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Highly efficient oxygen evolution from CoS2/CNT
nanocomposites via a one-step electrochemical
deposition and dissolution method†
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The oxygen evolution reaction (OER) has been viewed as a critical step in electrochemical energy conver-

sion and storage devices. However, searching for cheap and efficient OER electrocatalysts still remains an

urgent task. Herein, we develop a new strategy involving a one-step electrochemical deposition and dis-

solution method to fabricate hydrophilic porous CoS2/carbon nanotube (CNT) composites (CNT-CoS2).

X-ray photoelectron spectroscopy and near-edge X-ray absorption fine structure spectroscopy measure-

ments confirm the formation of hydrophilic groups on the surface of the porous CoS2 during electro-

chemical oxidation. Our design holds several advantages. The electricity conductivity of CoS2 is increased

by introducing CNTs as a conductive substrate. The porous nanostructures of CoS2 increase its surface

area, and provide paths to promote charge and reactant transfer. The active edge sites modified with

hydrophilic groups can increase the content of electrolyte–electrode contact points, increasing the

intrinsic catalytic performance of CoS2. These factors allow CNT-CoS2 to achieve a low onset potential of

1.33 V vs. RHE, a stable current density ( j ) of 10 mA cm−2 at an overpotential of 290 mV, and excellent

stability under alkaline conditions compared to that of IrO2. The comprehensive performance of the

CNT-CoS2 electrocatalyst is comparable to or better than that of any reported noble metal-free OER

catalyst, even RuO2 and IrO2. This facile synthesis strategy involving synchronous electrochemical depo-

sition and dissolution should be easily adapted for large-scale water electrolysis.

Introduction

The oxygen evolution reaction (OER) is one of the half reac-
tions of water splitting, and is considered a critical step in
electrochemical energy conversion and storage devices such as
metal–air batteries and fuel cells, and water electrolysis.1–5 In
alkaline solution, the OER is a multistep, four-electron process
and suffers from sluggish kinetics and high overpotential.
Efficient OER catalysts are desired to address these challenges.
To date, the most effective electrocatalysts for the OER are
RuO2 and IrO2,

6 but their high cost, low abundance, and
instability hinder their large-scale applications. Tremendous
effort has been made to the development of highly active,

stable, and low-cost nonprecious metal catalysts (e.g., Ni-,7

Co-,8,9 and Fe-10 based compounds). Among these catalysts,
half-metallic CoS2, an earth-abundant mineral,11 shows great
potential as an alternative to RuO2 and IrO2 because of its
appreciable conductivity (6.7 × 103 S cm−1 at 300 K), which
exceeds those of other semiconducting transition metal disul-
fides such as FeS2 and NiS2,

12 and noble metal-like catalytic
properties.13 However, in view of the inherent physical and
chemical properties of CoS2, three attributes must be opti-
mized to achieve the desired OER performance: (1) conduc-
tivity and diffusion properties need to be enhanced;14 (2) the
number of active sites and their intrinsic activity should be
increased; and (3) interfacial wettability must be improved.
Point (3) is required because improvement of the wetting be-
havior of CoS2 towards the OER can increase the electrolyte–
electrode contact points, facilitating electron transfer, and
thus enhancing electrocatalytic activity.

Recent drives to develop CoS2-based electrocatalysts have
primarily focused on coupling CoS2 materials with conductive
carbon nanostructures, developing nanoscale structures to
increase the exposure of active sites, and engineering the
active edge sites to facilitate the intrinsic activity of CoS2 by
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doping with other transition metals.15–19 Although these
approaches do improve the activity of CoS2 towards the OER,
most reported CoS2-based electrocatalysts have not reached the
efficiency of RuO2 and IrO2 ones. After comprehensively ana-
lyzing these aforementioned strategies, we infer that the main
reason for the limited progress of CoS2-based electrocatalysts
may be because these previous studies only optimized one or
two of the three required attributes detailed above. Little
research aimed at improving the wettability of CoS2 has been
proposed.

