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ABSTRACT: The bimetallic Au—Cu alloy nanoparticles have been constructed
in electrospun carbon nanofibers (Au—Cu/CNFs), employing as high efficient
hydrogen evolution reaction (HER) electrode. The morphology, structure, and
composition of bimetallic Au—Cu alloy can be controlled by adjusting the
precursor nanofibers through a facile approach. With the increased Cu content,
the Au—Cu alloy have a transition from the homogeneous AuCu; alloy phase to
the Au;Cu phase with Cu shell. The self-supported bimetallic Au—Cu/CNFs
hybrid can be directly employed as electrode materials for water splitting, and it
showed excellent electrochemical activity, including long-term stability, high
exchange current density, and low overpotential. The outstanding HER
performance could be mainly attributed to the synergistic interactions and
interfacial effects of Au—Cu alloy with high densities of uncoordinated surface
atoms. In addition, the fast charge transport and the fast kinetic for the desorption of the gas were originated from the self-
supported three-dimensional architectures consist of integrated Au—Cu/CNFs networks. The Au—Cu/CNFs with mass ratio of
1:2 (AuyCu—Cu “core-shell” alloy) obtain the lowest overpotential of 83 mV (at j = 10 mA cm™?), lowest Tafel slope of 70 mV
dec™!, and highest exchange current density of 0.790 mA cm ™2 The present investigations offer a new strategy for the design and
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synthesis of unique nanocrystals in energy conversion related application.
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B INTRODUCTION

As highly efficient and sustainable clean energy source,
molecular hydrogen (H,) is expected to replace the fossil
fuels to solve energy crises and environmental pollution."” The
electrocatalytic hydrogen evolution reaction (HER) is a
promising method for producing hydrogen, and, however, the
state-of-the-art noble metal electrocatalysts hinder its large-scale
commercial applications due to their high cost and rarity as
resources.”* Therefore, searching for a cost-effective and earth-
abundant electrocatalysts with efficient HER performance is an
urgent task.”® To solve this problem, a large number of
transition metal compounds, such as molybdenum-, tungsten-,
cobalt-, and nickel-based nanomaterials, have been widely
reported as HER catalysts.” " Recently, Zhu et al. prepared a
core—shell system containing cubic cobalt sulfide and layered
molybdenum disulfide, and the core—shell nanostructure
exhibited amazing electrochemical activity for both the HER
and oxygen evolution reaction (OER), originating from the
reduction of the kinetic energy barrier of H, desorption at the
nanointerfaces between the Co,Sg and MoS, core—shell
structures.'’ Kong et al. used carbon fiber papers to load
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CoSe, NPs and measured their HER performance in a H,SO,
electrolyte.'”

As a low-cost and earth-abundant 3d transition metal, the Cu
metal possess excellent physical and chemical properties.
However, although the Cu metal has been widely applied in
many fields, it is rarely used as an electrocatalyst for the
electrocatalytic water splitting."*'® Recently, Xu et al. reported
an ultrasmall Cu,S,@MoS, heteronanoframe in a donut shape
with abundant active edge sites and possessing an overpotential
of 113 mV at 10 mA cm™."” Tran et al. synthesized a highly
crystalline layered ternary Cu,MoS, as a new efficient HER
electrocatalyst with an onset potential of 135 mV."® Jahan et al.
prepared a composite based on Cu-centered metal organic
framework and graphene oxide, using it as a trifunctional
catalyst for HER, OER, and oxygen reduction reaction
(ORR)."” Unfortunately, although enormous efforts have
been made, the electrochemical performance and kinetic
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Figure 1. FE-SEM images of the (a) Cu/CNFs, (b) Au/CNFs, and (c) Au—Cu/CNFs. TEM image of (d) Cu/CNFs, (e) Au/CNFs, and (f) Au—
Cu/CNFs, and the insets are the corresponding HRTEM images. (g) High-angle annular dark field STEM and (h) STEM energy dispersive X-ray
(EDX) elemental mapping images of Au—Cu/CNFs. (i) Line-scan EDX spectra of the two bimetallic Au—Cu alloy NPs. Inset in (i) is the

corresponding Au—Cu alloy NPs. The mass ratio of Au and Cu is 1:2.

processes of the catalysts are still relatively inferior and sluggish,
when compared with commercial Pt/C catalysts. Therefore,
there is still a challenge to improve the HER performance of
Cu-based materials fundamentally. To date, due to the
corrosion and instability in acidic solutions, Cu and its
complexes have rarely been used as HER catalysts.

Multimetallic nanoparticles (NPs), either heteronanostruc-
tures or homogeneous alloys, provide a versatile pathway to
deliberately tailor the geometries and thereby fine-tune the
electrocatalytic activity of the NPs. The previously reported Cu-
based alloy, such as Au—Cu alloy are mainly homogeneous
alloys and they were usually synthesized through the wet
chemical methods in solution.”*~** Inspired by our group’s
previous work about the CoySg and MoS, core—shell CNFs
electrocatalysts,'” we provide a new strategy for the first design
of bimetallic Au—Cu alloys nanoparticles with a homogeneous
Au—Cu alloy phase as core and Cu phase as shell, forming a
core—shell nanostructures with abundant nanointerfaces and
further improving the electrochemical performance.

