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ABSTRACT

Toward finding low-cost electrocatalysts with high catalytic properties to replace noble metals as high
efficient electrocatalysts in electrochemical hydrogen evolution reaction (HER) of total water splitting
plays a vital role to approach the green and sustainable energy supply. Here, we demonstrate the direct
growth of novel copper phosphide coated with amorphous carbon, namely heterostructured a-C/CusP
peapod nanowires from chemically synthesized copper nanowires (Cu NWs) followed by a chemical
vapor phosphorization reaction (CVPR) process at a low temperature of 400 °C. The heterostructured a-C/
CusP peapod nanowires exhibit a superior electrocatalytic activity by a lower overpotential of 287 mV at
a current density of 10 mA cm ™2 with a low Tafel slope of 72 mV dec™ ' and excellent stability over 1000
cycles. The superior electrocatalytic performance can be explained by the superior contact of the elec-
trolyte with active sites on the heterostructured a-C/CusP due to the high surface area of peapod
nanowire structure covered by defective edges of graphene with the encapsulated amorphous carbon
layer, which can tremendously enhance electrical conductivity at the surface.

© 2019 Published by Elsevier Ltd.

1. Introduction

the-art of hydrogen evolution reaction (HER) catalyst due to its high
electrical conductivity and remarkable catalytic property. However,

Hydrogen (H;) has been considered as the superlative candidate
to reduce our demand on fossil fuels and to overcome significant
concerns such as environmental pollution, energy consumption
and greenhouse effect. It is well known that water electrolysis is an
efficient technique to produce a high yield of molecular H; assisted
by an electrocatalyst. Therefore, it has been attracted much atten-
tion among other techniques such as coal gasification and steam
methane reforming [1]. Platinum (Pt)-based materials are state-of-
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its scarcity and higher production cost limit its widespread usage
[2]. Therefore, finding alternative electrocatalysts with earth
abundant, low-cost and high catalytic property are imperative.
Remarkable development on noble metal-free electrocatalysts such
as transition metal dichalcogenides [3—8], carbides [9—11], nitrides
[12] and metal-free catalyst [13] have been demonstrated recently.

Besides, transition metal phosphides (TMPs) are highly
conductive with high corrosion resistance, thus exhibiting an
interesting catalytic activity [1]. Generally, TMPs are intensively
used as an excellent catalyst in hydrodesulfurization reaction (HDS)
due to its promising feature of reversible binding and dissociation
of Hy [14,15]. Similarly, HER work in the same way with H* cation
bound to the catalyst to produce H, and it is construed that TMP
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may be an active catalyst for HER. There have many efforts made in
the past few years on the preparation of several TMPs as an elec-
trocatalyst for HER such as molybdenum phosphides [16—18],
nickel phosphides [19—22], cobalt phosphides [23—25], iron
phosphides [26—28], and copper phosphides [29—34]. Because of
rich redox properties and relatively low-cost due to its high earth
abundance [35], Cu-based materials are being focused among other
phosphides as an excellent electrocatalyst in overall water splitting
(HER at cathode and oxygen evolution reaction (OER) at the anode).
However, its poor resistance to acidic environments is of a signifi-
cant challenge in higher H, productive electrolyte like HySO4 in
HER. To solve this major issue, in our previous work, we proposed
the low-temperature growth of a graphene coating layer on Cu
nanowires as a highly efficient and acid stable electrocatalyst [36].
Likewise, several reports based on transition metal sulfides (ex.
MoS,) states that the coating of carbon-based materials enriches
the electrical conductivity and improves the stability over acidic
electrolytes [37,38]. Therefore, a coating layer of carbon-based
materials can be considered as one of the main strategies to
improve catalytic activity and stability. On the other hand, by
integrating Cu with phosphorous (P), leading to the formation of
distinctly metallic character, both elements contribute equally in
HER, which facilitate fast charge transfer, thus accelerating HER
kinetics. For example, C.C.Hou et al. have prepared binder free self-
supported CusP on a copper foam and reported that the Cu atoms
favor for adsorption of OH™ from the decomposition of water while
P atoms will combine H atoms [31]. In addition, subsequent
development toward creating nanostructures are imperative,
leading to the easy diffusion of electrolytes toward active sites of
the catalyst.

