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ARTICLE INFO ABSTRACT

Keywords: Electrocatalytic water splitting is regarded as a promising approach to produce hydrogen, which is a clean and
CoSe néDOPart161es renewable fuel. The process is mainly constrained due to the sluggish proton-coupled four-electrode transfer
EINTS ﬁberl ) process at the anode for oxygen evolution reaction (OER) with high overpotential requirement. Herein this work,
ecm’cat,a ysis we used a one-step hydrothermal method for the in-situ synthesis of CoSe nanoparticles over the surface of
Water splitting } . L . . . .
Flexibility carbon nanotube-based fiber (CNTs fiber) and utilized it as a bifunctional electrocatalyst for the electrochemical

water splitting process. Surface-modified fiber showed excellent performance towards OER with a low over-
potential (110 = 414 mV) and Tafel slope (77 deec’l). We also exploited the same material as cathode, which
exhibited an excellent hydrogen evolution reaction (HER) at the counterpart with improved catalytic perfor-
mance as compared to bare CNTs materials. During the HER process in the cathodic potential region, the
electrocatalyst displayed a current density of 10 mAcm ™2 at an overpotential of 496 mV. Furthermore, the
electrocatalyst exhibited excellent performance during the testing for the overall water splitting. The outcomes
reveal that the fabricated electrode can be potentially applied as an efficient and flexible electrode to derive the
hydrogen as fuels during the overall electrochemical water splitting reaction.

1. Introduction

The rapid depletion of fossil fuels and their environmentally haz-
ardous effects compelled researchers to seek reliable and cleaner alter-
native energy resources [1-3]. Reliance on renewable energy sources
such as solar and wind energy is hindered due to the intermittent nature
of these sources [4-6]. The need for incessant utilization of these energy
sources led to electrocatalytic water splitting as an attractive and envi-
ronmentally friendly route for large-scale hydrogen production [7-9].
Both non-renewable and renewable sources can be utilized to drive the
water electrolysis reaction for the generation of hydrogen through the
cathodic HER and anodic OER. However, in comparison with the effi-
cient rate of the two-electron transfer pathway of HER, the sluggish
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kinetics of the proton-coupled four-electron transfer mechanism of OER
impede the process of generating hydrogen fuels smoothly [10,11].
RuO; and IrO; are the benchmark catalysts used to minimize the
energy barrier for OER [12-14]. They are quite expensive and scarce,
which hinders their large-scale utilization. Corrosion and dissolution
during OER reactions are other problems associated with these materials
[13,15]. Therefore, significant research efforts have been made on the
improvement of cheap metal-based OER electrocatalysts employing
earth-abundant metals or using their derivatives [16-18]. In this
respect, the first-row transition metals-based electrocatalysts OER have
been efficiently employed by various research groups [19,20]. Within
the non-metallic domain, carbon-based materials and their composites
like carbon fibers, carbon nanotubes and graphene are among the most
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Fig. 1. Schematic illustration of CoSe@CNTs fiber electrode for overall elec-
trochemical water splitting.

promising electrocatalysts for water splitting [21-26]. Carbon nano-
tubes and graphene have been widely used with transition metals-based
alloys [26-28], oxides [29-31], sulfides [32-34] and selenides [35-39]
for electrochemical water splitting. These composites not only exhibit
the features of their individual components but also new physical and
chemical properties are originated by the synergistic impact of carbon
materials together with transition metals resulting in higher activity
towards electrochemical water splitting reactions [21,23,32,40,41].
Recently, metal selenide-based carbon nanocomposites were used as
electrocatalysts for water splitting which attracted much attention due
to their higher activity, low cost and facile synthesis [42-44]. Carbon
materials such as CNTs, graphene and carbon fiber have been widely
used in powder form fabricated over glassy carbon electrodes, con-
ducting glass, carbon clothing and nickel foam which hindered their
utilization with the binding approach. Of all the known carbon-based
materials/composites, carbon fiber cloth is considered a flexible elec-
trode. However, it exhibits low mechanical strength and poor conduc-
tivity that hinders its multidirectional applications. To this end, carbon
nanotubes in the form of fiber with a high tensile strength of ~100 GPa,
electrical conductivity of 10* Sem™' and bending stiffness of
0.00176-1.23 nN m? could be the promising materials for the
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electrocatalytic applications [43,45].

