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1 Introduction

ABSTRACT

Shape- and composition-controlled synthesis of platinum-based nanocrystals
(NCs) is critical for the development of electrocatalysts that have high activity
toward the methanol oxidation reaction (MOR) in direct methanol fuel cells
(DMFCs). We report one-pot surfactant-free synthesis of interconnected Pto;Cos
nanowires (NWs) via an oriented attachment process, which has distinct
advantages over conventional template- and surfactant-assisted approaches.
Enhanced electrochemical activities toward MOR were confirmed through
comparison with pure Pt NWs and commercial Pt/C catalyst. Pts;Cos NWs
demonstrated the highest current density during the long-term stability test.
These results reveal that the introduction of the 3d-transition metal Co can reduce
the catalyst cost and contribute to the improvement of electrochemical per-
formance. The integrated design of interconnected NW structure, bimetallic
composition, and clean surfaces in the present system may open a new way to the
development of excellent electrocatalysts in DMFCs.

potential power suppliers for automobiles and portable
electronics [4, 5]. Developing highly active electro-

With growing global demand for clean and sustainable
energy sources, proton exchange membrane fuel cells
(PEMEFCs) have received much research attention due
to their high energy density, low pollutant emission,
and facile operating temperature [1-3]. Direct methanol
fuel cells (DMFCs)—which directly convert the chemical
energy of methanol to electricity —are considered
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catalysts for the methanol oxidation reaction (MOR)
is an ideal way to realize the commercialization of
this technology [6, 7]. To date, platinum is the most
effective monometallic catalyst in DMFCs but the Pt
surface is prone to poisoning by strongly adsorbed
intermediate species, hindering MOR activity and
long-term stability [8-10]. The low natural abundance
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and high price of Pt also severely limit its utilization
[11]. Thus, it is desirable to design Pt-based bimetallic
electrocatalysts to simultaneously minimize Pt con-
sumption and improve electrochemical performance
[12-14].

Following this research interest, Pt-based nanocrystals
(NGs) including PtAu [15], PtRu [16], PtPd [17], PtCu
[18], PtCo [19], and others [20] were studied. The
most cost-effective choice is to combine Pt with a
cheap 3d-transition metal such as Fe, Co, Ni, or Cu
[21-24]. It has been reported that the introduction of
3d-transition metals in Pt-based NCs can weaken the
adsorption of oxygenated species and increase the
number of active sites [25-27]. Another way to increase
Pt utilization is by controlling the shape of Pt-based
NCs [28]. Zhang et al. demonstrated the synthesis of
PtCu nanoframes with higher activity toward MOR
than previously reported PtCu tetragonal super-
structures and dendritic PtCu nanoparticles [29, 30].
Recent experiments indicated that one-dimensional
(1ID) Pt-based nanostructures such as nanowires
(NWs), nanorods (NRs), and nanotubes (NTs) are less
vulnerable to dissolution, aggregation, and Ostwald
ripening than conventional nanoparticles [9]. They
can also eliminate the corrosion of carbon supports
due to their inherent self-supporting feature [31, 32].
The reported synthetic approaches for 1D nano-
structures mainly include template-directed synthesis
[33], direct decomposition of organometallic precursors
[34], modified phase-transfer [35], and surfactant-
mediated self-assembly [36]. Typically, PtRu NTs and
PtRu/Cu NWs prepared by the galvanic replacement
of Cu NWs show enhanced specific activities toward
MOR relative to PtRu/C [37]. Chen et al. synthesized
trimetallic PtPdCu NWs with tunable composition
with the assistance of surfactant Triton X-114 [38].
Despite these successful demonstrations, the reported
routes usually involved complicated multistep pro-
cedures and difficult conditions for removing capping
agents, which are disadvantageous for large-scale
synthesis [33, 36-38]. Development of a one-pot and
surfactant-free route for the synthesis of Pt-based
NWs in high yield is hence demanding.