Herein, we develop a new strategy involving a one-step
electrochemical deposition and dissolution method to fabri-
cate porous CoS2/carbon nanotube (CNT) composites (denoted
as CNT-CoS2). We use X-ray photoelectron spectroscopy (XPS)
and near-edge X-ray absorption fine structure spectroscopy
(NEXAFS) to confirm the formation of hydrophilic groups on
the surface of the porous CoS2 during electrochemical oxi-
dation. Our design holds several advantages. The electrical
conductivity of CoS2 is increased by introducing CNTs as a
conductive substrate. The porous nanostructures of CoS2 have
increased surface area, which provides paths to promote
charge and reactant transfer. It is also confirmed that the
active edge sites modified with hydrophilic groups can
increase the content of electrolyte–electrode contact points,
increasing the intrinsic catalytic performance of CoS2. These
factors allow CNT-CoS2 to achieve a low onset potential of 1.33
V vs. RHE, a stable current density ( j ) of 10 mA cm−2 at an
overpotential of 290 mV, and excellent stability under alkaline
conditions comparable to that of IrO2. The comprehensive per-
formance of the CNT-CoS2 electrocatalyst is on par with or
better than that of any reported noble metal-free OER catalyst,
even RuO2 and IrO2. This facile synthesis strategy involving
one-step electrochemical deposition and dissolution should be
easily adapted for large-scale water electrolysis.

Experimental details
Materials

Potassium hydroxide, barium chloride and ammonium
hydroxide were purchased from Guangdong Xilong Chemical
Factory. And the above reagents are analytically pure. Thiourea
(AR, 99%) and iridium oxide (99.9% metal basis, Ir ≥84.5%)
were purchased from Aladdin. Potassium chloride (AR) was
purchased from Zhejiang Zhongxing Chemical Factory. Cobalt
chloride hexahydrate (AR) was purchased from Shanghai
Sinopharm Chemical Reagent Co., Ltd.

Electrode preparation

Glassy carbon (GC) electrodes (5 mm diameter, CH
Instruments Inc.) were polished with 0.05 μm alumina slurry
(CH Instruments Inc.) and subsequently rinsed with ultrapure
water and ethanol. The electrodes were then sonicated in ultra-
pure water and ethanol, and dried under a gentle nitrogen
stream. To prepare the working electrode, 2 mg CNT was ultra-
sonically dispersed in 500 μL ethanol and deionized water (the

volume ratio of ethanol and deionized water is 4 : 1), and 10 μL
suspension were dropped onto the GC surface and dried at
room temperature. For comparison, a commercially available
IrO2-modified GCE was prepared in the same way.

Synthesis of cobalt disulfide nanosheet

CNT-CoS2 hybrids were synthesized using a facile electro-
chemical deposition method. The electrodynamic deposition
was carried out in a three-electrode cell using a cleaned glassy
carbon electrode as the working electrode, Pt as the counter
electrode, and Ag/AgCl (saturated-KCl) as the reference elec-
trode by cyclic voltammetry. In short, the CNT-modified glass
carbon electrodes were placed in the electrolyte solution con-
taining a certain concentration of cobalt chloride hexahydrate
(CoCl2·6H2O) and thiourea (CS(NH2)2), and electrodeposited at
a potential range between 0.2 and −1.2 V vs. Ag/AgCl under
cyclic voltammograms (CV) at a scan rate of 30 mV s−1. The pH
value of the electrolyte was adjusted with diluted NH3H2O to
≈6, because CoOOH and Co3O4 form as intermediates or as
final products of oxidation in neutral and basic media.20,21 At
the end of deposition, the working electrode was rinsed with
water gently and dried under vacuum at room temperature
overnight. For comparison, bare glass carbon electrodes
without CNTs were treated under the same synthesis con-
ditions, and parallel experiments using various deposition
cycles were also carried out. The obtained hybrids were
denoted as CNT-CoS2-20, CNT-CoS2-40, CNT-CoS2-60,
CNT-CoS2-80, and CNT-CoS2-120 according to various depo-
sition cyclic numbers, respectively.