Therefore, it is conceivable to apply the following strategies to
Cu-based HER catalyst to improve the intrinsic activity including
the integration with P to fasten electron transfer with high con-
ductivity [31], coating of carbon layer to improve stability in the
acidic electrolyte [32] and nanostructure to improve easy diffusion
of electrolyte towards active sites [4]. Keeping these strategies in
mind, in this work, the fabrication of the amorphous carbon (a-C)
coated on CusP peapod nanowires (NWs) synthesized by low-
temperature chemical vapor phosphorization reaction (CVPR)
method on a conductive substrate as highly effective HER electro-
catalysts was demonstrated. The CVPR is of the particular inter-
esting process, providing selectivity of non-toxic precursor [39],
composition controllability, non-tedious processing and low-
temperature synthesis ability compared to chemical phosphoriza-
tion and chemical vapor deposition (CVD) [40,41]. First, we coated
a-C on chemically synthesized Cu nanowires followed by the
phosphorization at a low temperature of 400°C to obtain CusP.
Then, we directly use this heterostructured a-C/CusP peapod NWs
as the HER electrode without any binder, which makes it as the
binder-free electrocatalyst. The coated a-C layer on CusP peapod
NWs not only acts as a protective layer over acidic electrolyte but
also improves the conductivity. Therefore, the heterostructured a-
C/CusP peapod NWs offer a lower overpotential of 287 mV at the
current density of 10 mAcm 2 and a lower Tafel slope of 72
mVdec~! with high stability over 1000 cycles. A theoretical study at
the active sites of heterostructured a-C/CusP peapod NWs by
density functional theory (DFT) was proposed. Finally, how the
importance of the coated a-C layer and CusP peapod NWs were
addressed, paving a feasible way to prepare an inexpensive, cata-
lytically active and highly stable electrocatalyst for the production
of excessive H; via the electrochemical water splitting process.

2. Experimental methods
2.1. Synthesis of copper nanowire

102 mg Nickel acetylacetonate (Acros Organics), 136 mg copper
(11) chloride dihydrate (showa) and 10 ml oleylamine (Aldrich) were
stirred continuously in a 50 ml round bottom flask at 80 °C with a
high rpm for 30 min. Subsequently, the temperature was raised to
180°C and continued for 10 h without stirring and cool down to
room temperature. Finally, the solution was washed several times
with excess hexane and acetone simultaneously followed by the
centrifugation at 8000 rpm for 10 min and dried in air overnight.

2.2. Formation of heterostructured a-C/CusP peapod nanowires by
CVPR

As-prepared Cu NWs with the concentration of 1 mg/ml were
vacuum filtered on a nitrocellulose membrane and transferred onto
a 50 nm-thick gold (Au) coated layer on a SiO/Si substrate. Initially,
the residual carbon coated on Cu NW was transferred to the
amorphous carbon by the pre-annealing process under a reduced
H, gas with 100 sccm at 200 °C for 1h. In addition, the residual
nitrocellulose membrane on the Cu NW network also acts as the
additional feedstock of carbon. Then, 500 mg of sodium hypo-
phosphite was placed at the upstream of the furnace tube with a
distance of 5 cm from the annealed Cu NWs for the phosphoriza-
tion reaction. Moreover, the parameters were tuned by setting up
the temperature from 300 °C to 500 °C, reaction time from 30 to
90 min and a carrier gas such as air, Hy, and argon (Ar). The opti-
mized growth parameter is at the base pressure of 1 x 103 Torr at
400 °C for 60 min in the presence of Hy of 100 sccm and the furnace
was cooled rapidly.

2.3. Formation of CuyP/CusP nanowires by the CVPR

The transferred CuUNWs were directly phosphorized at the same
parameters without pre-annealing nanowires. Sodium hypo-
phosphite (500 mg) was placed in a quartz boat in the furnace and
the base pressure was maintained at 1 x 103 Torr at 400 °C in the
presence of Hy for an hour.

2.4. Synthesis of red phosphorous

Sodium hypophosphite (500 mg) was placed in a quartz boat in
the furnace and the base pressure was maintained at 1 x 103 Torr
at 400°C in the presence of H; for an hour. Then sample was
collected as powder and deposited on a glass substrate for further
analysis.

2.5. Material characterizations

Surface morphologies of samples were observed by field-
emission scanning electron microscopes (FE-SEM, Hitachi,
SU8010). Crystal structure and quality were verified and confirmed
by Raman spectroscopy (HORIBA Jobin-Yvon, LabRAM, HR800)
equipped with 532 nm laser and X-ray diffraction (Shimadzu XRD-
6000, Cu Ko, A =0.154 nm) with scanning angles from 15 to 65°.
The lattice spacing of the samples was analyzed by a high-
resolution transmission electron microscope (HRTEM; JEM-F200
FEGTEM, JEOL, Japan) operated at 200 kV with the point-to-point
resolution of 0.17 nm. X-ray photoemission spectroscopy (XPS)
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with a monochromatic Al Ko X-ray source (XPS, Ulvac-PHI 1600)
were utilized to the evidenced presence of surface carbon coating.