To address the aforementioned issues, we present a
one-pot solvothermal strategy for preparing bimetallic
PtysCos NWs. The oriented attachment mechanism
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was proposed to better understand the formation
process. The integrated design of the 1D NW structure,
bimetallic composition, and clean particle surfaces
enhanced Pty;Cos NWs activity and durability toward
MOR relative to pure Pt NWs and commercial Pt/C
catalyst. Owing to the straightforward synthesis and
superior electrocatalytic properties, as-prepared Pto;Cos
NWs hold great potential for application in DMFCs.

2 Experimental
21 Materials

Hexachloroplatinic(IV) acid hexahydrate (H,PtCls6H,0),
cobalt(Il) chloride hexahydrate (CoCl,-6H,0), potas-
sium hydroxide (KOH), ethylene glycol, and N,N-
dimethylformamide (DMF) were purchased from
Beijing Chemical Reagent Company. Commercial Pt/C
(20 wt.%) was obtained from Alfa Aesar. Nafion
solution (5 wt.%) was obtained from Sigma Aldrich.
All chemical reagents were used without further
purification.

2.2 Synthesis of bimetallic PtCo NWs

KOH (500 mg), ethylene glycol (4 mL), and DMF (6 mL)
were mixed in a small beaker (25 mL); then 200 pL of
H,PtCle6H,O (0.1 M) and 200 uL of CoCl,:6H,O (0.1 M)
were added, followed by ultra-sonication treatment
for 30 min. Subsequently, the homogeneous mixture
was transferred to a 25 mL Teflon-lined stainless steel
autoclave. The autoclave was maintained at 170 °C for
8 h and cooled naturally to room temperature. The
resulting products were collected by centrifugation
and washed three times with ethanol. To compare, Pt
NWs were synthesized under identical conditions
except for the addition of Co precursor [39].

2.3 Characterization

Transmission electron microscopy (TEM), high reso-
lution TEM (HRTEM), high-angle annular dark-field
scanning TEM (HAADEF-STEM), and selected area
electron diffraction (SAED) images were obtained using
a JEM-2100F high-resolution transmission electron
microscope operating at 200 kV. Scanning electron
microscopy (SEM) and energy-dispersive X-ray (EDX)
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spectroscopy were performed on an FEI XL30 ESEM
FEG field-emission scanning electron microscope
operating at 25 kV. Powder X-ray diffraction (XRD)
patterns were recorded with a Bruker D8 ADVANCE
diffractometer using Cu-Ka (0.154 nm) radiation. X-ray
photoelectron spectroscopy (XPS) measurements were
carried out using an ESCALAB-MKII spectrometer
with an Al-Ka X-ray light source, calibrated against
the C 1s level (284.8eV). The exact composition
of PtysCos NWs was determined using inductively
coupled plasma-optical emission spectrometry (ICP-
OES, X Series 2, Thermo Scientific USA).

2.4 Electrochemical measurements

Electrochemical experiments were performed in
conventional three-electrode cells using a CHI 832
electrochemical workstation. An Ag/AgCl (saturated
KCl) electrode, a glassy carbon electrode (GCE, 3 mm
diameter), and a Pt wire were used as the reference,
working, and counter electrodes, respectively. To prepare
the working electrode, the GCE was carefully polished
with ALOj; slurry. The PtCo NWs were diluted to
2 mg-mL™ in aqueous solution and 3 L of catalyst
ink was dropped on the electrode. Based on the
ICP-OES measurement, the calculated Pt loading
amount was 83.7 ug-cm™. The working electrode was
then covered with 3 uL of 0.05 wt.% Nafion aqueous
solution and dried at room temperature. The Pt
loading amounts of Pt NWs and Pt/C catalyst were
kept as those of PtCo NWs to assess their electro-
chemical performances. Before cyclic voltammetry
(CV) measurements, the catalyst surface was first
cleaned by cycling between —0.2 and 1.2 V to obtain
a stable curve in N,-saturated 0.5 M H,SO, solution.
Methanol oxidation measurement was performed in
a mixture of 0.5M H,SO, and 1.0 M CH;OH cycled
between 0 and 1.0 V with a scan rate of 50 mV-s™.
Chronoamperometric (CA) curves were recorded for
3,600 s at 0.6 V.

