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ABSTRACT: The design and creation of efficient catalysts for alcohol oxidation reaction has attracted great research attention
because alcohols are promising fuels for direct fuel cell reactions because of their high energy density, easy storage, and
transportation. We herein report an efficient strategy that allows the preparation of ternary PtSnM (M = Co, Nj, and Rh) wavy
nanowires (WNWs) with ultrathin diameter of only around 2 nm and tunable compositions in high yield. Detailed catalytic
studies show that all the ternary WNWs exhibit high performance for ethanol oxidation reaction (EOR) and methanol oxidation
reaction (MOR), and their performance shows interesting composition-dependent electrocatalytic activity with PtSnRh WNWs
having the best activity for both EOR and MOR. The PtSnRh WNWs are also more stable than commercial Pt/C catalyst, as
revealed by long-time chronoamperometric (CA) measurements. The present work highlights the use of multimetallic WNWs as
highly active and durable nanocatalysts in enhancing alcohol electrooxidation, which will open a new way in tuning 1D
multimetallic nanostructures for boosting other fuel cell reactions, various heterogeneous reactions, and beyond.
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B INTRODUCTION

Direct alcohols fuel cells are considered to be one of the most
promising clean energy sources with high energy conversion
efficiency, high energy density, easy storage and transportation,
and low environmental pollution.P3 However, the commerci-
alization of the direct alcohol fuel cell technology has been
hindered by the sluggish ethanol oxidation reaction (EOR) or
methanol oxidation reaction (MOR) at the anode largely
because of the lack of highly active anodic catalysts.*™®
Compared to methanol, ethanol has higher energy density
because of the nature of 12 electron transfer upon complete
oxidation, but it is more difficult for complete oxidation via C—
C bond cleavage.”” Therefore, design and creation of highly
active catalysts for EOR is highly desirable and a great
challenge. Nanostructured Pt is the most common catalyst for
EOR.®” However, the issues of limited resources, high price,
and low tolerance to poisoning heavily limit Pt catalyst
application.'®~"* Recent research has focused on the develop-
ment of multicomponent metal catalysts to modify the Pt
electronic structure and to improve the Pt catalytic efficiency.”*
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Indeed, the combination of non-noble metals with Pt has
provided an effective pathway to reduce the overall usage of
expensive Pt and to address the problem of poisoning. This has
been well demonstrated in alloying Pt with a second metal Ru,
facilitating the formation of adsorbed OH species, for
promoting the oxidation of poisoning intermediates.”'> The
bimetallic Pt-based catalysts show considerable improvements
of activity, but they are still very limited efficient catalysts for
EOR."* Recently, ternary nanoparticle electrocatalysts show the
enhanced electrocatalytic activity toward EOR compared with
their binary counterparts.”'> Apart from the composition, the
geometry of catalysts directly associated with the surface atomic
arrangement can also be tuned for electrocatalysis optimization.
Unfortunately, the majority of previous reported ternary Pt-
based nanostructures are mainly polyhedral nanocrystals,
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usually showing good activity but very limited stability for
EOR_16-19

Among various nanostructures, nanowires (NWs) are found
to be more promising in catalysis.”*~>” In general, the NWs can
contact with the carbon support more effectively than the
polyhedral nanocrystals. This will not only enhance the
electron transfer between NWs and carbon support more
effectively but also prevent the aggregation, coalescence, and
Ostwald ripening of NWs.*® Furthermore, when the diameter
of the NWs is reduced to less than 3 nm, they can exhibit
attractive characteristics of size effect, which can further
enhance the electrocatalytic activity.*>*' For example, it was
demonstrated that the Pt alloy ultrathin NWs with diameter of
around 2.5 nm have exhibited excellent activity and stability in
both anodic and cathodic fuel cell reactions.**>**® Therefore,
combination of the advantages from the ultrathin NWs and the
effects of ternary metal nanostructures can make further
improvements in both activity and durability for different
catalytic reactions.

