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ABSTRACT: PtNi octahedral nanoparticles are considered as one of the best-
performing catalysts for the oxygen reduction reaction (ORR). However, Ni
dissolution deteriorates their catalytic activity and stability during the ORR.
Here, we report a strategy that improves the ORR activity and stability of the
PtNi octahedral nanoparticle catalyst through the incorporation of a novel
dopant. Computational screening with seven different elements (Bi, In, Ru, Sn,
Te, Zn, and Zr) suggests In as the most promising candidate based on the metal
doping energy and the OH* adsorption energy. Consideration of the OH*
coverage and Ni diffusion energy demonstrates the superior ORR activity and
stability of the In-doped PtNi(111) structure. The calculation results were
validated by synthesizing In-doped PtNi octahedral nanoparticles on a carbon
support (In−PtNi/C). In−PtNi/C demonstrated excellent ORR performance
outcomes (1.36 A mgPt−1 and 2.64 mA cm−2@0.9 VRHE), which were 2.1 and 7.9
times higher in terms of the mass activity and 2.4 and 13.4 times higher in terms
of the specific activity compared to PtNi/C and Pt/C, respectively. After 12k potential cycles, In−PtNi/C showed excellent stability
with high Ni retention; 2.4 and 43% of Ni were lost from In−PtNi/C and PtNi/C, respectively. Computational and experimental
investigation demonstrates that surface-doped In creates a new active site toward the ORR and blocks Ni diffusion to the surface by
making Pt less oxophilic.

■ INTRODUCTION
Platinum (Pt) is the industry-standard electrocatalyst for the
oxygen reduction reaction (ORR) in polymer electrolyte
membrane fuel cells (PEMFCs). Pt enhances the ORR kinetics
the most among mono-metallic catalysts by lowering the
activation energy in the cathodic reaction.1,2 However, Pt is an
expensive noble metal with limited availability. Thus, in order
to reduce Pt loadings, strategies for Pt nanostructural
engineering have been extensively studied, such as alloying
with transition metals (e.g., M: Ni,3,4 Co,5−7 Fe,8 and others9)
and controlling the shape of the PtM alloy nanoparticles.4,10,11

Although many PtM alloys have demonstrated faster ORR
kinetics than pure Pt owing to the modulated adsorption
energy of oxygen intermediates, stability of the transition
metals is one of the crucial concerns that hinders their
commercial applications.12,13

Modifying the surfaces of PtM alloys represents a promising
means by which to suppress the dissolution of the transition
metals and thereby enhance their stability.12 In particular, the
surface doping of Fe,14 Mo,15,16 Ga,17 and Rh18 into PtNi
octahedral nanoparticles can effectively improve their stability
and ORR activity as well. Nonetheless, PtM alloy catalysts have
scarcely been applied to PEMFC systems. To boost the

practical use of PtM alloy catalysts, it is necessary to establish a
dopant-selection process for efficient catalyst development. A
good way to explore dopant candidates is to utilize density
functional theory (DFT) calculations, which are now widely
used to design feasible electrochemical catalysts.19−28

In this study, we present a promising dopant, indium (In),
via a computational screening process based on the metal
doping energy and the OH* adsorption energy. By taking the
factors of the OH* coverage and Ni diffusion energy into
consideration, the superior ORR activity and durability of In−
PtNi(111) surface are theoretically demonstrated. Surface-
doped In atoms modulate the OH* adsorption energy of the
first nearest neighbor Pt atoms, thereby creating highly active
sites for the ORR. In accordance with the DFT calculation
results, In-doped PtNi octahedral nanoparticles synthesized on
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a carbon support (In−PtNi/C) exhibit excellent ORR activity
and shape stability with high Ni retention. Transmission
electron microscopy (TEM), energy-dispersive spectrometry
(EDS), and X-ray absorption near-edge structure (XANES)
analyses were conducted to investigate the effects of the In
dopant on the properties of PtNi octahedral nanoparticles.

