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For the first time, the high-yield, branched Rh/Pt bimetallic ultrathin nanowires with nodes and
stems have been synthesized by seed displacement, epitaxial growth method in aqueous solution
containing Rh nanocubes seeds, K,PtClg, and poly(vinyl pyrrolidone) (PVP). The quantities of Rh
nanocubes play a key role in the formation of high-yield ultrathin nanowires. The results of EDS line
scanning and elemental analysis map have shown that the Rh atoms distribute discretely in the wires.
The electrocatalytic properties of the Rh/Pt bimetal alloys, Rh nanocubes, and commercial Pt black
toward ethanol oxidation have been investigated. The Rh/Pt ultrathin nanowires have displayed
enhanced electrocatalytic performance and selectivity. The results of in situ FTIR have shown that
the selectivity to the complete oxidation of ethanol to CO, of Rh/Pt bimetallic ultrathin nanowires is

at least 2.69 times higher as compared with the commercial Pt black.

Introduction

Nanowires have been widely used in many important
fields such as optics, magnetics, catalysis, environ-
mental remediation, and biosensor for many years.'”’
To date, many synthetic methods, including templating,®~'*
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ligand control,"> 2! and oriented attachment,>”>® have
been exploited to synthesize ingornic nanowires. Among
these, solution-based method has been used to synthesize
nanowire with diameter sub-5 nm. For example, single-
component noble metal Au, Ag, Pt, and Pd nanowires
have been achieved by an oleylamine(OA) system, polyol
process and phase transfer method.”” >* Nevertheless,
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noble bimetallic nanowires have a limited successful
examples.*** Therefore, the synthesis of bimetal nano-
wires still remains changeable. Seed-mediated epitaxial
growth method for controlling the morphology and com-
position of bimetallic nanostructures is often exploited to
synthesize binary metallic alloys in solution-phase meth-
0ds.***” Our previous result®® has shown that sub-4 nm Pd/
Pt bimetallic ultrathin nanowires with length up to 300 nm
can be achieved by a seed-mediated method. It greatly
encouraged us to design a new class of Rh/Pt bimetal
nanowires for enthanol electrocatalytic application.

Ethanol is a promising fuel in low-temperature fuel
cells application because of not only its abundant feed-
stock from agricultural products and the fermentation of
biomass but also higher energy density and lower toxicity
compared with its counterparts such as methanol and
formic acid. Platinum is commonly used as catalyst in
direct ethanol fuel cells (DEFC). Previous studies*® 4
indicated that ethanol oxidation mainly concerns sequen-
tial and parallel reactions as following: CH;CH,OH —
[CH;CH,OH],q — Cl,q4, C2,q4 — CO, (total oxidation)
(1); CH3CH,OH — [CH3CH,OH],4 — CH;3;CHO —
CH;COOH (partial oxidation) (2). Unfortunately, in situ
infrared reflection—absorption spectrometry (IRRAS)
and differential electrochemical mass spectroscopy*' ~*°
have shown that the reaction 2 is predominant, namely
acetic acid is the main “end-product”; CO, has the lowest
selectivity among the three products,*®*” which tremen-
dously lowered the efficiency of energy utilization and
impeded the use of ethanol in DEFC. Therefore, the
rational design of catalysts for highly selective oxidizing
ethanol to CO, still remains challenging.

The breaking of strong C—C bond of ethanol is a key
factor for deeply oxidizing ethanol to CO,. During the
past decade, a number of efforts have been made for
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enhancing the CO5 selectivity. Many Pt-based alloys such
as Pt/Ru, Pt/Rh, Pt/Sn and Pt/Rh/Sn have been widely
investigated.* >3 The results have showed the alloy
boosted up the ethanol oxidation owing to their unique
surface structure and electron interaction. However, the
limited successes were achieved for highly selective oxi-
dizing ethanol to CO,. Meanwhile, the studies have
shown the Rhodium has a special effect on cleavage of
C—C bond.**>%°7 Therefore, the synthesis of monodis-
persed, well-defined morphology and size-controlled Rh/
Pt bimetallic alloys and investigating their dependence
between electrocatalytic performance and structures on
ethanol oxidation are of significance.