In the present investigation, the precursor of HAuCl,-4H,0
and CuCl, were first dissolved in a nontoxic poly(vinyl alcohol)
(PVA) solution. Then, the obtained precursor solution was
electrospun into nanofiber membranes through the electro-
spinning technology. After that, the electrospun nanofiber mats
were converted into CNFs with bimetallic Au—Cu alloy
nanoparticles through the graphitization process in a home-
built chemical vapor deposition (CVD) furnace. The CNFs
with 3D architectures not only improve the charge transport
but also serve as reaction vessels to bring up and protect the
bimetallic alloy metal NPs from oxidation and corrosion. In
addition, the CNFs can also facilitate the dispersion of alloy
NPs, hindering their agglomeration at high temperatures. The

morphology, structure, and composition can be controlled by
adjusting the precursor nanofibers through a green and
environmentally friendly approach. The synthesized Au—Cu/
CNFs membrane were directly employed as electrodes in HER.
The self-supported Au—Cu/CNFs (mass ratio of Au and Cu is
1:2) membrane exhibit excellent HER performance and
outstanding durability with low overpotential of 83 mV (at j
= 10 mA cm™?), high exchange current density (0.790 mA
cm™?), small Tafel slope (70 mV dec™"), and good stability,
which are much better than the previously reported Au-based
and Cu-based materials.”*** The new strategy for the synthesis
of bimetallic structure of Au—Cu could lead to the design of
new electrocatalysts.

B EXPERIMENTAL METHODS

Chemicals and Materials. Chloroauric acid (HAuCl,-4H,0,
99.9%) and sulfuric acid were commercially available from Shanghai
Civi Chemical Technology Co., Ltd. Copper chloride (CuCl,),
poly(vinyl alcohol) powder (PVA, 88% hydrolyzed, M, = 88000),
and epigallocatechin gallate (EGCG, 98%) were purchased from the
XuanChengBaiCao Plant Industry and Trade Co. Ltd. Ultrapure
water (Milli-Q) was used for all solution preparations. All of the
chemicals were used without further purification.

Preparation of the Au—Cu Precursor PVA Nanofiber
Membranes. In a typical procedure, 1.5 g of PVA powder was
dissolved in 11 mL of ultrapure water (Milli-Q) to form a
homogeneous solution under constant stirring for several hours at
80 °C. Then, the HAuCl,-4H,O was added into the PVA solution, and
the solution was magnetically stirred until the mixture became
homogeneous. Next, 0.025 g of EGCG was added into the solution at
65 °C. Finally, the CuCl, (the total mass of the metal salt was 0.075 g)
was added into the above solution 30 min later. When the above
mixture became stable, the precursor solution was obtained.
Subsequently, the precursor solution was transferred into a syringe
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Figure 2. (a) XRD patterns of the Au/CNFs, Au—Cu/CNFs, and Cu/CNFs. (b) The C 1s XPS spectra of the Au—Cu/CNFs. The Au 4f XPS
spectra of the (c) Au/CNFs and (d) Au—Cu/CNFs. The Cu 2p XPS spectra of the (e) Cu/CNFs and (f) Au—Cu/CNFs. The mass ratio of Au and

Cuis 1:2.

with a capacity of 10 mL and an inner diameter of 0.8 mm. The
positive voltage connected with the tip of the syringe was
approximately 12 kV, the negative voltage connected with the rotating
drum was approximately 1.5 kV, and the distance from the tip to the
rotating drum was 12 cm. The feeding rate of the precursor solution
was 0.3 mL h™', and the ambient temperature was 25 °C + 2 °C. To
remove the residual solvent, the Au—Cu precursor PVA nanofiber
membranes were placed into a drying oven.

Fabrication of the Bimetallic Au—Cu/CNFs Self-Supported
Electrode Materials. The bimetallic Au—Cu/CNFs self-supported
electrodes were fabricated by a CVD system. The samples were heated
to 230 °C and maintained for 1 h under air condition for the
intramolecular dehydration reaction. Then, the samples were kept at
900 °C for 3 h in an Ar atmosphere to sufficiently graphitize the PVA
nanofibers into carbon nanofibers. Subsequently, the obtained Au—
Cu/CNFs were cooled to ambient temperature in the CVD furnace.
During the carbonization process, the heating rate was 5 °C min™"
throughout the experiment. The Au—Cu/CNF electrodes were stored
in a vacuum-dried glass dish in sealed polyethylene bags until further
characterization. In addition, the Au—Cu/CNF electrodes with
different mass ratios of HAuCl,-4H,O to CuCl, were labeled as 2:1,
1:1, 1:2, 1:3, and 1:4, respectively. The pure Au/CNFs and the Cu/
CNFs were prepared with the same conditions as the control.