■ METHODS
Computational Methods. GGA-level, spin-polarized DFT

calculations were performed with the Vienna ab initio simulation
package using a plane wave basis set with a cut-off energy of 400 eV.
The revised Perdew−Burke−Ernzerhof functional was used to
describe the electron exchange and correlation.29−31 The Brillouin
zone was sampled with a 2 × 2 × 1 k-point mesh following the
Monkhorst−Pack scheme. The convergence criteria for electronic and
geometric optimization were 10−5 eV and 0.01 eV/Å, respectively.
Metal-doped PtNi (Pt/Ni = 2:1) surface slabs were modeled with

the doping elements of Bi, In, Ru, Sn, Te, and Zn, as shown in Figure
S1. The slabs had a 20 Å vacuum gap in the z-direction; the bottom
two atomic layers were fixed in their bulk positions. To predict the
ORR activity, we considered the OH* adsorption energy as the
descriptor has been widely used in many ORR studies, including our
previous work.23,25,32−35 We also calculated the metal doping energy
to select the most stable doping metal among the six elements
considered. The adsorption energy and doping energy were calculated
as

Δ = Δ − Δ − Δ+E E E Eads. slab mol. slab mol. (1)

Δ = Δ + Δ − Δ + Δ‐ _ _E E E E E( ) ( )dop. M PtNi bulk Pt or Ni PtNi bulk In

(2)

where ΔEads. is the adsorption energy, ΔEslab+mol. is the energy after
adsorption, ΔEslab is the energy of the clean surface, and ΔEmol. is the
energy of the gas molecule. For the calculation of OH* adsorption
energy, there are two options for the reference value (ΔEmol.);
H2O(g) − 0.5H2(g) and 0.5O2(g) + 0.5H2(g). Here, we used gas
energy of [H2O(g) − 0.5H2(g)] as a reference for the calculation of
OH* adsorption energy. Then, OH* adsorption energy is calculated
as positive, and a greater value of positive OH* adsorption energy
corresponds to weaker adsorption. ΔEdop. is the doping energy,
ΔEM‑PtNi is the total energy of the M-doped PtNi slab, and ΔEPtNi is
the total energy of the undoped PtNi slab. ΔEbulk_Pt, ΔEbulk_Ni, and
ΔEbulk_In are energies of single Pt, Ni, or In atom in their stable
elemental bulk structure, respectively. For the In−PtNi system in
which In atom replaced Pt or Ni atom, ΔEbulk_Pt or ΔEbulk_Ni was used
to calculate the doping energy, respectively.
Experimental Methods. Chemicals and Materials. Platinum(II)

acetylacetonate [Pt(acac)2, 97%], nickel(II) acetylacetonate [Ni-
(acac)2, 95%], indium(III) acetylacetonate [In(acac)3, ≥99.99%],
benzoic acid (C6H5COOH, 99%), N,N-dimethylformamide (DMF)
were purchased from Sigma-Aldrich. Vulcan Carbon (XC-72R) was
purchased from Cabot Corporation. Commercial Pt/C (Tanaka Co.
46 wt %, 2−5 nm Pt nanoparticles) was used as a reference catalyst in
this study.
Synthesis of PtNi/C. The PtNi octahedral nanoparticles on the

carbon support (PtNi/C) were synthesized by a one-pot method
whereby all chemical materials were developed in one reactor, as
described below. Pt(acac)2 (8 mg) and Ni(acac)2 (4 mg) were used as
precursors with an atomic ratio of Pt to Ni of 1.5. Benzoic acid
(C6H5COOH, 122 mg) was used as a shape-directing agent, and
Vulcan Carbon XC-72R (20 mg) was used as the catalyst support. All
chemicals were dissolved in DMF (10 mL), and the carbon support
was added to the solution. The mixture was dispersed by
ultrasonication for at least 30 min. The suspension was placed in an
oil bath that was heated to 160 °C, stirred vigorously for 12 h, and
then cooled to room temperature. The resulting products were
collected by centrifugation (8000 rpm) five times using ethanol and
cyclohexane and then dried in a vacuum oven at 60 °C for 12 h.

Synthesis of In-Doped PtNi/C (In−PtNi/C). The prepared PtNi/C
(20 mg) samples were dispersed in 10 mL of DMF, and In(acac)3 was
added to the PtNi/C suspension. The amount of In(acac)3 was
determined to be 3 at. % In with respect to the Pt and Ni total in
PtNi/C. The mixture was ultrasonicated for 30 min and then placed
in an oil bath at 170 °C for 48 h with vigorous stirring before cooling
to room temperature. The resulting mixture was collected by
centrifugation five times using an ethanol and cyclohexane mixture
and then dried in a vacuum oven at 60 °C for 12 h.

