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A monodispersed CuPt alloy: synthesis and its
superior catalytic performance in the hydrogen
evolution reaction over a full pH ranget
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The high cost and low stability of electrocatalysts are the major challenges for the commercialization of
hydrogen generation in water. In this study, we demonstrated a one-pot synthesis of a monodispersed
CuPt alloy with the diameter range of 20—-30 nm by a hydrothermal method. Benefiting from the more
available active sites and preferable d-band structure, the CuPt alloy exhibited a superior catalytic
performance than pure Pt nanoparticles (Pt NPs) in the hydrogen evolution reaction (HER). In acidic
media, the CuPt alloy achieved a low overpotential of 39 mV at a current density of 10 mA cm~2 for
HER, which was by 22 mV lower than that for pure Pt NPs. In a neutral solution, the stability of the CuPt
alloy is ca. 100-fold as compared to pure Pt NPs. Accounting by the dissolution of Cu in the alloy phase,
the performance of the CuPt alloy was elevated after yielding hydrogen for 1.2 x 10° s in alkaline media.
The superior catalytic activity can also be applied in other applications. In the reduction of 4-nitro-
phenol (4-NP), the CuPt alloy showed 12.84-fold catalytic activity higher than pure Pt NPs. This study
designed a low-cost electrocatalyst with an efficient and durable catalytic performance for HER over the
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Introduction

With increasing global population and energy demands,
considerable attention has been focused on developing clean
and renewable energy sources. To relieve energy crisis,
hydrogen is proposed as a clean energy carrier. Water splitting
by electrochemical processes is a vital route for high purity
hydrogen production (2H,O(l) — 2H,(g) + O,(g): AE =1.23 Vvs.
RHE).! Theoretically, the cathodic reaction (2H" + 2~ — H,)
can be achieved without applying any potential. However, in an
effort to overcome the activation energy barrier, practical
applications require large overpotentials.>* To minimize the
overpotentials and enhance the energy conversion efficiency,
effective electrocatalysts must be implemented.>” Pt is generally
regarded as the most active catalyst for HER. However, in actual,
pure Pt is not an ideal catalyst. First, the high price and scarcity
compromise the commercialization of Pt. Second, the catalytic
activities of Pt at different pH values are different.® Beside the
cost, Pt also has to face serious challenges, such as unsatisfac-
tory durability and large overpotentials in neutral solutions.®
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In the past decade, tremendous efforts have been made to
construct ideal electrocatalysts, such as transition metals, phos-
phides, nitrides, and sulfides.’*® Fang et al. has demonstrated that
P substitution could lower the hydrogen adsorption energy via
modulating the electron configuration." Feng et al. utilized a high-
index faceted Ni;S, nanosheet as the electrocatalyst for HER, which
showed an excellent stability (>200 h) in basic media.* Despite
their achievement for HER, most of these materials are intrinsically
limited by the complex preparation or toxicity. Therefore, a green
electrocatalyst with satisfactory durability and lower overpotentials
over the full pH range is urgently required. Alloys with high activity
and stability have been identified as promising electrocatalysts.”>*
The general design principle of alloy catalysts is based on the
volcano curve, which utilizes the function for hydrogen adsorption
and exchange current to predict the performance.”*” Compared to
the elements such as P and S, Cu is an attractive earth-abundant
metal, that is less harmful to the environment.® When a Cu-
based alloy is applied to HER, the reaction shifts to thermo-
neutral, resulting in lower overpotentials.*~** However, the study
on Cu-based alloys is still in a rudimentary state. First, a traditional
hydrothermal synthesis would tend to yield a Cu-Pt composite or
a mixture that contain Cu oxide. Second, to achieve a small size,
organic solvents have to be applied. Moreover, the surface ligand is
difficult to be completely eliminated.>>*

