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Electrocatalytic Activity

and Stability of Pt clusters

on State-of-the-Art Supports:
A Review

Sujan Shrestha, Ying Liu, and William E. Mustain

Department of Chemical, Materials and Biomolecular Engineering, University of
Connecticut, Storrs, CT, USA

Instability of supported Pt clusters due to limited bonding with conventional car-
bon supports and carbon dissolution leads to significant cathode performance losses
with time, impeding the development of commercial proton exchange membrane fuel
cells. One approach that has recently been gaining momentum is the use of the
electrocatalyst support to enhance both the stability and activity of Pt clusters for the
oxygen reduction reaction. This review article focuses on four support types: advanced
carbons, conductive ceramics, metallic underlayers for Pt monolayer catalysts, and the
3M crystalline organic whiskers. Advantages and disadvantages of each support are
summarized and promising future directions for research in this area are discussed.

Keywords Oxygen reduction, Catalyst, Support, Fuel cell, Platinum

1. INTRODUCTION

Electrochemical energy conversion devices, fuel cells, have received consider-
able attention over the past few decades because of their potential to provide
high efficiency power since electrochemical processes are not limited by tra-
ditional Carnot or Rankine heat cycles. Though several high temperature
(T > 650 °C) and low temperature (25 °C < T < 200 °C) variants exist (1),
perhaps the most widely investigated fuel cell over the past two decades is the
proton exchange membrane fuel cell (PEMFC). PEMFCs offer several advan-
tages over these other cell architectures including: (1) a compact, high energy
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density design that is facilitated by its solid polymer electrolyte and thin elec-
trodes, (2) low complexity sealing, assembly and handling, (3) straightforward
thermal management, (4) fast startup times, (5) microstructural control that
allows for high reactant and product mobility in the active layers, (6) relative
tolerance to common ambient impurities, and (7) high electrolyte conductivity
at low temperature (60-80 °C). On the other hand, the low operating tem-
perature of the PEMFC places a premium on developing sophisticated water
management schemes (2-8) and has forced both researchers and manufac-
turers to rely on expensive Pt-based electrocatalysts for both the hydrogen
oxidation reaction (HOR) and oxygen reduction reaction (ORR) (9, 10).

1.1. Operating Principles of the PEMFC

In the PEMFC (Fig. 1), high purity hydrogen is fed to a typically
serpentine-structured flowfield that distributes the fuel across the cell. The
hydrogen diffuses through a porous carbon layer, which allows it to be dis-

tributed evenly over the anode electrode where it is oxidized to protons and
electrons (Eq. (1)):

H, - 2H' 42 ,E°=0.0V (1)

The most common, and highly efficient, anode electrocatalyst for the HOR is
nanometer-sized clusters of platinum dispersed on high surface area carbon

| b 41,0
m)  Excess 0,

Heat dmmmm
Excess H, d——

Figure 1: Operational schematic for the PEMFC.
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(Pt/C). The resulting electrons travel through an external circuit (i.e., the
device being powered), while the protons travel through a cation-conducting
polymer electrolyte. The most common electrolyte for the PEMFC is Nafion®,
which is manufactured by DuPont. The protons and electrons meet at the
cathode where they reduce molecular oxygen (Eq. (2)):

Oy +4H" +4e~ — Hy0,E° =123V (2)

Taking the electron equivalence for each reaction into account, the HOR and
ORR allow for the non-combustive redox reaction of two hydrogen molecules
and one oxygen molecule, yielding two water molecules (Eq. (3)):

2H2 =+ 02 — 2H20 (3)

The ORR is the performance limiting reaction in state-of-the art PEMFCs (9).
Nanometer PtsM (M = Co, Fe, Ni, Pd, etc.) alloy clusters supported on acety-
lene carbon blacks represent the state-of-the-art electrocatalyst for the ORR in
PEMFCs.

Carbon blacks are the most widely used supports in PEMFCs due to their:
(1) tolerance to strongly acidic media; (ii) high electronic conductivity; (iii) low
cost; (iv) high surface area; and (v) complex microporous structure. These prop-
erties allow for efficient mobility of electrons, rapid mass transport of products
and reactants within PEMFC electrodes, high specific surface area and fine
dispersion of the catalyst in both the anode and cathode active layers.

Unfortunately, conventional Pt/C and Pt3M/C ORR catalysts are plagued
by rapid performance loss with time through several mechanisms that will
be detailed in the Sections 1.2-1.4. These degradation mechanisms have
combined to significantly hinder the widespread implementation and commer-
cialization of PEMFCs, which are expected to play a critical role in the global
21st century energy portfolio (11). This review article will shed light on the
reaction mechanisms that can be either mitigated or eliminated by rethinking
the purpose and design of the electrocatalyst support and to highlight current
research efforts in this area.

1.2. Role of Catalyst Electronic Structure in ORR Activity

For decades, it has been known that the activity of ORR electrocatalysts
is strongly dependent on electronic structure of the surface. Even as early as
1970, Appleby correlated experimental data for the ORR collected on several
noble metal electrodes (Pt, Pd, Ir, Os, Au, Rh, etc.) in orthophosphoric acid
at 25 °C to the electronic work function of the metal, % d-character, d-band
vacancy, and the adsorption enthalpy of molecular oxygen (12). It was found
that these transition metal catalysts exhibited a volcano-type behavior for the
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ORR as a function of both the d-band vacancy and Og adsorption enthalpy,
with Pt exhibiting an activity near the projected peak.

Modification of Pt activity for the ORR by alloying was first reported by
Jalan and Taylor in 1983 using Pt-Fe electrodes in phosphoric acid (13). A few
years later, similar results were reported by Glass et al. (14) and Gottesfeld
(15) using PtCr electrodes in phosphoric and sulfuric acid, respectively.
In 1990, Beard and Ross reported new PtCo, PtMo, and PtMn electrocatalysts
for the ORR and it was found that PtCo was the top performing electrocatalyst
(16). Next, Mukerjee and Srinivasan reported several Pt alloys with enhanced
electrocatalytic activity in a laboratory scale PEMFC (17). During this time,
the prevailing view was that Pt-alloys led to a contraction in the Pt crystal
lattice. This contraction was believed to bring the Pt-Pt interatomic distance
closer to the length of the O=0 bond, leading to preferred adsorption modes
and improving the electron transfer. This view was later transformed by sem-
inal papers by Toda et al. (18), and Mukerjee et al. (19), who showed the
root cause for the enhancement in the ORR on Pt alloys was a modified elec-
tronic structure of Pt surface atoms compared with pure Pt, which validated
the hypothesis put forward, but never quite proven by Appleby. This find-
ing ignited a firestorm of experimental investigations into Pt (12, 17, 20-24)
and Pd (25-29) alloy electrocatalysts for the ORR and several authors have
reported significant enhancements in the mass activity of both metals with
alloying.

Theoretical investigations (30-50), utilizing quantum mechanical first
principles density functional theory (DFT) calculations have led to a signif-
icantly improved understanding of the mechanism for Pt and Pd activity
enhancement. The d-band model proposed by Ngrskov et al. (51-54), which
relates the chemisorption energy of oxygen species directly to the metal d-
band center (52—-54), has provided the most complete explanation for the root
cause of ORR enhancement through alloying to date. While the metal sp band
is broad, the d-band is sharp. Reactant interaction with the sp band broadens
adsorbate (i.e., Og) bonding and antibonding orbitals and shifts them down
relative to their non-adsorbed form. These broadened orbitals further split
when they interact with the metal d-band, forming adsorbate-surface bonding
and antibonding states. The empty adsorbate-surface antibonding states above
the Fermi level yield an attractive interaction between the adsorbate and the
metal surface while the filled adsorbate-surface antibonding states below the
Fermi level cause a repulsive interaction between the adsorbate and the metal
surface. It was further discovered that the broadened bonding orbitals have
little effect on the energy difference caused by the adsorbate-metal interac-
tion as they are already filled. Thus, the closeness of metal d-band center
to the Fermi level determines the splitting and filling of the these antibond-
ing adsorbate-metal states; a d-band center close to the Fermi level results
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in a larger number of the antibonding adsorbate-metal states to be above the
Fermi level and empty, and a smaller number of antibonding adsorbate-metal
states to be below the Fermi level and filled. Chemisorption energies of vari-
ous species on pure transition metals and pseudomorphic overlayers have been
well accounted for by this model.

The position of the d-band center also depends on geometric effects due to
mismatch in the lattice constant between the overlayers and underlying metal
atoms. If the lattice constant of the overlying metal atoms is smaller than that
of underlying metal atoms, the lattice of the former expands (tensile strain)
and the overlap between its d-orbitals decreases. This narrows the d-band; to
maintain constant filling, the d-band shifts upward in its average energy (54,
55). An opposite trend is observed when the lattice of the overlying metals is
larger than the underlying metal such that the metal atoms on the surface are
under compressive strain, which increases d-band orbital overlap, ultimately
decreasing the average energy of the d-states.

Therefore, it is now believed that the most critical parameter in the ORR
activity is the binding energy of atomic oxygen to the catalyst surface, which is
a linear function of the electrocatalyst d-band center (28, 30, 56, 57). Strong
binding energies indicate a higher density of antibonding states above the
Fermi level, with significant donation from valence electrons in the oxygen
2p orbitals to the metal d orbitals in the electrocatalyst. This strong inter-
action with the surface both facilitates facile electron transfer between the
surface and reactant oxygen and helps to break the O=0 bond. However,
these surfaces also favor surface oxidation, which leads to the active site
being shielded by high coverage of Pt-O and Pt-OH species, which are sig-
nificantly less active for the ORR than metallic Pt. On the other hand, weak
binding energies produce limited oxygen interaction with the surface, leading
to low electron transfer probabilities and difficulty breaking the O=0 bond.
These two effects combine to yield a volcano-type plot for the ORR on both
raw (30) and alloyed metals (57) as a function of the oxygen binding energy.
This is shown for the ORR on Pt and Pd alloys in Figs. 2a (56) and 2b (28),
respectively.

Though results on both Pt and Pd were promising, the secondary metal,
M, in the alloy has almost always been a non-noble transition metal and,
thus, these catalysts show low Pourbaix stability in the highly acidic PEMFC
cathode. Extensive leaching of the secondary metal has been observed (10, 29,
58), leading to reductions in the cell performance below even Pt/C-cathode
PEMFCs since the dissolved metal cations can ion exchange with H' in
Nafion®, reducing electrolyte conductivity, as well as electrodeposit at the
PEMFC anode, reducing the number of active sites there.

Several non-noble metal catalysts have been proposed including Co and
Fe porphyrins, macrocycles, and Ru-Se chalcogenides (10, 59-64). In recent
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Figure 2: Linear relationship between the d-band center and oxygen binding energies and
the resulting volcano-type behavior for ORR activity reported for Pt (a) by Norskov (66) and Pd
(b) by Adzic (28).

years, significant advances have been made. Perhaps the most notable study
is one by Lefevre et al., who have shown non-precious metal electrodes with
performances similar to that of Pt/C in a PEMFC (65), which has been used
to show the promise of non noble catalysts in the literature (9). However,
due to low mass and volumetric activities, the catalyst layer for all non-
noble metal catalysts is significantly thicker than Pt-based catalyst layers,
which has important implications on commercial devices, including water man-
agement issues, system weight, high mass transfer overpotentials, and low
durability (65, 66). This has led some researchers to doubt that Pt will ever
be totally replaced in PEMFCs and call for new approaches to shift the Pt-
O binding energy while not introducing intrinsic stability limitations into the
catalyst (10).
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1.3. Instability of Pt Clusters on Traditional Carbon Supports

One of the most pressing issues in state-of-the-art PEMFCs is the agglom-
eration of Pt clusters at the cathode, which leads to significant reductions in
the electrochemically active area (ECA) during operation. It is believed that
there are two primary mechanisms that drive the Pt surface area loss with
time: Mechanism I—crystal migration of Pt atoms and clusters on the sup-
port surface—and Mechanism II—dissolution of smaller Pt clusters and Pt ion
redeposition on larger Pt clusters, which has also been referred to as modified
Ostwald ripening. These two mechanisms are illustrated in Fig. 3 (67).

The primary evidence for Mechanism I lies in the particle size distribu-
tion after long term chronoamperometric experiments in PEMFCs (68, 69).
In both (68) and (69), researchers investigated the average Pt particle size and
particle size distribution after exposure to constant load for several thousand
hours. It was found that the final Pt particle size distribution was asymptotic,
with a distinct tail at large particle sizes. Historically, this shape in the par-
ticle size distribution was consistent with growth via crystal migration (70).
Unfortunately, this mechanism is not able to explain the potential dependence
of Pt particle degradation that has been observed by several researchers (71),
and it is generally considered that Mechanism I is a minority contributor to the
Pt degradation mechanism in PEMFCs, though it may play a more significant
role at elevated temperatures relevant to phosphoric acid fuel cells (72, 73).

The potential dependence of the degradation rate of Pt ORR
electrocatalysts in PEMFCs has led most researchers to point toward
Mechanism II as the primary cause for performance loss at the cathode.
In this mechanism, platinum ions result from the dissolution of metallic
and oxidized platinum (74) surface species and are redeposited onto larger
particles. Larger particles are thermodynamilcally favored for redeposition
because of their lower intrinsic interfacial free energy. Each of the dissolution

Mechanism (i): Coalescence via Crystal Migration

L ‘\\\
y Carbon support 2

Mechanism (ii): Growth via Modified Ostwald Ripening

Transport
of Pt** complex ‘
Pt=>Pt* + xe- Pt** + xe- => Pt
Dissolution y Redeposition
Carbon support

Figure 3: Mechanisms for Pt agglomeration during operation at the PEMFC cathode. Modified
from (67).
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steps has a Nernstian dependence, where the thermodynamic concentration
of Pt*2 has a clear potential dependence. This is shown for the dissolution of
metallic platinum in Eq. (4):

+2 -, +2 2F .

Pt Pt + 2¢73log [Pt™] = o (B E7) 4)
where F is Faraday’s constant, R is the ideal gas constant, T is the tempera-
ture, E is the electrode potential, and E* is the formal potential for the reaction
of interest. The potential dependence for the interaction of Pt*? with other PtO
and PtO; species have been summarized nicely by Borup et al. (74). The result-
ing Pt*2 ions are then plated either elsewhere within the cathode or even in
the proton exchange membrane (75, 76).

Recently, Darling and Meyers developed a simplified model for Pt dissolu-
tion in the PEMFC cathode. Three reactions are considered: the dissolution
of Pt metal (Eq. (4)) and the oxidation of metallic Pt by water followed by
the chemical dissolution of the surface oxide in acidic media (Eqgs. (5) and (6))
(77, 78):

Pt + HyO < PtO + 2H" + 2e~ (5)

PtO + 2H' < Pt*2 + Hy,O (6)

This model can be used to explain the general trends reported for a host of
experimental studies (79-85) that showed that the oxidation of Pt*2 is lim-
ited at low potentials and Pt dissolution is inhibited by surface oxide species
at elevated potentials. However, at intermediate potentials (0.6 < E < 0.8 V
vs. NHE), which are most relevant for the PEMFC cathode, the intermediate
surface coverage of oxide species facilitates the rapid dissolution of clean Pt.
Regardless of the dominant mechanism, modification of the catalyst-support
interface is desperately needed to both anchor Pt to the support and shift the
oxidation of Pt clusters to more positive potentials.

1.4. Thermodynamic Stability Limitations of Carbon
Electrocatalyst Supports
Another significant cause for the performance drop in the PEMFC cathode
is the oxidation/corrosion of the carbon support itself. Here, surface carbon
atoms are activated electrochemically at potentials greater than 0.207 V vs.

