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Design of ultrathin Pt-Mo-Ni nanowire catalysts for
ethanol electrooxidation
Junjie Mao,1* Wenxing Chen,1* Dongsheng He,2* Jiawei Wan,1 Jiajing Pei,1 Juncai Dong,3

Yu Wang,4 Pengfei An,3 Zhao Jin,5,6 Wei Xing,5,6 Haolin Tang,7 Zhongbin Zhuang,8 Xin Liang,9

Yu Huang,1,10 Gang Zhou,9 Leyu Wang,9 Dingsheng Wang,1† Yadong Li1†

Developing cost-effective, active, and durable electrocatalysts is one of themost important issues for the commercial-
ization of fuel cells. Ultrathin Pt-Mo-Ni nanowires (NWs) with a diameter of ~2.5 nm and lengths of up to severalmicro-
meters were synthesized via a H2-assisted solution route (HASR). This catalyst was designed on the basis of the
following three points: (i) ultrathin NWs with high numbers of surface atoms can increase the atomic efficiency of
Pt and thus decrease the catalyst cost; (ii) the incorporation of Ni can isolate Pt atoms on the surface and produce
surface defects, leading to high catalytic activity (the unique structure and superior activity were confirmed by spheri-
cal aberration–corrected electron microscopy measurements and ethanol oxidation tests, respectively); and (iii) the
incorporation of Mo can stabilize both Ni and Pt atoms, leading to high catalytic stability, which was confirmed by
experiments and density functional theory calculations. Furthermore, the developed HASR strategy can be extended
to synthesize a series of Pt-Mo-M (M = Fe, Co, Mn, Ru, etc.) NWs. These multimetallic NWs would open up new oppor-
tunities for practical fuel cell applications.
INTRODUCTION
In the past decades, considerable attention has been paid to high-
performance fuel cells, which directly convert chemical energy into elec-
trical energywith high efficiency and donot emit harmful gases. Among
several kinds of fuel cells, direct ethanol fuel cells (DEFCs) have gained
attention because of their high energy density, high conversion efficiency,
light weight, and relatively low operating temperature (1). Nevertheless,
the sluggish kinetics of anodic oxidation and vulnerable CO poisoning
effect hamper its applications in the practical fuel cell and thus activate
extensive research interests in this area.

Platinum (Pt) is one of themost commonly used electrocatalysts (2).
To promote the eventual large-scale commercialization of fuel cells, ef-
forts have been devoted to improving Pt-basedmaterials to obtain cost-
effective, active, and durable electrocatalysts (3–6). From the point of Pt
atomic efficiency, one effective approach to decreasing the cost of elec-
trocatalysts is to construct one-dimensional (1D) ultrathin nanowires
(NWs) (with a typical diameter of less than 5 nm), which have inherent
anisotropic morphology with high numbers of surface atoms and thus
decrease the Pt utilization per mass (7–11). From the point of catalytic
activity and durability, incorporating a second metal into the Pt lattice
to form bimetallic nanocrystals (NCs) is an effective way to modify the
electron structure of Pt and thus tune the activity and durability of elec-
trocatalysts. For example, Pt-Pd NCs with porous features are more
active than Pt black catalysts for methanol oxidation reaction (12).
Huang et al. (13) have demonstrated that doping the NCs with Mo
can enhance the catalytic stability of electrocatalysts. Together, it is
highly desirable to design multimetallic ultrathin Pt-based NW electro-
catalysts with decreasing Pt utilization, superior activity, and durability.

