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CONSPECTUS

A n efficient oxygen reduction reaction (ORR) offers the potential for clean energy
generation in low-temperature, proton-exchange membrane fuel cells running on
hydrogen fuel and air. In the past several years, researchers have developed high-
performance electrocatalysts for the ORR to address the obstacles of high cost of the Pt
catalyst per kilowatt of output power and of dedlining catalyst activity over time. Current
efforts are focused on new catalyst structures that add a secondary metal to change the
d-band center and the surface atomic arrangement of the catalyst, altering the
chemisorption of those oxygencontaining species that have the largest impact on the
ORR kinetics and improving the catalyst activity and cost effectiveness.

This Account reviews recent progress in the design of Pt-based ORR electrocatalysts,
induding improved understanding of the reaction mechanisms and the development of
synthetic methods for producing catalysts with high activity and stability. Researchers have
made several types of highly active catalysts, induding an extended single crystal surface of Pt and its alloy, bimetallic nanoparticles,
and self-supported, low-dimensional nanostructures. We focus on the design and synthetic strategies for ORR catalysts induding
controlling the shape (or facet) and size of Pt and its bimetallic alloys, and controlling the surface composition and structure of
core—shell, monolayer, and hollow porous structures.

The strong dependence of ORR performance on facet and size suggests that synthesizing nanocrystals with large, highly
reactive {111} facets could be as important, if not more important, to increasing their activity as simply making smaller
nanoparticles. A newly developed carbon-monoxide (CO)-assisted reduction method produces Pt bimetallic nanoparticles with
controlled facets. This CO-based approach works well to control shapes because of the selective CO binding on different, low-
indexed metal surfaces. Post-treatment under different gas environments is also important in controlling the elemental
distribution, especially the surface composition and the core—shell and bimetallic alloy nanostructures. Besides surface
composition and facet, surface strain plays an important role in determining the ORR activity. The surface strain depends on
the crystal size, the presence of an interface-lattice mismatch or twinned boundary, and between nanocrystals and extended single
crystal surfaces, all of which may be factors in metal alloys. Since the common, effective reaction pathway for the ORR is a four-
electron process and the surface binding of oxygen-containing species is typically the limiting step, density functional theory (DFT)
calculation is useful for predicting the ORR performance over bimetallic catalysts.

Finally, we have noticed there are variations among the published values for activity and durability of ORR catalysts in recent
papers. The differences are often due to the data quality and protocols used for carrying out the analysis using a rotating disk
electrode (RDE). Thus, we briefly discuss some practices used in such half-cell measurements, such as sample preparation and
measurement, data reliability (in both kinetic current density and durability measurement) and iR correction that could lead to more
consistency in measured values and in evaluating catalyst performances.

1. Introduction

Molecular oxygen is essential for human survival and has
been known as a natural oxidant for years, yet our ability to
control the reduction of oxygen gas effectively in aqueous
medium is still limited. The sluggish Kkinetics of reducing
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oxygen gas electrocatalytically in an acidicenvironmentisa
major hurdle that needs to be overcome to develop cost-
effective proton exchange membrane fuel cells (PEMFCs)
for various clean energy applications.’~” In recent years, a
substantial amount of research effort has been devoted to
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the design and synthesis of electrocatalysts for oxygen
reduction reaction (ORR) based on both computational work
and study of model systems of extended single crystals of
platinum alloys.2® In this Account, we focus on the design
strategies of nanostructures as ORR catalysts, especially
shape-controlled Pt-based nanocrystals, which are still the
preferred ORR catalysts in terms of performance and stability
in acidic media.

