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Oxygen Reduction Reaction

Advances in chemical syntheses have led to the formation of various
kinds of nanoparticles (N Ps) with more rational control of size, shape,
composition, structure and catalysis. This review highlights recent
efforts in the development of Pt and non-Pt based NPs into advanced
nanocatalysts for efficient oxygen reduction reaction (ORR) under
fuel-cell reaction conditions. It first outlines the shape controlled
synthesis of Pt NPs and their shape-dependent ORR. Then it
summarizes the studies of alloy and core—shell NPs with controlled
electronic (alloying) and strain (geometric) effects for tuning ORR
catalysis. It further provides a brief overview of ORR catalytic en-
hancement with Pt-based NPs supported on graphene and coated with
an ionic liquid. The review finally introduces some non-Pt NPs as

a new generation of catalysts for ORR. The reported new syntheses
with NP parameter-tuning capability should pave the way for future
development of highly efficient catalysts for applications in fuel cells,
metal-air batteries, and even in other important chemical reactions.

1. Introduction

The ever-increasing use of fossil fuels, coupled with the
limited supply of these natural resources, has motivated the
serious search for renewable and sustainable sources of
energy.!! Fuel cells are a common type of energy conversion
device developed for future energy applications. Among
various forms of fuel cells designed and tested, proton
exchange membrane fuel cells (PEMFCs) feature high
energy density, low operation temperature, and low environ-
mental impact, and are a promising technology to power
portable electronic devices, transportation vehicles, and sta-
tionary grids."?! Figure 1 illustrates a typical PEMFC design,
in which fuel (hydrogen, H,) is oxidized at the anode, and
oxygen (O,) is reduced at the cathode, thus converting the
chemical energy stored in H, into electrical energy. In such
a fuel-cell device, the fuel can be any of hydrogen, methanol,
ethanol, or formic acid, whereas highly electronegative O, is

Figure 1. A typical PEM fuel cell with H, as fuel.
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chosen to receive the electrons released from the fuel.”! To
achieve the desired energy output, a proton-exchange mem-
brane based on Nafion, a copolymer of tetrafluoroethylene
and perfluoro-2-(fluorosulfonylethoxy) propylvinylether, is
used to separate the anode and cathode and to allow protons
to migrate from anode to cathode to neutralize the reduced
oxygen.! Overall, between the fuel oxidation reaction and
the oxygen reduction reaction (ORR), electrons flow outside
the cell to power electronic devices and protons migrate from
anode to cathode inside through the Nafion membrane to
complete the charge flow in the circuit.”!

Despite their great potential as an efficient device to
convert chemical energy into electric energy, PEMFCs do
have their own serious limitations that prevent them from
being scaled-up for commercial applications.! Both the fuel
oxidation reaction and the ORR need a catalyst to lower their
electrochemical over potentials and to obtain high voltage
output, and platinum (Pt) has been the universal choice of
catalyst for both reactions.*” However, Pt is not an inex-
pensive metal to use; an industrial ORR catalyst with Pt
nanoparticles (NPs) supported on carbon accounts for over
55% of the cost of a fuel-cell stack.” Furthermore, Pt NPs are
subject to dissolution, coalescence, and poisoning under fuel-
cell reaction conditions, thus reducing both the active catalyst
surface area and the catalytic efficiency, which leads to an
undesired increase in over potentials for fuel-cell reactions,
especially for ORR.'? Today, the lifetime of the state-of-art
Pt catalyst maintaining high fuel-cell performance is far less
than the 5000 h set as the year 2017 target by the US
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Department of Energy (DOE).[™ This has posed tremendous
challenges in the development of Pt-based catalysts for
practical fuel-cell applications, and new innovative
approaches to highly efficient fuel-cell catalysts is now
desperately needed.

Recent advances in chemical synthetic methods have led
to the formation of Pt-based NPs with precise controls of size,
shape, compositions and structure. This allows detailed
studies of the oxygen reduction reaction (ORR) for catalytst
optimization. This review highlights the recent efforts in
rational syntheses of Pt-based elemental, alloy, and multi-
metallic core-shell NPs, as well as some non-Pt catalysts for
enhanced ORR catalysis. Despite the fact that the NP
catalysts developed thus far have not reached a level where
they can replace the current commercial Pt catalysts for fuel
cell applications, the reported synthetic methods do provide
a potential solution for catalyst optimization and may lead to
a future breakthrough in catalyst development, not only for
fuel cells, but also for other energy devices (such as metal-air
batteries), and even for other important chemical reactions.

2. The ORR in General and Its Electrochemical
Evaluation

The ORR involves a multi-electron transfer process in
which O, is converted into H,O or OH™, depending on the
solution used in the electrochemical studies.'"¥ In an acidic
solution, O, can be reduced in a 4e~ process and converted
into H,O: O,+4H"+4e —2H,0. O, may also undergo
a partial 2e” reduction to form hydrogen peroxide, H,O,,
followed by another 2e™ reduction to convert H,O, into H,O:
0,+2H*+2e —H,0,; H,0,+2H" +2e¢”—2H,O0. In alka-
line solution, O, can be reduced by a 4e™ process to form
hydroxide, OH™: O,+2H,0+4e”—40H", or by two 2e”
processes to form HO,™ and then OH: O,+H,0+2e —
HO, + OH ;HO, +H,0 +2¢~—30OH . In the common
acid and alkaline solutions, ORR on a Pt catalyst surface
usually follows the 4e~ pathway; but the true nature of the
ORR process on a Pt surface is complicated and not well
understood. Under common ORR conditions, O, may be
converted into different intermediates, such as oxygenated
(O%), hydroxyl (OH*) and superhydroxyl (OOH*) species,
which are very difficult to detect experimentally. Recent
density functional theory (DFT) calculations!'® show that, at
high oxygen coverage, the ORR tends to follow an associative
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mechanism, in which OOH* is first formed and then O—O is
cleaved; whereas, at low oxygen coverage, the ORR follows
a dissociation mechanism in which the O—O bond is cleaved
before OH* is formed.

To evaluate the ORR process electrochemically, the NP
catalyst is usually dispersed in a mixture of water, isopropyl
alcohol, and Nafion (5 %) with a volume ratio of 4:1:0.025 %,
and deposited on a glassy carbon (GC) rotating disk electrode
(RDE)."! Depending on the area of the RDE used, the Pt
loading is controlled in the range of 10-50 pgem™ to ensure
a thin layer of NP deposition on the electrode surface."”’
More catalyst loading can lead to the formation of an overly
thick (>1 um) catalyst agglomerate, resulting in excessive
mass-transport loss!''® and large uncertainty in qualifying
catalytic activities.*!

The electrochemical properties of the catalyst in an N,- or
Ar-saturated acidic solution (either 0.1m HCIO, or 0.5Mm
H,SO,) are first studied by cyclic voltammetry to obtain
a cyclic voltammogram (CV) and to determine the electro-
chemically active surface area (ECASA) of the Pt catalyst. In
a cathodic scanning process, H" is first reduced to H,
adsorbed on the catalyst surface, and the related area under
the current—potential (I-V) curve is referred to as the H,
adsorption region. The adsorbed H, is oxidized in an anodic
scanning process, which regenerates H*, and the related area
covered by the I-V curve is referred to as the H, desorption
region. The H, desorption area, surrounded by the /-V curve
and the potential scanning baseline, is integrated to obtain the
ECASA . ®'In the calculation, electric charge is assumed to be
210 mCcem 2Pt after double-layer correction.”? ORR activ-
ities are measured in an O,-saturated acid or alkaline solution
with the RDE rotating at a certain speed (usually 1600 rpm)
and a potential sweep of 1.05-0 V vs. reversible hydrogen
electrode (RHE) at rates of 5-20mVs™' to minimize the
interference from capacitive currents. From the ORR polar-
ization curves of two kinds of catalysts under the same Pt
loading and measurement conditions, half-wave potentials
(E,;,) of these two catalysts can be obtained and used to
qualitatively determine the catalyst activity (Figure 2); the
higher the potential, the better the ORR activity. For a more
quantitative comparison, the kinetic current at 0.9 V (vs.
RHE) is first obtained from the ORR polarization curve
according to the Levich—Koutecky equation:7!®!