19758

Characterizations. The morphological features and the surface
structures of the bimetallic Au—Cu/CNFs were obtained with a field-
emission scanning electron microscope (JSM-6700F, JEOL, Japan) at
an acceleration voltage of 3 kV and a transmission electron microscope
(TEM) (JSM-2100, JEOL, Japan) at an acceleration voltage of 200 kV.
The surface chemical compositions of the electrodes were measured
by an X-ray photoelectron spectrometer (XPS) (Kratos Axis Ultra
DLD) with an aluminum (mono) Ka source (1486.6 eV). In addition,
the crystal structures of the electrodes were characterized with a
SIEMENS Diffraktometer DS000 X-ray diffractometer (XRD) using a
Cu Ka radiation (4 = 1.5406 A) source at 35 kV and a scan rate of
0.02° 20 s™" in the 20 range of 20—60°. High-angle annular dark field
scanning TEM (HAADF-STEM) images and STEM mapping were
collected by an STEM (Tecnai G2 F30 S-Twin, Philips-FEI) at an
acceleration voltage of 300 kV.

Electrochemical Measurements. All electrochemical experi-
ments were carried out using IVIUM electrochemical workstation
(Ivium Technologies BV Company, Netherlands) with a standard
three-electrode cell testing system at room temperature. The hydrogen
evolution reaction activity of the as-prepared electrodes was tested in
0.5 M H,SO, using pure nitrogen deaerated for 30 min to remove the
dissolved oxygen before each experiment. The as-prepared Au—Cu/
CNFs electrodes, a graphite rod, and a saturated calomel electrode
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Figure 3. Electrocatalytic activity of HER with commercial Pt/C, Au—Cu/CNFs, Au/CNFs, Cu/CNFs, and CNFs catalysts obtained from a N,
purged 0.5 M H,SO, electrolyte. (a) Linear sweep voltammetry (LSV) and the corresponding (b) Tafel slopes of all the samples. (c) Histograms of
Tafel slope from (b). (d) Histograms of overpotentials at j = 10 mA cm™ for different samples. (&) Nyquist plots of as-prepared catalysts and the
corresponding (f) histograms of R. (g) Current—time plot of the Au—Cu/CNFs membrane under a constant applied potential of —0.136 V vs
RHE. Inset in (g) is the photograph of the Au—Cu/CNFs electrode with generated H, bubbles. (h) The linear fit of the capacitive currents of the
catalysts vs the scan rates and (i) the electrochemical cyclic voltammograms of Au—Cu/CNFs at potential scanning rates from 0.5 to S mV s~

were used as the working electrodes, the counter electrode, and the
reference electrode, respectively. Linear sweep voltammetry (LSV)
curves, electrochemical impedance spectra (EIS), and time-dependent
current density (i-t) curves were collected after 400 cycles of cyclic
voltammograms (CVs) at a scan rate of 100 mV s™'. In addition, the
scan rate of the LSV curves was 2 mV s™', the frequencies used to
obtain the EIS ranged from 100 kHz to 0.001 Hz, and the constant
voltage of the i—t curves was —0.136 V vs RHE for 24 h.

B RESULTS AND DISCUSSION

The morphologies and structures of the obtained Cu/CNFs,
Au/CNFs, and bimetallic Au—Cu/CNFs membrane are shown
in Figure 1. From Figure 1 (panels a and d), a large number of
Cu NPs were densely grown on the surface of the CNFs. The
Cu/CNFs exhibit distinct nanofiber morphology and integrated
networks, forming the 3D architectures. The size of the Cu NPs
ranges from 10 to 30 nm, as shown in Figure 1d. HRTEM
images of the Cu/CNFs in Figure 1d clearly exhibit the lattice
fringes of 2.1 and 1.8 A, corresponding to the (111) and (200)
planes of the metallic state of Cu NPs. Compared with the Cu/
CNFs, relatively fewer Au NPs were obtained on the surfaces of
CNFs due to the small amount of Au precursor (a half of the
amount of Cu), and the size of Au NPs range from S to 20 nm
(Figure 1, panels b and e). As shown in Figure le, the Au NPs
displays a d-spacing of 2.3 A, corresponding to the (111) plane
of the Au NPs. When the Au meets Cu (the mass ratio of Au
and Cu is 1:2) in the CNFs, as shown in ¢ and f, numerous
small and uniform Au—Cu alloy NPs were homogeneously and
densely germinated throughout the whole CNFs. The size of
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the Au—Cu alloy ranges from 10 to 20 nm and there are no
obvious aggregates particles, as shown in Figure lc.