NHE. Next, the activated carbon species reacts with nearby water molecules,
eventually yielding COs. This is summarized in Eqs. (7)—(10) (86, 87):

Cs— Cl+e (7
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C.O"+H;0 - C.O+2H" + e~ (8)
CsO0 + Hy0 — COy(g) + 2H + 2e~ 9)

Total : C + 2H30 — COsx(g) + 4H' + 4e™; E° = 0.207vs. NHE (10)

The rate of carbon corrosion is slow, but steady under typical PEMFC operating
conditions (0.6 < E¢athoge (V) < 0.8; 60 < T(°C) < 90). This consistent support
degradation brings the long-term stability of carbon supports into question.
Also, it has been shown that Pt most likely acts as a carbon corrosion cat-
alyst (88, 89), which may localize a majority of the carbon loss to areas in
direct contact with Pt. This localized degradation orphans Pt particles and
expedites their dissolution; both of these mechanisms cause a decrease in the
electrochemically active area and PEMFC performance loss with time.

Not surprisingly, the rate of carbon oxidation is a strong function of the
electrode potential and cell temperature (90). Though this is not a concern
during steady-state operation, it has significant implications on transient cell
operation, most notably during startup and shut down. Several researchers
(91-93) have suggested that during these transient states, the cell often inad-
vertently runs at negative currents. This is caused by large gradients in the
hydrogen concentration across the anode electrode, which forces a net reduc-
tion at that electrode. Under these conditions, water oxidation is the primary
reaction at the PEMFC cathode where local potentials may be in excess of
1.5 V. These elevated potentials lead to rapid dissolution of the carbon support.
Thus, PEMFC cathode supports must have an electrochemical stability win-
dow that exceeds 1.5 to 2.0 V vs. NHE, which is not achieved by conventional
carbon supports.

1.5. Using Catalyst-Support Interactions in Chemical Systems
to Enhance Activity and Stability

Strong metal-support interaction (SMSI) was first reported by Tauster
et al. in 1978 (94) to explain the reduction in chemisorption behavior and
increased catalytic activity of noble metals supported on TiOs. Since then,
SMSI has been used as a generic term to describe a host of interactions
between the catalyst and the support, mostly on oxide surfaces. In the sim-
plest case, SMSI has been used to describe the contribution of the support to
multifunctional reaction mechanisms, where the support adsorbs one or more
reactants or allows the spillover of activated intermediates to secondary sites.
Secondly, SMSI has been used to describe cases where there is charge trans-
fer between the catalytic metal and the support, leading to a change in the
electronic structure of the metal catalyst. Though both of these interactions
faciliitate synergistic effects in multicomponent catalyst systems, the main
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focus here will be cases where the electronic structure of the metal is affected
by the support, which will likely have the most straightforward translation to
the electrochemical systems discussed later.

In 2007, Fu and Wagner (95) summarized the known fundamentals for
the charge redistribution at the interface between oxide supports and metal
overlayers. Here, they discuss experimental and theoretical results on the
interaction of both noble and non-noble metals with TiOg, Al;O3, MgO, and
Si0y supports for various chemical reactions, and it was clearly shown that
the electronic structure of the supported metal is affected by the nature of
the support. Two of the dominant factors in the enhancement of the catalytic
activity of the metal are its electronegativity relative to the support and work
function. These two factors dictate both the degree and magnitude of charge
transfer between the two materials, which directly affect the oxidation state of
surface metal atoms as well as their dispersion and stability.

Differences in the electronic structure of supported and unsupported Pt
on titania have been linked to changes in the interaction energy between the
Pt clusters and adsorbates (typically CO or Hg) (53), where there is a shift
of the local d-band center relative to the Fermi level. This shift is caused
by metal-metal bonding between Pt and surface Ti and donation of electrons
from Pt to Ti. This was confirmed by Horsley, who used first principle calcu-
lations to show significant electron donation to surface Ti from Pt (96). More
recently, significant activity and durability improvement of Pt was shown by
Vajda and coworkers (97) for subnanometer Pt clusters on alumina for the
dehydrogenation of propane. Yoshida et al. (98) have shown that by using
LIII-edge XANES, the oxidation state of Pt during propane combustion var-
ied with the support. Support oxides with higher electronegativity increased
the oxidation resistance of supported Pt, increasing its mass and specific activ-
ity. The same trend was observed by Lemonidou and coworkers (99) for the
oxidative dehydrogenation on vanadium oxide catalysts on MgO, ZrO,, TiOs,
and Alz 03.

Enhancement of the behavior of non-Pt noble metals has also been
observed. Farrauto et al. (100) reported the oxidation resistance of Pd on
zirconia, titania, and ceria. The tailoring of the PdO state was shown to
have implications on the catalytic combustion of natural gas and the oxida-
tion of methanol. In their review of supported Au water gas shift catalysts,
Ratnasamy and Wagner (101) suggested that on Au/ceria, the metal-support
interaction can slow the agglomeration of catalytic particles. Comotti and
coworkers (102), looking at Au catalysts for CO oxidation supported on TiOs,
AlO3, ZnO, and ZrOg, showed that the support directly affected activity,
mostly from an adjustment in the Au crystal growth mechanism, where the
support influenced the size and dispersion of the Au particles as well as pref-
erential faceting of the clusters. On top of this, Arrii and co-workers (103)
saw a negative shift in the Au 4f7/2 binding energy using XPS for the Au
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supported on TiOg, which was correlated with an increase in its activity for
the same reaction.

1.6. Extension to Electrochemical Systems

Sections 1.2—1.4 discussed three intrinsic limitations of current Pt/C ORR
catalysts: (1) leaching of secondary metals from Pt alloys designed to enhance
the ORR; (2) high surface mobility and dissolution of Pt supported on tra-
ditional carbons; and (3) insufficient electrochemical stability of raw carbon
supports. This suggests that a new approach is needed for high activity, high
stability catalysts for the ORR in the PEMFC cathode. As shown in Section 1.5,
each of these limitations, to some extent, has been addressed by careful design
and development of support materials in non-electrochemical applications for
at least 25 years. SMSI between Pt electrocatalysts and next generation sup-
port materials, and the resulting rearrangement of the d-electron structure
of the supported Pt clusters, has the potential to concomitantly increase clus-
ter dispersion and stability by providing anchoring sites for Pt deposition while
also increasing their electrocatalytic activity through an analogous mechanism
to that observed by alloying Pt with Co, Cr, Fe, Ni, etc. while removing the
intrinsic instability that these metals introduce.

One significant difference between the systems reported in Section 1.5 and
electrochemical systems is the added requirements that electrochemical sup-
ports must possess high electronic conductivity and stability at potentials
greater than their potential of zero charge. Thus, common, near zero cost
materials like aluimina cannot be used. Over the past several years, PEM
researchers have begun investigating Pt catalysts that undergo SMSI with
unconventional supports. This includes new geometries, coordinated and
functionalized carbons, as well as electrically conducting carbides, nitrides,
oxides, and other chemistries as electrocatalyst supports for the ORR. The
purpose of this review article is to summarize this body of work; present the
influence of these materials on Pt dispersion, stability, and ORR activity; and
to identify the most promising pathways for future research.

2. ADVANCED CARBONS

In response to the instability of acetylene carbon black electrocatalyst supports
at potentials relevant for the ORR, researchers have recently tried several
approaches to alter the nature of the carbon support to improve stability. Many
of these studies have focused on supports with a higher level of graphitiza-
tion, such as nanotubes and graphene. The higher level of graphitization is
thought to yield higher stability due to a lower density of edge and defect sites,
whose oxidation and subsequent corrosion is kinetically more facile than incor-
porated sp? carbon. Other groups have focused on supports where both the
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level of graphitization and support microstructure can be tailored. Candidate
supports here include nanofibers, hierarchical carbon, aerogels, and ordered
mesoporous carbon. Finally, surface functionalized carbon has been getting
increased attention over the past few years. It is thought that not only can
surface functional groups help to stabilize the carbon structure, intelligent
selection of the surface group can also provide a bonding site for Pt, increasing
its dispersion and stability.

2.1. Carbon Nanotubes (CNTs)

Both single-walled carbon nanotubes (SWNTs) and multi-walled carbon
nanotubes (MWNTSs) (104) have received considerable attention in recent
years. The theoretical specific surface area of SWNTs is 1315 m? g~! (105).
However, SWNTSs tend to form bundles, leading to reduced surface areas in
practice. Due to the greater radius of curvature of its outer tubes, MWNTs
have lower specific surface area than SWNTs and their surface area is a
strong function of the number of annular layers; e.g., 580-880 m? g~! for dou-
ble walled CNTs and 295-430 m? g~! for five walled CNTs (105). Nanotubes
can be classified as arm-chair, zigzag, or chiral depending on the arrange-
ment of carbon bonds on the curved graphene surface. Also, SWNTs can be
metallic or semiconducting depending on the direction that the graphene sheet
is rolled. The wall diameter also determines its electronic properties (106).
Since their structure is similar to turbostratic graphitic materials (with a
graphene-graphene spacing of 3.4 A), MWNTSs have similar electronic proper-
ties to metallic SWNTs (104, 106). However, CNT's often come with both defects
and impurities and different synthesis procedures often result in CNTs with
variant electronic properties, which are very difficult to isolate.

Because of the tunability in their structure, high graphitic character
and high electronic conductivity, CNTs have been the most popular alter-
native carbon support material for Pt in electrochemical systems. Britto
et al. (107) suggested the use of CNTs as a catalyst support for the ORR.
On clean (non-platinized) CNTs, they showed that the ORR onset occurred
at higher potentials than that of Pt supported on carbon black. From ab
initio DFT and molecular dynamics (MD) simulations, they concluded that
the ORR activity was enhanced by facile charge transfer from the catalyst
to atomic oxygen. More experimental results in a PEMFC showed improved
performance over commercial Pt/C when CNTs were used as the Pt support
(108-112). Even at ultralow Pt loading on Pt/MWNT (6 pwgp; cm~2), the fuel
cell exhibited markedly better performance than one empolying higher loading
Pt/VulcanXC-72 (0.12 mgp; cm~2) and Pt/NSTF (26 pgp; cm~2) (113).

Even early on, the importance of surface functionalization in the disper-
sion and platinization of CNTs was realized as pristine CNTs are nearly inert
towards metal deposition due to their extensive sp? structure (114). Therefore,



Downloaded by [Institutional Subscription Access] at 07:02 14 September 2011

268 3. Shrestha et al.

several surface treatment techniques and modifications have been attempted
to facilitate Pt deposition. The surface functionalization not only provides sites
for metal deposition but also influences their wettability and allows Van der
Waals bundled CNTs to break apart and disperse in solution. Pt supported on
surface functionalized CNTs was shown to have very high dispersion with a
narrow Pt size distribution resulting in high ECA (114, 115). Besides reflux-
ing CNTs with HNOs or HNO3/HsSO,, different functionalization methods
have been studied (116), such as sonochemical treatment and KOH activation
(117, 118). Surface oxidation through such chemical modification creates oxy-
gen functionalities, such as carboxyl (COOH), hydroxyl (COH), and carbonyl
(C=0), and various surface defects (119). Hernandez-Fernandez et al. showed
that the Pt dispersion, size, and mass activity of Pt/MWNT depends on the
preparation conditions. Hence, surface oxidation conditions must be optimized
for maximum boost in ORR activity. This can be accomplished through selec-
tion of proper chemical reagents (e.g., HoSO, + HNOj3 rather than HNO3)
(114), technique (e.g., sonochemical) (117), and severity of treatment (mild
rather than severe) (119).

Centi et al. created physical defects in MWNTs through ball-milling and
studied the effect of physical defects on Pt deposition (120). The Pt cluster
size was found to have a narrower distribution on the MWNTs with induced
physical defects than raw MWNTs without such physical defects. However,
the physical defects created by ball-milling exist on a much larger length scale
than those created by surface oxidation. On mildly oxidized MWNTs, Xu and
Lin clearly observed clusters of Pt nanoparticles growing as large as 123 nm on
the open ends of the MWNTs when Pt nanoparticles were selectively deposited
using electrodeposition methods (121). It has been well established that these
surface defects are active sites for Pt nucleation. From, DFT calculations, Wang
et al. found that Pt binding energy on these defect sites are greater than
defect free CNTs, implying that these sites bond Pt clusters directly (122).
The stronger binding energy is due to stronger orbital hybridization between
Pt and C at the vacancy sites, which intensifies charge transfer.

Even on Pt-free, mildly oxidized MWNTs, Matsubara and Waki have
reported that onset of the ORR shifts to higher potential facilitating the reduc-
tion of Og to HyOg (123). These results suggest that surface functionalities and
defects may play a role in their electrocatalytic activity. These studies signify
that CNTs affect the ORR not just by having high conductivity and improving
Pt dispersion, but there exists a more fundamental influence, such as higher
binding energy between Pt and C, or improved charge transfer, or co-catalyst
activity on defect sites. On the other hand, creation of surface oxides and defect
sites decreases conductivity and significantly increases the reaction rates of
support oxidation and corrosion.

The Pt deposition method also influences the extent to which the surface
functionalities are utilized. As suggested above (121), selective deposition of Pt
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can be made on CNT defects and functional groups with methods such as elec-
trodeposition and ion-exchange (124-126). Nonselective deposition methods
can produce bimodal or a wide Pt size distribution. Thus, a suitable depo-
sition method is necessary to fabricate supported Pt catalysts with ultralow
loadings with greater utilization (22). Good reviews of different methods used
for Pt deposition have been presented by Lee et al. (127) and Wee et al. (22).
Selective deposition allows for more deliberate Pt placement, where defects
sites are specifically targeted. This allows researchers to make greater use of
the surface defect sites, which can be anchor sites for Pt and/or allow for a
synergistic enhancement in the ORR.

The ion-exchange method targets H atoms in the oxygen functional groups.
Here, Pt** ions attack the oxygen group, replacing H*. Through electrode-
position, Pt should locate on the surface centers with optimum ionic and
electronic conductivity, leading to higher Pt utilization. Of course, each method
has several critical control parameters to optimize Pt cluster size and dis-
persion. The uniformity of the surface defects created by oxidative treatment
can be increased by sonochemical treatment (127). The Pt size can be con-
trolled independent of the CNT surface using stabilizing surfactants or viscous
reducing/stabilizing agent (i.e., ethylene glycol) (109, 128, 129). Also, the syn-
thesis time can be decreased by microwave irradiation (130-132). Other Pt
deposition methods, such as supercritical deposition, (133, 134) atomic layer
deposition (ALD), (135) microemulsion (129), and freeze drying (136), have
been shown as promising for fuel cell applications. Pt deposition methods
and their effect on fuel cell performance have been studied by a number of
authors (109, 128, 137). These studies underscore the effect of smaller size
and streamlined Pt distribution depending upon the preparation method and
its enhancing effect on fuel cell performance. These studies suggest that opti-
mized ORR catalysts will have a small Pt cluster size with very narrow size
distribution even at high Pt loading (=50 wt %) with wide, regular spacing.
This could allow researchers to drastically decrease the carbon loading in fuel
cell electrodes and reduce the catalyst layer thickness significantly, which will
circumvent many problems that are caused by current porous electrodes. This
should be possible on CNTs due to their high surface area to volume ratio,
though, to date, highly effective ultrathin electrodes utilizing Pt/CNT catalysts
have not been reported.