1/i=1/i, +1/i4 1
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Figure 2. Typical ORR polarization curves of two different catalysts and
the parameters used to qualitatively compare their activity.

where i is the current obtained experimentally, i, is the mass-
transport free kinetic current and i, is the diffusion-limited
current, as indicated in Figure 2. The specific activity of a NP
catalyst can be determined by normalizing the i, with its Pt
ECASA. From the same experimental data, one can also
determine the mass activity of the catalyst by normalizing the
i, with the Pt loading. The efficiency of a new catalyst can be
evaluated by comparing its specific and mass activities with
those obtained from the known “standard” Pt NP catalyst
under the same measurement conditions.

Catalyst durability is tested by cycling the potentials over
0.6-1.05V (vs. RHE) in O,-saturated 0.1m HCIO, or 0.5M
H,SO, solution. More than 4000 cycles are now routinely used
in the literature, and the shift of the ORR polarization curve
and the ECASA change of the NP catalyst before and after
these potential cycles are compared to measure the durability
of the NP catalyst. The smaller the shift and the ECASA
change, the better the durability. In alkaline solution, the rate
of the time-dependent current drop measured at a constant
potential (usually half-wave potential) is usually used to
estimate the durability of a NP catalyst.”?

3. Pt NPs: Shape-Controlled Synthesis

Studies on single-crystalline thin films of face centered
cubic (fcc) Pt have revealed that the ORR activity on Pt
varies on different crystal planes. In a H,SO, solution, this
activity increases in the order (111) < (100).>?! This differ-
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ence is caused by the stronger adsorption of sulfate anion
(SO/+) on Pt (111) versus on Pt (100). This strong sulfate
absorption deactivates the Pt (111) surface, thus limiting its
0, adsorption and activation capability.”® However, when the
ORR is tested in a HCIO, solution with [ClO,]” only weakly
adsorbed on Pt (111), the Pt (111) surface becomes more
active than the (100) one. These model studies indicate that
a Pt NP catalyst with a cubic shape should be more active for
ORR in H,SO, and those with an octahedral (or tetrahedral,
or icosahedral) shape should be ideal for ORR in HCIO,. It is
therefore important to synthesize Pt NPs with controlled
shapes to enhance ORR catalysis in the commonly used acid
media.

Fcc-Pt NPs normally adopt a polyhedral shape with their
surface surrounded by low-index planes of {111} and {100}
because this shape lowers the overall surface energy and
makes the NPs thermodynamically more stable.””! One way
to achieve the desired shape control in Pt NP synthesis is to
control the NP growth direction through the binding differ-
ence of a surfactant molecule on a crystal plane. This is nicely
demonstrated in the synthesis of Pt NPs with tetrahedral,
cubic, and truncated octahedral shapes through the reduction
of K,PtCl, by H, in an aqueous solution.? The Pt NP shapes
were controlled by sodium polyacrylate or polyvinylpyrroli-
done. At a high polymer concentration (0.4 mm), tetrahedral
Pt NPs were produced, whereas at a low concentration
(0.08 mm), selective growth onto {111} facets was achieved,
and truncated octahedral and even cubic Pt NPs were
obtained. Pt NP shape can also be controlled by reaction
temperature. For example, Pt NPs were obtained by the
reduction of [Pt(acac),] (acac = acetylacetonate) in the pres-
ence of a small amount of [Fe(CO)s].”* The injection of
[Fe(CO);s] at 180°C induced the fast nucleation and growth of
Pt NPs, leading to the formation of 3 nm Pt NPs with the
thermodynamically favored polyhedral shape. Injecting
[Fe(CO)s] at 160°C or 120°C slowed down the rate of
nucleation and growth, leading to the formation of larger NPs
with (100) planes on the NP surface. As a result, by tuning the
NP nucleation and growth temperatures, 3 nm polyhedral Pt
NPs, 5 nm truncated cubic Pt NPs, and 7 nm cubic Pt NPs
were synthesized, as shown in Figure 3 A-C.”! Studies on
ORR catalysis in H,SO, solution (0.5M) indicated that the
cubic Pt NPs had much better activity than the polyhedral and
truncated cubic NPs, as shown by their CVs and ORR
polarization curves (Figure 3D and E). The cubic Pt NPs
show strong H, adsorption/desorption on their (100) planes at
0.22 V vs. normal hydrogen electrode (NHE; Figure 3D) and
generate four times higher specific current density than the
polyhedral and truncated cubic Pt NPs around the half-wave
potential (Figure 3E).

High-index planes with a larger number of atoms at the
steps, edges and kinks may also show higher electrocatalytic
activity.?' ¥ This is demonstrated in the study of 15-40 nm
concave Pt NPs.*?l These NPs were synthesized by a slow
reduction of a Pt pyrophosphato complex, which was
achieved by adding the complex to the reaction system by
a syringe pump. The slow Pt reduction allowed a selective
overgrowth of Pt atoms on the corner and edge. The growth
process was further optimized by using Br™ to block the {100}
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Figure 3. Representative TEM images of Pt NPs. A) 3 nm polyhedral, B) 5 nm truncated cubic,
and C) 7 nm cubic. Insets show representative HRTEM images of the corresponding single
NPs: A) Pt(111), B) Pt(100), and C) Pt(100) lattice fringes. All inset scale bars are 1 nm. D) CVs
and E) ORR polarization curves of different Pt NPs: polyhedron (0), truncated cube (2),

cube(m). Adapted from Ref. [29].

facets. By controlling the KBr concentration, cuboctahedral
and cubic Pt NPs could also be produced. As shown in
Figure 4 A, the concave NPs are enclosed mainly by {720} as
well as some {510} and {830} facets. Figure 4B compares the
specific ORR activities of these Pt NPs. The concave Pt NPs
have more than three and two times greater ORR activity
than the Pt cubes and cuboctahedra, respectively, thus
suggesting the advantage of high-index facets in ORR
catalysis. However, the concave Pt NPs have a relatively
low mass activity owing to their large sizes. Even smaller NPs
with high-index facets need to be synthesized before the true
nature of their ORR enhancement can be revealed.

4. MPt Alloy NPs

Studies on crystalline thin films reveal that the addition of
an early transition metal (M) to Pt can improve atomic and
electronic structures of Pt and enhance its catalytic perfor-
mance. Density function theory (DFT) calculations further
indicate that alloying M with Pt downshifts the d-band center
of the Pt catalyst, leading to a lower degree of adsorption of
oxygenated spectator (blocking) species (such as OH™) and
increases the number of active sites accessible to oxygen.?*¥!
The specific activities of the MPt alloys show a volcano-type
relation with the alloy d-band center position, with M =Fe,
Co, and Ni having much better ORR activities than any other
MPt or Pt.B% It is therefore critically important to synthesize
alloy MPt NPs with tunable NP size, shape, type of M, and M/
Pt composition to tune NP catalysis for ORR.[

www.angewandte.org
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4.1. Controlled Synthesis of MPt NPs

The key to the success of solution-
phase synthesis of monodisperse MPt
NPs is to control the nucleation and
growth of two metals with different
redox properties. Under normal reduc-
tion conditions, a Pt salt tends to be
reduced more easily than an early tran-
sition metal one, thus leading to the
formation of a mixture of Pt and M NPs.
This problem is solved by controlling the
reaction chemistry, surfactant binding,
and heating, as demonstrated in the
synthesis of FePt NPs. These FePt NPs
were prepared by the high-temperature
solution-phase thermal decomposition of
[Fe(CO)s] and reduction of [Pt(acac),] in
the presence of oleic acid (OA) and
oleylamine (OAm).* The simultaneous
nucleation and growth of FePt was
achieved by first heating the reaction
mixture at 200 °C followed by the growth
of FePt NPs at higher temperature.
Under such controlled synthetic condi-
tions, [Fe(CO);s] decomposed to carbon

Cube Concave Cube C-Pt

Figure 4. A) HRTEM image of a part of a Pt concave nanocube.
B) Specific activities of different NPs at 0.9 V (vs. RHE). The metal

loading of each NP catalyst on the GC electrode was 15.3 mgecm™.