Electrochemical measurements

Electrochemical measurements were performed at room temp-
erature using a rotating disk working electrode made of glassy
carbon (PINE, 5 mm diameter, 0.196 cm2) connected to a
Multipotentiostat (PINE, Grove City, America). A standard
three-electrode electrochemical cell filled with a 0.1 M KOH
electrolyte, CNT-CoS2-modified glass carbon electrodes as the
working electrode, Ag/AgCl (saturated-KCl) and Pt sheet elec-
trodes as the reference electrode and the counter electrode,
respectively was used. All of the potentials in our manuscript
are calibrated to a reversible hydrogen electrode (RHE) based
on the Nernst equation.

Before the electrochemical measurement, the electrolyte
(0.1 M KOH, pH ∼ 13) was degassed by bubbling O2 for
30 min. The polarization curves were obtained by sweeping the
potential from 0 to 0.8 V vs. Ag/AgCl, with a scan rate of
5 mV s−1 and 1600 rpm. The data were recorded after applying
a number of potential sweeps until they were stable.

The accelerated stability tests were performed in O2-satu-
rated 0.1 M KOH at room temperature by potential cycling
between 0.3 and 0.8 V vs. Ag/AgCl at a sweep rate of 100
mV s−1 for 1000 cycles. At the end of the cycles, the resulting
electrode was used for OER polarization by sweeping the
potential from 0 to 0.8 V vs. Ag/AgCl, with a sweep rate of
5 mV s−1 and 1600 rpm. Chronoamperometry curves were
recorded at a 10 mA cm−2 over 36 000 s at room temperature.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2017 Nanoscale, 2017, 9, 6886–6894 | 6887

Pu
bl

is
he

d 
on

 2
0 

A
pr

il 
20

17
. D

ow
nl

oa
de

d 
by

 W
en

zh
ou

 U
ni

ve
rs

ity
  o

n 
18

/1
1/

20
17

 0
8:

13
:1

2.
 

View Article Online

http://dx.doi.org/10.1039/c7nr01293d


Tafel plots were obtained from LSV curves for assessment
of the OER activities of investigated catalysts. According to the
Tafel equation (η = b log( j ) + a), the Tafel slope (b) can be
obtained by fitting the linear portion of the Tafel plots into it.

The electrochemical surface area (ECSA) was determined by
measuring the capacitive current associated with double-layer
charging from the scan-rate dependence of CVs. For this, the
potential window of CVs was 0.2–0.3 V vs. Ag/AgCl. The scan
rates were 20, 40, 60, 80, 100 and 120 mV s−1. The double layer
capacitance (Cdl) was estimated by plotting the Δj = ( ja − jc) at
0.25 V vs. Ag/AgCl against the scan rate. The linear slope is
twice that of the double layer capacitance Cdl.

Structure characterization

X-ray photoelectron spectroscopy (XPS) measurements were
carried out with an ultrahigh vacuum setup, equipped with a
monochromatic Al Kα X-ray source and a high resolution
Gammadata-Scienta SES 2002 analyzer. Scanning electron
microscopy (SEM) images were obtained with a JSM-6700F field-
emission scanning electron microscope. Transmission electron
microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) images were recorded with a JEOL-3010
instrument. The NEXAFS measurements were performed in the
ultra-high vacuum chamber at the undulator soft X-ray spec-
troscopy beamline of the Australian Synchrotron, Victoria,
Australia. The photon energy was corrected by the photoelectron
current of the beam measured on an Au grid.