Characterization. TEM (JEOL 2000 FX), Cs-corrected high-
resolution TEM (HRTEM, Titan cubed G2 60-300, 300 kV), and
high-angle annular dark-field scanning TEM (STEM) images were
obtained to confirm the morphology and crystal structure of the In−
PtNi/C and PtNi/C. Energy-dispersive X-ray spectroscopy was
conducted with Cs-corrected TEM measurements to explore the
chemical composition and elemental distributions. Inductively
coupled plasma optical emission spectroscopy (ICP−OES, Agilent
7700S) was also used to determine the overall chemical compositions.
X-ray powder diffraction (XRD) patterns using Cu Kα radiation and
XANES spectroscopy were utilized to examine the crystal structure
and electronic structure, including the oxidation states of Pt. The
XANES measurements were performed at the 8C nano-probe XAFS
beamline (BL8C) of the Pohang Light Source (PLS-II) in a 3.0 GeV
storage ring (current of 360 mA). This radiation source is a tapered
in-vacuum undulator, and the XANES spectra were collected in both
transmission and fluorescence modes.

Electrochemical Measurements. Half-cell tests were conducted
using a potentiostat (Pine Instruments) with a conventional rotating
disk electrode measurement in a three-electrode electrochemical cell.
The catalyst inks were prepared by dispersing catalyst powders and a
5 wt % Nafion solution (1100 W, DuPont, 20 μL) in a deionized
water (0.5 mL)/isopropyl alcohol (0.5 mL) solution. After ultra-
sonication for 30 min, the well-dispersed catalyst ink was coated onto
the surface of a glassy carbon electrode (GCE) as the working
electrode. The Pt loading of all catalysts on the GCEs was 25 μgPt
cm−2, and each sample was dried at room temperature in air. A Pt
mesh and saturated calomel electrode were used as the counter and
reference electrode, respectively. All potentials were reported with
respect to a reversible hydrogen electrode (RHE).

All electrochemical measurement data were collected after
stabilizing the catalysts coated onto the GCE. As an electrochemical
pre-treatment, 100 potential cycles were conducted in the potential
range from 0.05 to 1.1 VRHE at a scan rate of 50 mV s−1 without
rotating the electrode. The electrochemical active surface area
(ECSA) was estimated using the hydrogen under potential deposition
(HUPD) and the CO stripping method. For HUPD, the cyclic
voltammograms (CVs) were obtained in an Ar-saturated 0.1 M
HClO4 electrolyte with a scan rate of 50 mV s−1 at room temperature.
The ECSAHUPD was estimated by integrating the hydrogen
adsorption/desorption charge area between 0.05 and 0.35 VRHE. For
CO stripping, the catalyst-coated GCE was immersed in a 0.1 M
HClO4 solution, and the solution was purged with in the sequence of
Ar, CO, and Ar for 10 min, respectively. Then, two cycles of cyclic
voltammetry were performed with a scan rate of 20 mV s−1 from 0.05
to 1.1 VRHE. The CO desorption peak was integrated to calculate
ECSACO. The ORR performance was measured by linear sweep
voltammetry (LSV) in an O2-saturated 0.1 M HClO4 electrolyte using
a scan rate of 10 mV s−1 from 0.05 to 1.1 VRHE at 1600 rpm. After
repeating the potential sweeping 10 times, the stabilized ORR LSV
data were collected and presented. The catalyst durability was
estimated by means of an accelerated stress test in an O2-purged 0.1
M HClO4 electrolyte via repeated potential cycling between 0.6 and
1.1 VRHE at a scan rate of 50 mV s−1. CVs and ORR polarization
curves were acquired after 4k, 8k, and 12k potential cycles.
Koutecky−Levich equation was used to calculate the kinetic current
considering the mass transport limitation. The electron transfer
number (n) of In−PtNi/C was obtained from the ORR polarization
curves measured with different rotating speeds from 400 to 1600 rpm,
using the Koutechy−Levich equation
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ω= + = +−
j j j B j
1 1 1 1 1

K L

1/2

K

where j, jK, and jL are the measured, kinetic, and diffusion-limiting
current densities, respectively. jL is proportional to the square root of
angular velocity (ω) of the RDE. The proportionality coefficient (B)
is

ν= −B D nFC0.62 2/3 1/6
O2

where D is the diffusion coefficient of O2 in 0.1 M HClO4 solution
(1.93 × 10−5 cm2 s−1), ν is the kinematic viscosity of the electrolyte
(1.01 × 10−2 cm2 s−1), n is the number of electrons transferred, F is
Faraday’s constant (96,485 C mol−1), and CO2

is the concentration of
molecular oxygen in 0.1 M HClO4 solution (1.26 × 10−6 mol
cm−3).36

The rotating ring-disk electrode (RRDE) method was conducted to
verify the electron transfer number and H2O2 yield. The electron
transfer number (n) and H2O2 yield (p) can be calculated from the
disk current (id) and ring current (ir) using below equations36
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where NC is the collection efficiency of the RRDE (37%).

