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ABSTRACT: This study demonstrates an atomic composition
manipulation on Pt−Ni nano-octahedra to enhance their electro-
catalytic performance. By selectively extracting Ni atoms from the
{111} facets of the Pt−Ni nano-octahedra using gaseous carbon
monoxide at an elevated temperature, a Pt-rich shell is formed,
resulting in an ∼2 atomic layer Pt-skin. The surface-engineered
octahedral nanocatalyst exhibits a significant enhancement in both
mass activity (∼1.8-fold) and specific activity (∼2.2-fold) toward the
oxygen reduction reaction compared with its unmodified counterpart.
After 20,000 potential cycles of durability tests, the surface-etched
Pt−Ni nano-octahedral sample shows a mass activity of 1.50 A/mgPt,
exceeding the initial mass activity of the unetched counterpart (1.40
A/mgPt) and outperforming the benchmark Pt/C (0.18 A/mgPt) by a factor of 8. DFT calculations predict this improvement with
the Pt surface layers and support these experimental observations. This surface-engineering protocol provides a promising strategy
for developing novel electrocatalysts with improved catalytic features.
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P latinum (Pt)-based nanocrystals (NCs) constitute a class
of most promising catalysts for electrochemical reactions

in green energy conversion devices, such as the oxygen
reduction reaction (ORR) at the cathode of fuel cells.1−5 To
reduce the utilization of the precious Pt element and to
enhance the ORR performance, many strategies have been
demonstrated, such as alloying a 3d transition metal into the Pt
lattice to provide a ligand effect that shifts the Pt d-band
center, engineering the NC morphology to control the surface
atomic arrangement on the desired facet, and developing a
core−shell structure with a Pt-rich surface in the presence of
strain effects.6−17 Among these efforts, it has been reported
that Pt3Ni-based octahedral nanocatalysts containing exclusive
{111} facets exhibit promising performance toward the
ORR.18−30 Since it was determined that extended single
crystal surfaces of Pt3Ni(111) exhibited an enhanced ORR
activity that is 10-fold higher than Pt(111) and 90-fold higher
than the current state-of-the-art Pt/C catalysts,20 we have
developed a wet-chemical synthesis approach in the presence
of tungsten carbonyl [W(CO)6] to successfully “transfer”
exclusive and well-preserved {111} facets to the nanophase of
Pt3Ni.18 The Pt3Ni nano-octahedra produced from this
synthesis strategy show superior ORR activity, demonstrating
64-time enhancement (octahedral Pt2.5Ni/C vs benchmark Pt/
C) after acidic treatment.19,27 Nevertheless, these Pt−Ni
catalysts face a stability challenge due to the potential Ni-

leaching in acidic environments. Various surface engineering
efforts, including the doping of a third transition metal (such as
Co,22 Ga,31 Mo,32,33 or Rh24) to the Pt−Ni lattice, have been
made to address this issue. We have developed an alternative
protocol for dealloying of the Ni-component from PtNi4
tetrahexahedral (THH) NCs through a carbon monoxide
(CO) gaseous etching process in which most of the surface Ni
atoms were pre-extracted by CO, being removed via producing
a Ni(CO)4 gaseous product at an elevated temperature. This
results in Pt3Ni THH nanoframes with a Pt-rich layer on the
outmost layers.34 After removal of Ni with surface structure
control in this novel process, the segregated compressively
strained Pt layers on the 3D-nanoframes showed a downshifted
d-band center, efficiently facilitating electrochemical reactions
with demonstrated improved catalytic performance toward the
ORR and formic acid oxidation in acidic solutions.
In this study, we applied the CO gaseous etching approach

