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In situ surface-doped PtNiCoRh nanocrystals
promote electrooxidation of C1 fuels
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ABSTRACT Heteroatom-doped Pt-based nanocrystals have
generated considerable interest and hold great prospects in
heterocatalysis. However, engineering the superficial atomic
configurations of these nanocrystals via in situ surface doping
remains exceedingly challenging. Herein, we propose a one-
pot, in situ surface doping chemical synthesis protocol to
prepare quatermetallic PtNiCoRh dendritic nanocrystals as
versatile and active catalysts for the electrooxidation of C1

fuels. Leveraging the selective coordination effect between
ascorbic acid and Rh3+ ions, the doping of trace Rh atoms can
be guided specifically at the near-surface of PtNiCoRh nano-
catalysts. Electrocatalytic tests indicate that Pt67Ni16Co16Rh1

nanocrystals with in situ trace Rh-doped surface exhibit sub-
stantially enhanced activity, durability, and CO tolerance for
the electrooxidation of methanol, formaldehyde, and formic
acid. In situ Fourier transform infrared spectroscopy provides
molecular-level insight into the exceptional performance of
these nanocatalysts. The surface incorporation of anti-
corrosive Rh atoms enables the transfer of CO intermediates
from the atop Pt sites to the bridged Rh–Pt surface sites,
thereby facilitating the elimination of these poisoning species
from the catalyst surface. This study presents an effective in
situ surface doping strategy which can enable the design of
more atom-economic heterocatalysts.

Keywords: Pt-based nanocatalyst, in situ surface doping, Rh–Pt
interatomic sites, electrooxidation of C1 fuels, quatermetallic
nanocrystals

INTRODUCTION
A paradigm shift from the internal combustion engine to
fuel cell electric vehicles has a promising outlook for

mitigating the environmental deterioration and energy
crisis [1]. Direct liquid fuel cells (DLFCs), in which the
energy is supplied by small organic molecules (SOMs),
afford a platform to convert chemical energy into elec-
tricity by efficient, green and sustainable pathways [2–5].
Spanning various SOMs, C1 fuels (methanol, formic acid
and formaldehyde) are the simplest and most promising
hydrogen-containing room-temperature liquids [6–11].
Notably, achieving a holistic carbon-neutral economy
hinges on the source of C1 fuels. An ideal option is to
transform CO2 into liquefiable C1 fuels by using renew-
able energy. However, the typically poor selectivity of this
transformation [12–14] poses a formidable challenge in
developing fuel-flexible novel electrocatalysts that are not
restricted to a single C1-fuel.
Pt is the quintessential element for catalyzing electro-

oxidation of C1 fuels in acid medium [15–18]. One pre-
vailing strategy to promote the utilization efficiency,
catalytic activity and CO tolerance of Pt catalysts is to
incorporate transition metals (TMs, such as Ni, Co, Cu,
etc.) into Pt nanostructures to form alloyed nanocatalysts
[19–23]. However, these TMs inevitably leach out under
harsh reaction conditions, which is unfavorable for the
electrooxidation of C1 fuels and detrimental for structural
stability. On the other hand, the atomic-level units on the
catalyst surface can determine the reaction pathway and
activation energy. Specifically, at least 2–3 adjacent Pt
atoms are required for the effective adsorption and oxi-
dation of a methanol molecule, while a single Pt atom can
accelerate the direct oxidation of a formic acid molecule
[24–30]. Therefore, more precise compositional and
structural regulations are required. In a sense, doping
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anticorrosive heteroatoms at the near-surface of Pt-based
catalysts, as exemplified by Au-modified Pt, Mo/Rh-
doped PtNi octahedral, Ga-doped Pt3Co nanowires, etc.
[31–35], can not only promote the catalytic activity with
improved durability but also engineer the diversity of
atomically active sites. However, most reported nano-
materials of this category are bulk-phase doped. A few
surface-doped materials are fabricated via two-pot
synthesis, which has the disadvantages of relatively te-
dious processes, extra costs and elusive large-scale
synthesis. In comparison, one-pot in situ surface doping
possesses the potential to tackle the above limitations.
However, it remains challenging due to the difficulty in
regulating the reduction and nucleation processes of
multiple metal precursors. Hence, it is imperative to ex-
plore an in situ surface doping strategy to carry out
surface modification with robust local configurations and
diverse active sites for highly efficient and atom-eco-
nomic Pt-based electrocatalysts.
In this work, a ligand-assisted, in situ surface doping