In the present study, a CuPt alloy with a diameter of 20-30 nm
has been obtained in an aqueous solution. The Fourier-transform
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infrared spectroscopy (FTIR) analysis revealed that the surfactant
CTAC molecule on the alloy surface could be removed by a washing
technique, indicating a “clean surface”. Compared to pure Pt NPs,
the alloyed CuPt displayed an improved catalytic performance in
HER over the full pH range. In acidic media, HER catalyzed by the
CuPt alloy required a lower overpotential (22 mV) than that required
by Pt NPs. In the neutral solution, the decline rate of overpotential
by the CuPt alloy is 1.17 x 10~ * mV s, which was ca. 1% that of Pt
NPs. In alkaline media, a positive shift of 59 mV was observed for
the onset potential after 1.20 x 10> s reaction time. The superior
performance could be benefited from the reconstruction of the alloy
surface in the electrocatalytic process that enlarged the active sites
and favorable d-band structure that overcame the activation energy
barrier. In addition, the superior catalytic activity can also be
applied to the reduction of 4-NP. It was observed that the rate
constant of the CuPt alloy could reach up to 0.191 s, which was
much higher than that of pure Pt NPs (0.0138 s~ ).

Experimental section
Characterization

The samples obtained were characterized by powder X-ray
diffraction (XRD, Shimadzu 6000) which used Cu Ko radia-
tion. The ultraviolet-visible absorption (UV-Vis) spectra were
collected on an Ocean Optics QE 65000 Spectrometer. Scanning
transmission electron microscope (STEM) and transmission
electron microscopy (TEM) images were acquired with a JEM-
2200FS TEM device. XPS spectra were collected on a VG ESCA-
LAB MKII spectrometer.

Electrochemical measurements

All electrochemical measurements were performed using a CHI
660E electrochemical workstation (Shanghai Chenhua Appa-
ratus, China) under an ambient temperature. A three-electrode
system was set up with a catalyst-coated glassy carbon electrode
(GCE) (d = 3 mm) as the working electrode, a Pt wire with
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a diameter of 1 mm as the counter electrode and an Ag/AgCl
electrode as the reference electrode. 6 uL of 2 mg mL™" elec-
trocatalyst suspension was added onto the GCE electrode
surface. The modified electrode (Nf/electrocatalyst/GCE) could
be obtained when the Nf solution was dried. The working
electrode (Nf/electrocatalyst/GCE) dried naturally. Prior to each
measurement, the working electrode was polished using
0.5 mm high-purity alumina, and then washed two times with
distilled water, and finally dried. Linear sweep voltammetry
(LSV) measurements were carried out at a scan rate of 10 mV
s

Catalytic reduction of 4-NP

First, 1.7 mL of 0.1 mM 4-NP solution and 0.7 mL of 0.04 M
NaBH, were added to a quartz cell. Subsequently, 0.1 mL of
15 mM aqueous solution of the CuPt alloy was then added. It
was held for 2-3 s, and monitored in the quartz cell with the UV-
Vis spectrophotometer. The spectra were recorded at 35 s time
intervals. Since NaBH, was used in excess, the reaction followed
the first-order kinetics.

Results and discussion
Synthesis of the monodisperse CuPt alloy

In an attempt to reduce the environmental pollution, we choose
the ascorbic acid (AA) as the reductant. Following a typical
procedure, 38 mg CuCl, was dissolved in 15 mL H,O. After
dissolving CuCl,, 1.0 g CTAC was added to this solution. The
solution was magnetically stirred for 5 min. Subsequently, 5 mL
of 1 M AA was added. Upon 5 min stirring, the reaction solution
gradually faded and completely bleached. Subsequently, 1 mL
of 10 mM HPtCl, was injected into this solution. The final
solution was magnetically stirred for 20 min, and maintained at
99 °C for 30 min. With the increase in the reaction time, the
solution gradually changed its color to black, implying the
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Fig.1 Morphology and structure characterizations of the as-prepared CuPt alloy: (a) XRD patterns; (b) EDX images; (c) FESEM images; (d) HRTEM

images; (e—g) elemental mapping; (h) TEM image.
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formation of the final product. The product obtained was
collected via centrifugation and general washing technique.

The crystal structure of the product obtained was charac-
terized via powder XRD measurements. As exhibited in Fig. 1a,
each peak of the XRD pattern for the as-prepared sample was
positioned between pure face-centered cubic Pt (JCPDS no. 87-
0642) and Cu (JCPDS no. 85-1426) crystal phases, indicating the
formation of the CuPt alloy. No peak corresponding to other
phases can be found from the XRD pattern, which signified the
purity of the product. Furthermore, the energy-dispersive X-ray
spectrum (EDX) images revealed an atomic ratio of Cu to Pt of
about 44 :56. This result was in good agreement with the
inductively coupled plasma-atomic emission spectrometry (ICP-
AES) data. From FESEM in Fig. 1c, it can be seen that the CuPt
alloy presented a uniform sphere morphology. The particle size
was about 20-30 nm, and all nanospheres were well-dispersed
without any agglomeration.

