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ABSTRACT: It is extremely prudent and highly challenging to
design a greener bifunctional electrocatalyst that shows effective
electrocatalytic activity and high stability toward electrochemical
water splitting. As several hundred tons of catalysts are annually
deactivated by deposition of carbon, herein, we came up with a
strategy to reutilize spent methane reforming catalysts that were
deactivated by the formation of graphitic carbon (GC) and carbon
nanofibers (CNF). An electrocatalyst was successfully synthesized
by in situ deposition of noble metal-free MoS, over spent catalysts
via a hydrothermal method that showed exceptional performance
regarding the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER). At 25 mA cm™? phenomenal OER
overpotentials (#,5) of 128 and 154 mV and modest HER
overpotentials of 186 and 207 mV were achieved for MoS,@CNF and MoS,@GC, respectively. Moreover, OER Tafel slopes of
41 and 71 mV dec™' and HER Tafel slopes of 99 and 107 mV dec™ were obtained for MoS,@CNF and MoS,@GC, respectively.
Furthermore, the synthesized catalysts exhibited good long-term durability for about 18 h at 100 #A cm ™ with unnoticeable changes
in the linear sweep voltammetry (LSV) curve of the HER after 1000 cycles. The carbon on the spent catalyst increased the
conductivity, while MoS, enhanced the electrocatalytic activity; hence, the synergistic effect of both materials resulted in enhanced
electrocatalysts for overall water splitting. This work of synthesizing enhanced nanostructured electrocatalysts with minimal usage of
inexpensive MoS, gives a rationale for engineering potent greener electrocatalysts.

[l Metrics & More | @ Supporting Information

B INTRODUCTION

We have entered a new era in which planetary changes are
primarily driven by humans instead of natural forces, resulting in
a predatory relationship where the natural environment has

catalysts with different morphologies such as graphitic sheets,
nanorods, nanotubes, or nanofibers.'“~'? The diverse morphol-
ogies of carbon on spent catalysts increase the available surface
area of the spent catalysts, which can provide a better spot for the

become prey to drastic anthropic activities that lead up to
greenhouse gas emissions and global warming." This human—
environment relationship can be harmonized by shifting our
energy reliance from fossil fuels to greener, sustainable, and
renewable energy vectors like hydrogen.”” Hydrogen is pacing
up to lead the global race of energy requirement, with an
increasing current demand of 70 Mt of H,/year.*® Currently,
emission-intensive processes predominantly used for hydrogen
production are methane reforming (i.e., produces 7 kg CO,/kg
H,) and coal gasification (i.e., produces 18—20 kg CO,/kg H,),
which results in wasting a large amount of catalyst due to the
growth of carbon over the catalyst surface.”"" In 2009, it was
reported that about 150 000—170 000 tons of catalyst from
hydroprocessing was deactivated or spent annually, with about
an annual increase of 5%, which is predicted to be now in the
range of 232 500—263 500 t/year.””"° Depending on the
process parameters, carbon can grow on the surface of spent
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deposition of any efficient electrochemical water-splitting
catalyst (Figure 1)20722

Typically, noble metal-based catalysts such as IrO,, RuO,, and
Pt are considered the most efficient catalysts for the oxygen
evolution reaction (OER) and the hydrogen evolution reaction
(HER).>™*° However, the terrestrial scarcity and high material
cost of these noble catalysts have limited their use as
electrocatalysts.27’28 Recently, robust, earth-abundant, and
cheap transition metal dichalcogenides (TMDs) with a general
formula of MX, (M = transition metal, X = chalcogen) have been
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Figure 1. Schematic illustration for utilizing the spent reforming
catalyst for electrochemical water splitting.
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uncovered, showing promising electrocatalytic activity. o3

Amid these TMDs, MoS, has grabbed attention due to its high
theoretical catalytic activity, low cost, and greater electro-
chemical stability. However, it is well known that the two major
constraints that limit the further enhancement of MoS, activity
are the low electrical conductivity and highly inert basal plane of
MoS,. 2373933735 These shortcomings have been curbed through
immense research in which 2H-MoS, (i.e., a semiconductor with
a band gap of about 1.9 eV) is replaced with nanostructured 1T-
MoS, with 107 times more conductive because the 4D orbital in
1T-MoS, is incompletely filled.***” Supporting MoS, with
highly conductive nanomaterials like graphene sheets, carbon
nanotubes, nanocages, and nanofibers further aids in the
enhancement of the HER and OER performance.”®™*