3 Results and discussion

3.1 Structural properties

Bimetallic PtCo NWs were directly synthesized
by a modified one-pot solvothermal method with

Nano Res. 2018, 11(5): 2562-2572

H,PtCls:6H,O and CoCl,:6H,O as metal precursors in
the presence of DMF, KOH, and ethylene glycol (see
Experimental section). Based on the Pt/Co atomic
ratio calculated from the EDX spectrum (Fig.S1 in
the Electronic Supplementary Material (ESM)), we
denote the as-prepared PtCo NWs as Pty;Cos NWs.
The atomic ratio of Pt/Co obtained by ICP-OES was
95.4:4.6, which is consistent with the EDX analysis.
The conversion efficiency of Pt precursor to Pty;Cos
NWs was 83.9%, whereas the yield of Co was only
4.4%. The reason for the preferential reduction of Pt
compared to Co is possibly due to the much higher
reduction potential of Pt(IV) (+0.71V vs. SHE)
relative to that of Co(Il) (-0.23 V vs. SHE) [21, 40].
The morphology and structure of as-synthesized
PtysCos NWs were examined by SEM and TEM. As
illustrated in Fig. 1(a), interconnected PtssCos NWs
were dense and dozens of micrometers in length. TEM
images (Figs. 1(b) and 1(c)) reveal that the NWs were
arranged into parallel nanobundles with average
diameter of 20.55 nm, which is in sharp contrast to
the reported structure of sole NW [21, 27, 32]. A closer
view from Fig. 1(d) shows that one bunch of NWs
was composed of 5-8 ultrathin NWs. This ultrathin
feature is beneficial for enhancing electrocatalytic
activity owing to the increase in available active sites
[20]. The SAED pattern (inset in Fig.1(d)) gives a
single set of concentric rings indexed to the (111),
(200), (220), and (311) planes, suggesting polycrystalline
nature of the Pt;;Cos NWs [41]. HRTEM images
(Figs. 1(e) and 1(f)) show clear lattice fringes extending
coherently across the NWs without obvious phase
segregation, implying the insertion of Co atoms in the
Pt lattice would not cause an undesired microscopic
phase. The measured interplanar distance of 0.224 nm
corresponds to the (111) facets of face-centered-cubic
(fcc) PtCo NCs [14, 22, 23].

The porous structure cross-linked by NWs was
verified via HAADF-STEM images at different
magnifications (Figs. 2(a)-2(c)). These pores are
favorable for the adsorption and diffusion of guest
species involved in MOR, thereby facilitating the
reaction [15, 42]. Figures 2(d)-2(f) display the homo-
geneous distribution of Pt and Co throughout the
PtysCos NWs, confirming the formation of uniform
PtCo alloy. In the control experiment, we performed
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0.224 nm

Figure1 (a) SEM image, (b)—(d) TEM images, (¢) HRTEM
image, and (f) magnified HRTEM image of the rectangle area in
(e) of PtysCos NWs. The inset in (c) shows the size distribution
histogram of PtysCos nanobundles. The inset in (d) is the SAED
pattern of PtysCos NWs.

Figure 2 (a)-(c) HAADF-STEM images and (d)—(f) elemental
mapping images of PtysCos NWs.
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various experiments to tune the Pt/Co ratio of the
resulting PtCo NWs. Reducing the amounts of the
two metallic precursors in half, the as-synthesized
product still exhibited well-defined NW structure
(Fig. S2(a) in the ESM). However, the Pt/Co composition
remained constant (Fig. S2(b) in the ESM), thus excluding
the possibility of insufficient reducing agent in the
present system. Varying the feed ratio of Pt and Co
precursors between 3:1 and 1:3, similar morphologies
were observed (Fig. S3 in the ESM). The final atomic
ratios between Pt and Co determined from EDX spectra
were the same (Fig. 54 in the ESM), demonstrating
that the initial Pt/Co ratio had little influence on the
final composition of PtCo NWs. With further reduction
in the amount of Pt precursor and increased amount
of Co precursor, the aggregated NCs were dominant
and the yield of NWs was low due to interruption of
the nucleation step of Pt precursor (Figs. S5(a) and
S5(b) in the ESM). Furthermore, if only Co precursor
was added with other reaction parameters unchanged,
the resulting products were mainly irregularly
structured rather than NWs (Fig. S6 in the ESM). This
fact highlights the role of Pt precursor in directing
wire-like construction [43].