Ordered Pt/CNT films have shown greater Pt utilization than Pt/C
by increasing the catalyst-electrolyte-oxygen triple phase boundary. Aligned
CNTs have been grown directly onto carbon substrates (138-140) or externally
grown and applied to the solid electrolyte (141-143). Clearly, the ability to
grow preferentially oriented CNTs shows their versatility, though their length,
diameter, and MEA preparation technique will play a key role in electrode per-
formance. Generally, improved or comparable performance to Pt/C has been
reported. Pt/CNT paper (0.42 mgp; cm~2) electrodes prepared by Saha et al.,
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Proton Electrolyte Membrane

Figure 4: Membrane-electrode-assembly showing platinized free standing vertically aligned
carbon nanotubes (ACNT) (143): (a) Schematic of the MEA; (b) SEM image of the ACNT/Nafion
membrane; (¢) and (d) SEM image of Pt nanoparticles on ACNT.

had higher specific activity and higher mass activity than Pt/C (0.5 mgp; cm~2)
(139). Zhang et al. also had similar results when vertically aligned CNT's were
used as both anode and cathode supports in a PEMFC (143). They were also
successful in maintaining vertical alignment of the CNTs even after hotpress-
ing at 5000 psi (Fig. 4). At 0.65 'V, they reported nearly twice the power density
compared to Pt/C catalyst at identical Pt loading. The improved performance
was attributed to the three dimensional CNT structure, which improved both
the ECA and reactant mass transport in the catalyst layer. They also showed
that the fuel cell with vertically aligned CNTs had lower charge transfer resis-
tance (Rer) than Pt/C while the Ohmic resistance was similar (143). Rao and
Xing performed semi-empirical modeling on CNTs covered by a Nafion film
and aligned perpendicular to the electrolyte surface as cathodes in PEM fuel
cells. They found that spacing between the nanotubes is important because it
affects the oxygen concentration gradient in the electrode. At very small spac-
ing, Knudsen diffusion dominates and imparts mass transfer resistance (142).
In such aligned systems, the height of the CNT dictates the limit of Pt loading
depending upon Pt size and packing on the CNT surface.
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Surprisingly, few reports have compared Pt/CNT electrodes with com-
mercial Pt/C electrodes with regard to parameters that signify real gains in
ORR activity in PEMFCs (i.e., higher exchange current density, decreased
overpotentials, or higher specific activity). PEMFCs are highly complex sys-
tems and their performance depends on various parameters. Although it is
possible to dissect polarization curves into Ohmic, activation, and concentra-
tion overpotentials (144), in a comparative study it is very difficult to control
all variables between two different systems. Thus, ex-situ studies on rotat-
ing disk electrodes (RDE) are typically used to extract pure kinetic data and
compare catalysts. On Pt/SWNT catalysts, Kongkanand et al. (145) demon-
strated that the onset potential for Pt/SWNT is 10 mV higher than Pt/C,
though the specific surface area of Pt/SWNT was 17.8 m? gp;~!; this was
lower than the specific surface area of Pt/C, 33.5 m? gp;~!. On the contrary, Li
et al. and Hasché et al. (115, 136) observed no appreciable difference between
Pt/ MWNT and Pt/C regarding onset potential. Alexeyeva et al. (129) showed
that when Pt was deposited through the same method, Pt nanoparticles on
SWNTSs had higher ECA and half-wave potential than that of MWNT, but lower
specific activity. Although Alexeyeva et al. did not weigh their result against
that of Pt/C, their specific activity reported for Pt/SWNT and Pt/MWNT
(330 pA cm~2 to 1280 pA cm~2) was higher than that of Pt/C (53 pA cm—2)
reported in the literature in 0.5 M HySOy4, though the Pt loading on the for-
mer is not clear (129, 146). Such high specific activity is really astonishing and
needs further confirmation.

In-situ electrochemical impedance spectroscopy (EIS) was conducted by
Tang and Chua (147) at 0.4 V, 0.6 V, and 0.8 V. These three voltages were
chosen to focus on regions in the polarization curve where concentration,
Ohmic and activation polarization, respectively, are dominant. Here, they com-
pared three different catalysts, Pt/CNT, 20 wt % Pt/C (ETEK), and 40% Pt/C
(Johnson Matthey), with identical Pt loading (0.04 mgp; cm~2) at the cathode
with the same Pt/C anode. The polarization curves obtained using Pt/CNT
showed improved performance to Pt/C. The high frequency intercept from
the EIS was identical for all three catalysts at different voltages, which was
expected as it depends mainly on the electrolyte. However, the Rer correlated
well with the fuel cell performance and Pt/CNT had the lowest Rcp. This was
also confirmed by Zhang et al. for vertically aligned CNTs (143). The authors
also concluded that the mass transport of Oy and HyO were better in Pt/CNT
electrodes.

The durability of Pt/CNT has been studied by several authors ex-situ
under simulated PEMFC conditions (136, 148-154). Accelerated degradation
tests (ADT), such as potentiostatic hold at high potential and potential cycling,
are used to replicate fuel cell performance under repeated use or start-up/shut-
down. Though ex-situ conditions do not quite recreate the PEM environment
where Pt degradation depends on various factors, such as fuel starvation,
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reduction by Hs crossover, etc., they are mostly reliable in studying per-
formance losses due to Pt agglomeration. Many authors have shown that
Pt/CNT has higher resistance against carbon corrosion and Pt agglomeration
than Pt/C (136, 148-154). High resistance against carbon corrosion has been
attributed to the highly ordered graphitic layers in CNTs. Furthermore, Wang
et al (152), based on increases in the hydroquinone-quinone (HQ-Q) redox
peak, concluded that MWNT's are more stable than SWNTSs as the HQ-Q indi-
cates formation of surface oxides which are active sites for carbon corrosion.
In MWNTs, the surface oxidation is limited to the top few layers, which act as
a protective sheath for the inner basal planes, resulting in fewer defects than
the top layers, which are formed during oxidative pretreatment (150).

Li and Xing studied the corrosion of platinum supported on carbon
black and MWNTs (150). Both with and without Pt, the surface oxidation
of the CNTs was found to be greatly reduced compared to carbon black.
Support corrosion after platinization was accelerated for both types of car-
bon. Interestingly, after several cycles, the specific charge due to surface
oxides (HQ-Q complex) on the MWNTSs was stable unlike carbon black, which
showed continuous increase with time. This was attributed to the protection
and stability of the inner basal plane in MWNTs and high aspect ratio of
the support. Also, carbon oxidation at the open end of the CNTs was not
observed. On the contrary, carbon black is turbostratic, and the amorphous
carbon and disordered graphitic planes allow for deep oxidation. When the
MWNTSs were heated to a very high temperature (2800 °C) in inert atmo-
sphere prior to surface functionalization and Pt deposition, Pt agglomeration
after electrochemical treatment decreased slightly (153). Hasché et al. sub-
jected Pt/MWNT and Pt/C to 10,000 potential cycling between 0.5 to 1.0 V
and 2000 cycles between 0.5 to 1.5 V to examine lifetime and transient
startup/shutdown stability testing (136). The percentage increase in Pt size
was remarkably greater and ECA significantly lower following the transient
stability test. They credited the decrease in ECA between 0.5 and 1.0 V mostly
to Ostwald ripening and carbon corrosion, while Pt dissolution in acid and
carbon corrosion dominated during the startup/shutdown tests. Enhanced
support corrosion resistance (especially for MWNTSs) and stability of supported
Pt clusters seemed to be a direct result of specific interaction and electron
transfer between the Pt nanoparticles and CNTs.

2.2. Graphene

Graphene is a freestanding single atomic layer of sp? carbon. The
2010 Nobel prize in Physics was awarded to Andre Geim and Konstantin
Novoselov just 6 years after they isolated graphene from highly ordered
pyrolytic graphite (HOPG) (155). In graphene, the carbon s orbitals make
strong o bonds while p orbitals form a half-filled = band, which when combined
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with its virtue of being single atom thin, imparts it with unique electronic prop-
erties such as the electrons traveling on its surface have zero effective mass,
conductivity even at zero charge carrier density, very high intrinsic mobility
(250,000 cm? V-1 s71), and little scattering over micrometer distances (156).
It also has very impressive physical properties, such as extremely high break-
ing strength (~40 N m~!) and very high Young’s modulus (~1.0 TPa) (157).

Graphene is also a very promising support for catalytically active platinum
nanoparticles. The theoretical specific surface area of graphene is 2630 m? g~!
(105). It also has a very high conductivity; air-dried graphene paper has shown
electronic conductivity of 7200 S m~! (158). First principles DFT studies have
shown that instead of weak Van der Waals bonding, there is strong electro-
static interaction between Pt and graphene due to transfer of electrons from
its 7 orbitals to the d-orbitals of Pt (159). Furthermore, during ozone decom-
position, superoxide and hydroxyl radical formation, graphene enhances Pt
activity by regulating its electronic structure. Hence, graphene not only has a
very high surface area and high conductivity, it may have the ability to impact
the ORR activity and stability of supported Pt particles. Also, its preparation
is less complex than CNTs, making it attractive from a processing perpective.

However, in practice, exploiting its properties fully has proven challenging.
The most common method of obtaining graphene in bulk is by chemical oxida-
tion and exfoliation of graphite (158). Such exfoliated graphenes are decorated
with mostly hydroxyl and epoxide groups, though some carboxyl and carbonyl
groups exist at the edges. Thus, the materials that have been tested to date
are referred to as graphene oxide (GO). These oxygen functionalities form sp®
bonds with the carbon atoms thereby disrupting their = band and increasing
the band gap, leading to very low electronic conductivity for highly oxidized
GO (160). The conductivity can be increased by reducing the oxide content;
however, fully reducing GO is not possible from most preparation methods.
Full realization of Pt/graphene catalysts is important if the high conductivity,
surface area, and Pt interaction are to be used to our advantage.

Hence, GO is used as a substrate for Pt deposition instead of graphene.
GO has good wetability and disperses quite well in solution due to its
hydrophilic oxygen functionalities, though aggregation is difficult to fully avoid
due to Van der Waals forces and GOs are usually a few layers thick. As they
aggregate, the electronic structure varies greatly; at a stack of 10 layers, GO
loses its 2D properties and acts similar to a thin sheet of 3D graphite (156).
Also, the edge-plane of a graphene sheet has a heterogeneous electron trans-
fer (HET) rate constant of ~0.01 cm s~! while the basal plane has a rate
constant of lower than 1072 cm s~! (161), which forces Pt nanoparticles to
preferentially deposit onto the graphene edges over the sp? hybridized lattice.
Si and Samulski (162) deposited 3—4 nm Pt clusters onto GO in solution. Pt
nanoparticles helped to inhibit stacking and the BET surface area of Pt/GO
was 862 m? g~! compared to 44 m? g~! for raw GO. Alternatively, Zhu et al.
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(163) functionalized GO with 1-(3-aminopropyl)-3-methylimidazolium bromide
ionic liquid (G-IL) making it positively charged and complexed Pt particles
with citrate giving them a negative charge. Thin film electrodes having alter-
nate layers of G-IL and Pt-citrate were made on indium-tin-oxide (ITO) by
layer-by-layer self-assembly.

Pt deposited on exfoliated GO by chemical routes showed a mesoporous
character with average pore diameter of 11-12 nm (164). In a study by Seger
and Kamat (165) Pt nanoparticles were deposited on GO partially reduced by
NaBH, and applied at the cathode of a PEMFC. A further attempt at GO reduc-
tion by hydrazine, followed by heat treatment to remove hydrazine, resulted in
poorer PEMFC cathode performance than the partially reduced Pt/GO at 0.6V,
60 °C. Under these conditions, the current density was only 190 mA cm~2,
lower than conventional Pt/C. Thermal exfoliation of GO by rapid heating (up
to 1050 °C) gives rise to highly wrinkled graphene sheets (WGO) (166, 167).
Here, 20 wt % Pt/WGO showed higher initial ECA (~110 m? gp;~!) and ORR
activity (~75 A gp;~!) than that of a commercial ETEK 20 wt % Pt/C catalyst,
(~75m? gp;! and ~65 A gp; 1) (168). After 5000 voltage cycles between 0 and
1.0 Vin 0.5 M HySO4, Pt/WGO retained 62.4% of initial ECA and 49.8% of
ORR activity compared to 40.0% and 33.6% of ECA and ORR activity retained
by the ETEK Pt/C.

2.3. Carbon Nanofibers

Carbon nanofibers (CNFs) or graphitic nanofibers (GNFs) were first
reported by Hughes and Chambers in 1889 (169). They are attractive as
potential catalyst supports because their size (diameter: 3—100 nm, length:
0.1-1000 pwm), structure, and surface chemistry is similar to that of CNTs (106,
170) with less complex processing. There are three different types of CNF's:
fishbone (herringbone) type with graphene layers inclined at an angle against
the growth axis; deck-of-cards (platelet) type with graphene layers perpendic-
ular to the growth axis; and parallel (tubular) type with graphene parallel to
the growth axis (127). Though tubular CNF's look like MWNTSs at a glance,
the latter have a hollow cavity while the other does not (106). The diameter of
CNFs is usually larger than that of CNTs and can be varied by the size of the
metal particle that catalyzes its growth (106, 170). Despite its similarity with
CNTs, it has a low specific surface area, 80 to 200 m? g~! (170, 171), which is
comparable to that of Vulcan carbon.

As the CNF surface is highly graphitic, it is also very hydrophobic. Similar
to CNTs, surface functionalization with HNOs, or HoSO4 + HNOg increases its
hydrophilicity and facilitates the deposition of Pt. Pt nanoparticles deposited
using colloidal methods on functionalized fishbone and platelet-type CNF's
have a larger average diameter than that on non-functionalized CNF's (172,
173). On the contrary, Oh et al. found that the Pt cluster size decreases with
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the degree of oxidation when same method of deposition was applied (174). Pt
dispersion and loading also depends on the diameter and morphology of the
CNF (173, 175). Also, better dispersion was obtained using polyol processes
where ethylene glycol (EG) acts as a mild reducing agent (176); its viscosity
hinders Pt surface diffusion during deposition and, thus, increases homogene-
ity among nanoparticles. However, surface oxidation decreases conductivity
and promotes corrosion, reducing the long-term stability of the support (174).

CNFs also allow researchers to engineer tertiary structures into their
architecture (170). CNFs with twisted morphology have shown improved
performance in PEMFCs compared to bundles of linear CNFs (177, 178).
Furthermore, twisted Pt/CNF with a smaller diameter (65 nm) performed
better than Pt/CNT (diameter 15 nm) in a PEMFC (178). Zhang et al
obtained arrays of vertically standing CNF's (80 nm diameter, 100 nm height)
by pyrolyzing polyacrylonitrile (PAN) fibers in hexagonally packed porous
anodic aluminum oxide (AAO) membranes as a template (179). They deposited
Pt nanoparticles in-situ during polymerization of acrylonitrile to form PAN.
Another approach towards making arrays of vertical standing CNF's (37 nm
diameter, 2 pm height) was taken by Caillard et al. (180) using helicon
plasma enhanced chemical vapor deposition (helicon-PECVD). In this study,
the authors grew CNFs on Ni-sputtered gas diffusion layers (GDLs). Pt was
subsequently sputtered on these CNFs. Because of the low surface area
(15—20 m? g 1) and the physical dimensions of the CNFs, there is a limit
to Pt loading that can be obtained without significant agglomeration and
the maximum observed power density was 300 mW cm~2. This was 80% of
the value of Pt/C with only 1/5 of the Pt loading. After optimizing both
Nafion® content, PTFE content, Pt loading, and MEA fabrication method,
other groups have shown Pt/CNF electrodes that perform slightly better
at higher current densities than Pt/C with identical Pt loading (175, 181,
182), which was likely due to higher electronic conductivity and improved Pt
dispersion.