Experimental Section

Chemicals. PVP (CP, MW = 30000), NaBr (A.R.) and
sodium lauryl sulfate (SLS) (A.R.) ethanol (99.99%) were
purchased from Beijing Chemical Reagent Company. RhCl;-
nH>0O (A.R., Rh content: 40 wt %), PdCl, (A.R.), and K,PtClg
(A.R.) were purchased form Beijing research institute for non-
ferrous metals. HClIO4 were purchased from Alfa Aesar. Pt
black was purchased from Johnson Matthey. Chemicals were
used as received without further purification. Deionized water
was used for the synthesis of nanocrystals.

Synthesis of Rh Nanocubes Crystal. Seven milliliters of H,O,
1.0 mL of RhCl; aqueous solution (0.1 M), 103 mg of NaBr, 300
mg of PVP (MW = 30000), and 289 mg of SLS were added to a
beaker and stirred for 5 min. The resulting homogeneous brown
solution was transferred to a 12 mL Teflon-lined stainless-steel
autoclave. The sealed vessel was then heated at 220 °C for 12 h
before it was cooled to room temperature. The products were
separated via centrifugation for several times by deionized
water. The products were then dispersed with deionized water.

Synthesis of Rh/Pt Bimetal Nanowires. Desired quantity of
Rh cubes (0.233 mg/mL Rh cubes, calculated from ICP-OES;
i.e., 0.25, 0.50, and 1.0 mL) aqueous solution, 100 mg of PVP
(MW = 30000) and 24.0 mg of K,PtClg were added into water
and stirred for 5 min (total volume: 7.5 mL). The resulting
homogeneous solution was transferred to a 12 mL Teflon-lined
stainless-steel autoclave. The sealed vessel was then heated at
200 °C for a desired time (i.e., 6 and 12 h) before it was cooled to
room temperature. The products were separated via centrifuga-
tion for several times by deionized water. Then the products
were dispersed with ethanol.

Instruments. The size and morphology of the nanocrystals
were determined by a Tecnai G2 F20 S-Twin high-resolution
transmission electron microscope (HRTEM) at 200 kV. The
STEM, element analysis mapping and EDS line scanning were
determined by a Titan 80—300 Cs-corrected TEM with resolu-
tion 0.08 nm at 300 kV. The ICP-OES of samples were
performed on IRIS Intrepid I XSP (ThermoFisher). Working
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Figure 1. (a) TEM images of Rh nanocube crystals (inset, HRTEM image and FT patterns of single nanocube), and Rh/Pt heterostructures. (b, c) Rh/Pt I,
0.5 mL Rh cube seeds, time 6 h; and (d, ) Rh/Pt 2, 0.5 mL Rh cube seeds, time 12 h; (f) 1.0 mL Rh cube seeds, time 12 h; (g, h) Rh/Pt 3, 0.25 mL Rh cube

seeds, reaction time 12 h.

parameters: RF Power: 1150 W, Nebulizer Flow: 26.0 PSI,
Auxiliary gas: 1.0 LPM.

Test of Electrocatalytic Activity. Electrochemical experiments
were carried out in a standard three-electrode cell at room
temperature (about 25 °C) controlled by PAR 263A potentio-
stat/galvanostat (EG&G). The super pure water (18 MQ cm)
purified through a Milli-Q Lab system (Nihon Millipore Ltd.)
was used as solvent.

The super pure water dispersion of purified nanoparticles was
deposited on a glassy carbon electrode (GC, ¢5 mm; Takai
Carbon Co., Ltd., Tokyo, Japan) to get the working electrodes
after evaporation of solvent under an IR lamp. A reversible
hydrogen electrode (RHE) and a platinum foil were used as the
reference and counter electrode, respectively.

The cyclic voltammograms (CVs) were obtained in nitrogen-
saturated HCIO4 (0.1 M) solution, and the potential was
scanned from 0.05 to 1.4 V (RHE) at a scan rate 20 mV/s.
Voltammogram measurment for ethanol oxidation was carried
out in ethanol (0.1 M) + HCIO4 (0.1 M) solution, and the
potential was scanned from 0.05 to 1.4 V (RHE) at a scan rate
20 mV/s.