strategy is presented to fabricate PtNiCoRh assembled
nanodendrites (ANDs) with trace Rh-doped surfaces. As
a pioneering example to engineer the local surface con-
figuration of a quaternary Pt-based nanostructure via in
situ surface doping, the structure, elemental distribution
and formation mechanism of the novel PtNiCoRh ANDs
were systematically characterized. The results demon-
strate that the selective coordination effect between as-
corbic acid (AA) and Rh3+ cations enables the post-
reduction of Rh atoms, and thereby enriches Rh specifi-
cally on the near-surface of the final product. Electro-
catalytic tests for methanol oxidation reaction (MOR)
reveal that Pt67Ni16Co16Rh1 ANDs deliver the best specific
activity (SA, 3.09 mA cm−2) and mass activity (MA,
0.86 A mg−1), which are 9.1 and 4.1 times higher than
those of state-of-the-art Pt/C catalyst, respectively. Fur-
thermore, Pt67Ni16Co16Rh1 ANDs also exhibit superior
CO tolerance and catalytic activities in the formaldehyde
oxidation reaction (FOR) and the formic acid oxidation
reaction (FAOR). The reaction mechanisms of MOR and
FAOR were further investigated by in situ Fourier
transform infrared spectroscopy (FTIR), which provides
molecular-level understanding of the electrocatalytic en-
hancements.

EXPERIMENTAL SECTION

Chemicals and reagents
Platinum(II) acetylacetonate (Pt(acac)2, 97%) and rho-
dium(III) acetylacetonate (Rh(acac)3, 97%) were pur-

chased from Kunming Institute of Precious Metals;
nickel(II) acetylacetonate (Ni(acac)2, 97%), cobalt(II)
acetylacetonate (Co(acac)2, 97%), and oleylamine (OAm,
90%) were purchased from Aladdin; L-ascorbic acid (AA,
C6H8O6, ≥99.7%) was purchased from Xilong Chemical
Co. Ltd. (China); and commercial Pt/C (20 wt% loading)
was purchased from Johnson Matthey. All the chemicals
were used as received without further purification.

Synthesis method
In a typical synthesis of Pt67Ni16Co16Rh1 ANDs, Pt(acac)2
(30 mg, 0.075 mmol), Ni(acac)2 (3.3 mg, 0.0125 mmol),
Co(acac)2 (3.3 mg, 0.0125 mmol), Rh(acac)3 (0.4 mg,
0.001 mmol), and AA (52.8 mg) were dissolved in OAm
(5.0 mL) and sealed in a glass vial (25 mL). After the
reactants were stirred and sonicated for 10 min, the so-
lution was heated in an oil bath at 170°C for 6 h under
stirring (360 rpm). The product was then collected by
centrifugation and washed three times with n-hexane. For
the syntheses of PtNiCoRh ANDs with other ratios of Rh,
only the amount of Rh(acac)3 was adjusted. Specifically,
2.4 mg (0.006 mmol), 1.2 mg (0.003 mmol), and 0 mg
Rh(acac)3 were added for the syntheses of Pt67Ni13Co15Rh5,
Pt68Ni14Co15Rh3, and Pt69Ni13Co18 ANDs, respectively.

Characterization
Powder X-ray diffraction (PXRD) patterns were recorded
on a Rigaku Smart Lab system operated at 30 mA and
40 kV using Cu Kα radiation (λ=1.5418 Å). Transmission
electron microscopy (TEM), high-resolution TEM
(HRTEM), high-angle annular dark-field scanning TEM
(HAADF-STEM), and energy-dispersive X-ray spectro-
scopy (EDS) analyses were performed on an FEI Talos
F200s system operating at 200 kV. X-ray photoelectron
spectroscopy (XPS) was performed on a Thermo Fisher
Scientific ESCALAB 250 spectrometer using monochro-
matic Al Kα X-ray (150 W, 20 eV pass energy). In-
ductively coupled plasma mass spectrometry (ICP-MS)
was conducted on an Agilent 7800 system. X-ray ab-
sorption spectra were collected on a beamline BL01C1
system in National Synchrotron Radiation Research
Center (NSRRC, Hsinchu, Taiwan), and technical sup-
port was provided by Ceshigo Research Service (www.
ceshigo.com). The radiation was monochromatized by a
Si(111) double-crystal monochromator. Data were pro-
cessed and analyzed by Athena software.