■ RESULTS AND DISCUSSION
Screening of Doping Elements. To design novel

catalysts for the ORR, a PtNi(111) system (Pt/Ni = 2:1)
was constructed with a Pt skin layer (Figure S1a,b). It is
generally considered that non-noble metals on the surfaces of
Pt-based alloys dissolve in an acidic PEMFC environment,
forming a Pt-enriched surface layer.37−40 To find a novel
dopant for the PtNi(111) system, seven different elements (M:
Bi, In, Ru, Sn, Te, Zn, and Zr), not investigated in previous
studies,41−46 were selected as candidates. Each element was
doped into four different sites of the PtNi structure; two in the
surface layer with corresponding Ni-rich and Pt-rich sub-
surface layer configurations (Figure S1c,d), denoted as (“Ni-
rich” and “Pt-rich”, respectively), and two in the sub-surface
layer replacing the Pt and Ni sites.
For the M-doped PtNi(111) systems, the structural stability

and ORR activity were investigated as the first screening
considerations. The structural stability was determined from
the metal doping energy, defined as the energy difference
between the PtNi and M-doped PtNi slabs. The OH*
adsorption energy was used as an ORR activity descriptor as
either the first step [O2(g) → OOH*] or the last step [OH*
→ H2O(l)] is typically the rate-determining step of the
ORR.32,33 In addition, the OH* and OOH* adsorption
energies have a linear correlation,47−49 meaning that the ORR
activity can be described using the OH* adsorption energy.
The calculated metal doping energy and OH* adsorption

energy are plotted in Figure 1 with the well-known “top of the
volcano curve” that indicates the optimal OH* adsorption
energy for the ORR.47 The primary purpose of this process was
to screen the doping elements for the PtNi(111) system using
simple descriptors. Although both the activity and stability of a
catalyst are of equal importance, we first focused on the
stability since M-doping aims to improve stability of the PtNi
system.18,50,51 Figure 1 shows that In, Sn, Zn, or Zr-doped
PtNi can be stably synthesized with the negative doping
energies for all the four types of doping sites. On the other
hand, Ru, Te, or Bi-doped PtNi exhibit positive doping
energies for at least two types of the doping sites. These results

imply that Ru, Te, or Bi-doped PtNi might be synthesized but
their effectiveness as promoters are likely reduced due to the
structural instability. Thus, Ru, Te, and Bi were excluded from
the dopant candidates. Among the first-screened doping
elements (In, Sn, Zn, and Zr), In exhibits the OH* adsorption
energies closest to the optimal OH* adsorption energy
(volcano top). As a result, In was selected as the primary
dopant candidate, and the In-doped PtNi(111) system was
investigated theoretically and experimentally.

Activity and Durability Calculations of In−PtNi(111).
For the In−PtNi(111) system, surface doping sites are found
to be more stable than sub-surface doping sites (Figure 1),
implying that In atoms would be primarily positioned in the
surface layer of synthesized PtNi octahedral nanoparticles.
Thus, the ORR activity of the surface-doped In−PtNi(111)
(Figure S1c,d) was further examined in comparison to the
ORR activity of PtNi(111) and Pt(111).
For the calculation of OH* adsorption energy, gas energy of

[H2O(g) − 0.5H2(g)] was used as a reference, which has been
widely employed in DFT studies.23−25,52 With respect to the
reference energy, OH* adsorption energies of precious metals
are represented as positive,47,52 and a greater value of positive
OH* adsorption energy means weaker adsorption. For the
surface-doped In−PtNi(111) structures with either Ni-rich
(Figure S1c) or Pt-rich (Figure S1d) doping sites, the strongest
OH* adsorption site was found to be on top of the In atom
(Figure S2). As the OH* adsorption site moves far from the In
atom, the OH* adsorption becomes weaker monotonically on
the first and the second nearest neighbor (1NN and 2NN) Pt
atoms. These outcomes imply that OH* would be
preferentially adsorbed on top of the surface-doped In atoms
of In−PtNi(111).
Then, the surface OH* coverage was considered since the

cathode catalyst surface is partially covered with adsorbed
OH* during fuel cell operation,53−55 and the OH* adsorption
energy is affected by pre-adsorbed OH*. In addition, adsorbed
OH* can stay on the In atom owing to the strong adsorption
energy. Figure 2 presents the adsorption energies for the first
(1OH*), second (2OH*), and third OH* adsorption (3OH*)
on In−PtNi(111), PtNi(111), and Pt(111). Following 1OH*
adsorption on top of In atom (Figure S2), adsorption sites for
2OH* and 3OH* are representatively illustrated in inset of