The crystal structure of Pt;sCos NWs was further
detected by powder XRD (Fig. 3(a)). The peaks at
40.1°, 46.2°, 67.6°, and 81.8° can be ascribed to the
(111), (200), (220), and (311) planes, respectively, and
no peaks corresponding to pure Pt and Co or their
oxides were detected. These peaks were well correlated
but shifted to slightly higher angles relative to
standard Pt (JCPDS-04-0802), showing the merging
of Co into the Pt lattice. This phenomenon was also
observed in previous reports [22, 26]. The presence of
only the PtCo fcc structure in both SAED and XRD
patterns further reveals the formation of single-phase
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Figure 3 (a) XRD pattern and (b) deconvolution of Pt 4f XPS
in PtysCos NWs. The intensity and position of Pt at the bottom of
(a) were taken from the JCPDS database (JCPDS No. 04-0802).
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PtCo alloy [44], which is in agreement with the
elemental mapping analysis. The most intense (111)
peak was consistent with the dominant (111) facets
determined by HRTEM. The composition and electronic
structure of PtysCos NWs were investigated by XPS.
Figure 3(b) shows deconvolution of the Pt 4f spectrum
of PtsCos NWs. The Pt 4f;, peak at 71.6 eV and Pt
4f;, peak at 75.0 eV were assigned to metallic Pt while
the peaks at 72.9 and 76.3 eV were attributed to PtO
or Pt(OH), [45]. Notably, the Pt 4f;, binding energy
shifted to a slightly higher value relative to bulk
Pt (71.2 eV) due to the incorporation of Co [46]. This
change indicates the formation of PtCo alloy. In
addition, downshift of the d-band center also favors
the oxidation of intermediates during the MOR [22].
Furthermore, the high percentage of zero-valent
Pt also contributed to the improvement of catalytic
activity [39]. The ill-defined Co 2p spectrum confirms
the existence of a low content of Co in Pt;;Cos NWs
(Fig. S7 in the ESM) [47].

3.2 Formation mechanism

To investigate the process of forming bimetallic
PtysCos NWs, the morphologies of the PtisCos NWs
were tracked with time-dependent TEM experiments.
As shown in Figs. S8(a) and S8(b) in the ESM, small
nanoparticles, elongated nanorods, and some nanochains
were formed in the first half hour. These adjacent
nanoparticles underwent further ripening, fusion,
and growth under solvothermal conditions [39, 48].
They preferred to coalesce and assemble in a wire-like
structure. The NWs started to align side-by-side to
reduce the total surface free energy (Fig. S8(c) in the
ESM), and the strong cohesive interaction mainly
originated from the adsorption of DMF [48]. As the
reaction time increased (Fig. S8(d) in the ESM), the
porous wire-like structure became clearer. After 5h,
well-defined PtisCos NW assemblies were formed
(Fig. S8(e) in the ESM). The interwoven Pts;Cos NW
bundles remained even when we extended the reaction
time to 12 h (Fig. S8(f) in the ESM). Based on these
results, we may deduce that the formation of PtCo
NWs followed an oriented attachment mechanism
rather than a seed-initiated oriented growth process
[18, 39, 48, 49]. Similar to the well-established
oleylamine-assisted synthesis of 1D nanomaterials
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[9, 50], the amine species released from the reaction
of DMF and KOH guided the growth of PtCo nano-
particles and their subsequent self-assembly into
NW bundles. Unlike previously reported syntheses
of PtCo NWs that included various substrates,
templates, organometallic precursors, and surfactants
[27, 40, 51, 52], the present synthetic strategy is cost-
effective and efficient.

