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Abstract Oxygen evolution reaction (OER) catalysts
are of central importance for electrocatalytic water oxi-
dation and fuel generation, while it is still an urgent
requirement to design and develop efficient OER cata-
lysts with rapid kinetics and low overpotentials. Herein,
we report an electrochemical deposition method to fab-
ricate carbon nanotubes/N-doped cuprous sulfide
(CNTs/N-Cu2S) composites using thiourea and a
CuSO4 solution as the S and Cu sources, respectively.
The advantages of this strategy include low cost, simple
processing and the absence of templates or surfactants
that can otherwise affect the electrochemical properties
of the products. The N supplied by the thiourea can be
used as a doping agent as a result of the in situ formation
of small N-Cu2S particles, which can increase larger
surface area and create more active sites to enhance
OER catalytic activity, compared with that obtained
with materials synthesized without adding the thiourea.
The synergic interface of CNTs and N-Cu2S can im-
prove conductivity and efficient chemical transfer in the

composites electrodes by introducing CNTs. Under the
optimal experimental conditions, the CNTs/N-Cu2S-
5cyc composites present an excellent activity with the
current density of 10 mA cm−2 at a low OER
overpotential of 280 mV, the Tafel slope of
63 mV dec−1 and a strong electrochemical stability in
1.0 M KOH solution.
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Introduction

The generation of O2 via electrochemical water oxida-
tion using the oxygen evolution reaction (OER) is of
great importance as a means of converting and storing
energy, and is also vital to metal–air batteries and water-
splitting processes (Suen et al. 2017; Kanan et al. 2009;
Nocera 2012; Dou et al. 2016).The oxidation of water at
an anode is an energy-intensive reaction and requires a
minimum initiation energy input of 1.23 V (vs a revers-
ible hydrogen electrode, RHE). As such, OER kinetics
tends to be sluggish and represents a critical bottleneck
in the improvement of water-splitting technologies. An
efficient OER electrocatalyst is required to provide a
high current density at a low overpotential. Although Ir-
and Ru-based catalysts show remarkable OER catalytic
activities (Nakagawa et al. 2009; Over 2012), these
metals are both rare and costly. Therefore, there is an
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urgent requirement to design and develop efficient OER
catalysts with rapid kinetics and low overpotentials.

A number of OER catalysts have been developed
based on 3d metals such as Fe, Cu, Co, Ni and Mn.
Examples include single- and mixed-metal oxides
(hydroxides) (Subbaraman et al. 2012; Zhou et al.
2014; Zhou et al. 2015), chalcogenides (Yang et al.
2017a, b; Liu et al. 2015), phosphates (Li et al. 2016;
Shen et al. 2016; Xie et al. 2017), borides (Chen et al.
2016), perovskites (Guo et al. 2015; Suntivich et al.
2011) and molecular catalysts (Brimblecombe et al.
2010).These materials are attractive due to their low
cost, high chemical stability and good electrocatalytic
activities. Among these, the copper sulfides (CuxS) have
attracted significant interest, owing to their potential
applications in many different fields, including catalysis
(Tanveer et al. 2014), biosensing (Ku et al. 2013) and
energy conversion and storage (Li et al. 2018; An et al.
2015). However, the majority of Cu-based catalysts
exhibit high overpotentials and low current densities in
OER systems. One approach to lowering the
overpotential of such materials while increasing the
current density is to introduce a conductive support,
while also doping with a third element to create a hybrid
system. Recently, a Cu2S/C electrode having a peapod-
like structure showed enhanced electrocatalytic activity
in conjunction with a low overpotential of 401 mVand a
current density of 10 mA cm−2 in an alkaline solution
(Zhao et al. 2017). Co-engineered Cu7S4 nanodisks
have also demonstrated high activity and excellent du-
rability in alkaline environments (Li et al. 2017). In
addition, two-dimensional ultrathin Ni(OH)2-Cu2S hex-
agonal nanosheet hybrids have exhibited a current den-
sity of 10 mA cm−2 at an overpotential of 0.5 V and
produced a Tafel slope of 89 mV dec−1 during water
oxidation in 0.1 M KOH (Yang et al. 2017a). Such
reports demonstrate that CuxS materials are a promising
candidate for use in electrochemical energy conversion
and storage systems. Even so, the electrocatalytic per-
formance of these compounds remains inferior to those
of state-of-the-art water-oxidation catalysts such as
RuO2 and IrO2. Additionally, the synthesis of CuxS still
requires very harsh conditions that incorporate toxic
organic solvents as well as surfactants, structure-
directing agents and high temperatures. Therefore, the
development of a simple and effective means of produc-
ing highly efficient Cu2S OER catalysts is still required.