To date, Pt-based NW electrocatalysts have been achieved through
several approaches (14, 15). For example, Li et al. (16) demonstrated a
galvanic replacementmethod for preparing Pt-Te alloyNWs using ultra-
thin Te NWs as both reducing agent and sacrificial template in ethylene
glycol. Guo et al. (17) synthesized ultrathin Pt-FeNWswith a diameter of
~2.5 nm and lengths ranging from 30 to 100 nm in a mixed solution of
1-octadecene, oleylamine (OAm), and sodium oleate. However, multi-
metallic Pt-based ultrathin NWswith an ultrahigh aspect ratio (a diam-
eter of less than 3 nmand lengths of severalmicrometers) are difficult to
synthesize and stabilize (18, 19). This is because, on the one hand, Pt atoms
tend to form face-centered cubic (fcc) close-packed crystal structures dur-
ing the crystal growthprocess; on theotherhand, it is still difficult to control
the reduction and nucleation process of multiple metal precursors at the
same time due to their different reduction potentials. Here, we report an
efficient H2-assisted solution route (HASR) to synthesize ultrathin Pt-Mo-
Ni NWswith a diameter of 2.5 nm and lengths of several micrometers. By
combining the advantagesofultrathin1Dmorphology, rich surfacedefects,
and optimal metal compositions, the as-prepared Pt-Mo-Ni NWs exhibit
better catalytic activity and durability toward ethanol electrooxidation than
do commercial Pt black and Pt/C catalysts. Furthermore, we demonstrated
that theHASR strategy can be extended to the preparation of other Pt-Mo-
M (M = Fe, Co, Mn, Ru, etc.) NWs, paving the way for the design and
synthesis of advanced ultrathin multimetallic electrocatalysts and for
potential applications.
RESULTS AND DISCUSSION
Pt-Mo-Ni NWs were typically synthesized through thermal decom-
position of Mo(CO)6 and reduction of Pt(acac)2 and Ni(acac)2 under
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H2 atmosphere. Themixture was heated to 180°C and kept at this tem-
perature for 10 hours (see Materials and Methods). The Pt-Mo-Ni
NWswere obtained after washing and centrifugation. In this approach,
H2 serves as both reductant and structure-directing species, playing
a key role in the formation of high-quality ultrathin Pt-Mo-Ni NWs.
Figure 1 (A andB) shows the transmission electronmicroscopy (TEM)
images of the as-obtained Pt-Mo-Ni NWs with different magnifica-
tions, which indicate that the products are composed of interconnected
Mao et al., Sci. Adv. 2017;3 : e1603068 30 August 2017
NWs with an ultrathin (~2.5 nm) and ultralong (several micrometers)
nanostructure. Figure 1C shows the high-angle annular dark-field
scanning TEM (HAADF-STEM) image of the Pt-Mo-Ni NWs. It is ob-
vious thatPt-Mo-NiNWs (inset inFig. 1C)with a rough surface structure
have a high density of low-coordinated atomic steps, ledges, and kinks
(indicated by arrows) around the surface of the NWs. The aberration-
corrected high-resolution HAADF-STEM image was used to inves-
tigate the obtained Pt-Mo-Ni NWs at the atomic scale. As shown in
Fig. 1. Structure characterization of the Pt-Mo-Ni NWs. Low-magnification (A) and high-magnification (B) TEM images. (C) HAADF-STEM image. The yellow arrows
indicate several atomic steps and corners. Inset: Enlarged image. (D) Atomic-resolution aberration-corrected HAADF-STEM image of Pt-Mo-Ni NWs. The yellow arrows
show the Ni atoms, indicating that Pt was isolated by Ni atoms. Inset: FFT pattern. 3D HAADF-STEM intensity profile (E) and EDX mapping (F) of Pt-Mo-Ni NWs.
2 of 9



SC I ENCE ADVANCES | R E S EARCH ART I C L E
Fig. 1D and fig. S1, the continuous lattice fringes and selected-area fast
Fourier transform (FFT) pattern reveal the single-crystalline nature of
the Pt-Mo-Ni NWs, and the growth direction of the NWwas along the
<110> direction. The d-spacing for the adjacent lattice fringesmeasured
was 0.22 nm, indicating the {111} facet of Pt-Mo-NiNWs.Moreover, dif-
ferent brightness along the wires can be seen, where dark dots segregated
at the edges of the NWs and bright dots appearedmore centrally located.
This observation indicates that theNWswith edges rich inNi,Mo, andPt
on the surface were isolated by the Ni atoms (marked by arrows). Figure
1E shows the 3DHAADF-STEM intensity profiles, which exhibit uneven
element distribution and defect-rich surface structure of Pt-Mo-Ni NWs.
The unique element distribution of Pt-Mo-Ni NWs was further con-
firmed by energy-dispersive x-ray (EDX) elemental mapping (Fig. 1F).
The discrete Ni image indicates that Ni atoms can isolate Pt atoms on
the surface.We carried out a powder x-ray diffraction (XRD) experiment
to identify the internal crystalline structure of the as-obtained products.
As shown in fig. S2, the three distinct diffraction patterns could be in-
dexed to the {111}, {200}, and {220} planes of the fcc structure. The
XRDpeak positions of the Pt-Mo-NiNWs shifted to a higher angle com-
pared to those of pure Pt, which could be attributed to the decreased
lattice spacing that results from the replacement of Pt atoms by smaller
Ni orMo atoms. No detectable impurity peaks were detected in the XRD
pattern, further indicating that only a single Pt-Mo-Ni phase exists in the
product. The Pt/Mo/Ni atomic ratio determined by EDX analysis was
0.75:0.07:0.18 (fig. S3), which agreed with the result from inductively
coupled plasma mass spectrometry (ICP-MS) analysis.