3.3 Electrocatalytic performance

Encouraged by the intriguing morphology and
bimetallic composition of the Pti:Cos NWs, we evaluated
the electrochemical performance toward MOR in acid
medium. Pt NWs (Figs. S9(a) and S9(b) in the ESM)
and commercial Pt/C catalyst were used as references.
Figure 4(a) shows CV curves of Pt;;Cos NWs, Pt NWs,
and commercial Pt/C in N,-saturated 0.5M H,SO,
solution at a sweep rate of 50 mV-s™. By integrating
the charges associated with the hydrogen desorption
region after double-layer correction and assuming
210 uC-cm™ for the monolayer adsorption of hydrogen
on the Pt surface [22, 23], the electrochemically active
surface areas (ECSAs) of PtisCos NWs, Pt NWs, and
Pt/C were estimated to be 23.1, 28.6, and 60.7 m*g™,
respectively. The lower ECSA value of the NWs than
that of Pt/C is likely due to the larger size of the
nanobundle structure, while the larger ECSA of Pt/C
may be due to the high surface area carbon support
and smaller particle size. Figure 4(b) shows CV curves
of PtsCos NWs, Pt NWs, and commercial Pt/C toward
MOR. All cases exhibited two well-defined peaks:
The forward peak was associated with the oxidation
of freshly-adsorbed methanol molecules whereas
the backward peak was related to the removal of
intermediate carbonaceous species. The current densities
were normalized by the Pt mass to compare their
mass activities. Pt;sCos NWs exhibited the highest
mass activity of 491.4 mA-mgp!, which was 1.7 and
2.2 times higher than Pt NWs (290.8 mA-mgp, ") and
Pt/C (228.3 mA-mgp "), respectively. Meanwhile, the
specific activity of Pt;sCos NWs was 2.13 mA-cm=,
which was almost 2.1- and 5.6-fold higher than those
of Pt NWs (1.02 mA-cm™) and Pt/C (0.38 mA-cm™),
respectively (Fig.S10 in the ESM). The improved
performance is further highlighted by the histograms
in Fig. 4(c). Although the ECSA of Pty;;Cos NWs was
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Figure 4 CV curves of PtosCos NWs, Pt NWs, and Pt/C in (a) Ny-saturated 0.5 M H,SO, solution and (b) 0.5 M H,SO, + 1.0 M
CH;OH solution at a scan rate of 50 mV-s". (c) Specific activity and mass activity. (d) CA curves of PtysCos NWs, Pt NWs, and Pt/C in

0.5 M H,SO,4 + 1.0 M CH;0H solution recorded at 0.6 V.

lower than that of Pt/C catalyst, it exhibited higher
current density owing to its abundant active catalytic
sites, which could adsorb methanol molecules at
different sites and in different directions. Meanwhile,
Pt in as-synthesized Pt;;Cos NWs was dispersed
well and distributed, whereas Pt nanoparticles in
Pt/C suffered from aggregation and detachment from

carbon surfaces during electrochemical measurement.

Pure Pt species are easily poisoned by intermediates
adsorbed on electrode surfaces, but the synergistic
effect between Pt and Co in Pt;sCos NWs can contribute
to C-H bond cleavage and the removal of poisonous
species during the MOR. As summarized in Table S1
in the ESM, the observed activity of Pt;sCos NWs
toward MOR exceeded those of Pt-based nanomaterials
previously reported in literature. Generally, the ratio
of the forward peak current (I;) to the backward peak
current (L) I/, can be used to assess the catalyst
poisoning tolerance to CO-like intermediates generated
during methanol oxidation. Pt;sCos NWs presented
the highest Iy/I, value of 1.02, indicating nearly
complete oxidation of methanol to carbon dioxide on
the electrode surface. This value was also higher than
reported for hollow Pt-Pd nanospheres [17], nanoporous
Pt-Co NWs [40], and Pd@Pt nanodendrites [53]. It
agreed with the report that a small amount of Co can

improve the tolerance to CO-like intermediates during
the MOR [54].