In the present work, a one-step electrochemical de-
position method based on cyclic voltammetry (CV) was

developed for the fabrication of CNTs/N-Cu2S compos-
ites. This new process employs thiourea and a CuSO4

solution as the S and Cu sources, respectively. The
advantages of this strategy include low cost, simple
processing and the absence of templates or surfactants
that can otherwise affect the electrochemical properties
of the products. In addition, the N supplied by the
thiourea can be used as a doping agent as a result of
the in situ formation of small N-Cu2S particles. The high
surface area of such particles creates a large number of
active sites, and so enhances the OER catalytic activity
compared with that obtained with materials synthesized
without adding the thiourea. Lastly, the electrical con-
ductivity of the Cu2S can be improved by introducing
carbon nanotubes (CNTs) as the conductive substrate.
The interface between these CNTs and the Cu2S in the
composite ensures both efficient charge transport and
the rapid transfer of chemical species to the OER elec-
trodes. As a result of these factors, the CNTs/N-Cu2S-
5cyc catalyst developed in this work delivers an OER
overpotential as low as 280 mV at 10 mA cm−2 and a
low Tafel slope of 63 mV dec−1 while showing good
electrochemical stability in a 1.0 M KOH solution.

Experimental sections

Materials and regents

Copper sulfate pentahydrate (CuSO4∙5H2O), potassium
hydroxide (KOH), thiourea (CH4N2S, TH) and iridium
oxides (IrO2) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. The carbon nano-
tubes (CNTs) were purchased from Cnano Technology
(Beijing) Limited Company. Nafion (5 wt%) was ob-
tained from Sigma-Aldrich, and all chemicals were used
without further purification.

Synthesis of CNTs/N-Cu2S Nanocomposites

The CNTs/N-Cu2S composites were synthesized by a
simple and convenient electrochemical deposition
method. In a typical experiment, the electro-
deposition measurement was carried out by a CV via
a three-electrode system (PINE, Grove City, Ameri-
ca). The CNTs-TH (the different mass ratio of CNTs
and TH by mixing, marked as CNTs-TH) modified
glassy carbon electrodes (GCEs) was used as the
working electrode, platinum wires as the counter
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electrode and Ag/AgCl (saturated-KCl) as the refer-
ence electrode, respectively. In order to obtain
CNTs/N-Cu2S nanocomposites, CNTs-TH–modified
GCEs were dipped into 10-mM fresh CuSO4·5H2O
solution and electrodeposited in the potential range
from + 0.8 to − 0.6 V vs. Ag/AgCl, at a scan rate of
40 mV s−1 with 5 CV cycles, which was labeled as
CNTs/N-Cu2S-5cyc. The parallel experiments were
also carried out under the same conditions except for
different deposition cycles (3, 10 and 15 CV cycles),
which were denoted as CNTs/N-Cu2S-3cyc, CNTs/N-
Cu2S-10cyc, CNTs/N-Cu2S-15cyc, respectively. Be-
sides, the CNTs/CuO-5cyc was gained with only
CNTs (without adding TH) modified GCEs by exactly
the same steps.

Structure characterization

The morphology and structure of the samples were
observed by scanning electron microscopy (SEM,
FEI Nova Nano SEM 200). Transmission electron
microscopy (TEM), high-resolution transmission
electron microscopy (HRTEM), scanning transmis-
sion electron microscopy (STEM) and correspond-
ing elemental mapping and selected area electron
diffraction (SAED) were recorded with a JEOL-
2100F instrument. X-ray photoelectron spectroscopy
(XPS) measurements were taken on a Gammadata-
Scienta SES 2002 analyzer with a monochromatic
Al Kα X-ray source.

Electrochemical measurements

In our experiment, the linear sweep voltammetry
(LSV), CV, electrochemical impedance spectroscopy
(EIS) and stability test were performed at in the stan-
dard three-electrode system with 1 M KOH electro-
lyte (PINE, Grove City, America). All of the poten-
tials were calibrated to RHE based on the Nernst
equation. The scan rate of LSV measurements was
5 mV s−1. The electrochemical active area (ECSA)
was calculated by measurement of the capacitive cur-
rent related to double-layer charging from the scan-
rate dependence of CVs. The EIS measurement was
performed over a frequency range from 100 kHz to
0.01 Hz at an open circuit potential, and the amplitude
potential was 10 mV.