Results and discussion

Fig. 1 outlines the one-step electrochemical deposition and
dissolution procedure used to synthesize CNT-CoS2. The
hybrid catalysts were synthesized via a one-step electro-
chemical process wherein CNT-modified glassy carbon electro-
des (CNT-modified GCEs) were immersed in the electrolyte
containing cobalt chloride hexahydrate and thiourea and then
subjected to potential cycling. Scanning from 0.2 to −1.2 V vs.
Ag/AgCl caused cathodic peaks to emerge that likely originate

from the reduction and co-precipitation of cobalt and sulfur as
CoS2 (Fig. S1A, ESI†). Scanning in the opposite direction from
−1.2 to 0.2 V vs. Ag/AgCl resulted in anodic peaks attributed to
the oxidation and dissolution of the CoS2 film. For compari-
son, a bare GCE (denoted as bare.elec+60) was also cycled
under the same conditions. Because of the importance of
deposition cycle number (n) on CoS2 formation, parallel experi-
ments using n = 20, 40, 60, 80 and 120 were conducted, giving
hybrid catalysts denoted as CNT-CoS2-20, CNT-CoS2-40,
CNT-CoS2-60, CNT-CoS2-80, and CNT-CoS2-120, respectively.
Data for these catalysts are summarized in Table S1.†

The scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images in Fig. 2A and B show that
CNT-CoS2-60 contains sheet structures uniformly interspersed
into the CNT network. Fig. 2C and S2E† illustrate a scanning
transmission electron microscopy (STEM) image and the
corresponding energy-dispersive X-ray (EDX) elemental map-
pings, revealing uniform distributions of S, Co, and O atoms
in the sheet structure. Typical TEM images (Fig. 2D–F, and
S2A–D, ESI†) indicate that the sheet structures contain numer-
ous pores with a diameter of 10–20 nm. The HRTEM images in
Fig. S2D† and Fig. 2D, E show typical lattice fringes with fringe
spacings of 0.32, 0.27, and 0.54 nm for the framework of the

Fig. 1 A schematic diagram to illustrate the operating principle of the OER based on CNT-CoS2 nanocomposites.

Fig. 2 Structural characterization of an as-synthesized CNT-CoS2-
60 hybrid catalyst: (A) SEM images; (B) TEM images; (C) STEM and
corresponding elemental mapping; (D–F) HRTEM.
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sheet structure, consistent with the spacing of the (111),22

(200),23 and (221) planes of CoS2 (PDF # 65-3322), respectively.
These results also agree well with the corresponding selected-
area electron diffraction pattern (inset of Fig. 2B), confirming
the presence of CoS2 on the CNTs. Also, from Fig. 2F, a lattice
fringe with a spacing of 0.56 nm can be seen on the edge of
the pore structures. After combining with the subsequent
observations of XPS and NEXAFS, it was speculated that the
lattice fringe of 0.56 nm may be attributed to the (222) planes
of CoSO4, which could originate from oxidation of CoS2 during
the electrochemical process.

XPS was used to investigate the chemical composition of
CNT-CoS2. The survey spectrum of CNT-CoS2-60 (Fig. S3A,
ESI†) contained C 1s, O 1s, Co 2p and S 2p peaks, further con-

firming the presence of elemental S, Co, and O. This is also
consistent with the EDX spectrum for CNT-CoS2-60 (Fig. S2F,
ESI†). The S 2p peak from 161.8 to 165.1 eV (Fig. S3B, ESI†)
suggests the existence of S–S or S–Co,24 while the S 2p peak
observed at ∼169.1 eV is attributed to surface sulfur with a
high oxidation state. NEXAFS at S K-edge, Co L-edge and
O K-edge was used to gain more insights into the chemical
environment. The S K-edge (Fig. 3A) shows two broad peaks
representing reduced (SRed) and oxidized (SOx) S species.
The SRed peak at 2473.4 eV is attributed to S2

2−, while the SOx
peaks from 2477.1 to 2483.5 eV can be split into sulfone (–SO2),
sulfonate (–SO3)

25 and sulfate (SO4
2−) contributions.26 According

to XPS, CNT-CoS2-60 displayed Co-related peaks at 782.1 and
798.0 eV attributed to Co2+ configurations (Fig. S4, ESI†).27,28

Fig. 3 Near-edge X-ray absorption fine structure spectroscopy (NEXAFS) characterization: (A) S K-edge; (B) Co L-edge.