To understand the local atomic and electronic structures of the Pt-
Mo-Ni NWs, we carried out ex situ x-ray absorption near-edge structure
(XANES) and extended x-ray absorption fine structure (EXAFS) mea-
surements. Figure 2A shows the normalized Pt L3-edge XANES spectra
ofPt-Mo-NiNWs,withPtO2 andPt foil for reference.Theoxidation state
of Pt species can be monitored by white light intensity (20, 21), so the
increased intensity of the Pt-Mo-Ni white line peak (at about 11572 eV,
involving 2p–to–empty 5d transition) indicates that Pt in Pt-Mo-Ni is
slightly oxidized compared with Pt foil. We can obtain additional
information from the EXAFS spectra of the Pt L3-edge, as shown in
Fig. 2B. A small shoulder peak between 1.5 and 2.0 Å is found, which
is derived from Pt-O coordination, also suggesting that Pt is mildly oxi-
dized at the surface of theNWs, agreeingwell with theXANES curves of
Pt. The main peak located at 2.6 Å of the Pt L3-edge spectra represents
the nearest coordination shells of Pt atoms. The weaker intensity and
shorter position of themain peak in Pt-Mo-Ni NWs indicate lesser first
coordination number and shorter bond length than those of Pt foil due
to alloying effects. The discrepancy of the oscillations in fig. S4A also
indicates that the coordination environment of Pt in Pt-Mo-Ni NWs
and Pt foil is quite different, because the phase of the EXAFS and the
shape of the amplitude envelope provide information about the scatter-
er type (22). The normalized Ni K-edge XANES spectra of Pt-Mo-Ni
NWs, NiO bulk, and Ni foil are shown in Fig. 2C. Both the absorption
edge position and white line peak intensity of Pt-Mo-Ni NWs are be-
tween that of NiO bulk and Ni foil. This indicates that the Ni oxidation
state for Pt-Mo-Ni NWs is between Ni0 and Ni2+, which is consistent
with the x-ray photoelectron spectroscopy results (fig. S11). Moreover,
the Ni K-edge XANES spectra indicates that there may be two Ni spe-
cies in the as-prepared Pt-Mo-Ni NWs: one in nickel oxide and one in
Pt-Mo-Ni alloy (23). The peak between 2.0 and 2.9 Å in the Ni K-edge
FT-EXAFS spectra (Fig. 2D; the EXAFS oscillation functions are also
given in fig. S4B) is quite obvious, and we cannot simply assign it to just
one scattering path. Referring to the Ni K-edge FT spectra of NiO and
Mao et al., Sci. Adv. 2017;3 : e1603068 30 August 2017
Ni foil, the peak at 2.0 to 2.9 Å may belong to the combination of two
scattering paths: Ni-Ni scattering inNiO andNi-Pt/Mo/Ni scattering in
Pt-Mo-Ni alloy, similar to the result obtained from the XANES analysis
of the Ni K-edge. Notably, there are also two Mo species in the Pt-Mo-
Ni sample using the XANES and EXAFS discussion of the Mo K-edge
(Fig. 2, E and F). The XANES feature of Pt-Mo-Ni is obviously different
fromMo foil andMoO2. The atomic structure of someMo in the NWs
is similar to that of MoO3, with the appearance of the shoulder peak
near the absorption edge for both Pt-Mo-Ni andMoO3. TheMoK-edge
position of Pt-Mo-Ni shifts to lower energy than does that ofMoO2 and
MoO3 because a part of Mo in the NWs is dispersed in the lattice of Pt
and Ni, which is also demonstrated by EXAFS oscillation function and
FT-EXAFS curve, as shown in fig. S4C and Fig. 2F, respectively (24, 25).
Additional informationon the fitting results of thePt L3-edge,NiK-edge,
and Mo K-edge is provided in the Supplementary Materials (figs. S5 to
S10 and tables S1 to S3).