Electrochemical measurements
Electrochemical measurements were carried out on a
standard three-electrode system at room temperature
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with a CHI 660E electrochemical workstation (Shanghai
Chenhua Co., Ltd., China). A Pt mesh (1.0 cm×1.0 cm)
and a saturated calomel electrode (SCE) were employed
as the counter and reference electrodes, respectively. The
working electrode was a glassy carbon electrode (GCE,
area: 0.196 cm2) modified with electrocatalysts. The
modification was performed by casting 5.0 μL ink dis-
persion (1.0 mgPt mL−1) on the GCE, which was then
dried under IR lamp irradiation. Electrochemically active
surface areas (ESCAs) were determined by cyclic vol-
tammetry (CV) in N2-saturated 0.5 mol L−1 H2SO4 elec-
trolyte with a scan rate of 50 mV s−1. For the CO stripping
tests, GCE was first immersed in CO-saturated
0.5 mol L−1 H2SO4 electrolyte for 15 min, and then
transferred into freshly N2-deaerated 0.5 mol L−1 H2SO4
to conduct the CO stripping voltammetry between −0.2
and 1.0 V with a scan rate of 20 mV s−1. For the elec-
trocatalytic measurements of C1 fuels, the tests were
conducted in 0.5 mol L−1 H2SO4 + 0.5 mol L−1 methanol,
0.5 mol L−1 H2SO4 + 0.5 mol L−1 formaldehyde, and
0.5 mol L−1 H2SO4 + 0.5 mol L−1 formic acid with a scan
rate of 50 mV s−1, respectively. All the electrode potentials
in this paper are quoted versus the SCE.

In situ FTIR measurements
Electrochemical in situ FTIR spectroscopic studies were
conducted on a Nexus 870 FTIR spectrometer (Nicolet)
equipped with a liquid-nitrogen-cooled MCT-A detector
and an EverGlo IR source. The spectral resolution was ca.
8 cm−1. During the measurements, infrared radiation se-
quentially passed through a CaF2 window and a thin-layer
solution (about 10 μm), and then it was reflected by the
electrode surface. The resulting spectra were reported
using the relative change of reflectivity, which is defined
by the following equation:

R
R

R E R E
R E= ( ) ( )

( ) ,S R

R

where R(ES) and R(ER) are the single-beam spectra col-
lected at the sample potential ES and reference potential
ER (ER=−0.20 V vs. SCE), respectively.

RESULTS AND DISCUSSION

Characterization of the in situ surface-doped PtNiCoRh
ANDs
The in situ surface doping of quatermetallic PtNiCoRh
ANDs was implemented by manipulating the coordina-
tion environment to achieve the stepwise reduction of
various precursors, including Pt(acac)2, Ni(acac)2,

Co(acac)2, and Rh(acac)3, in a one-pot colloidal method
(see the EXPERIMENTAL SECTION for details). Fig. 1a
presents a schematic illustration of the ligand-assisted in
situ surface doping of Rh. By the selective coordination of
AA with Rh3+ in the oil phase solution [36], the reduction
can be delayed and the near-surface doping of Rh can be
realized. Fig. 1b and c are the large-area HAADF-STEM
and TEM images of the obtained products, which show
uniformly porous nanostructures composed of multi-
branched subunits with average diameters of 4–5 nm. The
magnified TEM image verifies the high porosity of the
products (Fig. 1d), which have abundant inner channels
to improve the mass transportation of reactants and
products during the catalysis process [37–39]. HRTEM
image shows that the lattice fringe is 0.221 nm, which is
slightly smaller than the face-centered cubic (fcc) Pt(111)
facets (0.227 nm), indicating the formation of PtNiCoRh
alloys (Fig. S1). In addition, the jagged surface of the
nanobranch indicates exposed atomic steps. The overall
Pt/Ni/Co/Rh atomic ratio is determined to be 67/16/16/1
by ICP-MS (denoted as Pt67Ni16Co16Rh1 ANDs). STEM-
EDS elemental mappings and cross-sectional line profiles
reveal that Pt, Ni, Co, and Rh elements are uniformly
distributed over the entire sample (Fig. 1e and f). PXRD
pattern shows a single set of diffraction peaks indexed to
the fcc crystalline structure (Fig. 1g), indicating the for-
mation of alloys. Compared to the pure Pt crystal (JCPDS
No. 65-2868), the shifts of diffraction peaks reflect lattice
contraction, attributed to the replacement of Pt atoms by
the smaller Ni, Co, and Rh atoms.
One of the main merits of the proposed in situ surface

