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The high cost and low reserves of noble metals greatly hinder their practical applications in new energy
production and conversion. The exploration of cost-effective alternative electrocatalysts with the ability
to drive hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) is extremely significant
to promote overall water splitting. Herein, ultrathin CoSe,/CNTs nanocomposites have been synthesized
by a facile two-step method, where the ultrathin Co-MOF (metal organic-framework) decorated with
cable-like carbon nanotubes (CNTs) (Co-MOF/CNTs) was initially fabricated, and followed a low-

Keywords: temperature selenization process. The ultrathin CoSe, nanosheets as well as the superior conductivity of
CoSe

Carb;n nanotubes CNTs synergistically resulted in abundant active sites and enhanced conductivity to boost the
Ultrathin electrocatalytic activity. The as-prepared CoSe,/CNTs electrocatalysts exhibited an overpotential of

190 mV and 300 mV vs. reversible hydrogen electrode (RHE) at a current density of 10 mA/cm? for the
HER and OER in alkaline solution, respectively, and demonstrated superior durability. Furthermore, the
as-prepared bifunctional CoSe,/CNTs electrocatalysts can act as cathode and anode in an electrolyzer,
showing a cell voltage of 1.75V at 10 mA/cm? for overall water splitting.
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Electrocatalytic water splitting into hydrogen and oxygen
represents one of the most promising strategies to store
renewable energy and mitigate environmental issues [1-3].
Platinum-based material exhibits excellent hydrogen evolution
reaction (HER) performance [4,5], meanwhile RuO, and IrO, are
benchmark electrocatalysts for oxygen evolution reaction (OER)
[6]. The high price and low abundance of precious metals
greatly hamper their practical applications [7,8]. Furthermore,
the use of different catalysts in HER and OER adds a complex
process and additional equipment to manufacture electrodes.
Therefore, rational design of cheap metal-based catalysts
towards OER and HER is highly desirable. The integration of
cathode and anode in the same electrolyte cell is beneficial for
the enhanced energy efficiency and concurrently reduced
manufacturing cost.
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Transition metal-based electrocatalysts have attracted inten-
sive interests due to their rich reservoir, and moderate over-
potentials for water splitting whatever under both acidic or
alkaline conditions [9-11]. For example, CoSe, nanoparticles
exhibited excellent HER performance among first-row transi-
tion-metal (e.g., Fe, Co, Ni) dichalcogenides [12]. Molecular orbital
theory predicted that CoSe, acts as a promising OER electrocatalyst
to promote rapid proton transfer [13]. The increase of active sites
and conductivity is crucial to improve its electrocatalytic perfor-
mance. Xie and co-workers showed that the OER performance of
CoSe; can be improved by reducing thickness into the atomic scale
to expose active edge sites [14]. Kang et al. incorporated carbon
nanotubes (CNTs) with CoSe, microspheres, displaying an HER
overpotential of ~174mV at 10 mA/cm? in 0.5 mol/L H,SO,4 [15].
Despite these advances, the facile fabrication of integrated catalyst
of ultrathin CoSe, nanostructures and conductive networks for
overall water splitting still remains a challenge.

Herein, ultrathin CoSe,/CNTs nanocomposites have been
prepared by selenization of CNTs decorated Co-MOF nanosheets.
The obtained ultrathin CoSe; is favorable for exposing active sites,
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and the cable-like CNTs anchored on the CoSe, nanosheets
facilitate the electron-transfer. As expected, the ultrathin CoSe,/
CNTs nanocomposites exhibited enhanced performance towards
HER and OER compared to bare CoSe, nanosheets, at low
overpotential of 190 mV and 300mV vs. reversible hydrogen
electrode (RHE), respectively. Furthermore, a water electrolyzer
equipped with two CoSe,/CNTs electrodes showed good perfor-
mance at a potential of 1.75V at 10 mA/cm? for overall water
splitting.