In this research, spent methane reforming catalysts were
reutilized for developing electrocatalysts. The methane reform-
ing catalyst was obtained from a previous study, i.e,*’ where it
got spent due to the growth of carbon over the surface of the
reforming catalyst. The carbon on the spent catalyst was having
two different morphologies: one sample of the spent catalyst
possessed graphitic carbon (GC), while the other sample
consisted of carbon nanofibers (CNF). Noble metal-free MoS,
was deposited on the surface of these obtained spent catalysts,
via an in situ hydrothermal method. The obtained electro-
catalyst majorly comprised the spent catalyst with MoS,
deposited over its surface.

B EXPERIMENTAL SECTION

Reagents. Ammonium heptamolybdate
((NH,)¢Mo0,0,,4H,0, CAS number: 12054-82-2, purity =
99.0%) was purchased from Daejung. Thioacetamide (C,H,NS,
reagent grade, CAS number: 62-55-5) was purchased from
SCHARLU. Ni foam (>99.0%) was purchased from Sigma-
Aldrich, acetone (>99.8%) from VWR Chemicals, and ethanol
(>99.9%) from Labscan Asia Co. Ltd.

Preparation of the Electrocatalyst. The final electro-
catalyst of MoS, on the spent catalyst was synthesized by
adopting the in situ hydrothermal method. This synthesis
method involved the in-process growth of MoS, on the spent
catalyst. (NH,)¢Mo0,0,,4H,0 (0.14 mmol) and 2.3 mmol of
C,H,NS were dissolved in about 50 mL of deionized (DI) water.
Three milliliters of hydrazine hydrate was added to the solution
dropwise. For maintaining the pH of the solution, hydrogen
chloride (HCl) was added to the solution. About 10 g of the
spent catalyst was added to the mixture. After vigorous stirring

for about 2 h at 800 rpm, the mixture was transferred to a Teflon-
lined autoclave, which was then heated at 200 °C for about 24 h.
The autoclave was allowed to cool naturally under room
temperature. The resulting black mixture was sonicated,
centrifuged, and washed with ethanol and DI water after
which it was dried overnight at 80 °C. In this process, MoS, was
obtained from the reaction of (NH,)sMo,0,,.4H,0 and
C,H,NS with water. Ammonium heptamolybdate tetrahydrate
served as a source of molybdenum, while thioacetamide
provided the sulfur required. Following reactions occurred
forming intercalated MoS,.**

CZHZNS + ZHZO g COZ (g) + 2NH3(g) + HZS (1)

(NH,)sMo,0,, + 28H,S + 8NH,
— 7(NH,),Mo, + 24H,0 @)

(NH,),Mo, + 2N,H, — MoS, + 2Ny, + (NH,);S
()

Preparation of Ink and Synthesis of the Electrode. The
ink for electrochemical testing was prepared by taking the
sample of the decorated spent catalyst, carbon black, and
poly(vinylidene fluoride) (PVDF) in a ratio of 85:10:S. First,
PVDF was sonicated in NMP for about 2 h. Then, carbon black
and the prepared sample were added and again sonicated for
about 4 h, which resulted in black ink. About 50 yL of the
prepared ink was taken with the help of a micropipette and then
deposited on the treated nickel foam with an area of 1 cm®. The
nickel foam was used as a substrate, which was treated by
sonicating it in acetone, 2 M HCI, and absolute ethanol,
consecutively, for 15 min in each solution. The Ni foam was
dried at 60 °C in a drying oven for 2 h. The ink-loaded foam was
dried at 80 °C for about 12 h. The loading on the nickel foam
was noted by weighing it before and after deposition of the ink,
which varied from 2.1 to 2.8 mg for all samples and this variation
was due to the change in the density of samples before and after
deposition.

Characterization of Materials. An STOE-Seifert X'Pert
PRO was used for X-ray diffraction (XRD) characterization with
260 values ranging from S to 80° using Cu Ko radiation.
Morphological characterization was performed by scanning
electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) mapping for which a JEOL instrument
JSM-6490A was used. Analytical information was studied by
Fourier transform infrared (FT-IR) spectroscopy for which an
iS50 FT-IR spectrometer, Thermo Scientific was used.

