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Abstract

Urchin-like PtCu alloy nanostructure was fabricated by a facile co-reduction
approach, and the cationic surfactant cetyltrimethylammonium bromide (CTAB)
served as the reducing agent. The reaction temperature highly influenced the reducing
activity of CTAB, and no reducing activity was exhibited when reaction temperature
was below 120 °C. During the formation process of urchin-like PtCu alloy
nanostructure, partial CTAB firstly reacted with H,PtCls to produce yellow colloid
precipitation, which could reduce the generation rate of Pt atoms and benefit the
alloying of Cu with metallic Pt to form PtCu alloy. Compared with pure Pt, the PtCu
alloy catalyst exhibited a much higher catalytic efficiency and stability towards

methanol oxidation reaction. It was proposed that the enhanced catalytic activity of
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PtCu alloy was attributed to the downshift of d-band center of Pt, which greatly
reduced the affinity energy with CO* intermediate species.
1. Introduction

Methanol oxidation reaction (MOR), usually proceeding under the catalysis of
metallic Pt, takes place at the anode of direct methanol fuel cells. However, the high
scarcity and low durability of Pt catalyst seriously limit its application. To reduce the
usage amount of metallic Pt, great efforts have been devoted to fabricating Pt-based
alloy catalyst by introducing foreign metals (M = Fe, Co, Ni, Cu, efc), and it has been
proved that this strategy could highly reduce the cost of Pt and simultaneously
improve the catalytic performance due to the modified electronic structure of Pt
catalyst.

Metallic platinum and copper can form Pt—Cu binary alloy for their identical crystal
structure (face-centered cubic, fcc) and similar cell parameters (ap, = 3.923 A, ac, =
3.615 A). The co-reduction approach is an effective route for the synthesis of Pt-Cu
alloy by co-reducing Pt-/Cu-based metal salts with reducing agents, such as ascorbic
acid,'” glucose,3 1,2-tetradecanediol,* n-butylalcohol,’ N,N—dimethylformamide.6 To
obtain Pt-Cu alloy nanocrystals with well-defined morphologies (e.g., cube,
octahedron, icosahedron), some cationic surfactants, including tetraoctylammonium

bromide,*’ cetyltrimethylammonium bromide or chloride (CTAB/C),"**

are widely
applied as structure directing agents. What should be noted is that some

above-mentioned cationic surfactants can also serve as weak reducing agents in

hydrothermal conditions. For example, Au@Pd core-shell nanooctahedrons were
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produced by simultaneously reducing precursors of Au and Pd with CTAC.’ To the
best of our knowledge, no related study has been reported to synthesize Pt-Cu alloy
with cationic surfactant acting as the sole reducing agent up to now.

Despite numerous studies, there are still controversies on the MOR mechanism on
Pt catalyst surface.'® For example, the first step of MOR starts from O—H or C—H
bond scission. Recently, Watanabe et al, proposed that the C—H bond scission was less
kinetically favorable for a higher activation barrier."" The reaction pathway starting
from O—H bond scission proceeds via methoxy (CH30%), as a first intermediate, then
by sequential hydrogen abstraction via formaldehyde (CH,O%*), formyl (CHO¥*), and
CO*. The O—H bond scission is considered as the rate-limiting step for above
pathway.'? So it is highly necessary to study the MOR by focusing on the abstraction
of hydroxyl hydrogen. Besides, the reaction process can produce CO* intermediate
species, which could strongly occupy Pt active sites, highly reducing the performance
of Pt catalyst. In Pt-based alloy catalyst, the incorporation of transition metal can
modify Pt electronic structure due to the electron transfer from M to Pt. Above effect
can highly alter the binding strength between the surface Pt atoms and the
intermediate products (e.g. CO*), and further influence Pt catalytic performance.

In present work, we reported for the first time the direct co-reduction of
Pt-/Cu-based precursors by cationic surfactant CTAB to synthesize urchin-like Pt—Cu
alloy nanostructure, and further detailed investigated their formation process. Besides,
the electrocatalytic activity towards MOR for Pt—Cu alloy was also studied.

