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@ Synthesis of Pt-Cu Nanodendrites through Controlled
Reduction Kinetics for Enhanced Methanol Electro-

Oxidation

Eric Taylor,” Shutang Chen,” Jing Tao,™ Lijun Wu,” Yimei Zhu,”™ and Jingyi Chen*®

Metal nanoparticles with dendritic structures are of particular
interest because of their different chemical and physical prop-
erties compared to polyhedral nanoparticles. Owing to the
large surface area and the rich step-surface atoms, dendritic
nanostructures have been demonstrated to be more catalyti-
cally active than conventional polyhedra for many reactions,
such as O, reduction,”" methanol oxidation,* formic acid ox-
idation,® ethanol oxidation,” and other small molecule reac-
tions.® A small number of synthetic strategies have previous-
ly been developed for the synthesis of bimetallic nanoden-
drites, for example a seed-mediated method has been report-
ed for synthesizing a dense array of Pt branches on a Pd core,
with a truncated-octahedral shape, by directly reducing the
precursor on the core or by attaching the reduced clusters to
the corel"'™ Seeded growth has also been demonstrated in
nonaqueous systems by using oleylamine to reduce Pt-mono-
layer particles on Pd cores.? In addition, the seeded-growth
method has been confined within silica templates to generate
Pt-on-Au nanodendrites.®! Another approach is a block-copoly-
mer-mediated method, in which Pd and Pt precursors were si-
multaneously reduced by using ascorbic acid, yielding Pt-on-
Pd nanodendrites.” In this case, the triblock copolymer assist-
ed the phase segregation to form a core-shell dendritic struc-
ture. Although most strategies have focused on core-shell
nanodendrites, synthetic methods for alloyed nanodendrites
are largely lacking. Recently, alloyed Pt-Ni nanodendrites were
obtained through a solvothermal approach, which facilitated
the effective diffusion to form alloys in a autoclave device;
however, control over the composition remains a challenge.”
Herein, we report a co-reduction method for the synthesis of
alloyed nanodendrites that involves a kinetically controlled re-
duction, in which ethylene glycol couples to oxidative etchants
before fast reduction with ascorbic acid. This approach is ini-
tially demonstrated by using a Pt—Cu system.
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Pt-Cu nanostructures have received considerable interest
because of their bifunctionality that synergistically improves
their catalytic activity towards electrochemical reactions associ-
ated with fuel-cell applications, for example methanol oxida-
tion.™ For this reaction, Pt is the best-known catalyst for the
oxidation of methanol to CO-related intermediate species,
whereas Cu is active for CO oxidation with water. Together,
Pt—Cu alloys activate both methanol and water in the electro-
oxidation of methanol, which can effectively remove adsorbed
intermediates from the catalyst surfacel’>'® A number of
Pt-Cu nanostructures that further enhance the electrocatalytic
activity of methanol have previously been reported, including
nanocubes," nanocages,"*'” nanorods,®*'? and concave
structures.”” Because the catalytic activity improves with an in-
creased number of active sites, nanodendrites, having a large
surface area and high density of step-surface atoms, are prom-
ising catalyst candidates for heterogeneous catalysis. In this
work, Pt-Cu nanodendrites were synthesized for the first time
by using a kinetically controlled co-reduction method. The
composition and complexity of the nanodendrites were readily
manipulated by varying the reaction time of the rate-limiting
step. These dendritic nanostructures show superior catalytic
activity in the electro-oxidation of methanol.

As an initial demonstration, Pt;Cu nanodendrites were syn-
thesized by using a two-step co-reduction of Pt and Cu precur-
sors in a 1:1 molar ratio. The first step was modified from the
previously reported polyol synthesis of branched Pt nanoparti-
cles by introducing Cu precursors,?"?? and the second step
was to accelerate the reduction process by using a stronger re-
ducing agent (i.e., ascorbic acid). At the initial stage, the pre-
cursors were reduced by using ethylene glycol in the air, with
a small amount of additives (i.e., FeCl; and HCl). These addi-
tives and O, in the air served as oxidative etchants, which
could react with the reduced species to return it to the oxi-
dized form. The color of the reaction mixture turned from
orange-yellow to green-yellow within 1 h, and the mixture re-
tained the green-yellow color for a long period of time (i.e.,
24 h) before the addition of ascorbic acid, indicating that the
reduction of the precursor was very slow.?" As soon as the as-
corbic acid was added to the reaction, the solution turned
from green-yellow to dark-brown within 15 min, yielding the
nanodendrites with a diameter of approximately 30 nm (Fig-
ure 1A). The lattice constant (a) of the nanodendrites was ob-
tained through analysis of the X-ray diffraction (XRD) pattern
to be 0.384 nm (Figure 1B). Assuming the linear-mixing rule,
the composition of the nanodendrites was estimated as Pt;Cu,
based on Vegard’s Law (g, =0.392 nm and ac,=0.361 nm).**
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Cu" was absorbed on the nano-
particle surface or coordinated
with polyvinylpyrrolidone (PVP)
in the precipitates. Nevertheless,
these results suggested that
more Pt was reduced compared
to Cu in the first step, and thus
more Pt was reduced through-