The TEM image in Figure 1f clearly indicate that there are
two kinds of contrast about the Au—Cu alloy, suggesting the
side-by-side conjoined structures. The HRTEM image of the
Au—Cu NPs in CNFs (inset in Figure 1f) illustrate that there
are two crystal grains in Au—Cu alloy with lattice distances of
2.2 and 1.9 A, which are attributing to the (111) plane of Au
and (200) plane of Cu, respectively. The Au—Cu alloy NPs are
surrounded by several carbon shells, and the labeled lattice
distance of 3.6 A is attributed to the (002) plane of graphite
carbon, leading to the formation of a special “core-shell”
structures (inset in Figure 1f). The carbon shell can protect the
Au—Cu alloy from the oxidation and corrosion during the HER
process. The HAADF-STEM image in Figure 1g also clearly
demonstrates the conjoined bimetallic Au—Cu alloy. From the
STEM-EDX mapping images in Figure 1h, the Au element was
encapsulated in the Cu elements. It seems like the bimetallic
Au—Cu alloy NPs are core—shell structures with Au phase as
cores and the Cu phase as the shell. However, when the Au
element area was compared with the Cu area, it is indicated that
the Cu elements exist in the Au area, suggesting the formation
of a homogeneous Au—Cu alloy. In order to further
characterize the structures of bimetallic Au—Cu alloy NPs,
the line scan EDX spectra of two Au—Cu NPs was shown in
Figure 1i. From the line scan EDX spectra, the sizes of the
homogeneous Au element area in two NPs are about 3.5 and
2.8 nm, while the size of Cu element area in two NPs are about
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4.5 and 4.7 nm, respectively. The results indicate that the
coexistence of Au and Cu elements belong to the homogeneous
Au—Cu alloy phase and the enlarged Cu elements area
exceeded Au elements belong to the Cu shell phase. Therefore,
the structure of the bimetallic Au—Cu alloys NPs both consist
of homogeneous Au—Cu alloy phase as core and Cu phase as
shell, forming a “core-shell” nanostructures.

Figure 2a shows the X-ray diffraction (XRD) patterns of Au/
CNFs, Cu/CNFs, and Au—Cu/CNFs-1:2. Obviously, the
broad bands around 24.1° are indexed to the (002) planes of
graphitic carbon (JCPDS: 26-1076) in all samples. The three
peaks of the Au/CNFs are located at 38.2° 44.5°, and 65.1°,
which are indexed to the (111), (200), and (220) é)lanes of the
Au crystal (marked as #, JCPDS no. 04-0784).”>”° Meanwhile,
the two peaks of the Cu/CNFs emerged at 43.6° and 50.7°,
which are ascribed to the (111) and (200) planes of Cu crystals
(marked as *, JCPDS no. 04-8036), respectively. The bimetallic
Au—Cu/CNFs exhibit six distinct peaks with a broad band and
five relative sharp peaks. The diffraction peaks located at 38.1°,
41.9° 44.2°, and 64.5° are ascribed to the (111), (200), and
(220) planes of the Au;Cu alloy phase (marked as A, JCPDS
no. 34-1302).””~* The other peaks located at 44.4° and 50.2°
correspond to the (111) and (200) planes of the Cu phase
(marked as *, JCPDS no. 04-8036), suggesting the existence of
the Cu crystals. The XRD results indicate that two crystal
phases coexist in the bimetallic Au—Cu NPs including inner
homogeneous Au—Cu alloy phases and outer Cu shell, which
are associated with the TEM and STEM results.

XPS was employed to further analyze the surface chemical
states of the Cu/CNFs, Au/CNFs, and Au—Cu/CNFs alloys.
Generally, the XPS spectra further testify the presence of Au
and Cu elements in the sample. In Figure 2b, the C 1s XPS
spectrum of bimetallic Au—Cu/CNFs was deconvoluted into
three different peaks, and the main peak is located at 284.6 eV,
indicating that the primary carbon of CNF is graphite carbon.*
As shown in Figure 2c, the Au 4f XPS spectrum of Au/CNFs
exhibits two peaks with binding energies (BEs) at 87.8 and 84.1
eV, which are ascribed to the Au 4f,, and Au 4f;),
respectively.”’ Focusing on the Cu 2p XPS spectrum for the
Cu/CNFs in Figure 2e, two sharp peaks with BEs at 951.7 and
9324 eV, corresponding to the Cu 2p,/; and Cu 2p,),."” For
the Au—Cu/CNFs, the BEs of Cu 2p for Cu 2p,/; and Cu 2p,
shift to 953.4 and 933.4 eV, while the peaks of Au 4f shift to
88.4 and 84.7 eV, due to the strong charge transfer between the
Au species and Cu species as well as the surrounding carbon.™
No obvious separate satellite peaks were observed in all of the
XPS spectra, demonstrating that several carbon layers on the
surface of the Au—Cu alloy NPs are effective in protecting the
Cu and Au from oxidation. The shifts in Au 4f and Cu 2p in
Au—Cu/CNFs when compared with the Au/CNFs and Cu/
CNFs further indicate that the bimetallic Au—Cu have strong
interaction between the inner Au—Cu alloy and outer Cu shell.