One of the parameters that researchers have focused on for CNF supports
is the density of exposed graphitic edge planes on the surface. This is likely due
to the significantly higher (107 times) conductivity of the edge plane compared
with the graphitic basal plane (161). Hence, Pt/fishbone and Pt/platelet-type
CNFs are expected be better ORR electrocatalysts for PEMFC applications
than Pt/tubular-type CNF's. Biddinger and Ozkan (183) synthesized platelet-
type CNF's with a high edge:basal and parallel-type CNFs with low edge:basal
plane ratios. They compared activity of unplatinized CNFs for the ORR and
found that the platelet type catalyst had higher activity. Similar studies were
conducted by Ismagilov et al. (184) on platinized CNF's in a PEMFC, though
interpretation of the results was not straightforward. For all experiments, the
platinum content was maintained as 30 wt % Pt/CNF. At higher catalyst load-
ings, catalyst layers with parallel-type CNF (0.0639 gp; cm~2) showed better
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performance than that of platelet-type CNF (0.0914 mgp; cm~2), though a cat-
alyst layer with platelet-type CNF with a very low loading (0.0185 mgp; cm~2)
showed the best overall performance. In fact, its performance was compara-
ble to that of a Pt/C electrode with more than twice the loading (0.0380 mgp;
cm~2). Since Pt loading on the catalyst was held constant, the thickness of the
prepared catalyst layers varied considerably, which affect water and Os mass
transport within the catalyst layer, Nafion® ionomer volume, and electronic
conductivity. This makes the deconvolution of the author’s data in its current
form, and evaluation of the effect of the CNTs on ORR activity and durability
in the PEMFC cathode, difficult.

2.4. Carbon Aerogels

Carbon aerogels are prepared by carbonization of an organic aerogel, which
is usually a resorcinol-formaldehyde (R-F) sol-gel. Typically, R and F are mixed
in a particular molar ratio with an acid or alkaline catalyst to form a sol. The
sol is then heated, which facilitates its hydrolysis and polycondensation to its
gel form. The aqueous gel can be solvent exchanged with a suitable organic
or left in the aqueous phase. Finally, the gel is dried using supercritical COs,
subcritical Ng, or freeze-dried and carbonized in inert atmosphere to produce
aerogels, xerogels, or cryogels, respectively (185, 186).

Carbon aerogels were first synthesized by and reported by Pekala
(187). They have high surface area, good electronic conductivity, and large
mesopore to micropore area. The primary aerogel structure consists of
carbon nanospheres similar to carbon black; however, they differ signifi-
cantly in their secondary structure. In carbon black, the carbon nanospheres
(10-30 nm) aggregate through a combination of covalent and Van der Waals
forces, whereas in aerogels, the carbon nanospheres slightly overlap with
each other in a continuous chain that forms a 3D interconnected network
(188). The relative mesopore and macropore content is determined by an
inter-nodular structure while micropore content is determined by an intra-
nodular structure (189). Since micropores are intra-nodular, the mesopore
structure can be tailored independent of the micropores (186). Depending
on the synthesis conditions for the organic aerogel (reactant ratio, pH, cat-
alyst, curing process, etc.) and carbonization temperature, the surface area,
mesoporosity /microporosity, pore size distribution, and surface texture can
be tuned (185, 189). This provides a level of architectural control that is not
available using CNTs and CNFs, making carbon aerogel supports extremely
attractive.

Various studies of Pt deposited on aerogels/xerogels have shown that their
porosity plays a significant role in their performance as a PEMFC cathode cat-
alyst (190-196). Moreover, it is important that the primary pore size falls in the
mesoporous region (195) to obtain good performance. Unfortunately, even after
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optimizing Pt and Nafion® loadings and cell temperature, performance bet-
ter than that of commercial Pt/C catalyst could not be obtained in a PEMFC,
though ex-situ tests by Marie et al. in a three electrode electrochemical cell
showed that platinized carbon aerogels (20 wt % Pt) activated at 300 °C in
air for 30 min with pore size distribution centered at 200 nm had higher spe-
cific activity but lower mass activity than that of commercial catalyst (10 wt %
Pt/C) (190, 191, 194, 197).

2.5. Hierarchical/Macroporous Carbon

Hierarchical carbons with an interconnected mesoporous-macroporous
bimodal pore distribution are attractive as a metal support because they
offer advantages of both mesoporous (large surface area, uniform metal dis-
persion) and macroporous (efficient mass transfer) structures. In hollow core
mesoporous shell carbon (HCMSC) (198), the macroporous capsule and the
mesoporous shell can be independently adjusted giving good control over their
porosity (199). In HCMSCs, the mesopores form porous walls between an inte-
rior hollow core and submicron external hollow spheres. Hence, continuous
channels of mesopores and macropores are formed that provide an unhindered
flow of reactants and products.

The benefits of such structures, shown in Figs. 5a and 5b, were shown
by Fang et al. in a laboratory scale PEMFC (200, 201). Here, 20 wt %
Pt/HCMSC showed better performance than two commercial (ETEK and
Johnson-Matthey) Pt/C catalysts of equivalent loading in several areas. First,
the Pt/HCMSC catalyst had a larger ECA. Second, the catalyst showed a
lower Rer than the commercial catalysts and achieved a higher mass activity
(0.14 A mgp; 1) than Gasteiger et al. (144) (0.11 A mgp; ') using Nafion®-
112 electrolyte. Similar enhancement in performance compared to commercial
catalyst was observed for hierarchical erythrocyte-like hollow core mesoporous
shell carbon supports in a PEMFC and ordered hierarchical nanostructured
carbon (Figs. 5¢c and 5d) (202, 203). Contradicting above results, Figicilar
et al. could not obtain better power density at 0.6 or 0.4 V than either syn-
thesized or commercial Pt/C (Pt/Vulcan XC72 or Pt/C ETEK); however, the
power density and current density at 0.4 and 0.6 V were higher than that of
Pt/BP2000 and Pt/Regal for a 20 wt % Pt catalyst and 0.4 mgp; cm~2 cathode
loading (204).

2.6. Ordered Mesoporous Carbon

Ordered mesoporous carbon (OMC) was first synthesized in 1999 by
Ryoo et al. by casting sucrose into a cubic (Ia3d) mesoporous silica tem-
plate, MCM-48, and carbonizing at high temperature (205). Though an OMC
with a narrow pore size distribution was prepared, x-ray diffraction (XRD)
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Figure 5: Examples of hierarchical nanostructured carbon: (a) and (o) SEM and TEM images
of hollow core mesoporous shell carbon (HCMSC), respectively; (¢) and (d) SEM images of
ordered hierarchical nanostructured silica (OHNS) and ordered hierarchical nanostructured
carbon (OHNC), respectively (200, 203).

revealed that the resulting carbonized material was comprised of a struc-
ture that was significantly different than the template. The following year,
Jun et al. (206) reported the first OMC with identical hexagonal symmetry
(p6mm) to its template using SBA-15. The ordered mesoporous structure is
a result of the three-dimensional matrix of interconnecting micropores and
mesopores in the walls of the template that are a result of solution phase
self-assembly of solubilized surfactant with the carbon precursor during syn-
thesis (207, 208). Since then, several other silica templates have been explored
to synthesize OMCs. In addition, soft template methods have been devel-
oped that can be completed in fewer synthesis steps by directly incorporating
carbon precursors into the structure-directing surfactant (207, 209). Soft-
template OMCs can be highly stable, up to 1400 °C, in contrast to OMCs
made from hard template methods, which are generally stable to around 900
°C (208, 210). One of the advantages of the OMC synthesis is that various
precursors can be used to produce carbons with different surface chemistry
and pore structure depending on the template or surfactant. This has been
successfully exploited to make novel carbon materials for electrochemical
applications (211).



Downloaded by [Institutional Subscription Access] at 07:02 14 September 2011

ORR Activity and Stability of Supported Pt 279

Song et al. analyzed OMCs from a CMK-3 template and wormbhole-like
mesoporous carbon (WMC). Both showed a very narrow pore size distribution
centered around 4.3 nm, comparable BET surface area (992 and 1076 m? g~!
for CMK-3 and WMC, respectively), similar mesopore volume (1.21 and
1.24 cm?® g~! for CMK-3 and WMC, respectively), and nearly identical aver-
age Pt size (3.2 and 3.1 nm for Pt/CMK-3 and Pt/WMC, respectively) (212).
The Pt/WMC catalyst showed higher electrochemically active surface area and
higher activity for ORR. This shows that having a large surface area and uni-
form pore size alone do not yield a high performance catalyst support with
improved mass transfer; accessibility and interconnectivity of these pores also
play significant roles. This was supported by Du et al. (213) who reported a 1-D,
steady-state numerical model comparing ordered active layers (OAL) oriented
perpendicular to the membrane against a conventional active layer (CAL) with
randomly distributed pores and agglomerates as that of in Pt/Vulcan. The
authors showed that alignment of the OAL in the direction of the mass trans-
fer reduced the electrode concentration polarization due to faster Oy diffusion
through the thin electrolyte wrapping the OAL rather than an increase of Oy
concentration throughout the active layer.

Joo and coworkers (214) synthesized a 33 wt % Pt/OMC catalyst with
pipe-like carbon fibers, 5.9 nm inside diameter, 4.2 nm between adjacent fibers,
and 2000 m? g~! BET surface area prepared using a SBA-15 template and
furfuryl alcohol as the carbon precursor (Fig. 6). They reported a mass activity
for Pt/OMC of 0.1 A mgp;~! in Oy saturated 0.1 M HClO4 at 10,000 RPM,
which was more than 10 times greater than the mass activity of 33 wt % Pt/C
under identical experimental conditions. Likewise, Hayashi et al. reported
enhanced ORR for a 30 wt % Pt/OMC (7-9 nm pore diameter, 600 m? g-! BET
surface area) synthesized through a soft-template method when compared
with 50 wt % Pt/C (215). Interestingly, they also reported a mass-transfer
limited current higher than the Levich theoretical value, which they assigned
to the transport and storage of Og in the pores (215, 216). Ding et al. also
have demonstrated a 669 m? g~! BET surface area, 3.2 nm pore diameter
Pt/OMC with greater ORR performance than commercial Pt/C when used in
gas diffusion electrodes (217).

Therefore, OMCs display unique and unusual properties regarding mass-
transfer enhancement or attenuation of concentration polarization during the
ORR, though the mechanism for this enhancement is currently not well under-
stood. Hence, it has proven difficult to translate the high activity observed
in ex-situ, three electrode experiments into high performance PEMFCs. The
PEM fuel cell performance of a 20 wt % Pt/OMC (754 m? g~! BET surface
area, 3.1 nm pore diameter) could not match the performance of 20 wt %
Pt/C (ETEK) in real fuel cell conditions (218-221), which suggests that the
internal pores of the OMC were not entirely accessible to the ion-conducting
phase during fuel cell testing. Therefore, to exploit the full potential of Pt/OMC
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Figure 6: (a) TEM image of ordered nanoporous carbon (ONC) and its Fourier diffraction; (b)
Schematic of pipe-like ONC; (c) Mass activities (A/g) of ONC compared to carbon black af
different Pt loading; (d) Polarization curves in 0.1 M HCIO4 at 10,000 RPM with a scan rate of
50 mV/s of carbons with 33 wt % Pt (214).

electrocatalysts, it is imperative to optimize the pore diameter, the ionomer
type and loading, and Pt size and loading (215, 222, 223). One advantage
with OMCs is the flexibility of the synthesis procedure, which allows for
numerous variations. This should facilitate the synthesis of next generation
OMCs with increased diameter, which will allow for the penetration of ionomer
into the internal structure, leading to high activity Pt/OMC catalysts for
PEMFCs.
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To increase the stability of Pt nanoparticles on OMCs, Gupta et al. (224)
prepared a highly graphitic OMC from mesophase pitch and compared it to an
amorphous OMC made from furfuryl alcohol. After Pt deposition, the OMCs
were subjected to ADT. The Pt/graphitic OMC showed little or no alteration
while significant changes were observed for Pt/amorphous OMC in terms of
mass activity, specific activity, and ECA. Compared to Pt/Vulcan XC72R, even
the Pt/amorphous OMC demonstrated enhanced stability, leading to higher
activity retention and maintained high ECA. This was also supported by
Shanahan et al. (225), who fabricated graphitized OMCs using a soft template
method followed by high temperature carbonization at 2600 °C. This material
also showed higher stability than Pt/Vulcan. The stability enhancement was
mainly assigned to interaction between the Pt d and carbon 7 orbitals, though
no supporting data was presented.

2.7. Surface Functionalized Carbon

As noted in the previous sections, DFT studies have suggested that the
electrocatalytic activity of Pt clusters can be enhanced by interaction between
carbon 7 orbitals and the Pt d-band. Unfortunately, the catalytic enhance-
ment effect is difficult to harness, control and reproduce with amorphous
carbon blacks that are turbostratic due to random surface irregularities. One
method to overcome this is to increase the graphitic character of the support
through high temperature pyrolysis; however, porosity is typically compro-
mised in such cases. An alternative method to increase the 7—d interaction is to
dope the carbon support with heteroatoms, such as nitrogen, sulfur, and boron.
These heteroatoms, when incorporated into the carbon matrix, can affect the
electronic and physical properties of the carbon materials.

Several researchers have recently reported a myriad of studies for direct
ORR on unplatinized supports with a wide range of N functional groups (183,
226-232). To date, the best performance for N-containing carbons for the ORR
was obtained in alkaline electrolyte when there is some ordered graphitic
structure such as in vertically aligned CNTs. In acidic systems, activities are
generally orders of magnitude lower than Pt/C, making raw nitrogen-doped
carbons a poor option for the PEMFC cathode catalyst.

On the other hand, a fair amount of evidence currently exists for enhanc-
ing the dispersion and ORR activity of Pt clusters supported on several types
of N-doped carbon. Well dispersed Pt clusters with a small mean Pt size of
(ca. 2.4 nm) have been reported on nitrogen doped carbon supports. Roy et al.
(233) reported that Pt/N-containing Vulcan carbon showed higher ORR activ-
ity compared to raw Pt/C for direct methanol fuel cells (DMFCs); however,
significant sulfur impurities were present in their carbons. Studies regard-
ing the ORR in acidic electrolyte have been done for Pt clusters supported on
functionalized highly ordered graphitic structures, such as CNTs (230, 234)
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and GO (235). Vijayaraghavan and Stevenson (234) reported an increase in
ORR activity of dendrimer encapsulated Pt on nitrogen doped CNTs compared
to undoped CNTs. Moreover, the activity increased when the nitrogen doping
was increased from 4 to 7.5 atom %. However, the mass-transport-limited cur-
rent density and mass activity of their most active catalyst fell short of Pt/C.
Higgins et al. have shown that Pt on nitrogen-doped, bamboo like CNTs (ED-
CNT) synthesized from ethylenediamine (EDA) precursor have enhanced ORR
activity than both undoped CNTs and Py-CNTs made from a pyrrole precursor
(230). The ED-CNT had higher total nitrogen concentration (4.74 atom %) than
that of Py-CNT (2.35 atom %), higher relative amount of pyridine-type nitro-
gen, more structural defects, smaller and rounder bamboo compartments as
opposed to longer and rectangular compartments, increased Pt dispersion, and
smaller Pt nanoparticles, which resulted in higher ECA than that of Pt/CNT
or Pt/Py-CNT. This ex-situ observation was also supported by testing in a
laboratory scale PEMFC. Jafri et al. (235, 236) reported Pt/N-functionalized
graphene and Pt/N-functionalized multiwall carbon nanocoils with enhanced
ORR activity performance in PEMFCs compared to their unfunctionalized
counterparts.