Results and discussion

The CNTs/N-Cu2S nanocomposites were obtained via
electrochemical deposition using CV in a three-
electrode system, as illustrated in Fig. 1. In a typical
experiment, TH was first uniformly distributed on the
CNT surfaces by sonication. Subsequently, CV in an
aqueous CuSO4·5H2O solution was used to grow Cu2S
on the CNTs-TH–modif ied GCE. Thiourea
(H2NCSNH2) is commonly used as sulfur source to
prepare metal sulfides because it has a strong tendency
to coordinate with metallic cations and form semi-
organic materials. The thiourea molecule may take ef-
fect mainly in two ways: (i) thiourea decomposes mildly
and continuously to release S2− under hydrothermal/
solvothermal circumstances or even in common ambient
conditions. The resulting S2− ions then associate effec-
tively with the metal cations to generate metal sulfide
materials. (ii) thiourea could isomerize into ammonium
thiocyanate, employing metal thiocyanate as the inter-
mediate product. In the next step, CuSCN formed and
then transformed into Cu2S (Fang et al. 2013). The
morphologies and compositions of the as-grown cata-
lysts were determined by SEM, TEM and EDX. The
SEM and TEM images of the CNTs/N-Cu2S-5cyc cat-
alyst (Fig. 2a–c; Fig. S1) showed that nanoscale clusters
consisted of particles were uniformly distributed on the
CNT surfaces (Fig. S2a and S2b). STEM was used to
characterize the elemental distributions of the CNTs/N-
Cu2S-5cyc products, and the elemental maps of the
CNTs/N-Cu2S-5cyc (inset to Fig. 2d) demonstrated the
homogeneous distribution of C, N, O, S and Cu
throughout the material. The EDS analysis also deter-
mined that the CNTs/N-Cu2S-5cyc was composed of C,
N, O, S and Cu (Fig. S3). To examine the structure in
more detail, SAED patterns of the material were ac-
quired (Fig. 2c). These patterns exhibited a series of
diffraction rings that can be ascribed to crystalline
Cu2S, indicating the polycrystalline structure of the
product. HRTEM image (inset to Fig. 2d) also showed
lattice fringes with spacings of 0.36 and 0.30 nm, cor-
responding to the (212) and (101) planes of Cu2S,
respectively. These results confirmed that Cu2S clusters
were successfully grown on the surfaces of the CNTs.

The chemical compositions and states of the catalyst
materials were further evaluated by XPS, calibrating the
binding energies relative to that of C 1s (284.6 eV). In
Fig. 3a and Fig. S4, the XPS spectra of the as-grown
products (made wi th di ffe ren t numbers of
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electrodeposition cycles) indicate the presence of Cu, S,
C, O and N. The high-resolution Cu 2p spectrum in Fig.
3b contains two prominent peaks, at 932.5 and 952.5 eV,
that can be assigned to Cu 2p3/2 and Cu 2p1/2 and are
characteristic of Cu2S, which is consistent with previous
reports (An et al. 2015; Wang et al. 2012; Lee et al.
2007; Schneider et al. 2007). The high-resolution S 2p
spectrum in Fig. 3c, obtained from the catalyst prior to
use in the OER, exhibits a wide peak from 161 to
166 eV. This region can be deconvoluted to give two
peaks, corresponding to S 2p1/2 and S 2p3/2 (Wang et al.
2012; Lee et al. 2007; Schneider et al. 2007), which
appear at positions very close to those produced by
thiourea (162.3 eV) and so confirm the presence of S2−

ions. The CNTs/Cu2S-N-5cyc also produced an XPS
peak at approximately 168 eV and that can be ascribed
to SO4

2− resulting from the CuSO4 solution used during
the electrochemical deposition. The high-resolution N
1s spectra in Fig. 3d indicate no significant differences
in the positions of the N 1s peaks produced by thiourea
(400 eV) and the CNTs/N-Cu2S-5cyc (399.8 eV) prior
to the OER. These results can be attributed to the per-
sistence of some portion of the N in the thiourea in the
composite following the electrodeposition process. To-
gether with the elemental maps (inset to Fig. 2d), these
data confirm that CNTs/N-Cu2S composites were suc-
cessfully prepared via the electrodeposition method.
The particles obtained by this N doping are expected
to act as active sites in electrocatalytic reactions (Zhang
et al. 2017). The compositional ratio of each element in
CNTs/N-Cu2S hybrids was given in Table S1 according
to XPS results.