Electrochemical durability is another vital factor
for evaluating a practical catalyst. As shown in Fig. 4(d),
all these catalysts exhibited sharp drops of current
density in the initial stage followed by slower decay
till eventually reaching stable states. The decay of
current density was mainly caused by the accumulation
and adsorption of carbonaceous species such as CO,g4,,
CHO.,45, and COOH,g;. These intermediates can occupy
active sites and decrease the activity and durability of
the catalyst. Nevertheless, Pt;sCos NWs had a much
higher current density than Pt NWs and Pt/C throughout
the entire process, confirming their superior durability
and good anti-poisoning capability. After the stability
test, the catalysts were reactivated and evaluated for
MOR. The ECSAs of the PtisCos NWs, Pt NWs, and
Pt/C reduced to 83.7%, 79.0%, and 48.1% of the initial
values, respectively (Figs. 5(a), 5(c), and 5(e)). There was
no obvious change in forward peak current density of
PtysCos NWs (Fig. 5(b)), while Pt NWs and Pt/C lost
3.8% and 48.2% of the original mass activity, respectively
(Figs. 5(d) and 5(f)). The specific activity of PtysCos
NWs increased from 2.13 to 2.54 mA-cm™ after
electrochemical activation, indicating the effective
removal of intermediates. The number of active
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Figure 5 CV curves for (a) and (b): PtysCos NWs, (c) and (d): Pt NWs, and (e) and (f): Pt/C before and after stability testing in
N,-saturated 0.5 M H,SO, solution and 0.5 M H,SO, + 1.0 M CH;OH solution at a scan rate of 50 mV-s', respectively.

catalytic sites was highly conserved owing to its
three-dimensional (3D) network structure. This point
was further confirmed in the TEM image of PtysCos
NWs after the durability test (Fig. S11 in the ESM).
As expected, PtsCos NWs retained their wire-like
morphology, and no obvious aggregates were observed.
This provides further verification of the improved
durability of Pts;Cos NWs.

Figures 6(a), 6(c), and 6(e) show CV curves of Ptys:Cos
NWs, Pt NWs and Pt/C toward the MOR at different
scan rates (50, 75, 100, 150, 200, and 250 mV-s™). The
peak current density increased with increasing scan
rate and the peak potential gradually shifted to higher
potential. This trend reveals that the MOR on these
electrodes was completely irreversible. The peak current
densities were linearly proportional to the square of
scan rate, indicating that MOR is a diffusion-controlled
process [55]. The corresponding slopes for Pt;:Cos NWs,

Pt NWs, and Pt/C were 13.3, 8.4 and 12.1, respectively
(Figs. 6(b), 6(d), and 6(f)). The larger slope of Pts;Cos
NWs implies improved MOR kinetics on the bimetallic
PtCo NWs relative to Pt NWs and Pt/C [56].

The aforementioned results clearly reveal the excellent
activity and durability of PtssCos NWs toward MOR,
which are ascribed to the synergistic effect of the 1D
NW structure and bimetallic PtCo composition. The
interconnected NWs provide increased accessible active
sites for the adsorption and diffusion of reaction
species, leading to improved reaction kinetics during
the MOR. Meanwhile they had better resistance to
dissolution, coalescence, and migration than conven-
tional nanoparticles, which should help with superior
stability. Secondly, the presence of Co facilitated the
removal of strongly bound intermediates on the sites
neighboring Co, effectively improving their anti-
poisoning ability [57]. Furthermore, alloying Pt with
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Figure 6 CV curves and the linear relationship between peak current density and the square root of scan rate for (a) and (b): PtysCos
NWs, (c) and (d): Pt NWs, and (e) and (f): Pt/C in 0.5 M H,SO, + 1.0 M CH;OH at different scan rates (scan rate: 50, 75, 100, 150, 200,

and 250 mV-s ).

Co can lower the adsorption energies of adsorbates,
and promote C-H bond cleavage at lower potential
[22]. Besides, such surfactant-free synthesis is also
advantageous for enhanced methanol oxidation activity
due to the exposed clean surfaces.

4 Conclusions

Bimetallic Pt;;Cos NWs were successfully synthesized
by a one-pot solvothermal method. No pre-made
templates, organometallic precursors, or surfactants
were used in the preparation process. Electrochemical
measurements show that the Pty;Cos NWs had
superior activity and durability toward MOR relative
to Pt NWs and Pt/C. These excellent properties can be
attributed to the unique NW structure and bimetallic
composition. The synthetic strategy we propose was

confirmed to be effective for developing highly active
electrocatalysts in DMFCs.
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