Platinized, N-doped carbon composite and nanosphere catalysts were
shown to have superior ORR activity to Pt/C by Li et al. (237) and Su
et al., respectively (238). Li et al. prepared nitrogen modified carbon composite
(NMCC) from ethylene diamine, carbon black, and Co(NOg3)s. At 0.9V vs. RHE,
the mass activity of Pt/NMCC was 0.16 A mgp;~!, which was 33% greater
than Pt/C. In addition, Pt/NMCC was more stable than Pt/C under both
potentiostatic hold and electrochemical cycling in a PEMFC. At 100% relative
humidity, 0.4 mgp; em~2 loading, and 0.7V the specific activity of Pt/NMCC
was 1.2 A mgp; ! while that of Pt/C was 0.6 A mgp;~!. Similar enhancement
in ORR activity vs. Pt/C was observed by Su et al. (238) for platinized nitrogen
doped porous carbon nanospheres.

Various nitrogen functional groups have been observed experimentally on
nitrogen functionalized highly ordered pyrolytic graphite (HOPG): pyridinic,
pyrrolic, quaternary, and pyridine-N-oxide (239). Also, vacancy and intersti-
tial N can be present on the support surface (240). Understanding the role of
the nitrogen functionality is further complicated by the fact that defects tend
to aggregate and electronically interact. However, several recent first princi-
ples DFT studies have yielded valuable insight into the complex relationship
between N and C atoms for N-functionalized graphene structures (240, 241).
First, the interaction of the N and C atoms in the support matrix lead to a
partial withdrawing of electrons from the carbon matrix by adjacent nitrogen
sites caused by the higher electronegativity of N (3.0 P.U.) compared with C
(2.5 P.U.) (240). The resulting charge redistribution gives the carbon atoms an
electron-deficient structure with a positively charged center that can be sta-
bilized by accepting an electron from Pt during cluster deposition. Thus, the
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carbon atoms adjacent to the functionality act as Pt nucleation sites. Therefore,
the electron transfer between Pt and the functionalized support should both
increase Pt dispersion and selectivity since anchor sites are built into the
structure as well as shift the Pt d-band center (240), affecting catalytic activity.

Experimentally, the Pt nucleation rate on N-HOPG was greater than
that on pristine HOPG and Ar irradiated HOPG (Ar-HOPG), yielding well-
dispersed Pt clusters. In addition, Pt stability on N-HOPG was very high
compared to both raw and Ar-HOPG (239). As shown in Fig. 7, while Pt
agglomeration was clear on undoped HOPG after 1000 potential cycles, Pt
clusters on both N-HOPG and Ar-HOPG showed good stability. However,
after 10,000 potential cycles only Pt clusters on N-HOPG were stable against
agglomeration. This shows that while Ar irradiation produces defects and
disordering, only nitrogen-containing defects are able to bring enhanced inter-
action between the Pt atoms and the graphitic substrate. The nitrogen defects
also change the electronic structure of Pt and Groves et al. (241) showed that
the binding energy between Pt and C atoms was a strong function of the N-site
density.

Nitrogen doping also has been shown to induce several structural changes.
The structure of bamboo-like CNTs has been attributed to the presence of
nitrogen. Such CNTs have greater conductivity than raw CNTs. Also, it has
been suggested that nitrogen defects bring about turbostratic disorder in
graphene stacking caused by dislocations (242). Such structural disorder is
evident in the walls of the N-doped CNFs shown in Fig. 8. This implies that

HOP Lr-HOPCG 1M nm SHOPG 190nm
d,,, =46 nm, SNNI =042, p=2 s d, 9nm. NNI=033, ¢ = 1110 #/um d... =2 nm, NNI = 1,34, 147,52 #/um’

s P
HOPG 10Hinm ArHOPG 1nm N-HOPG 100nm

tlaye = T1 i, NNI = 0,074, p=2.16 #um’ B d... = 490 nm, NNI= 0,12, 2= 0.05#um’ [ doe =8 nm, NNI= 1,25, p = 135,69 #/um’

Figure 7: SEM images of Pt clusters affer potential cycling (239): (a), (b), and (c) After
1000 cycles on undoped HOPG, Ar-HOPG, and N-HOPG, respectively; (d), (). and (f) After
10,000 cycles on undoped HOPG, Ar-HOPG, and N-HOPG, respectively.
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Figure 8: TEM images for the bulk and walls of raw (a, b) and nitrogen doped (c, d) CNFs (242).

nitrogen defects are likely to have a more stable/relaxed geometry than amor-
phous carbon, meaning that N sites can play different roles on highly graphitic
and amorphous surfaces. However, extensive studies into the role of N-induced
physical modifications in the enhancement of the ORR have not yet been
performed.

A few studies on other surface heteroatoms have been reported, includ-
ing sulfur on Vulcan carbon (233), sulfur on aerogels (243), sulfur on OMC
(244), and boron on carbon black (245). Pt nanoparticles deposited on both
S and B heteroatom-functionalized carbon had enhanced stability against Pt
growth and agglomeration (244, 245), though very few studies reported the
ORR activity. In one study, the ORR activity for Pt/S-functionalized carbon
was higher than Pt/C (233); however, more rigorous investigation is needed
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to understand the role of surface-doped sulfur, and for that matter boron, on
ORR activity and stability. However, it can be hypothesized that the underly-
ing Pt-support interaction for the two will be different from each other and N
since the electronegativity for S (2.5 P.U.) is nearly identical to carbon, while
B is lower (2.0 P.U.). S functional groups may disrupt the sp? hybridization of
the support and provide a lower charge density site, though its role in Pt depo-
sition, electron transfer and ORR activity is unclear. One interesting thing
to note is that researcherss have not observed that the Pt catalyst activity
is negatively affected by the organic sulfur functional groups. This is most
likely due to the significant differences between the structure and chemistry
of organic sulfur and well-known fuel cell poisons, HyS and elemental sul-
fur. B functional groups transfer electrons to carbon atoms, making the B site
electron deficient and the most likely Pt bonding site, exactly opposite to the
N case.

Functionalized carbons have shown significant promise as Pt supports for
the ORR. In addition to enhancing the ORR, synthesis of these materials are
also relatively straightforward and do not introduce intrinsic instabilities into
the structure. This provides a relatively simple, low cost alternative to alloys
and core-shell structures that enhance ORR activity through metal-support
interactions, making functionalized carbons attractive ORR electrocatalyst
supports (246, 247). However, several questions remain regarding the influ-
ence of the type of functional group on Pt bonding and ORR enhancement, the
ability of researchers to tailor the direction and magnitude of electron transfer
between Pt and the support, and the long-term stability of the functional site
with potential cycling and its implication on PEMFC applications. Also, it is
currently not possible to make a graphitic surface functionalized support with
only one type of functional group.

3. CONDUCTIVE CERAMICS

Though some success has been reported using advanced carbon support mate-
rials to enhance the stability and electrocatalytic activity of Pt clusters in
PEMFCs, their main drawback remains the thermodynamically favored dis-
solution of carbon at elevated potentials. It is also clear from the discussion
in Section 2 that deposition of Pt onto highly graphitic sp? carbon is difficult.
To encourage Pt deposition, researchers are forced to introduce surface defect
sites into the highly graphitic supports, which compromise their long-term
stability. Therefore, several research groups are currently looking to uncon-
ventional supports to not only reduce support corrosion, but also improve
Pt cluster stability and dispersion and enhance Pt electrocatalytic activ-
ity. Some candidate materials include transition metal oxides, carbides and
nitrides.
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3.1. Oxides

Studies on oxide supports as alternatives to carbon have generally shown
improved corrosion resistance and reduced ECA degradation rates (248-254).
Oxide supports also can affect the electrocatalytic activity of the supported
noble metal due to metal—support interactions. These interactions manifest in
several ways including: (i) modification of the electronic states or Fermi level
of Pt that pushes the formation of Pt-OH groups to higher potentials (255);
(i1) spillover of OH groups onto the oxide support (255); and (iii) reduction of
the equilibrium OH adsorption by lateral repulsion between Pt—OH and oxide
surface (256).

Titanium Oxides

TiOg is an interesting candidate support material due to its high sta-
bility in hydrous, acidic environments at potentials relevant to the PEMFC
cathode. Though pure TiOg is a wide bandgap semiconductor (4.85 V) with
an electronic conductivity of only 10713 S em~! at 298 K (257), it can still be
used as an electrocatalyst support material if defects are introduced into the
structure by partial reduction to TiOsx or a more complete reduction to give
the sub-stoichiometric phases with the general formula Ti,Og¢, 1 (the Magnelli
phase, where x is between 4 and 10, is commercially termed Ebonex®) (251,
258, 259). TiyO7, in particular, exhibits high electronic conductivity (~1000 S
cm™1) at room temperature (260), which is comparable to graphitized carbon
(727 S em~! (251)). Moreover, labile protons have been observed on titanium
oxide, imparting some proton conductivity (261, 262) and titanium oxides have
even been used as fuel cell electrolytes (263).

Furthermore, these oxides show better electrochemical stability than
Pt/C (264-266). Sub-stoichiometric TixO9;_1 has been reported to have high
stability as a PEMFC cathode support (251), while also increasing the
electrochemically active area compared to Pt/C (249, 267). Single-phase sub-
stoichiometric titanium oxide powder was prepared by loroi et al. (251) by
the reduction of TiOs at high temperature under flowing Hy. Tests on Pt-free
Ti4O7 and Vulean XC-72 supports showed that the onset corrosion potential
was much higher for Ti4O; than for Vulcan XC-72, suggesting that TisO7
would be significantly more oxidation resistant under true PEMFC operat-
ing conditions, though there is a slow oxidation of the reduced phase back
to TiOy during operation. On the other hand, polarization curves for an
operating PEMFC with 5 wt % Pt/Ti4O7 and conventional 20 wt % Pt/C
indicated that the mass activity of Pt/Ti4,O; was lower than that of Pt/C.
The lower mass activity was most likely caused by the lower specific ECA
for Pt/Ti4O7, facilitated by a larger mean Pt cluster size than Pt/C. This
is supported by the fact that the specific activities of both catalysts were
similar.
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Novel titanium oxide nanostructures have also been developed recently
as Pt electrocatalyst support materials, including spheroidal nanocrystallites,
elongated nanotubes, nanosheets, and nanofibers (261). Because of their high
stability, high surface area, and moderate electrical conductivity, titanium
dioxide nanotubes (TONTSs) have been investigated as potential catalyst sup-
ports (250, 253, 268, 269). PtNi/TONT and PtCo/TONT catalysts have been
investigated for the ORR (253) with some promising results. Here, elongated
TiOg nanotube arrays (~1 um length, 120 nm diameter) were reproducibly
formed on a Ti substrate using an electrochemical anodization process. The
PtNi and PtCo catalysts were co-sputtered onto the TONT and were shown
to be well dispersed and cover both the interior and exterior of the tubes.
PtNi/TONT catalysts annealed at 400 °C under hydrogen atmosphere dis-
played a significantly higher activity for the ORR than PtNi/C (253). To clarify
the effects of the nanotubular TiOg structure and pore size, compact TiOq
films on Ti substrate were prepared and compared to TiOg nanotube arrays.
A remarkable increase in the ORR activity and a positive shift in the ORR
half-wave potential were achieved using Pt7pCoso/TONT. This phenomenon
was attributed to favorable accessibility of the high surface area PtCo on the
TONT inner wall (250, 253, 261, 268).

Titanium oxides have also been used as co-supports with carbon to improve
Pt stability and catalytic performance while utilizing the carbon phase for
its high electronic conductivity (267, 270). Pt/TiO4/C nanocomposites have
been synthesized by depositing hydrated titanium oxide on Pt/C, reducing
H2PtClg on carbon-supported hydrated titanium oxide (TiO2/C) and one-pot
synthesis where Pt nanoparticles and hydrated titanium oxide are simultane-
ously deposited onto the carbon support. Among these methods, the catalyst
synthesized by reducing HoPtClg onto TiO3/C exhibited the highest perfor-
mance toward the ORR and the best methanol tolerance in a DMFC (267). This
method has also been used to synthesize Pt/TiOy/CNT (270) and PtRu/TiO5/C
(271) with similar results.

An alternative method for imparting TiOs with high enough electronic
conductivity for use in the PEMFC cathode is doping with secondary metals,
like niobium (272). For TiOg, an extrinsic semiconductor, impurities/dopants
can be added to either increase the number of free electrons (n-type) or
holes (p-type). This is illustrated in Fig. 9A (273) for an n-type semiconduc-
tor where a pentavalent donor dopant is added to a semiconductor material
(i.e., TiOg). The pentavalent element has five outer-shell electrons, of which
only four are used for bonding; this leaves an excess electron whose energy
level is not far below the semiconductor’s conduction band. In this case, the
Fermi level is slightly raised and the energy required to ionize the donor
electron is much lower compared to ionizing an electron from the host atom
(Ep << Eg, Fig. 9B). Thus, the conductivity of the semiconductor is drastically
improved.
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Figure 9: Schematic showing (A) an n-type semiconductor and (B) the resulting energy
diagram (273).

It has been shown that mixtures of NbOg and TiOs sintered at 1000 °C
yield an electrically conducting material where Nb is doped into the TiOy
structure (274, 275). However, the high synthesis temperature leads to a low
surface area material with lower electronic conductivity due to a phase transi-
tion of TiOs from anatase to rutile near 700 °C (276). This led Garcia et al.
(277) to develop a low temperature synthesis route for Nbg1Tip9O2 via a
surfactant templating method. This method resulted in a BET surface area
for Nbo.1Tio 9Oz of 136 m? g~!, which is two orders of magnitude higher than
the same material synthesized at a high temperature (278). Park and Seol
(279) prepared 40 wt % Pt/Nb—TiOg electrocatalysts by hydrothermal synthe-
sis at 120 °C using Ti(IV) isopropoxide and Nb(V) ethoxide as metal precursors.
To activate the Nb donor dopant in TiOg, the nanoparticles were annealed
at 400 °C for 2 h under pure Hy. Next, Pt was deposited on the support by
chemical reduction with NaBH,. The authors reported a good dispersion of Pt
clusters (~3 nm) on the Nb-TiO;y support (~10 nm). The Pt/Nb-TiOy showed
a higher activity for oxygen reduction than that of Pt/C prepared by the same
method. XANES spectra of Pt L edge on Pt/Nb-TiO; suggested significant
altering of the Pt electronic structure following its deposition, which may be
responsible for the improved ORR activity.

Chen et al. (278) compared the activity and stability of Ti;O; and
Nbyg.1Tig.9O2 synthesized by either reducing or doping rutile TiOs. The synthe-
sis of both Ti4O7 and Nbg1Tip9Os started from the same precursor, ultrafine
rutile TiOy having a BET surface area of 110 m? g~!. Ti4O; was obtained by
hydrogen reduction of TiOy at 1050 °C, while Nbg 1Tip90Os was prepared by
heating an intimately ground mixture of TiOs and NbOg in a sealed quartz
tube under vacuum at 650 °C for 1 day, 950 °C for 2 days, and 1000 °C
for 5 days. The resulting supports had comparable, though extremely low,



Downloaded by [Institutional Subscription Access] at 07:02 14 September 2011

ORR Activity and Stability of Supported Pt 289

surface areas (1.5-2 m? g~ !). The support surfaces were decorated with PtRu
nanoparticles by chemical reduction of metal precursors with borohydride and
tested in a gas diffusion half-cell for the ORR and oxygen evolution reac-
tion. PtRu supported on Nbg 1Tig90s showed superior ORR activity and very
high electrochemical stability. On the other hand, the TisO7-supported cata-
lyst showed significant performance degradation due to the partial oxidation
of Ti4O7 during electrochemical treatment, which creates a high resistance
TiOg surface layer. This suggests that although conductive oxides can be cre-
ated either by partial oxidation, doping is the preferred method for enhancing
electrical conductivity and stability in oxidizing environments.