Herein, we report our efforts on the controlled production of
ternary PtSnRh wavy nanowires (WNWs) with ultrathin
teature. The key part for our synthesis for multimetallic NWs
is its robust approach to produce different types of ternary
WNWs, including PtSnNi WNWs and PtSnCo WNWs. These
ternary WNWs show interesting composition-dependent
electrocatalytic activity for both EOR and MOR with PtSnRh
WNWs having the best activity. The PtSnRh WNWs are also
more stable than commercial Pt/C catalyst. The present work
opens a new way to design different types of multimetallic NWs
for optimizing the electrocatalytic performance for the alcohol
electrooxidation reaction.

B EXPERIMENTAL SECTION

Chemicals. Platinum(Il) acetylacetonate (Pt(acac),, 97%),
rhodium(III) acetylacetonate (Rh(acac);, 97%), nickel(II)
acetylacetonate (Ni(acac),, 97%), cobalt(Il) acetylacetonate
(Co(acac),, 97%), tin(II) chloride (SnCl,, >99%), oleic acid
(CH,(CH,),CH=CH(CH,),COOH, OAc, >99%) and oleyl-
amine (CH,(CH,),CH=CH(CH,),CH,NH,, OA, 68—70%),
and ascorbic acid (C¢HgOq AA, reagent grade) were all
purchased from Sigma-Aldrich. All the chemicals were used as
received without further purification. The deionized water used
in all experiments was prepared by passing through an ultrapure
purification system (Aqua Solutions).

Preparation of PtSnRh, PtSnNi, PtSnCo, and PtSn
Wavy Nanowires (WNWSs). In a typical preparation of
PtSnRh WNWs, Pt(acac), (10.0 mg), SnCl, (15 mg),
Rh(acac); (3.3 mg), AA (35.6 mg), 4 mL OA, and 1 mL
OAc were placed into a vial (volume: 30 mL). After the vial had
been capped, the mixture was ultrasonicated for around 60 min.
The resulting homogeneous mixture was then heated at 190 °C
for 10 h in an oil bath before it was cooled to room
temperature. The resulting colloidal products were collected by
centrifugation and were washed three times with an ethanol (8
mL) + cyclohexane (1 mL) mixture. The synthetic procedures
for PtSnNi, PtSnCo, and PtSn WNWs were the same as that of
PtSnRh WNWs except for changing Rh(acac), with Ni(acac),
or Co(acac), or for the absence of Rh(acac),, respectively.
PtSnRh WNWs with different Rh contents were prepared by
keeping the same amount of the Pt(acac), (10.0 mg) and SnCl,
(15 mg) while using a different amount of the Rh(acac);. The
samples obtained by using 1.1, 2.2, 3.3, and 4.4 mg of Rh(acac),

were denoted as PtSnRh-1, PtSnRh-2, PtSnPh-3, and PtSnRh-4,
respectively.

Catalyst Preparation. Different types of WNWs and VC-
X72 carbon were mixed in a 20 mL ethanol/cyclohexane
mixture (V/V = 1/1) and were subjected to sonication for 60
min to deposit WNWSs on carbon. The catalysts were separated
by centrifugation and were washed with the ethanol/cyclo-
hexane mixture three times.

Characterizations. Transmission electron microscopy
(TEM) and scanning transmission electron microscopy
(STEM) were conducted on an FEI Tecnai F20 transmission
electron microscope at an acceleration voltage of 200 kV.
Scanning electron microscopy (SEM) images were taken with a
Zeiss scanning electron microscope. The samples were
prepared by dropping a cyclohexane dispersion of samples
onto carbon-coated copper TEM grids using pipettes and by
drying under ambient condition. Powder X-ray diffraction
(XRD) patterns were collected on a Shimadzu XRD-6000 X-ray
diffractometer. The concentration of catalysts was determined
by the inductively coupled plasma atomic emission spectros-
copy (710-ES, Varian, ICP-AES). X-ray photoelectron spec-
troscopy (XPS) tests were done with an SSI S-Probe XPS
Spectrometer. The carbon peak at 285.0 eV was used as a
reference to correct for charging effects.