Moreover, elemental mapping images in Fig. 1le-g indicated
the uniform distribution of Cu and Pt elements. To further
figure out the detailed structure of the sample obtained, the
HRTEM image was carefully collected. As shown in Fig. 1d, an
interplanar distance of 0.216 nm was present corresponding to
the (111) crystallographic planes of CuPt located between the
pure Pt and pure Cu. Fig. 1h shows the TEM of the CuPt alloy. It
reveals that the interior of the CuPt alloy was not hollow.
Furthermore, XPS measurements were also carried out. The
peaks for Cu 2p;/, demonstrated a downshift alternative to pure
Cu, and the peak for Pt 4f showed an upward shift relative to
pure Pt, which may be derived from the lattice compression of
the CuPt alloy (Fig. S1t). In order to further ensure that the
residual CTAC molecules have been removed from the alloy
surface by the washing technique, we carried out the FTIR
measurement again. No peak corresponding to the CH,
bending and stretching can be detected, revealing the “clean
surface” of the alloyed CuPt (Fig. S2t).**

As shown in Fig. 2, there were two stages for the formation of
the CuPt alloy NPs: (1) dissolution stage; and (2) reduction
stage. The fading of the reaction solution at the initial stage
could be attributed to the dissolution of Cu,O to Cu" ions by AA.
This reaction route avoided the yield of a mixture that contains
Cu oxide, resulting in a co-reduction for the Pt and Cu
precursors.

It was revealed that the key enabling step in the reduction of
Cu' ions was the introduction of the Pt precursor. When
H,PtCls was not added, no precipitation could be obtained. This
could be attributed to the high concentration of AA, which
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Fig. 2 Schematic of the formation of the CuPt alloy.
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reduced the pH value of the reaction solution, changing the
onset reduction potential from Cu" ions to Cu atoms. To sepa-
rate the roles played by cations and chloride ions, we replaced
the H,PtClg with the same amount of NaCl, and the reduction
could not be initiated. Therefore, it could be conjectured that
the introduction of the Pt precursor initiated the reduction of
Cu' ions, thus enabling the formation of CuPt alloy NPs (Fig. 2).

It should be pointed out that CTAC not only served as an
effective ligand but also elevated the purity of product and the
atomic ratio of Pt. As a surfactant, CTAC binds to the alloy
surface, and thus restrains the aggregation of each nano-
particle. Furthermore, the employment of CTAC could slow
down the reduction stage as well, which ensured the complete
dissolution of Cu,0. When the CTAC was not employed, the
obtained product was a mixture of CuzPt and Cu,O (Fig. S3cT).
FESEM presented that the mixture featured a spherical
morphology, and the average diameter of each particle was 150-
200 nm (Fig. S3b¥).

Electrocatalytic performance for HER

These monodispersed CuPt alloy NPs with small size as well as
“clean surface” provided more available active sites. We thus
hypothesized that the as-prepared CuPt alloy should be an
effective electrocatalyst for HER. In order to test this hypothesis,
we evaluated the electrocatalytic performance of the CuPt alloy
towards HER at different pH ranges.

In an effort to investigate the effects of the d-band structure
on the catalytic performance, we synthesized pure Pt NPs by
a similar procedure to that used to synthesize the CuPt alloy
(Fig. S37), and both CuPt alloy and Pt NPs were used to modify
the working electrode.