doping strategy is that a series of PtNiCoRh ANDs with
various trace amounts of Rh can be successfully fabricated
by regulating the amount of added Rh(acac)3. In general,
all the products with different levels of Rh doping exhibit
similar dendritic structures and abundant interconnected
channels (Figs S2–S4). Moreover, PXRD patterns confirm
that all these samples are pure fcc phase alloys (Fig. S5).
As determined by ICP-MS, these samples were denoted as
Pt69Ni13Co18, Pt68Ni14Co15Rh3, and Pt67Ni13Co15Rh5
ANDs, respectively. To gain a better understanding of the
near-surface composition of the as-prepared nanocrystals,
surface-sensitive XPS analysis was conducted (Fig. 2a–c).
The results show that the surface Rh concentrations of the
Rh-doped PtNiCoRh samples are consistently higher than
those of the integral ones, as determined by the ICP-MS
(Fig. 2d). The diverse Rh population verifies the suc-
cessful preparation of the near-surface Rh-doped PtNi-
CoRh alloys and the feasibility of the in situ surface
doping technique.

SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .ARTICLES

May 2021 | Vol. 64 No.5 1141© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020



X-ray absorption near-edge spectroscopy (XANES) and
extended X-ray fine structure (EXAFS) analyses were
performed to determine the electronic and local struc-
tural nature of Rh species at atomic level. Fig. 3a shows
the normalized Rh K-edge XANES profiles of Pt67Ni16-
Co16Rh1 ANDs, with Rh foil and Rh2O3 for references.
According to the lower energy for absorption edge and
the weaker intensity for white line in the Rh K-edge
XANES profiles, it can be deduced that Rh species in
Pt67Ni16Co16Rh1 ANDs are mainly in the metallic state,
which resembles that of Rh foil with a zero valence state.
As shown in EXAFS in R space (Fig. 3b), no Rh–O peak
can be observed for Pt67Ni16Co16Rh1 ANDs, in good
agreement with the Rh K-edge XANES result. Further-
more, Pt67Ni16Co16Rh1 ANDs exhibit a visibly broadened

peak, which can be attributed to the superimposed Rh–Rh
and Rh–Pt peaks according to the fitting result (Table S1).
This result verifies the diversity of atomic active sites on
the surface of Pt67Ni16Co16Rh1 ANDs via the in situ sur-
face doping strategy.

The in situ surface doping mechanism
The formation mechanism of the quaternary PtNiCoRh
ANDs with Rh-doped near surfaces, as exemplified by
Pt67Ni16Co16Rh1 ANDs, was investigated by monitoring
the time-evolving STEM and ICP-MS results. STEM
images indicate that Pt67Ni16Co16Rh1 ANDs are generated
following a rapid-growth mode, in which small clusters
are initially formed as seeds and then grow into dendritic
nanostructures (Fig. S6). Although the equilibrium po-

Figure 1 Synthesis scheme and characterizations of the Pt67Ni16Co16Rh1 ANDs. (a) Schematic illustration of the in situ surface doping of PtNiCoRh
ANDs (red: Pt, green: Ni, blue: Co, yellow: Rh); (b) HAADF-STEM image; (c) TEM image; (d) magnified TEM image; (e) HAADF-STEM and EDS
mapping images; (f) profiled EDS line scans and (g) PXRD patterns.
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tential of Rh3+ reduction (0.758 V vs. standard hydrogen
electrode (SHE)) is significantly more positive than that
of Co2+ (−0.277 V vs. SHE) and Ni2+ (−0.257 V vs. SHE)
[40], Rh element cannot be detected until 120 min reac-
tion based on the ICP-MS measurements (Fig. S7). On
the contrary, large amounts of Co and Ni are detected at
the early stage of the reaction. These results indicate that
a step-by-step reduction mechanism is followed during
the fabrication of Pt67Ni16Co16Rh1 ANDs, which favors
the enrichment of Rh on the near-surface regions of na-
nodendrite (Fig. 1a).