to octahedral Pt3Ni NCs, one class of the most viable
electrocatalysts for the ORR. We anticipated that a Pt-rich
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atomic shell could be created on the Pt−Ni octahedra with
well-preserved Pt3Ni (111) facets after this surface engineering
of Ni dealloying using CO gas, from which improvement in
durability and activity toward the ORR was expected. Major
steps for preparing the surface-engineered Pt−Ni octahedra/C
catalyst are summarized in Scheme 1 in the Supporting
Information. Typical high-angle annular dark-field scanning
transmission electron microscopic (HAADF-STEM) and
transmission electron microscopic (TEM) images of the
{111} face-terminated Pt−Ni nano-octahedra with uniform
size and shape are shown in Figure S1. These NCs were
subsequently loaded onto carbon black and designated as “Pt−
Ni oct/C” (Figure S2). Next, a CO-etching process was carried
out to manipulate their surface structure, generating surface-
engineered Pt−Ni octahedral electrocatalysts (designated as
“CO-Pt−Ni oct/C”).
Figure 1a shows a zoom-out TEM view of the as-synthesized

monodisperse Pt−Ni nano-octahedra. Their average edge
length was determined as 9.5 ± 0.8 nm with a reasonably
narrow size distribution based on a direct measurement of
∼100 randomly selected [110]-oriented nano-octahedra from
an HAADF-STEM image (Figure S3a-c). To consider the NC
sampling in all orientations, the average edge length was
further refined as 10.4 nm through a deep-learning algorithm
(Mask R-CNN model) based on a size input from a 2D
HAADF-STEM imaging area containing ∼100 nano-octahedra
with all of the four-type octahedral projections (Figure S3c-g).
Figure 1b is the HAADF-STEM energy dispersive X-ray
spectroscopic (EDX) line scan profile of a typical nano-

octahedron for elements Pt (red) and Ni (green) along the
arrow direction indicated in the inserted HAADF-STEM
image, showing the element fractions in the NC. The HAADF-
STEM image (Figure 1c) taken from an individual octahedron
along the [011] zone axis exhibits a single-crystal structure
with exposed (111) facets. The lattice spacing between the
(111) crystallographic planes of the NC was measured as 2.24
Å. The inset in Figure 1c shows a diffractogram (fast Fourier
transform) of the HAADF image, while the indexed spots
correspond to the fcc (111) lattice plane,20 showing its high
crystallinity. The Figure 1d panel illustrates HAADF-STEM
EDX elemental maps of a Pt−Ni nano-octahedron (Pt/red,
Ni/green). The EDX line scan (Figure 1b) and EDX mapping
profiles (Figure 1d) suggest a uniform composition distribu-
tion throughout the entire NC, indicating the coreduction of
Pt- and Ni-precursors during the synthesis process. As shown
in Table S1, the composition of the bulk octahedral Pt−Ni
NCs was also determined using an inductively coupled plasma-
optical emission spectrometry (ICP-OES) technique, showing
that the Pt/Ni atomic ratio (RPt/Ni = 2.57 or Pt:Ni = 72:28) is
consistent with the proportion measured by EDX elemental
mapping (RPt/Ni = 2.57 or Pt:Ni = 72:28).
We report here similar analyses on CO-Pt−Ni oct/C. As

shown in Figure 2a, the TEM image of the carbon-supported
Pt−Ni NCs after the CO-etching indicates that the particles
still preserve their octahedral morphology and are mono-
dispersed with no aggregation. Figure 2b presents the EDX
line-scan profiles of CO-Pt−Ni oct/C for Pt (red) and Ni
(green) elements along the arrow direction indicated in the