In PEMFCs, ORR takes place electro-catalytically at the
cathode membrane. This reaction is rather slow, resulting in
a large overpotential loss under typical hydrogen fuel cell
operating conditions. Major challenge is to develop new
Pt-containing catalysts that have ultrahigh activity and dur-
ability, or to create nonplatinum group metal (PGM) catalysts
that are stable. The electrocatalysts developed recently
include metal and alloy based nanocrystals,® various forms
of carbon-based materials including quinone and its pyrolytic
derivative,'® transition metal macrocycdic compound,'"'?
transition metal chalcogenide,'® transition metal carbide,'®
oxide, and pervoskite.'> Among these classes of catalysts, Pt-
based nanoparticles remain as the most practical catalysts for
use in strong acidic media. Within this category of ORR
catalysts, the newly developed, complex structures are often
based on the theoretical analysis of compositions and struc-
tures of Pt bimetallic alloys. In several such Pt-based systems,
both activity and durability are enhanced by using nanostruc-
tured, bimetallic catalysts. Although it does not always
describe the electronic structures precisely, density functional
theory (DFT) calculation provides important clues for the
requirement of surface structures for enhanced performance
in ORR. For instance, effects of non-Pt metals on the d-band
electron level based on the DFT calculation offer a good
reference point to explore the activity of bimetallic catalysts.
It has also been recognized recently that strain shown in the Pt
bimetallic structures should also play a role in determining the
catalytic activity toward ORR.'®'” Thus, a good understanding
of the structure and property relationship will lead to better
design of those structural factors that result in improved
performance.

2. Recent Theoretical Understanding on the
Oxygen Reduction

In general, oxygen reduction reaction follows two types of
reaction pathways: direct four-electron reduction or two-
electron reduction. The latter process involves the genera-
tion of H,05 as the reaction intermediate. In the case of the
four-electron reduction mechanism in acidic medium, oxygen
is reduced electrocatalytically and combined with protons to
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FIGURE 1. Schematic illustration of free energy levels of ORR taking
place on Pt(111) surface via three different mechanisms at 0.8 V. The
drawing was based on the data reported in ref 23.

form water. Operation is typically under a strong acidic envi-
ronment for hydrogen fuel cells. The overall reaction for this
four-electron process is given in eq 1:

02+4H++4e‘ — 2H,0 (1)

The ideal standard potential, E°, for this reaction is 1.23 V.
For the two-electron process, the reaction sequence and
standard potentials are given by the followings:

02 +2H" +2e~ — 2H,0,, E° = 0.67eV (2)

H,O2 +2H" +2e~ — 2H,0, E° =1.76¢eV  (3)

This pathway is generally not favored in the practice for ORR.

First principle calculations have been used for under-
standing the reaction mechanisms and for designing new
alloy catalysts.'® 2" A recent work, which considered a
variety of factors including potential bias, analyzed the
energy levels for ORR with different transition states.?
Figure 1 is a schematic illustration of relative free energy
levels for the three main mechanisms under acidic condi-
tions based on the data reported in the literature.?® All three
were identified as the four-electron processes that involve
the adsorbed oxygen species, including OOH*, OH*, and
HOOH*.22'23

At the potential between 0.8 and 0.9 V, under which
PEMFCs typically operate, oxygen gas adsorbs on the sur-
face layer of catalysts, followed by the scission of O—0O bond
and the formation of surface-absorbed hydroxyl groups.
This process is favored among the three mechanisms. The
absorbed hydroxyl further reacts with a proton to produce
water. Based on this mechanism, a series of bimetallic
electrocatalysts are analyzed for Pt monolayer on different
non-Pt metals, such as Au, Pd, Rh, Ir, and Ru.? The relative
activity of these catalysts toward ORR can be related to the
electronic structures of the surfaces, which are modulated by
the substrate metals. In particular, the d-band center (e4) of
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FIGURE 2. Three-dimensional activity—stability plot of metal alloy ORR
catalysts (reprinted with permission from ref 24, copyright 2011 Nature
Publishing Group).

surface Pt atoms and the binding energy of oxygen (BEo) are
correlated well with the experimentally determined
activities.* The volcano-type behavior holds for these Pt
bimetallic catalysts if the kKey reaction steps involve the
O—-0 bond scission and O—H formation. One important
prediction is the Pt monolayer of PtsNi (111) surface is
among the best for oxygen reduction in terms of both
activity and stability.*?'