Here, we report for the first time the synthesis of ultrathin Pt-Mo-Ni
NWs using the HASR strategy. Previous research shows that H2 has a
positive impact on the formation of anisotropic and faceted particles
(26, 27). To examine whether H2 was involved in the formation of
Pt-Mo-Ni NWs, we performed the synthesis of Pt-Mo-Ni NWs under
H2-depleted conditions, inwhich anair atmosphere (fig. S12) or nitrogen-
saturated (fig. S13) reaction solutionwas used and all other procedures
were kept unchanged. Notably, we could not obtain ultrathin Pt-Mo-
Ni NWs in the absence of H2 and instead only yielded products with
mixed morphologies (for example, nanoparticles, worm-like nano-
particles, and a small number of NWs), suggesting that the presence of
H2 may manipulate the growth kinetics of the reaction and thus tailor
the size andmorphology of the products.Moreover, whenwe accelerate
the reaction rate by directly elevating the reaction temperature to 180°C,
poor quality of NWs and a large amount of ultrasmall nanoparticles
were obtained (fig. S14). The results further confirmed that the slow
growth rate controlled by H2 is critical to the formation of well-defined
Pt-Mo-Ni NWs. To better understand the formationmechanism of the
Pt-Mo-Ni NWs, we analyzed a series of samples collected at various
stages of the reaction. When the reaction was performed at 50°C, the
solution color became green and no products were obtained. With the
elevation of the temperature from 50° to 120°C, the solution displayed
gradual color evolution from green to dark green. This change suggests
that the products started to form during the process. The ultrathin NWs
were obtained at the bottom of the flask with a diameter of around 1 nm
at 120°C (fig. S15). The molar ratio of Pt/Mo/Ni was determined to be
0.95:0.03:0.02. The red upper solution of the products collected at 120°C
suggests that there are still amounts of Ni precursors present in the so-
lution, as confirmed by ICP-MS. Furthermore, when the temperature
was increased to 180°C, the solution turned black and a higher yield of
NWswas achieved. TEM image shows that themorphology ofNWsdid
not change (fig. S16), but the particle size increased withmoreNi incor-
poration into Pt-rich NWs. The molar ratio of Pt/Mo/Ni collected at
180°C was 0.83:0.05:0.12, implying that the reduction of Ni(acac)2
dominated the later growth process. When the reaction time was
extended to 10 hours, well-defined Pt-Mo-Ni NWs were formed
(fig. S17), and the molar ratio of Pt/Mo/Ni atoms was 0.75:0.07:0.18,
which agreed with the final obtained composition. On the basis of the
above results, a mechanism for the formation of Pt-Mo-Ni NWs can be
summarized as follows (fig. S18): Beginning at 120°C, the Pt precursor is
reduced to zero-value Pt atoms because of their high standard reduction
potentials, and these Pt atoms will nucleate and grow to form Pt-rich
NWs with the assistance of H2. Here, H2 serves as both the reduction
3 of 9
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and structure-directing species for controlling the reaction rate and fur-
ther inducing the formation of NWs. The low packing density of OAm
at the tip leads to the formation of NW, with two large nanoparticles on
both ends. Upon increasing the reaction temperature (180°C), the zero-
value Pt can further induce the stepwise reduction ofNi2+ toNi, and the
formedNi together withMo atoms will then be adsorbed on the surface
of Pt-rich NWs because the obtained intermediates have a higher sur-
face energy. The subsequent growth does not change the overall NW
morphology. After consumption of the metal precursors, the resultant
stable phase of Pt-Mo-Ni is formed.