Figure 1. Characterization of the as-synthesized Pt−Ni octahedral NCs. (a) Typical TEM image of the Pt−Ni octahedra. (b) HAADF-STEM EDX
line scan profile of an octahedron NC along the arrow-marked direction indicated in the inserted HAADF-STEM image. (c) HAADF-STEM high-
resolution image of an octahedron in the zone axis of [110]. The inset in (c) is a diffractogram of the HAADF image. (d) HAADF-STEM EDX
elemental maps of a representative octahedron (Pt/red, Ni/green), revealing spatial distributions of Pt and Ni atoms.
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inserted HAADF-STEM image, showing a Pt−Ni@Pt core@
shell structure with a thin Pt-shell layer (∼0.5 nm, equivalent
to ∼2 atomic layers). The HAADF-STEM image shown in
Figure 2c was taken from a typical individual CO-Pt−Ni oct/C
NC along the [011] zone axis, demonstrating that the exposed
(111) facets were well-preserved on the surfaces after the CO-
etching treatment, while the lattice spacing between the (111)
crystallographic planes of the NC was not changed (2.24 Å).
The diffractogram (shown in the inset of Figure 2c) also
confirms the fcc structure, which is the same as for the
untreated samples. The EDX maps (Figure 2d) show more Pt
components in the outer layers of the octahedral NC
compared with the Ni distribution, further verifying the
core@shell structure generated during the CO-etching treat-
ment. The composition of the CO-Pt−Ni oct/C sample was
also analyzed using the ICP-OES technique, where the Pt/Ni
atomic ratio was determined as RPt/Ni = 2.85 (or Pt:Ni =
74:26), which is consistent with the outcome from the EDX
elemental mapping (RPt/Ni = 2.70 or Pt:Ni = 73:27). These
analysis results clearly suggest that some Ni atoms were
effectively removed from the surface of the octahedral Pt−Ni
NCs after this CO gaseous etching process.
The phase structures of the aforementioned bulk Pt−Ni

NCs were also investigated using powder X-ray diffraction
(XRD) technique. As shown in Figure 3a, both octahedral Pt−
Ni samples before and after the CO-etching treatment exhibit
highly crystalline fcc structures of Pt3Ni16 with a right-shift of
their diffraction peaks compared with the pure Pt XRD pattern
(refer to JCPDS-ICDD card 87-0640) due to the incorpo-
ration of Ni atoms into the Pt lattice. Pawley fitting verifies the
Fm3̅m symmetry on both Pt−Ni samples and also shows a

slight increase of the unit cell parameter, a, after the CO-
etching treatment (Figure S4), implying the removal of Ni
atoms. The reduction of the Ni fraction in CO-Pt−Ni oct/C is
further confirmed by the left-shift of its diffraction peaks (e.g.,
∼0.2 degrees in 2θ at (111) peak, Figure 3b) according to the
Pawley fitting, implying extraction of Ni from the Pt−Ni NCs
by the CO-etching and the possible presence of a Pt-rich
surface on the octahedral NCs after CO-etching treatment.3,8

The X-ray photoelectron spectroscopic (XPS) technique was
also used to identify possible changes in the electronic
structure of the Pt−Ni NCs before and after the CO-etching
treatment. The Pt 4f spectrum (Figure 3c) implies the
dominance of zerovalent Pt in both the Pt−Ni oct/C and
CO-Pt−Ni oct/C catalysts. Compared to the zerovalent Pt in
pure Pt metal (71.0 eV), the binding energy of Pt 4f peaks in
Pt−Ni oct/C increased by ∼0.3 eV. A similar Pt 4f binding
energy was also observed in the CO-Pt−Ni oct/C sample. On
the other hand, the Ni 2p XPS spectrum of Pt−Ni oct/C
(Figure 3d) shows signs of both Nio and Ni2+, possibly due to
the presence of Ni(OH)2 from the surface oxidation of Ni.
However, the Ni2+ signal was dramatically suppressed in the
XPS spectrum of CO-Pt−Ni oct/C, indicating the absence of
Ni2+ on the surface of the CO-treated sample. Combined with
the TEM information, this result further helps understand the
CO gaseous etching. In the reducing atmosphere at an elevated
temperature, the oxidized Ni species on the NC surfaces
should be reduced to metallic Ni. The zerovalent Ni further
reacted with CO to form gaseous Ni(CO)4 with subsequent
removal from the NC surface by the CO stream, eventually
generating a Pt(111) thin shell on the NC.34 In addition, we
recorded the W 4f spectrum (Figure S5). Unlike previous

Figure 2. Characterization of the CO-Pt−Ni oct/C catalysts. (a) HAADF-STEM image of CO-Pt−Ni oct/C. (b) HAADF-STEM EDX line scan
profile of a CO-Pt−Ni oct/C NC along the arrow direction indicated in the inserted HAADF-STEM image. (c) HAADF-STEM high-resolution
image of an octahedron in the zone axis of [110]. The inset in (c) is a diffractogram of the HAADF image. (d) HAADF-STEM EDX elemental
maps of a representative octahedron (Pt/red, Ni/green).

