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ABSTRACT: The development of an efficient catalytic electrode toward
both hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER) is of great significance for overall water splitting associated with
the conversion and storage of clean and renewable energy. In this study,
carbon paper/carbon tubes/cobalt-sulfide is introduced as an integrated
three-dimensional (3D) array electrode for cost-effective and energy-
efficient HER and OER in alkaline medium. Impressively, this electrode
displays superior performance compared to non-noble metal catalysts
reported previously, benefiting from the unique 3D array architecture
with increased exposure and accessibility of active sites, improved
vectorial electron transport capability, and enhanced release of gaseous
products. Such an integrated and versatile electrode makes the overall
water splitting proceed in a more direct and smooth manner, reducing the production cost of practical technological
devices.
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The future of an energy supply based on clean and
renewable energy will overcome the reliance on fossil
fuels, the current dominating energy source, addressing

the challenges of the energy crisis and environment
pollution.1−3 Electricity-driven water splitting into hydrogen
and oxygen via water−alkali electrolyzers provides an appealing
approach to convert and store abundant but intermittent solar
energy, which has drawn intense research interest.4−6 The
widespread implementation hinges on innovative break-
throughs regarding the development of affordable, sustainable,
and efficient catalytic materials for two half-reactions, that is,
the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER).7−9 Currently, state-of-the-art HER
and OER catalysts are Pt and RuO2, respectively, but their long-
term availability is questionable owing to the scarcity and
subsequent high cost.10−14 Therefore, substantial efforts have
been devoted to develop non-noble transition-metal-based and
metal-free electrocatalysts with commensurate perform-
ance.15−21 Heretofore, a series of robust catalysts have been
well established for either HER or OER.22−28 However, in view
of the convenience and cost reduction in the overall water
splitting, the development of a versatile catalyst enabling the
operation in the same electrolyte with satisfying activity toward
both HER and OER is technologically important and urgently

needed. Recently, the research based on such a thought is
proposed but still in its infancy stage.29−33

In addition, the conventional preparation of the catalytic
electrode requires time- and cost-consuming processes based
on planar conductive substrates with a polymer binder to
immobilize the active materials, which inevitably results in
buried active sites and insufficient mass and electron transport
ability, thus impairing the electrocatalytic activity of water
splitting. Alternatively, the strategy for directly integrating
active materials with current collectors is widely adopted to
make an integrated electrode.34−39 Specifically, well-aligned
nanowire (NW) array structures grown on current collectors
are extremely interesting owing to their intrinsic advantages,
including high exposed surface area, enhanced electron
transport, and improved mechanical stability. Indeed, recent
research, such as that on ZnxCo3−xO4 and NixCo3−xO4 NW
arrays for OER40,41 and CoP and CoS2 NW arrays for
HER,42,43 has been reported. However, considering the
semiconducting nature, the vectorial electron transport
property of these NWs with length scales even up to
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micrometers cannot be guaranteed.44 Reasonably, the config-
uration with a built-in electron conductor for the high aspect
ratio structure should be seriously considered, maximizing the
utilization rate of active materials and further facilitating the
reaction kinetics of catalytic electrodes.
With these purposes in mind, herein, an integrated three-

dimensional (3D) electrode of carbon paper/carbon tubes/
cobalt-sulfide sheets (denoted as CP/CTs/Co-S) has been
designed and fabricated, which exhibits high activity and
stability toward both HER and OER in alkaline medium, thus
behaving as a versatile electrode for efficient overall water
splitting.

RESULTS AND DISCUSSION
The 3D conductive substrate of CP/CTs is facilely fabricated
via a template-assisted method as shown in Scheme 1. Initially,

well-aligned ZnO NWs were successfully grown on commercial
CP using a wet chemical method, which was verified by the
scanning electron microscopy (SEM) images. As shown in
Figure 1a and b, CP as a commonly used conductive support
has a relatively smooth skeleton, on which the densely packed
ZnO NWs are uniformly distributed. These NWs possess a
high aspect ratio with diameters of around 200−300 nm and
lengths of about 7−10 μm. Subsequently, polydopamine
(PDA) is selected as the carbon precursor to coat on the
surfaces of the NWs, because it can deposit on virtually any
surface through the self-polymerization of dopamine in an
alkaline environment.45,46 Figure 1c reveals that the surface
roughness of the NWs is increased after the PDA coating. The
typical transmission electron microscopy (TEM) image of an
individual NW clearly shows that a thin layer (∼28 nm) of
PDA evenly covers the surface of ZnO NWs (Figure 1d).
Finally, the obtained CP/ZnO NWs/PDA proceeds with the
carbonization treatment and acid-washing to generate the
targeted 3D conductive CP/CTs substrate. Notably, the CTs
well replicate the array structure of ZnO NWs and have direct
contact with CP (Figure S1). The derived tube architecture is
obviously observed from the characterizations of SEM and
TEM (Figure 1e and f). In comparison to the PDA coating, the