Here in this work, we developed flexible CNTs fiber electrode
modified with cobalt selenide (CoSe) nanoparticles via a facile in-situ
single-step hydrothermal process and utilized it as an efficient electro-
catalyst for overall electrochemical water splitting in addition to OER
and HER. The fabricated electrode exhibited higher electrocatalytic
activity and better stability as compared to other carbon-based mate-
rials. Cyclic processes in CV and chronoamperometric studies showed
splendid stability with time, which could make these materials superior
for the overall electrochemical water splitting reaction along with OER.
A schematic illustration is shown in Fig. 1, showing the modified CNTs
fiber for overall electrochemical water spelling reactions.

2. Experimental
2.1. Growth of MWCNTs arrays

A previously reported chemical vapor deposition (CVD) method was
adopted for the fabrication of highly aligned spinnable multiwalled
carbon nanotubes (MWCNTs) which is schematically illustrated in Fig. 2
[46]. Briefly, alumina (Al;0O3) acting as a buffer layer was deposited on a
silicon wafer substrate via the physical vapor deposition (PVD) method
at very low pressure. A thin film of iron (Fe) was also deposited via the
PVD method over the surface of the alumina layer and annealed sub-
sequently. Upon annealing, Fe thin film formed iron nanoparticles that
acted as a catalyst for the growth of MWCNTs arrays. Ethylene in
combination with hydrogen and argon were used as a precursor and
source gases, respectively, with the flow rate of 90, 30 and 400 sccm
(standard cubic centimeter per minute), in a quartz tube furnace with
the temperature maintained at 740 °C.

2.2. Spinning of fiber from arrays

MWCNTs arrays formed were drawn as sheets with a fine edge blade
and spun into CNTs fiber using a microprobe rotating at a speed of 2000
rpm (see Fig. 2). This fiber was then attached to a glass support through
Teflon tape. A video demonstrating the sheet extraction and spinning
into CNTs fiber is also provided in supporting information.

Fe nanoparticles growth

Twisting

>

Spinning of CNTs sheets into fiber

H,, Ar, C,H,

740°C

CNTs arrays growth

CNTs sheets extraction

Fig. 2. Schematic illustration of CNTs sheets extraction and spinning into fiber.
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Fig. 3. SEM images of (a, b) CNTs arrays and (c, d) bare CNTs fiber at lower and higher magnification.

2.3. Surface modification of MWCNTs fiber with CoSe

In situ surface modification of CNTs fiber with CoSe was obtained
using the hydrothermal method. Briefly, 124.5 mg (0.5 mmol) of cobalt
(II) acetate tetrahydrate (Co(OOCCHj3),4H50) was dissolved in 10 ml
of deionized water with mechanical stirring. Then 55.3 mg (0.7 mmol)
of Se powder was added to the stirring solution followed by the dropwise
addition of 5 ml hydrazine. A single CNTs fiber with a diameter of ~40
pm and a length of 3 cm was attached to the glass substrate that was

transferred to a 25 ml Teflon lined autoclave containing reaction
mixture followed by heating in a furnace at 180 °C for 16 h. After cooling
down to room temperature, the fiber was washed with deionized water
and ethanol several times and finally dried at 60 °C overnight. The
Teflon was then removed, and an electrical connection was established
using silver paste.

Fig. 4. SEM images of the CoSe@CNTs fibers with (a, b) lower and (¢, d) higher magnifications.
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Fig. 5. (a) SEM image and EDX for the elemental mapping of (b) carbon (c) cobalt and (d) selenium over the surface of CNTs fiber.

2.4. Material characterization

Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) analyses were acquired using Quanta FEG250,
Bruker. The microscope was operated at an acceleration voltage of 5 kV.
All electrochemical studies were carried out using the Gamry Interface
1010 E Potentiostat/Galvanostat with  current-interpret iR
compensation.