Fig. 3a and b show the representative LSV polarization curves
catalyzed by Pt NPs and CuPt alloy in acidic media (pH = 1). The
overpotential for HER catalyzed by the CuPt alloy (39 mV) was lower
than that of Pt NPs (61 mV) in acidic media. This behavior was in
accordance with the binding volcano curve principle.”® Hydrogen
binding energy for the CuPt alloy was higher than that of Pt, which
eventually led to favorable thermodynamics for HER. The stability
of the CuPt alloy was evaluated by the galvanostatic control at
a current density of 10 mA cm ™. As depicted in Fig. 3b, the CuPt
alloy showed an obvious decline in the first 1.0 x 10" s. This result
may be caused by the rapid dissolution of Cu in acidic media. The
rapid surface reconstruction of the alloy surface reduced the
binding energy, endowing its catalytic activity closer to that of pure
Pt. This process was also varied by the fact that the atomic ratio of
Pt to Cu was reduced from 56 : 44 to 20 : 80 yielding hydrogen for
1.2 x 10° s (Fig. S5t). The TEM image showed that the CuPt surface
has been etched, signifying an increase in the specific surface area
for the CuPt alloy (Fig. S6T). After 1.2 x 10° s, the CuPt alloy
maintained its performance that was higher than that of pure Pt
NPs. Since the load rate of Pt was lower, the utilization of the CuPt
alloy for HER would reduce the cost of the electrocatalyst without
lowering the activation energy.

Durability is a key factor in evaluating catalyst performance.
In the neutral solution (pH = 7.2), the stability of the CuPt alloy
for HER was considerably higher than that of Pt NPs. As

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) LSV polarization curves for the Pt NPs and CuPt alloy; (b)
chronopotentiometric curves for Pt NPs and CuPt alloy at constant
current density of 10 mA cm~2in 0.05 M H,SOy; (c) FESEM image for
the Pt NPs; (d) atomic ratio of Cu to Pt before and after the chro-
nopotentiometric measurement.

illustrated in Fig. 4a, when catalyzed by CuPt alloy, the over-
potential at the constant current density of 10 mA cm ™ was ca.
250 mV. After 1.2 x 10> s reaction time, the overpotential shif-
ted to 264 mV. The decline rate of overpotential was calculated
to be 1.17 x 10~* mV s~". When the same measurement was
applied for the Pt NPs, the decline rate was 1.09 x 10 >mV s~
The enhancement in durability mainly attributed to the unique
composition of the CuPt alloy that suppressed the deactivation
of the electrocatalyst. Moreover, the turnover frequency (TOF) of
CuPt alloy (5.30 x 10> s~ ") was much superior to that of Pt NPs
(1.52 x 107> s~ "). All the results revealed that the preferable d-
band structure endowed the CuPt alloy with an enhanced
activity in the neutral solution (Fig. S77).

Besides the preferable d-band structure, surface recon-
struction is another factor for improving the electrocatalytic
performance for HER. The overpotentials catalyzed by Pt NPs
and CuPt alloy were 128.0 mV and 319 mV at the current density
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Fig. 4 (a and b) Chronopotentiometric measurement by the Pt NPs
and CuPt alloy at the constant current density of 10 mA cm™2 in the
PBS solution (pH = 7.2); (c) overpotential by the Pt NPs and CuPt alloy.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

a T penes b. CuPt Alloy
< 5 -‘g 3
£ <
H IM KOH s 1M KOH
.‘_E:AIS g-lz
S0 “ast —@—nitial
—@— Initial —@— Terminal
25 |- —@— Terminal 18
800 700 600 -S00 400 -300 -200 -100 o 0 750 600 450 300 150 o
Potential (V vs RHE) Poteatial (V v RHE)
Y > PUNPs Initial d o 1M KOH
15 @ CuPt Alloy nida =
@ CuPt Alloy Terminal E
. 200 mV/d [
gfé -a» 194.6 mV/dec :; 2
[ ™
-50 142.3 mV/dec &
e 9 CuPtAlloy
21.5 mV/dée
0 500
0.0 0s 1.0 15 20 . 30000 0o 90000 120000
logl-J(mA/cm)] Time (s)
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before and after the chronopotentiometric measurement; (c) Tafel
plots of Pt NPs and CuPt alloy before and after the chronopotentio-
metric measurement; (d) chronopotentiometric curves for the CuPt
alloy at constant current densities of 10 mA cm~2in 1 M KOH solution.