2. Experimental section
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2.1 Chemicals and reagents

The following reagents were used: K,PtCls:6H,0 (40 % Pt), CuSO4-5H,0 (99.0 %),
cetyltrimethylammonium bromide (99.0 %), methanol (99.9 %), perchloric acid
(70 %), absolute ethanol (99.7 %). Above chemicals were used without further
purification. All solutions used in electrochemical tests were prepared with
Millipore-Q water (> 18.2 MQ).
2.2 Synthesis of urchin-like Pt—Cu alloy nanostructure

In a typical process, 0.10 mmol CuSO4-5H,0 and 0.033 mmol K,PtCls-6H,O were
firstly mixed in a 20 mL teflon autoclave filled with 16 mL H,O. After 0.050 g CTAB
being added, the solution was stirred for 20 min, and then maintained at 160 °C in an
oven for 6 h. The final black product was collected by centrifugation (10000 rpm, 5
min) and washed with distilled water, absolute ethanol for several times. For
comparison, urchin-like Pt nanostructure was also prepared, and the approach was
similar with the case of Pt—Cu alloy except for the absence of CuSO,.
2.3 Physical characterization

The crystallographic phase was identified by powder X-ray diffraction (XRD)
employing a Bruker D8 ADVANCE X-ray diffractometer with Cu Ka radiation (A =
1.5406 A). The transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) were performed on a JEM-2100
transmission electron microscope at an accelerating voltage of 200 kV. The elemental
composition of Pt—Cu alloy was determined by an Oxford INCA energy-dispersive

X-ray (EDX) detector equipped on JEM-2100 transmission electron microscope.
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X-ray photoelectron spectroscopy (XPS) study was performed on an ESCLAB MKII
X-ray photoelectron spectrometer.
2.4 Electrochemical measurements

For MOR measurements, a standard three-electrode system was fabricated to
perform the electrochemical tests. The working electrode was a glassy carbon rotating
disk electrode (RDE, ALS Co., Ltd) and its geometric area is 0.1256 cm”. A coiled Pt
wire (@ = 0.5 mm, L =23 cm) and an Ag/AgCl (3M NacCl) electrode were used as the
counter and reference electrodes, respectively. To prepare the working electrode, the
catalyst was mixed with isopropyl alcohol, H,O, and Nafion (5 %) (v/v/v = 4:1:0.05)
and sonicated for 30 min to form a catalyst ink. 6 pL of catalyst ink was cast on RDE
surface and dried under ambient conditions. The loading amount of Pt for catalyst was
6.0 pg. Methanol electrooxidation measurement was conducted in Ar-saturated 0.1 M
HCIO4 + 1.0 M CH30H solution. Chronoamperometry (CA) test was conducted at a
constant potential of 0.60 V in Ar-saturated 0.1 M HCIO4 + 1.0 M CH30H for 3000 s
to investigate the stability of catalyst.
2.5 Computational methods

The first-principle DFT calculation in this study was based on a pseudo potential
plane-wave method using a Quantum-Espresso package.”’ All the calculations were
performed using the generalized gradient approximation using the Perdew, Burke, and
Ernzerh of correlation functional.'*'> The electronic structure calculation was
performed using the PWSCF code from the Quantum Espresso distribution. The

pseudo potential plane-wave calculations were performed using Vanderbilt ultrasoft
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pseudo potentials including the scalar relativistic effects.'® Methfessel-Paxton method
was used for smearing with a broadening parameter of 0.02 Ry.17
3. Results and discussion

As shown in Figure 1, the diffraction peaks for Pt—Cu alloy in XRD pattern could
be well-indexed to (111), (200), and (220) planes of fcc-PtCu, and it was well
consistent with the literature data (JCPDS No.48-1549). Compared with the XRD
pattern of pure Pt, the diffraction peaks for Pt—Cu alloy shifted to high angles,
implying a contraction of the lattice upon the substitution of larger Pt atoms by
smaller Cu ones. The bulk composition of Pt—Cu alloy was determined by EDX
spectroscopy. Quantitative analysis revealed that the Pt/Cu atom ratio was 54:46,
being close to 1:1, and then the Pt—Cu alloy was denoted as PtCu.

The chemical states of Pt and Cu elements were examined by XPS. The Cu2p XPS
spectrum (Figure 2a) for PtCu alloy indicated the presence of both metallic Cu and
Cu”" species. The Cu®" species probably came from the surface oxide of copper,'®
which was also reported in previous studies.'” Figure 2b showed the Pt4f XPS spectra,
which consisted of Pt(0)4f7/2 and Pt(0)4f5/2 peaks. Previous studies have revealed
that electron transfer will occur in Pt-based alloy due to the difference of
electronegativity, and thus affect Pt binding energy (BE) and d-band center.***' For
the metallic Pt with almost filled d-bands, the BE shift is a good indicator
(“fingerprint”) of the shift for the occupied d-band center.”> Compared with the pure
Pt (Figure 2b), an upshift of Pt4f BE was evidently observed for the PtCu alloy, and it