Adapted from Ref. [32].
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monoxide and Fe, and [Pt(acac),] was reduced by 1,2-
alkanediol, or by Fe generated from [Fe(CO)s] decomposi-
tion, to Pt.F”™ FePt NPs could also be produced by co-
reduction of Fe and Pt salts*®! Under similar reaction
conditions, and by tuning the molar ratio of the two
precursors (or the surfactant to precursor), the sequential
addition of the precursors, or even the heating ramp rate,
various MPt NPs with controlled size, shape, and composition
have been produced.*?

4.2. Size-Dependent ORR Activities of the MPt NPs

Previous studies on single-component Pt NPs have shown
that their ORR catalysis is NP-size dependent, with the
smallest (ca. 3 nm) Pt NPs having the best activity.*) Owing
to the M effect, the MPt alloy NPs have a different trend for
their size-dependent catalytic properties.*® This is demon-
strated in CoPt; NPs with controlled sizes of 3-9 nm. The NPs
were synthesized by thermal decomposition [Co,(CO),] and
reduction of [Pt(acac),] with 1,2-tetradecanediol in the
presence of 1-adamantanecarboxylic acid and a large excess
of OAm."#! 1.adamantanecarboxylic acid was chosen to
stabilize CoPt NPs by its steric effect and [Co,(CO)g] was
added at a designated pre-heating temperature to control the
CoPt, NP sizes.*! Figure SA-D shows the representative
TEM images of the CoPt; NPs obtained by adding [Co,(CO)y]
at 225, 200, 170, and 145°C, respectively. Studies on the ORR
catalysis of these NPs supported on carbon (C-CoPt;)
indicated that their ORR specific activities increased,
whereas their specific surface area decreased, with the NP
sizes (Figure SE). As a result, their ORR mass activities
showed a volcano-type relation with the NP sizes (Figure 5F).

4.3. Composition-Dependent ORR Activities of MPt NPs

The successful synthesis of the monodisperse MPt NPs
with rational control over the M and M/Pt ratio allows
detailed studies of the M and M/Pt composition effect on NP
catalysis for ORR. In a recent study, monodisperse 5 nm
FePt;, CoPt;, and NiPt; NPs were synthesized and tested for
their ORR catalytic activity." Figure 6 A shows a typical
TEM image of the monodisperse FePt; NPs. The MPt; NPs
are much more active than the Pt catalyst, with their catalytic
performance showing a volcano-type dependence on the type
of M employed (Figure 6 B). Among these three kinds of alloy
NP catalysts, the CoPt; NPs have the highest specific and mass
activity, which is consistent with what has been observed from
thin film studies.*® The M/Pt composition effect on ORR
catalysis was demonstrated in the FePt and NiPt NP systems.
The ORR activities of the 4 nm fcc-Fe Pt (x =063, 58, 54,
42,15, and 0) NPs were dependent on Fe, Pt composition with
Fe,,Ptss NPs being the most active.”! Similarly, monodisperse
5nm Ni/Pt,_, NPs were synthesized by the co-reduction of
[Pt(acac),] and nickel acetate ([Ni(ac),]) with x controlled by
the molar ratios of the Pt and Ni precursors.* Their
composition-dependent ORR activities showed that the
NiPt or NiPt, NPs were more active than any other NiPt NPs.
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Figure 5. A-D) TEM images of 3 nm (A), 4.5 nm (B), 6 nm (C), and

9 nm (D) CoPt; NPs synthesized by adding [Co,(CO),] at 225, 200,
170, and 145 °C, respectively. E) Specific activity (black) and specific
surface area (gray) of the C-CoPt; NPs vs. NP sizes. F) Mass activity of
the C-CoPt; NPs vs. NP sizes. Adapted from Ref. [44] with permission
by the American Chemical Society.

4.4. Shape-Dependent ORR Activities of the MPt NPs

Recent thin film studies also showed that NiPt;(111) had
an ORR activity tenfold higher than Pt(111), and 90-fold
higher than the current state-of-the-art Pt catalyst in HCIO,
solution.*¥ This indicates that MPt NPs surrounded by (111)
facets should be more active for ORR in HCIO,. This is nicely
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Figure 6. A) TEM image of 5 nm FePt; and B) M-dependent specific
activity, mass activity, and specific surface area of MPt; NPs. Adapted
from Ref. [46] with permission by the American Chemical Society.

demonstrated in the studies of a series of NiPt; nanooctahe-
dra,[#*4-1 truncated nanooctahedra,”? and nanoicosahe-
dra.” The monodisperse octahedral NiPt; NPs were pre-
pared by the reduction of [Ni(acac),] and [Pt(acac),] with
[W(CO)4].P"" Adding a trace amount of [W(CO),] seemed to
be important to initiate the nucleation and growth of the NiPt
NPs into a specific shape, and tungsten could not be detected
in the final NP product. Figure 7 A-D shows the typical TEM
(A, C) and HRTEM (B, D) images of the NiPt; nano-
octahedra and nanocubes. Their ORR catalysis was studied in
HCIO, solution (0.1m) and summarized in Figure 7E. The
specific activity of the NiPt; nanooctahedrais 5.1 times that of
the NiPt; nanocubes and ca. 6.5 times that of the Pt nano-
cubes. A similar ORR activity trend was also observed from
the truncated nanooctahedra, with those surrounded by the
most (111) facets having the best ORR activity."” To test
more shape effects on NP catalysis for ORR, 13 nm icosahe-
dral (Th) NiPt; NPs were synthesized by CO gas coreduction
of [Pt(acac),] and [Ni(acac),], as shown in Figure 8 A"l Their
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Figure 7. A, C) TEM and B, D) HRTEM images of the NiPt; nano-
octahedra (A, B) and nanocubes (C, D). E) ORR activities of the NiPt,
nanooctahedra, NiPt; cubes, and Pt cubes. Specific activity and mass
activity were all measured at 0.9 V (vs. RHE) at 295 K. Adapted from
Ref. [51] with permission by the American Chemical Society.

ORR specific activity was about 50 % higher than that of the
octahedral (Oh) NiPt; NPs (Figure 8 B). This activity differ-
ence observed from the NiPt; NPs with same composition but
different shapes seems to infer that surface strain plays an
important role in their ORR enhancement. It is apparent that
both geometric (shape) and electronic (alloying) effects are
involved in these NPs for their ORR catalysis enhancement.
The shape-dependent ORR catalysis of other MPt NPs was
also studied. For example, uniform cubic and spherical MnPt
NPs were synthesized by the coreduction of [Pt(acac),] and
[Mn(acac),]. ORR activity studies of these cubic and
spherical MnPt NPs in H,SO, and HCIO, revealed that the
cubic MnPt NPs had higher ORR activity than the spherical
MnPt NPs in H,SO,, whereas the spherical NPs were more
active in HCIO, solution; this further supports the conclusions
obtained from both thin-film and Pt NP studies.
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Figure 8. A) TEM and SEM (inset) images of NiPt; icosahedral NPs.
B) Mass- and area-specific activities of the NiPt; icosahedral and
octahedral NPs, and Pt reference catalysts measured at 0.9V (vs.
RHE). Adapted from Ref. [53] with permission by the American
Chemical Society.