To elucidate the catalytic properties and potential applications of as-
obtained ultrathin Pt-Mo-Ni NWs, we chose ethanol electrooxidation
Mao et al., Sci. Adv. 2017;3 : e1603068 30 August 2017
to investigate the catalytic properties of Pt-Mo-Ni NWs. For compari-
son, commercial Pt/C and Pt black catalysts were selected and studied
under the same condition. The typical cyclic voltammetric (CV) curves
of the Pt black, commercial Pt/C, and Pt-Mo-Ni NWs in an argon-
purged 0.5 M H2SO4 solution at a sweep rate of 50 mV/s are shown in
fig. S19. All the catalysts exhibit distinct hydrogen adsorption/desorption
processes present in the potential range of −0.2 to 0.1 V [versus saturated
calomel electrode (SCE)] and Pt oxidation/reduction above 0.5 to 0.7 V
(versus SCE). We compared the catalytic activity of these samples at
the same potential (0.59 V versus SCE). The onset potential of Pt-Mo-
Ni NWs was 100 mV, which is lower than that of commercial Pt/C
(210 mV) and Pt black (220 mV) catalysts, indicating easier and faster
Fig. 2. Structural analysis of the Pt-Mo-Ni NWs. XANES (A) and EXAFS (B) analysis of Pt L3-edge (FT range, 4.3 to 14.5 Å−1). XANES (C) and EXAFS (D) analysis of Ni K-
edge (FT range, 2.5 to 12.5 Å−1). XANES (E) and EXAFS (F) analysis of Mo K-edge (FT range, 2.0 to 10.5 Å−1).
4 of 9
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ethanol oxidation in the Pt-Mo-NiNWcatalysts. For specific activities
(Fig. 3, A and B), the ethanol oxidation current density of Pt-Mo-Ni
NWs (2.57mAcm−2) is 13.4 times that of thePt/C catalyst (0.19mAcm−2)
and 11.2 times that of the Pt black catalyst (0.23mA cm−2).With regard to
mass activities, the current densities of Pt-Mo-Ni NWs (865.8 mA mg−1)
are 16.6 and 6.3 times those of Pt black (52.2 mA mg−1) and Pt/C
(137.5 mAmg−1) catalysts. To further evaluate the stability of these cat-
alysts, chronoamperometry (CA) curves (Fig. 3C) were recorded and
compared. The as-prepared Pt-Mo-Ni NWs exhibited higher durability
during the electrochemical measurements than did the commercial Pt
black and Pt/C catalysts. In situ x-ray absorption spectroscopy (XAS)
experiments were performed to investigate the structural stability of
Pt-Mo-Ni NWs. The in situ XAFS of the Pt L3-edge and Ni K-edge
was carried out at the 1W1B station in the Beijing Synchrotron Radiation
Mao et al., Sci. Adv. 2017;3 : e1603068 30 August 2017
Facility (BSRF) (a homemade electrochemical cell was used for in situ
XAS measurements; all the data were recorded by a Lytle detector
shown in fig. S20, A and B), and the in situ experiment of the Mo
K-edge was performed at the 14W1 station in the Shanghai Synchrotron
Radiation Facility (SSRF) (the spectra were collected using a solid-state
detector shown in fig. S20, C andD). The XAFS curves of the Pt L3-edge,
Ni K-edge, and Mo K-edge were recorded at different voltages (0.0, 0.2,
0.4, and 0.6V). The atomic structure evolution of Pt, Ni, and Mo can be
observed through the change of the FT-EXAFS curves (Fig. 3, D to F), as
well as the XANES spectra (fig. S21, A, C, and E) and EXAFS oscillation
functions (fig. S21, B, D, and F). The local atomic structure of Pt-Mo-Ni
NWs was kept stable in the catalytic reaction process. The morphology
and composition of Pt-Mo-NiNWswere characterized after the reaction,
which further confirmed the stable structure of the catalysts (for details,
Fig. 3. Electrochemical performance of the Pt-Mo-Ni NWs, Pt black, and Pt/C catalysts. (A) Specific activities of Pt black and Pt/C catalysts and as-prepared Pt-Mo-Ni NWs
recorded in 0.5MH2SO4 + 2MCH3CH2OH solution at a scan rate of 50mV s−1. (B) Graphical comparison of specific andmass activities of all catalysts. (C) CA results for these three
catalysts. CA curves were recorded at 0.5 V versus SCE. FT-EXAFS curves of the Pt-Mo-Ni sample at different voltages. (D) Pt L3-edge. (E) Ni K-edge. (F) Mo K-edge.
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see figs. S22 to S24). To further verify the activities of Pt-Mo-Ni in the
DEFC experiments, we also conducted a single-cell test. Figure S25 shows
the corresponding steady-state polarization curves for Pt-Mo-Ni NWs
and Pt/C catalysts. A higher maximum power density was obtained in
the cell with Pt-Mo-Ni as the anode catalyst. Specifically, the maximum
power density of Pt-Mo-NiNWs at 60° and 80°C is 2.7 and 3.6mWcm−2,
respectively, which is higher than that of the Pt/C catalyst.

