In a typi-
cal DFA analysis, the measured diffraction curves are fitted by a set of Debye func-
tions for clusters with the “magic” numbers N = 13, 55, 147, ... (for cuboctahedra
and icosahedra) and N =54, 181 (for decahedra) and N = 13, 57, 154 (for hexagonal
close-packed clusters) [140]. A histogram plotting the mass fraction of specific
structural units present within the sample against their average size can then be
constructed through the evaluation of the full pattern. By carrying out the systematic
numerical simulations using Debye functions, Vogel et al. obtained the intrinsic
structure including the average lattice constant and the size distribution of surfac-
tant-stabilized PtRu catalysts and silica-supported PtRu colloids in the as-
synthesized state and after several heat treatments under various atmospheres [106].

Transmission Electron Microscopy (TEM)

TEM in which the electrons pass through the sample generally requires the electro-
catalyst particles to be dispersed onto an electron-transparent substrate such as a thin
carbon film-coated copper microgrid. TEM is particularly useful because of the high
contrast between the metal atoms (especially heavy metals) and gives information
about the size, size distribution, dispersion, and even the morphology of various
shapes of particles. In general, for fuel cell catalysts, microscopic investigation is
combined with other spectroscopic and diffraction techniques to obtain a compre-
hensive understanding on real structure. Radmilovic et al. [132] reported a detailed
study of carbon-supported nanoparticles by TEM and XRD. The focus of their work
was put on the characterization of a commercially available carbon-supported PtRu
(1:1) catalyst in terms of both particle size and completeness of alloy formation. In
the authors’ opinion, many of the difficulties of XRD can be addressed by
TEM. Especially, the lattice structure can be studied by high-resolution electron
microscopy (HRTEM), including the presence of defects such as dislocations, twins,
etc. HRTEM presents an interesting tool in catalyst characterization, as it can be used
to determine the geometric shape of faceting planes, the presence of surface steps,
the surface roughness, as well as the size and distribution of electrocatalyst nanopar-
ticles. HRTEM offers resolution down to the Angstrom level and enables
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information to be obtained on the structure (atomic packing) rather than just
morphology of the nanoparticles. Zhang and Chan presented TEM images along
with the selected area electron diffraction patterns of PtRu nanoparticles synthesized
by a two-microemulsion route in which the metal precursors and reducing agent
formed two individual microemulsion systems [141]. Based on the presence of only
diffractions from the face-centered cubic (fcc) in the electron diffraction pattern of
PtRu nanoparticles, authors have concluded the formation of binary PtRu alloy with
the fcc structure. Further evidence of the formation of fcc-structured PtRu binary
alloy was given through the established linear relationship of the root of the sum of
squares of the lattice coordinates versus the radius of the concentric rings with the
lattices (111), (200), (220), (311), and (222). The authors have indicated that the
calculated lattice cell constant through such a relationship is 3.862 A which is in
between those of platinum and ruthenium and is in agreement with that of a 1:1 PtRu
alloy. Once the particle size distributions were obtained through TEM images, the
mean particle size d,, can be calculated with the following formula (5) [142]:
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where 7; is the number of particles with diameter d;. It is also possible to estimate
the dispersion (ratio of surface atoms to total number of atoms) of the spherically
shaped PtRu clusters through the information of cluster composition and particle
size distribution.

Scanning Electron Microscopy (SEM)

In SEM, the surface of the sample is scanned in a raster pattern with a beam of
energetic electrons. The SEM image is produced due to secondary electrons emitted
by the sample surface following excitation by the primary electron beam [143]. Bi
and Lu utilized SEM to follow the growth process and morphological control of
platinum nanostructure, nanofiber, and nanotube junction structures [144]. These Pt
nanostructures with various anisotropies were obtained by the galvanic replacement
reaction between Ag nanowires and platinum salt solution in the presence of CTAB
solution. From SEM observations, the authors have found that the platinum nano-
structure growth follows three steps; at first, platinum nanoparticles will grow on
the surface of Ag nanowire, and then Ag—Pt composite nanowires will be formed,
and finally the Pt nanofibers and nanotubes will grow. From the field-emission SEM
images, the authors were able to determine the length and the inner and outer diam-
eters of the platinum nanotubes. Additionally, information related to Pt nanotube
uniformity was conveniently obtained from the SEM images. Kawaguchi et al.
studied the process of particle growth for Pt, Ru, and binary PtRu supported on
carbon as a function of pyrolysis time [145]. The catalyst nanoparticles were pre-
pared by an impregnation-reductive pyrolysis method at various temperatures. The
authors have discussed the particle growth behavior from high-resolution SEM
images. Although SEM images have lower resolution than TEM, SEM offers better
three-dimensional images of the electrocatalysts [146, 147].
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Atomic Force Microscopy (AFM)

AFM is a nondestructive method for investigating the microscopic surface topography
of nanostructures. In this method, a probe scans the surface of a material with a
sharp tip in order to clearly image the features of a sample and senses the small
(approximately 1 nN) repulsive force between the probe tip and the surface.
Rodriguez-Nieto et al. utilized AFM in order to obtain morphological and micro-
scopic surface characterization of PtRu electrodeposits produced on activated
highly ordered pyrolytic graphite (HOPG) substrates [148]. The authors were able
to deduce the surface roughness of PtRu electrodeposits in nanometer scale from
AFM images. Schmidt et al. employed UHV-AFM to determine the particle size
distribution and corresponding dispersion of PtRu nanoparticles from height mea-
surements of the imaged PtRu nanoparticles [149].

X-ray Absorption Spectroscopy (XAS)

In order to understand the structure of either alloy or core—shell-structured bimetal-
lic electrocatalysts, especially in the sub-nm 2-3 nm range, combinations of charac-
terization techniques are required. In general, the X-ray absorption spectrum of a
sample can be divided into two regions: the near-edge region (XANES, 0-50 eV
above the absorption edge) and the oscillatory part of the spectrum (EXAFS, > 50
eV above the absorption edge). The capability of tuning the X-ray energy to the
absorption edge of each participating metal in bimetallic systems makes EXAFS as
an attractive technique to elucidate the local structure and provide information on
the environment about a particular atom. By analyzing the EXAFS spectrum of each
metal in bimetallic nanocatalysts concurrently, valuable structural and chemical
information (e.g., interatomic distance, coordination number, oxidation state of
chemical species) about the nanostructure can be conveniently obtained, and this
information can supplement the microscopy data. From XANES measurements,
information about oxidation states, valence states, valence bond vacancies, and
adsorption geometries of molecules at the surface can be obtained. However, as the
evaluation of the spectra is quite complex, due to multiple scattering processes,
EXAFS analysis is generally preferred. Several researchers have successfully used
EXAFS to study the bonding, geometry, and surface structure of many electrocata-
lysts nanoparticles (e.g., PtRu, Pt—Co, and PtMo.), from which the shape, size, and
short-range order in atomic distributions occurring within the particles can be reli-
ably obtained [126, 150—154]. Recently, Russell and Rose thoroughly reviewed the
capabilities of XAS with respect to the analysis of structural aspects of low-
temperature fuel cell catalysts [118].

By collecting the XAS data at the absorption edges corresponding to each ele-
ment in the bimetallic nanocatalysts under investigation, the extent of intermixing
(alloying extent) and homogeneity (atomic distribution) of bimetallic nanocatalysts
may be assessed [20, 155]. In general one can assess the alloyed or core—shell struc-
ture of nanomaterials simply from the coordination numbers of participating ele-
ments in core—shell materials. For a homogeneous bimetallic system of A ,e—Bihen
cluster in which the core of the cluster is composed of N atoms of A (N,) and the
surface is made of N atoms of B (/Vg), the total coordination number (N + Nag) for



196 C.-J.Panetal.

the A atom will be greater than the total coordination number (Ngg + Ng,) for the B
atom [156, 157]. If bimetallic nanocatalysts possess a random alloyed structure, the
ratios of coordination number of A and B coordination, Nya/Nag and Nga/Ngg,
should be consistent with the ratio of atomic fraction x,/xg.

The alloy or core—shell-type structure of metallic nanostructures from XAS mea-
surements can be better understood if we can obtain knowledge about the atomic
distribution and alloying extent of the participating elements. This is particularly
important since, among the various structural aspects, it is most important to control
the homogeneity, dispersion, and alloying extent as they have profound influence on
the surface properties which affect the activity and stability of the bimetallic NPs.
Hence, methods to gain more insights into structural aspects are highly needed.
Even though alloying is a well-known phenomenon, detailed studies on the quanti-
tative assessment of alloying extent in bimetallic NPs have been lacking so far. In
our research group, by deriving the structural parameters from X-ray absorption
spectroscopy (XAS) analysis, a general methodology to estimate the alloying extent
or atomic distribution in bimetallic NPs has been developed.

By estimating the ratio of the coordination number (CN) of A around B and also
the CN of B around A to the total CNs, one can conveniently estimate the alloying
extent of A (J,) and B (J3) in A-B bimetallic NPs. The parameters that are needed
to derive the extent of alloying are represented as Pypserveds Ropserveds Prandom> a0d Riangom-
The parameter P.nq can be defined as a ratio of the scattering atoms “B” CN
around absorbing “A” atoms (N,_p) to the total CN of absorbing atoms (ZN Aﬂ.) ,
(Pobsewed =N, ,/ ZN A ) . Similarly, Ryservea can be defined as a ratio of the scatter-
ing atoms “A” CN around absorbing “B” atoms (N;_,) to the total CNs of absorbing
atoms (ZN 37,-) R (RobServed =N, ,/ ZN B ) , wWhereas P,gom and R,,¢om Can be
taken as 0.5 for perfect alloyed bimetallic NPs if the atomic ratio of “A” and “B” is
1:1. The J, and Jg for 1:1 A-B bimetallic NPs can then be estimated by using Eqs.
6 and 7, respectively.