To further clarify the in situ surface doping process, a
set of control experiments were also conducted. For ex-
ample, Rh-free PtNiCo ANDs were obtained under excess
AA-Rh3+ coordination conditions when the addition
amount of AA increased from 52.8 to 210 mg but the
other parameters were kept unchanged. On the other
hand, non-assembled nanoparticles with similar Rh
content to Pt67Ni16Co16Rh1 ANDs were obtained without
the addition of AA (Fig. S8). These results indicate that
the selective coordination effect of AA with Rh3+ induces
the delayed reduction of Rh3+ and thus realizes the surface

Figure 2 Near-surface and bulk phase Rh concentration analyses. XPS data of (a) Pt67Ni16Co16Rh1, (b) Pt68Ni14Co15Rh3, and (c) Pt67Ni13Co15Rh5
ANDs. (d) Histograms of XPS and ICP-MS results of the above samples.

Figure 3 Local electronic and atomic structures of Pt67Ni16Co16Rh1 ANDs. (a) Rh K-edge XANES spectra and (b) Fourier transformed (FT) k3-
weighted w(k)-function of EXAFS spectra for Pt67Ni16Co16Rh1 ANDs (black) with the corresponding Rh foil (red) and Rh2O3 (blue) references.
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doping of Rh. To verify this deduction, the time-depen-
dent evolution of the samples synthesized without AA
was further monitored (Fig. S9). Unlike Pt67Ni16Co16Rh1
ANDs, the inclusion of Rh in the non-assembled nano-
particles can be rapidly discerned within 10 min, pro-
viding compelling evidence of the selective AA
coordination toward Rh3+ in the standard synthesis. Here,
the proposed in situ surface doping strategy at the atomic
level not only improves the atomic utilization but also
enriches the diversity of surface atomic sites.

Electrooxidation of C1 fuels
To investigate the electrocatalytic performance of the in
situ surface-doped PtNiCoRh ANDs, MOR was selected
as the target reaction. ECSAs were initially evaluated by
normalizing the stripping charges of the underpotential
deposited hydrogen (Hupd) with a value of 210 μC cm−2 as
measured by CV in N2-saturated 0.5 mol L−1 H2SO4 so-
lution (Fig. 4a). Specifically, Pt69Ni13Co18, Pt67Ni16Co16-
Rh1, Pt68Ni14Co15Rh3, Pt67Ni13Co15Rh5 ANDs, and com-
mercial Pt/C have ECSA values of 24.85, 27.66, 23.26,
21.74, and 61.79 m2 g−1Pt, respectively. Subsequently,
MOR CV was conducted in 0.5 mol L−1 H2SO4 solution
containing 0.5 mol L−1 methanol (Fig. 4b). Pt67Ni16Co16-
Rh1 ANDs display the highest MA (0.86 A mg−1Pt) and SA
(3.09 mA cm−2), which are ∼4.1 and ∼9.1 times, respec-

tively, higher than those of Pt/C (Fig. 4c). In comparison,
Pt69Ni13Co18 ANDs only have MA of 0.52 A mg−1Pt and
SA of 2.10 mA cm−2. With further increase in the Rh-
doping amount, the resulting Pt68Ni14Co15Rh3 and
Pt67Ni13Co15Rh5 ANDs also exhibit smaller MA (0.70 and
0.34 A mg−1Pt) and SA (3.04 and 1.55 mA cm−2) values.
Therefore, it is vital to precisely engineer the surface
doping degree of Rh to prevent the excessive displace-
ment of the active Pt surface sites. In addition, Pt67Ni16-
Co16Rh1 ANDs exhibit much better MOR activity than
Pt99Rh1 ANDs (Fig. S10), indicating that the alloying ef-
fect of introduced Ni and Co is conducive to MOR en-
hancement [19,20]. Notably, the MA achieved by
Pt67Ni16Co16Rh1 ANDs is superior to most of the reported
Pt-based MOR catalysts (Table S2). Finally, chron-
oamperometry (CA, E=0.62 V vs. SCE) was performed to
examine the durability of the catalysts (Fig. 4d). Within
the measurement time, PtNiCoRh ANDs with various
surface-doped Rh contents retained reasonable activities
and Pt67Ni16Co16Rh1 ANDs displayed the highest steady
current density. One of the dendritic nanostructures, i.e.,
Pt67Ni16Co16Rh1 ANDs, was selected to compare the
morphological and compositional changes before and
after the CA test. In the HAADF-STEM and element
mapping images, no discernible changes can be observed
(Fig. S11). Furthermore, ICP-MS result shows that the