Figure 1. Screening of doping elements based on the metal doping
energy and OH* adsorption energy, as compared to the reference of
PtNi. The vertical line shown in red represents the OH* adsorption
energy corresponding to the top of the ORR volcano derived from
linear scaling relationships.33,47
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Figure 2. The OH* adsorption on Pt (1OH*: 1.066, 2OH*:
0.905, and 3OH*: 0.884 eV) and PtNi (1OH*: 1.188, 2OH*:
1.012, and 3OH*: 1.033 eV) mostly becomes stronger with
OH* coverage, due to the hydrogen bonding between the
adsorbed OH* species. Interestingly, the OH* adsorption
energy on In−PtNi shows a unique response to the OH*
coverage; the OH* adsorption on In−PtNi becomes weaker
with OH* coverage (1OH*: 0.708, 2OH*: 1.068, and 3OH*:
1.098 eV for Ni-rich site and 1OH*: 0.713, 2OH*: 1.075, and
3OH*: 1.083 eV for Pt-rich site). Furthermore, it is
noteworthy that In−PtNi(111) has the 3OH* adsorption
energies very close to the optimal value with the highest levels
of ORR activity on the volcano plot. The sub-surface layer
configuration has a minimal effect on the 3OH* adsorption
energy and ORR activity.
In general, 1OH* adsorption energy is used as an ORR

activity descriptor. For Pt(111) and PtNi(111), the 1OH*
adsorption energy is closer to the optimal value compared to
the 2OH* and 3OH* adsorption energies. Thus, 1OH*
produces the highest ORR activity, and 1OH* adsorption
energy can be a suitable descriptor. However, for the In−
PtNi(111) system, 3OH* adsorption energies are closer to the
optimal value than the strongly adsorbed 1OH* and 2OH*,
leading to the highest ORR activity. These results reveal that
OH* coverage should be taken into consideration to describe
the ORR activity of In−PtNi. In addition, we calculated surface
diagrams54 for Pt, Pt2Ni, In−Pt2Ni (Pt-rich), and In−Pt2Ni
(Ni-rich) with 1OH*, 2OH*, and 3OH* (Figure S3). As
widely observed and also shown in Figure 5 below, the ORR
starts at potential approximately 0.95−1.00 VRHE. The surface
diagrams demonstrate that 3OH* is the most stable at
potentials above 0.85 VRHE for all the systems. These outcomes
imply that Pt, Pt2Ni, In−Pt2Ni (Pt-rich), and In−Pt2Ni (Ni-
rich) are most stable with 3OH* in the potential region where
ORR starts. It should be pointed out that 3OH* on In−
PtNi(111) exhibits the closest adsorption energy to the
optimal value among all the calculated OH* adsorption
energies for In−PtNi, PtNi, and Pt. Furthermore, doped In
makes the first nearest neighbor (1NN) Pt have OH*
adsorption energy very close to the optimal value, creating
highly active sites for the ORR (inset of Figure 2).

Durability is another crucial issue associated with ORR
catalysts. Degradation of PtNi(111) catalysts has been closely
linked to the dissolution of Ni.18,51 As schematically illustrated
in Figure S4a, Ni diffusion from the sub-surface to the surface
layer results in Ni dissolution because Ni on the surface layer
would be readily leached into the acidic electrolyte. Thus, the
diffusion energy was defined as the energy difference before
and after the diffusion of the Ni or Pt atom from the sub-
surface to the surface layer. As shown in Figure 3, Ni diffusion

is more favorable than Pt diffusion for In−PtNi (Pt-rich), In−
PtNi (Ni-rich), and PtNi. However, the Ni diffusion energies
in In−PtNi (−0.097 and −0.094 eV for the Pt-rich and Ni-rich
configuration, respectively) are significantly reduced compared
to that in PtNi (−0.259 eV). Thus, the presence of In can
suppress Ni diffusion to the surface and hence improve the
durability of the PtNi(111) catalyst. All of these DFT
calculation results propose that In doping can significantly
enhance the ORR activity and durability of PtNi(111). Next,
we synthesize In−PtNi octahedral nanoparticles to confirm
these computational results.

Material Characterization. The HRTEM and STEM
images in Figure 4 reveal well-distributed In−PtNi and PtNi
octahedral single-crystal nanoparticles with an average edge
length of 6.0 ± 0.4 nm and an edge lattice spacing of 0.22 nm.