Some bimetallics that are active for oxygen reduction are
also predicted to be stable (Figure 2). This result is intriguing
because non-Pt metal constituents are generally unstable
and subjected to corrosion under the strong acidic fuel cell
operating conditions. One design strategy focuses on those
bimetallic materials that have Pt shell as the topmost surface
layer and metal alloys that possess low tendency to segre-
gate. Itis noteworthy that, based on the DFT calculation, Pt3Y
and Pt;Sc are predicted to be both electrochemically active
and stable (Figure 2).2* Indeed, high activity and stability
were observed experimentally for those Pt—Y bimetallic
catalysts prepared using a sputtering technique.?®

Facet and composition dependent ORR properties were
measured on extended Pt and Pt;Ni single crystal surfaces.
The area specific activity in ORR is indeed the highest on
PtsNi (111) surface among the low indexed Pt mono- and
bimetallic surfaces. It can be rationalized that Pt3Ni surface
has lower OH coverage than Pt, so OH species desorbs more
easily from Pt3Ni surface, followed by the adsorption of oxygen
and dissociation of O—O bond. Among Pt;Ni low-index
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surfaces, the order of ORR activity is as follows: (100) <
(110) < (111). This order is different from structure-depen-
dent ORR activity on Pt single-crystal surfaces, which follows
the order: (100) < (111) < (110).8 Recent results on other Pt
bimetallic catalysts also show promising ORR activity.?*

3. Single-Component Pt ORR Catalysts

The performance of ORR catalysts is typically evaluated on
highly conducting carbon support. Among the monometal
systems, the catalyst from E-TEK (20% Pt/C) has initial sur-
face area of ~100 m?/ g Pt and specific activity of 0.2 mA/
cm? Pt. This catalyst has often been used as a reference for
comparison of both area specific and mass activities in
various studies. Another class of commonly used Pt catalysts
is supported on TKK porous carbon. The loading of Pt
nanoparticles is able to reach 46—50% (w/w) with the elec-
trochemical surface area reaching 65 m?/g Pt and specific
activity of 0.3—0.4 mA/cm? Pt. Such catalysts are typically
composed particles in the size range between about 3 and
5 nm. The recently examined approach for high ORR perfor-
mance is based on the control of facets using solution phase
process, most noticeably those Pt nanocrystals with high
indexed plane surfaces and with crystal twinning.26%’

In general, as-synthesized nanopatrticles are bounded by
low-index facets of {111} and {100} surfaces, and bridged
by {110} surfaces, because the high-index facets are general
active. These stable particles usually do not have a high
percentage of edge, corner, and step sites, which are active.
Synthesis of well-defined surface with active sites was de-
monstrated by an electrochemical method.?® The tetrahex-
ahedral (THH) Pt particles were capped by {730} facets; the
type of surface structures contains relatively high numbers
of atomic step edges (Figure 3).?8 The differences in reactiv-
ity among Pt catalysts are attributed in part to the binding
sites presented by atoms situated at the corners and edges
of nanoparticles. In cases, the reaction rate increases expo-
nentially with the percentage of these atomic sites on the
surfaces of catalysts.?®

Besides THH Pt nanocrystals, concave nanocrystals were
also made and shown to have a different set of high index
facets (Figure 4a).3° Xia and his colleagues reported the
synthesis of concave cubic Pt nanoparticles enclosed by
{510}, {720}, and {830} facets (Figure 4b).3' This morphol-
ogy was generated by the continuous feeding method and
through the overgrowth at edges and corners along the
(111) and (110) directions, respectively. These surfaces
show higher activity than those low index surfaces of
{100} and {111}. Detailed mechanisms for the enhanced
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FIGURE 3. (A) TEM micrograph of THH Pt nanocrystal, (B) corresponding
SAED pattern, (C) high resolution TEM micrograph, and (D) atomic model
of Pt (730) plane. (E) HRTEM micrograph of a different THH Pt NC
(modified with permission from ref 28, copyright 2007 American
Association for the Advancement of Science).