well confirmed the downshift of Pt d-band center.”
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The morphology observation of as-prepared PtCu alloy was carried out by TEM
technique. As shown in Figure 3a,b, the PtCu alloy exhibited an urchin-like structure
with sizes of ca. 100 nm. Careful observation revealed that the urchin-like structure
consisted of small size PtCu alloy nanoparticles (Figure 3c,d). The fine microstructure
of PtCu alloy was characterized by HRTEM. The lattice spacing was measured to be
2.18 A (inset of Figure 3d), which could be well assigned to the d-spacing of the (111)
planes for fcc-PtCu. On the basis of the Pt/Cu ratio determined by EDX and the cell
parameters of Pt and Cu, the d-spacing for the (111) planes was calculated to be 2.18
A by Vegard’s law. It was in good agreement with the value of HRTEM
characterization. Figure 4 also showed the TEM images of pure Pt catalyst, which
displayed a similar urchin-like structure with PtCu alloy. The observed lattice spacing
(2.26 A, inset of Figure 4d) could be well assigned to the d-spacing of the (111)
planes for pure Pt (JCPDS No.04-0802).

In our study, CTAB served as the reducing agent for Pt-/Cu-precursors. According
to Han’s study,’ the oxidation of CTAC occured, and nitroso group was produced in
hydrothermal conditions. It was found that reaction temperature highly influenced the
reducing activity of CTAB. Contrast experiments revealed that no reducing activity
was exhibited for CTAB when reaction temperature was below 120 °C. We also
investigated the influence of quantity for CTAB on the yield of PtCu alloy. When 0.01
g CTAB was added, only a few PtCu alloy was obtained. When the quantity of CTAB
was increased to 0.03 g, the yield of PtCu alloy correspondingly rose. Further

increasing the quantity of CTAB to 0.07 g, no obvious yield rise was observed. It
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should be noted that the quantity of CTAB had little effect on the morphology of PtCu
alloy (Figure S1).

To study the growth process of urchin-like PtCu alloy nanostructure, time
sequential evolution experiments were carried out (Figure 5). Initially, yellow colloid
precipitation with plate-like structure firstly formed within 30 min (Figure 5a).
However, it is difficult to determine its phase by XRD pattern (Figure S2). As the
reaction proceeded for 60 min, the morphology of quasi-urchin-like structure with
size of ca. 30—40 nm appeared (Figure 5b). With the reaction time increasing to 2 h,
typical urchin-like structure was obtained (Figure 5c). Further increasing the reaction
time to 3 h, no significant structure change was observed (Figure 5d). On the basis of
above results, we considered that partial CTAB firstly reacted with H,PtClg to produce
yellow colloid precipitation, which could be confirmed by the same product from the
reaction of CTAB and H,PtCls in the absence of CuSO4 (Figure S2, 3). According to
the standard reduction potentials for PtCls*/PtCls> (0.68 V), PtCL*/Pt (0.73 V), and
Cu?"/Cu (0.337 V), PtCls> was more easily reduced to metal atom than Cu®" for its
much higher electrode potential. The formation of colloid precipitation could reduce
the generation rate of Pt atoms, which benefited the alloying of Cu with metallic Pt to
form PtCu alloy, rather than Pt@Cu core-shell structure in following reduction
process. Due to the small size (c.a. 5 nm) of formed PtCu alloy nanoparticles, particle
aggregation would easily occur to produce urchin-like structure, and its size became
big following the gradual formation of PtCu alloy nanoparticles. The Scheme 1

illustrated the formation process of urchin-like PtCu alloy nanostructure.
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To acitivate PtCu alloy catalyst in electrochemical test,”* the dealloying process
was carried out by repetitive cyclic voltammetry (CV) scans in Ar-saturated 0.1M
HCIO4 for 50 cycles. The electrochemical active surface area (ECSA) was calculated
from the total charge of the H,,q desorption (Figure 6a) by adopting an assumption of
210 pC/em?®, corresponding to the adsorption of a hydrogen monolayer. The
calculated ECSAs for PtCu alloy and pure Pt catalysts were 30.6 and 21.5 m%/g,
respectively. The electrocatalytic activity for MOR was evaluated by CVs in
Ar-saturated electrolyte containing 0.1 M HCIO4 + 1.0 M CH30H, and the oxidation
current density was normalized by the loading Pt mass. As shown in Figure 6b, the
oxidation current densities of the forward sweep, corresponding to the methanol
oxidation, were 148 mA/mgp; for PtCu alloy, which was 1.5-fold higher than that of
pure Pt catalyst (100 mA/mgp). It implied that the PtCu alloy catalyst had a much
higher catalytic efficiency than pure Pt catalyst towards MOR.

CA curves (Figure 7) were also recorded at a constant potential of 0.60 V wvs.
Ag/AgCl for 3000 s to evaluate the stability of catalyst. At the initial stage, the CAs
generated high charging currents for the high concentration of methanol molecules on
the catalyst surface. The following current decay mainly came from the inhibition of
the surface active sites by accumulated intermediate species, e.g. CO*. It was found
that PtCu alloy catalyst exhibited a much higher current density and slower current
decay rate over the entire time range, implying an enhanced catalytic stability for
PtCu alloy catalyst.