The improvement of the catalytic activity and stability of the Pt-Mo-Ni
NWscouldbe attributed to the following reasons. First, ultrathinPt-Mo-Ni
NWs with rich surface defects have high density of low-coordinated
atoms, which not only decrease the Pt utilization per mass but also fa-
cilitate the oxidation of ethanol through a more effective way. Second,
incorporation of 3d transition metals (Ni) into the Pt lattice to form
ternary Pt-Mo-NiNWs can promote the adsorption of hydroxyl species
fromwater and then the removal of the poisoned CO intermediates at a
lower potential compared to Pt/C and Pt black catalysts (28, 29). To
further confirm this point, we conducted CO stripping (fig. S26)
experiments. The peak potential of CO oxidation was in the order of
Pt/C (0.64 V versus SCE) > Pt black (0.57 V versus SCE) > Pt-Mo-Ni
(0.46 V versus SCE), indicating that the Pt-Mo-Ni catalysts have the
priority in CO oxidation. Furthermore, the product testing results of
this reaction indicated that the addition of a Ni element may probably
favor the C–Cbond activation and also the oxidation of adsorbates and/
or intermediates to CO2. Third, we carried out the density functional
theory (DFT) calculations on the step edges of Pt-Mo-Ni NWs to elu-
cidate the role ofMo and its stability in the Pt-Ni alloys (for details, see
fig. S27 and table S4). The atomic cohesive energies, Ecoh, of the Mo,
whether at the surface (6.84 eV) or in the subsurface (8.61 or 8.42 eV),
are larger than those of the Ni (5.58 eV) and Pt (5.67 eV). Both spatial
confinement and energetic preference allow the Mo to be always re-
tained in Pt-Ni NWs. Hence, the subsurfaceMo atoms will increase the
Mao et al., Sci. Adv. 2017;3 : e1603068 30 August 2017
Ecoh of theNi by 0.27 eV and of the Pt by 0.29 eV. This indicates thatMo
has a stabilizing effect on undercoordinated sites of Pt-Ni NWs, which
are the available sites for reactions. All these are attributed to the forma-
tion of relatively strong Mo–Pt and Mo–Ni bonds instead of Pt–Ni
bonds. In this case, introducing Mo atoms in NWs fundamentally sta-
bilizes both Ni and Pt atoms against dissolution and diffusion, which
endow the catalyst with enhanced durability.

In addition to the ethanol electrooxidation of Pt-Mo-Ni NWs, we
also applied the ultrathin Pt-Mo-NiNWs as superior counter electrodes
(CEs) for dye-sensitized solar cells (DSSCs). As shown in table S5, the
Pt-Mo-Ni CEs have better efficiency than the Pt film CEs in DSSCs un-
der AM1.5G (air mass 1.5 global) simulated solar light (100 mW cm−2)
(for more details, see figs. S28 to S31). The above result shows that tri-
metallic Pt-Mo-Ni NWs can act as potential multifunctional materials
with high catalytic performance.

More importantly, the developedHASR strategywas also effective in
the synthesis of other ultrathin ternary Pt-Mo-M (M = Fe, Co, Mn, Ru,
etc.) NWs. Figure 4 (A, C, E, and G) shows typical STEM images of the
as-prepared Pt-Mo-Fe, Pt-Mo-Co, Pt-Mo-Mn, and Pt-Mo-Ru NWs,
respectively. It was clear that all theNWs exhibit ultrathin and ultralong
characteristics and that part of themwere spontaneously self-assembled
into bundles. This is similar to what is seen in Pt-Mo-Ni NWs, indicat-
ing that the varied composition does not change the overallmorphology
of NWs. The unique structures and compositions of the prepared NWs
are also visualized by EDX (figs. S32 to S35) and elemental mapping
analysis (Fig. 4, B, D, F, and H). It can be observed that Pt, Mo, and
M elements are distributed throughout the nanostructures, confirming
the alloyed structure of the Pt-Mo-M NWs.

In conclusion, we successfully synthesized ultrathin Pt-Mo-Ni tri-
metallic NWs through a HASR strategy and demonstrated that H2 is
responsible for the well-controlled preparation of ultrathin trimetallic
Fig. 4. Synthesis of ultrathin ternary Pt-Mo-M (M = Fe, Co, Mn, Ru, etc.) NWs based on the HASR strategy. HAADF-STEM image (A) and EDX mapping (B) of Pt-
Mo-Fe NWs. HAADF-STEM image (C) and EDX mapping (D) of Pt-Mo-Co NWs. HAADF-STEM image (E) and EDX mapping (F) of Pt-Mo-Mn NWs. HAADF-STEM image (G) and
EDX mapping (H) of Pt-Mo-Ru NWs.
6 of 9
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NWs. Spherical aberration–corrected electron microscopy together
with XAFS measurements confirmed the unique surface structure of
as-prepared ultrathin NWs. Ni can isolate Pt atoms on the surface
and produce surface defects, whereasMo can stabilize these undercoor-
dinated sites. Thus, the ultrathin Pt-Mo-Ni NWs showed high catalytic
activity and substantially enhanced stability. Moreover, the developed
HASR strategy can also be applied to synthesize a series of Pt-Mo-M
(M=Fe, Co,Mn,Ru, etc.)NWs.We envision that thisworkwill provide
new insights into rational design and synthesis of cost-effective, active,
and durable electrocatalysts.
MATERIALS AND METHODS
Preparation of Pt-Mo-Ni NWs
In a typical synthesis, 10.0 mg of Pt(acac)2, 6.0 mg of Mo(CO)6, 2.0 mg
of Ni(acac)2, and 10.0 mg of glucose were dissolved in 3.0 ml of OAm,
followed by vigorous stirring for 30 min. The resulting homogeneous
solutionwas transferred into a 10-ml Teflon-lined, high-pressure vessel.
H2 (30 bar)was introduced after the reactorwas purged three timeswith
H2. The reaction vessel was then heated up to 180°C in an oil bath and
maintained at this temperature for 10 hours before it was cooled to
room temperature. The product was collected by centrifugation at
400 rpm for 2 min by using an ethanol-cyclohexane (volume ratio,
1:4) mixture. The ultrathin NWs were collected in the precipitate, then
further washed several times with an ethanol-cyclohexanemixture, and
finally dispersed in cyclohexane.