Figure 2. ORR volcano plot as a function of the OH adsorption
energy on Pt (black), PtNi (orange), In−PtNi (Pt-rich, purple), and
In−PtNi (Ni-rich, red). Inset figure shows the OH* adsorption
configuration and the most ORR-active sites (light blue) created by
the doped In atom (brown) of In−PtNi(111).

Figure 3. Diffusion energy of Ni and Pt atoms from the sub-surface to
the surface in the PtNi and In−PtNi systems.

Figure 4. HRTEM and STEM images of (a−c) In−PtNi/C and (d−
f) PtNi/C.
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Incorporating In metal has negligible effects on the crystal
structure of PtNi octahedral nanoparticles (Figures 4 and S5),
whose (111) facet is widely known to have the highest ORR
activity.50 Table S1 summarizes the chemical compositions of
In−PtNi/C and PtNi/C, as measured by ICP−OES. The
atomic ratio of Pt to Ni was approximately 1.4−1.5 in both
samples with 1.6 at. % In in In−PtNi/C.
Electrochemical Performance of In−PtNi Nanopar-

ticles. The ECSAs of In−PtNi/C, PtNi/C, and commercial
Pt/C were measured using HUPD and CO stripping methods
(Figures 5a and S6a). In−PtNi/C and PtNi/C exhibit similar
ECSAs with HUPD (30.8 and 30.2 m2 gPt−1, respectively) and
CO stripping (51.4 and 57.7 m2 gPt−1, respectively). The ECSA
of the commercial Pt/C was found to be 79.4 m2 gPt−1

obtained from HUPD and 87.1 m2 gPt−1 obtained from CO
stripping, respectively (Table S2). ECSAHUPD values of In−
PtNi/C and PtNi/C were lower than corresponding ECSACO
values, due to the suppression effect of alloyed Ni on the

HUPD.56,57 The ECSAs of In−PtNi/C and PtNi/C, smaller
than commercial Pt/C, are related to the larger nanoparticle
sizes (Figures 4 and S7a,c). Figure 5b shows that the initial
ORR performance of the catalysts increases in the following
order: Pt/C < PtNi/C < In−PtNi/C. From the data, as shown
in Figure 5a,b, the mass activities were calculated with specific
activities based on ECSACO (Table S3). In terms of the mass
activity, In−PtNi/C showed an outstanding ORR performance
(1.36 A mgPt−1@0.9 VRHE), showing a 2.1-fold enhancement
from PtNi/C (0.640 A mgPt−1@0.9 VRHE) and a 7.9-fold
enhancement in comparison with commercial Pt/C (0.172 A
mgPt−1@0.9 VRHE). The specific activity of In−PtNi/C (2.64
mA cm−2@0.9 VRHE) is 2.4 times higher than that of PtNi/C
(1.11 mA cm−2@0.9 VRHE) and 13.4 times higher than that of
commercial Pt/C (0.197 mA cm−2@0.9 VRHE). These ORR
performance of In−PtNi/C is compared to the previously
reported metal-doped PtNi/C (Table S4). In addition, In−
PtNi/C showed a lower Tafel slope (−56.8 mV dec−1) than

Figure 5. (a) CO stripping voltammograms and (b) ORR polarization curves of In−PtNi/C, PtNi/C, and commercial Pt/C. (c) Tafel plots for
In−PtNi/C, PtNi/C, and Pt/C. (d) CO stripping voltammograms and (e) ORR polarization curves measured before and after 4k, 8k, and 12k
potential cycles from 0.6 to 1.1 VRHE; the inset is an enlargement of the potential range near 0.9 VRHE.

Figure 6. (a) Mass activity, (b) specific activity, and (c) ECSA of In−PtNi/C, PtNi/C, and commercial Pt/C before and after 12k cycles. (d)
Normalized Ni content (at. %) in In−PtNi/C and PtNi/C before after 12k cycles calculated from the results, as shown in Figures S8−S11.
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PtNi/C (−71.0 mV dec−1) and Pt/C (−85.8 mV dec−1)
(Figure 5c). These outcomes clearly demonstrate that
octahedral PtNi/C has superior ORR activity to Pt/C and
that the incorporation of a small amount (1.6 at. %) of In
significantly improved the ORR activity of octahedral PtNi/C.
To evaluate the catalyst durability, potential cycling was