tube wall has a shrinking thickness, which is measured to be
∼18 nm. Such a 3D carbonaceous substrate with integrated
advantages of high conductivity, high surface area, light weight,
and robust physical/chemical stability will be a suitable choice
of support electrode for electrochemical reactions.
Cobalt sulfide (Co-S) is selected as the model catalyst

because of its promising use as an earth-abundant and
inexpensive material for energy conversion and storage.47−49

Through a facile and scalable chronoamperometric electro-
deposition method, the Co-S sheets on a CP/CTs substrate are
prepared from the precursor solution containing cobalt nitrate
and thiourea at room temperature. After rinsing thoroughly
with water/ethanol and annealing under an inert atmosphere,
the CP/CTs/Co-S electrode is successfully achieved. Figure 2a
shows a typical SEM image of CP/CTs/Co-S, indicating the
well-preserved array structure and homogeneous Co-S sheets
wrapping the entire CT surface. The thickness of the deposited
Co-S layer is ∼130 nm, which is coincidentally measured from
the cross sectional view of a broken CT/Co-S (Figure 2b). Due
to the open spaces of the array structure, Co-S sheets are also
partly deposited on the skeleton of CP (Figure S2). The TEM
images of a single CT/Co-S also confirm the conformal
structure and the thickness (∼3 nm) of the Co-S sheet (Figure
2c and d). X-ray diffraction (XRD) is performed to disclose the
crystal structure of CP/CTs/Co-S (Figure S3). The XRD
pattern of CP/CTs/Co-S shows only the diffraction belonging
to carbon, indicating the amorphous nature of Co-S sheets,
which is evidenced by the according selected area electron
diffraction (SAED) as well (Figure 2e). Thus, more catalytic
centers are expected to be created from the coordinatively
unsaturated sites of the amorphous Co-S sheets. The energy
dispersive X-ray spectroscopy (EDX) indentifies the presence
of elements including C, N, O, Co, and S (Figure S4), which
are uniformly distributed through a single CT/Co-S, as
observed from the element mapping images (Figure 2f). The
estimations of the Co content (∼1.14 μmol cm−2) and the Co/
S ratio (∼1.33) are realized by inductively coupled plasma
atomic emission spectroscopy (ICP-AES), suggesting probable
CoO/Co(OH)2 composites besides CoSx, which is consistent
with the previous reports.47 This suggestion is verified by X-ray
photoelectron spectroscopy (Figure S5). Moreover, the mass
loading of Co-S sheets is ∼0.32 mg cm−2, determined by the
mass difference before and after the electrodeposition using a

Scheme 1. Schematic illustration of the fabrication
procedure of CP/CTs and corresponding sample photos.

Figure 1. SEM images of (a) CP and (b) CP/ZnO NWs. (c) SEM
and (d) TEM images of ZnO NWs/PDA. (e) SEM and (f) TEM
images of CTs.
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microbalance. For comparison, the CP/Co-S electrode with the
same mass loading of the Co-S sheets is also prepared via
electrodeposition. As shown in Figure S6, the dense Co-S sheet
film on the CP skeleton has a greater thickness and many
cracks, which may result in high contact resistance, limited
accessible surface area, and weak stability, implying the
deteriorated electrocatalytic performance for water splitting.

The HER and OER activities of as-prepared electrodes are
evaluated in 1 M KOH electrolyte using a three-electrode
electrochemical configuration with a saturated calomel
electrode as the reference electrode and a graphite plate as
the counter electrode. All potentials are iR-corrected and
converted to a reversible hydrogen electrode (RHE) scale via
calibration (Figure S7). As references, commercial Pt/C (20 wt

Figure 2. (a, b) SEM images of CP/CTs/Co-S. (c, d) TEM images, (e) SAED pattern, and (f) element mapping of CT/Co-S.