Tungsten Oxides

Tungsten oxides have received significant attention recently due to their
large number of stable oxidation states, which enables unique properties for a
number of chemical and electrochemical applications. The most stable of these
states is hexavalent tungsten oxide, WO3, which has low electronic conductiv-
ity due to its large bandgap (280). However, synthesized WOg3 typically shows
at least some electronic conductivity due to the formation of nonstoichiomet-
ric oxides, which yields conductive oxygen vacancies (281). Thus, there has
been significant interest in tungsten oxides as an electrocatalyst support at
the PEMFC anode. Several groups (249, 282-288) have investigated Pt/WO3_«
electrocatalysts for the methanol oxidation reaction (MOR) as well as the HOR
in the presence of impurities like CO.

Kulesza et al. (289) have reported several studies of Pt immobilized in a
tungsten oxide matrix, showing that such immobilization leads to an enhance-
ment in the activity of Pt for the MOR in acid solution. It was found that the
presence of adsorbed hydroxide species on the tungsten oxide surface facili-
tated the removal of passivating CO. They also reported hydrogen peroxide
decomposition by WO3 during the co-reduction of oxygen with chalcogenide
catalysts (290). Barczuk et al. (291) also observed enhanced MOR for WO3_,
immobilized PtRu; however, they also observed poor utilization and mass
activity of the catalyst due to large agglomerate formation (150-200 nm).
To increase catalyst utilization, Rajesh et al. (292) dispersed Pt/tungsten oxide
on high-surface-area carbon nanotubes. The combination exhibited higher
activity than Pt alone supported on carbon nanotubes. Ganesan and Lee
(284) prepared platinized WO3 microspheres of 2—4 pm diameter by controlled
oxidation of tungsten carbide microspheres. The Pt/WQO;3 catalyst showed
MOR activity 1.9 times greater than commercial Pt—-Ru/C with a 100 mV
negative shift in the onset potential and good stability up to 100 cycles
in 1 M HySO4. Enhanced MOR activity and good electrochemical stability
have also been reported for platinized ordered mesoporous WOg3 (293), WOg3
nanowires (Fig. 10) (294-298), and WO3 nanorods (299, 300).
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Figure 10: Well dispersed Pt nanoparticles deposited on theW;gO49 nanowires (295).

On the other hand, there is limited evidence that WO3 supports enhance
the electrocatalytic activity of Pt for the ORR. Chhina et al. (301) showed
that WO3 had a significantly higher stability during accelerated degradation
testing in sulfuric acid electrolyte than Vulcan XC-72R, which allowed sup-
ported catalysts to have higher stability on the oxide than carbon. Shim et al.
(249) prepared Pt-WOj3/C electrocatalysts by oxide deposition onto commer-
cial Pt/C in HCl. They reported a reduction in the Tafel slope for the ORR
using PEMFC polarization data; however, it appears that the main enhance-
ment was in the proton conductivity within the catalyst layer, which caused
a shift in the Ohmic region of the polarization curve. Pt nanoparticles sup-
ported on commercial WO3 have also been studied ex-situ in a three electrode
cell (302). Here, no enhancement in the ORR was observed when Pt was
supported on WO3 compared to Pt/C. Also, the authors reported significant
performance decay after 300 cycles due to Pt agglomeration on the oxide
surface.

These results suggest that the primary enhancement mechanism between
Pt clusters and WOj3 supports arises from the formation of OH groups on the
support surface, which facilitates the removal of adsorbed impurities like CO
that are either available from the atmosphere or intermediates from partial
oxidation of alcohols. However, sufficient evidence to suggest electron transfer
between the catalyst and support in this system is significant. This limited
interaction between Pt and WOg facilitates the agglomeration of particles dur-
ing deposition and electrochemical treatment, yields low ECA and does not
provide a mechanism to enhance the intrinsic activity of the electrocatalyst.
Another possible limitation of tungsten oxide supports is its stability in acid
media (303), though conflicting reports are present in the literature. Chen
and Tseung (304) reported up to 80% W loss after electrochemical cycling.
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On the other hand, Shim et al. (249) found that tungsten oxide was stable in
2 M HySO4 at room temperature. Raghuveer and Viswanathan (305) reported
that WO3 stability in acid media can be improved by transition metal ion
substitution (such as Ti**) into the oxide framework. The improvement in
the stability could be due to an alteration in the rate of hole capturing pro-
cesses on surface WO3 by the Tit* at the interface, which is responsible for the
dissolution of tungsten in acid media.

Tin Oxides

Synergistic effects between the catalyst and support, including the
adsorption of OH species on SnOs and electronic rearrangement of supported
metals, have led several researchers to investigate SnOgz-supported Pt and
Pd metals as high activity catalysts for various chemical reactions, such as
low temperature oxidation of CO and methane (306-308), selective reduc-
tion of NO by hydrocarbons (309), and crotonaldeyde hydrogenation (310).
These effects have led a few PEMFC researchers to propose SnO; as a sup-
port material for fuel cell electrocatalysts, which have been shown to promote
the electrooxidation of CO (311) and low molecular-weight alcohols, such as
methanol (312) and ethanol (313) on Pt. In addition, Ota and coworkers (314)
recently found that SnOs influenced the oxidation and reduction behavior of
supported Pt, where the formation of Pt-oxide species at elevated potentials
was suppressed. This oxide suppression has the potential to improve both the
Pt ORR activity by providing a clean surface over a wide potential range ORR
(315) and Pt stability since oxide species are a key intermediate in Pt dissolu-
tion (77, 78). ORR enhancement for Pt supported on tin oxide nanowires was
recently reported (316), though the conclusions were made on stationary CVs
in Oy saturated HySO4 and no PEMFC data was presented, suggesting that
further study is needed.

Though these results are promising, raw SnOs suffers from two impor-
tant limitations that may preclude its use as a PEMFC support. First, SnOy
undergoes redox processes at potentials relevant to the ORR and is at least
somewhat unstable. Second, tin dioxide is a wide bandgap semiconductor
(E; = 3.6 eV) with electrical resistivity varying from 10 to 10° @ c¢m, depend-
ing on the temperature and the stoichiometry of the oxide (317, 318); this low
conductivity yields high electrical resistance within the catalyst layer, which
is detrimental to fuel cell performance. Two methods have generally been used
to overcome the limitations of SnO;. First, SnOy has been mixed with highly
conductive carbonaceous materials (254, 319-323). Recently, Parrondo et al.
(323) prepared Pt/SnOy /C catalysts through a wet chemistry route. The result-
ing Pt particle size was large (~6 nm), though good performance was achieved
with 7 wt % SnOs in the cathode, showing a 180 mV improvement at 200 mA
cm~2 compared with Pt/C. Higher oxide loadings resulted in a decrease in
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performance due to mass transport limitations in the cathode. Durability test-
ing also suggested that Pt/SnOy/C catalysts were more stable than Pt/C under
PEMFC conditions. Pang et al. (320) and Hsu et al. (321) have also reported
good electrochemical stability for SnOs—CNT composite electrodes. Du et al.
(322) have seen similar results for SnOs-coated carbon nanotubes while also
noting that the Pt/SnOs/CNT catalyst exhibited comparable ORR activity to
Pt/CNT. Also, the authors noted that the Pt supported on SnOy3/CNT was more
immune to agglomeration.

Though the catalyst layer conductivity and Pt stability have been
improved, this does not overcome the intrinsic instability of the raw tin oxide.
Thus, the second enhancement method has been doping SnO; to both improve
its conductivity and stability (324). In one case, the electrical conductivity
increased by several orders of magnitude by doping SnOg with antimony (319).
Sb (254, 325, 326) and Ru (319, 324) doped SnOg have shown that the MOR
is further enhanced with the dopant due to an increase in electronic conduc-
tivity, improved electrochemical stability of doped-SnOgs compared with both
Vulcan carbon and raw SnOs and a decrease in the Rcr. According to the
authors, electronic interaction between RuO4 and SnOg promotes the forma-
tion of hydroxyl species on the support surface, which catalyzes the oxidation
of poisonous species (i.e., CO) adsorbed on Pt.

Indium-doped tin oxide (ITO) has also received attention over the past few
years as an electrocatalyst support. Chang and coworkers (327, 328) reported
the electrocatalytic activity of Pt/ITO and Pd/ITO nanoparticles for the ORR,
MOR, and ferri/ferrocyanide (FEFI) redox couple. Electrochemical impedance
experiments for the FEFI couple on both Pt and Pd showed nearly an order
of magnitude decrease in Rcr on top-performing compositions compared with
bulk metal electrodes, which suggests that the ITO support altered the intrin-
sic electron transferability of the supported metal. This was mirrored in ORR
experiments where the half-wave potential for supported catalysts was shifted
slightly to more positive values and significant increases in the kinetic current
densities were observed. Also, a recent DOE report by researchers at Pacific
Northwest National Lab (329) showed that Pt/ITO/graphene electrocatalysts
show significantly improved initial activity than Pt/C, Pt/CNT, Pt/graphene,
and Pt/TiOq, and improved ECA retention. Unfortunately, the ITO was post-
deposited onto Pt/graphene and true evaluation of Pt/ITO was not possible.
This post treatment also led to the Pt mass activity of Pt/ITO to be low due to
Pt encapsulation, though this did result in the greatest ECA retention during
testing.

Tantalum Oxyphosphate

Garsany and coworkers (330) recently reported Pt nanoparticles supported
on tantalum oxyphosphate (TOPh). In this study, a nanosized TOPh film was
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Figure 11: Schematic for Pt/TOPh/C electrocatalysts (330) that have shown good
electrochemical performance for the ORR.

coated onto Vulcan XC-72 and then platinized. This is illustrated in Fig. 11.
Thin TOPh coatings were applied since TOPh has low electronic conductivity.
It was suggested by the authors that the Vulcan carbon core would provide
much of the particle-to-particle electronic conductivity while the surface TOPh
layer would manipulate the activity and stability of the Pt particles through
metal-support interactions.

Linear sweep voltammograms for the Pt/TOPh/C electrode in
Ogq-saturated perchloric acid, Fig. 12a, showed that the Pt ORR activity
was enhanced significantly compared to Pt/C, which is indicated by the
significant increase in the half-wave potential. The authors reported a mass
activity for the Pt/TOPh/C of 0.46 A mg! Pt, which was more than twice
that of Pt/C with increased ECA (Fig.12b). This was attributed to electronic
interactions between the Pt catalyst and phosphorus atoms on the support
surface, which not only enhanced the ORR, but also improved the Pt stability
by introducing Pt anchor sites. The authors speculated that this electron
transfer between the catalyst and the TOPh phase shifted the surface cover-
age of OH on Pt to more positive potentials, allowing for a greater density of
ORR active sites at high potentials compared with conventional catalysts. One
possible limitation for the TOPh/C support is the carbon core, which will have
the same thermodynamic limitations as conventional supports if poor TOPh
coating is achieved. These are promising results, warranting future study into
this class of materials.

3.2. Carbides

Transition metal carbides are an interesting class of materials as
electrocatalyst supports since they are typically chemically inert to highly
acidic and alkaline media, are mechanically durable, have good electronic



Downloaded by [Institutional Subscription Access] at 07:02 14 September 2011

294 s, shrestha et al.

0

e PU[TaOPONVC] (a) V.
4  PUVC (Etek)

&
L

052 1 jcd: 82

s
Potential (E) vs. RHE IV
(-]
-1

cd: 109

ol hed: 111
4% s {(P)

04 1
Mass Activity | A mg,,"

Current density (J) / mA em™ (geo)
da

&4 i R i ] "
0.0 0.2 0.4 0.6 0.8 1.0
Potential (E) vs. RHE/ V
1nd 4 PU[TaOPO,VC]
(c) PHVC (Etek) A
5e-5 1 < —1
<L L . |
]
5
O RLT- R
-le-4 -

00 02 04 06 08 10 12
Potential (E) vs. RHE/ V

Figure 12: (a) Ex-siftu ORR polarization Pt/C (friangles) and Pt/TOPh/C electrocatalysts (circles)
in Oy-saturated perchloric acid. (b) Tafel plots for both catalysts. (¢) Cyclic volfammograms
for Pt/C and Pt/TOPh/C in Ny-saturated 0.1 M HCIO,4 (330).

conductivity and can form covalent-type bonds with deposited metals (331).
Thus, carbides may be able to yield electrocatalysts with high ORR activity
and good electrochemical stability.

Tungsten Carbide

Of all the carbides, tungsten carbide has received the most attention in
recent years for catalytic applications. This is most likely due to the fact that
near the Fermi level its electronic density of states closely resembles that of
Pt (332) and WC has shown some Pt-like catalytic properties (333). This has
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led several researchers to investigate WC and WsC as both electrocatalysts
(334-336) and supports (337-339). Tungsten carbides have shown stability
in acid solutions, high catalyst selectivity (340), resistance to typical PEMFC
impurities like CO and HsS (341), and good electronic conductivity (342). This
has led some to suggest that they are the most promising of the carbides for
electrochemical applications (343) and a significant effort has been put forth to
investigate them as electrocatalyst supports for Pt and the ORR.

Zhang et al. (343) prepared Pt/W,C and Pt/C and investigated them as
cathode catalysts for a PEMFC. The ECA of the two catalysts was initially
close and it was found that the Pt/WC catalysts were able to retain a higher
percentage of their ECA after cycling. Though their initial performance was
similar, the lower ECA degradation led to laboratory-scale PEMFCs using
Pt/W,C to have increased performance after long-life testing compared to
Pt/C. Ganesan and Lee (344) investigated Wy C microspheres as of Pt supports.
Using cyclic voltammetry in acidic solutions, the authors determined that the
ECA of Pt supported on W3C was several times higher than Pt supported on
both carbon microspheres and commercial carbon at identical loading, which
suggested that the Pt particles were better dispersed on the carbide. However,
Zellner and Chen (345) showed that the W3C phase is electrochemically
unstable at potentials greater than 0.4 V vs. NHE, suggesting that they are
unsuitable as ORR supports.

In two studies (342, 346), Chhina and coworkers investigated the stabil-
ity of Pt supported on commercial WC to in-house and commercial Pt/C. They
found that the Pt/WC was more stable than both Pt/C samples, where the
ORR activity of Pt/WC was nearly constant during accelerated degradation
testing, while Pt/C performance dropped precipitously. This high stability was
attributed to the formation of a surface oxide layer during the first scan, which
acted like a passivating layer, protecting the inner WC core from corrosion.
Liu and Mustain (302) also investigated Pt/WC electrocatalysts for the ORR.
In this study, the authors observed a significant increase in the ORR half-
wave potential compared with WC during polarization tests on a thin-film
RDE and excellent dispersion of 3nm Pt clusters on the surface. However,
after 300 cycles between 0.2 and 1.0 V vs. NHE, the activity enhancement
was lost. In post-mortem analysis, it was observed that surface WC was oxi-
dized to WOy at potentials >0.8 V vs. NHE. This oxide formation led to two
different Pt surface species. The first were still strongly bonded to the sup-
port surface and remained well dispersed with an average size of 3 nm (Fig.
13a). Particles of the second type were detached during the surface reorgani-
zation that accompanied oxide formation during potential cycling. Since these
clusters had limited interaction with the newly formed tungsten oxide sur-
face, which was discussed in Section 3.1, they migrated on the support surface
and agglomerated into 50—-200 nm Pt superclusters (Fig. 13b). These super-
clusters dominated the ORR activity in the catalyst layer. This study suggests
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Figure 13: Plafinum clusters deposited on WC supports before (a) and (b) affer
electrochemical treatment (302) showing the poor stability of the Pt particles following the
formation of surface oxides.

that the most important factor in realizing the activity enhancement of Pt/WC
compared with Pt/C lies in finding methods to push the WC oxidation to WOy
to higher potentials.