conducted in the potential range of 0.6−1.1 VRHE with the
continuous purging of O2 gas in a 0.1 M HClO4 electrolyte
with a scan rate of 50 mV s−1. After 4k, 8k, and 12k cycles, the
CO stripping and LSVs were measured, as shown in Figures
5d,e and Figure S8. The ECSAs and the mass and specific
activities were also determined, as summarized in Table S2 and
Figure 6a−c. Under the harsh durability test condition, In−
PtNi/C suitably preserved the ORR performance; after the 12k
cycles, the mass activity of In−PtNi/C (0.628 A mgPt−1@0.9
VRHE) was 2.7 and 11 times higher than those of PtNi/C
(0.230 A mgPt−1@0.9 VRHE) and Pt/C (0.057 A mgPt−1@0.9
VRHE), respectively; the specific activity of In−PtNi/C (1.49
mA cm−2@0.9 VRHE) was 3.1 and 11.5 times higher than the
corresponding values of PtNi/C (0.48 mA cm−2@0.9 VRHE)
and Pt/C (0.130 mA cm−2@0.9 VRHE), respectively. The mass
and specific activities of In−PtNi/C at 12k cycles were still
higher than those of pristine PtNi/C and Pt/C.
To investigate the electron transfer number (n) of In−PtNi/

C, ORR polarization curves of In−PtNi/C were collected in
O2-saturated 0.1 M HClO4 solution with various rotation rates
at a scan rate of 10 mV s−1 (Figure S9a). Koutechy−Levich
plots (Figure S9b) obtained from the data in Figure S9a show
that In−PtNi/C catalyzes the four-electron ORR pathway with
an electron transfer number (n) of 4.0, indicating that the O2
was directly reduced to H2O. RRDE tests were also conducted
to confirm the ORR kinetics (Figure S9c,d). The electron
number of In−PtNi was calculated to be almost 4.0 in the
potential range from 0.2 to 1.0 VRHE, and the H2O2 yield was
approximately zero, supporting direct reduction of O2 to H2O.
Effect of In Doping on the Stability of PtNi. The high

stability of In−PtNi/C can be associated with Ni dissolution.
The Ni retention capabilities of In−PtNi/C and PtNi/C
(Figure 6d) were obtained from EDS composition measure-
ments before and after 12k cycles (Figures S10−S13). In−
PtNi/C exhibited only 2.4% loss of Ni, whereas PtNi/C lost
43% of Ni during the 12k cycles.
Ni retention is critical because most shape-controlled Pt-

alloy nanoparticles tend to become spherical in shape
depending on the diffusion barrier of Pt, as compared to

other transition metals such as Ni.25,46 Severe Ni dissolution
causes poor shape stability, which in turn does not preserve the
PtNi(111) facets. Figure 7 shows that doped In atoms play an
important role in delaying catalytic degradation by suppressing
Ni dissolution and preserving the octahedral shape. After 12k
cycles, the majority of the In−PtNi nanoparticles retained their
octahedral shape with the (111) facets without severe
agglomeration (Figures S14 and S15), whereas most of PtNi
octahedral nanoparticles lost their initial octahedral shape (in
Figure S7). These results support the conclusion that In−PtNi
has superior structural stability to PtNi. The commercial Pt/C
also degraded in that the Pt nanoparticles increased in size due
to agglomeration and/or ripening. Figures S10−S13 show the
results of a low-resolution EDS analysis and the chemical
compositions of numerous nanoparticles of In−PtNi/C and
PtNi/C before and after 12k cycles. After 12k cycles of In−
PtNi/C, the Ni composition is similar to the initial Ni at. %,
and In atoms remain in the particle. On the other hand, the Ni
composition in PtNi/C significantly decreased from 46.5−46.9
to 23.7−29.4 at. % during 12k cycles.
It is important to note that the In composition obtained by

ICP−OES and EDS mapping is 1.6 at. %. The enhanced
stability of In−PtNi octahedral nanoparticles, with such a small
amount of In, can be attributed to the synthetic process; PtNi
octahedral nanoparticles were prepared first and then In was
incorporated. In−PtNi NPs have an average edge length of
approximately 7.0 nm with an edge lattice spacing of 0.22 nm
(Figure 4). Then, total number of atoms in a single NP is
approximately 4579, including 685 surface atoms and 73 In
atoms (1.6 at. % In). Assuming all of the In atoms are sitting
on the surface of the NP,58 In composition in the surface layer
is about 11 at. %. Thus, the high surface concentration of In
can effectively suppress Ni dissolution and prevent the collapse
of the octahedral shape with (111) facets, resulting in excellent
structural and electrochemical stability.
The stability of In should be discussed since the Pourbaix

diagram indicates an oxidation state of In3+ under the potential
cycling conditions used in this study. However, the Pourbaix
diagrams consider only pure metals. If In is alloyed with other
metals, In can show different behaviors from pure In. In−PtNi
has negative doping energies (Figure 1), reflecting that In−
PtNi is more stable than PtNi. Thus, compared to pure In, In
in In−PtNi can be more resistant to dissolution. Suppression
of In dissolution is experimentally observed. In content in the
as-prepared In−PtNi was 1.5−1.6 at. % and lowered to 0.6−