In situ Fourier Transform Infrared Spectra. In situ FTIR
studies were carried out with a Nicolet Nexus 870 Fourier-
transform infrared spectrometer equipped with a mercury cad-
mium telluride detector cooled with liquid nitrogen. An unpo-
larized light beam was used. The spectral resolution was set to
8 cm™ ! and 1200 interferograms were together added to each
spectrum. The reference spectrum was collected at 0.05 V in the
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Figure 2. High-angle annular dark field (HAADF)-STEM images of Rh/Pt 3 ultrathin nanowires. (a) and (A, B) cross-sectional compositional EDS line
scanning profiles and EDS positions (1—4, corresponding EDS profiles are shown in Figure S5 in the Supporting Information); (b) selected-region (the

golden rectangle) element analysis maps of Pt (green) and Rh (golden).

same solution with ethanol (0.1 M) and HCIO4 (0.1 M). A CaF,
planar was used as the infrared window.

Results and Discussions

Rh/Pt Bimetal Nanowires Formation. The Rh/Pt nano-
wires were synthesized using a sequential aqueous-phase
route. First, we synthesized uniform, narrow-size distri-
bution Rh nanocubes with an average size of 3.3 0.2 nm
by reducing RhClj; in the presence of PVP and Br anion
through a one-pot method.*> The synthesized Rh nano-
cubes and K,PtClg were then used as seeds and precursor,
respectively, for producing Rh/Pt nanowires only extra
addition a small quantity of PVP. Figure la and Figure S1
show transmission electron microscopy (TEM) images of
the as-synthesized Rh nanocubes. The nanocubes were
highly dispersed and nearly 95% in cubes shape and had
an average size of 3.3 4+ 0.2 nm. A high-resolution TEM
(HRTEM) image of a single Rh nanocube and the
corresponding Fourier-transform (FT) (Figure la inset)
pattern indicate that it was a single crystal with its surface
being enclosed by {100} facets and the interval between
two lattice fringes was examined to be 0.191 nm, in accord
with the (200) lattice spacing of the fcc Rhodium.