The electrocatalytic performance of the Cu/CNFs, Au/
CNFs, and Au—Cu/CNFs are obtained in a typical three-
electrode system in 0.5 M H,SO,. The self-supported Au—Cu/
CNFs membrane was directly used as an electrode for the
measurement. In Figure 3a, the linear sweep voltammetry of the
commercial Pt/C (20 wt % Pt/C), Au—Cu/CNFs, Au/CNFs,
Cu/CNFs, and CNFs were examined under the same
conditions. Unquestionably, the catalyst of the commercial
Pt/C achieved the remarkable HER performance with the
smallest overpotential and a high current density. In contrast,
the CNFs showed negligible HER performance. As expected,

the catalyst of the Au—Cu/CNFs with a core—shell alloy
structure (Au—Cu/CNFs-1:2) exhibited excellent electro-
chemical activity and only required a small overpotential as
low as 83 mV to achieve a current density of 10 mA cm™2,
which is much lower than that of the most recently reported

Au-based and Cu-based catalysts (Table 1). To obtain the

Table 1. Comparisons of HER Activity among Various
Catalysts

n@j=10 tafel slope jo Ca

samples mA cm*(mV) (mV dec’) (mA cm™?) (mF cm™?)

Au/CNFs 243 180 0.464 44

Au—Cu/ 104 86 0.645 264
CNFs-2:1

Au—Cu/ 94 75 0.736 370
CNFs-1:1

Au—Cu/ 83 70 0.790 483
CNFs-1:2

Au—Cu/ 101 83 0.70S 317
CNFs-1:3

Au—Cu/ 118 109 0.589 214
CNFs-1:4

Cu/CNFs 189 143 0.496 146

current density of 10 mA cm™2, the Au/CNFs and Cu/CNFs
catalysts required overpotentials of 243 and 189 mV,
respectively. The excellent HER activity of the Au—Cu/
CNFs-1:2 could originate from the synergetic effect between
the inner Au—Cu alloy and outer Cu shell.>*** The bimetallic
core—shell-like Au—Cu alloy possess large amounts of nano-
interfaces, and the locally curved surfaces of the nanointerfaces
are essentially enclosed by high densities of uncoordinated
surface atoms, which serve as the active sites for catalyzing a
series of interfacial chemical and electrochemical reactions.**>*

Moreover, the Tafel slopes are used as a criterion for
evaluating the HER mechanism. The HER involves three
elementary reactions on the surface of electrodes in acidic
solutions, including electrochemical hydrogen adsorption,
electrochemical desorption, and chemical desorption, which
are commonly referred to as the Volmer reaction (eqn 1),
Heyrovsky reaction (eqn 2), and Tafel reaction (eqn 3),
respectively.”

H,0" + ¢! = H,4 + H,0 (1)
H,4 + H;0' + ' = H, + H,0 @)
Hads + Hads - H2 (3)

As displayed in Figure 3b, the commercial Pt/C has a
minimum Tafel slope of 28 mV dec™'. Under the same
conditions, the Tafel slopes of the Au/CNFs, Cu/CNFs, and
CNFs were 143, 180, and 335 mV dec™', respectively. In
addition, the Au—Cu/CNFs had a small Tafel slope of 70 mV
dec™!, suggesting fast kinetics and the Volmer-Heyrovsky
mechanism during the HER process. To further verify the fast
kinetics of the electrode in acidic environments, the Nyquist
plots of the samples were also measured, as shown in Figure 3e.
As expected, the semicircular diameter of the Au—Cu/CNFs
was clearly smaller than that of the other catalysts. The R, of
CNFs, Au/CNFs, Cu/CNFs, and Au—Cu/CNFs are 1420, 102,
78, and 45 €, respectively. The smaller R represents faster
reaction rate and more exposed active sites on the catalysts
during the HER process.”” The stability of the Au—Cu/CNFs
electrode materials is particularly important for its practical
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Figure 4. FE-SEM images of the (a) Au—Cu/CNFs-2:1, (b) Au—Cu/CNFs-1:1, (c) Au—Cu/CNFs-1:3, and (d) Au—Cu/CNFs-1:4.

applications, and the time-dependent current density was
measured at —0.136 V versus RHE for a continuous 24 h.

As shown in Figure 3g, there was no obvious degradation in
the current density after the continuous electrolysis for 24 h,
indicating the exciting stability of Au—Cu/CNFs membrane.
The photograph of the electrode in inset in Figure 3g clearly
indicates the generation of large amounts of H, bubbles.
Moreover, the exchange current density (j,) values were
obtained from the Tafel slopes by extrapolation, as shown in
Table 1. Notably, the Au—Cu catalysts revealed the largest j, of
0.79 X 1073A cm™2, which is much larger than that of the Au/
CNFs (0.464 X 107°A cm™) and Cu/CNFs (0496 x 107> A
cm™?). As we all know, a large j, is usually related to the
electrochemically active surface area (ECSA).*"** Thus, the
double layer capacitance (Cy) from cyclic voltammogram
(CVs) curves with different scan rates was calculated as an
alternative method to estimate the ECSA (Figure S1)." As
shown in Figure 3h, the Cy value of the Au—Cu/CNF was 483
mF cm™? with various scan rates (from 0.5 to 5 mV s™!) when
the potential range was from 0.1 to 0.2 V. The large j, was
associated with the high ECSA, while the high surface
roughness revealed more active sites and facilitated the
decreasing contact between the gas bubbles and electrode.*
Therefore, the formation/detachment of hydrogen gas bubbles
on the surface of the electrode could be accelerated, leading to
the fast kinetics and enhanced HER activity.