Characterization
The powderXRDpatternswere recordedwith a BrukerD8ADVANCE
x-ray powder diffractometer withCuKa radiation (l = 1.5406Å). TEM
and high-resolution TEM images were recorded by a JEOL JEM-
1200EX working at 100 kV and an FEI Titan 80-300 transmission elec-
tronmicroscope equippedwith a spherical aberration (Cs) corrector for
the objective lens working at 300 kV. The composition of the product
was measured by ICP-MS and EDX spectrometry.

Electrochemical measurements
Electrochemical measurements were conducted on a computer-
controlled electrochemical analyzer (CHI 660D) at room temperature.
Catalyst-modified glassy carbon (GC) electrodes were used as working
electrodes, Pt spiral wire was used as the CE, and saturated calomel
electrode was used as the reference electrode. GC substrate electrodes
were first polished with 0.3- and 0.05-mm Al2O3 slurry on a polishing
cloth and then sonicated in ethanol and water each for several times.
After the electrode was dried, a 5-ml suspension of the catalyst was
dropped on a GC electrode. Aqueous solutions of 0.5 M H2SO4

containing 2 M ethanol were used for the electrolytes. All electro-
chemical experiments were performed at room temperature. The
loading amount of Pt in the NW catalyst was 10.8 mg/cm2. For compar-
ison, the commercial Pt/C (size range of 3 to 4 nm) and Pt black cata-
lysts, which have loading amounts of 8.2 and 20.4 µg/cm2, respectively,
were used as the benchmark catalyst. The electrochemically active sur-
face area (ECSA) of theNW,Pt/C, and Pt black catalystswere calculated
to be 33.7, 70.6, and 22.5 m2/g, respectively.

Ex situ XAFS measurements
The XAFS spectrum data (Pt L3-edge, Ni K-edge, andMoK-edge) were
collected at the 1W1B station in BSRF (operated at 2.5 GeVwith amax-
imumcurrent of 250mA) and the BL14W1 station in SSRF (operated at
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3.5 GeV with a maximum current of 250 mA). The data were collected
at room temperature (Pt L3-edge in transmission mode using an N2-
filled ionization chamber, Ni K-edge in fluorescence excitation mode
using a Lytle detector, and Mo K-edge in fluorescence excitation mode
using a seven-element Ge detector). All samples were pelletized as discs
(13mm in diameterwith a thickness of 1mm) using graphite powder as
a binder.

In situ XAFS measurements
Electrochemical measurements were also conducted on a computer-
controlled electrochemical analyzer. Catalyst-modified carbon paper
was used as the working electrode, Pt spiral wire was used as the CE,
and Ag/AgCl (KCl-saturated) electrode was used as the reference
electrode. A homemade electrochemical cell was used for in situ XAS
measurements. Details about the device are given in fig. S20.

The acquired EXAFS data were processed according to standard
procedures using the ATHENA and ARTEMIS modules implemented
in the IFEFFIT software package. The fitting detail is described below.

The acquired EXAFS data were processed according to standard
procedures using the ATHENA module implemented in the IFEFFIT
software package. The EXAFS spectra were obtained by subtracting the
post-edge background from the overall absorption and then normalizing
with respect to the edge-jump step. Subsequently, the c(k) data were
Fourier-transformed to real (R) space using Hanning windows (dk =
1.0Å−1) to separate the EXAFS contributions fromdifferent coordination
shells. To obtain the quantitative structural parameters around the cen-
tral atoms, least-squares curve parameter fitting was performed using
the ARTEMIS module of the IFEFFIT software package (30).