The as-obtained Rh nanocubes were utilized as seeds
for the controlled growth of Rh/Pt bimetal nanowires.
Figure 1b and Figure S2 show the TEM images of the as-
synthesized Rh/Pt bimetal alloys after a reaction time of
6 h with the quantity of 0.5 mL Rh seeds (Marked Rh/Pt 1).
The product consists of elongated particles with an
average diameter of 5.0 & 0.3 nm and bent short rods
with the length of 10—30 nm. The surface lattice fringe
intervals of the elongated particle is 0.226 nm (Figure lc,
inset), which is corresponding to the (111) facet of fcc
Platinum. And the particles and bent rods have obvious
contrast of bright and dark. Furthermore, a typical
intermediate of bent rods was captured by TEM
(Figure lc), it shows a strong orientation growth ten-
dency to 1D structure through linkage with abutting ends
of particles and/or rods (see Figure S2 in the Supporting
Information). This is perhaps one of the reasons why
there has a heavy dark at the junctions of the rods. With
the reaction time increasing to 12 h, the particles evidently
decreased, whereas the dominant wires appeared with
length reaching about 60 nm (marked Rh/Pt 2, Figure 1d,
e and Figure S3 in the Supporting Information). It is of
interest that the product is only made of particles with the
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quantity of Rh seeds increasing to 1.0 mL. The size of
particles is not well-distributed and average diameter is
beyond 7.0 nm (Figurelf). However, when the quantity of
Rh seeds is decreased to 0.25 mL, the product was made
of nearly 100% nanowires with nearly 100% yield
(marked Rh/Pt 3, Figure 1g and Figure S4 in the Support-
ing Information). The nanowires are made of nodes (the
heavy dark dots) and smaller stems with average diameter
below 4.3 and 3.2 nm, respectively. The length of such
ultrathin nanowires can be up to more than 300 nm
(Figure 1h and Figure S4 in the Supporting Information).
The lattice fringe of nanowire surface with intervals of
0.226 is clearly observed (Figure 2f, inset), ascribed to
(111) of fcc platinum. To indentify the components of
nodes and stems of bimetal nanowires, we combined
element analysis mapping with EDS line scanning and
STEM-EDS to analyze the compositions of representa-
tive positions on aberration-corrected HRTEM (FEI
Titan 80—300). The STEM image, EDS line scanning
profiles and EDS profiles taken from the different posi-
tions of wires are shown in Figure 2a and Figure S5 in the
Supporting Information. The results displayed that the
wires are nearly made of Pt atoms, whereas the signals of
Rh were very weak and hard to be detected. Maybe this
was caused by the extremely few quantities of Rh atoms
relative to Pt atoms. This suggestion is supported by the
results of ICP-OES (see Table S1 in the Supporting
Information). The quantities of Rh is only 1.08 at % in
the wires, which is consistent with the theoretic ratio value
of Rh atoms. To further distinguish the distribution of Pt
and Rh in the wires, we used the technology of element
analysis map. Figure 2b shows the STEM image and
selected-area element analysis maps of Pt and Rh, dis-
playing that Pt atoms distribute in the whole area (green),
whereas, the Rh atoms just distribute discretely with few
quantities of dots (golden). The above evidence indicates
that the Rh seeds cube was displaced by Pt, whereas the
Rh were rereduced and distributed the wires discretely.
Lattice mismatch plays a critically important role in the
growth of the secondary metal on seeds, which deter-
mined the growth mode through either conformal or
anisotropic growth and decided the final shape of pro-
duct.*®*7 The lattice mismatch of Rh/Pt is about 3.2%.
Yang and co-workers have reported that high lattice
mismatch effectively prevents conformal overgrowth of
Au on the Pt nanocubes (4.08% mismatch for Au/Pt).
However, our previous result ** showed that low lattice
mismatch of Pd/Pt (0.77% mismatch) can also form
heterostructured ultrathin nanowires by using Pd nano-
cubes as seeds. Therefore, in our system, the lattice
mismatch for formation of nanowires is not a key factor.
Maybe, the Pt displacing Rh to produce Pt seeds is a key
process. On the other hand, the formation of Rh/Pt wires
was also controlled by the reduction rate of Pt by an
autocatalytic process, which has been used to explain the
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Figure 3. Cyclic voltammetric curves (CVs) of Rh cubes, commercial Pt
black, and Rh/Pt bimetal alloys in (a) a 0.1 M HCIO4 solution and (b) a
0.1 M ethanol + 0.1 M HCIO, solution.

formation of branched nanostructures of Pt.>®* ¢! This
suggestion is also supported by the EDS line scanning,
element analysis maps, and the quantity of Rh seeds. The
above-mentioned results show that the more the seeds
were, the faster the Pt** were reduced, and the more
difficult it was for the wires to form because of the faster
reduction and growth of Pt to form individually large
particles. On the basis of these results, we deduced that the
formation mechanism of heterostructured Rh/Pt ultra-
thin wires processed as following: The first step was that
the Pt** jons diffused the surface of Rh cubes and reducd
by surface Rh seeds via galvanic replacement, at the same
time, the Pt nucleated and grew along the lowest energy
facet orientation (111) to form Pt particles. Then the rest
of Pt ions and reoxidized Rh ions were reduced by
autocatalytic process and anisotropically grew along the
(111) facets of the Pt shell to form the short rods. Finally,
the rods grew into wires by oriented attachment at the
ends of each short rods. The growth mode led to the
formation of wire structures with heavy nodes and stems.
The intermediates of particles, elongated particles and
short rods provided evidence for the formation mechan-
ism. In the present system, the Rh seeds probably served
as media for providing a well-defined surface for the
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at 0.8 V.

growth of Pt, which is in favor of reduction, nucleation
and growth of Pt precursor. For supporting this point, we
did the comparable experiment at the same conditions of
the synthesis of Rh/Pt wires in the absence of Rh cubes
seeds. The result was that we did not get any related
product of single Pt, which showed it was difficult to
nucleate and grow for Pt without Rh seeds in present
synthetic conditions and also indirectly proved the above
suggestion. Moreover, the PVP maybe played roles as
stabilizing agent and reducing agent in the present synth-
esis system. Because there also had no product in the
absence of PVP.