The OER activity of the CNTs/N-Cu2S-5cyc was
assessed by systematic electrochemical investigations in
the 1 M KOH electrolyte solution. For comparison, sim-
ilar measurements were conducted with IrO2,
CNTs/CuO-5cyc, CNTs-TH and CNTs as the working
electrode, and the resulting OER polarization curves are
provided in Fig. 4a. It is evident that the CNTs/N-Cu2S-
5cyc catalyst produced an earlier onset potential of ap-
proximately 1.44V (vs. RHE), and this valuewas slightly
lower than that of the IrO2 catalyst. However, the onset
potentials of the CNTs/CuO-5cyc and CNTs-TH were
1.57 and 1.59 V (vs. RHE), respectively. As shown in
Fig. 4a, the current density obtained from the CNTs/N-
Cu2S-5cyc composite was higher than those associated
with the CNT-based catalysts (CNTs, CNTs-TH and
CNTs/CuO-5cy). The CNTs/N-Cu2S-5cyc also delivered
an overpotential of only 280 mV at a current density of

10 mA cm−2, which was much smaller than those gener-
ated by the CNTs/CuO-5cyc (380 mV), CNTs-TH
(420 mV) and CNTs (430 mV). The data in Table 1
indicate that the CNTs/N-Cu2S-5cyc catalyst displayed
the best overall OER catalytic activity and that this per-
formance was comparable with values reported for other
catalysts in the literature (Table S2) (Yu et al. 2017; He
et al. 2018; Liang et al. 2018; Wu et al. 2018; Xu et al.
2016a, b). Thus, the CNTs/N-Cu2S-5cyc composite was
evidently a highly active OER catalyst.

A Tafel curve shows the linear relationship between
the current density and overpotential values and can be
used to evaluate the kinetics and activity of these mate-
rials when used as OER catalysts (Wei et al. 2019). The
Tafel slope is obtained by fitting the polarization curve
to the Tafel equation (η = b log (j) + c), where j is the
current density, b is the slope, η is the overpotential and
c is a constant (Zhou et al. 2014; Zhou et al. 2015). The
OER kinetics are inversely correlated with b, such that a
lower value of b indicates a more efficient reaction. The
Tafel plots are displayed in Fig. 4b, and the associated
values are summarized in Table 1. The Tafel slope of
63 mV dec−1 determined for the CNTs/N-Cu2S-5cyc
catalyst was much smaller than those for the IrO2

(71 mV dec−1), CNTs/CuO-5cyc (94 mV dec−1),
CNTs-TH (145 mV dec−1) and CNTs (158 mV dec−1).
The Tafel slope of the CNTs/N-Cu2S-5cyc was also
significantly lower than those previously reported for
catalysts based on Cu and other non-precious metals
(Zhou et al. 2015; Zhou et al. 2014; Chauhan et al.
2017; Zhang et al. 2018; Xu et al. 2016a, b; Yang
et al. 2017a, b) (see Table S2), reflecting the superior
OER kinetics of this new material.

The above experimental results and data analysis
demonstrate the improved catalytic properties of the
CNTs/N-Cu2S-5cyc stemming from the addition of thio-
urea. The data obtained from CNTs/CuO-5cyc catalysts
synthesized without TH are shown (Fig. 5, Fig. S2e and
S2f). These results demonstrate the non-uniform growth
of disordered cubic CuO crystals on the CNT surfaces.
The average size of the crystals in these samples was
approximately 600 nm, which ismuch larger than that of
the Cu2S particles in Fig. 2. The elemental map of the
CNTs/CuO-5cyc (Fig. 5b) also shows homogeneous
distributions of C, O and Cu. The HRTEM images of
this material (Fig. 5c, d) also show lattice fringes with
spacings of 0.23, 0.25, 0.18 and 0.28 nm, corresponding
to the (111), (002), (112) and (− 110) planes of CuO,
respectively, while the SAED pattern (inset Fig. 5d)
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exhibits a series of diffraction rings that can be ascribed
to crystalline CuO (Wang et al. 2002; Park et al. 2009;
Cao et al. 2003). These results indicate that the intended
CNTs/CuO-5cyc composites were successfully obtained
(Fig. 6e, f; Fig. S5) present XPS spectra of the CNTs/
CuO-5cyc and confirm the presence of Cu, C and O.
The Cu 2p peaks with satellites located at higher binding
energies in these spectra confirm the Cu2+ valence state
in the CNTs/CuO-5cyc compared with that of the
CNTs/N-Cu2S-5cyc composite (Morales et al. 2005;
Hsieh et al. 2003). In addition, both the CNTs/N-