2.5. Electrochemical measurements

All electrochemical studies were carried out in a three-electrode
setup with CoSe@CNTs fiber as a working electrode while silver-silver
chloride (Ag/AgCl) and Pt wire electrodes were used as reference and
counter electrodes, respectively in 1.0 M KOH (pH = 13). Measured
potentials against Ag/AgCl were converted to RHE using equation (2.1).

Erpe = Eagjagcr +0.197 + 0.059 x pH 2.1

Linear sweep voltammetry (LSV) of the samples was performed be-
tween 0 and 1 V vs. Ag/AgCl at a scan rate of 5 mVs ', Cyclic voltam-
metry (CV) was recorded in the non-faradaic region to investigate the
electrochemical surface area (ECSA). Chronoamperometric measure-
ments for CoSe@CNTs fiber electrode were measured in 1.0 M KOH for
10 h at the potential corresponding to 10 mAcm ™2 current density.
Electrochemical impedance spectroscopy (EIS) measurements were
carried out over a frequency range from 1 MHz to 0.1 Hz and a sinu-
soidal voltage amplitude of 5 mV in the region of faradaic DC voltage.
Overall electrochemical water splitting was carried out with the two-
electrode setup. To obtain the current density, all the current values
were normalized with respect to the geometrical surface area of the
working electrode. All the electrochemical measurements were recorded
at room temperature (25 °C).

3. Results and discussion
3.1. Surface morphology and elemental mapping

SEM images were obtained at different magnifications to probe the
surface morphology of CNTs arrays and fibers. Vertically aligned CNTs
grown over the surface of silicon substrate have unique structure as
shown in Fig. 3 (a, b). Images at low and high resolution illustrated the
aligned structure of arrays with the nano-sized diameter and several
millimeters of length. Fig. 3 (c, d) shows the spun fiber with several units
of CNTs with a diameter of ~40 pm. A magnified view of the CNTs fiber
shown in Fig. 3(b) displayed the further in-depth exploration with
numerous CNTs fibrous-like units. A single unit of CNTs fiber demon-
strated a diameter in the range of 15-20 nm as shown in Fig. S1 in
supporting information. These unidirectional CNTs fibers play a signif-
icant role in the smooth flow of charge transportation. The diameter of
the CNTs fiber could be controlled by the additional number of sheets
while spinning into fiber. As fabricated fiber could be easily knitted
within the fabric (Fig. S2) which indicates this material as a vital
candidate for the flexible energy harvesting system.

Surface modification of CNTs fiber with CoSe nanoparticles was
carried out via a simple one-step hydrothermal process. The SEM anal-
ysis shows the successful growth of CoSe nanoparticles over the CNTs
fiber surface (Fig. 4). SEM images at different magnifications (50
pm-100 nm) showed the thorough probe from the diameter (~30 pm) of
the fiber based modified electrode to CoSe nanoparticles (20-30 nm).
CoSe nanoparticles grown over the surface of CNTs fiber provide the
active sites during the catlytic process while fiber offers the flow path for
charge transportation.

Energy dispersive X-ray spectroscopy (EDS) was performed for the
confirmation of elements (Co and Se) deposited over the fiber surface.
Fig. 5(a) shows the SEM image of a small portion of CNTs fiber and their
respective elemental mapping of different distributions. Fig. 5 (b) with
the deepest green color presented the carbon of CNTs fiber over which
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Fig. 6. EDX spectrum for the elemental confirmation of modified CNTs fiber.
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Fig. 7. (a) iR-corrected polarization curves and their respective (b) Tafel slopes for pristine and CoSe@CNTs fiber for OER in 1 M KOH solution (c) cyclic vol-
tammograms of CoSe@CNTs fiber electrode at different scan rates and their (d) calibration curves for Cy4 value.

the deposited Co and Se within the nanoparticles can be seen shown in
Fig. 5(c) and (d) with red and violet colors, respectively. Uniform dis-
tribution with low density as compared to carbon confirms the deposi-
tion of Co and Se over CNTs-based substrate.