Electrocatalytic Test toward Ethanol. The catalytic
activity of Rh/Pt bimetal alloy toward ethanol oxidation

was tested against single Rh cubes and commercial Pt
black. The electrodes were immersed in nitrogen-satu-
rated HCIO4 (0.1 M) solution, and the potential was
scanned from 0.05 to 1.4 V (vs reversible hydrogen
electrode, RHE) at a scan rate 20 mV/s to obtain the
cyclic voltammograms (CVs) (Figure 3a). The hydrogen
desorption electric charges calculated from CVs were
used to estimate the electrochemically active surface area
(ECSA) of catalysts. The centers of oxygen desorption
potential peak of commercial Pt black and Rh cubes
locate at 0.77 and 0.33 V, respectively. However, the
centers of oxygen desorption peak of Rh/Pt alloys are
between that of Rh and commercial Pt black, and the
shapes of CVs obviously differ from that of commercial
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Pt black and Rh cubes. For example, the oxygen desorp-
tion peaks of ultrathin nanowires RhPt 3 locate at 0.72
and 0.40 V, respectively. It indicates strong electron
interaction between Rh and Pt atoms among this sample.

The electrocatalytic activities of catalysts were investi-
gated in the ethanol (0.1 M) + HCIO4 (0.1 M) solution at
a scan rate of 20 mV/s from 0.05 to 1.4 V at room
temperature (25 °C). The current density (j) was calcu-
lated by normalizing the oxidation current to ECSA, so
that it directly corresponds to the catalytic activity of unit
surface area (Pt, Rh, or Rh/Pt) of the sample. Thus, it can
be directly compared for different samples. Figure 3b
shows the comparison of electrocatalytic properties of the
Rh/Pt bimetal alloys, Rh nanocubes and commercial Pt
black. There are two oxidation peaks for ethanol oxida-
tion over commercial Pt black and Rh/Pt alloys. While for
Rh catalyst it has a weak and broad oxidation peak. The
peak potential of commercial Pt black is 0.87 V (Peak A)
and 1.25 V (Peak B), respectively. Commonly, Peak A is
ascribed to oxidizing ethanol to acetaldehyde, acetic acid
and CO,, and Peak B is almost completely ascribed to
acetic acid.**** Furthermore, the peak intensity of Peak B
is higher than that of Peak A. It means that the acetic acid
is mainly “end-product” for pure Pt catalyst. It is of
interest that the peak potential of Peak A decreased
obviously with increasing of Rh content, however, this
phenomenon did not happen for Peak B. At the same
time, the intensity of Peak B that associated with acetic
acid decreased substantially with increasing Rh content.

(62) Chang, S.-C.; Leung, L.-W. H.; Weaver, M. J. J. Phys. Chem. 1990,
94, 6013-6021.

Finally, it almost disappeared for pure Rh cubes. Besides,
the peak current also decreased with the Rh content
increase. The peak current is only 0.13 mA ¢cm ™~ on pure
Rh cubes. For the sample of typical bimetallic ultrathin
nanowires Rh/Pt 3, the peak currents are 1.20 (peak
potential locates at 0.83 V) and 0.94 mA cm > (peak
potential locates at 1.25 V), meanwhile, the correspond-
ing values of the commercial Pt black are 1.03 and 1.29
mA cm 2, respectively. It means that the introduction of
Rh can enhance the activity of ethanol oxidation and
lower the acetic acid product.