Electrochemical Measurements. Electrochemical testing
of the sample was performed using a Biologic potentiostat with a
three-electrode cell. Platinum (Pt) gauze was used as a counter
electrode, while Ag/AgCl was used as a reference electrode. The
electrochemical cell setup showing the reference, working, and
counter electrodes is shown in Figure S1 (Supporting
Information) The prepared loaded Ni foam was used as the
working electrode. Potassium hydroxide (KOH, 1 M) was used
as the electrolyte. Cyclic voltammetry (CV) was performed at
10, 20, 40, and S0 mV s~ in a voltage range of —0.4—0.6 V. For
ease and further calculations, reversible hydrogen electrode
(RHE) potential was used which was obtained using Egyp =
Epg/agal + 0.059 pH + 0.1976, with pH = 14. For computing
resistance, the electrochemical impedance spectroscopy (EIS)
frequency was kept between 200 kHz and 100 MHz with an
alternating voltage amplitude of 10 mV. To avoid the
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Figure 2. (a) SEM image of the spent methane reforming catalyst with graphitic carbon (GC), (b) FESEM of the spent catalyst after deposition of
MoS,, i.e, MoS,@GC, (c) EDS elemental distribution graph for MoS,@GC, and (d, e) EDS elemental mapping of MoS,@GC.

misinterpretation of the rate-determining step, a large over-
potential region was considered, and all of the abovementioned
parameters were obtained from the quasi-steady-state polar-
ization curves of the HER, which were iR correction from
impedance data.

B RESULTS AND DISCUSSION

Scanning electron microscopy provided an insight regarding the
microstructure of GC and CNF grown over the spent catalyst.
Figure 2a shows the SEM image of GC before fabrication, which
shows deposition of adverse graphitic carbon on the surface of
the catalyst, while abundant carbon nanofibers can be seen in
Figure 3a. The field emission SEM (FESEM) images of MoS,@
GC are given in Figure 2b, which clearly reveal the coverage of
the spent catalyst with MoS,. Energy-dispersive spectroscopy
(EDS) point mapping (Figure 2c) of MoS,@GC shows the
highest peak of 11 cps eV for carbon with definite peaks of Mo
and S, while the area mapping shows deposition of MoS, on
graphitic carbon. Similarly, in Figure 3b carbon fibers with
deposits can be seen, while innumerable thin nanoflakes with
sizes of <100 nm are visible in the high-magnification FESEM
image (Figure 3c). Furthermore, the EDS mapping of one of the
larger aggregates under the corresponding FESEM conditions
indicates the homogeneous distribution of carbon (C),
molybdenum (Mo), and sulfur (S; Figure 3e,f). The atomic
percentages of C, Mo, and S are 99.84, 0.11, and 0.05%,
respectively, which altogether sum up to give a total of 100.
From the atomic percent, the ratio of Mo and S that is 1:2
confirms the formation of pure MoS,, ruling out the presence of
any other compound of molybdenum and sulfur. Another
important aspect that can be highlighted from the weight
percentages of Mo, S, and C in MoS,@GC MoS,@CNF is the
possibility of revitalization and enhancement in the performance

of spent catalysts with minimal usage of the material to be
deposited.

Successful deposition of MoS, on the spent catalyst was
performed using the environmentally friendly hydrothermal
process, which can be confirmed through XRD. The crystalline
phase of the spent catalyst and MoS, deposited on the spent
catalyst was determined using XRD, the spectrum of which is
shown in Figure 4a. The peaks of the spent catalyst at 19, 29, 33,
43, and 55° (JCPDFN 78-552) could be indexed to double-
layered hydrotalcites with spinel-like structures, while the peaks
at 12.1, 23, and 34° are associated with planer structures.*>**
The peak common in all samples at 20 = 44 and 51.7°
corresponds to Ni(111) and Ni(200), respectively, embedded in
the spent catalyst as well as present at the tip of fibers.” A
distinguishable peak splitting in the diffraction pattern of all
samples at ~26.1° is attributed to the (002) plane of carbon fiber
and graphite formation after the calcination of hydrotalcite,
which caused degeneration of the catalyst.*”* In the patterns of
MoS,@GC and MoS,@CNF, some prominent new peaks at 7.9,
32.7, and 58° appeared, which indicates the formation of the
(001), (100), and (110) planes of single-phase MoS,, according
to the standard powdered diffraction file JCPDS 37-1492.*” The
appearance of these peaks with the absence of the (002) plane at
20 = 14° confirmed that partially exfoliated unstacked MoS, was
formed, which is different from conventional 2H-MoS,. This
exfoliated MoS, was desired so that better electrochemical
activity and conductivity could be achieved.”*” Most peaks that
appeared in GC and CNF also appeared in MoS,@GC and
MoS,@CNEF but a visible decrease in peak intensity and peak
positioning was observed. This suppression in the intensity of
peaks can be attributed to the exfoliation of graphene and carbon
nanofibers during synthesis and successful deposition of MoS,
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Figure 3. (a) FESEM images of the spent methane reforming catalyst with carbon nanofibers (CNF), (b) FESEM image of MoS, nanoflakes deposited
on CNF, (d) EDS elemental distribution graph for MoS,@CNF, and (e, f) EDS elemental mapping of MoS,@CNF.
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Figure 4. (a) XRD spectrum of GC, CNF, MoS,@GC, and MoS,@CNF. (b) FT-IR spectrum of the spent methane reforming catalyst with MoS,, GC,
CNF, MoS,@GC, and MoS,@CNF.