2.6. Measurements of electrochemical hydrogen evolution reaction

The electrochemical measurements were performed in a three-
electrode system using a Bio-Logic VSP potentiostat in a cylindrical
cell made of Teflon with an O-ring at the bottom area of 0.212 cm?.
The electrochemical impedance spectra were recorded from 0.1 Hz
to 100 kHz at an amplitude of 10 mV. A Pt wire, graphite rod and Ag/
AgCl (3M NaCl) were used as the counter and reference electrodes,
respectively. The prepared samples were connected using 3M
copper tape and were used as the working electrode. In addition,
5mg of commercially available Pt/C (Aldrich), which was mixed
with ethanol and coated onto Au coated SiO»/Si substrate, was
protected using a Nafion coating (10 pl) for the comparison. For all
the measurements, 0.5 M H,SO4 and KOH were used as an elec-
trolyte. All potentials were converted to potentials concerning
Reversible Hydrogen Electrode (RHE) by using the equation
Erne =Eagiaga + 0.0591 x pH + 0.194, resulting in a shift
of —0.2117 V vs. RHE. Note all potentials in linear sweep voltam-
metry (LSV) were collected after applying 3—5 potential sweeps in
order to avoid the redeposition of Pt on the working electrode after
several cycles and reported vs RHE without iR compensation. Cyclic
voltammetry was acquired in a non-faradaic region between 0.05
and 0.16 V (vs RHE) at various scan rates (5-400 mV s~ ! vs RHE) to
evaluate the double layer capacitance (Cqy). The stability was
examined by continuously cycling potentials between -+0.2
and —0.6 V at a scan rate of 5mV s~ .

2.7. Theoretical calculation using density functional theory

The DFT calculation was performed by Vienna Ab initio Simu-
lation Package (VASP) [42] by the projector augmented wave
method (PAW) [43] as a pseudopotential and the pedew-Burke-
Ernzerhof (PBE) [44] as an exchange-correlation function. The en-
ergy changes under different coverages of hydrogen atoms were
studied on a surface unit with a cell size of (2 x 2). The cells were
not repeated in z-direction so that only three slabs can be observed.
Note that we have fixed the bottom layer and allowed the other two
layers in varied conditions. Each slab has a 1 nm above the vacuum
layer. Moreover, (9 x 9 x 1) gamma centered Monkhorst-Pack k-
points [45] and Brillouin-zone integration was performed by the
Tetrahedron method with Blochl corrections, respectively [46]. In
addition, cut-off energy for the plane wave basis was set at 270 eV
without the spin polarization.

3. Results and discussion

As schematically illustrated in Fig. 1(a), the combination of
vacuum filtration of Cu NWs on nitrocellulose membrane followed
by transferring Cu NWs into substrates, annealing Cu NWs under a
reductive hydrogen atmosphere and a chemical vapor phosphori-
zation reaction (CVPR) are important processes to achieve hetero-
structured a-C/CusP peapod NWs. First, the Cu NWs were
synthesized by the chemical reduction of copper chloride in
assistance with oleylamine as a reductive agent and nickel acety-
lacetonate as a catalyst at 180°C (see experimental section for
details). The as-prepared Cu NWs were 80—120 nm in diameter and
several micrometers in length as shown in Figure S1a, with which
the CuO dots forms in the residual carbon layer denoted as a-CuO
(Figure S1b). The removal of the a-CuO and the uniform coating of
amorphous carbon (a-C) layer can be successfully achieved after
annealed in the presence of H, as shown in Figures S1c and d,
denoted as a-CuNW. Figure S1(e) displays the Raman spectra of the

annealed Cu nanowire (a-CuNW) in comparison with as-prepared
Cu NWs measured at the excitation wavelength of 532 nm in or-
der to evaluate the importance of the annealing process to achieve
the a-C coating layer on Cu NWs. Typical D and G bands of the
amorphous carbon located at 1397 and 1583 cm ™! can be measured
[47]. The appearance of both D and G bands at the a-CuNW signifies
that the a-C coating layer is successfully grown after the annealing
process. To achieve specific peapod nanostructure on a-C-coated Cu
NWs, the growth temperature, reaction time and a carrier gas of
chemical vapor phosphorization reaction (CVPR) have to be
optimized.