Fig. 1a illustrates the process for the preparation of ultrathin
CoSe,/CNTs. Firstly, Co-MOF/CNTs precursor was synthesized by
reacting Co?" with 2-methylimidazole in CNTs dispersion of DMF at
room temperature. In this process, the strong electrostatic
interaction between Co?* ions and negative charged CNTs plays
a crucial role on the heterogeneous nucleation of Co-MOF crystals
on CNTs surface [16]. Subsequently, an in-situ selenization was
introduced to convert Co-MOF/CNTs into CoSe,/CNTs under Ar
atmosphere at 350 °C.

The crystalline structures of as-prepared materials were
analyzed by X-ray diffraction (XRD). After the selenization of
Co-MOF and Co-MOF/CNTs, the Co-MOF samples can be readily
transformed to the orthorhombic CoSe,, which well-matched the
standard pattern (JCPDS No. 53-0449) (Fig. 1b). Furthermore,
Raman spectra as shown in Fig. 1c reveal the CoSe,/CNTs
nanocomposites have seven vibration peaks at 195, 471, 514,
605, 671, 1350, and 1591 cm™', respectively. The strong peaks at
195 and 671 cm ™! are assigned to A, and A;; modes of CoSe; [17].
The weak peaks at 471, 514, and 605 cm ™" could be ascribed to Eg,
Flyg, and F2,; modes of Co0/Co30,4, which may be caused by slight
oxidation of CoSe; with trace SeO, in Se source. Besides, the peaks
at 1350 cm~! (D-band) and 1591 cm™~! (G-band) in the Raman
spectra of CoSe,/CNTs are derived from sp>- and sp2-hybridized
carbons of CNTs [18,19], indicating the presence of CNTs. To
determine the proportions of each component, the thermogravi-
metric (TG) curves (Fig. S1a in Supporting information) of CoSe,
and CoSe,/CNTs were recorded under an O, atmosphere. In the TG
curve (Fig. S1a, black line) of bare CoSe,, the initial weight increase
at ~460 °C and a subsequent weight loss are ascribed to the partial
oxidation of CoSe, and the complete oxidation into Co304,
respectively. As for the TG curve (Fig. S1a, red line) of CoSe,/
CNTs nanocomposites, the first weight increase is not obvious
owing to the combustion of CNTs at around 400 °C. Based on the TG
results, the CNTs content in CoSe,/CNTs nanocomposites was
estimated to be about 19.4%, showing that the CoSe, was totally
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Fig. 1. (a) Schematic illustration for the synthesis of CoSe,/CNTs nanocomposites.
(b) XRD patterns of CoSe, and CoSe,/CNTs with the standard pattern of CoSe,
highlighted by sticks. (c) Raman spectra of CoSe;,, CoSe,/CNTs and CNTs.

transformed into Co304 As shown in Fig. S1b (Supporting
information), the XRD patterns of two samples obtained after
the TG test are in good agreement with those of pure Co304 (JCPDS
No. 43-1003).

Fig. 2 gives the shape microstructures of the as-prepared Co-
MOF/CNTs and CoSe,/CNTs. As shown in Fig. 2a and Figs. S2a-c
(Supporting information), the Co-MOF exhibits nanosheets and the
CNTs are tightly anchored on the Co-MOF surfaces. After
selenization, the Co-MOF/CNTs has been totally converted to
CoSe,/CNTs with inherit of original shape (Fig. 2b and Figs. S2d-fin
Supporting information). As shown in Fig. S3 (Supporting
information), the size of the CoSe, in the CoSe,/CNT composite
isin arange of 100-300 nm, and the diameter of the CNTs is mainly
focused on the 25 nm. Transmission electron microscopy (TEM)
image in Fig. 2c reveals that the CoSe, in CoSe,/CNTs displays
ultrathin nanosheets and interconnects with CNTs. Corresponding
high-resolution TEM (HRTEM) image (Fig. 2d) shows the lattice
spacing of 0.26 nm, which can be assigned to the (101) crystal
planes of CoSe,, while the lattice spacing of 0.34 nm is for CNTs,
confirming the close interaction between CoSe, and CNTs. The
elemental mappings of CoSe,/CNTs (Fig. 2e) show the uniform
distribution of Co, Se and the presence of C element. This structure
is very favorable for water splitting, where the conductivity could
be enhanced by conductive CNTs networks, and the ultrathin
feature of CoSe, could increase the active sites.