P
JA — { observed JX 100 % (6)

random

R
JB — [ observed ]X 100 % (7)

random

Based on ZN R ZN ».i»Ja, and Jp, it is possible to develop structural models of
NPs. For example, if »'N, ;> >N, ., the core is rich in “A” atoms and shell is
rich in “B” atoms. In this case if both J, < J3, then the bimetallic NPs structure is
almost pure A.—Bgen (case 1, Fig. 8). However, if Jz > J, with a coordination
parameter relationship ZN > ZN 5. » then the bimetallic NPs possess an “A”
rich in core—“B” rich in shell structure (case 2, Fig. 8). If »'N, .= >N, , and J,
and Jz =~ 100 %, then bimetallic NPs adopt an alloy structure (case 3, Fig. 8).
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Case 1 Case 2 Case 3
Acore~Bsnenl structure A-richgoge-B-richgne structure A-B alloy structure

Fig.8 Structural models of bimetallic nanoparticles with core—shell and alloy structures deduced
from XAS structural parameters (key: blue, A; pink, B)

It is possible to construct structural models emphasizing the atomic distribution
in the bimetallic NPs with knowledge of the ZN i ZN 5> Ja, and Jp values
derived from XAS. With the help of alloying extent values and structural parameters
extracted from EXAFS, it is possible to generate structural models for PtRu/C cata-
lysts. We have calculated the alloying extent of Pt (Jp,) and Ru (J,) for commercial
30 wt% PtRu/C catalysts.

In the case of JM 30 catalyst, the coordination numbers of Pt and Ru atoms
around the Pt atom are found to be 5.6 £ 0.3 and 1.4 + 0.1, respectively, and the total
coordination number Z:NPH is 7.0. The coordination numbers of Ru and Pt atoms
around the Ru atom were determined as 3.4 + 0.2 and 2.2 + 0.3, respectively, and the
total coordination number ZNRu—i is calculated as 5.6. From these values, Pgpserved
and R perveq are determined as 0.20 and 0.39, respectively, and Jp and Jg, values are
calculated as 40 and 78 %, respectively. For E-TEK 30 catalyst, we have calculated
the coordination numbers of Pt and Ru atoms around the Pt atom as 6.2 + 0.3 and 0.9
+0.1, respectively, and ZN"“ as 7.1; the coordination numbers of Ru and Pt atoms
around the Ru atom are determined as 3.7 + 0.2 and 1.2 + 0.2, respectively, and the
Z:NRU*i as 4.9. The other two structural parameters Pypservea a0d Rgpservea in the case
of E-TEK 30 are calculated as 0.13 and 0.24, respectively, and the Jp and Jg, values
are calculated as 26 and 48 %, respectively. It is clear from the structural coordina-
tion parameter values of both the catalysts that ZNPt—i > ZNRu—i and Jg, > Jp and
indicates that the catalysts adopt a Pt rich in core and Ru rich in shell structure.

From the quantitative extent of alloying values, we can see that in both the cata-
lysts, a considerable amount of Ru is segregated on the shell layer, but the extent of
segregation of Ru is higher in E-TEK 30 when compared to the JM 30. The increased
value of Jg, in JM 30 catalyst indicated that most of the Ru is involved in alloying
and hence less segregation of Ru in the shell, whereas in the case of E-TEK 30 cata-
lyst, lesser extent of Ru is involved in the alloying and considerable extent of seg-
regation of Ru can be expected in the shell region. The segregation of Ru in the case
of E-TEK 30 may in part be responsible for its lower methanol oxidation activity
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compared to JM 30. Recent infrared measurements on the PtRu alloy particle elec-
trodes indicate that two modes of adsorbed CO vibrations related to both Pt and Ru
domains present on the surface support the surface segregation of Ru in commercial
catalysts [69]. The XAS results support the Pt-rich core and Ru-rich shell structure
for commercial carbon-supported PtRu catalysts. Increase in Jp, and Ji, values in JM
30 compared to E-TEK 30 indicates that the atomic distribution of Pt and Ru atoms
are much facilitated, while an increase in atomic distribution can be taken as a mea-
sure for enhanced homogeneity.

Lin et al. investigated the commercial and in-house prepared PtRu catalysts by
ex situ EXAFS [158]. From the observed EXAFS parameters, the authors have pro-
posed that the two catalysts differed in the degree of PtRu alloying. The EXAFS
data of the in-house prepared catalyst indicated the signatures of PtRu bonds,
whereas no significant contributions were found in the commercial catalyst. These
observations lead the authors to conclude that the catalyst synthesized in-house was
at least partially alloyed, while the commercial catalyst system seemed to contain
mixed phases of Pt and RuO,. Greegor and Lytle demonstrated the feasibility of
EXAFS technique for measuring the size and shape of small metal particles [159].
This methodology relies on developing a two-region model for various geometrical
shapes like spheres, cubes, and disks and calculating the EXAFS average coordina-
tion number for first, second, and third coordination spheres as a function of cluster
size. Nuzzo and coworkers have also elaborated the modeling nanoparticle size and
shape with EXAFS [116]. They considered two model particles characterized by a
common average first-shell coordination number (a value of ~ 8 for a 92 atom hemi-
spherical and a 55 atom spherical cubooctahedral cluster). The authors have empha-
sized that the geometry of these two clusters is significantly different with different
sizes, shapes, or lattice symmetries, so each cluster can generate a unique sequence
of average coordination numbers in the first few nearest-neighbor shells. Once such
a sequence is obtained experimentally, then the corresponding cluster size, shape,
and symmetry may be conveniently determined. Several authors have studied the
effect of particle size on the XANES region of the XAS spectra for Pt/C catalysts
[116, 160, 161]. In their potential-dependent XANES studies on Pt/C catalyst par-
ticles with a 3.7 and < 1.0 nm in diameter, Yoshitake et al. have observed that the
white line intensity was increased for both particle sizes as the potential increased.
In general the white line at the Pt Li;-edge is an absorption threshold resonance,
attributed to electronic transitions from 2ps, to unoccupied states above the Fermi
level and is sensitive to changes in electron occupancy in the valence orbitals of the
absorber [162]. Hence, changes in the white line intensity have been directly related
to the density of unoccupied d-states and indicate the changes in the oxidation state
of the Pt absorber. In general, if the white line intensity decreases, lower the density
of unoccupied d-states and lower the oxidation state of Pt. The lower white line
intensity observed at negative potentials thus corresponds to a more metallic state.
Mansour and coworkers [163] have proposed that by comparing the white line
intensities of Pt L; and Pt L, edges of a sample with those of a reference metal foil,
one can determine the fractional d-electron occupancy (f;) of the absorber atoms in
the sample by the following formula (8):
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(AA, +1.11 AA,)
Jo= ®)
(A, +111A,,)

where A; ; and A, , represent the areas under the white line at the Lj;-edge and Ly-
edge, respectively, of the reference foil spectrum.

AAX = Ax,s - Ax,r (9)

with x =2 or 3 and A, ; the area under the white line at the L, edge of the sample
spectrum.

fi can then be used to calculate the total number of unoccupied d-states per Pt
atom in the samples:

(hy),, =(10+1) (h),, (10)

where (i), , t = total for Pt has been shown to be 0.3 [164]. A large (/). s value thus
indicates a smaller d-electron density and an increased d-band vacancy as compared
to those for bulk Pt.

Further, Mukerjee et al. [165] and Min et al. [166] studied detailed particle size
effects in several binary anode and cathode electrocatalysts. Mukerjee et al. calcu-
lated the values for Pt/C particles with four different diameters at potentials corre-
sponding to the hydrogen adsorption (0.0 V vs. RHE), the double layer (0.54 vs.
RHE), and the oxide formation (0.84 V vs. RHE) regions. With the decreasing par-
ticle size, authors have observed an increased widening of the white line. The
authors observed an increase in Pt Ly; white line intensity at 0.84 V vs. RHE due to
the adsorption of OH species at higher potentials, whereas the broadening of the
white line at 0 V vs. RHE is related to adsorbed hydrogen. It has been shown that
with increasing particle size, the d-band vacancy decreases, indicating that the elec-
tronic effects due to adsorption of H and OH are more pronounced for smaller par-
ticles. The authors have proposed that as the adsorption strength of H, OH, and CO
is increased with decreasing particle size, however, below a certain size, there is a
reduction methanol oxidation activity. It has been proposed that the intrinsic activity
of Pt-based electrocatalysts for ORR in acidic solutions depends on both the shape,
size of the particles, and the adsorption strength of oxygen intermediates [167].
Min and coworkers carried out detailed investigations on the particle size and alloy-
ing effects in Pt-based Pt—Co, Pt-Ni, and Pt—Cr catalysts [166]. From the XANES
region of the spectra, the authors observed a decrease of the d-band vacancy with
increasing particle size which is in agreement with Mukerjee et al. This observation
suggests lowered adsorption strength of adsorbed oxygen species, thus facilitating
the ORR reaction at larger particles.

Nashner and coworkers reported X-ray absorption spectroscopy characterization
of carbon-supported PtRu nanoparticles with exceptionally narrow size and compo-
sitional distributions synthesized from the molecular cluster precursor PtRusC(CO),¢
[126]. The authors have deduced structural variations in the PtRu nanoparticles
exposed to different gaseous atmospheres such as hydrogen and oxygen on the basis
of ex situ EXAFS measurements in combination with transmission electron
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microscopy. In case of PtRu nanoparticles exposed to H, atm, the authors found that
the ratio of PtRu bonds to Ru—M (Ng,_p/Nrum) as well as PtRu bonds to Pt-M
(Npro/Npiy) Obtained from experimental EXAFS data is always lower than the sta-
tistically predicted ratios indicating stronger weighting of the homometallic coordination
in nanoparticles. The authors proposed that Pt shows a pronounced preference for
segregation to the particle surfaces based on the fact that Npgy/Npy > Nru-pt/ Nru-m-
Upon chemisorption of oxygen, the authors found an increase in the disorder in the
first-shell metal bond lengths accompanied by the average bonding of two oxygens
to both Pt and Ru with bond distances similar to those found in structures with bind-
ing oxygen atoms. In another interesting study, Nuzzo and coworkers utilized XAS
to follow core—shell inversion in PtRu nanoparticles during hydrogen treatment at
various temperatures [117]. Based on XAS structural parameters, the authors found
that the incipient PtRu nanoparticles initially formed a disordered structure at 473 K
in which Pt is found preferentially at the core of condensing particle. After exposure
to high-temperature treatment to 673 K, the nanoparticle undergoes a core—shell
inversion leading to the migration of Pt to the equilibrated bimetallic nanoparticle.