Figure 3. (a) Polarization curves of different catalytic electrodes for HER and OER in 1 M KOH with a scan rate of 2 mV s−1. (b)
Corresponding Tafel plots. (c) Chronoamperometric responses of CP/CTs/Co-S, Pt/C, and RuO2 electrodes at constant potentials for HER
and/or OER. (d) Schematic illustration of the operating principle of CP/CTs/Co-S.
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%) and RuO2 with the same mass loading on CP are also tested
for HER and OER, respectively. As expected, they show
superior electrocatalytic activities with negligible overpotentials
(Figure 3a). To achieve a current density of 10 mA cm−2, a
metric relevant to solar fuel synthesis, CP/CTs/Co-S requires a
much lower potential (0.190 V) than CP/Co-S (0.357 V) in
the HER process. Also, in the OER process, the potential
afforded by CP/CTs/Co-S (1.536 V) to deliver the same
current density is more negative than that of CP/Co-S (1.593).
Of note, the substrates of CP/CTs and CP contribute little to
these activities, confirming that the coating layer of Co-S sheets
is dominantly responsible for the high HER and OER activity.
The kinetic activities of the above electrodes are estimated by

corresponding Tafel plots (Figure 3b). The Tafel slopes of CP/
CTs/Co-S for both HER (131 mV dec−1) and OER (72 mV
dec−1) are smaller than those of CP/Co-S, indicating the
comparatively favorable catalytic kinetics. Furthermore, the
exchange current densities (j0) are calculated from Tafel plots
by an extrapolation method (Figure S8). The j0 of CP/CTs/
Co-S for HER is 3.9 × 10−1 mA cm−2, which is about 16 times
that of CP/Co-S (2.4 × 10−2 mA cm−2), and the OER j0 of CP/
CTs/Co-S (8.3 × 10−4 mA cm−2) is greater than that of CP/
Co-S (5.8 × 10−4 mA cm−2) as well. Conclusively, CP/CTs/
Co-S displays much higher activities than CP/Co-S, benefiting
from the 3D array structure. The detailed comparison of the
catalytic parameters for these electrodes is shown in Table S1.
Although the HER and OER performances of CP/CTs/Co-S
are still inferior to those of Pt/C and RuO2, these are

satisfactory for a versatile catalytic electrode and are also
competitive with those of non-noble metal-based catalysts
reported previously for HER or OER (Tables S2 and S3).
The superior performance of CP/CTs/Co-S, in comparison

to that of CP/Co-S, mainly originates from several advanta-
geous aspects, which are the consensuses for the advanced 3D
array electrode. First, the internal gaps within the NW arrays
increase the accessible surface area, maximizing the exposure of
more active sites and enabling a high utilization ratio of
catalysts.40−42,50 The effective surface area can be alternatively
reflected by the electrochemical double-layer capacitance (Cdl)
at the solid−liquid interface. As shown in Figure S9, the Cdl of
CP/CTs/Co-S is measured to be 103.7 mF cm−2, which is
much higher than that of CP/Co-S (29.8 mF cm−2), confirming
the larger active surface area of CP/CTs/Co-S. Second, CTs
connected to CP provide the built-in continuous pathway for
electron transport, decreasing the electron transport distance
and barrier and thus facilitating the reaction kinetics.44 This
viewpoint is verified by the electrochemical impedance
spectroscopy (Figure S10). The obtained results can be simply
fitted with an equivalent circuit consisting of a resistor (Rs) in
series with a parallel combination of a resistor (Rct) and a
constant phase element, in which Rs and Rct represent the
contact resistance and the charge transfer resistance,
respectively. Taking the HER process for example, as compared
with CP/Co-S, CP/CTs/Co-S displays the lower Rs and Rct,
indicative of its favorable electron and charge transport
capability. Third, the 3D array configuration promotes the

Figure 4. (a) Polarization curves for overall water splitting with a CP/CTs/Co-S electrode as both anode and cathode in 1 M KOH with a scan
rate of 2 mV s−1. The benchmarking RuO2 (+) and Pt/C (−) electrodes are tested side by side. (b) Corresponding chronoamperometric
responses of CP/CTs/Co-S electrodes and the benchmarking combination at constant potentials of 1.743 and 1.679 V, respectively. (c)
Amount of gaseous products theoretically calculated and experimentally measured versus time at the constant potential of 2 V. (d) Optical
photograph of overall water splitting powered by an AAA battery with a nominal voltage of 1.5 V.
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release of gas bubbles, enhancing the contact between
electrolyte and active sites, which has been experimentally
confirmed by previous reports.39,43 Figure 3d provides a
schematic illustration of the above-mentioned advantages for
CP/CTs/Co-S.
The turnover frequency (TOF) is a critical indicator of the