over the spent catalyst, which are accredited and supported by 3445 cm™ is associated with the stretching vibration of the
electron microscopy images.””*" hydroxyl (—OH) functional group, and the intensity of O—H
Chemical structures of MoS,, spent GC and CNF, and newly stretching is reduced in the nanostructured electrocatalyst
formed MoS,@CNF and MoS,@GC were studied by FT-IR for because more MoS, was formed. The hydrazine hydrate used in
acquiring the stretching and bending vibrations of functional the synthesis process acted as a reducing agent, which removed
groups in the samples, as shown in Figure 4b. In the spectrum of the water molecules from the synthesized electrocatalyst,
MoS,, MoS,@CNF, and MoS,@GC, the perceptible peaks at resulting in lowering of O—H transmittance. The increase in
589, 880—960 cm ™, and 1633—1637 cm™" delineate the Mo—S, the absorbance intensity of peaks in MoS,@CNF and MoS,@
S-S, and Mo—O stretching vibrations, respectively, depicting GC also clearly indicates the deposition of MoS, on the surface
the formation of MoS,.*>* In the spectrum of CNF and GC, the of the spent catalyst, which is supported by a laudable increase in
peak at 1198 cm™' can be attributed to the stretching vibrations the electrochemical activity of both newly fabricated catalysts.
of the carboxylic group, which indicates the growth of carbon The performance of spent and newly fabricated electrocatalysts
fibers and graphitic carbon on the spent catalyst, while the peak can be ascertained by performing electrochemical character-

at 1400 cm™' depicts the disarranged structure of the ization.
interlayered spent catalyst with O—H bend, which was further Electrochemical Characterization. Hydrogen Evolution
disordered by hydrothermal treatment, providing more surface Reaction. The HER performance of all of the samples was
area where MoS, can get deposited.””** The adsorption band at evaluated in 1 M potassium hydroxide, which was used as an
21319 https://doi.org/10.1021/acsomega.1c01558
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Figure S. Electrochemical HER measurements of different catalysts. (a) Linear sweep voltammetry (LSV) polarization curve for bare Ni foam, GC,
CNF, MoS,@GC, and MoS,@CNF; (b) corresponding Tafel slopes of spent GC and CNF, MoS,@GC, and MoS,@CNF; (c) overpotential
comparison required at 25 mA cm™?; and (d) current density of spent GC and CNF, and synthesized catalysts, i.e., MoS,@CNF and MoS,@GC at 200

mV versus RHE for the OER.

electrolyte, and the scan rate for LSV was kept at 10 mV s™" for
all samples. The HER performance of a catalyst in an alkaline
medium is influenced by four major factors, i.e., adsorption of
water on active sites, ability of the catalyst to dissociate adsorbed
water, binding energy of hydrogen produced, and adsorption
strength of aqueous OH™. To know about the performance of an
electrocatalyst, these factors are measured in terms of different
parameters used in the modified Butler—Volmer equation, i.e.,
= +Alog;,(j/jo), which when generalized gives Tafel equation
(i.e., 7 = a + blog j; where o and b are the transfer coefficient and
Tafel slope, respectively).”> The parameters used in the above
equation are defined and analyzed as follows: (1) overpotential
[() (V)]: the difference between the electrode potential (E)
and the standard potential (E°); it is required for sustaining a
current density of 10 mA cm ™ (1), (2) Tafel slope (V dec™’;
Figure Sb): the slope of the linear approximation of 77 versus log
of current density, (3) exchange current density [(i°) (mA
cm™?)]: even in the absence of current, a dynamic equilibrium
exists at the electrode/electrolyte interface, which results in the
exchange of current density, and (4) mass-weighted HER
current density ((i§,) (Ag™") atn = 0.2 VS).