X-ray photoelectron spectroscopy (XPS) was carried out to
investigate the chemical composition and the surface electronic
state of the as-prepared CoSe,/CNTs. As shown in Fig. S4a
(Supporting information), the XPS survey spectrum gives the
presence of Co, Se, C and O. The high resolution Co 2ps/, peak in
Fig. S4b (Supporting information) can be deconvoluted into two
chemical states at the binding energies of 780.9 eV and 785.4 eV,
which are from Co-Se and the shakeup satellite peak, respectively
[20,21]. The Se 3d spectrum of the CoSe,/CNTs (Fig. S4c in
Supporting information) shows the core-level band of the Se
region, in which the binding energies of Se 3ds; and Se 3ds;, at
55.3eV and 56.1 eV are coincided with CoSe,, respectively [22].
The peak at around 60.2 eV is associated with SeO,, which may be
caused by inevitably slight oxidation of CoSe; [23], while the peaks

Fig. 2. SEM images of Co-MOF/CNTs (a) and CoSe,/CNTs (b). Low-magnification (c)
and high-resolution (d) TEM images of as-prepared CoSe,/CNTs. (e) EDS elemental
mapping of CoSe,/CNTs.
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in the range of 58-60 eV are attributed to Co 3p at the surface of
CoSe,/CNTs [24]. The Cls spectrum in Fig. S4d (Supporting
information) presents the peaks of the C element, in which the
peaks located at 284.8eV, 285.6eV, and 289.6eV assigned to
chemical bonds C—C, C-0, and C=0, respectively [25].

The electrocatalytic HER performance of the as-prepared
catalysts was evaluated in 1 mol/L KOH solution with a typical
three-electrode system. Fig. 3a shows their linear sweep voltammo-
grams (LSV) lines with a scan rate of 10 mV/s. CoSe,/CNTs required a
lower overpotential (n = 190 mV vs. RHE) to achieve the current
density of 10 mA/cm? with respect to bare CoSe, (1 =266 mV vs.
RHE), which is better than most reported CoSe,-based eletrocata-
lysts (Table S1 in Supporting information). No HER activity was
observed over CNTs. Additionally, the electrocatalytic activities of
CoSe,/CNTs with different CNTs contents were systematically
investigated. As shown in Fig. S5a (Supporting information), the
introduction of CNTs could boost the electrochemical performance
effectively. With the increase of CNTs to 5mg, the CoSe;/CNTs
exhibits overpotential of 190 mV, which is much lower than those of
CoSe,/CNTs-3 mg (194 mV) and CoSe,/CNTs-8 mg (208 mV), re-
spectively. Fig. 3b compares the Tafel slopes of CoSe,/CNTs and bare
CoSe,. The Tafel slope over CoSe,/CNTs (40 mV/dec)is much smaller
than that of bare CoSe, (62 mV/dec), indicating that the HER rate on
CoSe,/CNTs would be more rapidly than bare CoSe,. Electrochemi-
cal impedance spectroscopy (EIS) spectra (Fig. 3f) also confirm that
CoSe,/CNTs possessed a lower R value than bare CoSe,. Thus the
small Tafel slope and R value verify the accelerated reaction
kinetics and enhanced conductivity over CoSe,/CNTs. The syner-
gistic effect between CoSe, and CNTs should result in the enhanced
electrocatalytic activity, in which CoSe; is responsible for the HER
activity, and CNTs anchored on CoSe, nanosheets offers conductive