Ethanol and Methanol Electrooxidation Measure-
ments. A three-electrode cell was used to do the electro-
chemical measurements. The working electrode was a glassy-
carbon rotating disk electrode (RDE) (diameter: S mm, area:
0.196 cm?) from Pine Instruments. A saturated calomel
electrode (SCE) and a platinum wire were used as the
reference electrode and counter electrode, respectively. The
catalyst ink was prepared by ultrasonically mixing 3 mg of
catalysts with 780 uL of isopropyl alcohol, 200 uL of water, and
20 uL of 5 wt % Nafion solution for 1 h. Ten microliters of the
suspension was deposited on a glassy carbon electrode to
obtain the working electrodes after the solvent dried naturally.
The potential scan rate was 50 mV/s for the cyclic voltammetry
(CV) measurements. Ethanol electrooxidation measurements
were conducted in a 0.1 M NaOH and 0.1 M ethanol solution.
The chronoamperometric (CA) measurement of ethanol
electrooxidation were held at —0.25 V for 5000 s in the same
solution. Methanol electrooxidation measurements were
conducted in a 0.1 M NaOH and 0.1 M methanol solution.
The CA measurement of methanol electrooxidation was held at
—0.3 V for 5000 s in the same solution. For comparison,
commercial Pt/C (Aldrich, 80980-5G) was used as the baseline
catalyst, and the same procedure as described above was used
to conduct the electrochemical measurement. The Pt loadings
of all catalysts were 3.0 ug. All electrochemical experiments
were performed at room temperature.

B RESULTS AND DISCUSSION

The ultrathin PtSnRh WNWs were typically produced by
simultaneous reduction of platinum(II) acetylacetonate ([Pt-
(acac),]), rhodium(III) acetylacetonate ([Rh(acac),]), and
tin(II) chloride (SnCl,) by the use of oleylamine/oleic acid
mixture as solvent and surfactant and by the use of ascorbic acid
(AA) as the reducing agent (see Experimental section for
details). The morphology and structure of the as-prepared
PtSnRh WNWs are initially characterized by transmission
electron microscopy (TEM). The representative TEM images
reveal that the products consist of NWs with high yield (Figure
la and Figure S1 of the Supporting Information). These
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Figure 1. Morphological and structural analyses for ultrathin ternary
PtSnRh WNWs. Representative (a) TEM image, (b) HAADF-STEM
image, (c) HRTEM image, (d) EDX pattern, and (e) XRD pattern of
the ultrathin ternary PtSnRh WNWs.

WNWs are frequently bent on the TEM grid, suggesting their
highly flexible nature. All the surveyed NWs show a wavelike
profile. The wavy character of the NWs is further visualized by
high-angle annular dark-field scanning TEM (HAADF-TEM)
(Figure 1b and Figure Slc of the Supporting Information). The
products are unique with the length in the range of tens of
nanometers and the average diameter of 2.2 nm as determined
by manually measuring 100 randomly selected wires (Figure
S1d of the Supporting Information). The high-resolution TEM
(HRTEM) image of a single WNW (Figure 1c) shows that the
interplanar spacing is measured as 0.22 nm, assigned to the
(102) plane of the hexagonal PtSn intermetallic nanostruc-
ture.”* The energy-dispersive X-ray spectrum (EDX) (Figure
1d) reveals that the sample is mainly composed of Pt, Sn, and
Rh elements in the WNWs. The atomic ratio of Pt/Sn/Rh is
determined to be 1:2.7:0.37, as presented in the inset of Figure
1d. This result is in accordance with the inductively coupled
plasma optical emission spectrometer (ICP-AES) result. The
powder X-ray diffraction (XRD) pattern of the PtSnRh WNWs
displays the hexagonal pattern associated with the PtSn
intermetallic nanostructure (JCPDS No. 00-25-0614). The
broadened diffraction peaks from WNWs reveal the small
dimension of the crystal domains, further confirming the
ultrathin feature of these PtSnRh WNWs.>>3°