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c00567
Nano Lett. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c00567/suppl_file/nl3c00567_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c00567/suppl_file/nl3c00567_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00567?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00567?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00567?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00567?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c00567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reports in which WOx was detected from the product even
though W does not incorporate into the lattice of Pt−Ni or
Pt−Fe under the specified synthesis condition,16,27,35 we did
not detect W-species by XPS from both Pt−Ni oct/C and CO-
Pt−Ni oct/C samples, indicating the effectiveness of the
cleaning process used in this work. It is worth pointing out that
the complete removal of W components from the NCs prior to
the surface treatment is required to ensure the success of the
surface engineering via the gaseous etching and their accurate
comparison in terms of the ORR performance. In addition,
RPt/Ni based on the XPS data shows the same trend of
composition change before and after this CO-etching process,
that is, RPt/Ni = 1.44 (or Pt:Ni = 59:41) vs RPt/Ni = 2.13 (or
Pt:Ni = 68:32), respectively. However, these XPS-based Pt/Ni
atomic ratios are fairly far from RPt/Ni determined from ICP-
OES and EDX, exhibiting higher Ni fractions (Table S1). This
could be due to the inhomogeneous distribution of Pt and Ni
over the whole Pt−Ni octahedral NC as a random nanoalloy.
During the NC synthesis, the Pt-precursors are easily reduced
to Pt atoms for early nucleation (EPt2+

o
/Pt

0 = 1.18 V) compared
with the Ni-precursors (ENi2+

o
/Ni

0 = −0.257 V), leading to
abundant Ni-components “segregated” on the upper mantle of
the seeds. Unlike ICP and EDX analyses that correspond to the
bulk contents, only the surface compositions are sensitive to
XPS. This is also consistent with the fact that the XPS-
determined nickel-loss-percentage (∼22%) after the CO
etching process, defined as (Ni at%before process − Ni at
%after process)/Ni at%before process, is much higher than those
measured by ICP-OES (∼7%) and EDX (∼4%).

Figure 4a shows the anodic ORR polarization curves of the
three samples. CO-Pt−Ni oct/C exhibited a half-wave
potential value (E1/2) of 0.933 V vs a reversible hydrogen
electrode (RHE), which is ∼47 mV more positive than that of
Pt/C and ∼12 mV more positive than that of Pt−Ni oct/C.
The kinetic current was then calculated based on the
Koutecky−Levich equation and normalized against the mass
loading of Pt on the electrode or electrochemical active surface
area (ECSA) at 0.90 V vs RHE to calculate the mass activity
(MA) or specific activity (SA), respectively. As illustrated in
Figure 4b, the MA of CO-Pt−Ni oct/C was determined as
2.53 A/mgPt, which is ∼1.8 times and ∼14 times as high as that
of Pt−Ni oct/C (1.40 A/mgPt) and the benchmark Pt/C (0.18
A/mgPt), respectively. CO-Pt−Ni oct/C also showed superior
specific activity, and with an SA (6.02 mA/cm2) that is ∼2.2
times and ∼23 times as high as that of Pt−Ni oct/C (2.75
mA/cm2) and the benchmark Pt/C (0.26 mA/cm2),
respectively.
The durability of the CO-Pt−Ni oct/C catalysts was further

evaluated through accelerated durability tests (ADTs) by
applying continuous potential cycling between 0.60 and 1.0 V
vs RHE in the O2-saturated HClO4 solution at room
temperature. After 20,000 cycles of ADT, we observed a
downshift of only ∼9 mV (Figure 4c), demonstrating
remarkable stability toward the ORR. From the CV profiles
(Figure S6) recorded every 10,000 potential cycles, we
observed that the peak strength of adsorption and desorption
of hydrogen (HUPD) decreased slightly, implying that surface
area loss can explain the activity decrease of the as-achieved
catalyst. As shown in Figure 4d, the MA of CO-Pt−Ni oct/C