As there is always some degree of uncertainty in the
linearization of the Tafel slope and finding i°, additional current
density at 0.2 V is introduced, which clarifies all ambiguities
about the exact performance of the catalyst. For good activity, it
is obvious for electrocatalysts to have lower #,,, higher i°, and
higher. i2,°% All of the parameters that determine the activity
and performance of the catalysts are mentioned in Table S1 of
which the best performance for the HER was shown by the
newly formed electrocatalyst of MoS, and the spent catalyst. The
synthesized nanostructured electrocatalyst exhibited an ample
increase in activity with 17, = 144 mV,, i§, = 10.63 mA cm ™2, and
i° = 2.35 mA cm™2 for MoS,@CNF and #,, = 0.165 V, i3, =
6.733 mA cm™ and i° = 191 mA cm™? for MoS,@GC,
respectively. One of the crucial parameters mentioned above
that aids in elucidating the HER mechanism is the Tafel slope. In

21320

the Tafel slopes, a distinct difference before and after deposition
of MoS, was observed. From GC (255 mV dec™") to MoS,@GC
(107 mV dec™") and from CNF (145 mV dec™") to MoS,@CNF
(99 mV dec™"), major shifts of about 148 and 46 mV dec™" were
observed, respectively. From the range of the Tafel slopes, the
mechanism with which the HER proceeds can be explained.
Generally, the HER is described either by hydronium ion
reduction or water reduction

(Volmer step) H,0" +e¢” + M < M — H* + OH™
(4)
(Heyrovsky step) H,O" +e” + M — H* & H, + OH~
(s)
(Tafel step) 2M — H* & H, + 2M (6)

where the asterisk indicates the active site for the HER, and H* is
a hydrogen atom bound to an active site. The HER in alkaline
aqueous media proceeds in two steps (ie, eqs 4—6). The
discharge step (Volmer reaction) is the first step and either the
reaction of atoms/ions (Heyrovsky reaction) or the combina-
tion of atoms (Tafel reaction) is the second step.”” Typically, the
Tafel slopes, as reckoned by the classic theory, for Tafel,
Heyrovsky, and Volmer reactions are around 30, 40, and < 120
mV dec™, respectively.”® Although the Tafel slope is not an
exclusive parameter for determining a specific followed
mechanism but the obvious reduction in the slopes of MoS,@
CNF and MoS,@GC confirms the Volmer—Heyrovsky pathway
in HER kinetics.”” The HER mechanism proceeds through the
combination of metal hydrides instead of protonation of sulfur
and this is because the adsorption energy of hydrogen to the
surface of Mo (i.e., —3.29 €V) is greater than that of hydrogen to
the surface of S (i.e, —2.78 eV). Moreover, the reaction kinetics
can be improved through the synergistic effect of sulfur adjacent
to the edge sites of Mo.”

The physical arguments supporting the lowest Tafel slopes,
highest current densities, and highest exchange current densities
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Figure 6. Electrochemical OER measurements of different catalysts. (a) Linear sweep voltammetry polarization curve; (b) corresponding Tafel slopes
of spent GC and CNF, MoS,@CNF, and MoS,@GC; (c) overpotential required at 25 mA cm™ and (d) current density of spent GC and CNF, and
synthesized catalysts, i.e,, MoS,@CNF and MoS,@GC at 200 mV versus RHE for the OER.