Fig. 4 (A) iR-Corrected polarization curves for different deposition cycles and raw CNT, bare.elec.-CoS2-60, IrO2 in KOH solution (0.1 M); (B) iR-
corrected polarization curves of CNT-CoS2-60 initially and after 1000 CV scans at 100 mV s−1;(C) iR-corrected chronopotentiometry curve of
CNT-CoS2-60; and (D) iR-corrected polarization curves of IrO2 initially and after 1000 CV scans at 100 mV s−1.
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Additionally, the structure of NEXAFS spectra in the Co L-edge
region of depositions after different cycles is similar (Fig. 3B),
and Co possessed an average oxidation state of +2 in the
CNT-CoS2-60 sample, consistent with the XPS analysis above. The
O K-edge NEXAFS data prove that the state of O in CNT-CoS2-60
was different from that of the raw CNTs, indicating that O in
CNT-CoS2-60 is derived from the electrochemical synthesis
process rather than the raw CNTs (Fig. S5B, ESI†).29 Overall, the
aforementioned analyses coupled with the TEM observation in
Fig. 2F confirm that the terminal S atoms in the porous CoS2
were oxidized to form hydrophilic groups (e.g., SO4

2− and SO3
2−)

during the electrochemical process. The measurement result of
contact angles (Fig. S6, ESI†) further showed that the wettability
of the CNT-CoS2-60 was superior to that of the CNT/commercial
CoS2 (Alfa Aesar, 99.5%) composites.

2TU ! FDSþ 2Hþ þ 2e� ð1Þ

2FDSþ Co2þ ! CoðFDSÞ22þ ð2Þ

FDS ������!Reduction
2TU ð3Þ

Co2þðFDSÞ2 ������!
Reduction

CoS2 ð4Þ

CoðFDSÞ22þ or Sad ������!Oxidation
CoSO4 ð5Þ

S2� ������!Oxidation
SOx

2� ð6Þ
Meanwhile, the two anodic peaks in Fig. S1A† likely

reflected the oxidation of CoS2 and formation of soluble CoSOx

(eqn (5) and (6)),30,31 which facilitated the formation of term-
inal hydrophilic groups in the porous CoS2, accelerating the

Fig. 5 (A) OER iR-corrected polarization plots of CNT-CoS2-60 in 0.1 M KOH with Ba2+; (B) iR-corrected Tafel plots of (A); (C) iR-corrected polariz-
ation curves of the CNT/commercial CoS2 hybrid; and (D) OER iR-corrected polarization plots of IrO2 in 0.1 M OH with Ba2+.

Fig. 6 (A) CVs at different scan rates in a potential window where no
Faradaic processes occur (0.2–0.3 V vs. Ag/AgCl) for CNT-CoS2-60 in
0.1 M KOH with Ba2+; and (B) charging current density differences
(Δj = ja − jc) plotted against scan rates.
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dissolution of reaction products from the reaction interface to
the electrolyte and pore formation (Fig. 2D–F and S2A–C,
ESI†). The formation of terminal hydrophilic groups has
seldom been mentioned, even in previous research using very
similar electrochemical conditions. After consideration of the
cyclic voltammetry (CV) curves reported by Yang’s group,32

which were attributed to the electrodeposition of CoSx on fluo-
rine-doped tin oxide (FTO), we speculate that the unique
anodic peak II at ∼0.1 V vs. Ag/AgCl, which only appeared in
our case, may represent the formation of terminal hydrophilic
groups. We believe that the excellent conductivity of the CNTs,
which exceeds that of FTO or other substrates, plays an impor-
tant role in promoting the formation of terminal hydrophilic
groups in porous CoS2. To obtain further insight into the role
of cobalt ions in the formation of porous CoS2, the same CV
cycles were performed under similar conditions using TU and
potassium chloride instead of cobalt chloride. Fig. S1B and C†
reveal that a similar curve containing two anodic peaks and

two reduction peaks was obtained, indicating that hydrophilic
group formation was not influenced by the cobalt ions. This
result is also consistent with the aforementioned XPS and
NEXAFS findings.