Figure 4 Electrocatalytic tests of Pt69Ni13Co18, Pt67Ni16Co16Rh1, Pt68Ni14Co15Rh3, Pt67Ni13Co15Rh5 ANDs and commercial Pt/C. (a) CV curves; (b)
MOR CVs of mass activity; (c) histograms of specific activity and mass activity; (d) chronoamperometric measurements.
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atomic ratio of Pt/Ni/Co/Rh changes from 67:16:16:1 to
77:8:14:1, exhibiting partial decrease in Ni and Co con-
tents but imperceptible decrease in Rh content. There-
fore, it can be concluded that the in situ surface doping of
Rh into Pt-based nanostructures endows them with ex-
cellent electrocatalytic durability.
To further exploit the electrooxidation reactions of

other C1 fuels, a series of CO-stripping experiments were
first performed to evaluate the anti-poisoning ability of
PtNiCoRh ANDs. A clear negative-shift in peak-potential
of the CO-stripping wave for Pt67Ni16Co16Rh1 ANDs is
observed compared with those for Pt69Ni13Co18 ANDs
and Pt/C (Fig. 5a), demonstrating enhanced CO toler-
ance. Then, the electrocatalytic performances of FOR and
FAOR were studied through linear potential sweeps. For
the electrooxidation of both formaldehyde (Fig. 5b) and
formic acid (Fig. 5c), Pt67Ni16Co16Rh1 ANDs deliver the
highest MA values. Interestingly, on the anodic sweep of
the FAOR voltammogram, there are two peaks occurring
at ~0.3 and 0.7 V (vs. SCE) during the positive-going
scans, respectively. According to the previous study [41],
these two peaks can be ascribed to the oxidation of formic
acid via dehydrogenation (peak I) and dehydration (peak
II), respectively. Moreover, Pt67Ni16Co16Rh1 ANDs pos-
sess higher currents for both the anodic peaks, implying
that they provide faster reaction kinetics and effectively

accelerate both the dehydrogenation and dehydration
reaction pathways for FAOR. In brief, the in situ surface
doping technique enables the fabrication of fuel-flexible
and robust quaternary Pt-based nanocatalysts for the
electrooxidation of C1 fuels.

In situ FTIR of MOR and FAOR
To gain molecular-level insight into the MOR and FAOR
reaction process, in situ electrochemical FTIR measure-
ments were conducted on Rh-free Pt69Ni13Co18 and trace
Rh-doped Pt67Ni16Co16Rh1 ANDs under the same elec-
trocatalytic conditions. Fig. 6a and b present the poten-
tial-dependent FTIR spectra of the MOR process
recorded from −0.15 to 0.3 V with a sampling interval of
0.05 V. The negative IR band at ca. 2342 cm−1 corre-
sponds to the asymmetric stretching vibration of CO2
diffused in the solution [42–44]. The bipolar bands at ca.
2043 cm−1 and the negative band at ca. 1823 cm-1 can be
attributed to the C–O stretching vibrations of adsorbed
CO on the atop (COL) and bridge (COB) sites, respectively
[44–46]. As shown in Fig. 6c, the potential-dependence of
the band areas of CO2 is consistent with the anodic waves
in the voltammetry test (Fig. 4b), indicating that CO2
molecules are formed by the complete oxidation of me-
thanol. Moreover, COL and COB adsorbates are derived
from the dissociation of methanol on the surfaces of