Figure 3. XRD and XPS characterizations of the octahedral Pt−Ni NCs before and after the CO-etching treatment. (a) and (b) XRD patterns of
Pt−Ni oct/C (black) and CO-Pt−Ni oct/C (red) in a full-range scan and peak (111) scan, respectively. (c) and (d) XPS spectra of the Pt 4f and
Ni 2p, respectively. The gray and blue lines on the bottom of (a) show standard XRD patterns of Pt and Ni (JCPDS-ICDD cards 87-0640 and 70-
1849), respectively.
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dropped to 1.89 A/mgPt after 10,000 potential cycles and to
1.50 A/mgPt after 20,000 potential cycles. But this still exceeds
the initial mass activities of its unmodified counterpart and the
benchmark Pt/C catalysts. Based on the TEM observations
and corresponding EDX analysis (Figures S7, S8), the particles
of CO-Pt−Ni oct/C became more truncated/spherical after
the ADTs. Compared to the morphology before the durability
test, the fractional decrease of the Pt−Ni(111) facet should be
attributed to the loss of MA. Although the ICP-OES-based (or
EDX-based) Pt/Ni molar ratio, RPt/Ni, increased from 2.85 to
3.76 (or from 2.70 to 3.55) after the ADTs (20,000 potential
cycles), showing a nickel-loss-percentage (defined above) of

∼19% (based on either the ICP-OES or EDX data), it is
apparent that more Ni contents are retained in CO-Pt−Ni oct/
C by comparing with the corresponding nickel-loss-percentage
of the unetched sample (Pt−Ni oct/C, ∼39% from ICP-OES;
∼36% from EDX) based on the data provided in Table S1.
The nickel-loss-percentage of CO-Pt−Ni oct/C is also lower
than that reported previously.19,27 This advantage can be
attributed to the more stable Pt3Ni/Pt2 ML/VPt surface
structure in the CO-treated catalyst (vide inf ra).
To understand the correlation between the surface structure

and ORR performance, we carried out Quantum Mechanics
(QM) calculations (at the PBE-D3 flavor of DFT) using

Figure 4. Electrocatalytic properties of the Pt−Ni oct/C, CO-Pt−Ni oct/C, and benchmark Pt/C. (a) ORR polarization curves recorded in O2-
saturated 0.1 M HClO4 solutions with a potential scan rate of 5 mV/s and an electrode rotation speed of 1,600 rpm. (b) Mass and specific activities
at 0.90 V vs RHE. (c) ORR polarization curves of the CO-Pt−Ni oct/C catalyst before and after durability tests in O2-saturated 0.1 M HClO4 at
1,600 rpm and a scan rate of 5 mV/s. (d) Mass and specific activities of the CO-Pt−Ni oct/C catalyst at 0.90 V vs RHE before and after durability
tests.

Figure 5. Surface models and the Gibbs free energy diagram of Pt−Ni catalysts for the ORR. (a) The four-electron ORR pathway. The white, red,
gray, and blue spheres represent H, O, Pt, and Ni atoms, respectively. (b) Gibbs free energy diagram for the ORR pathway on various Pt−Ni
surface models at 1.23 V vs RHE.
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various Pt3Ni(111) surface models to study the effect of
different compositions, configurations, and points defects
(Figure S9).

• Pt3Ni/Pt1 ML denotes a monolayer (ML) of pure Pt with
a Pt3Ni substrate,

• Pt3Ni/Pt2 ML denotes two MLs of pure Pt with a Pt3Ni
substrate,

• Pt3Ni/Pt1.5 ML represents the model consisting of the top
Pt ML with a 1:1 atomic ratio of Ni/Pt in the first
sublayer,20

• We also included pure Pt3Ni and
• Pt3Ni/Pt1 ML/VPt which has 0.25 ML of Pt vacancies

based on Pt3Ni/Pt1 ML to mimic our Ni-leaching process.