—— Pt (JCPDS 04-0802)
Cu (JCPDS 04-0783)

out the entire synthesis.
The morphology of the prod-

Counts

uct was essentially controlled
through the reduction kinetics
of the slow reduction step by
using ethylene glycol as a reduc-

Cu overlaid

Figure 1. A) Transmission electron microscopy (TEM) image and B) XRD pattern of Pt;Cu nanodendrites synthe-
sized by using a co-reduction method, which involved a two-step procedure with an initial slow reduction that
utilized ethylene glycol for 24 h, followed by a fast 15 min reduction step that used ascorbic acid. Inset: High-reso-
lution TEM (HRTEM) image of an individual nanodendrite. C) Energy-dispersive X-ray (EDX) elemental mapping

and D) EDX elemental analysis of an individual nanodendrite on a Ni grid.

HRTEM analysis indicated that each branch of the nanoden-
drites had a width of approximately 3 nm and grew along the
< 111> direction of the Pt;Cu face-centered cubic structure
(see Figure S1 in the Supporting Information). The mixed-alloy
atomic arrangement of the nanodendrites was further con-
firmed by using EDX mapping analysis (Figure 1C). The high-
angle annular dark-field scanning transmission electron micros-
copy (HAADF-STEM) image, in which each pixel was overlaid
with the results from elemental mapping, was simultaneously
acquired with the EDX analysis. The zoomed-out HAADF-STEM
image has been included in Figure S2 to display the mapping
area. The results showed that elemental Pt and Cu were evenly
distributed across the dendritic nanoparticle. Elemental analy-
sis revealed a 3:1 atomic ratio of Pt/Cu for individual nanoden-
drites (Figure 1D). The increase in the stoichiometric ratio
(Pt/Cu) from 1:1 (feeding ratio of precursors) to 3:1 (atomic
ratio of the product) can be explained because 1) the reduc-
tion of Cu only occurs in second step and 2) the galvanic re-
placement of Cu with Pt" leads to the dissolution of Cu back
to Cu'".

The UV/Vis study was performed to monitor the disappear-
ance of the precursors during the synthesis, which could vali-
date these hypotheses (Figure S3). The broad peak at approxi-
mately 850 nm could be assigned to Cu-glycol complexes,?* %!
with the absorption coefficient estimated as 322+
0.8 Lmol~"'em™". There was no change in the peak intensity
after reduction for 24 h in ethyl glycol, indicating that no re-
duction of the Cu precursor occurred in this step. Although
the peak intensity of supernatant was close to zero after ascor-
bic acid reduction, we could not rule out the possibility that
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B ing agent, with a small amount

of oxidative etchants. Figure 2

I o shows the morphology and
c { Ni Pt composition of the nanostruc-
_iju e J@M‘j\u tures obtained from the two-
0 2 4 6 8 10 step co-reduction, which result-

ed from various reaction times
of the initial step and the same
reduction time (i.e., 15 min) for
the second step. The size and
complexity of the dendritic
structures increased with ex-
tended reaction times. The re-
sultant products were ultra-small dendrites (diameter =5 nm,
Figure 2A), medium dendrites (diameter =20 nm, Figure 2B),
and large dendrites (diameter ~30 nm, Figure 2 C), which were
obtained after 2, 6, and 12 h reduction in the first step, respec-
tively. HRTEM analysis (inset of Figure 2A) showed that the
growth direction was along the <111 > axis for each branch (
~3 nm wide) of the ultra-small dendrites, in agreement with
that observed for the large dendrites. XRD analysis indicated
that the composition of each sample varied from Pty,Cus,
(PtCu) to Pt,sCuss and Pt,sCu,s (Pt;Cu) for reaction times 2, 6 or
12, and 24 h, respectively (Figure 2D). The ratio of Pt/Cu in-
creased with extended reduction time in the first step, that is,
prior to the addition of ascorbic acid, suggesting that the re-
duction of Pt predominantly occurred in the initial reduction
with ethylene glycol. During this kinetically controlled process,
the single-crystalline seeds of Pt preferentially grew along the
<M1 > axis.?"#*? To induce over-growth on the {111}
facets, the presence of the H and Cl~ appeared to be crucial.
As a control experiment, the reaction without the addition of
FeCl; and HCl was performed, which led to the formation of
spherical Pt;Cu nanoparticles (Figure S4). Extension of the reac-
tion time led to an increase in the size and the number of the
seeds in the solution, resulting in an increased percentage of
Pt in each nanodendrite. As nanoparticles overgrew along the
same axis, the lattice spacing of their activated sites was
matched. Therefore, the increased number of seeds in the pro-
longed reaction led to the coalescence of the single-crystal
seeds and, subsequently, the formation of larger nanoden-
drites.?®
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ticles (/l,=1.69), but higher
than that of the Pt/C catalyst
(I/1,=0.87). This result implied
that the Pt-Cu alloy oxidized
methanol more effectively and
with less poisoning-intermedi-
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R 32 than Pt/CI'"? These findings
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——Pt (JCPDS 04-0802)