Cu2S-5cyc and CNTs/CuO-5cyc catalysts produced an
XPS peak at approximately 169 eV corresponding to
sulfur oxide due to the CuSO4 solution used in the
electrochemical deposition. These results demonstrate
that the thiourea was uniformly fixed on the CNT sur-
faces and also provided a source of N and S, to produce
homogeneous CNTs/N-Cu2S composites. This uniform
doping of N should produce numerous active sites that
improve the OER performance. To confirm this, the
catalytic performances obtained from materials with
different mass ratios of CNTs and thiourea under the
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Fig. 1 A schematic diagram to illustrate the operating principle of the OER based on CNTs/N-Cu2S nanocomposites by electrodeposition

Fig. 2 Structural characterization
of as-synthesized CNTs/N-Cu2S-
5cyc hybrid catalysts: a and b
SEM images. c TEM images (the
inset of SAED) and d corre-
sponding elemental mapping and
HRTEM



same electrodeposition conditions were assessed. As
shown in Fig. S6, the OER performance of the sample
containing a CNTs:TH ratio of 4 mg:4 mg was better
than those of the 2 mg:4 mg, 3 mg:4 mg and 5 mg:4 mg
specimens. These results can be ascribed to the poor
conductivity produced by the use of an excessive
amount of thiourea or the fewer active sites when using
less thiourea. Therefore, thiourea played a key role in

the preparation of these N-doped Cu-based composites
by acting as a source of both N and S. The 4 mg:4 mg
specimen exhibited the best catalytic performance and
so was used in the subsequent experiments.

During the process of electrochemical deposition by
CV, the quantity of electrodeposition cycles, the poten-
tial range and the scan rate were found to greatly affect
the performance of the as-prepared catalysts in a fuel
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Fig. 3 a XPS spectra survey of the CNTs/N-Cu2S-5cyc. b High-
resolution XPS spectra of Cu 2p. c the S 2p of TH and CNTs/N-

Cu2S-5cyc (before and after OER). d the N 1s of TH and CNTs/N-
Cu2S-5cyc (before and after OER), respectively



cell. Hence, the effects of the number of electrodeposi-
tion cycles, the potential range and the scan rate were
systematically investigated. The synthesis conditions of
the potential range and scan rate were listed in the
Table S3 and the SEM images of CNTs/N-Cu2S-5cyc
(1), CNTs/N-Cu2S-5cyc (2), CNTs/N-Cu2S-5cyc (3)
and CNTs/N-Cu2S-5cyc (4) were given in Fig. S7. It
was found from Fig. S8 that the catalytic performance of

CNTs/N-Cu2S-5cyc is better than those of CNTs/N-
Cu2S-5cyc (1) and CNTs/N-Cu2S-5cyc (2) with differ-
ent potential range. Herein, we chose the CNTs/N-
Cu2S-5cyc (potential range: + 0.8 to − 0.6 V) in the
subsequent experiments. CNTs/N-Cu2S-5cyc (3) and
CNTs/N-Cu2S-5cyc (4) catalysts showed much lower
current densities than that of CNTs/N-Cu2S-5cyc (Fig.
S8), which could be attributed that low scan rate resulted

Table 1 Summary of catalytic parameters of different OER catalysts

Samples onset

(V vs. RHE)
(mV) @

10 mA cm−2
(mV) @

20 mA cm−2
Tafel slope
(mV dec−1)

Capacitance
(mF cm−2)