The following EXAFS equation was used

cðkÞ ¼ ∑
j

NjS
2
0FjðkÞ
kR2

j

exp �2k2s2
j

h i
exp

�2Rj

lðkÞ
� �

sin 2kRj þ fjðkÞ
h i

where S20 is the amplitude reduction factor, Fj(k) is the effective curved-
wave backscattering amplitude,Nj is the number of neighbors in the jth
atomic shell,Rj is the distance between the x-ray absorbing central atom
and the atoms in the jth atomic shell (backscatterer), l is the mean free
path in angstrom, fj(k) is the phase shift (including the phase shift for
each shell and the total central atom phase shift), and sj is the Debye-
Waller parameter of the jth atomic shell (variation of distances around
the averageRj). The functions Fj(k), l, and fj(k) were calculatedwith the
ab initio code FEFF8.2. Additional details for EXAFS simulations are
given below.

The coordination numbers of model samples (Pt foil and PtO2, Ni
foil and NiO, andMo foil andMoO3) were fixed as the nominal values.
The obtainedS20 was fixed in the subsequent fitting of the Pt L3-edge, Ni
K-edge, andMoK-edge of Pt-Mo-NiNWs, whereas the internal atomic
distance R, Debye-Waller factor s2, and the edge-energy shift DE0 were
allowed to run freely.

Fuel cell test
A membrane electrode assembly (MEA), with 60 weight % (wt %) Pt/C
(JM) or Pt-Mo-Ni/C as anode and 60 wt % Pt/C (Johson Matthey, JM)
as cathode, was prepared. The catalyst powder was mixed with iso-
propyl alcohol, deionized water, and 5 wt % Nafion solution (DuPont)
to prepare the catalyst ink. Then, the well-mixed catalyst ink was
sprayed onto the gas diffusion layer to fabricate the electrodes. The
MEA was prepared by hot-pressing the anode and cathode electrodes
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onto the two sides of theNafion 115membrane (DuPont) at 130°C for
2 min at 25 MPa. In MEAs, the amount of catalyst on the anode or
cathode was 4.0mg cm−2. Considering the Pt loading in the catalyst, the
amounts of Pt in Pt-Mo-Ni/C and Pt/C (JM) anode electrodes were 1.2
and 2.4mg cm−2, respectively. Single cells (25 cm2) were assembled into
a fuel cell fixture (qCf FC 25, balticFuelCells) for cell testing. Ethanol
solution (1 M) was fed to the anode at a rate of 2.0 ml min−1, and humi-
dified oxygen gas was fed to the cathode at a rate of 200 ml min−1. A fuel
cell test system (Arbin Instruments) was used to obtain polarization and
power density curves for the determination of real DEFC electrical
performance under different temperatures. The polarization at 60°
and 80°C was recorded to evaluate the catalytic ability.

Methodology and calculation model
All spin-polarized DFT calculations were performed using VASP
(Vienna Ab initio Simulation Package) (31). The generalized gradient
approximation of PW91 (32) and the projector augmented-wave
method (33, 34) were used to describe the exchange-correlation func-
tional and the electron-ion interaction, respectively. A cutoff energy
of 340 eV was used. According to the characterization results from
Fig. 1 (C and D), the stepped Pt (221) surface was taken as a represen-
tative of the lateral faces of ultrathinNWs. In themodel approximation,
the main structural characteristics of Pt NWs [the {110} step edge in Pt
(221) that is of {111} structures] were maintained. In this way, the
stepped Pt (221) could allow for the anisotropic growth of NWs, differ-
ent from NCs (13). In practice, a six-layer Pt (221) slab with a (1 × 3)
unit cell was used to model the step edge of Pt NWs (fig. S27A). The
vacuum spacing between slabs was 12 Å. A Monkhorst-Pack k-point
mesh of 4 × 4 × 1 was applied to sample the first Brillouin zones of
surface. The top three layers were relaxed, whereas the other three layers
were fixed at their bulk-truncated structure. The convergence criterion
of optimization was set to 0.03 eV Å−1 for the energy gradient. Bader
charge analysis was used to calculate the charge transfer (35).

Ecoh was defined as the energy needed to remove a metal atom
(M) from the alloy NWs

Ecoh ¼ EN�1 þ EM � EN

where EN−1 and EN are the total energies of systemswith the numbers of
N−1 andN atoms, and EM is the energy of the M atom removed. From
the energetic point of view, the atomic cohesive energy to a certain ex-
tent reflected the stability of the metal atoms in systems (36). Here, we
focused on the doping effects of theMo at the surface and subsurface of
{110} step edges. The surface defects with undercoordinated sites are
more active than the {111} facets and are always the available sites for
reactions (37). The schematics of Mo-doped Pt-Ni {110} step edges in
(221) are illustrated in fig. S27B.
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