4.5. Structure-Controlled Stability of MPt NPs under ORR
Conditions

Despite the exciting observations made in studying MPt
alloy NPs for ORR catalysis, there exists a serious concern
when using these alloy NPs to catalyze ORR in an acidic
solution: the alloy structure is chemically unstable and the M
components of the MPt NPs are subject to fast dissolution.
When this dissolution happens in the near-surface layers, a Pt-
skeleton surface is formed.* This surface is rich in corner and
edge sites and has more undercoordinated atoms, promoting
the adsorption of oxygenated spectator species (such as OH ")
and blocking the adsorption/activation of O,.”*) The easy
dissolution of M and the formation of the Pt-skeleton
structure make MPt NPs even less stable than Pt NPs under
ORR conditions.

Recent studies on structure-controlled stability of the MPt
NPs reveal that the chemical instability observed in MPt NPs
originates from their chemically disordered fcc structure
formed during solution-phase synthesis.’’! In this fcc struc-
ture, M and Pt atoms randomly occupy the fcc crystal lattice,
thus facilitating M dissolution in an acidic solution. One
strategy to stabilize such MPt NPs is to convert their fcc
structure into a chemically ordered face-centered tetragonal
(fct) structure in which Pt and M are separated within the
structure, forming the alternating layers of atomic arrays. This
is illustrated in the study of the structure-induced stabilization
of FePt NPs in acid.’’*>* As synthesized from the organic
solution phase reaction, the FePt NPs have an fcc structure
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Figure 9. The unit cell of A) the chemically disordered fcc-FePt and
B) the chemically ordered fct-FePt. C) Time-dependent composition
changes of the fcc- and fet-FePt NPs in H,SO, solution (0.5 m).
Adapted from Ref. [56] with permission by the American Chemical
Society.

(Figure 9A). Once annealed at high temperature (above
550°C), the fcc structure can be converted into an fct structure
(Figure 9B). These fct-FePt NPs are stable, without evident
Fe loss, when suspended in H,SO, solution for 6 h. In contrast,
the fec-FePt NPs show an instant Fe loss when they are
exposed to the acidic solution (Figure 9 C). As a result, the fct-
FePt NPs are more efficient than the fcc-FePt NPs in
catalyzing the ORR.!

5. Pt-Based Core—Shell NPs

Pt-based core-shell NPs are another new class of electro-
catalysts studied for ORR. In this structure, a thin shell of Pt
or Pt alloy is deposited on the non-Pt NP core and Pt usage is
greatly reduced. More importantly, the activity and durability
of the Pt shell can be enhanced by the structure-induced strain
(geometry) and electronic (alloying) effects that are tunable
by controlling core-shell composition, size, and shape.
Various methods have been developed to prepare core-shell
NPs. Herein, we summarize three common approaches to
core-shell NPs with significantly enhanced ORR catalysis.

5.1. Core—Shell NPs from Galvanic Replacement

Pt monolayer (Pty; ) was first deposited on single crystal-
line Pd substrate for ORR studies. This thin film version of
the core—shell structure was made through a galvanic replace-
ment reaction.””! In this approach, a Cu monolayer was
coated over the Pd thin film by an under-potential deposition
(UPD) method. The monolayer Cu-covered Pd thin film was
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Figure 10. A) HAADF-STEM image and B) linear scan analysis of Pd/
Pty NPs. C) Mass activity of different catalysts for the ORR as

a function of the number of potential cycles (n) during fuel cell testing.
Adapted from Ref. [58].

immersed in K,PtCl, solution to allow the galvanic replace-
ment of Cu by Pt (Cu + Pt** —=Cu?" + Pt). This technique was
easily extended to NP systems, as shown in the synthesis of
Pd/Pty; NPs and PdyAu,/Pty; NPs® Figure 10A and B
shows the high-angle annular dark-field (HAADF) scanning
transmission electron microscopy (STEM) images, along with
the corresponding EELS spectrum of a Pd/Pt,; NP. The
studies on their catalysis for ORR indicated that these Pd/
Ptyn. NPs had significantly enhanced mass activity and
stability (tested after 100000 potential cycles between 0.7 V
and 0.9 V with a 30 second dwelling time at 80°C) versus the
commercial 3.5 nm Pt catalyst (Figure 10C). This enhanced
activity and stability of the Pd/Pty; NPs is believed to arise
from Pt lattice compression on the Pd surface, causing
a downshift of the d-band center of Pt and the decreased
interaction of Pt with ORR intermediates. The PdyAu,/Pty;
NPs showed much improved stability owing to Au-induced
resistance to the formation of PA—OH and Pt—OH bonds
under ORR conditions.

Results from the Pd/Pt,; or PdAu/Pt,; NPs infer that an
early-transition-metal core may further increase the core—
shell NP catalyst performance owing to electronic (metal
redox property differences) and strain effects (metal lattice
mismatch). Therefore, galvanic replacement has been applied
extensively in depositing Pty; onto many different metallic
NPs, including CoPd,™ Nilr,/® PtPb,*!! PdPb,®!l FePd, "
NiRe,* and AuNiFe NPs.”*! For example, in the synthesis
of AuNiFe/Pty; NPs, AuNi,sFe NPs were synthesized by
thermal decomposition of a [AuNi,sFe(CN)s] complex at
500°C under a reducing atmosphere of H,/Ar (15:85 v/v), and
further used as a core to synthesize AuNi,sFe/Pty; NPs.[*!
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The AuNi,sFe/Pty; NPs showed a mass and specific activity
of 1.38 Amg~' Pt and 1.12 mA cm? Pt, respectively, both of
which were several times higher than those of commercial Pt
catalysts. Stability tests showed that the AuNi,sFe/Pty; NPs
had no significant loss in activity after 15000 potential cycles.
Recently, Pty; was even deposited on intermetallic PtPb,
PdPb, and PdFe NPs®! and (Pt,sM,,)y on Pd, Re, Os, Ir, Ru,
or Rh to enhance catalyst stability and to further improve
ORR catalysis.*!

5.2. Seed-Mediated Growth to Core-Shell NPs

Seed-mediated growth is a common way to grow Pt shells
over the monodisperse NPs.[! In this synthesis, core NPs are
first prepared and shell material is controlled to nucleate and
grow around the core NPs. The successful synthesis of metallic
core-shell NPs is often dependent upon the degree of
crystallographic lattice matching between the core and shell
components. A large crystal-lattice mismatch may lead to
separate nucleation and growth unless special reaction
conditions are applied, as demonstrated in the synthesis of
core-shell metal/salt hybrid NPs.[*!

Synthesis of Pd/FePt NPs provides a good example of
using a seed-mediated growth method to produce core—shell
NPs with a uniform Pt shell coating.!””! Pd NPs (5 nm) were
synthesized by reducing [Pd(acac),] with borane fert-butyl-
amine complex in the presence of OAm as a surfactant.[! To
apply the FePt coating, the OAm-coated Pd NPs were mixed
with [Fe(CO);] and [Pt(acac),] in 1-octadecene (ODE), and
thermal decomposition of [Fe(CO)s] and reduction of [Pt-
(acac),] at 180°C led to a tight and uniform FePt shell. These
FePt shells were generated in a controlled fashion, producing
thicknesses of 1 nm, 2 nm, and 3 nm by varying the precursor/
Pd seed ratio. The Pd/FePt NPs exhibited an ORR activity in
HCIO, solution (0.1m) that was dependent upon FePt shell
thickness, with the 1 nm shell showing a much higher specific
and mass-current density than the commercial Pt catalyst.
More importantly, the core—shell NPs were more stable under
ORR conditions than the Pt catalyst. They showed no
noticeable change in morphology and activity after 10000
potential cycles in O,-saturated HCIO, solution (0.1m).