Very recently, by utilizing the XAS, we examined heat-induced changes in the
surface population of Pt and Ru in PtRu/C catalyst NPs and correlated them with the
electrocatalytic activity [168]. In this study, the thermal treatment procedure was
designed in such a way that the particle size of initial NPs was not altered upon
thermal treatment but can change only the surface population of Pt and Ru allowing
us to deduce the structural information independent of particle size effect. We uti-
lized X-ray absorption spectroscopy (XAS) to deduce the structural parameters that
can provide information on atomic distribution (or) alloying extent as well as sur-
face population of Pt and Ru in PtRu/C NPs. The PtRu/C catalyst sample obtained
from Johnson Matthey was subjected to heat treatment in two environments. At first
the as-received catalyst was reduced in 2 % H, and 98 % Ar gas mixture at 300 °C
for 4 h (PtRu/C as-reduced). Later this sample was subjected to either oxygen
(PtRu/C-0,-300) or hydrogen thermal treatment (PtRu/C-H,-350). XAS results
reveal that when the as-reduced PtRu/C catalyst was exposed to the O, thermal
treatment strategy, considerable amount of Ru was moved to the catalyst surface. In
contrast, H, thermal treatment strategy led to the higher population of Pt on the
PtRu/C surface. Characterization of the heat-treated PtRu/C samples by XRD and
TEM reveals that there are no significant changes in the particle size of thermal-
treated samples when compared to the as-received PtRu/C sample. Both XAS and
electrochemical CO,y stripping voltammetry results suggested that the PtRu/
C-H,-350 sample exhibits significant enhancement in reactivity toward CO oxida-
tion as a result of the increased surface population of the Pt when compared to the
PtRu/C-0,-300 and PtRu/C as-reduced samples.

X-ray Photoelectron Spectroscopy (XPS)

XPS analyses are commonly used in the characterization of fuel cell electrocata-
lysts. XPS works based on the photoelectric effect where the energy of X-ray beam
is sufficient to overcome the binding energy of electron of the analyte atom,
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molecule, or solid/surface, allowing the electrons to be ejected. In general, both
valence and core electrons can be ejected by X-ray radiation. The composition of
materials can be determined using the peal areas under the binding energy curves of
the core electron which is characteristic of each element present in the sample [34].
Further, information on chemical bonding can also be conveniently obtained
through XPS since the peak shape and binding energy are sensitive to the oxidation
and chemical state of the emitting atom [169, 170]. XPS is also particularly useful
in determining the particle size effects in fuel cell catalysts. In their studies, Kao
et al. observed a 0.3 eV increase of the Pt 4f binding energy when compared to bulk
systems [171]. Eberhard et al. also found a continuous increase of the Pt 4f binding
energy with decreasing particle size [172]. Zhang and Chan presented XPS analyses
of PtRu nanoparticles prepared in water-in-oil reverse microemulsion [173]. The Pt
4f,, and Pt 4f;,, lines that appeared at 71.30 eV and 74.57 eV, respectively, were
attributed to metallic Pt°. The peaks that appeared at 72.49 eV and 75.88 eV were
assigned to Pt in PtO and Pt(OH),, respectively. Based on the relative height of the
peaks, the authors suggested that metallic Pt® is the predominant species in the
nanoparticles. The authors observed three components with binding energies of
461.32, 463.41, and 465.72 eV in the corresponding Ru 3p;,, spectrum correspond-
ing to the Ru® metal, Ru (e.g., RuO,), and Ru! (in RuOs), respectively. From these
results, the authors concluded that the surface of nanoparticles contains metal and
Ru oxides species.

Although XPS is suitable for obtaining the chemical state and bonding in elec-
trocatalysts, its application toward the determination of surface composition is lim-
ited. For particle size < 3 nm, not less than half of the atoms in the cluster belong to
the surface. Hence, the surface-specific XPS with the escaping depth of an electron
of about 3 nm becomes a bulk method for small particles [174]. Recently, the work
done by Tao et al. demonstrated that using a synchrotron-based X-ray light source
with tunable incident X-ray energy allows for investigation of the composition of
bimetallic nanoparticles [34, 175].

Auger Electron Spectroscopy (AES)

AES is a powerful tool for determining the composition of the top few layers of a
surface. In AES, the sample of interest is irradiated with a high-energy (2 — 10 keV)
primary electron beam. This bombardment results in the emission of backscattered,
secondary, and Auger electrons that can be detected and analyzed. The backscat-
tered and the secondary electrons are used for imaging purposes similar to that in
scanning electron microscopy (SEM). The Auger electrons are emitted at discrete
energies that are characteristic of the elements present on the sample surface. When
analyzed as a function of energy, the peak positions are used to identify the elements
and the chemical states present. AES is widely employed on electrocatalysts to real-
ize the surface structure. Stamenkovic et al. investigated the surface structure of
PtM (M = Co, Ni, Fe) polycrystalline alloys with the combination of AES, low
energy ion scattering (LEIS) and ultraviolet photoemission spectroscopy (UPS) [176].
By careful modeling of emission from several subsurface layers with dynamic scat-
tering of the outgoing Auger electron, the authors have observed that the Co;75/Pt,3,
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AES peak ratio for Pt;Co sample is different on sputtered and annealed surface
indicating that the concentration profile of Pt and Co atoms in the surface region
may depend on the respective UHV treatment of the alloy sample. From the combi-
nation of spectroscopic results, the authors found that in the case of annealed Pt;Co
sample at 1,000 K, a completely Pt-skin surface was formed, and due to complete
segregation of Pt atoms, the surface composition of Pt is calculated as 100 at.%.
In the case of ion-sputtered Pt;Co sample, the surface composition corresponds to
the ratio of alloying elements in the bulk, i.e., 75 at.% Pt and 25 % Co. In another
interesting study, Tremiliosi-Filho et al. utilized AES as a primary characterization
technique to investigate the ruthenium coverage on Pt (111) surface [177]. The
authors have calculated the amount of Ru monolayers formed on Pt(111) surface
from the intensity of AES peak observed at 274 eV as a result of Pt(111) exposure
to RuCl; solution. With the increasing concentration of RuCl; solution, the intensity
of AES peak was found to be increased, and the corresponding amount of Ru mono-
layer coverage on Pt(111) was calculated to be higher.

Electrochemical Nuclear Magnetic Resonance (EC-NMR)

Spectroscopy

Electrochemical nuclear magnetic resonance (EC-NMR) spectroscopy which com-
bines both solid state NMR and electrochemistry has emerged as a powerful tech-
nique to elucidate the electronic properties of metal surfaces [178]. In particular,
EC-NMR provides an electronic level description based on the Fermi level local
density of states (E-LDOS) [179]. The Wieckowski group carried out detailed
EC-NMR studies in order to explore the structure of electrocatalyst nanoparticles, to
estimate various E~LLDOS that are involved in construction of the metal-adsorbate
bonds, and to examine the diffusional behavior of CO on PtRu bimetallic catalysts as
well as interesting relationship between electrochemical current generation and the
E~LDOS of CO on Pt [180, 181]. '*C and 'SPt are particularly useful nuclei for
investigating electrochemical interfaces. Quantitative information about the E-
LDOS of both 56 and 2n* orbitals of the chemisorbed CO on Pt nanoparticles can be
conveniently achieved by the '*C EC-NMR. This analysis is particularly based on
metal and ligand Knight shifts and spin—lattice relaxation rates, and it is important
since the variation of these E~LDOS reflects the changes in Pt—CO chemisorption
bonds. Similarly, from the Pt EC-NMR, the 6 s and 5d E~-LDOS of Pt surfaces can
be obtained. The electronic alterations of the metal surfaces can be understood
through variations in E-LDOS. In elegant work, Wieckowski and coworkers carried
out thorough Pt EC-NMR measurements on commercial PtRu alloy nanoparticles
and *C EC-NMR for CO chemisorbed on these catalysts [180]. The authors showed
195pt EC-NMR spectra of a Pt-black sample (with an average particle diameter of 2.8
nm) and PtRu nanoparticles (with an average particle diameter of 2-3 nm). The
authors found that for the Pt-black sample, the Pt NMR spectrum extends from 1.095
to 1.14 G/kHz, whereas for PtRu nanoparticles, a much narrower NMR signal extend-
ing only from 1.095 to 1.115 G/kHz was found. Based on the observation that the
whole spectrum is shifted toward lower Knight shifts, the authors arrived to a conclu-
sion that there are no Pt atoms whose electronic properties resemble those of bulk
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Pt. The authors have suggested that if the nanoparticle retains a homogeneous
composition, then the corresponding NMR spectra of bimetallic catalysts can be
expected to show broad, layer-like structures. For example, the *Pt NMR spectrum
of a 2.5 nm-sized PtPd bimetallic catalyst extended from 1.09 to 1.13 G/kHz [182].
In contrast, the presence of relatively narrow peak can be found if there is a surface
segregation of one component in bimetallic catalysts. Based on the fact that the '*°Pt
NMR spectrum of PtRu nanoparticles exhibited a relatively narrow peak centered at
about 1.104 G/kHz, the authors have suggested that there is a major surface enrich-
ment of Pt atoms in the PtRu alloy nanoparticles. From the spin—lattice relaxation
measurements, the authors have found significant reduction in E-LDOS at Pt sites
and also on the C-sites of adsorbed CO due to Ru addition, indicating a decrease in
the total DOS at Ep for the Pt atoms. Thus EC-NMR is useful to evaluate the elec-
tronic effects in bimetallic electrocatalysts and for investigating electrochemical
interfaces.

Temperature-Programmed Reduction (TPR)

Temperature-programmed reduction (TPR) has been successfully explored to eval-
uate the surface composition of bimetallic PtRu/C catalysts [183—185]. In their
work, the authors suggested that upon calcination, surface platinum (Pt*) on reduced
Pt crystallites is oxidized to Pt*O and Pt°O, as shown in Eqgs. 11 and 12:

2 Pt'+0, > 2 Pr'O (11)
Pt +0, > Pr'O, (12)

After calcinations, the state of Pt°O, can easily be characterized with the TPR tech-
nique by reducing the calcined catalysts by flowing H, as shown in Eq. 13:

MO, +xH, —» xH,0+M (13)

Similarly, the state of Ru also can be characterized by calcinations followed by the
reduction. The authors found that oxygen chemisorbed on Ru exhibited a higher
reduction temperature (T, = 300 K) than that chemisorbed on Pt (T, = 250 K).
In case of bimetallic PtRu alloy nanoparticles, the experimental results suggested
that T, varies with PtRu surface composition [183]. For example, a Pt-rich surface
displays a lower T, (~300 K) when compared to Ru-rich surface (T, = 320 K).
Based on these observations, the authors evaluated the surface enrichment in bime-
tallic PtRu catalysts.