Significantly, the synthesis approach for ultrathin ternary
PtSnRh WNWs can be extended to the synthesis of other
ternary WNWs, such as PtSnNi WNWs and PtSnCo WNWs.
The PtSnNi WNWs and PtSnCo WNWs were readily obtained
by changing Rh(acac); with Ni(acac), or Co(acac),,
respectively. Figure 2a—c shows the typical TEM images of
PtSnNi WNWs, PtSnCo WNWs, and PtSn WNWs, respec-
tively. The corresponding diameter histograms of PtSnNi
WNWs, PtSnCo WNWSs, and PtSn WNWs are shown in the
insets of Figure 2a—c. The TEM image taken from PtSnNi
WNWs reveals the formation of one-dimensional wavelike

ameter / nm
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Figure 2. Representative TEM images of (a) PtSnNi WNWs, (b)
PtSnCo WNWs, and (c) PtSn WNWs. The inset: the relative diameter
histogram of PtSnNi WNWs, PtSnCo WNWs, and PtSn WNWs. (d)
XRD patterns of PtSnNi WNWs, PtSnCo WNWs, and PtSn WNWs.

nanostructures, similar to that of PtSnRh WNWs (Figure 2a).
The average diameter of these NWs is measured to be 1.9 nm.
The Pt/Sn/Ni atomic ratio is close to 1:2.9:0.35, confirmed by
both the EDX analysis (Figure S2 of the Supporting
Information) and the ICP-AES result. The TEM image in
Figure 2b shows the PtSnCo WNWs with an average diameter
of 1.8 nm. The EDX result indicates that Pt, Sn, and Co
elements have the atomic ratio of about 1:2.6:0.34 (Figure S3
of the Supporting Information). Figure 2c shows the TEM
image of PtSn WNWs with an average diameter of 2.0 nm. The
corresponding EDX result indicates that the atomic ratio of Pt/
Sn of PtSn WNWs is close to 1:3 (Figure S4 of the Supporting
Information). Therefore, all the characterizations collectively
confirm the successful production of ultrathin PtSnNi, PtSnCo,
and PtSn WNWs. The XRD patterns of all the WNWs are
shown in Figure 2d. It is clear that all the WNWs show the
typical diffraction peaks of PtSn, and no other detectable peaks
are observed in the XRD patterns. It can be also seen that the
width of the main peaks are close to each other, indicating the
similar sizes of these WNWs.

The surface properties of these WNWs were measured by X-
ray photoelectron spectroscopy (XPS). The Pt 4f, Sn 3d, Rh
3d, Co 2p, and Ni 2p peaks of different samples are
summarized in Figure 3. A representative high-resolution Pt
4f spectrum of PtSnRh, PtSnNi, PtSnCo, and PtSn WNWs is
shown in Figure 3a. It is clear that the majority of the Pt in
these WNWs is mainly in the metallic state (Table S1 of the
Supporting Information). Compared with bimetallic PtSn
WNWSs, a slight shift of the Pt 4f2/7 peak toward lower values
is observed for the ternary PtSnRh WNWs, PtSnNi WNWs,
and PtSnCo WNWs. The slight shift of the Pt 4f2/7 peak
indicates the changes of the electronic structure of Pt when the
third element is added into PtSn WNWSs.***” The lowest value
of the Pt 4f2/7 peak of PtSnRh WNWs indicates the biggest
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Figure 4. (a) CVs of PtSn/C, PtSnRh/C, PtSnNi/C, PtSnCo/C, and Pt/C in a solution containing 0.1 M NaOH + 0.1 M ethanol. (b) CVs of
different catalysts in 0.1 M NaOH + 0.1 M methanol. (c) Summary of peak current density of different catalysts for EOR. (d) Summary of peak
current density of different catalysts for MOR. (e) Current—time curves of different catalysts recorded at —0.25 V toward EOR. (f) Current—time

curves of different catalysts recorded at —0.2 V toward MOR.

change in the electronic structure of Pt when it is added with
Rh. The majority of Sn in these WNWs is oxidized (Figure 3b,
Table S1 of the Supporting Information). The small peaks of
these WNWSs at about 484.5 eV indicate the presence of
metallic Sn in the WNWs.>® The representative high-resolution
spectra of Rh 3d, Co 2p, and Ni 2p are given in Figure 3c—e,
respectively. The peaks of these elements confirm that these