CNTs/N-Cu2S-3cyc 1.46 300 330 86 17.97

CNTs/N-Cu2S-5cyc 1.44 280 310 63 24.5

CNTs/N-Cu2S-10cyc 1.47 360 400 133 17.5

CNTs/N-Cu2S-15cyc 1.51 390 430 145 14.06

CNTs-CuO-5cyc 1.57 380 420 94 19.7

CNTs-TH 1.59 420 460 145 18.7

CNTs 1.60 430 490 158 13.8
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Fig. 4 Electrochemical catalytic performance of as-grown cata-
lysts. a Linear sweep voltammograms of all catalytic electrodes in
1 M KOH with 95% iR corrections. b Tafel plots of all catalysts
loaded on GCE recorded in 1 M KOH, corresponding to the LSV

curves in Fig. 4a. c Charging current density differences plotted
versus scan rate. The linear slope, equivalent to twice the double-
layer capacitance Cdl, was used to represent the ECSA. d
Chronoamperometric curve of CNTs/N-Cu2S-5cyc in 1 M KOH



in the low reaction during the process of electrochemical
deposition. SEM images (Fig. S7) also reflected the
phenomenon that CNTs/N-Cu2S-5cyc (4) with fast scan

rate displayed large particles during the fast process of
electrochemical deposition. Hence, the CNTs/N-Cu2S-
5cyc (scan rate: 40 mV s−1) was used in the subsequent
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Fig. 5 Characterizations of the CNTs/CuO-5cyc materials. a
TEM images. b Element mapping images. c and d HRTEM (inset
the ASED). e XPS spectra survey of the S 2p of CNTs/CuO-5cyc

and CNTs/N-Cu2S-5cyc. f The Cu 2p of CNTs-CuO-5cyc (before
the OER) and CNTs/N-Cu2S-5cyc (before the OER)



experiments SEM images of the CNTs/N-Cu2S-3cyc,
CNTs/N-Cu2S-10cyc and CNTs/N-Cu2S-15cyc speci-
mens are shown in Fig. S9. The CNTs/Cu2S-3cyc image
exhibits a small amount of nanoclusters scattered over
the CNTs as a result of the electrochemical deposition.
These structures may produce insufficient active sites.
The CNTs/N-Cu2S-10cyc and CNTs/N-Cu2S-15cyc
catalysts show dense, compact particle accumulation
encompassing the CNTs, which could serve to block
active sites and reduce the catalytic efficiency. From Fig.
S10a, Fig. S10b and Table 1, it is apparent that the
CNTs/N-Cu2S-5cyc catalyst displayed the best OER
catalytic activity together with a low overpotential at
specific current densities and a lower Tafel slope com-
pared with those for the CNTs/N-Cu2S-3cyc, CNTs/N-
Cu2S-10cyc and CNTs/N-Cu2S-15cyc catalysts. The
morphological analysis of these composites (Fig. S9)
shows a lack of efficient active sites on the CNTs/N-
Cu2S-3cyc composite owing to the use of fewer electro-
deposition cycles. However, the active sites on the
CNTs/N-Cu2S-10cyc and CNTs/N-Cu2S-15cyc com-
posites were likely covered due to the greater number
of electrodeposition cycles. Hence, these results further
confirm that the CNTs/N-Cu2S-5cyc catalyst would be
expected to afford satisfactory OER performance.

The CNTs/N-Cu2S-5cyc catalyst is believed to have
shown enhanced electrochemical catalysis of the OER for
several reasons. A high active surface area is an important
requirement for anOER catalyst, and so an increase in the

active surface area typically improves the catalytic activ-
ity (Yang et al. 2017a, b). The electrochemical CdI values
were determined to assess the surface areas because this
value reflects the interface between the solid electrode
and the electrolyte, which, in turn, is affected by the
distribution of charge at the interface. The ECSA values
were estimated based on the CV data and the CdI of the
materials, as shown in Fig. 4c and Fig. S10c, S11 and S12
and the data in Table 1 demonstrate that the CNTs/N-
Cu2S-5cyc had the highest CdI out of the various samples
studied, with a value of 24.5 mF cm−2. Therefore, the
surface of this material had more exposed active sites
compared with the CNTs/CuO-5cyc (19.7 mF cm−2),
CNTs-TH (18.7 mF cm−2) and CNTs (13.8 mF cm−2)
during the OER process. Consequently, the CNTs/N-
Cu2S-5cyc was more active because a greater surface
area was available for electrolyte permeation, which, in
turn, promoted the OER.