Electrochemical Characterization
Characterizing the electrocatalytic activity of bimetallic nanocatalysts is an

important step en route to performance optimization that requires several electro-
chemical methods. For instance, cyclic voltammetry (potential cycling), linear scan



204 C.-J.Panetal.

voltammetry (LSV), rotating disk electrode (RDE), rotating ring-disk electrode
(RRDE), and CO stripping voltammetry are widely employed to get structural as
well as electrocatalytic activity information about electrocatalysts. An electrochem-
ical reaction generally involves sequence of steps: it usually starts with the transport
and adsorption of the reactants on the surface of the electrode/catalyst, followed by
charge transfer related to either oxidation or reduction on the surface of the elec-
trode/catalyst, and finishing with the transport of product(s) from the surface of the
electrode/catalyst.

In this section, we attempt to cover several electrochemical techniques com-
monly employed in evaluating the electrochemical properties of bimetallic nanopar-
ticles, with emphasis on applied aspects. We have also considered the following
aspects: the electrochemical cell and its instrumentation in order to obtain valid
results of the characterization and evaluation of the electrocatalyst activity will be
presented where appropriate but not described in detail.

Cyclic Voltammetry (CV)

CV is a type of potentiodynamic electrochemical measurement and generally used to
study the basic characteristics of the studied system regarding mainly the mechanism
of electrode reactions and their kinetic parameters. It offers a rapid determination of
redox potentials of electroactive species. CV is characterized by the linear sweep of
a working electrode potential from one starting potential to high (or low) limit and
back to low (or high) limit. In that case, the current at the working electrode is plotted
versus the applied potential to give the cyclic voltammogram trace [186].

In general, the trace or feature of cyclic voltammogram is contributed from the
sequence of electrochemical process steps, which can be described as follows. First,
when the potential goes higher (or lower) enough to cause the oxidation (or reduc-
tion) of an electrochemically active species, we may observe an appearance of
anodic (or cathodic) current. An increase in anodic (or cathodic) current as the
potential goes higher (or lower) is because of the reaction kinetics becoming faster.
Second, the concentrations of the oxidized and the reduced forms of electrochemi-
cally active species become equal on the surface of the electrode when the potential
reaches the standard reduction potential. The highest anodic (or cathodic) current is
obtained when the potential reaches a value at which all the reduced (or oxidized)
form of the electrochemically active species at the electrode surface is consumed.
At this particular moment, the highest anodic (or cathodic) current is obtained
because the mass transport rate of the electrochemically active species reaches a
maximum rate, which is driven by the largest concentration gradient between the
bulk and surface concentration of the electrochemically active species. Third, when
the potential goes higher (or lower) beyond this point, the current starts to fall off
because the diffusion thickness increases, resulting in a less steep concentration
gradient of the electrochemically active species. Therefore, an anodic (or a cathodic)
peak develops. Finally, when the potential reaches the set high (or low) limit, it
reverses direction and scans toward the set low limit. During this reverse potential
scan, the oxidized (or reduced) form of the electrochemically active species reacts
and develops a cathodic (or anodic) peak. The cathodic (anodic) peak is located at a
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slightly lower (higher) potential than the anodic (cathodic) peak. If the redox couple
is reversible, the cathodic and anodic peaks are of equal height (or equal area), and
their peak positions do not change with the potential scan rate. In order to character-
ize electrocatalysts through CV, three-electrode electrochemical cells are widely
used. The schematic diagram of a typical three-electrode electrochemical cell is
presented in Fig. 9.

Materials with good electronic conductivity can be used as the working elec-
trode, such as glassy carbon, gold, or platinum. The surfaces of these materials are
exposed to the electrolyte, and the other parts are usually covered by an inert mate-
rial, such as Teflon. The reference electrode is an electrode which has a stable and
well-known electrode potential, is typically placed in the Luggin capillary, and is
constructed in a way that its fine tip can reach the surface of working electrode in
order to minimize the influence of the uncompensated electrolyte resistance, with-
out hindering the electrochemical reaction on the surface of working electrode. The
most common reference electrodes are Pt/H,/H* (standard/normal/dynamic hydro-
gen electrode), Ag/AgCl/Cl- (silver/silver chloride electrode), and Hg/Hg,Cl,/Cl~
(calomel electrode). A counter electrode in three-electrode system often has a
surface area much larger than that of the working electrode. For example, Pt was
chosen as the counter electrode in the DMFCs field when the Pt-based catalysts
were under characterization [186—189].

A catalyst is usually made in the form of a slurry before it is applied on the
surface of the electrode. A catalyst is first well-mixed with other components:
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solvent and additives, through ultrasonication. A solvent could be typically
water and short chain alcohols such as ethanol. Naturally, the catalyst particles
adhere to the surface of working electrode. However, in order to increase the
adhesion, a typical additive, e.g., DuPont’s perfluorinated ionomers (Nafion),
may be used. Nafion can also be used as a binding material between each cata-
lyst particles, which may lead to higher catalyst utilization. The dispersion of
the catalyst particles is also crucial regarding with the optimum catalyst utiliza-
tion; therefore, it is important to find the optimum loading of the metal: we
found that an optimum Pt loading for the working electrode preparation was
0.22 mg-Pt/cm? [190]. The working electrode was made of unsupported or sup-
ported Pt-based catalysts immobilized on glassy carbon (GC) electrode surface
(0.1964 cm?). The procedure for electrode fabrication involved three steps: first,
the preparation of a clear suspension by sonication of a known amount of cata-
lyst powder dispersed in 0.5 % Nafion; second, placing an aliquot of the suspen-
sion (7 pL of 6.2 pg-Pt mL! of the catalyst) on the GCE disk; and third, air-drying
about 5 min at room temperature and then at 80 °C to yield a uniform thin film
of the catalyst [24, 168, 188, 191].

Typically, dilute aqueous acid solutions, such as sulfuric acid (H,SO,) and per-
chloric acid (HCI1O,), are usually applied as an electrolyte in the study of DMFCs.
However, it is also important to carefully choose a proper electrolyte in the fuel
cell system. Although, sulfuric acid has been commonly used in the experiments,
their sulfate anions (SO,2) can be absorbed on the surface of Pt catalyst. That
situation is completely different from perchloric anion (ClO,"), where this anion
will not be absorbed onto the surface of Pt catalyst and will not influence the reac-
tion kinetics.

Linear Sweep Voltammetry (LSV)

As mentioned in the previous section, it is appropriate to continue our discussion on
linear scan voltammetry (LSV) experiment performed on a RDE to study the intrin-
sic kinetics of the catalyst [105, 192—194]. The knowledge of the velocities in radial
and vertical direction, which can be obtained via the Navier—Stokes equations,
allows the calculations of the mass transport to the disk surface through a diffusion
layer with the thickness of & according to Eq. 14:

S=161v"%.D" .0 (14)

where v represents the kinematic viscosity of the electrolyte. As mentioned earlier,
according to Eq. 14, the thickness of the diffusion layer of a chosen system strongly
depends on the rotation rate. The potential of the working electrode in the LSV
experiment is scanned from a potential in which no reaction occurs to a potential
that leads to the occurrence of a reaction. Furthermore, when the overpotential is
high enough, the reaction rate will be determined by the diffusion of the reactant at
a given electrode rotation rate. In this condition, a diffusion-limiting current is
achieved and can be described as a function of the diffusion layer thickness as
shown in Eq. 15, by assuming that Fick’s law can be applied.
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3 =nFAc§ (15)

n, A, and F are the number of electrons involved, geometric electrode area, and
Faraday constant, respectively. The combination of Eqgs. 14 and 15 results in
Levich’s equation for the diffusion-limited current on a RDE. The diffusion-limited
current is for a given system only determined by the rotation rate with B being the
Levich constant: [187, 189]
2, 1 1 1

i, = 0.620nFACDAv Awé = BCa)A (16)

Itis clearly seen in Eq. 16 that a linear relationship exists in the plotting of id versus

®’? and goes through the (0, 0) origin. Indeed, we also found a same linear rela-
tionship in part of our recent result as can be observed in Fig. 10b. It is of interest to
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Fig.10 Evaluation of intrinsic kinetics activity toward oxygen reduction reaction for commercial
carbon-supported Pt;-Cr, catalyst. (a) LSV recorder at 1 mV/s under various rotation rates in
oxygen-saturated 0.5 M sulfuric acid at 25 °C. (b) Plot of id versus o*. (¢) Koutecky—Levich plots
at various potentials



208 C.-J.Panetal.

a 172 b
; Levich line (iy <»"*) < E=E;
; iindependent of w'?
E=E,
Vi’
o2 L o172

1
Fig.11 (a) Variation of i with a)é in the RDE experiment under a constant Ej, for the slow reac-
tion on the electrode. (b) Koutecky—Levich plots at potential £;, where the rate of electron transfer
is sufficiently slow to act as limiting factor, and at E,, where electron transfer is rapid

point out that at the onset potential, the current is controlled mainly by reaction
kinetics rather than mass transport rate and is expressed in Eq. 17 [186, 189].

i, =nfFk,C a7

where k; is the rate constant and is a function of overpotential (7). Furthermore, i, is
the current that would flow under the kinetic limitation if the mass transfer was
efficient enough to keep the concentration at the electrode’s surface equal to the
bulk value, regardless of the electrode reaction.

In an entire potential scan range, the overall current (i) in Eq. 18 is described by
the Koutecky—Levich equation, as the partition of the overall current in a kinetically
determined and a diffusion determined part as shown below[186, 189, 195]:

1 1 1 1 1

e S 18
R P BCw% 1o

It is clearly seen in Eq. 18 that / Y is a constant only when i, is very large.
o?C

1
Otherwise, a plot of i versus a)é will be curved and tend toward the limit i =i, as

a)% — oo (Fig. 10a). The plot of i”' versus a)f% as observed in Figs. 10c and 11b
will yield a straight line, where its slope can be used to determine Levich constant
of B, from which the number of electrons involved in the reaction can be calculated
using known values of solubility and the diffusion of particular reactant in the
mq/dium under investigation. The intercept of the plot on the ordinate axis at
®’? =0 gives the values of i,(’1 , which can be used for further determination of the
kinetic parameter k, according to Eq. 18.