The above results indicate that the bimetallic core—shell-like
Au—Cu/CNFs indeed improve the HER activity, when
compared with the individual Cu/CNFs and Au/CNFs.
Meanwhile, the mass ratio of Au and Cu precursor plays an
essential role for the structures and morphologies of bimetallic
Au—Cu and the corresponding HER activity. Therefore, we
further explored the influences of the different mass ratios of
HAuCl,-4H,0 and CuCl, on the morphology and HER
performance of the catalysts. Figure 4 shows the FE-SEM
images of bimetallic Au—Cu alloy with different mass ratios of
2:1, 1:1, 1:3, and 1:4. As shown in Figure 4, with the increased
Cu content in Au—Cu alloy, the size of the Au—Cu NPs
became larger. The above results in Figure 1 have already
indicated that the Cu NPs on Cu/CNF is larger than the Au
NPs in Au/CNEF. Figure 4d shows the morphology of the Au—
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Cu/CNFs-1:4 with mass ratio of 1:4, and there are some
aggregated Au—Cu alloy NPs. However, with increased Au
content, as shown in Figure 4 (panels d to a), the size of the
Au—Cu alloy NPs decrease gradually and there are no obvious
aggregated NPs on the CNF. It is demonstrated that the
introduction of Au NPs into the Au—Cu alloy can indeed
decrease the size of Cu NPs, leading to the formation of Au—
Cu alloy with uniform sizes.

The XRD patterns of the series of the Au—Cu/CNFs hybrid
provide more information about the morphology and structure
evolutions caused by the different mass ratios of Au and Cu. As
shown in Figure S, all of the samples exhibit a broad band,

Au-Cu/CNFs-2:1
Au-Cu/CNFs-1:1
Au-Cu/CNFs-1:2
Au-Cu/CNFs-1:3
Au-Cu/CNFs-1:4

A

Intensity (a.u.)

20

30

60 70

40 50
2 Theta (degree)

Figure S. XRD patterns of the Au—Cu/CNFs-2:1, Au—Cu/CNFs-1:1,
Au—Cu/CNFs-1:2, Au—Cu/CNFs-1:3, and Au—Cu/CNFs-1:4.

corresponding to the (002) planes of graphitic carbon (marked
as @, JCPDS: 26-1076). With the increased Cu contents in
Au—Cu alloys, it is interesting that there are some crystal phase
transition in the Au—Cu alloy NPs. The Au—Cu/CNFs-2:1
sample exhibits two main sharp peaks located at 41.7° and
48.5°, which are indexed as the (111) and (200) planes of the
AuCu; alloy phase (marked as A, JCPDS: 35-1357).”" 7" The
XRD results demonstrate that the Au atoms enter into the unit
cell of Cu atoms, leading to the successful formation of Au—Cu
alloy not the mixture of Au and Cu NPs.
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With the increased Cu content, the Au—Cu/CNFs-1:1
sample also exhibits two diffraction peaks, indicating that at the
mass ratio of 1:1 for Au:Cu, the Au—Cu alloy NPs are still
AuCu; phase. When the mass ratio increased to 1:2, slight peak
asymmetry could suggest a range of alloy compositions in the
samples. It is interesting that the Au—Cu/CNFs-1:2 demon-
strate the coexistence of AuyCu alloy phase (diffraction peaks
marked as A) and Cu phase, which are accordingly with the
XRD results in Figure 2a. With the increased Cu contents, the
former AuCuj alloy transforms into a Au;Cu alloy, and there is
a preferential diffusion of Cu atoms to one side of the Au;Cu
alloy NPs, forming the Cu shell. The (111) planes of AuCu; in
Au—Cu/CNFs-2:1 and Au—Cu/CNFs-1:1 emerged at 41.7°,
while the (111) planes of Au;Cu in Au—Cu/CNFs-1:2, Au—
Cu/CNFs-1:3, and Au—Cu/CNFs-1:4 emerged at 38.1°. It is
reported that as more Cu is incorporated into the Au;_,Cu,
crystal, the (111) peaks clearly shift to higher 20 de§ree and
this shift is consistent with the alloying of Au and Cu.”"*° The
XRD results demonstrate that with the increased Cu contents,
the formed Au—Cu alloy in CNFs have transformed from the
AuCu; alloy phase to the Au;Cu alloy phase with a Cu shell,
suggesting the dealloying phenomena from AuCus.

In order to further investigate the morphologies evolutions of
the Au—Cu alloys with different mass ratios, the HAADF-
STEM and STEM-EDS mapping images are shown in Figure 6.