(-‘ )(u = CoSe CNTs

(@) ° i
-204 { . (vUSEZ
-0 62 mVidee
—CoS¢,/CNTs
-60{ — CoSe, 40 mVidec -’
—CNTs
801 —20% prC
-100

0.6 04 02 0.0 00 05 1o s 20
Polential (V vs. RHE) Log[ j (mA/em®)]

3,

j (mAjem’)

Potential (V vs. RHE

0 0
(©) T— (d)
—— Initial B
—— After 1000 cycles &=
A-ZU- A'lU —.—_—_—.‘/’_———‘
e £
i) = -5
< 404 <
E E
~ =
-60 25
T T 30 T T T
-0.6 -0.4 -0.2 0.0 0 5 10 15 20
Potential {V vs. RHE) Time (h)
(€)10] (Do — -
~— = CoSc /CNTs @ CoSc, .
E 08{ e CoSe 201 o CoSe,/CNTs
9 - 2 2 3 Y Ll
T 0s £ ' s o
= ] = »
= 5 12 s o
2 °
£ 0.4+ s o o
& M 6 5 2w
024 4 §
?‘ / V :

40 80 120 160 200 0 4§ 12 16 20 24
; L
Scan rate (mV/s) 7' (ohm)

Fig. 3. (a) LSV polarization curves of HER for CoSe,/CNTs, CoSe,, CNTs, and Pt/C, in
1 mol/L KOH at a scan rate of 10 mV/s. (b) The corresponding Tafel plots of CoSe, and
CoSe;,/CNTs. (c) LSV polarization curves recorded at CoSe,/CNTs electrode with a
sweep rate of 10 mV/s before and after 1000 consecutive cycles between —0.4 V and
+0.3V vs. RHE at 100 mV/s (with iR compensated). (d) Time-dependent current
density curves of the CoSe,/CNTs under a static potential of -0.16 V vs. RHE for 20 h.
(e) The plots of corresponding current density against scan rate over CoSe, and
CoSe;,/CNTs. (f) EIS Nyquist plots of CoSe, and CoSe,/CNTs.

channels. Moreover, as shown in Figs. 3c and d, both LSV
polarization curve after 1000 cycles and continuous amperometric
i-t test for 20 h indicate its superior stability.

In order to further understand the enhanced catalytic activity, the
electrochemical active surface areas of CoSe,/CNTs and CoSe, were
estimated from the cyclic voltammetry (CV) at various scan rates in a
potential rage of 0.1-0.2V. As shown in Fig. S6 (Supporting
information), all the CV curves of two samples are almost rectangular,
indicating theirideal capacitive behaviorsin electrochemical reactions
[26-28]. As revealed in Fig. 3e, a linear trend was acquired in the
corresponding current density against scan rate plots for both CoSe,
and CoSe,/CNTs, and the capacitance values (Cq4;) can be derived from
the slope of the linear region. Obviously, CoSe,/CNTSs has a larger Cq, of
4.5 mF/cm? compared to CoSe, (1.6 mF/cm?), indicating CoSe,/CNTs
possesses larger electrochemical surface area with more active sites
than bare CoSe,. In addition, the electrochemically active surface area
(ESCA) values of the CoSe,/CNTs and CoSe, are determined to be
7.95cm™2 and 2.83 cm 2, respectively. Intrinsic HER activity of the
CoSe,/CNTs and CoSe, was normalized by ESCA at 10 mV/s (Fig. S7 in
Supporting information), the introduction of cable-like CNTs greatly
improve the intrinsic HER activity.