The combination of LSV and RDE methods can be utilized to obtain several
intrinsic catalyst parameters, such as kinetic parameters of the Tafel slope, mass
activity, and specific activity which together define the catalyst’s activity. Figure 12
shows a sequence of steps for evaluating the activity of carbon-supported Pt and
Pt—Co catalysts toward oxygen reduction reaction (ORR) [80].
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Fig. 12 Evaluation of electroactivity toward oxygen reduction reaction for various carbon-
supported Pt and Pt—Co catalysts. (a) LSV recorder at 1 mV/s under rotation rate of 2,500 rpm in
oxygen-saturated 0.5 M sulfuric acid at 25 °C. (b) Tafel plots. Currents are per gram of Pt used in
the electrode preparation. (¢) Mass activity measured at 0.95 Vgyg (Reprinted from ref. [191],
© 2007 American Association for the Advancement Science)

It is possible to take an advantage of these observed phenomena: one can measure
the value of diffusion-limited current by linearizing the observed current of the LSV
region 0-0.7 V. Between 0 and 0.7 V, the observed current commonly shows almost
a constant value, thus one can easily make a linearization of that observed current.
The result of the linearization is known as the diffusion-limited current and is denoted
as i;. We believe that the normalized current in Fig. 12a is more appropriate for quali-
tative comparisons of the catalysts ORR activity. The normalized current is obtained
by simply dividing the measured currents with the obtained i,. In the Tafel region
(higher than 0.85 V) and the mixed potential region, the ORR activities show a
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significant difference in their magnitudes. It can be visualized from the inset of
Fig. 12a that E-tek Pt—-Co/C and sample-2 show a drastically enhanced activity in
raising a portion of the curves compared to that for E-tek Pt/C. On the other hand,
sample-1 displays comparatively poor activity toward ORR.

Adsorptive CO Stripping Voltammetry (CO,4-SV)

The second electrochemical method for the estimation of ECSA is CO stripping
voltammetry [105, 196-201]. Figure 13a shows two CVs obtained on the bimetallic
homemade PtRu catalyst with a CO-adsorbed adlayer. CO can be strongly adsorbed
onto the surface of Pt to form a monolayer; however, this irreversible monolayer of
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Fig. 13 (a) CO stripping voltammograms for the homemade Pt;—Ru,/C catalysts in N,-saturated
0.5 M sulfuric acid electrolyte at a scan rate of 10 mV/s and 25 + 1 °C. (b) Cu deposition in N,-
saturated 0.5 M sulfuric acid and in the presence of 32 mM CuSO, on commercial carbon-supported
Pd (20 wt%)/GC electrode under various deposition potentials for 120 s at 30 + 1 °C. Scan rate
for Pd/C in the absence of CuSO, solution was 20 mV/s, while the Cu deposition was scanned at
10 mV/s. Note: Egep.1 < Egepr < Egeps
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CO will be removed quickly and completely by electrochemical oxidation at a high
enough potential in the first cycle of CV.

During the first forward step, the peak characteristics of hydrogen/desorption
(H 44.s) Were suppressed due to the presence of adsorbed CO. Moreover, the
observed peaks at 0.45-0.50 V correspond to oxidative stripping of the adsorbed
CO layer. On the second sweep after electrooxidation of CO, the voltammograms
return to those observed in the absence of adsorbed CO. The calculated charge
under the CO oxidation peak (Qco) is related to the following oxidation process
converts CO to CO,:

CO+H,0—>CO, +2H" +2¢" (19)

CO oxidation to CO, involves 2 electrons as shown in Eq. 19. Therefore, if one
CO molecule bonded with one Pt atom in a linear adsorption configuration
(Pt—CO,y), then the charge required to oxidize a monolayer of CO adsorbed on Pt is
equal to 420pC/cm? ECSA can then be calculated by using Eq. 20:

0o (€)
420(uC/em*)-w,, (2)

ECSA.,(m* /)= %100 (20)

However, a bridge adsorption configuration (2Pt—CO,4) may happen if 1 CO
molecule occupies 2 Pt atoms. In that case, the charge required to oxidize a mono-
layer CO adsorbed on Pt is equal to 210pC/cm?. Those two CO adsorption configu-
rations are strongly affected by the applied potential. A linear adsorption may
dominate if the CO adsorption occurs at a potential close to 0 V, as shown in a recent
study [202].

Pozio et al. [203] have suggested that ECSA calculated by means of CO adsorp-
tion seems not to be dependent on the platinum loading. This may due to the strip-
ping mechanism being dominated by the electronic conduction of the oxidation
reaction involving the hydroxyl group from water (the electronic conduction is not
to be influenced by the Nafion layer resistance in the catalyst). In this study of
bimetallic PtRu, the CO stripping method basically gives a separate determination
of platinum and second metal (Ru) in Pt-based alloy catalysts to bring a true ECSA,
as desorption of CO from “Pt” and “Ru” usually takes place at different potentials
[105, 200, 201].

Underpotential Deposition (UPD)

Up to now, we have described two typical electrochemical methods which are used
for the estimation of ECSA. However, other studies have reported an alternative
electrochemical method based on foreign-applied metal ad-atoms, such as copper
(Cu) [196, 198, 204-207], silver (Ag) [208, 209], lead (Pb) [210], and antimony
(Sb) [211]. This technique, the so-called underpotential deposition (UPD) of metal
is extremely useful for carbon-supported catalysts as the ad-atoms can only be
formed on metallic portion in the complex surface. In that case, an advantage of this
method over H 4, methods is that there is no spillover effect. Indeed, in a very
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recent study, Green and Kucernak [206, 207] showed the viability of underpotential
deposition of copper (Cu-UPD) to characterize supported and unsupported Pt, Ru,
and PtRu catalysts. In their particular study of Pt, Ru, and PtRu catalysts, the choice
of Cu ad-atoms as a probe was motivated by the close atomic radii of Cu (0.128
nm), Ru (0.134 nm), and Pt (0.138 nm) and a suitable potential region of Cu desorp-
tion at relatively low potential. This can introduce a correction for double-layer
charging and oxygen adsorption. Furthermore, they also showed that it is also pos-
sible to determine the surface composition of PtRu catalyst using a Cu-UPD method
due to the difference in adsorption energies for Cu on either Pt or Ru. The UPD
studies have been performed using a variety of metals that include Cu, Pb, Sn, and
Fe deposited on particular Pt catalyst [212].

The phenomenon of UPD itself refers to the deposition of metals on foreign
metal substrates at the potentials more positive than that predicted by the Nernst
equation for bulk deposition. This implies that the depositing ad-atoms are more
strongly bonded to the foreign metal electrode [213-215]. In the case of Cu-UPD,
the metal deposition processes at the electrode surface can be represented by Eq. 21:

Cu* +2¢ — Cu (420 uC/ cmz) 1)

The Nernst equation was applied in order to predict the equilibrium potential (E,,)
at which the deposition and dissolution of the bulk-metal phase happens:

RT . 4.
_ 0 Cu™" ~
W=E ln_acu ~0.34V,,, forCu (22)

where E° is the standard potential and a is the activity. R, T, and F are the molar gas
constant, temperature, and Faraday constant, respectively. The formation of the first
monolayer is inferred from the pronounced current peaks at the potential £ > E, ,
while the bulk deposition occurs at E < E, . Taking an example of Cu on Au sys-
tem, UPD Cu on Au occurs at ~0.46 V, while bulk deposition occurs at ~0.25 V.
The cyclic voltammogram of platinum in solution composed of H,SO, and
CuSO, at wide scan range of 0—1.5 V commonly exhibited four main peaks related
to different mechanisms. The CV is dominated by the deposition and stripping of
both bulk and underpotential-deposited copper. In a forward anodic scan, one may
find a distinct sharpened peak that represents the bulk copper stripping, while in the
backward cathodic scan, the bulk copper deposition occurs at almost similar poten-
tial with bulk copper deposition. From detailed observations, bulk copper deposi-
tion occurs at around 0.25 V, which is a slightly lower potential than its bulk copper
stripping. At the platinum double-layer region, we may able to observe several
peaks associated with the UPD processes of copper on platinum. It is indicating that
the Cu stripped from different sites, which has different adsorption energies, on the
surface of platinum. In a forward anodic scan, UPD of copper stripping occurs at
much positive potentials compared to that of bulk copper stripping. Furthermore,
UPD of copper deposition is also shifted to much positive potentials compared to
the deposition of bulk copper. In addition, the hydrogen adsorption region is



7 Formation and Characterization of Bimetallic Nanoparticles in Electrochemistry 213

suppressed due to the presence of copper, and the oxide reduction is distorted due to
the onset of copper UPD [206].

It is worth mentioning that Green and Kucernak used the plot of the ratio of
copper stripping charge to hydrogen charge (Q., yrp/OQn 4.) as a function of
deposition potential on platinum electrode in order to obtain an optimum condi-
tion for the formation of well-ordered monolayer of UPD copper without the pos-
sibility of a three-dimensional growth of bulk copper [206]. The charge of 420
pC/cm? in the copper metal deposition reaction is used in the calculation of
Qe vep» While Q. .-, itself is obtained after subtracting the total measured
UPD copper stripping charges with the platinum background. The ratio of
Qe ven ! Oy 15 to be expected 2, where a copper atoms adsorbs on platinum
surface at the same sites with hydrogen to form a completely UPD copper layer.
Their results showed that O, /Oy .. =2 Was achieved when the deposition
potential is in the range of 0.25-0.3 V. When E,,,, is lower than 0.25 V, the deposi-
tion of bulk copper occurs, and when higher than 0.3 V, the UPD layer does not
form completely. This technique can be also widely applied in finding an opti-
mum deposition time of UPD copper.

In our recent results which are shown in Fig. 13b, we also found a similar trend,
where the UPD of Cu occurs at the potentials more positive than that of bulk Cu
deposition. The bulk copper deposition on commercial Pd/C occurs at the deposi-
tion potential of Eq,,;. In a detailed observation, an increase in deposition potentials
at Eqep» and Ey,, ; is followed by a decrease in current density corresponding to bulk
copper stripping while the UPD copper starts to grow, as is shown with black arrow.