It was proposed that the rate-limiting step for MOR on Pt catalyst surface is the
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abstraction of hydroxyl hydrogen from methanol molecule. However, it was still a
challenge to study the reaction process by in situ spectroscopic technique. Herein, we
investigated this reaction on (111) planes of PtCu alloy and pure Pt catalysts by DFT
calculation. To simulate the formation of Pt-enriched shell for PtCu alloy during the
dealloying process,** the Cu atoms on the topmost layer were removed and replaced
by Pt atoms in DFT study. Because the methanol molecule was relatively large, so we
used 3x3 surface cell to represent the surface coverage of 1/9 ML. The (111) planes of
PtCu alloy and pure Pt were modeled in the supercell approach using five layer slabs,
in which the three top layers were allowed to relax, while the two bottom layers were
fixed. Vacuum layers 12 A in thickness were added above the top layer of slabs. A
3x3x1 Monkhorst-Pack k-point mesh for k-space integration was used in these
models. The cut-off for the wave functions and charge density were set to 30 and 300
Ry, respectively.

The optimized structures of methanol molecules adsorbed on (111) planes were
obtained by DFT calculations. The climbing-image nudged elastic band method with
PWneb code in Quantum-Espresso package was used to determine the minimum
energy paths.13 > The number of images used to discretize the path was set to seven
for all reactions. The transition states were verified by vibrational frequency analysis,
confirming a unique normal mode eigenvector corresponding to the negative
curvature at the saddle point. The structures of initial, transition and final states of this
reaction were shown in Figure 8. The calculated energy barriers for this reaction on

models of PtCu alloy and pure Pt catalysts were 0.93 and 0.79 eV, respectively. It was
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found that the energy barrier for pure Pt was lower than that for PtCu alloy. How to
explain the enhanced catalytic performance for PtCu alloy catalyst? It should pay
attention to the intermediate species, especially for CO* specie, which could strongly
occupy Pt active sites and highly reduce the performance of catalyst. According to
Norskov’s study,”® the Pt surface d-band would be broadened and lowered in energy
by interaction with the subsurface Cu atoms, resulting in a reduced affinity of Pt
surface for adsorbates. Compared with pure Pt catalyst, the as-prepared PtCu alloy
had a much lower d-band center (Figure 2b), implying a lower adsorption energy for
CO molecule, so the PtCu alloy catalyst exhibited an enhanced catalytic performance.
Our study revealed that the interaction between catalyst surface and intermediate
species highly influenced the catalytic performance of Pt-based catalyst towards
MOR.
Conclusions

Urchin-like PtCu alloy nanostructure was fabricated by a co-reduction approach,
and the cationic surfactant CTAB was confirmed to serve as the reducing agent.
Although the energy barrier for O—H bond scission increased when metallic Pt being
alloyed with Cu, the PtCu alloy catalyst still exhibited an enhanced catalytic
performance towards MOR. It was proposed that the enhanced catalytic activity of
PtCu alloy was attributed to the downshift of d-band center of Pt, which greatly
reduced the affinity energy with CO* intermediate species.
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Caption for Figures:

Scheme 1. Schematic illustration of the formation process for urchin-like PtCu alloy
nanostructure.

Figure 1. XRD patterns of as-prepared PtCu alloy and Pt products.

Figure 2. XPS spectra of (a) Cu2p and (b) Pt4f for PtCu alloy and Pt.

Figure 3. TEM images of urchin-like PtCu alloy nanostructure. Inset of (d) showed
the HRTEM image of a typical PtCu alloy nanoparticle.

Figure 4. TEM images of urchin-like Pt nanostructure. Inset of (d) showed the
HRTEM image of a typical Pt nanoparticle.

Figure 5. TEM images of products collected at different reaction time: (a) 30 min, (b)
60 min, (¢) 2 h, and (d) 3 h.

Figure 6. (a) CV curves of the PtCu alloy and pure Pt catalysts in Ar-saturated 0.1 M
HCIO,. (b) CV curves of the PtCu alloy and pure Pt catalysts for MOR in Ar-saturated
0.1 M HCIO4 + 1 M CH;0H.

Figure 7. CAs for MOR at a constant potential of 0.60 V in Ar-saturated 0.1 M
HClO4 + 1.0 M CH30H for 3000 s.

Figure 8. The structures of initial, transition and final states of methanol molecule at
(111) planes of PtCu alloy and pure Pt catalysts during the abstraction of hydroxyl

hydrogen.
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Figure 4.
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Figure 8.