The OER activity of CNT-CoS2 was evaluated under alkaline
conditions (0.1 M KOH) with a typical three-electrode configur-
ation. GCEs modified with a constant active mass loading of
raw CNTs, CNT-CoS2, bare.elec+60, and IrO2 were used as
working electrodes. As a typical reference metric for electro-
chemical catalytic performance, CNT-CoS2-60 achieved a small
onset voltage of 1.33 V vs. RHE (Fig. 4A and S7A in ESI†) and a
stable j of 10 mA cm−2 at an overpotential of 290 mV. These
values are better than those of IrO2 and most reported state-of-
the-art noble metal-free OER catalysts (e.g. Ni2Co1/Ni2Co1Ox,
Co3S4 nanosheet, Co9S8@MoS2/CNF, Table S2 in ESI†).
Furthermore, the Tafel slopes were also obtained from the
polarization curve, and a Tafel slope of 255 mV per decade was
measured for CNT-CoS2-60 (Fig. S7B, ESI†).

Fig. 7 (A) EDX of CNT-CoS2-60 dipped in 0.1 M KOH with Ba2+; (B–F) STEM and the corresponding elemental mapping of the CNT-CoS2-60 hybrid
dipped in 0.1 M KOH with Ba2+.
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The CNT-CoS2-60 catalyst demonstrated a more negative
onset potential and higher catalytic current than those of the
bare.elec+60 or CNT electrode (Fig. 4A and S7A, ESI†). These
experimental results indicate that a positive synergistic effect
is obtained following hybridization of CoS2 with CNTs, which
enhances OER activity. Furthermore, CNT-CoS2-60 exhibited
the most negative onset potential and the highest catalytic
current of all the CNT-CoS2 samples. Therefore, the activity of
these CNT-CoS2 hybrid catalysts is sensitive to n.

To further investigate the effect of n on the OER activity of
the CNT-CoS2 catalysts, we performed electrochemical impe-
dance spectroscopy (EIS) in 10 mM KOH. The obtained
Nyquist plots are presented in Fig. S8A,† and the electrical
equivalent circuit diagram shown in Fig. S8B† was used to
model the solid–liquid interface after the experimental data
were well fitted. Furthermore, Fig. S8C† was used to demon-
strate the accuracy of the fitting process. The impedance para-
meters obtained by fitting the EIS responses are listed in
Table S3.† CNT-CoS2-60 has a low charge transfer resistance
(Rct), and the largest constant phase element (CPE) value
among the CNT-CoS2 catalysts. A low Rct value indicates faster
surface charge transfer and a higher reaction rate in electroca-
talysis. Meanwhile, a large CPE value corresponds to a high
active surface area, which can strongly enhance OER perform-
ance. These may be the main reasons that CNT-CoS2-60 dis-
plays the highest OER activity of the CNT-CoS2 catalysts. In
other words, the varying activity of these catalysts may result
from their different loading and surface electrocatalysis kine-
tics. The CNT-CoS2 nanocomposites with n < 60 are expected
to have fewer active sites than those with larger n. Conversely,
n > 60 may lead to increased CoS2 thickness (Fig. S9 and S10,
ESI†), thus decreasing the density of the edge active sites and
increasing Rct.

The long-term cycling stability of CNT-CoS2-60 was assessed
by performing continuous CV for 1000 cycles. For comparison,
the stability of IrO2 under the same conditions was also deter-
mined. The polarization curve of CNT-CoS2-60 after 1000
cycles overlaid almost exactly with the initial one (Fig. 4B),
suggesting the catalyst is highly stable and can withstand
accelerated degradation. The durability of CNT-CoS2-60 was
higher than that of commercial IrO2 (Fig. 4D). Fig. 4C shows
that the chronoamperometry measurement response for
CNT-CoS2-60 remained relatively constant for at least 36 000
s. The excellent long-term stability of CNT-CoS2-60 suggests
that it is attractive for potential applications.