Figure 5 The electrooxidation catalysis of other C1 fuels with Pt69Ni13Co18, Pt67Ni16Co16Rh1 ANDs, and commercial Pt/C. (a) CO stripping, (b) FOR,
and (c) FAOR voltammograms.
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Pt69Ni13Co18 and Pt67Ni16Co16Rh1 ANDs, indicating the
indirect oxidation pathway of the MOR where CO in-
termediates are included. The converse trend of the po-
tential-intensity correlations of the CO adsorbates (COL +
COB) and CO2 beyond 0.2 V also corroborates the above
inference. In comparison, Pt67Ni16Co16Rh1 ANDs exhibit
higher MOR activities as verified by both IR spectral and
voltammetric investigations. Intriguingly, COB accounts
for ca. 40% of all CO adsorbates on Pt67Ni16Co16Rh1
ANDs (Fig. S12), affirming the existence of interatomic
Rh–Pt surface sites [47–49], which serve as the MOR
active centers as suggested by our previous work and

others [44,50].
The potential-dependent FTIR spectra of the FAOR

conducted with Pt69Ni13Co18 and Pt67Ni16Co16Rh1 ANDs
are shown in Fig. 6d, e, respectively, where vibrational
bands of the dissolved CO2 and the adsorbed COL and
COB are the prominent features. Again, the formation of
CO2 follows the anodic wave of the voltammetry curves
(Fig. 5c), and COL and COB are generated from the dis-
sociation of formic acid (Fig. 6f). The difference is that
more CO2 is detected on Pt67Ni16Co16Rh1 ANDs, and the
corresponding CO adsorbates are less compared with
those on Pt69Ni13Co18 ANDs. This indicates improved

Figure 6 In situ FTIR analysis of MOR on (a) Pt69Ni13Co18 and (b) Pt67Ni16Co16Rh1 ANDs; (c) integrated intensity of CO2 and COL+COB. In situ FTIR
analysis of FAOR on (d) Pt69Ni13Co18 and (e) Pt67Ni16Co16Rh1 ANDs; (f) integrated intensity of CO2 and COL+COB. (reference potential ER= −0.20 V,
vs. SCE).
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reaction kinetics as well as increased portion of the de-
hydrogenation pathway when Pt67Ni16Co16Rh1 ANDs,
featuring copious interatomic Rh–Pt surface sites, are
used.

CONCLUSIONS
This work introduces an in situ surface doping strategy to
fabricate PtNiCoRh ANDs with controllable near-surface
local-configuration and abundant interatomic Rh–Pt
surface sites. The success of the in situ near-surface
doping hinges on the selective coordination between AA
and Rh3+ cations, which enables the stepwise reduction of
multiple metallic precursors and the surface confinement
of Rh atoms. Extensive electrocatalytic measurements
indicate that Pt67Ni16Co16Rh1 ANDs deliver the highest
mass activity for MOR, FOR, and FAOR with enhanced
CO tolerance and durability. In situ FTIR studies show
that the interatomic Rh–Pt surface sites, constructed by
the incorporation of anticorrosive Rh atoms, enable the
transfer of COL to COB intermediates, which are more
reactive and readily eliminated from the catalyst surface.
This work not only presents a versatile Pt-based catalyst
for the electrooxidation of C1 fuels but also offers an ef-
fective in situ surface doping strategy at the atomic level
to fabricate atom-economic electrocatalysts.
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原位表面掺杂增强PtNiCoRh纳米晶对C1燃料电
氧化的催化性能
王伟13†, 陈雪皎1†, 叶进裕2, 张玉辉1, 韩艳晨1, 陈孝为1, 刘凯1,
谢水奋1*

摘要 异质原子掺杂的铂基纳米晶在多相催化领域具有广阔的应
用前景, 然而基于原位表面掺杂策略来优化表面原子构型仍颇具
挑战 . 本研究通过原位表面掺杂的化学方法制备出多枝状PtNi-
CoRh四元金属纳米晶. 抗坏血酸和铑离子的配位作用实现了铑离
子的延迟还原, 从而可控地将铑原子锚定在催化剂表面层. 电催化
研究表明原位表面掺杂的Pt67Ni16Co16Rh1纳米晶针对甲醇、甲醛
和甲酸电氧化都具有优异的催化活性、稳定性及抗CO中毒特性.
原位电化学红外光谱结果表明抗腐蚀性强的铑原子的表面掺杂能
有效调控催化剂表面Pt位点, 其中CO中毒中间体以更容易氧化消
除的桥位态吸附在Rh–Pt异质位点. 本研究提出的原位表面掺杂策
略将有助于设计高原子利用率的高效多相催化剂.
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