intrinsic activity for a catalyst. Thus, CP/CTs/Co-S exhibits
TOF values of 1.2 × 10−1 s−1 at a HER overpotential of 250
mV and 1.6 × 10−2 s−1 at an OER overpotential of 300 mV,
assuming all the Co sites contribute to the activities.
Considering the fact that only accessible sites are active for
the reactions, these values are underestimated but still
outperform those of many other non-noble metal-based
catalysts reported so far (Tables S2 and S3). In addition, the
loading amount of the Co-S sheet layer on CP/CTs can be
tailored via varying the deposition time. The activity measure-
ments reveal that the optimized deposition time is 8 min
(Figure S11). Especially, the extension of the deposition time
(15 min) results in inferior activity because of the overload of
the Co-S sheet layer (Figure S12), highlighting the
aforementioned advantages of the 3D array structure again.
In view of the practical use, the durability of CP/CTs/Co-S for
continuous HER and OER is critically important. To this end,
the constant operating potentials initially required to drive the
current density of 10 mA cm−2 are applied to chronoampero-
metric tests. Figure 3c reveals that CP/CTs/Co-S displays
better HER and/or OER stability than Pt/C and RuO2, keeping
the current densities for over 10 000 s. Moreover, CP/CTs/Co-
S also exhibits a fairly stable performance after 1000 continuous
potential cycles at an accelerated scan rate of 50 mV s−1 (Figure
S13). The slight degradation can be mainly attributed to partial
S loss and increased Co(OH)2 content (Figures S14 and S15).
Even with that, the HER and OER activities of CP/CTs/Co-S
after the stability test are superior to those of CP/CTs/
Co(OH)2, indicating the Co-S composites are beneficial for
water splitting (Figure S16).
Encouraged by the bifunctionality of CP/CTs/Co-S, the

overall water splitting is further performed in 1 M KOH using a
two-electrode configuration, which is much closer to the
practical device. As shown in Figure 4a, CP/CTs/Co-S
electrodes afford a current density of 10 mA cm−2 at the
operating potential of 1.743 V, which is only 64 mV larger than
the benchmarking RuO2 (+) and Pt/C (−) electrodes and
comparable to the catalytic materials reported recently for
overall water splitting (Table S4). Meanwhile, CP/CTs/Co-S
electrodes can withstand continuous electrolysis for at least
7000 s with less degradation than the benchmarking
combination (Figure 4b). Additionally, CP/CTs/Co-S electro-
des show Faradaic efficiency close to 100% for overall water
splitting (Figure 4c). The gaseous products are totally
composed of H2 and O2, as evidenced by the mass spectrum
(Figure S17). Moreover, an AAA battery with a nominal voltage
of 1.5 V can drive overall water splitting with obvious gas
bubble release, confirming the high efficiency of the CP/CTs/
Co-S electrode (Figure 4d and Supplementary Video 1). These
results suggest that the CP/CTs/Co-S electrode has potential
applications in low-cost and energy-efficient water electrolysis.

CONCLUSIONS
In summary, an integrated CP/CTs/Co-S electrode in a 3D
array structure is developed as a cost-effective catalytic
electrode, showing remarkable versatility for HER and OER
with high activity and stability, which originates from increased

exposure and accessibility of active sites, improved vectorial
electron transport capability, and enhanced release of gaseous
products. Such an integrated and versatile electrode makes the
overall water splitting proceed in a more direct and smooth
manner, reducing the production cost of the practical
technological devices. Our findings will inspire further efforts
to develop 3D array structured electrodes with multifunction-
ality for not only overall water splitting but also other key
energy conversion and storage technologies.

EXPERIMENTAL SECTION
Synthesis of CP/ZnO NWs. Briefly, CP was first heat-treated at

500 °C for 1 h in air to increase its wettability. Then, ZnO NWs were
grown on CP (6 × 3 cm2) by a wet chemical process. CP was soaked
in an aqueous solution (150 mL) containing 0.1 M KMnO4 for 1 h to
form a seed layer. The seeded CP was then dipped into a glass bottle
with a precursor solution (100 mL) containing zinc nitrate
hexahydrate (15 mM), hexamethylenetetramine (15 mM), and
ammonia (4 mL). The sealed bottle was placed into an oven at 90
°C for 24 h. After that, the white-colored CP/ZnO NWs substrate was
obtained by water washing and drying at 80 °C for 3 h.

Synthesis of CP/ZnO NWs/PDA. Dopamine hydrochloride (60
mg) was first dissolved in a mixed solution of ethanol (18 mL) and
water (20 mL). Then, the as-prepared CP/ZnO NWs substrate was
immersed in the mixed solution, to which an ethanol solution (2 mL)
containing Tris (60 mg) was added. After 24 h, the brown-colored
CP/ZnO NWs/PDA was taken out, rinsed with water and ethanol,
and dried at 60 °C for 8 h.

Synthesis of CP/CTs. The CP/ZnO NWs/PDA was calcinated at
800 °C for 1 h under an Ar/H2 atmosphere. After cooling to room
temperature, the substrate was immersed in acid to remove Zn species,
followed by water washing and drying at 80 °C for 8 h to obtain CP/
CTs.