The abovementioned ORR activity and durability
increase is better demonstrated in Au/FePt; NPs.*! In this
study, the 7:1.5 nm Au/FePt; NPs were synthesized by mixing
7 nm Au NPs with [Fe(CO);] and [Pt(acac),] under conditions
similar to the synthesis of Pd/FePt NPs. The 7 nm Au core and
1.5 nm uniform FePt; shell was characterized by HAADF-
STEM, as shown in Figure 11 A. The Au/FePt; NPs show mass
activity enhancement of more than one order of magnitude
over the Pt catalyst (Figure 11B). Moreover, the Au/FePt;
NPs possess superior durability and show negligible morphol-
ogy change, even after a stability test of 60000 potential cycles
between 0.6 Vand 1.1 V (vs. RHE) (Figure 11 C,D), which is
much better than Pt and FePt; NP catalysts under the same
conditions. The experimental and theoretical study indicate
that the superior stability of Au/FePt; NPs is strongly related
to the core-hindered Pt place exchange mechanism; a well-
known mechanism used to explain Pt dissolution caused by
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Figure 11. A) HAADF-STEM elemental mapping of Au, Pt, and a single Au/FePt; core-shell NP. B) Summary of
the mass activities of different NPs before and after stability tests. C, D) TEM Images of the Au/FePt; NP
catalysts before (C) and after (D) the stability tests. Adapted from Ref. [69] with permission by the American

Chemical Society.

the migration of atomic oxygen from the surface to subsurface
in ORR catalysis.""""! The existence of thermodynamically
stable Au in the subsurface layer makes the formation of
subsurface oxide energetically harder and thus prevents the
dissolution of Pt. More recently, it was found that the
composition of the core also had an important role in
enhancing ORR."? AuCu alloy core NPs were synthesized
by mixing [Cu(acac),] and Au NPs in OAm at 280°C. In the
process, [Cu(acac),] was reduced and deposited on the pre-
synthesized Au NPs. Then, high temperature promoted
diffusion of Cu into Au, thus forming AuCu NPs that were
further used as the core for the synthesis of core—shell AuCu/
Pt NPs.” Compared to Au/Pt core-shell NPs, the AuCu/Pt
NPs showed superior catalytic activity and excellent stability
towards the ORR. The results suggest that the Au component
in the AuCu alloy core is crucial for stabilizing the Pt shell
during the ORR, and the strain effect on the Pt shell induced
by the smaller lattice of the AuCu core may be responsible for
their superior catalytic activity for ORR.

5.3. Core—Shell NPs from Surface Dealloying of MPt NPs

Recently, surface dealloying of the alloy MPt NPs was
introduced to make core-shell NPs for enhanced ORR
performance.”*7" This is demonstrated in the preparation
of CuPt/Pt NPs from CuPt NPs.”®) CuPt NPs with different
compositions (CuysPt;s, Cus,Ptsy, Cu,sPt,s) were deposited on
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carbon supports, and were
made through impregna-
tion and thermal annealing
of the mixture of C—Pt NPs
and Cu(NO,), under a 4:96
H,/Ar atmosphere. The
CuPt NPs were electro-
chemically scanned over
0.05V to 1.2V in HCIO,
solution (0.1M) to remove
active Cu in the outer shell.
After 200 potential cycles,
CuPt NPs with a Pt-rich
shell were formed. The
dealloyed CuPt/Pt NPs
were much more active
than the Pt NP catalyst
with a core-shell structure
obtained from the Cu;sPt,s
NPs with the best ORR
activity (Figure 12A). Fig-
ure 12B shows the experi-
mental ORR activity (in
units of kT In(jyey/fer), T=
298 K) of two families of
the dealloyed CuPt NPs
plotted as a function of
strain, (age;-ap)/ap, in the
shell (gray and black trian-
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Figure 12. A) Mass activities of the dealloyed CuPt NPs and Pt NPs.
B) The ORR activities of two families of dealloyed CuPt NPs plotted as
a function of strain, (dg.i—dpt)/ap, in the NP shell. Adapted from

Ref. [73] with permission by the Nature Publishing Group.
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gles denote dealloyed CuPt NPs prepared at annealing
temperatures of 800°C and 950°C, respectively). As the
amount of Cu in the dealloyed CuPt NPs increases, the ORR
activity increases accordingly. This is because the ag,; (the
lattice parameter of Pt shell in CuPt/Pt core—shell NPs) is
smaller than ap, (lattice parameter of bulk Pt). The com-
pressed Pt-Pt distance in the Pt shell causes the downshift of
the Pt d-band center and weakens bonding with oxygenated
adsorbates. The Cu-rich Cu,sPt,s NPs amplify this strain effect
and become the most active ORR catalyst among the three
studied dealloyed core—shell NP catalysts.

The detailed surface structure change during the deal-
loying process is demonstrated in NiPt NPs."”! Monodisperse
NiPt NPs were synthesized and deposited on carbon support.
Heat treatment at ca. 200°C was used to remove the
surfactant on the surface of NiPt. Further treatment with
HCIO, solution (0.1m) led to Ni leaching from the surface of
NiPt NPs, producing a skeleton-type surface structure.
Thermal treatment at 400°C converted the Pt-skeleton into
a Pt-skin structure by surface relaxation and restructuring.
Figure 13 A shows the representative HAADF-STEM images
of the as-prepared (left), acid treated (middle), and acid
treated/annealed (right) NiPt NPs. The composition line
profiles of three NPs with different treatments are shown in
Figure 13 B. It can be seen that the distribution of Pt and Ni in
the as-prepared catalyst is highly intermixed and the sketched
trend lines are almost identical, indicating a homogeneous
alloy nature of the catalyst particles. The treated catalysts
have substantially broader distribution of Pt than Ni, with
a difference of ca. 1 nm for the acid treated and ca. 0.6 nm for
the acid treated/annealed catalyst. This reveals that a multi-
layered Pt-rich surface structure is formed by acid treatment

(A)
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and preserved after annealing (Figure 13 C). The ORR test
results of these three types of catalysts are shown in Fig-
ure 13D and E. The acid-treated/annealed NiPt NPs show
higher ORR activity than both the acid-treated NiPt and Pt
NPs. After the stability test, the acid-treated/annealed NiPt
NPs have only a 15% loss in specific activity, in contrast to
a 57 % loss for the acid-treated catalyst and a 38 % loss for the
C-Pt catalyst. These indicate that the multilayered Pt-skin
formation in the acid-treated/annealed NiPt NPs indeed
provides complete protection of the Ni inside the catalyst and
enables sustained high catalytic activity. The strategy has also
been extended to MPt (M =Fe, Co) NPs. For example, the
CoPt; NPs were annealed to form a Pt-rich shell by either
heating in a CO environment or by electrochemical potential
cycling in CO-saturated alkaline solution,” or through acid
treatment by leaching of surface Co followed by thermal
annealing to promote the formation of a complete Pt skin.”!
Similarly, core-shell NPs can also be prepared from the
trimetallic alloy NPs of Pt;M;M, (M;, M, =Fe, Co, Ni)
NPs.[®81) These core-shell NPs have consistently shown
activity and durability enhancement relative to the commer-
cial Pt NP catalyst.