The percentage composition of the different elements over the sur-
face of CNTs fiber via EDX analysis has been given in Fig. 6. The high
carbon peak along with the peaks of cobalt (Co) and selenium (Se)
confirmed the formation of CoSe@CNTs fiber. A small oxygen peak can
be attributed to the atmospheric oxygen or oxidized CNTs during the
material growth.

3.2. Electrocatalytic activity

3.2.1. Oxygen evolution reaction

Bare and CoSe@CNTs fiber electrodes were investigated for OER
activity in basic media. LSV, CV, chronoamperometry and EIS were used
to study the overpotential, double-layer capacitance (Cqp), stability and
charge transfer kinetics, respectively. Fig. 7 (a) shows LSV curves for
pristine CNTs fiber and CoSe@CNTs fiber in 1 M KOH solution at a scan
rate of 5 mVs L. CoSe@CNTs fiber electrode achieved the current den-
sity of 10 mAcm ™2 and 100 mAcm ™2 at the overpotential values of 414
and 494 mV, respectively. In comparison, bare CNTs fiber has very low
activity toward electrochemical water oxidation. Evaluation of the Tafel
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Fig. 8. Nyquist plots for (a) CoSe@CNTs fiber and (b) bare CNTs fiber elec-
trodes measured in the frequency range of 0.1 Hz-1 MHz.

slope value for CoSe@CNTs fiber (77 deec’l) with that for bare CNTs
fiber (243 mVdec 1) and benchmark IrO, (~62 mVdec 1) [47] confirms
the efficient OER electrocatalysis of the modified electrode as given in
Fig. 7(b). The Cq of an electrode relates it to the ECSA and describes the
active sites of an electrocatalyst. In the non-faradaic potential region, Cq
was evaluated for bare and modified electrodes at the scan rates and the
plot is shown in Figs. S3(a and b) and 7 (c), respectively. It can be seen
from Fig. 7(c) that the charging current also increases with increasing
scan rate. The current versus scan rate plot is shown in Fig. 7(d). The
modified electrode demonstrated a boosted capacitance of 166 pF
mFem ™2 as compared to 8.10 pF for pristine CNTs. The ECSA for the
modified fiber was calculated to be 4.15 cm? which is much higher as
compared to that of the pristine CNTs (0.20 cm?). These results reveal
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anticipated, the CoSe@CNTs fiber has a smaller semicircle diameter in
the high-frequency region as compared to that of pristine CNTs fiber that
demonstrates smaller charge transfer resistance (~57 Q) exhibited by
CoSe@CNTs fiber. This value is considerably lesser than that for pristine
CNTs fiber (1.2 kQ) implying the faster charge transfer process and
hence efficient OER kinetics displayed by CoSe@CNTs fiber electrode.

Long-term electrochemical stability is an important parameter to
evaluate the durability of the electrode and is done through chro-
noamperometric measurements at an applied overpotential of 414 mV
(n = 10 mAcm™2). It has been found that approximately 90% of the
current is maintained after 10 h under alkaline conditions as shown in
Fig. 9 (a). Furthermore, the stability of the fabricated electrode has also
been checked via CV cycles and the results are shown in Fig. 9(b). Cyclic
voltammograms for the CoSe@CNTs fiber electrode maintained the
well-conserved current and voltage parameters for 500 cycles. Both
amperometric and voltammetric measurements reflected better stability
of the electrode which is a vital parameter for practical implementation
toward electrochemical water splitting. Various electrochemical pa-
rameters for the electrocatalysis of water oxidation and overall water
splitting are summarized in Table 1. Comparative data for the different
catalysts toward the OER activity has been given in the Table 2 in
supporting information. Among all the reported catalysts, CoSe-coated
CNTs fiber has remarkable potential to work as a flexible electrode
which could be employed in diverse applications.