Preparation of CP/CTs/Co-S. The preparation of CP/CTs/Co-S
was achieved via the chronoamperometric method using a three-
electrode configuration with CP/CTs (1 × 3 cm2), CP, and Ag/AgCl
as working electrode, counter electrode, and reference electrode,
respectively. The electrodeposition bath was an ethanol−water
solution with a volume ratio of 3:7, containing 0.1 M cobalt nitrate
hexahydrate and 0.5 M thiourea. The constant potential of −0.9 V vs
Ag/AgCl was applied to the CP/CTs electrode (active area: 1 × 2
cm2) for 8 min. After that, CP/CTs/Co-S was washed with water and
ethanol, followed by drying at 60 °C for 8 h and annealing at 300 °C
for 1 h under an Ar atmosphere. The mass loading (∼0.32 mg cm−2)
of Co-S sheets is determined by the mass difference before and after
the electrodeposition using a microbalance. Different amounts of the
Co-S sheets on the CP/CTs can be tailored by varying the deposition
time.

As a control sample, CP/Co-S was also prepared via a similar
electrodeposition method. The passed charges were controlled and
equivalent to that of CP/CTs/Co-S so as to achieve the same mass
loading of Co-S sheets.

A 10 mg amount of commercial Pt/C (20 wt %) or RuO2 was
dispersed in diluted Nafion alcohol solution containing 4 mL of
ethanol and 50 μL of Nafion, which was then ultrasonicated for 1 h to
obtain a homogeneous suspension. Then, the suspension was drop-
casted onto CP (1 × 2 cm2), making the mass loading equivalent to
that of the Co-S sheets. Thus, after drying at room temperature, the
CP/Pt/C electrode and CP/RuO2 electrode were applied for HER
and OER, respectively.

Characterization. Scanning electron microscopy was performed
on a field emission Hitachi S-4800 instrument, operating at an
accelerating voltage of 10 kV. Transmission electron microscopy was
performed using a FEI Tecnai G2 S-Twin instrument with a field
emission gun operating at 200 kV. Powder X-ray diffraction
measurement was performed on a Bruker D8 Focus powder X-ray
diffractometer using Cu Kα (λ = 0.154 05 nm) radiation (40 kV, 40
mA). X-ray photoelectron spectroscopy (XPS) measurements were
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performed on an ESCALAB 250 photoelectron spectrometer. ICP-
AES measurements were performed on a TJA (Thermo Jarrell Ash)
Atomscan Advantage instrument. The electrochemical experiments
were carried out with a VMP3 electrochemical workstation (Biologic
Inc.). Mass analysis of the generated gases was performed using an
Ominstar-Thermostar GSD 320 system (Pfeiffer Vacuum) mass
spectrometer, wherein Ar is chosen as carrying gas.
Electrochemical Characterization. Electrochemical measure-

ments for HER and OER were performed at room temperature
using a three-electrode configuration with CP/CTs/Co-S, a graphite
plate, and a saturated calomel electrode as working electrode, counter
electrode, and reference electrode, respectively. The polarization
curves were obtained in 1 M KOH with a scan rate of 2 mV s−1 at
room temperature. All potentials were iR-compensated to 85% with
the built-in program and converted to an RHE scale via calibration.
The presented current density was normalized to the geometric
surface area.
The performance of the CP/CTs/Co-S electrode toward overall

water splitting was evaluated in 1 M KOH using a two-electrode
configuration. The polarization curve was recorded at a scan rate of 2
mV s−1.
Calculation. The turnover frequency is defined as the number of

H2 or O2 molecules evolved per site per second:

=
j

nFN
TOF

where j is the measured current density (mA cm−2), n is the mole
number of electrons per mole of H2 or O2, F is the Faraday constant
(96485 C mol−1), and N is the Co content (mol cm−2).
During the overall water splitting, a constant potential (2 V) was

applied to the electrodes and the volume of the evolved gas was
recorded synchronously using the gas buret. Thus, the Faradaic
efficiency is estimated from the observed gas amount and the
theoretical gas amount is calculated by the charge passed through the
electrode:

= =
× ×

V

V

V

V
Faradaic efficiency Q

F

experimental

theoretical

experimental
3
4 m

where Q is the charge passed through the electrodes, F is the Faraday
constant (96485 C mol−1), the number 4 means 4 moles of electrons
per mole of O2, the number 3 means 3 moles of (H2 + O2) per mole of
O2, and Vm is the molar volume of gas (24.5 L mol−1, 298 K, 101 kPa).
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