Cu (JOPDS 04.0783) for 1200 s (Figure 3C). The cur-

rent density of the Pt;Cu nano-
dendrites was higher than that
of both the Pt;Cu nanoparticles
and Pt/C throughout the mea-
surement. The high activity of
the Pt;Cu nanodendrtites could
be attributed to the unique
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Figure 2. TEM images of the Pt-Cu nanostructures that resulted from A) 2 h, B
the initial step, before the addition of ascorbic acid. D) XRD patterns of the co

The dendritic nanostructures provided a large surface area
and a large number of active sites for electrocatalysis. The elec-
trochemically active surface area (ECSA) was determined by in-
tegrating the charge involved in hydrogen desorption, within
the potential range of 0.05-0.4 V versus a reversible hydrogen
electrode (RHE),"*® after correction for the double-layer capaci-
tive contribution. Assuming a polycrystalline surface, the
charge associated with the desorption of a hydrogen monolay-
er is 210 uCcm 283" The ECSA was estimated to be 112.5,
58.5, and 109.5 m*g,, ' for Pt;Cu nanodendrites, Pt;Cu spheri-
cal nanoparticles, and the commercial carbon-supported Pt
catalyst (Pt/C, 20 wt % Pt), respectively (Figure 3 A). Before load-
ing onto the carbon support, the ECSA of the Pt;Cu nanoden-
drites was roughly the same as that of the commercial Pt/C
material, and the ECSA was approximately two times larger
than that of the spherical Pt;Cu nanoparticles. The increase in
the ECSA could be attributed to the dendritic morphology,
which prevented the agglomeration of the nanoparticles
during the electrode preparation process.

The catalytic activity of the Pt;Cu nanodendrites was exam-
ined towards the electro-oxidation of methanol. Figure 3B
shows the cyclic voltammetry (CV) profiles of each sample in
a 1M CH;0H/0.1m HCIO, solution at a scan rate of 50 mVs™".
The oxidative current density of the forward sweep (/) was re-
corded to be 0.50, 0.18, and 0.17 mAcm™ for Pt;Cu nanoden-
drites, Pt;Cu nanoparticles, and Pt/C, respectively. The I; value
for the nanodendrites was 2.8 times of that of the Pt;Cu nano-
particles and Pt/C, indicating a high efficiency for methanol ox-
idation. The current density of the backward sweep (I,) was
also recorded, and the ratio of //l, for the Pt;Cu nanodendrites
was 1.32, which was comparable to that of the Pt;Cu nanopar-
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60 dendrite structure and the bi-
20/°

functionality of Pt and Cu for
promoting methanol oxidation.
The stability of the Pt;Cu
nanodentrites was further inves-
tigated by using the potential
cycling treatment performed in
Ar-saturated 0.1m HCIO, solution, at a scan rate of 50 mVs™
for 250 cycles at room temperature (Figure 3D). The ECSA of
the Pt;Cu nanodendrites was calculated as 88, 90, 82, and
55 m?gp, ! after 2, 20, 100, and 250 cycles, respectively. The de-
crease in the ECSA after 250 cycles was possibly caused by the
dissolution of the catalyst from the electrode. The performance
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Figure 3. A) CV profiles (scan rate =50 mVs~') of the Pt;Cu nanodendrities,
Pt;Cu nanoparticles, and Pt/C material in 0.1 m HCIO, solution. B) CV and