FIGURE 4. (a) HRTEM micrograph of the edge of high-index facet and
atomic model of the {720} and {510} surface and (b) corresponding
selective area electron diffraction (modified with permission from ref 31,
copyright 2011 Wiley-VCH).

performance from high-index plane are nevertheless still
not clear. Itis also not clear if the mass specific activity of THH
or concave cube Pt is comparable with other highly active
ORR catalysts, because the Pt nanocrystals with full-grown
high-index planes tend to be quite large in size.
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FIGURE 5. TEM micrographs of highly uniform Pt icosahedral nano-
crystals (modified with permission from ref 26, copyright 2013
American Chemical Society).
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FIGURE 6. Polarization curves and (inset) correlations of the mass
activities with fraction of (111) surfaces of these Pt3Ni catalysts and
reference (modified permission from ref 32, copyright 2010 American
Chemical Society).

Although Pt icosahedron was bounded by the stable
{111} facets, it was rarely made in a highly uniform fashion
due to the greatly increased strain energy caused by the twin
defects. A new approach was recently developed for the
synthesis of highly uniform (95%) Pt icosahedral nanocryst-
als by using a hot injection-assisted GRAILS method.° In this
approach, CO gas greatly facilitates the formation of this
icosahedral shape with 30 twin boundaries (Figure 5).

4. Pt Bimetallic and Multimetallic ORR
Catalysts

4.1. Shape of Bimetallic Catalysts. As discussed, Pt3Ni
(111) surface is favored for its high activity toward ORR. We
observed that ORR activity for PtsNi nanocrystals increases
almost proportionally to the percentage of exposed {111}
surfaces using cubes and other faceted crystals (Figure 6).3%33

The well-defined octahedral nanocrystals of PtsNi and
few other compositions were synthesized in organic sol-
vents in the presence of W(CO)s.>* An approach to the
synthesis of faceted Pt alloy nanocrystals was subsequently
developed based on the use of CO gas.>> This CO-based
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FIGURE 7. TEM images of cubic, octahedral, and icosahedral nanocrystals of various Pt bimetallic alloys.

method is capable to produce Pt bimetallic nanocrystals with
a range of compositions and morphologies (Figure 7).3°
These syntheses are intriguing as they represent a platform
technology where the synthesis is not as sensitive to the
minor variations of synthetic mixtures as those methods
without the use of this gas species. Besides cubic and
octahedral shapes, the method was used to make icosahe-
dral nanocrystals of several Pt bimetallics, an uncommon
plutonic shape for Pt alloys.

Inthese icosahedral nanocrystals, 20 tetrahedral subunits
are bounded by the {111} facets, resulting in 30 twin
boundaries and a surface enclosed by the {111} facets. In
comparison with octahedral nanocrystals, these Pt3Ni ico-
sahedral nanocrystals show a further improved ORR specific
area activity of 1.83 mA/cm? Pt and mass activity of 0.62 A/
mg Pt (Figure 8)."® The area-specific activity of icosahedral
Pt3Ni catalysts was about 50% higher than that of the
octahedral PtsNi catalysts (1.26 mA/cm? Pt). The improve-
ment is related to the strain-induced electronic effects. The
strains in the icosahedral geometry develop as the tetrahe-
dral subunits stretch to meet at the twin boundaries. DFT
calculations showed that there was a large difference in both
d-band center (0.36 eV) and hydroxyl adsorption energy
(0.26 eV) for atoms on the {111} facet between Pt icosahe-
dral and octahedral nanopatticles because of the surface
strain.

For nanoparticles with size less than about 5 nm, corner
and edge sites often contribute to the activity of the cata-
lysts. It was reported that the ORR specific activity increases
by a factor of 4 as the particle size changed from 1.3 to
2.2 nm.?® This particle size dependent behavior is thought to
associate with the oxygen binding energy on the different Pt
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FIGURE 8. Area and mass specific ORR activities for icosahedral (Ih) and
octahedral (Oh) Pt;Ni catalysts, respectively (modified with permission
from ref 16, copyright 2010 American Chemical Society).

sites on cuboctahedral particles. When nanocrystals grow
large, the percentage of edge and corner sites decreases, so
“trade-off” between the surface area and specific activity
could lead to a size-dependent maximum of mass activity for
such catalysts.