15064

elements do exist in the produced NWs. Rh 3dS5/2 spectra at
~306 eV suggest the presence of metallic Rh. The XPS results
suggest that the most possible scheme is the formation of the
Pt—Sn—Rh alloy in PtSnRh WNWs consistent with the XRD
results.>® Therefore, it can be concluded that the active surface
of the PtRhSn WNWSs evolved into active catalytic sites
characterized by uniformly distributed metallic Pt, Sn, and Rh
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WNWs.

surface sites in atomic neighborhood to oxophilic surface
SnOx.*°

These ultrathin ternary WNWs were loaded onto a carbon
support (Vulcan XC-72) for further characterization of
electrochemical properties. Studies of alkaline fuel cells have
received much attention in recent years as an alternative to
common acid fuel cells. One of the most important advantages
lies in the fact that the reaction kinetics in alkaline solution is
higher than that in acid medium.®® To this end, we studied the
performance of our ultrathin ternary WNWs as catalysts for
both the methanol and the ethanol electrooxidation in the
alkaline solution. Figure S5a of the Supporting Information is
the typical TEM image of the PtSnRh WNWs loaded on the
carbon. The WNWs/C were dispersed in deionized water +
isopropanol + S wt % nafion (V:V:V 1:4:0.01). Next, 10 uL of
this dispersion was deposited on the surface of glassy carbon
electrode, and the WNWs were fixed onto the electrode by
Nafion once the solvent was evaporated. The commercial Pt/C
catalyst was used as the reference (Figure S6a of the Supporting
Information). The Pt mass loadings of WNWs/C and

15065

commercial Pt/C catalysts were all fixed at 3 pg. Electro-
oxidation toward ethanol was carried out in an aqueous
solution containing 0.1 M NaOH and 0.1 M ethanol, using a
cyclic voltammetry measurement technique, sweeping from
—0.8 to 0.2 V (vs SCE) at a scan rate of SO mV/s. Figure 4a
shows the mass activity for PtSn, PtSnRh, PtSnNi, PtSnCo, and
Pt/C catalysts toward ethanol electrooxidation. The onset
potential of PtSnRh WNWs, PtSnNi WNWs, and PtSnCo
WNWs is lower than that of the PtSn WNWs and the
commercial Pt/C catalyst, indicating the enhancement in the
kinetics of the ethanol oxidation reaction by the ternary
WNWs. Among four kinds of WNWs investigated, PtSnRh
WNWSs show the highest peak current density at 0.99 mA/pgp,
which is 3.4 times higher than that of the Pt/C catalyst (0.29
mA/ugp,) and 2.5 times higher than that of the PtSn WNWs
(0.39 mA/ugp,) (Figure 4c). The high activity of PtSnRh
WNWs can be attributed to promoting the C—C bond cleavage
by the existence of Rh;” the synergistic effect between Pt, Rh,
and Sn;***' and the wavy nanostructure with ultrathin
size 303442 Furthermore, the close interaction of the Pt/Rh/
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Sn and SnOx moieties may also be instrumental in the high
electrocatalytic activity performance.”*® The stability of these
WNWs toward ethanol electrooxidation is investigated by a CA
measurement technique, carried out at —0.25 V (vs SCE) for
5000 s in a solution containing 0.1 M NaOH and 0.1 M ethanol
(Figure 4e). We found that the current decay for the reaction
on the PtSnRh WNWs is significantly slower than that on the
commercial Pt/C catalyst and other WNWs, indicating their
better tolerance toward ethanol electrocatalysts. After S000 s,
the residue current of PtSnRh WNWs is also much higher than
that of commercial Pt/C and all the other WNWs. The
catalysts were collected by sonicating the glassy carbon disk
electrode in ethanol after the CA measurement, and their
structures were observed by TEM (Figures SSb and S6b of the
Supporting Information). The Pt/C catalyst shows an increase
in nanoparticle size from ~2 to ~10 nm after the CA
measurement (Figure S6b of the Supporting Information). In
contrast, the PtSnRh/C catalyst displays similar features before
and after the CA measurement with wavy-like nanostructure
and ultrathin diameter distribution (Figure SSb of the
Supporting Information). The ultrathin ternary WNWs are
also active catalysts for MOR. Figure 4b, d, and f summarizes
the CV curves, the peak mass activities, and the CA
measurement results of MOR, respectively. Among all the
WNWs studied, the PtSnRh WNWs also show the highest
catalytic activity (Figure 4b and d). The peak current density of
the PtSnRh WNWs is calculated to be 0.6 mA/ug,, which is
3.5 times higher than that of Pt/C. After 5000 s CA
measurement, the catalytic activity of the PtSnRh WNWs,
PtSnNi WNWs, PtSnCo, and PtSn WNWs are still much
higher than that of Pt/C (Figure 4f). The high activity of
PtSnRh WNWs for MOR can be ascribed to the strong
interactions between Pt and Rh and to the largest change of
electronic structure of Pt when it is added with Rh, as indicated
by XPS analyses (Figure 3).