of MoS,@CNF are that the fibers and carbon deposits in the
synthesized samples provided abundant surface area, shortened
the diffusion distance, and provided a communicating platform
for the conduction of electrons, while the deposition of MoS,
enhanced not only the charge-transfer migration but also the
dissociation of water and electrostatic affinity of OH™, which
improved the Volmer step and prevented the blockage of active
sites by OH™, making available more empty active sites and
hence suggesting very low activation energy for the HER.*” Due
to the low requirement of activation energy, a lower over-
potential is required to generate a certain current density.”'
Congruently, the obtained value of 77, is also low, indicating that
the adsorption of water on active sites is less challenging, and the
higher i° of MoS,@CNF and MoS,@GC means that there is less
hurdle for the flow of charges (electrons); therefore, the kinetics
of the HER is intrinsically fast.”” So, it can be asserted that MoS,
and the carbon support collectively supplemented each other in
enhancing the HER activity of MoS,@CNF and MoS,@GC.
The above results show that even by adding a small amount of
MoS, to the spent catalyst, an ample increase of about 6-fold in
the case of GC and about 5-fold in the case of CNF was
obtained. Hence, from the obtained enhanced performance
when compared with the reported MoS,-based HER catalyst
(Table S3), it can be said that not only our electrocatalysts show
comparable activity but it can also be foreseen that utilization of
spent catalysts and synthesized electrocatalysts with other
dichalcogenides has greater capacity for further improvements
to achieve a cleaner and carbon-free world of electrocatalysts.
Oxygen Evolution Reaction. The electrocatalytic perform-
ance of the spent catalyst and synthesized electrocatalysts was
evaluated for the OER in a 1.0 M KOH aqueous solution using a
three-electrode setup. The electrocatalytic activity of the spent
catalysts, i.e., GC and CNF, and of newly fabricated MoS,@GC
and MoS,@CNF was evaluated through the polarization curve
of linear sweep voltammetry. The activity of MoS,@GC and
MoS,@CNF was evaluated under similar conditions for the
OER and HER. Figure 6a exhibits the polarization curves of the
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spent catalyst and the synthesized electrocatalysts. In the OER
polarization curves of all samples, a peak at a potential of about
1.36 V was first observed, which corresponds to the oxidation of
Ni foam. In the curve of MoS,@GC, a gradual increase in the
current density was observed after 1.55 V, while in the curve of
MoS,@CNF, after 1.54 V, a sudden increase in the current
density was observed. At a current density of 25 mA cm™?, the
spent catalysts, i.e, GC and CNF, showed overpotentials of
about 309 and 302 mV while the fabricated catalysts, i.e.,
MoS,@GC and MoS,@CNEF, displayed overpotentials of about
154 and 128 mV, respectively. At 200 mV, current densities of
14.9 mA cm™ for GC and 17.6 mA cm™ for CNF that after
depositing with MoS, reached 35.7 and 37.8 mA cm™ (Table
S2) for MoS,@GC and MoS,@CNF, respectively.

The kinetics of the OER was gauged by Tafel plots i.e., Figure
6b. The lowest Tafel slopes of MoS,@CNF (i.e., 41 mV dec™")
and MoS,@GC (i.e,, 71 mV dec™") as compared to CNF (i.e.,
148 mV dec™) and GC (i.e.,195 mV dec™!) advocate for the
faster kinetics of the fabricated catalysts. The graphitic carbon
present on the spent catalyst decreases the interlayer stacking of
MoS,, resulting in exposed edge sites; furthermore, the transport
of charges via the basal plane of MoS, is also favored,”* while in
the case of MoS,@CNEF, the electrocatalytic activity is improved
due to the additional surface area of the fibers, providing more
vacancy for water to adsorb, dissociate, and release oxygen and
showing less affinity toward OH™.°® The highest exchange
current densities revealed by MoS,@CNF (ie., i° = 2.11 mA
cm™2) and MoS,@GC (i.e., i° = 1.92 mA cm™%) when compared
to those of CNF (i° = 1.35 mA cm™2) and GC (i° = 0.385 mA
cm™?) show that the interfacial barrier for charge transfer is
decreased due to which the kinetics of the OER is significantly
improved. The oxygen evolution reaction (OER) is known as a
two- or four-electron step and the reaction mechanism is
complicated. Assuming a single-site mechanism, the following
mechanism under alkaline conditions is considered

M+ OH™ —» MOH™ (7)
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Figure 7. (a) Cyclic voltammetry (CV) curve of spent GC, CNF, and synthesized catalysts, ie, MoS,@GC and MoS,@CNF. (b)
Chronopotentiometry (CP) curve for MoS,@CNF and MoS,@GC for 18 h. (c) Nyquist plot for GC, CNF, MoS,@CNF, and MoS,@GC with
the equivalent circuit diagram. (d) Linear sweep voltammetry results after the stability test.