4.2. Core—Shell Nanostructured Catalysts. For better
utilization of Pt, the mass activity normalized to Pt unit mass
is an important benchmark. Thus, using non-Pt core and Pt
shell or skin layer is another popular approach to the
optimal mass activity based on the amount of Pt, besides
the strategy on improving the ORR activity of uniform Pt
alloy nanoparticles. Wet chemistry synthesis is quite useful
in this regard, as the heterogeneous nucleation and growth
are thermodynamically favored.? Figure 9 shows TEM mi-
crographs of several M@Pt (M = Ag, Au, Cu and Pd) core—-
shell nanoparticles made based on the growth of Pt on core
metal nanoparticles, which are synthesized separately and
added in the solution as a particle precursors.3”® The TEM
micrographs and elemental maps indicate there are shell
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FIGURE 9. TEM micrographs and EDX maps of various Pt-on-M (M = Ag, Au, Cu, and Pd) structures.

structures of nanoparticles, but the structural detail needs to
be further studied to see if Pt coating layers are in layer-by-
layer or island form, or a mixture of the two.? Design based
on core—shell configuration has been further extended to
alloys in core or shell materials, which may help modulate
the surface adsorption of oxygen and improve the ORR
performance. In this context, FePt; bimetallic layer on
(111) surface of Au nanoparticles was reported to have both
high catalytic activity and good durability.3° The surface of
Pt outmost layer was also tuned by alloying Co in the Pd
core. After 2000 potential cycles, a smallloss of 10 mV in the
half-wave potential was shown in the polarization curve for
ORR measurement.*°

Underpotential deposition (UPD) is yet another method
for creating core—shell metallic nanoparticles, especially
those with Pt monolayers.*’ In this electrochemical ap-
proach, copper is often used as the sacrificial layer and
deposited first on the core metal via the UPD method. Pt
monolayer is subsequently deposited on the metallic nano-
particles through the electrochemical replacement. Among
these ORR catalysts, Pt monolayers on Pd or Pd—Au alloy
cores supported on carbon (PtML/Pd/C and PtML/PdgAu,/C)
were shown to be extremely durable under acidic condi-
tions, though the reported operating potentials were gen-
erally not as high as some other catalysts described in other
open literatures.*?

The Pt monolayer and its stability on metal cores were
reexamined further, and the theoretical prediction*® was com-
pared with the experimentally determined ORR activities for a
number of Pt/M(111) systems.**4* Three-dimensional (3D) Pt
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FIGURE 10. Illustration of Pt coverage 6p; as a function of increasing
potentials for growth of Pt/Rh(111) and Pt/Au(111) (redrawn based on
the data from ref 46).

islandlike structures were obtained through the redox displa-
cement, instead of the uniform two-dimensional (2D) mono-
layers predicted. A 3D Pt/Rh(111) sample was used to com-
pare with Pt/Au(111). The result indicated that Pt could not
be readily grown on Au readily in a layer-by-layer fashion,
because Au has a significantly lower surface energy than Pt.*
The surface energy and cohesion energy strongly influence
the redox chemistry of Pt islands at potentials above 1.0 V
(Figure 10), where Pt oxides and hydrated Pt cations become
thermodynamically stable. Such conditions are used in various
fuel cell operating scenarios and contribute significantly to
catalyst degradation.