of 10 mA cm™? (Fig. 5a and b). It is suggested that the higher
activity for Pt NPs was caused by its different rate-determining
step from the CuPt alloy in alkaline media. Fig. 5c shows the
Tafel plots derived from the LSVs. The initial Tafel slopes for Pt
NPs and CuPt alloy were 21.5 mV dec™ " and 200 mV dec ',
respectively. After 1.2 x 10°> s of the chronopotentiometric
measurement, the LSV curve for Pt NPs displayed a potential
showing a negative shift of 89.7 mV. It is interesting to observe
that the LSV curve for the CuPt alloy showed a positive shift of
about 59.0 mV. This contrast was attributed to the dissolution
of Cu in the alloy phase, which reconstructed the alloy surface
and increased the specific surface area. Consistently with the
proposed mechanism, their catalytic performance was not
degraded, but enhanced (Fig. 5b). Furthermore, we also calcu-
lated the TOF of the CuPt alloy and Pt NPs. After yielding 1.2 x
10° s hydrogen in the alkaline media, the TOF of the CuPt alloy
was elevated from 3.58 x 107> to 8.86 x 10 > (Fig. $87).

All parameters indicated that the CuPt alloy showed a superior
durability under alkaline conditions. Therefore, it could be
concluded that the higher activity and superior stability made the
CuPt alloy a promising catalyst for HER over the full pH range.

For comparison, we also evaluated the electrocatalytic
performance of the commercial Pt/C (20 wt%) towards HER
under different pH conditions. Catalytic parameters for
commercial Pt/C are shown in Fig. S9.7 All parameters indicated
that pure Pt NPs showed a superior durability and low over-
potential. This contrast could be attributed to the high mass
ratio of Pt and the small diameter of Pt NPs.

The catalytic performance

To determine the superior catalytic performance of the as-
obtained CuPt alloy in other applications, we choose the
reduction of 4-NP to 4-aminophenol as a model reaction. The
detailed procedures are in the Experimental section. As
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Fig. 6 (a) The time-dependent absorption spectra of the reaction
solution in the presence of the CuPt alloy; (b) the plot of In(C/Cp)
versus time for the reduction of 4-NP catalyzed by the Pt NPs and CuPt
alloy.

illustrated in Fig. 6a, the absorption of the 4-NP solution was
310 nm. Upon the addition of NaBH,, the pH value of the
solution increased, and the absorption of 4 nitro-phenolate at
403 nm became dominant. It took about 105 s for 4-NP to
achieve the reduction. The reaction rate constant could be ob-
tained from the slope of the fitting line in Fig. 6b. In the pres-
ence of the as-synthesized CuPt alloy, the rate constant was
calculated to be 0.191 s~ . In the presence of the pure Pt NP, the
reduction required 1260 s (Fig. S10t). The rate constant of pure
Pt NP was 0.0138 s~ ', which only 7.2% of the value of the CuPt
alloy. This excellent performance could be attributed to the
stronger adsorption energy of the 4-NP molecule onto the CuPt
alloy than in case of pure Pt NP.** Since the rate constant is an
important parameter to evaluate the catalyst efficiency, this
study determines the enhanced catalytic activity of the CuPt
alloy. It can be concluded that a preferable d-band structure
modulated by Cu atoms enables a cost-effective CuPt alloy with
promising applications.

Conclusions

In summary, we demonstrated an effective approach to achieve
a low cost and high stability electro-catalyst for HER. A CuPt
alloy with a diameter of 20-30 nm was first synthesized by the
one-pot hydrothermal method. The catalytic performance of the
CuPt alloy at different pH values was systematically investi-
gated. It was revealed that the preferable d-band structure
endowed the CuPt alloy with enhanced activity. The recon-
struction of the CuPt alloy surface in the electrocatalytic process
overcame the degradation of activity by increasing the specific
surface area. These two factors enabled the CuPt alloy to have
more satisfactory durability and lower overpotentials than that
of Pt NPs for HER. This study constructed a cost-effective cata-
lyst with enhanced performance. The simple and salable
synthesis is suitable for mass production, which would offer
a new insight to construct other alloyed nanomaterials. The
efficient and durable catalytic performance of the CuPt alloy
over the full pH range would be beneficial to the hydrogen
evolution process. Since the efficient activities can also be
applied in the reduction of 4-NP, it also opens up new avenues
for the utilizing of Cu-based alloys in other -catalytic
applications.
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