Another potential drawback to the widespread implementation of WC sup-
ports is their low surface area, which is typically between 1 and 10 m? g~! from
high temperature routes (342, 347-349). To address this, Wang et al. (350) used
a hydrothermal method to synthesize high surface area, 256 m? g~!, WC tung-
sten carbide microspheres. Liu and Mustain (302) used a molten salt route
and obtained WC particles with a surface area of 143 m? g~!. Finally, Liang
and coworkers (351) prepared an extremely high surface area WC by deposi-
tion on CNTs using microwave irradiation of solvated precursors. Not only did
they see significantly enhanced ORR activity, they also found no noticeable WC
oxidation to WOy during electrochemical treatment, suggesting that there may
be a size or surface thermodynamic effect to the electrochemical oxidation that
can be overcome at the nanoscale.

Molybdenum Carbide

Molybdenum carbides (352, 353) have also been shown to be highly active
catalysts in several chemical reactions including Fischer—Tropsch conversion
(8354) and ammonia synthesis (355) as well as posses high stability in harsh
environments. Theoretical studies suggest (356, 357) that the high activity is a
result of electron donation from Mo to the carbon atoms, which tailors its bind-
ing energy toward adsorbates. These properties, combined with good electronic
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Figure 14: TEM images unplatinized (left) and plaintized (right) Mo,C/CNT catalysts that show
homogenous support structure and well, dispersed supported Pt nanoparticles (358).

conductivity, make MoqC a promising candidate support for Pt nanoparticles
in PEMFCs.

Pang et al. (358) synthesized nanostructured MoyC/CNTs composites
by a microwave assisted thermolytic route, which was followed by platina-
tion through a polyol processs. The Pt loading was 20 wt % Pt/MosC/CNT.
Pt/CNTs samples with identical Pt loading were also prepared. TEM
images of the Pt/MooC/CNTs catalysts show well dispersed 5 nm particles
(Fig. 14). Electrochemical measurements also indicated that the ECA for the
Pt/MosC/CNT catalyst was higher than Pt/CNT and shifted the onset for the
ORR positive (Fig. 15). Though this was a promising result, the authors did
not report any long-term stability testing and did not investigate the effects of
potential cycling on the surface composition of the support, which was one of
the limiting factors with WC supports.

3.3. Nitrides

Transition metal nitrides have similar structure and physicochemical
properties to their carbide counterparts. Akin to carbides, they have high
melting points, good mechanical strength, and are both corrosion and sinter-
ing resistant, which makes them promising for catalyst applications. There
are a couple of differences, however, between carbides and nitrides includ-
ing the stoichiometry and coordination of the lattice, which is dictated by
the stable oxidation state for N (—3) compared to C (—4) and the magnitude
of electron transfer between the adatom and metal since N has a signifi-
cantly lower electronegativity than C. Therefore, the density of unfilled states
is broadened compared to the pure metal (359); this d-band deficiency gives
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Figure 15: ORR polarization curves for Pt/Mo,C/CNT (triangles) and Pt/CNT (crosses) cata-
lysts. Both show significant improvements in ORR performance over their raw support and
the addition of molybdenum carbide shift the half-wave potential for the ORR positive
significantly (358).

nitrides the ability to accept electrons from both adsorbates and catalytic
Pt clusters.

Titanium Nitride

Titanium nitride (TiN) is typically used as a conducting, corrosion-
resistant coating for titanium alloys, steel, and aluminium (360, 361). It also
has very low creep when introduced to multicomponent systems (263, 362)
and is biocompatible (363). Pt/TiN electrocatalysts were recently reported by
Musthafa and Sampath (364) for methanol oxidation in a DMFC. Physical
characterization indicated that Pt was well dispersed on the TiN surface.
Electrochemical characterization in methanol-solvated sulfuric acid showed
that the anodic methanol oxidation peak potential was close to that of a
commercial Pt/C electrode (365), though the peak current was higher and
performance was significantly more stable due to the formation of less poison-
ing intermediates present on the surface. Avasarala et al. (366) synthesized
Pt/TiN using commercial TiN nanoparticles. Here, the TiN was ultrasonically
dispersed in ethylene glycol. Next, HoPtClg was slowly added to the dispersion,
allowing the Pt ions enough time to reduce. Well dispersed Pt particles were
obtained with high ECA and high ORR activity. This is shown in Table 1. One
limitation of the ORR activity data was that it was taken on stationary elec-
trodes at unconventional potentials, which makes it difficult to compare with
other electrocatalysts. The authors hypothesized that the intrinsic activity of
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Table 1: ECA, specific activity, and mass activity for the ORR on P1/Tin and Pt/C

electrocatalysts at several potentials (366).
. _____________________________________________________________________________________________________________|]

20 wi% Pt/C 20 wi% PH/TiN

ECSA (m?2/gpt) 68.7 75.6
Mass Activity (mA mg'st). im

09V 6.2 16.4

0.8V Q0.6 294.2

07V 586.2 1221.4
Specific Activity (WA cm=2py), is

09V 9.1 21.7

0.8V 131.8 389.2

0.7V 853.3 1615.6

9Catalysts were supported on glossy carbon disk electrodes (for Pt—loading of 20ugp/Cm?2)
and tested in 0.1 MHCIO,4 at 60°C.

the Pt clusters was enhanced by both increased dispersion and electron trans-
fer between Pt and TiN, though no experiments were done to further elucidate
the enhancement mechanism.

Tungsten Nitride

Raw carbon-supported tungsten nitride, WoN/C, was investigated for the
ORR in a PEMFC (336). WoN/C (18 wt % W) showed some activity for the
ORR, yielding a PEMFC with a peak power density of approximately 40 mW
cm~2 at 80 °C. This activity is not too surprising since tungsten oxide, which
likely covers the nitride surface, has shown an ability to decompose hydrogen
peroxide in acid media (290). From this data, it is difficult to forsee what effect
the WoN would have on the activity and stability of supported Pt clusters.
One promising piece of data from the Zhong et al. study (336) is that the WyN
PEMFC was able to run for 80 h without any sign of catalyst degradation or
deactivation.

Molybdenum Nitride

MoN/C catalysts have also been investigated for the ORR in sulfuric acid
(867). In this study, not only did the catalyst exhibit some ORR activity, it
also showed excellent tolerance to methanol, making it a potential catalyst or
support for DMFCs. In addition, 18 wt % Mo;N/C catalysts were tested in a
PEMFC (368) at 80 °C. The peak power density for the cell was 65 mW cm 2
and no catalyst deactivation was observed during constant current operation
for 60 h. Similar to W3N, these results are encouraging and point to at least
some resistance to corrosion; however, significant additional study is needed
to make any strong conclusions regarding MoN as a catalyst or support for
PEMFCs.
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4. Pt MONOLAYERS ON METALS

Platinum monolayers deposited on top of metal underlayers have recently
become a popular method to enhance the electrocatalytic properties of Pt.
It has been suggested that the deposition of ultra-thin Pt layers onto metallic
surfaces has the ability to improve Pt activity and stability while con-
comitantly decreasing the Pt loading (369). The synergistic effects between
thin Pt overlayers and metal supports have been studied on several sub-
strates including single crystals, pure metals and alloys, which are discussed
below.

Nearly a decade ago, the Adzic group at Brookhaven National Lab found
that 1.5 monolayers of Pt on single crystal Ru greatly enhanced the ORR activ-
ity compared to both Pt and Ru metal. In fact, the deposition of this very small
amount of Pt on the surface shifted the half wave potential for the ORR pos-
itive approximately 350 mV relative to naked Ru single crystals (370). This
presented a new, exciting oppurtunity to greatly reduce Pt loadings while
obtaining a high activity catalyst. A similar enhancement was also obtained on
Ru nanocrystals with only 0.5 deposited monolayers. Initially, monolayer depo-
sition was carried out by spontaneous deposition of Pt on Ru, which resulted in
small islands of Pt atoms surrounded by Ru atoms. To improve the Pt disper-
sion, a new method was developed by the same group where a metal adlayer
(usually Cu) was deposited by underpotential deposition (UPD) and replaced
spontaneously by Pt cations, which allowed for more homogeneous Pt sub-
monolayers to be deposited on the Au (111) surface (371). Since then, this
method has been widely used to deposit monolayers of Pt on various metal
surfaces. This group has also used this method to deposit sub-monolayers and
monolayers of Pt on several transition metal surfaces including Pd, Ru, Ir,
and Rh (47, 49, 372-375). The size and coverage of Pt monolayers can be con-
trolled by coating the support with self-assembled monolayers of thiols, such
as 1-octanethiol/3-mercaptopropionic acid (376).

In collaboration, the Adzic and Mavrikakis groups (49) also found an
excellent correlation between the theoretical d-band center and experimen-
tally derived ORR activity for Pt monolayers supported on sub-surface Ru
(0001), Ir (111), Rh (111), Au (111), Ag (111), and Pd (111) in both alkaline
and acidic media. The authors were able to correlate the experimental ORR
activity (kinetic current at 0.8 V) with the binding energy of O atoms on
the surface, Og bond dissociation energy (O — O + O) and OH formation
energy (O + H — OH), which were related to each other and the d-band cen-
ter position (Fig. 16). The maximum ORR activity was found by the authors
for Ptyy,/Pd (111). Experiments, combined with DFT studies, attributed the
enhanced activity to the ease of OH hydrogenation. In addition, the formation
of PtOH was delayed to higher potentials, thereby reducing OH coverage com-
pared to Pt/C. Ptyy,/Pd/C also showed 120 and 25 mV positive shifts in the
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Figure 16: (a) Relationship between position of the d-band center relative to the Fermi level
and both the kinetic current (filled squares) and oxygen binding energies (filled circles) for Pt
monolayers supported on: (1) Ru (0001), ) Ir (111), ) RN (111), @) Au (111), (B) Pt (111), and
(6) Pd (111). (b) Effect of the binding site of oxygen on the ORR kinetic current (filled squares),
activation energy for O, dissociation (open circles) and activation energy for OH formation for
Pt monolayers deposited on: (1) Ru (0001), (2) Ir (111), B) Rh (111), (4 Au (111), (5) P (111),
and (6) Pd (111) (49).

half-wave potential compared to Pd/C and Pt/C, respectively (47, 375), with
improved mass activity compared to Pt/C.

Perhaps the most notable attribute of the d-band center model is that it
can be verified experimentally, which was shown by Mun et al., from differ-
ence spectra obtained by subtracting a scaled valence band (VB) spectrum
of clean underlying surface from a VB spectrum with surface coverage (377).
On PtsM (M = Fe, Co, Ni, Ti) alloys with pure Pt on the surface, a good cor-
relation between experimental and theoretical d-band center with regard to
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ORR activity was shown by Stamenkovic et al. (56). In this work, the authors
obtained a pure Pt surface (Pt skin) by surface segregation at high heat under
ultrahigh-vacuum (UHV). However, this resulted in depletion of Pt in the first
2-3 atomic sub layers. According to their study, the d-band center controls the
active site availability for Oy adsorption and the heat of adsorption of Oy and
reactive intermediates on the surface covered already by OH,q (378). These
two parameters are generally autonomous. The highest ever reported ORR
activity with turnover frequency (TOF) of 2800 s~! compared to 25 s~! of Pt/C,
was obtained on a Pt3Ni (111) catalyst with a pure Pt skin surface followed by
a Ni-rich layer followed by Pt-rich layer (9, 379). The very high activity was
assigned to unusually low surface coverage by OH.q, approximately 50% less
than that of Pt (111).

Further increases in ORR activity and reduction of Pt loading can be
achieved by doping Pt monolayers with metals that oxidize at a lower poten-
tial relative to Pt. Very high activity was obtained when Os or Re was mixed
with Pt monolayers, increasing Pt mass activity 20 times and total mass
activity 4-4.5 times greater (for PtRe) than Pt/C (375). The amplification of
ORR activity was attributed to reduced OH coverage on Pt facilitated by O
atoms adsorbed on Os/Re, which have a high repulsive interaction with Pt-
OH. Of course, the surface coverage of the mixed metal must be optimized to
balance the activity enhancement with the number of active sites as very high
coverage means that the monolayer is predominantly composed of the doped
metal atoms that have low ORR activity.

Though each of the above cases presents a promising enhancement in the
intrinsic activity of Pt, high ORR activity was only obtained with samples
where Pt was deposited onto other noble metals, some of which are more expen-
sive than Pt itself. This high cost, orders of magnitude greater than any of the
supports discussed in Sections 2 and 3, will most likely make these catalysts
difficult to transition to commercial or large-scale PEMFCs. Thus, a new type
of core-shell electrocatalyst with a non-noble metal core and Pt shell was syn-
thesized by Adzic et al. (380, 381) by surface segregation of noble metals at high
temperature (380) and surface oxidation and deposition of the outermost layers
of nonnoble metal atoms by redox-transmetalation. The advantage of the latter
method was that it allowed the authors to synthesize very small nanoparticles
(83—4 nm), while the former method leads to particles 10 nm or greater. The
activity of the as-synthesized catalyst particles (Pty,/AuNi/C, Ptyy,/PdCo/C,
Pt/PtCo/C) were greater than commercial Pt/C. The greater catalytic activity
was attributed to a shift in the d-band center, which reduced PtOH coverage at
potentials relevant to the ORR. Several variations of the above chemistry were
created by altering the processing methods based on Cu UPD and galvanic dis-
placement by different noble metals. This includes Pt monolayers deposited on
intermetallic/alloy cores (382—386), Pt monolayers deposited on a noble metal
shell on intermetallic/alloy cores (387), and Pt monolayers on alloy sublayers
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(388). The galvanic displacement method and DFT studies are powerful tools
that have the potential to be used to rationally prepare superior performing
electrocatalysts both in activity and stability for the ORR.

Several other groups have recently reported Pt core-shell catalysts for
the ORR in acidic media (389-401). Most of these electrocatalysts contain
multiple Pt monolayers. As the number of Pt monolayer increases, the sur-
face area of the particle changes due to an increase in diameter. On Pt/Pd
core-shell catalysts, Wang et al. showed that as the number of Pt layers
increased from 1 to 3, the Pt-specific activity remained the same while
the Pt mass activity decreased (402). Also, as the Pt monolayer grows, the
resulting structure distributes the lattice strain and the outer atoms have
a weaker interaction with the core, suggesting that the d-band enhance-
ment will have size dependence. On heteroepitaxial monolayers, Pt on Ru
(001), using CO as a probe molecule, Schlapka et al. found that the elec-
tronic effect no longer matters for structures with more than 3 Pt monlayers
whereas lattice strain still affects the d-band center beyond 4 Pt monolayers
(403). On Pt/Au core-shell catalyst, an increase in ORR activity has been
observed with increasing Pt layers (389) or with decreasing Au/Pt atomic ratio
(396). On a 30 nm Pt/Au catalyst with 3 atomic layers of Pt, Hartl et al.
(389) achieved specific activity similar to that of polycrystalline Pt particles,
while Luo et al. (391) reported activity of 8 nm Pt/Au with a 1 nm Pt Shell
(ca. 3.6 monolayer) lower than that of Pt/C. These differing observations may
be due to the particle size difference; smaller particles have greater interfacial
lattice strain, requiring more Pt monolayers to release the strain compared
to larger size particles. Hence, it is necessary to optimize particle size and Pt
monolayer thickness to obtain core-shell type catalysts with maximum activity
enhancement.

Different intermetallic/alloy cores have been used including Pt/PtCu
(390), Pt/PdPt (392), Pt/PdFe (400), and Pt/PdSn (395). They all have reported
higher ORR activity than that of commercial Pt/C. Similarly, Pt shells on
nonnoble metal cores, such as Cu (399) and Co (393), have been shown to
have higher activity than commercial Pt/C. Beside galvanic displacement
of UPD Cu, Pt monolayers have been deposited by other methods such as
electroless deposition where Pt salt is reduced on the core through some
reducing agent, e.g., ethylene glycol, NaBH,, or Hy, and high temperature seg-
regation. Other novel methods reported are microwave synthesis (394) and
pulsed electrodeposition (397).