Figure 6. HAADF-STEM and STEM-EDS mapping images of the (a
and b) Au—Cu/CNFs-2:1, (c and d) Au—Cu/CNFs-1:3, and (e and f)
Au—Cu/CNFs-1:4.

As shown in Figure 6 (panels a and b), the Au—Cu/CNFs-2:1
exhibit small sized and uniformly Au—Cu alloys NPs in CNFs,
which are associated with Figure 4a. In the mapping area, the
Au and Cu elements have similar distribution areas, indicating
the homogeneous AuCu, alloy phases. In Figure 6 (panels ¢
and d), the Au—Cu/CNFs-1:3 display another morphology of
the Au—Cu alloys, which are similar to the Au—Cu/CNFs-1:2
(Figure 1). The Cu elements distributed throughout the two
Au—Cu alloy NPs, and meanwhile, the intensity of the Cu
element is strong at one side of the Au—Cu alloy NPs. The Au
elements signals are mainly distributed at one side of the Au—

Cu NPs, which are the same areas of the Cu elements with
strong Cu signals. Notably, as shown in Figure 1 (panels e and
f), the STEM-EDS mapping images of Au—Cu/CNFs-1:4 also
indicate a “core-shell” Au—Cu alloy with the Au—Cu alloy
phase as the core and the Cu phase as the shell. With the
increased Cu contents, the size of the Au—Cu alloy increased,
as well as the phase transitions from homogeneous AuCuy alloy
to Au;Cu—Cu “core-shell” alloy. The morphology evolutions
are associated with the XRD results.

It is an interesting phenomenon that the phase transition of
Au—Cu alloy and Cu dealloying in Au—Cu alloy. On the basis
of the results, a feasible reason has been proposed. At a high
temperature (CVD process) of 1000 °C, it is a thermodynami-
cally controlled synthesis for controlling the components of
Au—Cu alloy NPs, known as phase-stabilized synthesis.”*~* In
our experiment, the AuCus alloy can be obtained at relatively
low Cu contents, while the Au;Cu can be obtained even when
the Cu contents are excessive. It is reported that the stability of
Au—Cu alloy decreases in the order of AuCu; < AuCu <
Au,Cu.*® Therefore, when the Cu contents are excessive, the
former AuCuj alloy tend to transform into Au;Cu alloy due to
the relative higher stability of Au;Cu alloy. The Cu contents in
the AuCuj alloy are higher than those in the Au;Cu alloy.
Keeping the Au contents the same in all Au—Cu samples, at the
beginning of the phase transition, the Cu atoms tend to dealloy
on the surfaces of the NPs from the fcc AuCu, phase to an alloy
phase with lower free energy. With increasing Cu contents,
more and more Cu atoms diffused on the dealloying sites and
grew in larger-sized Cu shells, forming the Au;Cu—Cu “core-
shell” alloy NPs.

Subsequently, the electrochemical performance of the alloy
catalysts with different mass ratios of HAuCl,-4H,0 and CuCl,
were investigated under the same conditions. As shown in
Figure 7 (panels a and b), the Au—Cu/CNFs with mass ratios
of 1:4 require a relative higher overpotentials of about 118 mV
(denoted as 77,) to achieve the current density of 10 mA cm™
The 7,y of other Au—Cu/CNFs with mass ratios of 1:3, 1:2,
1:1, and 2:1 are 101, 83, 94, and 104 mV, respectively. The Au
NPs are inactive catalysts for HER, and interestingly, the
bimetallic Au—Cu/CNFs-1:2 with small Au content possess the
best HER activity than other Au—Cu/CNF with different mass
ratios.

Besides the synergistic effects of the bimetallic Au—Cu alloy,
the Au atom has the positive influence on the decrease of Cu
NPs, leading to a more exposed active site of Cu NPs and,
therefore, the enhanced HER activity. However, when the Au
content is larger than the Cu NPs (Au—Cu alloy with mass
ratio of 1:1 and 2:1), the HER activity of Au—Cu alloy
decreases because of the inactive HER activity of Au. The Au—
Cu/CNFs-1:2 obtains the best HER activity with #77,, = 84 mV,
demonstrating the best mass ratio of Au—Cu alloy is 1:2. The
detailed overpotential values of the catalysts are listed in Table
1. The corresponding Tafel slopes are shown in Figure 7
(panels c and d). The Au—Cu/CNFs-1:2 catalyst shows a Tafel
slope of 70 mV dec™, which is lower than that of the Au—Cu/
CNFs-2:1 (86 mV dec™), Au—Cu/CNFs-1:1 (75 mV dec™),
Au—Cu/CNFs-1:3 (83 mV dec™'), and Au—Cu/CNFs-1:4
(109 mV dec™), implying that the rate-determining step of the
HER on this catalyst is electrochemical desorption.