At first, the carrier gas (H;) and the phosphorized time (60 min)
were fixed with phosphorized temperatures varied from 300 to
500 °C and corresponding SEM images are shown in Fig. 1(b) to 1(d)
denoted as a-C/CusP@ 300°C, a-C/CusP@ 400°C and a-C/CusP@
500 °C, respectively. The crystalline structures of samples with
different phosphorized parameters were characterized by X-ray
diffraction spectrometer as shown in Fig. 1(e). For the a-Cu NWs,
the observed characteristic peaks of single crystalline Cu (JCPDS
03—-1005) with face-centered cubic (FCC) structure at 43.4, 50.6 and
74.3°, corresponding to (111), (200) and (220) planes were found,
respectively. A phase transformation process occurs at the phos-
phorization temperature of 300 °C, with which the phase of CusP
with a hexagonal structure (PDF# 02—1623) in all diffraction peaks
at 28.4°,36.1°,39.2°, 41.5°, 45°, 46.2°, 47.3°, 52.2°, 53.5°, 56.6°, 59°,
66.6°, 69.2°, 73.5° and 78.3° corresponding to the (111), (112),
(202), (211), (300), (113), (212), (220), (221), (311), (222), (223),
(321), (322) and (314) crystalline phases can be confirmed,
respectively. No other peaks exist, which indicate the pure phase of
CusP in all phosphorized temperatures (300, 400 and 500 °C in our
current study) [30] Furthermore, a broad peak located at 23° cor-
responding to (002) plane indicates the formation of the graphitic
carbon layer in three different phosphorized samples [48].
Although there is no difference in the phase of CusP for samples at
three different phosphorized temperatures, the morphologies are
quite different at different phosphorized temperatures. At the
phosphorized temperature of 300°C (a-C/CusP@ 300°C), the
average diameter increases from 80 to 240 nm as shown Fig. 1(b),
confirming that the partial phosphorization occurs. As the phos-
phorized temperature increases to 400 °C (a-C/CuszP@ 400 °C), the
formation of the peapod shape can be observed due to severe
phosphorization reaction as shown in Fig. 1(c) and its obvious
changes in its diameter is evidenced as shown in Fig. S2. Successive
increase in the phosphorized temperature to 500°C (a-C/CusP@
500 °C), which is close to the melting point of Cu, leads to the
aggregated structure due to a melting feature occurred on Cu NWs
as shown in Fig. 1(d) [36]. Furthermore, the fixed phosphorized
temperature of 400 °C with the same flux of carrier gas (Hy) was
conducted at the different phosphorized time of 30 and 90 min to
shed light on morphology changes. Distinctly, smaller bead-like
nanostructures can be observed at the short reaction time
(30 min) (Fig. S3a) and tend to consecutively increase its periodicity
in peapod structure with an increase in the phosphorized time as
shown in Fig. 1(c) for 60 min and Figure S3(b) for 90 min cases,
respectively. Note that the aggregation of peapods in the phos-
phorized time of 90 min occurs because of high surface energy
between peapods [49]. Eventually, the optimized phosphorization
time (60 min) and temperature (400°C) were found where the
carrier gas was changed to air and argon (Ar). The absence of
peapods on the Cu NW could be identified from Figure S3(c),
indicating that the presence of the air ambient in CVPR is non-
reactive. Moreover, in the presence of Ar, Cu NWs were reactively
etched as shown in Figure S3(d). Therefore, the optimized growth
parameters to achieve the peapod shape is 400 °C in the presence of
Hy as carrier gas at 60 min, respectively, which was used for further
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Fig. 1. (a) Schematic of heterostructured a-C/CusP peapod NWs by the low-temperature chemical vapor phosphorization reaction. (b—d) SEM images of a-C/CusP @ 300 °C, a-C/CusP
@ 400 °C and a-C/CusP @ 500°C and (e) the corresponding XRD results in comparison with a-CuNW.

analysis.

A transmission electron microscopy (TEM) image of a-C/CuzP@
400°C as shown in Fig. 2(a) further confirms the peapod
morphology where the inner core of the peapod consists of the
hollow structure indicated by dotted yellow lines. An amorphous
carbon layer with a thickness of ~8 nm coated by ~6 graphene
layers can be observed by the high-resolution TEM (HRTEM) image
as shown in Fig. 2(b). In addition, the clear crystal plane can be
observed with a lattice spacing of 0.208 nm, confirming the crys-
tallinity of CusP, which is consistent with XRD results [34,50].
Moreover, energy dispersive X-ray spectroscopy (EDS) line scan
mapping across the peapod structure was conducted to obtain its
chemical compositions. Interestingly, the surface, which is mainly
composed of Cu, P and C, were uniformly distributed throughout
the nanowire as shown in Fig. 2(c) and its quantitative elemental
results are present in Figure S4. These findings strongly confirm
that the core of a-C/Cu3P@ 400 °C peapod NW is completely hollow.
Furthermore, the graphene layer and degree of defects in a-C/
CusP@ 400 °C were investigated by Raman spectroscopy as shown
in Fig. 3(a). The Raman spectra recorded at the excitation wave-
length of 532 nm clearly shows typical weak D band at 1358 cm™!
and strong G band at 1588 cm~! confirm the existed graphene
coating layer. Where G band arises from the stretching mode of the
C—C bond to all sp? carbon systems and the D band is caused by the
disorder of the sp? hybridized carbon, respectively [51]. In addition,
the peak shifts and the disappearance of the 2D peak, as well as the