6. Other Approaches to Active Pt-based NP
Catalysts

6.1. Graphene Support Effects on NP Catalysis
Commercially available carbon particles with high surface

area are usually employed as a support to maximize the
activity of Pt-based NP catalysts. However, this kind of
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Figure 13. A) Representative HAADF-STEM images of NiPt NPs (left), acid treated NiPt NPs (middle), and acid-treated and annealed NiPt NPs
(right). B) The composition line profiles obtained by energy-dispersive X-ray spectroscopy (EDX) with an electron beam scanning across the
corresponding three NPs. C) Cross-sectional views of the corresponding three NPs depicted by atomistic simulation. D, E) Specific activity (D),
mass activity (E), and durability studies for the C-Pt and C-NiPt catalysts in HCIO, solution (0.1 m) at 0.95 V and 60°C. Activity improvement
factors vs. C-Pt before and after cycling are also shown for specific and mass activities in (D) and (E). Adapted from Ref. [77a] with permission by

the American Chemical Society.
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carbon support does not have long-range order in the
graphitic lattice and may be poorly connected with the NP
catalyst, thus leading to high electron-transfer resistance and
an undesired increase in ORR overpotential. As a result,
metal NP catalysts supported on this carbon tend to
aggregate/sinter under the common ORR conditions, causing
ORR activity degradation.®” Moreover, this carbon support
does corrode in the common ORR testing conditions, which
aggravates the NP aggregation/sintering problems and further
reduces the durability of the NP catalysts.®!

Graphene (G) has been extensively studied as an alter-
native support to enhance NP catalyst activity and durability
owing to its high surface area, high conductivity, high stability,
and strong interaction with NPs.*>! G-Pt NP catalysts were
initially made by chemical reduction of the Pt precursor
directly onto the graphene surface.™>*! ORR catalysis studies
indicated that graphene as a support enhanced both Pt
activity and stability. The stability of the Pt NPs were further
improved by attaching Pt to indium tin oxide (ITO) NPs on
graphene, forming metal-metal oxide-G triple junctions.[*
Both experimental work and DFT calculations showed that
the supported Pt NPs at the G-ITO-Pt triple junctions were
more stable than the G-Pt NPs. A similar strategy was also
applied to make G-CB-Pt NPs (CB=carbon black) to
enhance ORR activity and durability.®® The accelerated
durability tests revealed that G-CB-Pt NPs lose only 5% of
their ECASA after up to 20000 cycles of stability testing,
whereas the commercial C-Pt catalysts lose almost 50% of
their ECASA after the same number of cycles. Here, the CB
is believed to serve as an active site for recapture or

(A) Gsssiiisnm (8)
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renucleation of small Pt clusters, avoiding Pt loss into the
electrolyte during the stability test.

Owing to the great potential shown by graphene as
a support for ORR, various synthetic strategies have been
explored to prepare G-MPt alloy NPs as ORR catalysts. !
More recently, a solution-phase self-assembly method was
developed to deposit monodisperse MPt NPs on graphene so
that NP-G interaction can be better tuned for ORR.”" In this
self-assembly approach, 7 nm monodisperse FessPt,, NPs
were first synthesized, as shown Figure 14 A, then, an equal
amount of a dimethylformamide (DMF) solution of graphene
and an n-hexane dispersion of the FePt NPs were mixed under
sonication. The product was washed with ethanol, giving the
G-FePt with the FePt NPs deposited fairly uniformly on
graphene (Figure 14B). After removing the surfactant by
treating with acetic acid (AA) at 70°C, FePt NPs on the
graphene surface maintained their morphology (Figure 14 C).
The ORR polarization curves of the G-FePt, C-FePt, and
commercial C-Pt are shown in Figure 14 D. The ORR specific
activity of different catalysts increases in the order G-FePt >
C-FePt > C-Pt in the potential range of 0.512-0.557 V (vs. Ag/
AgCl). When the G-FePt NPs were treated at 100°C, their
ORR activity was increased further to about 2, 4, and 6 times
higher than the AA-treated G-FePt NPs, the C-FePt NPs, and
the commercial C-Pt NPs, respectively (Figure 14E). The G-
FePt NPs were also fairly stable for ORR, as there was little
change in ORR polarization curves before and after 10000
electrochemical potential sweeps in the range of 0.4-0.8 V (vs.
Ag/AgCl) in O,-saturated HCIO, solution (0.1m; Figure 14 F).
These indicate that graphene is indeed a promising support to
improve NP activity and durability for ORR.
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Figure 14. TEM images of A) 7 nm Feg3Pt,, NPs assembled on an amorphous carbon surface, B) FegsPt,, NPs assembled on a graphene surface to
give G-FesgPt,, NPs, and C) G-FesPt,, NPs after acetic acid wash, resulting in G-Fe,,Pt;; NPs. D) Polarization curves for the ORR in O,-saturated
HCIO, solution (0.1 M) at 295 K. E) Comparison of ORR specific activities of G-Fe,,Pt;3 NPs, G-Fe,,Pt;s NPs annealed at 100°C, and the
commercial C-Pt catalyst. F) ORR polarization curves of G-Fe,,Pt;; NPs before and after 10000 potential sweeps between 0.4 V and 0.8 V. Adapted

from Ref. [91] with permission by the American Chemical Society.
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6.2. Molecular Engineering of NP Catalyst Surfaces

ORR activity can be further improved by engineering the
coating of the NP catalysts. Tonic liquids (ILs), salts in the
liquid state, have been found to be a promising coating
material owing to their high conductivity, chemical/thermal
stability, wide electrochemical window, and good O, solubil-
ity.”? NPs coated with ILs have been shown to reduce the
overpotentials of various electrochemical reactions,”**! and
the coating has been applied to engineer MPt alloys to
enhance ORR performance, as demonstrated by nanoporous
NiPt impregnated with an IL for the ORR." The nanoporous
(np) NiPt alloy (np-NiPt) was prepared through the selective
electrochemical dealloying of Ni from the bulk NiPt alloy at
2.1V (vs. RHE) in a NiSO, solution (0.05wm). IL-[7-methyl-
1,5,7-triazabicyclo[4.4.0]dec-5-ene] [bis(perfluoroethylsulfo-
nyl)imide] [MTBD][beti] (Figure 15A) was dropped onto
the dried np-NiPt disc to enable capillary forces to pull the IL
into the pores. In the IL structure, the combination of electron
donor and acceptor units makes the structure more conduc-
tive and affinitive to O,. Figure 15B shows the ORR polar-
ization curve of the np-NiPt and np-NiPt+[MTBD][beti] in
O,-saturated HCIO, solution (0.1m). The ORR half-wave
potential on the np-NiPt electrode is at 0.96 V (vs. RHE), but
once integrated with [MTBD][beti], this half-wave potential
shifts positively by 40 mV to 1.0 V, and still maintains the
same diffusion-limited current density. Figure 15 C compares
the specific activities of np-NiPt, np-NiPt+[MTBD][beti] and

S. Sun et al.

the single crystal Pt-skin catalyst (NiPt;). The specific activity
of np-NiPt+[MTBD][beti] catalyst rises to 18.2 mAcm? at
0.9V, which is equal to the best ORR performance on
a NiPt;(111) surface.