In any study of Pt-based catalysts, the method used for the determination of
ECSA from Cu-UPD should consider: (i) applied deposition potential and time for
the formation of UPD copper, (ii) applied potential scan range for both Pt back-
ground and UPD copper stripping, and (iii) a correction for double-layer charging,
oxygen adsorption, and further possibility of adsorbed anion. In our earlier discus-
sion, we mentioned that an optimum condition for the formation of well-ordered
monolayers of UPD copper can be achieved when the ratio of O, ,»,/Op 4. 15
nearly equal to 2, as suggested by Green and Kucernak [206]. Thus, for the first
important aspect, the plot between Q., ., /Oy 4., Versus potential and (or) time
deposition should be made in order to find out which potential and (or) time deposi-
tion region shows a value of Q. ,», / Oy .. = 2. In the second aspect, the CV for
bare Pt (as background) should be scanned from 0.05 to 0.85 V. The end potential
in forward scan was chosen to be 0.85 V, at the point where oxide growth commonly
starts on platinum, and thus only a very small oxide reduction peak was expected to
occur at the backward scan. The linear potential scan for the Cu-UPD stripping
should be also scanned until the end potential of 0.85 V. In case of PtRu catalyst, the
linear potential scan for Cu-UPD stripping could be started from 0.3 V to 0.85 V.
An applied potential at 0.3 V was chosen as the starting point of the scan due to a
completion of monolayer of UPD copper while 0.85 V as the end potential which
was due to a completion of oxidative removal of UPD copper layer and also a sup-
pression of oxide adsorption/desorption. Once the oxide adsorption/desorption
mechanism was suppressed, we may consider it as an advantage for the calculation
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of O, ypp as avery small correction would be expected and will be discussed in the
following third aspect.

In the third aspect, the charge of O, ,,, should result after subtracting the total
measured charge from experiment (Q.,) with the charge due to the charging of
double-layer capacitance (Qp,), the charge due to the growth of any oxide and (or)
oxygenated species (Q,,), and the charge due to adsorption/desorption of any
adsorbed anion (Q,nion) as shown in Eq. 23 [207]:

QCufUPD = Qexp - QDL - Qox - Qan[on (23)

Therefore, it is important to include the CV for bare platinum as a background for
the matter of correction to Q,_,»,- ECSA can be calculated by assuming that a
charge required to oxidize a monolayer of Cu adsorbed on each metal surface is
equal to 420 pC/cm? as shown in the following equation [207]:

QCufUPD (C)
420(uC/em*)-wy, (2)

ECSA¢, ypy(m* /g) = x 100 (24)

Once the ECSA was obtained either from H-UPD, CO stripping, and Cu-UPD
methods, it was possible to determine the average particle size (d) by assuming that
the shape of the catalyst particle is spherical, as shown below:

) 6,000 25)

d(nm)=
( ECSA(m2 /g)- p(g/cm3)
where p is the average particle density, and it was 21.4 g/cm?® for Pt. However for the
bimetallic system, the average particle density could be obtained by using the fol-
lowing relationship:

bulk bulk
Ppi—m =Xp Ppe T Xy Py (26)

where x£ and x}** are the bulk compositions of Pt and second metal “M,” respec-
tively, while p,, is the average particle density of second metal “M.”

Surface composition of Pt-based catalysts through the Cu-UPD method. 1t is of
interest to describe the feature for the stripping of Cu-UPD layer formed on particu-
larly dispersed bimetallic PtRu catalyst. Commonly, a peak at low potential around
0.42 V is accompanied by a shoulder that continues to a much higher potential. The
first peak at around 0.42 V was due to the oxidative removal of adsorbed Cu-UPD
layer, while the shoulder was the removal from the Pt sites. This information
strongly supports the differing adsorption energies for Cu on either Pt or Ru that
could be used to quantify the Ru metal surface content of PtRu catalyst. Further
deconvolution of linear anodic stripping of Cu-UPD should be made to separate a
charges contributed by Ru and Pt sites by assuming that the feature of CU-UPD has
a Gaussian line shape. The Ru coverage on the surface of bimetallic PtRu catalyst
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(xz,s) can be quantified from the ratio of charge in first peak contributed by Ru
(05U to Oc._vpp as shown below [207]:

Ru
Cu-UPD
X, = / @7
Fu QCu—UPD

Rotating Disk Electrode (RDE) Method

It is well known that the steady-state current generated by cyclic voltammetry is
mainly determined by the diffusion of substrate around the electrode’s surface when
immersed in a stagnant/unstirred electrolyte solution. A minor natural convection
from the impact of environmental fluctuation in some cases may appear, but its effect
can be neglected. It is possible to increase the mass transport by introducing a forced
convection in which the analyte solution flows relative to a working electrode. A pop-
ular method for creating such a relative movement is by rotating the working elec-
trode. Such a method is called a rotating disk electrode (RDE). Therefore, RDE could
also be called as a hydrodynamic working electrode, where the steady-state current is
determined by solution flow rather than diffusion [186, 188].

In common three-electrode cells, when a working electrode spins, the reactant
in the solution is dragged to the surface of the working electrode, and the resulting
centrifugal flings the product away from it. However, one should notice that there
is still a stagnant reaction layer covering that surface of the working electrode and
the reactants transport through this layer by diffusion. There is a strong depen-
dency of thickness of diffusion layer (6) with applied rotation rate (o) of working
electrode as shown in Eq. 14. An increase in rotation rate will lead to a thinner
diffusion layer. A rotation rate between 5 and 10,000 rpm can control the flow of
the reactant through the surface of working electrode that follows a laminar pattern.
Figure 14 shows a schematic diagram of RDE setup. The working electrode
was connected to the electrode rotator that has very fine control of the electrode’s
rotation rate.

The flow pattern under the rotating disk electrode was obtained by numerically solv-
ing the Navier—Stokes equation and continuity equation under the following conditions:

(i) The radius of the disk on the working electrode is large enough compared to
that of boundary layer thickness, and thus the small distortion of flow pattern
at the center and edge can be neglected.

(i) The roughness of the disk surface of the working electrode is small enough
compared to that of the boundary layer thickness.

(iii) The radius of the electrochemical cell is large enough compared to that of the
disk on the working electrode, and thus the reflection of the flow at the vessel
of electrochemical cell’s wall does not affect the flow pattern under the disk.

(iv) The rotation speed is sufficiently greater than the lower critical value in which
the effect of natural convection is negligible. Furthermore, the rotating speed
is also smaller than that of the higher critical value in which the flow gets to be
turbulent.
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w  Disk
(GC, Au, Pt, etc)

I Brush contact

Current collector of
working electrode

Disk Working electrode /

Fig. 14 The RDE setup of Pine instrument and its schematic diagram. / Rotator body; 2 bearing,
2; 3 rubber housing, 2; 4 washer; 5 spring, 4; 6 spindle for electrode; 7 pulley; 8 top lock nut; 9
bottom lock nut; /0 bushing/brush contact; and // retainer

The solution of the Navier—Stokes equation and continuity equation under those
mentioned conditions may bring two possibilities of the net mass transport rate of a
reactant to the surface of the working electrode. The first net mass transport is the
convection which can control the thickness of the diffusion layer, while the second
one is the diffusion which can control the reactant through the diffusion layer. The

flux normal to the electrode surface due to diffusion is given by D(az%xz) and
that due to convection is given by v, (a%x) , where D is the diffusion coefficient

of the species, C is the bulk concentration of the species, and vx is the solution
velocity in the x direction, which is normal to the electrode surface [186, 189].

The rotating disk electrode is becoming one of the most powerful methods for
studying both the diffusion in electrolytic solutions and the kinetics of moderately
fast electrode reaction because the hydrodynamics and the mass-transfer charac-
teristics are well understood and the current density on the disk electrode is sup-
posed to be uniform. V. G. Levich [195] solved the family of equations and
provided an empirical relationship between diffusion-limiting current (i;) and
rotation rate (w) as shown in Eq. 15. In particular application in fuel cells, the
empirical relationship which is given by Levich is also applicable in linear scan
voltammetry (LSV) experiment performed on a RDE to study the intrinsic kinet-
ics of the catalyst [105, 192].
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Electrocatalytic Applications: Electrochemical Studies of Fuel
Cell Reactions on Bimetallic Nanoparticles

Success in fuel cell technology largely relies on electrocatalysts. Electrocatalysts
employed for fuel cell reactions are required to possess well-controlled structures,
dispersions, and compositional homogeneities. Further, in order to realize fuel cells
as viable future power-generating technology, electrocatalysts must meet perfor-
mance, durability, and cost targets. Recently, Mark K. Debe critically reviewed elec-
trocatalytic approaches and challenges for automotive fuel cells [42]. The author
pointed out that a clear understanding of electrocatalyst surface area and activity loss
mechanisms and insights into durability issues associated with externally and inter-
nally generated impurities should significantly assist the development of fuel cell
technology. Critical factors that are presently believed to play significant role in the
electrocatalysts need to be thoroughly understood in order to develop newer catalyst
system that can meet the targeted performance and durability.