ratio of Ip/I; being 0.85, can be found due to the curved morphology
of peapod NWs, indicating the carbon layer with the rich amor-
phous structure, which is consistent with results from XRD and
TEM [36,47,52]. Except these two peaks, the other Raman peaks at
range 100—600 cm ™! are the characteristic peak of the CuzP [53]. To
emphasize the reaction between phosphorous powders and cop-
per, we prepared red phosphorous (see experimental section for
details) and compared with commercially available amorphous red
phosphorous by Raman spectroscopy. Figure S5 shows Raman
spectra of a-C/CusP@ 400°C (magnified at 100-600cm™! from
Fig. 3(a)) in comparison with as prepared red phosphorous (Red
P@400°C) and commercial amorphous red phosphorous. The
Raman spectra observed for Red P@400 °C are well matched with
commercial Red-P [54,55] and an increased intensity of peak
located at 350 cm™! can be observed, which corresponds to Pg cage,
which is mostly responsible for forming pentagonal tubes in paired
layers in amorphous red phosphorus [55]. Note that the a-C coated
copper nanowires also react with the phosphorous vapor result in
the suppression of amorphous peak at 350 cm™!, leading to the
formation of a strong and sharp peak at 424 cm™ !, strongly con-
firming the formation of CusP [53].

X-ray photoemission spectroscopy (XPS) was conducted to gain
more insights into the chemical state and composition of an indi-
vidual element in the synthesized a-C/CusP@ 400 °C. For compar-
ison, XPS spectra at the surface of peapod NWs were measured by
etching the conformal coating of the a-C by Ar ions. The
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Fig. 2. (a) Low and (b) High magnification TEM images of a-C/CusP @ 400 °C. (c) Shows the corresponding EDS line scan mapping profiles with Cu, P and C elements.

corresponding XPS results are shown in Fig. 3(b) where core level
spectra of C1s representing sp? and sp> hybridized states in lower
binding energies at 284.3 and 285.1eV on the surface of a-C/CusP@
400°C were found. After the etching process of 6S, the relative
intensity of peaks decreases and broadens with a slight shift of
peaks from 284.3 to 284.5eV and 285.1-285.4 eV, respectively,
confirming that the removal of the graphene layer from the surface
of the thick carbon layer [56]. Fig. 3(c) shows the core level spectra
of Cu 2p for the same condition with and without the etching
process. The peaks at 932.6 and 952.3 eV, corresponding to Cu 2p32
and Cu 2p 3, indicate oxidation state of Cu'* (Cu®* of CusP). The
signal from high-energy peaks at 934.8 and 954.6 eV correspond to
the oxidation state of Cu?>* and the peak at 943.4 eV attributes to
the satellite peak of Cu 2p3j; from the surface of peapod NWs,
respectively [30,57]. After the etching process, the oxidized species
cannot be observed while two distinct peaks with slight shifts
correspond to the Cu 2p3p2 and Cu 2pyp at 932.9 and 952.7 eV of
CusP, strongly confirming the growth of pure CusP as the core of
peapod NWs [30,58]. In P 2p peaks as shown in Fig. 3(d), two types
of P species were found at before and after the etching process. The
peak at 129.4 eV belongs to P~ in the metal phosphides corre-
sponding to P 2p3);, and the peaks at 133.2 eV and 134.1 eV can be
assigned to P 2pq2 and the oxidization state of P species (PO3"),
respectively. Besides, the observed increase in intensity after the
etching process denotes the formation of CusP in the core and it is
distinctly identified that the P termination of CusP is mostly bound
to C species at the outer most surface of peapod NWs [30,59].
Based on the discussion above, a possible mechanism for the
growth of heterostructured peapod NWs by the CVPR was pro-
posed as shown in Fig. 3(e). In the initial, the removal of the a-CuO