The jj of these catalysts were calculated by extrapolation and
are shown in Table 1. The j, values of the catalysts with
different mass ratios are 0.645, 0.736, 0.790, 0.705, and 0.589
mA cm™?, respectively. The linear fits of the capacitive currents
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Figure 7. Electrocatalytic activity of the Au—Cu/CNFs-2:1, Au—Cu/
CNFs-1:1, Au—Cu/CNFs-1:2, Au—Cu/CNFs-1:3, and Au—Cu/
CNFs-1:4 catalysts for the HER in a 0.5 M H,SO, solution. (a)
Linear sweep voltammetry (LSV) curves and the corresponding (b)
histograms of overpotential at j = 10 mA cm ™ for different samples.
(c) Tafel slopes of all the samples and the corresponding (d)
histograms. (e) The linear fit of the capacitive currents of the catalysts
at different scan rates, and (f) the current—time plot of all catalysts at a
constant voltage of —0.136 V vs RHE for 24 h.

are shown in Figure 7e. Compared with other catalysts, the
Au—Cu/CNFs-1:2 catalyst had a larger Cy value (in Table 1),
which further confirms the enhanced HER activity due to the
synergistic effect at the nanointerface of the Au;Cu alloy phase
and Cu shell. In addition, the mass activity and the
corresponding values at —0.1 V versus RHE are shown in
Figure S2 and the mass ratio of the various catalysts are
summarized in Table S1, which was quantitatively determined
by EDS analysis. Furthermore, the durability of all the electrode
catalysts with various mass ratios are measured under a
constant voltage of —0.136 V versus RHE (Figure 7f). In
general, the current densities of these catalysts remain stable

even after continuous electrolysis for 24 h in acidic solution,
and only a small decrease of the current density was observed,
which may be due to the H, adsorption on the electrode
surface and the depletion of H* during the test process.””**
Moreover, the surface morphology and crystal structures of the
Au—Cu alloy remained the same, and the nanoparticles were
still surrounded by several carbon shells. In addition, no
obvious aggregation or detachment can be observed after HER
stability test, which can be demonstrated from TEM images
(Figure S3) and XRD patterns (Figure S4).

The bimetallic Au—Cu alloy with self-supported 3D
architecture exhibits exciting HER activity and stability, which
can directly be used as the electrode materials. There are several
advantages for the enhanced HER activity of the bimetallic Au—
Cu alloy: (1) the host CNFs not only serve as reaction vessels
to generate the bimetallic Au;Cu—Cu “core-shell” alloy NPs
but also prevent the NPs from aggregating. (2) The bimetallic
Au;Cu—Cu “core-shell” alloy NPs possess large amounts of
nanointerfaces, and the locally curved surfaces of the nano-
interfaces are essentially enclosed by high densities of
uncoordinated surface atoms, which serve as the active sites
for catalyzing a series of interfacial chemical and electro-
chemical reactions. (3) The carbon layers on the surface of the
NPs facilitate the charge transfer and prevent the Au—Cu NPs
from oxidation and corrosion during the electrolysis. The 3D
CNF architecture is beneficial to the gas desorption, therefore
accelerating the kinetics of the electrode. As expected, the
catalyst of the Au—Cu/CNFs with a “core-shell” alloy structure
(Au—Cu/CNFs-1:2) exhibited excellent electrochemical activ-
ity and only required a small overpotential as low as 83 mV to
achieve a current density of 10 mA cm™2, which is much lower
than that of the most recently reported Au-based and Cu-based
catalysts (Table 2).

B CONCLUSION

In summary, the bimetallic Au;Cu—Cu “core-shell” alloy/CNFs
have been successfully fabricated through a facile approach. The
morphology, structure, and composition of bimetallic Au—Cu
alloy can be controlled by adjusting the precursor in the
nanofibers. With the increased Cu content, the Au—Cu alloy
has a transition from the homogeneous AuCuj; alloy phase to
the Au;Cu phase with the Cu shell. The self-supported Au—
Cu/CNFs were directly employed as electrodes for HER and
showed excellent electrochemical activity, including long-term
stability, high exchange current density, and low overpotential.
The outstanding HER performance was attributed to the
synergistic effect between the Au and Cu at the nanointerfaces

Table 2. Comparisons of HER Activity with Reported Catalysts

catalysts N@j = 10 mA cm™ (mV)
Au—Cu/CNFs 83
CuMoS, crystals 310
Cu,S,@MoS, 133
CuPdPt/C 5§
CFP/NiCo,0,/CuS 72
CuS/Au 179
AuNPs@NCNRs/CNFs-16 288
Au@Zn—Fe—-C 123
Au@NC 130
AuNPs/Ti 92.6

Au—Pd NPs/rGO
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tafel slope (mV dec™) jo (mA cm?) ref
70 0.790 this work
95 0.040 18
48 - 17
25 0.070 16
41 0.246 49
75 - S0
93 - 51
130 - 52
76.8 0.186 53
40 6% 107 54
29 0.47 5§
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with high densities of uncoordinated surface atoms and the fast
kinetic for the desorption of the gas originated from the self-
supported 3D architectures. The present investigations offer a
new strategy for the design and synthesis of unique
nanocrystals in energy conversion related application.
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