To further optimize the performance of PtSnRh WNWs,
three other PtSnRh WNWs with different contents of Rh were
prepared by slightly changing the amount of Rh(acac),
precursor supplied from 1.1 to 44 mg while keeping the
amount of the Pt precursor at 10 mg and the Sn precursor at 15
mg. The obtained samples prepared with Rh(acac); precursor
supplied of 1.1, 2.2, 3.3, and 4.4 mg are denoted as PtSnRh-1,
PtSnRh-2, PtSnPh-3, and PtSnRh-4, respectively. Figures S7a,
S84, and S9a of the Supporting Information show typical TEM
images of the as-prepared PtSnRh-1, PtSnRh-2, and PtSnRh-4
WNWs. It is clear that these three samples also show the similar
wavy nanostructure. The average diameters of these WNWs are
measured to be 1.9, 1.9, and 2.1 nm for PtSnRh-1, PtSnRh-2,
and PtSnRh-4 WNWs, respectively (Figures S7b, S8b, and S9b
of the Supporting Information). The PtSnRh-4 WNWs are
selectively characterized by the HAADF-STEM image (Figure
Sa, Figure S10a of the Supporting Information) and the
HRTEM image (Figure S10b of the Supporting Information).
The successful formation of ternary PtSnRh WNWs is further
confirmed by ICP-AES, EDX (Figures S11b, S12b, and S13b of
the Supporting Information), and XPS (Figure Se). It is clear
that the peak intensity of Pt 4dS/2 decreases and that the peak
intensity of Rh 3dS/2 increases, with the increase of the Rh/Pt
atomic ratio, which is in accordance with the EDX results. The
corresponding XRD results are similar to each other, associated
with the PtSn intermetallic nanostructure (Figure S14 of the
Supporting Information). The electrocatalytic activities of
PtSnRh WNWs with different Rh contents were further

examined. Figure Sb and c shows the electrochemistry property
of these WNWs toward EOR and MOR. The Pt—Rh
composition effect is clearly observed. The summary of peak
current density of different samples for EOR and MOR is
shown in Figure 5d. Similar trends are obtained for both EOR
and MOR: the PtSnPh-3 WNWs give the highest peak mass
activity, indicating that the proper tuning composition of
PtSnRh WNWs is a very important factor for electrocatalysis
optimization. The best electrochemical activity of PtSnRh
WNWSs-3 catalyst is likely because PtSnRh WNWSs/C-3 has the
highest percentage of Sn**(Figure Se, Table S1 of the
Supporting Information), which is beneficial for enhancinég
the electrochemical activity toward alcohol electrooxidation.?

B CONCLUSIONS

We have successfully synthesized a series of ternary PtSnM
(M= Co, Ni, and Rh) WNWs with tunable compositions and
ultrathin features. All the ultrathin Pt-based WNWs are active
toward both EOR and MOR, and their catalytic activities are
highly composition-dependent with PtSnRh WNWs showing
the best activity. The performance of the ultrathin PtSnRh
WNWs largely outperforms that of the commercial Pt/C
catalyst. We expect our fundamental study will inspire rational
design of Pt-based multimetallic NWs for various chemical
reactions with greatly improved performance but with low Pt
usages.
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