7. Non-Pt Catalysts for ORR
7.1. M-N-C Catalysts for ORR

Catalysts containing no precious Pt have been highly
sought for ORR.”! Pyrolyzation of the N-containing hydro-
carbon complex of Fe or Co yielded a M-N-C (M =Fe or Co)
composite with some promising ORR activities, but dismal
stability.”*! Significant progress was made in the catalyst
containing a cobalt—polypyrrole complex. In the synthesis,
Co(NO;),-6 H,0O was entrapped into the polypyrrole matrix
and reduced with NaBH, on a carbon support (Vulcan XC
72). Figure 16 shows the cobalt-polypyrrole-carbon composite
catalyst with Co coordinated by polypyrrole through its
nitrogen binding site.” This catalyst was capable of combin-
ing high ORR activity with good performance durability and
enabled a H,-O, fuel cell to reach a power density of about
0.15 Wem 2 with no signs of performance degradation over
more than 100 h. However, compared with the Pt-based
catalysts, this catalyst still shows an overpotential of 0.15-
0.20 V for the ORR. To further improve the ORR activity of
Co-N-C or Fe-N-C composite catalysts, various polymeric

YD
@®
oy
H CH C
3 ©
[MTBD]
18 4
(0}
I e _ 16
CFs— CF,—S—N—S—CF,—CFs T
Il I G 14-
(o} (0] <
E
[beti] > 121
; o
(B) 01 E § 10
\ c
e ; £ 81
5 - ! & gd
: s E
T -3 P 4
2 &
[ £
S -a & ¢ 2
T )
€
g -5 a 0
3 1
o . np-NiPt+  np-NiPt NiPt;(111) NiPt;(100) NiPt;(110)
i ! Ep=1.0V [MTBD][beti]
E,,=096V! |
-7 T T T —
0.6 07 08 09 10 1

Potential (V versus RHE)

Figure 15. A) The molecular structure of IL-{MTBD][beti]. B) ORR polarization curves of np-NiPt and np-NiPt+[MTBD][beti] in O,-saturated HCIO,
solution (0.1 M) at 25°C. C) Comparison of specific activities of np-NiPt, np-NiPt+[MTBD][beti], and the low-index crystalline facets of NiPt; at
0.9V (vs. RHE) in O,-saturated HCIO, solution (0.1 Mm). Adapted from Ref. [95] with permission by the Nature Publishing Group.
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Figure 16. The Co-polypyrrole catalyst as a non-Pt catalyst for the ORR.
Adapted from Ref. [99] with permission by the Nature Publishing
Group.

precursors have been tested to combine with Fe or Co salts.
For example, polyaniline was mixed with ammonium perox-
ydisulfate, FeCl;, and a carbon support, then pyrolyzed at
900°C in nitrogen gas for 1 h to give an Fe-N-C catalyst that
catalyzed the ORR at potentials within ca. 60 mV of the state-
of-the-art Pt with a remarkable stability (700 h)."™! Despite
these efforts, the chemical nature of the active ORR catalytic
sites is not well understood. As a result, the ORR perfor-
mance of these M-N-C catalysts can
only be empirically determined by
the type of N-containing molecules
and transition metals used, and thus
are difficult to tune.

(A)

7.2. Non-Pt NPs Supported on
Carbon Nanomaterials for
Enhanced ORR

Carbon nanomaterials, such as
nitrogen-doped carbon nanotubes
(CNTs),1 graphene,'™ porous

Angewandte
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by partially reducing graphene oxide and doping graphene
with nitrogen under hydrothermal conditions at 150°C in an
ethanol/water/NH,OH mixture of. CVs (Figure 17B) and
ORR polarization curves (Figure 17 C) showed that the NG-
Co;0, NPs had a more positive ORR peak potential and
a higher peak current than the G-Co;O, NPs, but a more
negative peak potential than the C-Pt NPs. This indicates that
N-doping assists in a stronger coupling between Co;0,4 and
graphene in NG-Co;0, than in G-Co;0,, which leads to
higher activity in alkaline solution. Moreover, calculation
from Koutecky-Levich plots gave an electron transfer
number of 3.9 over a potential range of 0.60-0.75V, thus
indicating that the ORR catalyzed by NG-Co;0, was a 4e”
process. The NG-Co;0, catalyst had much better stability for
the ORR than the C-Pt catalyst in KOH solution (0.1m) with
an ORR activity almost unchanged over 25000 s of contin-
uous operation (Figure 17D). Once Mn was doped into
Co;0,, to form NG-MnCo,0O,, the composite catalyst was
even more active for ORR.'"? Its ORR peak potential was
0.88 V (vs. RHE), which was ca. 20 mV more positive than
that of the G-Co;0, catalyst and only ca. 20 mV more
negative than that of the C-Pt catalyst. Similarly, G-Co,,S,'**!
mesoporous carbon-MnO,"* G-CuO NPs,'"! and even G-
NG quantum dots"**! have been synthesized and studied for
ORR catalysis in KOH solutions.

In the above G-NP catalyst systems, the NPs are deposited
directly onto the graphene surface by insitu chemical
deposition. Through such deposition techniques, it is difficult
to control NP sizes, morphologies, and G-NP interactions.

(B)

Current

0.4 0.6 0.8 1.0

Potential (V versus RHE)

(D)

carbon,"® carbon nanocapsules*¥

and CNT composite fibers,* as
well as iodine-,"% sulfur-,"" phos-
phorus-"®  and  boron-doped
carbon " were also found to
be active for ORR. Their activities
could be further improved by com-
bining them with metal oxide or
sulfide NPs.""' This is demon- 80

Current density (mA cm=2)

strated by depositing Co;0, NPs on 07 08
N-doped graphene (NG) for
improved ORR in alkaline solu-
tions.""" As shown in Figure 17 A,
the NG-Co;0, NPs were made by
first growing Co;O, NPs on gra-
phene oxide (GO) at 80°C and then
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Figure 17. A) SEM image of the NG-Co;0, hybrid. B) CV curves of G-Co;0,, NG-Co;0,, and C-Pt on
GC electrodes in O,-saturated (—) or Ar-saturated 0.1 M KOH solution (-----). C) ORR polarization
curves of G-Co;0,, NG-Co;0,, and C-Pt in O,-saturated KOH solution (0.1 m). D) Chronoamperomet-
ric responses (percentage of current retained vs. operation time) of the NG-Co;0, hybrid and C-Pt on
carbon fiber paper electrodes kept at 0.70 V (vs. RHE) in O,-saturated KOH solution (0.1 m). Adapted
from Ref. [111] with permission by the Nature Publishing Group.
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This problem can be solved by the self-assembly method
described for the synthesis of the G-FePt NP catalyst.” In
this demonstration, monodisperse core—shell Co/CoO NPs
were synthesized and then deposited on the graphene surface
by solution-phase self-assembly.''” Figure 18 A and B shows
typical TEM images of the 10 nm Co/CoO NPs (8 nm Co core
plus 1 nm CoO shell) and the composite G-Co/CoO NPs. G-
Co/CoO was an active electrocatalyst for ORR. Figure 18C

S. Sun et al.

a larger Co core and a thinner CoO shell showed higher
activity (Figure 18D). The ORR activity of the G-Co/CoO
NP catalyst (8§nm Co core and 1nm CoO shell) was
comparable with the commercial C-Pt catalyst in O,-saturated
KOH solution (0.1M; Figure 18 E). There is only a 25 mV
difference in half-wave potentials between the ORR polar-
ization curves from the G-Co/CoO and the C-Pt NP catalysts.
The G-Co/Co NPs have a steeper polarization curve and
a higher current density than the C-Pt NPs
near the diffusion limit region. The
observed ORR activity of G-Co/CoO
decreased more slowly than that of C-Pt
after a 20 h stability test (Figure 18F), thus
indicating the greater stability of G-Co/
CoO in KOH solution.