The OER performance of CoSe,/CNTs was evaluated in 1 mol/L
KOH saturated with O,. Fig. 4a gives the corresponding polarization
curves, showing that CoSe,/CNTs requires a low overpotential of
300 mV to achieve 10 mA/cm? with respect to bare CoSe, (350 mV).
The value is also superior to many reported CoSe,-based eletroca-
talysts (Table S2 in supporting information). The intrinsic kinetic of
OER was verified by calculating the Tafel slopes of catalysts on
polarization curves (Fig. 4b), in which CoSe,/CNTs shows the smaller
Tafel slope of 62mV/dec than CoSe, (92mV/dec). Fig. S5b
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Fig.4. (a) LSV polarization curves of OER for CoSe,/CNTs, CoSe, and CNTs in 1 mol/L
KOH at scan rate of 10 mV/s; (b) the corresponding Tafel plots of CoSe, and CoSe,/
CNTs. (c) LSV polarization curves recorded at CoSe,/CNTs electrode with a sweep
rate of 10 mV/s before and after 1000 consecutive cycles between +0.9V and +1.8 V
vs. RHE at 100 mV/s (with iR compensated). (d) Time-dependent current density
curves of the CoSe,/CNTs under a static potential of +1.5V vs. RHE for 20 h. (e)
Polarization curves recorded at a scan rate of 10 mV/s in a two-electrode CoSe,/
CNTs-based water electrolyzer. (f) Time-dependent current density curves of the
CoSe,/CNTs-based water electrolyzer under a static potential of 1.71V for 24 h.
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(Supporting information) shows the OER overpotentials of the CoSe;
with different contents of CNTs. It can be seen that lower CNTs
content is not enough for the construction of conductive network,
while excessive use of CNTs is not conducive to the exposure of active
sites. Therefore, a moderate ratio of CNTs to CoSe, is vital to realize a
desirable electrochemical performance. To test the stability of CoSe,/
CNTs for OER, the LSV polarization curves of CoSe,/CNTs electrode
before and after 1000 consecutive cycles were recorded (Fig. 4c).
After 1000 CV scans, the LSV curve of CoSe,/CNTs increased by only
10mV even at current density of 80 mA/cm? compared with the
original one. Meanwhile, the electrocatalytic activity can be
maintained at least 20h at a static potential of 1.5V vs. RHE,
indicating its good stability for OER (Fig. 4d). The chemical changes
of CoSe,/CNTs nanocomposites during the OER reaction were
investigated by corresponding XPS measurements. As shown in
Fig. S8 (Supporting information), the intensity of Co-Se bonds was
decreased after OER, while the signal of Co-O bonds at high binding
energies increased greatly, implying the in-situ formation of cobalt
oxides or COOOH including high valence Co(III) or Co(IV)ions during
the OER process [29,30]. The XPS analysis of the CoSe;/CNTs
nanocomposites after OER cycling shows that intermediate of
CoOOH was in-situ formed on the CoSe; surface during the reaction.

For practical applications, we further examined its overall water
splitting performance. Fig. S9 (Supporting information) shows the
LSV polarization curves of the HER and OER in 1 mol/L KOH over
CoSe,/CNTs electrode. The onset potentials towards HER and OER
are —114 mV and +1302 mV vs. RHE, respectively. In a two-
electrode CoSe,/CNTs-based water electrolyzer, the overall reac-
tion reached at a cell voltage of 1.75 V at 10 mA/cm? (Fig. 4e), which
is better than other reported similar materials (Table S3 in
Supporting information). The long-term test at 1.71 V showed good
stability of CoSe,/CNTs electrode for water splitting (Fig. 4f).

In summary, we have developed an in-situ selenization route for
the conversion of CNTs decorated Co-MOF nanosheets to ultrathin
CoSe,/CNTs nanocomposites. Since the synergistic effect between
ultrathin CoSe, nanosheets with exposed active sites and CNTs
with improved conductivity, the CoSe,/CNTs nanocomposites
exhibited good electrocatalytic activity and durability for HER
and OER. Furthermore, as a bifunctional electrocatalyst, it also
exhibited good overall water splitting performance. The present
work provides a strategy for the fabrication of electrocatalysts for
water splitting and alternative applications.
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