layer can be achieved after the annealing of Cu NWs in the H,
reductive ambient because of high H; solubility in Cu, leading to the
change of residual carbon to the amorphous carbon as shown in
Fig. 3(eq) and 3(e3). Here, Hy plays an important role as reducing
agent to proceed not only the etching process indicated by the
bright arrow but also being as the chemical adsorber reacting with
residual carbon to transform to the a-C layer (Fig. 3e3) [60]. After
the successful growth of the a-C layer on Cu NWs, the CVPR was
carried out. During this stage, Hy carries PH3, which was decom-
posed from the phosphorous source (sodium hypophosphate) at a
temperature above 300°C [61] and adsorbed on Cu NW due to its
high adsorption ability with Cu, leading to the purely chemical
reaction between phosphorous and Cu (Fig. 3e4). Once the tem-
perature reaches to 400 °C, Cu catalyzes PHs into elemental P atoms
[32,55] followed by the diffusion of PH3 atoms through a-C layer by
the internal diffusion of H, (indicated by the bright arrows in
Fig. 3es). In addition, recrystallization of a-C in the presence of Cu
catalyst assisted with H; at this temperature results in the forma-
tion of few-layer graphene. However, due to the insufficient reac-
tion temperature, the partial transformation of a-C is achieved as a
few graphene layers at its surface. A few graphene layers combined
with the a-C layer on Cu NWs will slow down the diffusion of P
atoms, resulting in larger nuclear sites of CusP crystals after the
chemical reaction between Cu and P (Fig. 3es). Finally, hybrid gra-
phene and a-C layers prevent lateral growth and out-diffusion of Hy
may trigger the formation of the hollow configuration, resulting in
the formation of the a-C/CusP peapod NWs as shown in Fig. 3(eg)
[62]. Here, we strongly believe the uniform a-C coating layer
throughout NWs protects the peapod nanostructure during the
out-diffusion process and remains it as stable heterostructure
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peapod nanowire. To evaluate those phenomena, Cu NWs were
phosphorized at the optimized parameter by CVPR without the
coating of the a-C layer. Fig. S6(a) shows irregularly aggregated
morphology after the phosphorization of Cu NWs and the corre-
sponding XRD spectrum represents the formation of both CusP and
CuP; phases as shown in Fig. S6(b). The peaks at 22.1° (011), 25.3°
(002), and 30.7° (—112) are the characteristic peaks of the CuP,
phase (JCPDS 18—0452) [63] while rest of peaks are contributed
from the CusP phase (JCPDS 02—1623) [30]. The reaction of a-CuO
presented on Cu NW with P atoms in CVPR results in the formation
of CuP, nanoparticles. Additionally, the low and high magnification
TEM images confirm the breakage of nanowires at the surface
(indicated by a yellow dotted line) with the hollow configuration at
the core region. However, due to the absence of a-C, it results in the
formation of a non-peapod structure with CuP, nanoparticles on
the CusP shell layer (Figs. S6¢ and S6d). Obviously, a few graphene
layers with the internal spacing of 0.358 nm were also obtained due
to the crystallization of residual carbon on Cu NWs. Therefore, it is
distinctly and directly evidenced that the a-C coating layer by the
annealing process on Cu NWs plays an important role to achieve

(b)

(d)

—==— At surface
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Intensity (a.u)
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Binding Energy (eV)

—n=— At surface
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140 138 136 134 132 130 128 126
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400 °C. (e) Schematics illustration at different growth stages of the peapod NWs.

heterostructured a-C/CusP peapod NWs.

Considering the existence of highly chemical resistance to acidic
electrolyte with high conductance because of a few graphene layers
as well as easy contact of electrolyte towards active site because of
the peapod morphology, an excellent hydrogen evolution reaction
(HER) performance is strongly expected using a-C/CusP as the
catalyst. In a typical test, HER activity is evaluated by performing
linear sweep voltammetry (LSV) in a 0.5 M H,SO4 electrolyte with a
scan rate of 5mVs~! at room temperature. As shown in Fig. 4(a),
the a-C/CusP@ 400 °C catalyst exhibits much superior performance
to the a-Cu NW, although the commercial Pt/C catalyst shows the
best HER activity with the lowest onset potential and largest cur-
rent density. Even after being phosphorized at 300°C, the HER
performance of a-C/CusP@ 300 °C is still much better than that of a-
Cu NWs. Thus, the overpotential can be reduced to 333 mV and
287 mV at the current density of 10 mA cm ™2 for a-C/Cu3P@ 300 °C
and a-C/CusP@ 400 °C compared with that of a-Cu NW (361 mV),
respectively. Furthermore, a-C/CuzP@ 500 °C, which requires a
higher overpotential of 402 mV to facilitate Hy at the same current
density, indeed shows the poor catalytic activity due to the damage
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Fig. 4. (a) LSV polarization curves measured in 0.5 M H,SO, at the scan rate of 5mV s~ for a-C/CusP @ 300 °C, a-C/CusP @ 400 °C and a-C/CusP @ 500 °C in comparison with Pt/C, a-
Cu NW and Au film, respectively. (b) Tafel plots from the corresponding LSV polarization curves of a-Cu NW, a-C/CusP @ 300°C, a-C/CusP @ 400°C and a-C/CusP @ 500°C,
respectively. (c) Nyquist plots and (d) stability results from LSV over 1000 cycles for a-C/CusP @ 400 °C in 0.5 M H,SO, at the scan rate of 5mV s~ Insets show the corresponding

SEM images without the LSV polarization and the LSV polarization after the 1000th cycle.