3.2.2. Hydrogen evolution reaction

To be considered as a multipurpose electrocatalyst, hydrogen evo-
lution reaction (HER) has also been investigated for the fabricated
electrode in the cathodic potential region in the alkaline media. Fig. 10
shows the HER activity of the modified electrocatalyst with the over-
potential value of 496 mV at the current density of 10 mAcm™2. HER in
alkaline media required a higher overpotential value than the acidic

Table 1
Electrochemical parameters for the CNTs fiber-based electrocatalysts toward
OER.

that CoSe@CNTs fiber exhibited improved electrocatalytic activity to- Electrocatalysts 10 100 Tafel slope R Ca ECSA
wards OER due to its enhanced ECSA. An optical image is provided in (mv) (mV) (mVdec) (2) (F) (cm?)
Fig. S4 demonstrating the electrochemical setup for OER at the modified Bare CNTs fiber - - 243.0 1200 8 0.20
electrode. (OER) _

To investigate the insight of OER kinetics, EIS was also performed. CO(SSE@lDSNTs fiber 414 494 77.0 57 166 4.15
The Nyquist plots (obtained via plotting the real and imaginary resis- CoSe@CNTS fiber 540 590 102.6 73 B B
tance on abscissa and ordinate, respectively) of CoSe@CNTs fiber and (Overall water
pristine CNTs fiber are presented in Fig. 8(a) and (b), respectively. As splitting)
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Fig. 9. (a) Chronoamperometric measurement of long-term stability of CoSe@CNTs fiber at the current density of 10 mA cm 2 for 10 h and (b) comparison of 1st

and 500th CV cycles.
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media which is due to the initial water splitting procedure in the Volmer
step. This step activates the H* by cleaving the H-O-H bond and is
considered to be the rate-determining step in the overall electrochemical
water splitting reaction [48]. A higher value of Tafel slope (87.6
mVdec™1), given as inset of Fig. 10, also implies the sluggish hydrogen
evolution at the cathode surface in the presence of OH™ ions. Inclusively,
the fabricated electrode showed the multidimensional activities towards

OER, HER and overall electrochemical water splitting reactions in
alkaline media.

3.2.3. Overall electrochemical water splitting

We also assessed the overall water splitting by replacing the Pt
electrode with the modified CNTs fiber electrode that served as a cath-
ode, in addition to using it as an anode. The outcome showed the
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reasonable performance of the fabricated electrode as shown in the
polarization curve (Fig. 11). With the replacement of Pt metal at the
counter electrode, overpotential values slightly increased to 540 and
590 mV corresponding to the current density of 10 and 100 mAcm 2,
respectively. The Tafel slope (inset plot in Fig. 11) derived for the
modified electrode is calculated to be 102.6 mVdec ™! which also dem-
onstrates the fast kinetics of the process. The results reveal that the
strong synergistic effect of high activity by CoSe along with the faster
charge transfer ability of CNTs fiber resulted in faster charge transfer
kinetics and enhanced electrochemical water splitting of CoSe@CNTs
fiber.

Fig. 12 represents the long-term stability for overall water splitting
by finding the current density at a fixed potential (540 mV) for 10 h. It
has been observed that the current response by modified fiber is quite
stable for the specified time and a well-maintained faradaic process was
observed for the period of 10 h. A post-SEM analysis was also performed
to check the catalytic behavior of the used materials as shown in Fig. S5
in supporting information. A slight modification of the electrode was
observed that may lead to a decrease in catalytic active sites and hence a
slight decrease in current density over time.

4. Conclusion

We reported a flexible and knittable fiber-structured electrocatalyst
for overall electrochemical water splitting. A single-step hydrothermal
method was used for the in-situ growth of CoSe nanoparticles over the
surface CNTs fiber which was deployed as an electrode material in water
electrolysis. Surface morphology and elemental analysis were performed
that illustrated a clear picture of nanoparticle deposition and their
uniform distribution over the fiber surface. Overpotential values for
water oxidation, along with overall splitting, are found to be closer to
the thermodynamic water oxidation potential. The electrocatalyst was
also examined for the HER within the cathodic region under alkaline
media, showing reasonable activity. Higher double-layer capacitance
and lower charge transfer resistance were also calculated via CV and EIS,
respectively, and are found to be improved for the modified fiber as
compared to that of pristine CNTs fiber. As demonstrated, the fabricated
flexible microelectrodes could be utilized as a highly efficient, stable and
multidimensional electrocatalyst in flexible energy conversion systems.
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