Decisive Factors Influencing Electrocatalytic Activity

Structural Effects

With regard to electrocatalysts, structure-dependent catalytic activity toward metha-
nol oxidation reaction (MOR) [12, 216-218], formic acid oxidation reaction
(FAOR) [17, 219], and oxygen reduction reaction (ORR) [220-222] have been
observed. Maillard et al. studied the influence of the catalyst’s structure on the reac-
tivity of electrooxidation of methanol [218]. The authors noticed that the electro-
catalytic activity of a PtRu catalyst with a Ru-decorated Pt surface was two orders
of magnitude higher when compared to the commercial Johnson Matthey PtRu
black (Pt:Ru = 1:1)-alloyed structured catalyst. In our recent investigations, we
found that Pt-decorated Ru catalyst exhibited higher mass activity for MOR than
commercial Johnson Matthey PtRu black (Pt:Ru = 1:1)-alloyed structured catalyst
[12]. From the X-ray absorption spectroscopy measurements, we observed more Pt
d-band vacancies in the case of Pt-on-Ru nanoparticles causing weaker CO adsorp-
tion on the synthesized catalyst surface. Zeng et al. showed that a core—shell-
structured Ag@Pt/C bimetallic nanoparticle exhibits enhanced specific activity in
methanol electrooxidation when compared to similarly prepared bimetallic Ag—Pt
catalyst. The authors attributed the observed activity enhancement to the presence
of Au underneath a very thin Pt shell where electron exchange between Au and Pt
had promoted the formation of active oxygen species on Pt, which facilitated the
removal of inhibiting CO-like reaction intermediates [84]. The core—shell-structured
bimetallic nanoparticles available for MOR reveal that the core material influences
the outer shell layer and optimizes its surface electronic and structural properties
thereby exhibiting improved catalytic activities. Zhang et al. studied the formic acid
electrooxidation on Pt-around-Au nanocomposite structures [223]. From the elec-
trochemical measurements in supporting electrolyte containing formic acid solu-
tions, the authors found that formic acid oxidation on Pt-around-Au/C



218 C.-J.Panetal.

nanocomposites was about 3.0 times than on Pt/C catalyst. Based on cyclic voltam-
metric analyses, the authors concluded that the possible reason for the unexpected
high activity for HCOOH oxidation on the Pt-around-Au nanocomposite is due to
the efficient spillover of HCOO from Au to the surrounding Pt nanoparticles where
HCOO is further oxidized to CO,. Based on voltammetric studies, the authors found
that the specific activity of Pt atoms increased with the decrease of Pt surface cover-
age. Authors found a 3 % Pt-covered-Au/C surface that showed 17.0- and 23.9-
folds more activity toward formic acid oxidation compared to 75 % and 100 %
Pt-covered surfaces, respectively. In the case of oxygen reduction reaction, Pt-based
bimetallic nanoparticles with various structures have been studied. Several efforts
have been made to improve the dispersion and stability of Pt-based ORR catalysts,
e.g., by creating a near-surface region with a Pt-skin structure in Pt-alloys via acid
treatment [176, 224] and by forming core—shell structures [87]. In a recent study,
Stamenkovic et al. showed that the Pt;Ni(111) surface is about 90 times more active
than the state-of-the-art Pt/C catalysts for ORR [21]. In another interesting study,
Chen et al. [225] demonstrated that by creating a percolated structure with Pt-rich
and Pt-poor regions within individual Pt;Co nanoparticles through acid treatment,
their ORR activity could be increased by up to two orders of magnitude when com-
pared to Pt nanoparticles. These results clearly indicate that significant improve-
ments in electrocatalytic activity can be achieved by properly fine-tuning the
structure of bimetallic nanoparticles.

Composition/Surface Composition Effects

The composition of bimetallic nanoparticles in either bulk or surface need to be
properly controlled during the fabrication process as the bulk/surface composition
strongly influences the electrocatalytic activity. Further, variations in composition
are very important in modifying the surface structure of bimetallic nanoparticles.
Ball et al. studied the effect of atomic ratio of Pt—-M/C (M = Co, Cr, Fe, Ni, and Mn)
catalysts on the fuel cell activity and stability [226]. The authors found that bimetallic
Pt—M/C catalysts with Pt-to-M ratio 3:1 showed higher electrocatalytic activities.
Very recently, in our group PtxRu,;q_,/C with various alloy compositions was pre-
pared by a microwave-assisted ethylene glycol method [9]. Among the PtxRu;o_,/C
with various Pt:Ru atomic ratios (x = 25, 50, and 75), the Pt;sRu,s/C NPs were
shown to be superior in MOR activity on account of their favorable alloying extent,
Pt d-band vacancy, and Pt electrochemical active surface area (ECASA). In another
work, we also studied ORR on Pt,-Fe,_, nanoparticles with various Pt:Fe atomic
compositions (3:1, 1:1, and 1:3) and found that Pt,Fe, nanocatalyst showed a greater
enhancement in ORR than Pt/C. The higher alloying extent of platinum coupled
with promising electronic structure offered by the lower Pt d-band vacancies was
given as the reason for the enhanced ORR activity [63]. Stamenkovic et al. observed
that the arrangement of surface atoms in the near-surface region of a Pt;Ni (111)
surface drastically improves its catalytic activity toward ORR [21]. From the crystal
truncation rod (CTR) experiments, they showed that the first layer entirely consists
of Pt, whereas the second layer was Ni-rich with 52 % Ni and the third layer is
Pt-enriched with a Pt content of 87 %. With this surface configuration, the Pt;Ni(111)
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surface exhibited 10 times higher mass activity toward ORR when compared to
Pt(111) surfaces and 90 times higher ORR activity than the current state-of-the-art
Pt/C catalysts in 0.1 M HCIO, solutions. Further the authors showed that different
low-index Pt;Ni surfaces exhibited different ORR activities with the order,
Pt;Ni(100)-skin < Pt;Ni(110)-skin < Pt;Ni(111)-skin [21]. The authors pointed out
that the observed differences in the ORR activities of three low-indexed planes of
Pt;Ni were attributable to the variations in d-band center and surface atomic arrange-
ment of platinum and decreased coverage of nonreactive oxygenated species
(OH,g4,), due to the incorporation of Ni atoms. These results suggested that surface
engineering strategies offer a big help in fine-tuning the electrocatalytic activity of
bimetallic nanoparticles.

Morphological Effects

In recent years, morphology-controlled synthesis of various Pt-based catalysts with
shapes such as nanodendrites, polyhedral, hollow structures, and core—shell has
been explored for fuel cell reactions. It was reported that different crystallographic
facets stabilized on particles with different shapes exhibit different reactivities and
selectivities [227, 228]. Commonly found low-index planes or facets on single-
crystal surfaces of bulk Pt appear to possess lower reactivity than the high-index
planes. Armed with high density of atomic steps, ledges, and kinks, which usually
serve as active sites for breaking chemical bonds, the high-index planes exhibit
much higher catalytic activity. Sun and coworkers developed a novel electrochemi-
cal approach to prepare tetrahexahedral (THH) Pt nanocrystals (NCs) with high-
index facets on glass carbon substrates [19]. The THH Pt nanocrystals developed in
this study exhibited much enhanced catalytic activity per unit surface compared to
the other Pt morphologies like Pt-nanospheres and commercial Pt/C catalysts for
the oxidation of formic acid and ethanol which are considered to be promising alter-
native fuels for direct fuel cells. The enhanced catalytic activity was attributed to the
higher extent of stepped atoms on the surface of THH Pt NCs. In a recent study, Kim
et al. reported the synthesis protocol for heterogeneous bimetallic nanocrystals con-
sisting of Pt multibranches on Au nanocrystal cores with well-defined morphologies
(cubes, rods, and octahedral) [229]. The authors showed the TEM and HRTEM
images of the formation of Pt-islands on various Au morphologies (Fig. 15). The
ORR activity of Au@Pt heteronanostructures with various morphologies recorded
in O,-saturated 0.1 M HCIO, solutions showed that at 0.8 V versus RHE, the mass
activities follows the order: Au,,.@Pt < Au,,@Pt < Au,cpnearon@Pt. The higher
electrocatalytic activity observed in the case of AUycunearon@Pt Was attributed to its
(111)-orientation-rich Pt surface. The above examples illustrate that specific facets
of metallic component along with its shape play a crucial role in determining the
electrocatalytic activity.

Size Effects

Substantial efforts have been directed to the investigation of the influence of particle
size on the catalytic activity after the breakthrough experiments of Haruta et al. on
Au nanoparticles [230]. Park et al. [231] demonstrated the electrooxidation of
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Fig.15 Left and right panels features low- and high-magnification TEM images, respectively, of
(a, b) Au, @Pt, (¢, d) Au,,@Pt, and (e, £) AUy apearon @Pt nanoparticles (Reproduced with permis-
sion from ref. [229], © 2010 Wiley — VCH Verlag GmbH & Co. KGaA)
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formic acid, formaldehyde, and methanol in acidic environment on Pt/C nanoparti-
cles with the varying particle diameters in the range of 2-9 nm. Authors carried out
electrooxidation of formic acid, formaldehyde, and methanol in acidic electrolyte
on Pt/C nanoparticles with varying particle diameters in the range of 2-9 nm. From
the voltammetry and infrared spectroscopy measurements, the authors found size-
dependent chemisorption of CO formed from three reactants. The observed rates of
methanol electrooxidation decrease for Pt nanoparticle diameters below 4 nm.
In contrast, the rate of formic acid electrooxidation increases for Pt nanoparticle
diameters above 4 nm. Different roles played by Pt ensemble effect were given as
the reason for the observed size-dependent CO chemisorptions and corresponding
CO, production. The rate of formaldehyde electrooxidation found little sensitivity
to the Pt size. Yamamoto and coworkers investigated size-specific catalytic activity
of Pt clusters synthesized in G-3 dendrimers toward oxygen reduction reaction [5].
Three kinds of Pt,@3 (n = 12, 28, 60) clusters, viz., Pt;,@3 (particle size =0.9 £ 0.1
nm), Pt,s@3 (particle size = 1.0 + 0.1 nm), and Pts,@3 (particle size = 1.2 £ 0.1 nm)
were synthesized. Authors found smallest cluster Pt;,@3 exhibited 13 times higher
ORR activity than that of commercial Pt/C catalyst. Sun’s group studied the particle
size and catalytic activity relationship of CogPd,, nanoparticles toward formic acid
oxidation [232]. The authors observed that the catalytic activity of CogPd,y nanopar-
ticles for formic acid oxidation increases with the decrease in particle size.

Atomic Distribution/Alloying Extent

In bimetallic nanoparticles, the atomic distribution between two different metals
and the degree of alloying play significant role in catalyst activity [10, 20, 24, 63, 233].
In our group, X-ray absorption spectroscopy methods were developed to determine
the atomic distribution in bimetallic nanoparticles [20]. By collecting the XAS data
at the Pt and Ru absorption edges of two commercial PtRu catalysts, the extent of
intermixing of Pt and Ru (alloying extent) and Pt and Ru atom distribution was
determined. The extent of both Pt and Ru alloying was found to be higher in com-
mercial Johnson Matthey PtRu catalyst than with commercial E-TEK PtRu catalyst,
which was reflected in higher methanol electrooxidation activity. In another study,
we observed enhanced ORR activities in bimetallic PtFe catalysts with higher extent
of platinum and iron alloying [63].