MOH + OH™ — MO + H,0 (8)
2MO — 2M + O, () ©)
MO + OH™ — MOOH + e~ (10)
MOOH + OH™ —» M + O, ) + H,0 (11)

where M denotes a site on the surface or the surface of the
electrocatalysts. As the Tafel slope is below 120 mV dec™ and
significantly low for the synthesized electrocatalysts; therefore, it
can be asserted that the surface-adsorbed species produced in
the early stage of the OER remains predominant.”’ Further-
more, it can be stated that in the alkaline medium during the
electrocatalytic process, the produced OH™ likely get attached to
the active sites (S) of MoS,@CNF and MoS,@GC and then
reacted with other dissociating OH™ to form reaction
intermediates (MOH, MO, and MOOH), which then on
oxidation result in evolution of oxygen. The Tafel slope
observed for MoS,@CNF close to the characteristic value (40
mV dec™") of a mechanism involves pre-equilibrium consisting
of a one-electron electrochemical step with a possible chemical
step, followed by a one-electron electrochemical rate-determin-
ing step.’* The activity of MoS,@CNF is the best that is
reported till far because the spent catalyst also possessed nickel
atoms present at the tips of the fibers, which contributed to the
transportation of charges, and the presence of active edge sites of
intercalated MoS, is another reason for delivering better
electrochemical performance.**

The electrostatic impedance measurements were biased to 0
V (vs the open-circuit voltage) using the three-electrode system,
at a frequency ranging from 200 kHz to 100 MHz. The
electrostatic impedance spectroscopy (EIS) of all of the samples
possesses a semicircle and then an inclined line, which can be
elaborated from the EIS spectrum shown in Figure 7c and the
equivalent circuit (EC). Commonly, a simplified EC consisting
of a capacitor and a resistor connected in parallel is an obvious
model for carbon-based materials, but for complex nanostruc-
tures, the EC also changes.””° In the impedance analysis for
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MoS,@CNF and MoS,@GC, complications occur in the system
and a simple RC circuit is not enough to be taken as the EC;
therefore, with other circuit elements like R;, R,, C;, and W}, a
constant phase element Q, (as shown in the inset of Figure 7c)
was also introduced,®” where R, is the ohmic resistance caused
by solution (electrolyte), R, is the polarization resistance, C is
the faradic capacitance, Z, ascribes to the Warburg impe-
dance,’® and Qs a circuit component usually used to express an
imperfect capacitor in a circuit of distributed resistors and
capacitors.”~""

From the Bode plots for MoS,@CNF and MoS,@GC in
Figures S6 and S7, respectively, it can be seen that the phase
angle increases with increasing frequency, which is the typical
behavior of the RC parallel circuit; therefore, C, R,, and Z,, were
modeled in parallel. In the spectrum of MoS,@CNF and
MoS,@GC, it is noted that the spike-like region is more close to
the imaginary axis, demonstrating fast charge-transfer kinetics
and electric responses and mimicking a circuit with low
resistance and large capacitance connected in parallel.””
Contrary to that, in the impedance spectrum of the spent
catalyst, there is a visible indication of the mass diffusion
obstacles for ion or charge transfer in the electrode.”® Moreover,
from Table 1 and corresponding Figure 7c, it is also evident that
the serial resistance (R,) (intercept on real axis) and charge-
transfer resistance (diameter of the semicircle) of MoS,@CNF
and MoS,@GC are lower than those of the spent catalyst. The
serial resistance is attributed to the intergranular electronic
resistance between the active particles of the material and the

Table 1. Electrostatic Impedance Spectroscopy Data of All
Samples

catalyst R, (Q) C, (F) R, (Q) Q, [Fs(a—1)]
GC 0.881 0.640 63.11 0.421
CNF 1.341 0.492 50.15 0.198
MoS,@GC 0.946 0.621 0.627 0.928
MoS,@CNF 0.838 0.570 8 x 107 0931
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contact resistance between the active particles and the current
collector, while the charge-transfer resistance (Z,,) originates at
the interface of electrode/electrolyte caused by the diffusion
process of ions or charge carriers, where the main charge carrier
is the hydronium ion (H;0%).”*”7° With the good activity and
conductivity of electrocatalysts, it is also required for electro-
catalysts to be stable for which purpose stability tests like CV and
chronopotentiometry (CP) are performed.