The four-electron ORR pathway via peroxy intermediates is
given by the elementary steps

(1) O2(g) + H+ + e− ↔ OOH*: O2(g) reduction
(2) OOH* + H+ + e− ↔ O*: OOH* reduction
(3) O* + H2O(l) ↔ 2OH*: O* hydrolysis
(4) 2 × (OH* H+ + e− ↔ H2O(l)): Water formation

Based on a QM metadynamics study using five layers of
explicit solvent, Cheng et al.36 showed that

• at a potential above 0.87 V vs RHE, the rate-determining
step (RDS) on Pt(111) is the electrochemical reduction
of OH* to form water, step 4,

• at a potential below 0.87 V vs RHE, the RDS is the
nonelectrochemical surface oxygen (O*) hydrolysis to
produce two OH*, step 3.

The ORR pathway and corresponding free energy diagram
at 1.23 V vs RHE are shown in Figure 5a. We found that the
overpotential is determined by the OH* reduction (water
formation) step 4 without exception. We calculated the
overpotential of each (111) surface to be

• 0.63 V for pure Pt,
• 0.59 V for Pt3Ni/Pt2 ML,
• 0.61 V for Pt3Ni/Pt1 ML,
• 0.42 V for Pt3Ni/Pt1.5 ML,
• 0.94 V for (Pt3Ni/Pt1 ML/VPt), and
• 0.67 V for pure Pt3Ni.

Although Pt3Ni/Pt1.5 ML is the most active phase with the
0.21 V lower overpotential compared to pure Pt, we note that
the Pt3Ni/Pt2 ML model has a 0.04 V lower overpotential than
pure Pt which is in line with the ∼47 mV higher E1/2 for CO−
Pt-Ni oct/C compared to Pt/C. Pt3Ni/Pt2 ML also has 4.62 Å-
thick pure Pt layers (2 ML), which agrees with our EDX
analysis (Figure 2b). This activity enhancement originates
from the weaker binding of OH* on Pt, facilitating its
reduction to water. The reaction free energy of O* hydrolysis
does not depend significantly on the Ni incorporation in the
sublayers (Table S2) confirming that the water formation step
determines ORR activity. We found that the presence of
vacancies (Pt3Ni/Pt1 ML/VPt) induces stronger binding of all
reaction intermediates leading to a high overpotential of 0.94 V
while also making the O hydrolysis step endothermic (Figure
5b). Therefore, based on the high performance of our catalysts,
we deduced that the surface of our catalyst is effectively cured
to a clean Pt skin during the CO etching. Although the activity
could be further enhanced by increasing the Ni ratio up to 50%
in the first sublayer, a strong interaction between surface
oxygen and oxophilic Ni near the surface and the resulting Ni
dissolution would likely perturb the surface Pt during the ORR
causing deterioration in performance. We conclude that the

preparation of close-packed Pt 2MLs through CO-etching
effectively prevents the Ni−O interaction, leading to the
observed high durability for the ORR.
In conclusion, we synthesized Pt−Ni nano-octahedra in an

average edge length of ∼9.5 nm (The deep-learning algorithm
suggests 10.4 nm as the average edge length with a
consideration of all four-type octahedral projections.) and
demonstrated the atomic manipulation of the surface
composition of NCs via the CO gaseous etching process.
During the CO-etching treatment at an elevated temperature,
the octahedral morphology of Pt−Ni NCs was well preserved
with {111} facets, while a Pt-rich shell with ∼2 atomic layers
was generated through the extraction of Ni atoms. We showed
that this unique nanostructure exhibits superior electrocatalytic
activity toward the ORR in acid media when compared with
the octahedral Pt−Ni counterpart without the Pt-shell and the
benchmark Pt/C. We further determined that the CO-treated
octahedral Pt−Ni nanocatalysts delayed the decay in the ORR
activity that might be caused by Ni leaching/morphology
deformation and would occur in their unmodified counterpart
and the benchmark Pt/C sooner. Our QM calculations
confirmed that the model of two pure Pt monolayers on top
of the Pt3Ni substrate is the most consistent. Thus, this work
provides a new platform to improve Pt−Ni-based ORR
catalysts. Moreover, this gaseous etching protocol could be
extended to other types of electrocatalyst development to
further maximize their ORR performance.
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