7.3. Non-Metal Nanocatalysts for ORR

Although the G-NP catalysts show
some great potential for enhancing ORR

9% h 17h Oh

activity and stability in alkaline solution,
their ORR performance in acidic solutions
is very poor. Recently a new non-metal
system, N-doped CNT-G (NT-G), was
introduced as an advanced nanocatalyst
for ORR in acidic media.""® To make this
kind of complex, multi-walled (2-3 walled)
CNTs were oxidized in KMnO,/H,SO, at

08 06 04 02 00 04 03
E IV vs. Ag/AgCI

-0l.2 -0'.1 0:0
E IV vs. Ag/AgCl

65°C to partially unzip the outer walls.
Then, the oxidized composite, including
CNTs and GO, was annealed under NH; at

900°C to give the NT-G composite. Fig-
ure 19 A is a typical aberration-corrected
TEM image of the NT-G composite. The
CNTs are mostly 2-3 walled, with their
outer walls damaged and exfoliated to

——col) form graphene- or ribbon-like structures.

C-Pt Figure 19B shows the ORR polarization

curves of the NT-G and commercial Pt

= 0.6 04 0.2 0.0 0 20000 40000 60000 catalysts in O,-saturated HCIO, solution
E IV vs. Ag/AgCI Time/s (0.1m). Although the NT-G is still not as

Figure 18. TEM images of A) Co/CoO and B) G-Co/CoO NPs. C) ORR polarization curves of
graphene (i), C-Co/CoO NPs (ii) and G-Co/CoO NPs (iii). D) ORR polarization curves of G-
Co/CoO NPs after heating at 70°C in air for 0 h, 17 h, and 96 h, which leads to an increase in
CoO shell thickness from 1 nm to 3 nm. E) ORR polarization curves of G-Co/CoO NPs and
the commercial C-Pt catalyst. F) Chronoamperometric responses for ORR from the G-Co/CoO

NPs and the commercial C-Pt at —0.3 V. Adapted from Ref. [117].

shows the ORR polarization curves of graphene, C-Co/CoO,
and G-Co/CoO catalysts in KOH solution (0.1m). The G-Co/
CoO NPs have a more positive half-wave potential
(=0.176 V) for ORR than the C-Co/CoO NPs (—0.290 V),
and much more positive than that of graphene, indicating that
graphene as a support indeed provides a significant enhance-
ment in Co/CoO catalysis for the ORR. The ORR activity of
the G-Co/CoO NPs could be further controlled by the
dimensions of Co and CoO, and core-shell NPs with

www.angewandte.org
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active as Pt, its polarization curve does
show a well-defined plateau that relates to
a diffusion-limiting current. In KOH solu-
tion (0.1M), the NT-G catalyst performed
equally well, with the ORR activity
approaching that of the Pt catalyst (Fig-
ure 19C). The durability of the CNT-G
catalyst was estimated by cycling the
catalysts between 0.6 Vand 1.0 Vat 50 mVs ™' in O,-saturated
HCIO, solution (0.1m). After 8000 cycles, the E,, negatively
shifted only 17 mV (Figure 19D), which indicates that the
catalyst is reasonably stable.
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composite complexes have been

1 01mHCI0,

Current density (mA cm™2)
W
1

extensively explored. New synthe-
ses capable of tuning catalyst
parameters should provide some
promising solutions for the future
development of non-Pt catalysts
for fuel cells and other energy-
device applications.

Despite the exciting progress

ST 2ngy 02 03 04 05 06 07 08 09 made in the past decade, there are
e PR Potential (V versus RHE) still some serious challenges
(C) (D) ahead in developing practical cat-
0 0.1M KOH ~ 0q92¢cycling alysts for the ORR. There is still
T 4 £ —pJf— Initial no gold-standard catalyst for the
e § T11—8000" cycle £ ) y
<, ORR, to which all newly reported
£ -2 E 21 AE,, =17 mV :
> . > 5] — NP catalysts can be compared;
3 737 g such a standard would allow
o .
2 4 NT-G // C-Pt ™ researchers to determine the
€ -5+ 2 -5 most important factor(s) for com-
Y 6 3 ] paring NP activity and stability. In
— T T T T T T T T T T T T T T particular, the durability of the
02 03 04 05 06 07 08 09 10 02 03 04 05 06 07 08 09 .. .
Potential (V versus RHE) ) majority of the existing Pt-based
Potential (V versus RHE)

catalysts is still far from satisfying.

Figure 19. A) Aberration-corrected TEM image of the NT-G composite, showing damaged outer walls Pt or MPt-alloy NPs are only good
and exfoliated graphene pieces attached to double- or triple-walled CNTs. B, C) ORR polarization for model studies because of the

curves of C-Pt and NT-G in O,-saturated solutions of HCIO, (0.1 wm; B) and KOH (0.1 m; C) solution.
D) ORR polarization curves of the NT-G catalyst before and after 8000 potential cycles between 0.6 V
and 1.0V (vs. RHE) in O,-saturated HCIO, solution (0.1 m). Adapted from Ref. [118] with permission

by the Nature Publishing Group.

8. Summary and Outlook

Efforts in searching for efficient NP catalysts for ORR
have led to the formation of various kinds of NPs with precise
control of NP size, shape, composition, and structure. Such
monodisperse NPs allow, for the first time, detailed studies of
the ORR on the surface of the catalyst.

For monodisperse Pt NPs, their ORR catalysis is often
tuned by NP shapes, with octahedral (or tetrahedral) NPs
being more active in HCIO,, and cubic NPs being more active
in H,SO,. For MPt alloy NPs, although their shape effect on
the ORR is similar to that of the Pt NPs, their composition
often plays a more important role in tuning ORR catalysis. To
further improve ORR activity and durability, core—shell NPs
have been introduced, where Pt (or MPt) is deposited on
other MPt or non-Pt metal NP cores. In this core-shell
structure, both electronic (alloying) and strain (geometric)
effects can be tuned by the core NPs and shell thickness to
maximize ORR efficiency; core—shell NPs with thin shells (ca.
1 nm or thinner) were found to be the most active and durable
catalysts for the ORR. Recent studies on support and coating
effects on NP catalysis also led to the development of a new
graphene support and an IL coating that are further capable
of improving ORR catalysis, owing to controlled G-NP
interactions and enhanced O,-affinity on the NP surface.
These seem to indicate that G-core—shell NPs coated with ILs
should be the most robust catalysts for ORR.

In an effort to develop non-Pt catalysts for ORR, NG-
NPs, NG-carbon nanomaterials, and M-N-C (M =Fe, Co)

heavy use of Pt in the NP compo-
nents. Core—shell NPs reduce Pt
usage and their ORR catalysis can
be tuned through both electronic
and strain effects to achieve high
activity and durability that can be
further improved by using graphene as a support and ILs as
coating materials. However, core—shell NP synthesis is new,
and core—shell morphology control is not as well developed as
for Pt or MPt alloy NPs. Graphene and ILs cannot be readily
synthesized, and without simplifying the preparation steps,
their potential for commercial applications is very limited.
Non-Pt catalysts have also attracted much attention.
Recent NG-M oxide (MO) NPs, M-N-C and CNT-NG,
provide some exciting new materials for ORR studies. At
present, non-Pt NG-MO NPs are mostly used in alkaline
solution; M-N-C or CNT-NG can be used in acidic solution,
but it is not very clear what makes these catalysts active, and
therefore it is still impossible to tune ORR catalysis.
Despite these challenges, recent experimental and com-
putational work does provide researchers with much desired
information for understanding catalyst design and synthesis.
The work further hints that Pt is thus far the best catalyst
component for the ORR, and that future design and synthesis
should aim to minimize Pt usage without sacrificing much
ORR catalytic efficiency. Developing non-Pt catalysts with
Pt-equivalent ORR efficiency is certainly exciting. These non-
Pt catalysts may be a new type of core—shell NPs, a new form
of composite NPs or carbon-based nanomaterials, or even
a well-designed M-N-C complex network. No matter what
catalyst will come out as a winner, in the long run the chemical
principles developed will surely direct us in our future
endeavors towards the rational design and synthesis of
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nanocatalysts for the ORR and many other chemical reac-
tions.
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