C) CA of methanol oxidation on Pt,Cu nanodendrities, Pt;Cu nanoparticles,
and Pt/C in a solution containing 1M methanol and 0.1 m HCIO, at a scan
rate of 50 mVs~". The CA curves were obtained at 0.9 V versus RHE. D) CV
profiles of the Pt;Cu nanodendrites in 0.1 M HCIO, solution at a scan rate of
50 mVs~.
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of the catalyst was further characterized for methanol oxida-
tion after 250 cycles, and compared to the performance after
20 cycles (Figure S5). The I, value was recorded to be
0.5 mAcm™2 after 20 cycles and 0.24 mAcm™2 after 250 cycles,
whereas I/, was calculated as 1.32 and 2.87 after 20 and
250 cycles, respectively. After 250 cycles, the nanodendrites
were removed from the electrode surface and their morpholo-
gy and composition were analyzed by using TEM and EDX
mapping (Figure S6). The dendritic shape of the nanoparticles
remained unchanged as the atomic ratio of Pt/Cu increased
from 3:1 to 5:1 owing to the dissolution of Cu under the acidic
conditions.l'®34

In summary, Pt-Cu nanodendrites were synthesized by using
a two-step co-reduction method, which involved a kinetically
controlled slow reduction step and, subsequently, a fast reduc-
tion process. The dendritic nanostructures were the result of
overgrowth on the {111} facets and the coalescence of small
dendritic seeds. The size and composition of the Pt—Cu nano-
dendrites increased as the reaction time during the slow re-
duction step was increased. This method provided a straightfor-
ward synthesis for the production of Pt-containing alloyed
nanodendrites. The Pt;Cu nanodendrites exhibited large ECSA,
high current density, and better CO-resistance for methanol ox-
idation compared to Pt;Cu nanoparticles and the commercial
Pt/C catalyst.

Experimental Section
Synthesis of Pt-Cu nanodendrites

In a typical synthesis, ethylene glycol (4 mL) was added to a 25 mL
three-necked round-bottom flask equipped with a water-cooling
condenser and heated to 110°C. After 1 h, 6 mm HCl in ethylene
glycol (50 pL) and 200 mm FeCl; in ethylene glycol (100 uL) were si-
multaneously injected into the flask. After 1min, 32mwm
H,PtCl6H,0 (2mL, 33 mg, 64 pumol), PVP (2mL M,=55000,
0.045 g), and 32 mm CuCl, (8.5 mg, 63 umol) in ethylene glycol
(2 mL) were simultaneously injected into the flask. The reaction
mixture was then maintained at 110°C for a period of time varying
from 2 to 24 h. The color of the reaction changed from golden-
yellow to green-yellow, indicating the reduction of the Pt precur-
sor. After this initial period of slow reduction, 500 mm ascorbic acid
(0.5 mL) was added to the reaction mixture to accelerate the re-
duction as a second step. Within 15 min, the color of the reaction
mixture changed from green-yellow to dark-brown, indicating the
formation of nanoparticles. The product was then precipitated out
by using acetone and centrifugation (five times), followed by wash-
ing with ethanol (twice). The sample was dried under vacuum
overnight.

Instrumentation

TEM images were captured by using a JEOL 1011 microscope with
an accelerating voltage of 100 kV. HRTEM images, HAADF-STEM
images, and EDX maps were obtained by using a JEOL-ARM 200F
microscope with an acceleration voltage of 200 kV. XRD patterns
were acquired by using a Rigaku MiniFlex X-ray diffractometer
equipped with a CuKo radiation source operated at 30 kV and
15mA. The concentration of Pt was determined by using
a GBC 932 atomic absorption spectrometer.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Electrochemical measurements

The electrocatalytic activity of the Pt-Cu nanodendrites and com-
mercial Pt/C (20 wt% Pt) was characterized by using CV and CA on
a CHI760 electrochemical workstation at room temperature. The
measurements were performed by using a three-electrode cell
with a Ag/AgCl/1.0m KCI reference electrode (standard electrode
potential, F°=—0.294 V vs. RHE) and a Pt wire as the counter elec-
trode. A glassy carbon disk (0.070 cm?) was polished to a mirror-
finish before each experiment, and was used as the substrate for
the working electrode. The catalyst suspension was prepared by
mixing a 0.8 mg,mL~' nanoparticle suspension with 0.05 wt%
Nafion (1:1 v/v), which was then subjected to sonication for 5 min.
An aliquot of the suspension (5 L) was pipetted onto the glassy
carbon substrate, yielding a Pt loading of 2 ug (or 28 pgcm™2). The
working electrode was dried at room temperature. The ECSA was
determined from the CV profiles obtained at a scan rate of
50 mVs™' in 0.1 m HCIO, solution. The methanol oxidation was per-
formed in a solution containing 1.0m CH;OH and 0.1m HCIO, at
a scan rate of 50 mVs™'. CA was recorded at 0.9V versus RHE in
a solution containing 1.0m CH;OH and 0.1 m HCIO,. The electro-
chemical dealloying process was performed at a scan rate of
50 mVs™', within the potential range from 0-1.2V versus RHE in
0.1 m HCIO, solution. After a certain number of cycles, the CV pro-
file was recorded at a scan rate of 50 mVs™".
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