4.3. Other Pt Nanostructured Catalysts. Catalysts
from Dealloy Process. Electrochemical removal of more
reactive metals from platinum-based alloys is used to make
core—shell or other complex nanoparticles with surface rich
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FIGURE 11. Schematic illustration of compositional and structural
changes of PtAg alloy nanoparticles made by controlled dissolution of
Ag metal (modified with permission from ref 47, copyright 2010 Wiley-
VCH).

in Pt (Figure 11). This method is based on the difference in
redox potentials between the metal pairs. For instance, PtAg
alloy nanoparticles rich in Pt at the surface were produced
through selective electrochemical removal of Ag atoms
under different potentials.*” The size-reduced PtAg alloy
nanoparticles with surface rich in Pt were generated when
potential was cycled between 0 and 1.2 V. In CuCoPt ternary
particles, Cu was preferably removed from the CuCoPt
particles after potential cycles to form the nanostructures
having Pt and Co enriched surfaces and compressed surface
strain, which enhanced the ORR activity.*®

Supportless Catalysts of Pt Nanostructures. Besides the
core—shell structures, hollow porous or skeleton structures
have been examined as other morphologies that show good
performance in activity or stability. Templating method
based on porous anodic aluminum oxide or galvanic re-
placement have been used for the preparation of hollow
structures for decades.* PtPd and PtCuCoNi nanotubes were
made based on the above synthetic mechanism.>°>! Those
porous nanotubes have relatively low Pt content and high
surface area, which are expected to utilize Pt for catalytic
reactions effectively. The hollow and porous structures have
also been used as self-supporting catalysts in order to
eliminate the use of carbon support,>° thus the degradation
related to the corrosion of carbon.

One issue which may help to further understand the
reaction mechanism, thus the design principles for making
better catalysts is the surface structural change under
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reaction conditions. For bimetallic alloy catalysts in gas phase
environments, surface composition may change when ex-
posed to different gases, such as CO, H, and 0,.°>°3 This
change is reversible and the evolution in surface composition
and chemical state under catalytic reactions were studied by
X-ray photoelectron spectroscopy (XPS). As an example, the
surface composition of the bimetallic nanoparticles (e.g., PtCu)
can be controlled by introducing the reducing gas (e.g., CO) on
the catalysts surface.> It was hypothesized that Cu in PtCu is
pulled to surface by adsorbed CO. The principle could be
relevant to engineer the surface composition of Pt-M (M = Co,
Cu, and Ni) bimetallic catalysts to modulate the oxygen
adsorption and reduction.>*>> Multilayered Pt-skin surfaces
were created with an acid solution, followed by an annealing
treatment. Such structures show enhanced ORR activity over
2.5 mA/cm? Pt>*

5. Studying the Performance of ORR Catalysts

Measurements of ORR activity are often carried out by using
either rotating disk electrode (RDE) or membrane electrode
assembly (MEA). RDE is designed for measuring the catalyst
performance based on a half-cell configuration, such as ORR
through the cathodic half reaction. The MEA is the essen-
tial component of a fuel cell stack. An MEA is consisted of
both anodic and cathodic electrodes, diffusion media (or
substrates), and a proton-conducting membrane.? MEA is
particularly valuable for evaluating the catalyst perfor-
mance in practical applications of PEMFCs for electric vehi-
cles. The measurement based on MEA measurement
however, is not trivial and high-level fabrication and mea-
surement apparatuses are often not readily accessible to the
general research laboratories. On the other hand, RDE
method has the advantage of easy access and versatility;
thus is popular in studying the performance of new ORR
catalysts. Correlations in ORR performances between RDE
and MEA measurements are shown to be comparable if
sufficient care is taken place, but not always straightfor-
ward.>>° Thus, precaution is necessary in making the ORR
measurement and in the interpretation of intrinsic activity of
catalysts, because under the strong acidic condition the
obtained values are often sensitive to measurement condi-
tions, such as oxygen concentration, and preparation tech-
niques including the dispersal of catalysts on RDE, and
whether iR-correction is used.