of NWs. In contrast, the a-C/CusP@ 400°C sample revealed
improved catalytic activities with negligible variation in perfor-
mance using Pt and graphite as counter electrodes. Furthermore,
the electrochemical performance of a-C/CuzP@ 400 °C in 0.5 M KOH
was further investigated, showing the significant catalytic activity
compared with that of Cu NW. Clearly, the a-C/CusP@ 400°C
electrode required an overpotential of 554 mV compared to that of
Cu NW (749 mV) at the current density of 10 mA cm 2 (Fig. S7). The
polarization curves are replotted into Tafel plots by the Tafel
equation (1 = a+b logj where b is the Tafel slope and is the current
density). The slope of the linear fitting dominates the rate deter-
mining steps of HER, reflecting the inherent nature of electro-
catalysts. Typically, for the HER in an acidic media, the adsorbed H
ions formed on the active sites in the discharge step are the
determinative step, leading to the Tafel slope >120 mV dec™ ', with
which the rate-determining step follows Volmer reaction [64].
However, if the desorption step restricts the reaction, the Tafel
slope between 40 and 120mV dec™! can be achieved where
Heyrovsky reaction is the rate-determinative step [65]. By contrast,
the reaction occurs through recombination of two adsorbed hy-
drogens. The rate-determining step will be dominated by Tafel
reaction, with which the Tafel slope <40 mV dec™! can be achieved
[36]. As a result, Tafel plots depicted in Fig. 4(b) show a small Tafel
slope of 72mV dec™! for a-C/CusP @ 400 °C, which is lower than
that of 87, 88 and 104 mV for a-Cu NW, a-C/CusP @ 300 °C and a-C/
CusP @ 500 °C, respectively. The lower Tafel slope implies the su-
perior catalytic property for the CusP NH @ 400 °C, which is com-
parable and much better than that for reported phosphide-based
electrocatalystes as shown in Table 1. As a result, the achieved lower
Tafel slope of the CusP NH @ 400 °C suggests that the Volmer-
Heyrovsky dominates the electrochemical HER process. To further
shed light on the kinetics of electrode, electrochemical impedance

spectroscopy (EIS) analysis was performed. As can be seen from
Fig. 4(c), Nyquist plots show that the a-C/CusP @ 400 °C has smaller
charge transfer resistance than that of a-C/CusP @ 300 °C and a-C/
CusP @ 500 °C, exhibiting the faster Faradaic process with the
better HER kinetics. The smaller charge transfer resistance indicates
that the presence of conductive amorphous carbon enriches the
electrical conductivity of the CusP [37]. Moreover, stability is one of
the significant issues to evaluate the performance of electrocatalyst.
Fig. 4(d) denotes the LSV measured at the scan rate of 5mVs~! for
a-C/CuszP @ 400°C over 1000 cycles, with which the negligible
decay can be observed, suggesting the excellent durability. The
corresponding SEM images (inset of Fig. 4(d)) confirms that the
morphology remains stable. In addition, the nanowire can be
observed by OM as shown in Fig. S8 after the HER measurements,
strongly confirming the adhesion of a-C/CusP @ 400 °C on the Au-
coated substrate, which proves the binder-free nature of our
electrocatalysts.

All the above findings demonstrate that the a-C/CusP @ 400 °C
possess a superior HER activity with high stability, which could be
attributed to the following aspects. First, the improved catalytic
activity per geometric area can be achieved owing to high surface to
volume ratio of peapod NWs. To confirm this part, we measured the
double layer capacitance (Cq;), which is directly proportional to the
electrochemical active surface area (ECSA) as shown in Fig. 5(a)
where Cgj of 2.7 mF cm ™2 for a-C/CusP @ 400 °C can be obtained and
is higher than that of 2.1 and 1.8 mF cm ™2 for a-C/CusP @ 300 °C and
a-C/CusP @ 500°C calculated from CV measurements (Fig. S9),
confirming the highest surface area, leading to the lower over-
potential and Tafel slope of a-C/CusP @ 400 °C. Second, easy diffu-
sion of the electrolyte by the peapod structure improves the direct
contact to active sites of CusP. To further evidence this phenomenon
we calculated changes in Gibbs free energy of hydrogen (AGy+) by
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Table 1
Comparison of Tafel slopes for different phosphide based samples.

Samples Onset Tafel Slope Overpotential (mV) at Ref.
Potential (mV dec™1) 10 mA cm 2
(mV)
NisP4—Ni,P 54 79.1 120 [21]
NiP 55 85.4 117 [69]
CoP 115 129 209 [23]
CoP NPs NA 87 221 [70]
MoP NA 126 105 [16]
MoP, NA 98.3 85 [71]
CusP 145 702 NA [72]
CusP NA 107 266 (73]
Cu—Co—P NA 59 262 [74]
CusP MP/CF 190 96 NA [32]
CusP NW/CF 62 67 143 [28]
CusP NB/Cu —44 72 117 [30]
CusP/CFa-C/ 100 148 222 [31]
Cu3P@ 400C 211 72 287 This

work

utilizing density functional theory (DFT) as presented in Fig. 5(b)
where Hydrogen adsorption energy can be defined as follow:

AdEy = [EsurernH - Esurf - (n/z)EHZ]/nv (1)

where n=1, 2x2cell with the 1/6 coverage was used.
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Fig. 5. (a) Measurements of double layer capacitance (Cqj) for a-C/CusP @ 300 °C, a-C/
CusP @ 400 °C and a-C/CusP @ 500°C in 0.5 M H,S0y, at the scan rate of 5-400mV s~
(b) The calculated free energy (AGy-) for a-C/CusP @ 400 °C consideration with Cu- and
P-terminations in comparison with single crystalline Cu.