The improved electrocatalytic activity of the com-
posite electrode demonstrated herein can also be attrib-
uted to the presence of the CNTs, which produced
synergistic interactions at their interfaces. Additional
information regarding the interfacial properties and
ohmic losses of the electrode during the OER process
was obtained by EIS of the catalysts held at the same
potential in alkaline solutions. The resulting Nyquist
plots are presented in Fig. 6a and b, Fig. S10d, while
the impedance parameters obtained by fitting the EIS
responses are shown in Fig. 6c. The inset to Fig. 6b also
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Fig. 6 a Impedance Nyquist
plots of all catalysts in KOH
electrolyte solution. b The
measured curves of CNTs/N-
Cu2S-5cyc (inset equivalent
circuit models OH−/O2 of
CNTs/N-Cu2S-5cyc) in 1 M
KOH. c The table for the detailed
parameters of EIS



provides the equivalent electrical circuit diagram. The
CNTs/N-Cu2S-5cyc was found to possess a relatively
low charge transfer resistance (Rct; 6.77 Ω) and low
solution resistance (Rs; 18.4 Ω), along with the highest
capacitance (CPE) value among the various catalysts.
While the CNTs/N-Cu2S-10cyc and CNTs/N-Cu2S-
15cyc electrodes displayed higher charge transfer resis-
tance (7.56 Ω and 9.36 Ω, respectively), which may be
due to the comparatively high Cu2S content and may
result in a decrease in the interface area between the
CNTs and the electrolyte, which would increase the
resistance for the CNTs/N-Cu2S-10cyc and CNTs/N-
Cu2S-15cyc electrodes, consistent with the morphol-
ogies of them (Fig. S9). The low Rs and Rct values of
this material indicate faster surface charge transfer and a
higher reaction rate between the electrode and electro-
lyte interface. In addition, the large CPE value (45.1 Ω)
corresponds to a high active surface area. These results
demonstrate that the CNTs/Cu2S-N-5cyc exhibits im-
proved conductivity as a result of its lower Rct, which, in
turn, boosts the catalytic activity.

The valence states of Cu cations are of great impor-
tance to the OER. The valence state conversion of Cu
cations can enhance the electrophilicity of adsorbed O,
thus promoting the formation of hydroperoxy (–OOH)
species and the subsequent evolution of O2 (An et al.
2015). However, in the present work, the CNTs/N-
Cu2S-5cyc catalyst exhibited a higher current density
than that obtained from the CNTs/CuO-5cyc (Fig. 4a;
Table 1). This could be related to the unique properties
of N-doped Cu2S nanoparticles, which can undergo a
change in oxidation state during the OER similar to that
of cobalt oxide (Wu et al. 2015; Xu et al. 2016b; Cai
et al. 2017). In the XPS data obtained from the CNTs/N-
Cu2S-5cyc catalyst after OER trials (Fig. S13), the Cu
2p2/3 peak indicates a higher valence state, in agree-
ment with previous reports regarding the use of Cu-
based catalysts in the OER (Li et al. 2017). Based on
Fig. 3c and d , it is likely that N and S also play a role in
the OER processes.

In addition to high catalytic activity, long-term oper-
ating stability is also essential for practical applications.
For this reason, the stability of a CNTs/N-Cu2S-5cyc
electrode was assessed by chronoamperometric analysis
with a 1.55 V (vs. RHE) bias in a 1MKOH solution. As
shown in Fig. 4d, a stable reaction was maintained for
approximately 15 h, and no appreciable deactivation
was observed over this time span, demonstrating that
the catalyst was suitably durable.

Conclusion

A facile electrochemical deposition method was used to
prepare composites consisting of CNTs and Cu2S clus-
ters. The CNTs functioned as a conductive substrate to
improve the electrical conductivity of the Cu2S and thus
enhance charge transport. Clusters of small N-Cu2S
particles were formed that increased the surface area
and created more active sites. These, in turn, raised the
OER catalytic activity. The CNTs/N-Cu2S-5cyc catalyst
displayed excellent catalytic performance, with a current
density of 10 mA cm−2 at a low OER overpotential of
280 mV, a low Tafel slope of 63 mV dec−1 and the
significant electrochemical stability in the 1.0 M KOH
solution. To our knowledge, these results are among the
best yet reported for Cu-based OER catalysts in alkaline
conditions, suggesting a promising alternative to noble
metals in future clean energy technologies.
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