Hydrogen Fuel Cells

Proton exchange membrane fuel cells (PEMFCs) powered by hydrogen from secure
and renewable sources are considered to be a promising energy source for various
applications [234-237]. In a typical H,-fed PEMFC, hydrogen is oxidized on an
anode leaving protons and electrons. The protons generated at anode travel through
the proton exchange membrane to the cathode where they react with oxygen to form
water. The overall electrochemical reaction between hydrogen and oxygen to form
water gives a theoretical potential of 1.23 V versus SHE at room temperature. The
principal reactions are shown in Egs. 28, 29, and 30:
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Hydrogen oxidationreaction :H, — 2H" +2¢" I:E0 =0Vyvs. SHE:I (28)
Oxygen reduction reaction :1/20, +2H* +2¢” — H,0 [E" =1.23Vvs. SHE] (29)

Overall cell reaction :H, +1/20, - H,0 [EO

cell

=123V vs.SHE] (30)

Pt is the best-known material for the hydrogen oxidation. However, CO present
even in trace quantities will impede hydrogen adsorption on Pt surfaces and
decreases its rate of oxidation popularly known as CO-poisoning effect. Experiments
illustrate that CO oxidation on bimetallic Pt—-M-based electrodes, where M is a
promoter metal (e.g., Ru), occurs at potentials lower than that of a pure Pt electrode
[238]. The enhanced CO oxidation on such Pt-M formulations may be achieved by
two metals working synergistically as explained by the so-called bifunctional (or)
reactant pair mechanism. Higher PEMFC performance was reported on PtRu bime-
tallic nanoparticles for fuel streams containing CO [239, 240]. The development of
bimetallic electrocatalysts helps in the reduction of Pt loadings as well as CO toler-
ance of the anode. In the case of bimetallic catalysts, strong interaction of partici-
pating components is required. It was reported that the catalytic performance of
PtRu nanoparticles is strongly dependent on the distribution of Pt and Ru sites at
the atomic level and believed to be sensitive to the particle’s shape and size and to
the nature of the support. In the past few years, our research group has actively
worked on developing suitable electrocatalysts for both CO oxidation and oxygen
reduction reactions for fuel cell applications by focusing on size, structure, and
atomic distribution manipulation strategies [24, 26, 27, 130, 168, 241, 242]. In a
recent study by studying the stepwise formation mechanism employing X-ray
absorption spectroscopy, we established a structure-controllable synthesis strategy
based on a modified Watanabe’s process for bimetallic PtRu/C nanoparticles [27].
With this methodology, PtRu/C NPs with a particle size of about 2.9 nm were con-
veniently achieved.

Many other bimetallic electrocatalysts such as PtMo [154, 243-248], PtSn [249, 250]
PtPd [251-253], and Pt—Co [254] have been successfully explored for CO-tolerant
HOR. In most cases, electrocatalyst particles were dispersed on conductive supports
of high surface area. The support for the catalyst nanoparticles turns out to be a major
factor in influencing their dispersion and stability. Characteristics such as electrical
conductivity, surface area, hydrophobicity, morphology, porosity, and corrosion
resistance are most considered in the choice of a good catalyst support. Based on
these considerations, carbon is the best catalyst support material for PEMFC electro-
catalysts. Carbon black and activated carbons have been extensively studied as cata-
lyst supports, with Vulcan 72 being the most representative. In the last decade, a
number of new synthetic carbons with various mesostructures and nanostructures
have been reported. These include carbon nanotubes [254], aerogel carbon [255,
256], and meso-carbon [257] with or without a high degree of order. With the
developments in attaining high performance bimetallic electrocatalysts and high
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surface area carbon supports, bottlenecks such as higher catalyst loadings and costs
associated with fuel cell technology were nearly resolved.

Methanol Fuel Cells

Direct methanol fuel cells (DMFCs) are advantageous over H,-fed PEMFCs due to
easy fuel transportation, energy storage, and high-energy conversion efficiency and
are found as promising power sources for electric vehicles and portable devices [258,
259]. In a typical DMFC, methanol and water molecules are simultaneously electro-
oxidized at the anode to produce CO,, electrons, and protons called as methanol
oxidation reaction (MOR). Protons generated at the anode pass through the proton
exchange membrane to cathode where they combine with electrons and the oxidant
air or oxygen simultaneously reducing to water called as oxygen reduction reaction
(ORR). The principal reactions involved in DMFCs are show in Egs. 31, 32, and 33:
Methanol oxidation reaction:

CH,0H+H,0 — CO, +6H" +6¢” [E, =0.02V vs.SHE] (31

Oxygen reduction reaction:

3/20,+6H" +6¢” — 3H,0[E_ =123V vs.SHE] (32)
Overall cell reaction:

CH,OH +3/20, - CO, +2H,0[ E!

cell

= 1.23Vvs.SHE] (33)

Pt is the best material for the adsorption and dehydrogenation of methanol. However,
the formation of intermediate species such as CO, formic acid, and formaldehyde
poisons the platinum anode and critically lowers the performance. During methanol
oxidation, the efficient catalyst should allow a complete oxidation to CO,. Presently,
carbon-supported PtRu catalysts have been shown to be the best candidates for elec-
trochemical oxidation of methanol [74, 260]. May studies confirm that Ru could
produce OH,q species at lower potential to react with adsorbed intermediates on
neighboring Pt sites [260-263]. Furthermore, the presence of Ru can induce varia-
tions in the electronic structure of Pt. This electronic or ligand effect enhances
methanol dehydrogenation on Pt and facilitates weakening of Pt—CO bond, and thus
an easy removal of poisoned CO on Pt is expected.

Many other bimetallic Pt-based nanocatalysts have been explored as low cost
alternatives to PtRu catalysts for MOR. For example, alloys of Pt with Fe [264], Ni
[265], Co [266], Mo [154, 247], Sn [267, 268], Pb [269], V [270], or Ir [271] show
promise in generating OH,4, at lower potentials than Pt with improved activity
toward MOR. In most cases, catalytic nanoparticles were dispersed on high surface
carbon structures. The advantage of using a supported metal catalyst lies in the pos-
sibility to reduce the metal loadings drastically. The development in highly
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CO-resistant Pt-based bimetallic nanoparticles as electrocatalysts for MOR is a big
help in making DMFC a viable power-generating technology. However, significant
improvements are still required in increasing the durability of bimetallic Pt-based
catalysts for the widespread implementation of DMFCs.

Electrochemical Oxidation of Formic Acid

Formic acid-based direct formic acid fuel cells (DFAFCs) are another attractive
power source for portable electronic applications due to their promising energy den-
sities, power system simplicities, and the convenient storage and transport of liquid
formic acid [272, 273]. Further, DFAFCs claim lower fuel crossover than DMFCs
due to the repulsive nature of formate ions with sulfuric acid groups of the Nafion
membrane so that higher concentrations of formic acid can be used to get the higher
energy density of the cell [274]. On conventional platinum surfaces, formic acid is
electrooxidized directly to produce CO, (dehydrogenation path), or it may leave
adsorbed CO species (dehydration pathway) as shown below:

Dehydrogenation pathway : HCOOH — CO, +2H" +2e~ (34)

Dehydration pathway : HCOOH — CO,,  +H,0 - CO, +2H" +2¢~  (35)

Although pure Pt can be easily poisoned by adsorbed CO species, one tactic to
improve its activity is to form bimetallic Pt-based catalysts. Many efforts have been
made to enhance the oxidation rates of formic acid by developing PtAu [223,274-277],
PtPd [278, 279], PtFe [280], PtBi [273, 281, 282], PtAg [283], Pt—Co [284], and
PtSb [285] bimetallic catalysts. Pt-based bimetallic catalysts display improved cata-
Iytic activity toward formic acid as a result of the ensemble effect. According to this,
at least two ensembling binding Pt sites are required for the dissociative adsorption
of formic acid to CO. However, the direct oxidation of formic acid via dehydration
pathway does not require the same Pt atom ensemble [231, 286].

In recent years, much interest has been focused on the development of PtAu
bimetallic nanoparticles as electrocatalysts for formic acid electrooxidation.
The addition of Au to Pt promises the enhancement of formic acid oxidation kinetics
by operating a combined ensemble and electronic effect which helps in diminishing
the CO,4, formation and increasing the intrinsic activity, respectively [219]. Further,
Au is believed to promote the first electron transfer during the direct dehydrogena-
tion process of formic acid oxidation which generates HCOO,, species on Au [287—
289]. If Pt is around Au, efficient spillover of HCOO,4, from Au to the neighboring
Pt occurs, which is further oxidized to CO, [223]. Various carbon-based supports
have been utilized for the purpose of depositing Pt-based bimetallic nanoparticles,
including carbon [290], carbon nanotubes [291], carbon nanofibers [276], and gra-
phene [275], which have led to improved kinetics during formic acid electrooxida-
tion. It was widely demonstrated that the use of formic acid as a fuel is more
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advantageous than hydrogen and methanol due to its low-temperature operation,
storage, and convenient transport.

Conclusions and Future Perspective

In conclusion, the content reviewed here underscores the importance of understand-
ing the formation of bimetallic nanoparticles in particle design and in establishing
structure-controllable synthesis methodologies and scaling-up processes. X-ray
absorption spectroscopy has a striking advantage in revealing the underlying chem-
istry involved in the nucleation and growth process of bimetallic nanoparticles.
Further, XAS can be utilized to follow the formation of alloy and core—shell struc-
tures which are believed to influence bimetallic nanoparticles electrocatalytic activ-
ities toward fuel cell reactions. In addition, the capabilities of XAS can be used to
provide atomic level information on alloying extent and atomic distribution. So far,
significant developments have been made in the bimetallic nanoparticle synthesis
with achievements such as synthesizing more complicated structures with an easy
control over composition, size, and morphology. The relationship between the cata-
Iytic activity and the selectivity of bimetallic nanoparticles with their structural
characteristics in fuel cell reactions such as the methanol oxidation reaction, oxygen
reduction reaction, and formic acid oxidation reactions has been discussed. Key
influencing factors including surface structure, composition, size, and morphology
have been investigated by many researchers. These studies strengthen our funda-
mental understanding of bimetallic catalysis and the rational selection of novel
materials for power-generating devices such as fuel cells. Although great progress
has been made in bimetallic nanoparticle research, the common challenges of
achieving long-lasting, highly active, selective, and environmentally benign bime-
tallic nanoparticles are still remain. A promising hope is that by systematically mini-
mizing the experimental trial-and-error strategies by integrating theoretical and
practical approaches, great strides in the development bimetallic nanoparticle-
linked catalysis can be expected.
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