Figure 7. EDS elemental mapping images and chemical compositions of catalysts before and after 12k cycles: (a) pristine In−PtNi/C, (b) In−
PtNi/C after 12k cycles, (c) pristine PtNi/C, and (d) PtNi/C after 12k cycles.
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1.3 at. % after 12k potential cycles (Table S1, Figures S10 and
S11). In other words, 40−80% of In survived after 12k
potential cycles from 0.6 to 1.0 VRHE, although In has
considerably negative standard reduction potentials (In3+ + 3e−

→ In, Eo = −0.338 V, In+ + e− → In, Eo = −0.126 V). If In
behaved according to the Pourbaix diagram, In would be
hardly observed after the 12k potential cycles. In addition, Ni
loss from In−PtNi (2.4%) was significantly reduced compared
to that from PtNi (43%), demonstrating strong interaction of
In with Ni. According to a recent study,59 In in a Pt−In−Ni
alloy catalyst increased the lattice atom diffusion energy barrier
and decreased the particle surface energy, improving stability
of the catalyst. However, the ternary Pt−In−Ni alloy catalyst
showed a relatively lower initial mass activity (0.76 A mgPt−1)
since the d-band center was far from the optimal value.
The white line peak in the XANES spectra is related to the

electronic transition from the core 2p3/2 orbital in Pt L3 edge
to the unoccupied 5d orbitals, which is sensitive to the
oxidation state of Pt.48−50 The white line peak position shifts
to a lower state in the order of Pt/C > PtNi/C > In−PtNi/C
in Pt L3 XANES spectra, as shown in Figure 8. The smaller

nanoparticles in the Pt/C catalyst lead to the highest bulk
oxidation state due to their highest surface-to-volume ratio.
In−PtNi/C has a lower oxidation state than that of PtNi/C,
which implies a lower oxidation state of Pt caused by the In
doping effect. This result demonstrates that In doping on the
surface enhances the PtNi stability effectively by establishing a
less oxidized state. The less oxidized Pt could improve the
ORR kinetics and stabilize the catalysts in the durability
tests.4,60

■ CONCLUSIONS
We examined the effect of surface-doped In on the properties
of PtNi octahedral nanoparticles for ORR catalysis by means of
a simulation and experiments. In was suggested as the most
promising dopant based on the doping energy and the OH*
adsorption energy as a result of dopant screening with seven
different elements (Bi, In, Ru, Sn, Te, Zn, and Zr). The first
nearest neighbor (1NN) Pt atoms of a doped-In atom were
identified as highly active sites for the ORR because their OH*
adsorption energy values are very close to the optimal value.
The stability of In−PtNi was superior to that of PtNi because
the presence of In increases the Ni diffusion barrier to the
surface. Both In−PtNi and PtNi octahedral nanoparticles had a

uniform distribution on the carbon support and exhibited a
well-defined extended (111) facet. In−PtNi/C exhibited
excellent ORR performance and good shape stability with
high Ni retention during potential cycling tests, as compared to
those of PtNi/C and commercial Pt/C. The initial mass
activity of In−PtNi/C (1.36 A mgPt−1@0.9 VRHE) was 2.1 and
7.9 times higher than those of PtNi/C and Pt/C, respectively.
The specific activity of In−PtNi/C (2.64 mA cm−2@0.9 VRHE)
was 2.4 and 13.4 times higher than those of PtNi/C and Pt/C,
respectively. After 12k cycles, In−PtNi/C was 2.7 times higher
in terms of the mass activity and 3.1 times higher in terms of
the specific activity, as compared to PtNi/C; this sample also
showed mass activity 11 times higher and specific activity 11.5
times higher, as compared to Pt/C.
The normalized Ni content decreased only by 2.4% in the

In−PtNi nanoparticles, while it decreased by 43% in the PtNi
nanoparticles. After 12k cycles, the majority of In−PtNi
nanoparticles retained their octahedral structure, while most of
the PtNi nanoparticles became spherical. The excellent ORR
performance and structural stability of the In−PtNi/C can be
attributed to the lower oxophilic states made available by In
doping.
In conclusion, doping In atoms into PtNi octahedral

nanoparticles significantly enhances their ORR performance
capabilities and structural stability, presenting In−PtNi/C as a
promising ORR electrocatalyst.
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