Insitu FTIR Characterization for Ethanol Oxidation. In
situ FTIR spectroscopic studies were commonly used to
identify the intermediates and products of ethanol oxida-
tion. Three sets of spectra for Rh cubes, commercial Pt
black and typical Rh/Pt 3 ultrathin nanowires are shown
in Figure 4a—c. The band at 2345 cm ™' is signature peak
for the O=C=0 asymmetric stretch vibration of CO»,,
which reflects the cleavage of the C—C bond in ethanol
oxidation. The band at ~1715 cm ™' is the stretching
vibration of the C=O bond in acetic acid and/or acet-
aldehyde because of possible overlap at this location. A
well-defined band at 1285 cm™' is the characteristic
absorption of C—O stretching in acetic acid, which is
usually used for quantitative analysis of acetic acid. The
upward band at 1047 cm™ ' is the signature peak for the
C—O stretching vibration of CH;CH,OH, representing
the consumption of ethanol due to oxidation. For pure
Rh cubes, the bands intensity of 1715 cm™ " is very weak
and that of 1285 cm™' do not appear essentially
(Figure 4a). Namely, CO, was the only detected main
product. This result is similar to that reported by Tacconi
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etal.®® They observed that CO, was the main product on a
smooth polycrystalline Rh electrode in 0.5 M HCIO4 +
0.1 M CH3CH,OH solution. While the two CO chemi-
sorption bands appeared on Rh surface, located at
around 1900 and 2000 cm~' and ascribed to bridged
and linear CO, respectively (Figure 4a). The two bands
also appeared on Rh/Pt 3 bimetal nanowires (Figure 4¢)
and other Rh/Pt bimetal alloys (Figure 4c and 4d). These
indicate that the Rh exists in the surface of Rh/Pt bimetal
alloys. The band intensities of acetic acid and/or acet-
aldehyde is obviously stronger than that of CO, on
commercial Pt black at the potential beyond 0.4 V
(Figures 4b and 5a). The comparison of ratio of band
intensity of CO, to acetic acid (located at 1285 and 1715
cm™ ') for in situ FTIR spectra of ethanol oxidation on the
commercial Pt black and Rh/Pt heterostructures catalysts
at 0.80 V was illustrated in Figure 4f. Obviously, much
more CO, and much less acetic acid were formed on Rh/
Pt alloys catalysts for ethanol oxidation as compared with
commercial Pt black (Figure 5c,d). For example, the band
intensities of CO, at 2345 cm™ ! and acetic acid at 1285
cm” !are 0.0107 and 0.0023, respectively, on the Rh/Pt 3
catalysts, and corresponding values are 0.0090 and 0.0052
on the commercial Pt black. The ratio of band intensities
of CO, to acetic acid on the Rh/Pt 3 is 2.69 times to that
on the commercial Pt black (i.e., 4.65 vs 1.73). Besides, the
ratio of band intensities of CO, to that located at 1715
cm~ ' on the Rh/Pt 3 is 2.27 times to that on the commer-
cial Pt black (i.e., 1.43 vs 0.63). It implies that the
introduction of Rh is favor of splitting the C—C bond
and enhances the CO, selectivity. Among these samples,
the ultrathin Rh/Pt 3 ultrathin nanowires showed the
best activity and selectivity toward oxidizing ethanol to
CO, (Figure 3b and Figure 4¢) because their smallest

(63) Tacconi, N. R.; Lezna, R. O.; Beden, B.; Lamy, C. J. Electroanal.
Chem. 1994, 379, 329-337.

(64) Hu, J. T.; Odom, T. W.; Lieber, C. M. Acc. Chem. Res. 1999, 32,
435-445.
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dimension and consecutive structure are more in favor of
transmitting electrons.®® These results clearly demon-
strated that the Rh/Pt ultrathin nanowires do have sub-
stantially enhanced the reactivity of breaking C—C bond
in ethanol, and as a consequence displayed a much higher
selectivity to the complete oxidation of ethanol to CO, as
compared with the commercial Pt black.

Conclusions

For the first time, we have made use of Rh nanocubes as
seeds to produce high-yield, high-selectivity Rh/Pt bime-
tallic ultrathin nanowires with nodes and stems structure
via seed displacemnt, epitaxial growth method in a single
aqueous phase. The electrocatalytic activity of these Rh/
Pt ultrathin nanowires toward ethanol oxidation was
investigated compared with the activity of the Rh nano-
cubes and the commercial Pt black. Thanks to the effec-
tive ability of Rh for breaking the strong C—C bond of
ethanol and consecutive structure of ultrathin nanowires,
the maximum selectivity to CO, of Rh/Pt nanowires is at
least 2.69 times higher than that of commercial Pt black.
The peak current is 1.2 times that of commercial Pt black
and the potential decreased about 40 mV. This study
displays a great significance in synthesis of high selectivity
and activity catalysts for ethanol oxidation to CO,, and in
improvement of the efficiency of direct ethanol fuel cells
as well.
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