Furthermore, Gibbs free energy can be calculated by

AGH = AEH + AEZPE — TASH 2)

where AEy is hydrogen adsorption energy, AEzpg is zero-point en-
ergy change between adsorbed and gas phase, and ASy is entropy
difference between adsorbed and gas phase at standard conditions.
For AEzpg - TASy, 0.29 eV was used as it is estimated from the
literature [66]. The H' ions from the solution attach on the surface
of nanostructures and react with the electrons to form hydrogen
molecules. Therefore, changes in free energy of hydrogen imply the
best catalytic behavior of an electrocatalyst where the optimal
value of AGy- is zero [67]. Because our structure posses a peapod
nanowire, which can be as similar as the hollow cylinder as shown
in the inset of Fig. 5(b), the outer surface of the a-C/CusP can be as
Cu-termination (Cu-T) and P-termination (P-T) whereas the CusP
with Cu-T and P-T can be the inner surface only. Therefore, the
surface of the peapod NWs exhibits a complete P-T, resulting in
smaller AGy+ = 0.23 eV at the outer surface and 0.54 eV at the inner
surface than that of Cu-T (0.3 eV at the outer surface and 0.69 eV at
the inner surface). Moreover, the calculated AGy+ for Cu-T at the
inner surface is smaller than that of single crystalline Cu (0.71 eV),
even higher than the reported value of polycrystalline Cu [67,68].
The a-C/CusP @ 400 °C from the obtained lower AGy+ values aser-
tained that the inner and outer surfaces are mostly bound with P,
which is consistent with our XPS results. As a result, the Cu-T acts as
hydride acceptor and the P-T acts as proton (H%) acceptor at the
outer surface of peapod NWs toward the electrolytes following the
so-called “ensemble effect” [ 14]. It is well proved that the lower free
energy changed at both surfaces utilize the direct contact towards
the active sites (mostly P-T) and easy diffusion of electrolytes
because of the peapod nanostructure. Furthermore, we demon-
strated the HER experiments for non-peapod nanowires, CuP,/
CusP@ 300°C, CuPy/CusP@ 400°C and CuP;/CusP@ 500°C as
shown in Figure S10(a). Distinctly, the achieved onset potential and
overpotentials are lower than the Cu NWs, which confirm the
excellent catalytic activity of CusP due to the easy contact of the
electrolyte because of the hollow core. However, the achieved
overpotentials of CuP,/CuszP@ 300 °C (366 mV), CuP,/CuszP@ 400 °C
(357 mV) and CuP2/CusP@ 500 °C (357 mV) at a current density of
10 mA cm~2 are all higher than that of a-C/CusP@ 400 °C (287 mV).
Moreover, CuP,/CusP@ 400 °C exhibits the unstable behavior over
1000 cycles (Figure S10b), indicating the poor HER performance
owing to the absence of amorphous carbon layer and peapod shape
where the Volmer-Heyrovsky mechanism is dominated confirmed
by Tafel slopes (113—120 mv/dec) as shown in Figure S10(c). Finally,
the dual advantages of enhanced conductivity and stability, as well
as the high edge sites contributed by the hybrid a-C and a few
defective graphene layers on the surface, can enhance the fast ki-
netic adsorption of H" during the HER confirmed by EIS
measurements.

4. Conclusions

We have developed the amorphous carbon-coated CusP peapod
NWs by the CVPR at a low temperature of 400 °C that efficiently
drive HER over thousands of cycles. The thick amorphous carbon
layer with a few defective graphene layers serves as a protective
layer and also enrich the conductivity of CusP. The heterostructured
a-C/CusP peapod NWs exhibit a superior electrocatalytic activity by
a lower overpotential of 287 mV at a current density of 10 mA cm™2
with a low Tafel slope of 72 mV dec™! and excellent stability over
1000 cycles. The superior electrocatalytic performance can be
explained by the superior contact of the electrolyte with active sites
on the heterostructured a-C/CusP due to the high surface area of
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peapod NWs covered by defective edges of graphene layers with
the encapsulated amorphous carbon layer. A theoretical study at
the active sites of heterostructured a-C/CusP peapod NWs by
density functional theory (DFT) was proposed. Finally, how the
importance of the coated a-C layer and CusP peapod NWs were
addressed, paving a feasible way to prepare an inexpensive, cata-
lytically active and highly stable electrocatalyst for the production
of excessive Hy via the electrochemical water splitting process.
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