To further investigate the nature of the active sites of
CNT-CoS2-60, we designed an experiment to measure the influ-
ence of SOx

2− (x = 2, 3 and 4) on its OER activity. Polarization
curves of CNT-CoS2-60 were obtained in KOH solutions with
and without Ba2+, wherein the pH values for the two KOH solu-
tions are equal. Fig. 5A reveals that the overpotential of
CNT-CoS2-60 increased markedly to ∼40 mV at a current
density of 10 mA cm−2. Kinetic results also confirmed that the
catalytic performance of CNT-CoS2-60 degraded upon introdu-
cing Ba2+ (Fig. 5B, ESI†). It is believed that the reason for the
decreased catalytic performance may be due to the fact that

Ba2+ forms complexes with sulfate in CoS2, hindering
diffusion of the bath solution and bulk O2 at the catalyst–elec-
trolyte interface, limiting the OER reaction process.

To further determine the reason, we measured the double
layer capacitance (Cdl) of the electrode with and without Ba2+.
Fig. 6A and B show that Cdl obviously decreased after immer-
sion in Ba2+. These results also agree well with the corres-
ponding observations of EDX and STEM as shown in Fig. 7.
Similar measurements for CNT/commercial CoS2 composites
and IrO2-modified GCEs were also conducted for comparison.
Fig. 5C and D show that their overpotentials at a current
density of 10 mA cm−2 did not clearly vary upon addition of
Ba2+, implying that Ba2+ did not affect the catalytic activity of
commercial CoS2 and IrO2. The above-mentioned results
demonstrate that the terminal hydrophilic groups (SOx

2−, x =
2, 3 and 4) and the porous structure in CNT-CoS2-60 formed by
the electrooxidation and electrodissolution reaction play
important roles in promoting charge and reactant transport as
well as increasing intrinsic OER activity.

To further understand the effect of Co2+ in the OER, we
investigated the influence of thiocyanate ions (SCN−) on the
OER activity of CNT-CoS2-60. SCN

− is widely known to poison

Fig. 8 (A) OER iR-corrected polarization plots of CNT-CoS2-60 in 0.1 M
KOH with SCN−, indicating that SCN−ions strongly poison the
CNT-CoS2-60. These measurements indicated that the cobalt is partially
involved in the active centers. (B) iR-Corrected Tafel plots of (A).
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metal-centered catalytic sites under alkaline conditions.33

Upon introducing SCN− into 0.1 M KOH, the overpotential
increased to ∼50 mV at 10 mA cm−2 (Fig. 8A and S11, ESI†),
which suggests that some cobalt sites were blocked. The
kinetic analysis shown in Fig. 8B also supports this obser-
vation. These results strongly indicate that Co2+ is a catalytic
site in the OER catalyzed by CNT-CoS2-60.

Conclusions

In summary, a one-step electrochemical deposition and dis-
solution process was used to synthesize composites consisting
of CNTs and porous CoS2 with terminal hydrophilic groups.
CNTs, a support material with negligible OER activity, coupled
well with CoS2 to accelerate electron transfer and promote the
OER activity. CNTs also served as an effective support to
mediate the surface performance of CoS2 by promoting the
formation of hydrophilic groups. These factors allow the as-
prepared porous CoS2 with terminal hydrophilic groups
achieve a low onset potential of 1.33 V vs. RHE, a stable
current density of 10 mA cm−2 at an overpotential of 290 mV,
and excellent stability under alkaline conditions. We attribute
its high activity to the porous structure providing numerous
active sites and paths to promote both charge and reactant
transfer. The terminal hydrophilic groups introduced during
the electrooxidation process enhanced the hydrophilicity of
materials, increasing both the number of electrolyte–electrode
contact points and intrinsic catalytic performance of CoS2. The
facile nature, versatility, and scalability of this approach mean
that it has great potential to produce nanocomposites for use
in other catalytic and optoelectronic applications.
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