Despite the tremendous research in this field over the past decade, most
studies have been done ex-situ where the catalyst was deposited on a glassy
carbon or other inert electrode and tested in a three electrode cell. Very little
PEMFC data on core-shell catalysts is currently available in the literature.
In one study, Malheiro et al. reported that there was no apparent gain in per-
formance between Pt/PtFe/C and PtFe/C despite ex-situ tests that showed
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higher activity for the former (401). On the other hand, Mani et al. showed
Pt/PtCu/C to have better performance in a PEMFC than commercial Pt/C
catalyst in terms of both specific activity and Pt specific mass activity even for
comparable ECA (390). Due to the large number of variables involved in mak-
ing membrane electrode assemblies for PEMFCs and the completely different
ionic environment between a fuel cell and ex-situ measurements, it is often dif-
ficult to use ex-situ observations to extrapolate fuel cell performance. Hence,
more study is needed in PEMFCs to show the viability of these catalysts for
commercial purposes.

Though the activities of Pt monolayers on these core-shell structures have
been reported widely, there are only a few studies showing the stability of such
electrocatalysts. Zhang et al. reported excellent stability of Au/Pt/C catalyst
where 30—40% of Pt surface was covered by Au clusters deposited by displace-
ment of Cu UPD atoms on Pt surface (404). Even after 30,000 potential cycles
between 0.6 and 1.1 V, the catalyst showed no change in specific activity and
ECA. Through study of the XANES spectra, the authors have ascribed the
stability to the high oxidation potential of Pt in the presence of Au clusters.
Similarly, Adzic et al. reported excellent stabilities for Ptyy,/Pd (375, 380, 405),
Pt/AuNijsFe (386), Pt/PdgpAu;o (388), Pt/Pd2Co (384), and Pt/PdAu (405),
which was attributed to a shift in Pt oxidation to higher potentials. This shift is
caused by the oxidation potential of the underlying subsurface atoms, which is
lower than that of the Pt atoms, and the geometric and electronic effect which
might cause weak adsorption of oxygen species. In an in-situ test, a significant
Pd band and some Pt were observed in the Nafion membrane in a PEMFC
using Pty /Pd/C catalysts after 100,000 potential cycles, which is shown in
Fig. 17 (405). It was proposed that at higher potentials, Pd dissolves preferen-
tially over Pt. Surprisingly, the shell structure of the catalyst remained intact,
resulting in a hollowing of the core-shell particle and a slight decrease in the
average particle diameter. This induces contraction on the outer shell that is
likely to decrease ORR activity, but increase stability. The Pd core stability
was increased by alloying the Pd core with Au. The loss in mass activity after
200,000 potential cycles was 30%, which easily exceeds DOE requirements.
Pt/PdsCo catalysts showed 50% ECA loss after 6500 potential cycles during ex-
situ testing. In contrast to fuel cell stability testing, the Pt monolayer increased
in thickness indicating a different mechanism was at work with the addition
of Co compared to Au. On Pt/Co core-shell catalysts (393), Pt appears to limit
Co oxidation and dissolution in acidic solution. However, the loss of Co into
acid depends upon complete coverage of Co core by Pt and the thickness of
the shell. Hence, further experimental work is required to study the long-term
stability of core-shell nanoparticles, particularly lower cost options containing
non-noble metal core structures.

Ramirez-Caballero et al. used DFT calculations to study the stability of
Pt monolayers on different transition metals through evaluation of surface
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Figure 17: Pt and Pd distribution obtained by EDS line-scan analysis of Pty /Pd/C before (a)
and after (b) 100,000 cycles. Also included are cross-section SEM images the membrane elec-
tfrode assembly before (¢) and after (d) the degradation test showing the concentration profile
of Pt and Pd (405).

segregation energies (406). This study suggested that the surface segregation
energy can be altered by adsorbed surface species as well as the purity of the
Pt layer on the surface. In this study, 5d (Ir, Au) and 4d (Rh, Pd, Ag) tran-
sition metals were found to be very stable while 3d (Co, Ni, Cu ) transition
metal cores were found to be unstable. Also, core alloying or the addition of
an adlayer between the primary core and shell can further increase stability.
This secondary core can be added to protect a primary core that is unstable to
acid or surface-segregation. Hirunsit and Balbuena studied the effect of adding
Pd interlayer between Pt shell and IrCo/Ir3Co core (407). In another strategy,
a carbide-like intermediate layer can be introduced between the core (Ir) and
the outermost Pt layer (408). It was suggested that the C atoms will help to
diffuse the lattice mismatch between the core and shell and hold the 3d metal
atoms in place. On such surfaces, the authors found that the Pt surface oxida-
tion potential should increase, enhancing ORR activity. These studies are yet
to be verified experimentally, though they do propose an interesting design to
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increase the stability of non-noble metal core and also illustrate the potential
for theoretical tools to help researchers design next-generation catalysts.

5. CRYSTALLINE ORGANIC WHISKERS

Over the past several years, 3M has been developing a nanostructured thin
film (NSTF) support for PEMFCs. The NSTF supports are crystalline organic
whiskers that are synthesized by vacuum deposition of red pigment N,N-di(3,5-
xylyl)perylene-3,4:9,10bis(dicarboximide) or perylene red or PR149 at ambient
temperature onto microstructured catalyst transfer substrates (MCTS). The
MCTS are used to increase surface roughness. Deposition is followed by vac-
uum annealing between 250 and 270 °C that trasforms the contiguous thin
film into crystalline nanowhiskers, which are typically around 1000 nm long,
50 nm wide, and have a surface number density of 3—4 billion per cm? (409—
411). The organic crystals grow by a screw dislocation mechanism and have a
bodycentered cubic (bce) lattice with a 1.45-nm lattice constant (409, 410).

Platinization of the support is accomplished by sputter coating Pt metal
onto the whiskers. The sputtered Pt forms nanosized crystallites along the
length of the whisker, which the authors called whiskerretes (412). These
whiskerretes can increase the surface roughness by a factor of 6. The sur-
face density and the growth mechanism of the whiskerretes was directed by
SMSI. The whiskerrete is dominated by (111) facets with some (100) terrace
sites, minimizing the surface free energy. They grow 70° from the whisker
axis regardless of the sputtering direction into an elongated pyramid-based
pillar with cross-section of ca. 6 nm when fully developed. Also, at the base, its
(111) face was somewhat epitaxially similar to the (111) face of the whisker at
the side, which has been used as evidence for SMSI between the NSTF and Pt.

The NSTF support is thermally, chemically, and electrochemically inert.
Thus, they are believed not to have direct influence on ORR activity. The
enhancement in specific activity, 5 times or more than that of Pt/Vulcan, (411)
and durability in real PEM fuel cell conditions seems to arise from the way
the whisker support influences growth and density of the sputtered metal cat-
alyst as mentioned above. Interestingly, MEA based on NSTF catalysts are
20-30 times thinner and are devoid of any nafion ionomer. The enhancement
in specific activity is thought to be mainly due to thin film nature of the cata-
lyst as ex-situ experimental results are consistent with bulk polycrystalline Pt
surfaces.

Under different PEM fuel cell conditions, The Pt sputtered NSTF cata-
lyst has shown excellent stability compared to Pt/Vulcan (413). In tests with
a 50 cm? PEM fuel cell, under repeated potential cycling from 0.6 to 1.2 V at
75 °C, only 32% of the active surface area was lost after 7226 cycles while 95%
reduction is active surface was obtained for Pt/Vulcan after 1880 cycles. The
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authors have attributed this exceptional stability to the virtue of Pt being a
thin film as opposed to individual nanoparticles. First, since the Pt particles
are purposely agglomerated to form a continuous film, they are quite large,
which eliminates the driving force for common Pt degredation mechanism like
crystal migration and Oswald ripening (67). Second, the Pt cystals form a con-
tiguous, encapsulating film on the NSTF whiskers, which minimizes support
degredation.

However, a recent article by Kongkanand and Sinha (414) shows that dur-
ing wet-up transient conditions, very thin (0.3 wm) Pt/NSTF catalyst layers do
not perform as well as conventional thick (10 pm) Pt/Vulcan electrodes. During
transient operation, the current density is suddenly increased and the rate
of water production and electrosmotic drag increases quickly. Concurrently,
water removal from the cathode, which depends on water diffusion from the
electrode, and water uptake by the membrane and unloading to the anode
does not occur fast enough. This results in flooding of the cathode. However,
thick electrode layers have a high water storage capacity, which allows suf-
ficient time for water removal. Membrane thickness also plays a significant
role here as thinner membranes allow for faster water transport from cathode
to anode due to enhanced rate of water vapor diffusion in hydrogen. This dif-
ficulty in water management during current-up transient conditions can be
attenauted with better design of the pore structure and increasing electrode
layer thickness while decreasing membrane thickness.

6. SUMMARY AND PROMISING FUTURE DIRECTIONS

Over the past 20 years, a significant international effort, funded by sovereign
nations, private industry, non-profit organizations and individual philan-
thropists has been put forward to understand and improve the performance
and stability of PEMFCs. This work has focused on all aspects of the stack and
system including the anode and cathode catalysts, proton exchange membrane,
gas diffusion layers, bipolar plates and flowfields, water management, balance-
of-plant, etc. This investment, and the dedication and diligence of scientists
and engineers, has facilitated significant improvements in the PEMFC during
this time, which has the technology on the cusp of commercialization. Though
it is an impossible task to give due credit to each of the research groups and
individuals who have contributed to the development of PEMFCs, this review
has tried to summarize innovations related to the electrocatalyst support and
its affect on the intrinsic behavior of Pt catalysts at the PEMFC cathode.
Several approaches have been demonstrated that can: (i) improve the sta-
bility of the support material itself; (ii) reduce Pt cluster agglomeration during
cell operation; (iii) increase Pt utilization; and (iv) enhance the electrocatalytic
activity of supported Pt clusters. Though accomplishing one of these may
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incrementally advance the technology, it is clear that truly transformative next
generation support materials will accomplish all four simultaneously while
avoiding inherent instabilities in the electrocatalyst like Pourbaix dissolution,
increasing the number of edge and defect sites in the support or metal, system-
atic surface oxidation, crystallographic rearrangement and phase transition.
Such a support will likely have a strong interaction with the Pt clusters, which
will allow for electron transfer between Pt and the support that will both shift
the d-band center of Pt considerably and provide a covalent anchor site for
deposition.

Taking these strict criteria into account, the authors find it unlikely that
carbon-only support materials will lead to extremely high activity, high stabil-
ity PEMFC cathode electrocatalysts. There is simply insufficient interaction
between Pt and highly graphitic surfaces, which forces researchers to very non-
selectively corrode the support to provide a weak binding site for Pt. Also, the
dissolution of graphitic carbon is thermodynamically favored under ORR rel-
evant conditions and kinetically facile during certain startup/shutdown peri-
ods. One interesting option to overcome both of these is surface functionalized
carbon. These materials have the promise to allow for a highly graphitic struc-
ture while systematically inserting functional groups to the surface to attract,
bind and interact with Pt. That being said, no research group has demon-
strated the ability to deposit a singular functional group with a given adatom,
making it difficult to say if the future will bring sufficient control over the
type of group that can be deposited or if the interaction between Pt and the
support can be specifically designed. Also, nitrogen functional groups do not
appear to have the optimum interaction with the graphite structure or Pt; thus,
other groups must be identified and investigated. Finally, the long-term redox
stability of N and other adatom functional groups are completely unknown.

Conductive ceramic support materials have shown an ability to enhance
the electrocatalytic activity of supported Pt clusters. Some have even shown
resistance to dissolution and other types of corrosion. This makes them
promising candidates for Pt supports. However, each of the materials dis-
cussed in this review suffered from either phase transition or systematic
surface oxidation that led to materials with low electronic conductivity,
agglomeration/detachment of the Pt catalyst from the surface, and/or loss
in the electrocatalytic activity for supported Pt. Though it is clear that an
insufficient amount of information exists to make a definitive statement about
the long-term feasibility of this class of materials, they do show significant
promise. For example, modified WC that shifts the carbide oxidation to higher
potentials could yield supported Pt with higher activity than any Pt/carbon
electrocatalyst that was reported here due to an enhanced ability of these sup-
ports to electronically interact with Pt. Also, doped tin-oxides appear to show
more promise than the Magnelli-phase titanates since the latter is prone to
surface oxidation to titania, which has negative consequences on ORR activity.
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There is also very little information available in the literature related to the
ORR on platinized nitrides.

There is no doubt that the top ex-situ performance catalysts to date are the
Pt core-shell structures. However, it is unclear what their commercial readi-
ness really is. Limited data is available in the literature for these catalysts in
PEMFCs to ascertain their in-situ ECA, activity or stability. It is also hard to
see the state-of-the-art processing methods scaling up to an industrial scale.
Finally, the material cost here is high. The least costly material used in these
studies was Co, which is avoided in Li-ion batteries due to its prohibitively high
cost, and showed poor stability during ex-situ testing. More stable versions
have contained either Pd or Au cores, which are both prohibitively expensive
and will likely increase catalyst cost significantly, even if the Pt mass activity
is improved to meet current DOE targets.

Perhaps the most commercial-ready cathode alternative from a perfor-
mance perspective is the 3M Pt/NSTF whisker catalyst. In both in-situ and
ex-situ experiments, the catalysts have good mass and volumetric activity.
Also, the extended metal structure gives the catalyst enhanced durability com-
pared to its contemporaries. However, further work remains on this material to
address its performance during transient periods and further reducing the Pt
loading while not sacrificing the properties that make it attractive. Finally,
considering the synthesis procedure, the largest commercialization barrier
with these materials may come in large-scale manufacturing; this must be
accomplished for these materials to be widely implemented.

Another key to the development of advanced cathode catalysts is the con-
tinued integration of first principles calculations with experiments. In recent
years, computational power has significantly increased and DFT is quickly
becoming the computational equivalent of high-throughput experiments.
Combining these two has had a significant effect on heterogeneous catalysts
for several processes and has even been applied to the ORR. Though sev-
eral combined studies are currently extremely fruitful and underway, the
strong collaboration between Mavrikakis and Adzic sticks out in the context
of this work where they have used both experimental and theoretical results
to propose second, third, fourth, etc. generation materials. Also interesting is
the theoretical work on multilayered core-shell structures by the Balbuena
group; a strong collaboration with an experimental group may yield significant
results. Such collaborations between different groups in the private and public
sector may speed up the identification of next-generation materials capable of
enhancing catalyst performance in all four phases discussed above.

The final point of consideration in the design of the support and the cata-
lyst layer as a whole is microstructure, which will dictate the mass transport
of both reactants and products to/from the catalyst surface, gas distribution
in the electrode, ion transport, etc. It is likely that these microstructural
effects have been the root cause for the differences between in-situ and ex-situ
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experiments on many of the ORR catalysts reported here. For example, in
nanostructured carbon supports, meso and micro pores that have been engi-
neered into the support are commonly smaller than the axial width of the
Nafion® ionomer, which leaves all of the Pt catalyst deposited in these pores
unutilized in a PEMFC, where they would be fully accessible in a flooded three
electrode experiment. Also, controlling the orientation of engineered struc-
tures has the potential to reduce the thickness of the electrode, which may
overcome many of these issues. Thus, new structures and industrial process-
ing techniques are needed to extend the activity and durability enhancements
observed on existing and next generation electrocatalysts for the PEMFC.
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