In general, the quality of catalyst film deposited on the
surface of RDE is important for obtaining accurate data on
ORR activity.>” The proper amount of Pt loading on the
support, and uniformity in both catalyst ink and electrode
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FIGURE 12. ORR polarization curves of cubic (red) and octahedral (blue) PtsNi nanoparticles before (solid) and after (dashed) iR compensation.

film can all greatly affect the values obtained. In one popular
method for making the catalyst ink, water, isopropanol, and
Nafion are used. The isopropanol helps the dispersity of
catalyst particles in aqueous mixtures. Prewet RDE may be
necessary for improving the uniformity of the thin-film of
catalyst layers. Drying of catalyst layers may be accom-
plished by a gentle flow of nitrogen or argon gas. In the
ORR measurement, reference electrode (Ag/AgCl or hydro-
gen reference) should be placed in a separate compartment
in order to avoid the effect of ionic species. Empirically, for a
properly prepared electrode, the polarization curves should
be fairly flat in the potential range between 0.2 and 0.5 V
(vs RHE) and the curve density in this range should approach
to 5.5 mA/cm?.

Under the potentiostatic condition, it is assumed that the
potential drop across the interface region at the working
electrode is the same as the potential applied between the
reference electrode and working electrode. Further this
assumption needs to be corrected by considering the iR drops
at the electrodes, which come from electrolyte resistance.
The resistance can be measured via the three-electrode test,
in which all three electrodes connected in Os-saturated,
acidic solution based on the equation:

Ecen = Eideat — AVonm = Eideal — IcelR @)

where E¢ is the measured potential, E;qe5 represents the
potential without iR drop, and R is the resistance between
the reference electrode and working electrode. In the
literature, activities have been reported with or without
iR-correction. Figure 12 shows iR-corrected current den-
sities for two Pt3Ni catalysts with cubic (1) and octahedral
(2) morphologies that have different current densities
(ix > iy). If the resistance between working and reference
electrodes are the same, compensation due to the iR drop

is larger for the more active catalyst than that for the less
active one (AV> > AV;). If the slopes are similar in the
polarization curves for these two catalysts, the ORR
polarization curve is shifted more positively for the
catalyst with high activity. Figure 12 shows the ORR
polarization curves for Pt3Ni cubic and octahedral cata-
lysts. There is a 8-mV shift for the cubes and a 10-mV shift
for octahedra. Noticeably, a change of 8—10 mV in
polarization curve at ~0.9 V is equivalent to a current
density change of 0.26 mA/cm? (or 14%) increase for the
cubes and 0.36 mA/cm? (or 16%) for the octahedra.
With iR correction, the Kinetic current density increase
further by 25% for both samples. In general, R values
vary depending on the setup for the measurement,
(e.g., electrolyte, distance between working electrode
and reference electrode and so on) and are determined
by the electrochemical impedance spectroscopy (EIS)
technique. In acidic medium, R value is typically small
so the ORR data are often reported without the iR correc-
tion in literature.

6. Concluding Remarks

In the past several years, major progresses have been made
in understanding the fundamentals of oxygen reduction
reaction with respect to the design of Pt and its bimetallic
catalysts. The design strategies can be classified into the
following categories: (a) alloying second metal with Pt to
modify the surface structure and to change the d-band
center, thus the chemisorption of oxygen species; (b) con-
trolling the most active surface through the optimization of
size; (c) making the shell rich in Pt using transition metals as a
core or based on a hollow structure; (d) using alternative
materials other than carbon as the catalyst support; and (e)

Vol. 46, No. 8 = 2013 = 1848-1857 = ACCOUNTS OF CHEMICAL RESEARCH = 1855



Pt-Based Oxygen Reduction Electrocatalysts Wu and Yang

synthesizing three-dimensional structures as self-supported
catalysts to eliminate the usage of carbon. Several Pt-free
materials have also been identified to show excellent ORR
activity, most noticeably N-containing and/or graphene-based
compounds. For non-Pt ORR catalysts, chalcogenide-type
materials, in which the transition metal binds with polypyr-
role-XC72 (PPY-XC72) to form the nanocomposite, and
N-doped graphene show promise in high activities. It appears,
though the Pt group metals will continue to play an important
role as the choice for the most active and stable ORR catalysts
under acidic conditions and among Pt-based ORR catalysts,
bi- or multimetallic alloys are particularly promising.
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