The comparative cyclic voltammograms of CNF, GC, MoS,@
CNF, and MoS,@GC are shown in Figure 7a. In the potential
range of —0.4 to —0.6 V at different scan rates ranging from 10 to
50 mV s, these voltammograms were applied for assessing the
performance of the spent and fabricated catalysts. In the profiles
of MoS,@CNF and MoS,@GC, a pair of prominent, enhanced,
and widely separated redox peaks, i.e., anodic (0.493 V) and
cathodic (0.2 V) peaks, that are associated with the reduction
and oxidation of metal centers involved in charge storage are
observed, which is corroborating evidence for the typical form of
a redox system corresponding to the generation of in situ
efficient active sites for the OER and HER.”””®

When the CVs of GC and CNF and MoS,@CNF are closely
analyzed, the redox system bears the qualities of a typical form of
electroactive charge storage devices (batteries), in which the
mechanism involves reversible faradic reactions with charge
transfer, and also those of pseudocapacitors, in which the
mechanism involves the adsorption of electroactive ions onto
the surface or near-surface region of electrode materials.””*’
This kind of duality is a specialty of carbon fibers,®
graphene,®”* or any carbon-based material**™ that are already
in use as supercapacitors as well as pseudocapacitors where
TMDs (specially MoS,*® and $,V*”) and oxides (like RuO,***’
and MnO,’”"") are also declared as good charge storage
materials.”””*> Congruently, the improvement in the perform-
ance of the spent catalyst after the addition of MoS, is due to the
synergistic interfacial interaction between MoS, and carbon,
which dispenses the effective migration of charge carriers from
the layered edges of MoS, to the carbon support, hence
contributing to an increase in current density of about 3—4 times
by MoS,@CNF, while of about 2-fold by MoS,@GC for the
HER and OER.””

Therefore, MoS,@CNF and MoS,@GC exhibit the widest
CV curve with the highest redox peaks, thus showing the
strongest electrochemical behavior as compared to CNF and
GC. Moreover, increasing scan rates accordingly increase the
current response, and the peak position slightly changes but the
shape of CV curves retains, which indicates the good
electrochemical stability and rate performance of MoS,@CNF
and MoS,@GC, as displayed in Figures S4 and SS, respectively.

A long-term stability test is crucial for determining the
effectiveness of electrocatalysts in the long run and for
commercializing them for the production of oxygen and
hydrogen fuels using renewable energy. The stability of
MoS,@CNF and MoS,@GC was measured by exposing these
electrocatalysts to CP in the same alkaline solution at 100 uA for
18 h. A stable behavior, as shown Figure 7d, is displayed by
MoS,@CNF and MoS,@GC, which is primarily due to their
stable structural characteristics. Due to the large interfacial
interaction between the electrolyte and the electrode, there is
low ion diffusion resistance that helps in quick ion penetration
across the widely exposed active sites. Initially, the response of
potential is rapid, but no prominent changes can be seen after
the third hour. The probable reason for the change is the
activation of the synthesized material during CP, the effect of
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which can be visible in the form of a rapid potential response.”®

The LSV polarization curve in Figure 7b for the HER was
obtained after testing the material for 1000 cycles of CV and
performing CV at different scan rates, as shown in Figures S2
and S3 for MoS,@CNF and MoS,@GC, respectively, which
clearly is a testimonial for the stability and activity of newly
synthesized nanostructured electrocatalysts.

As a good OER catalyst may not be a good HER catalyst due
to different rate-determining steps for respective reactions,
which also limits the Butler—Volmer equation to describing
chemically reversible electrocatalytic reactions,®® but our
catalysts have performed for both the HER and the OER.

B CONCLUSIONS

Electrochemical water splitting is contemplated to be an
effective solution to overcome energy crises and adverse
environmental challenges. Many approaches have been carried
out to build an economical and potent electrocatalyst. So,
electrocatalysts consisting of spent methane reforming catalysts
by in situ deposition of MoS, through a minimalistic and cost-
effective hydrothermal method were synthesized. The successful
formation of MoS,@CNF and MoS,@GC was confirmed by
morphological and analytical characterization techniques; after
assurance, these fabricated catalysts were tested for electro-
chemical HER and OER performances. The evaluation of the
electrochemical performance of the fabricated catalysts showed
lowest Tafel slopes, highest ig,, and low 7,5 for the OER and
HER, indicating that the adsorption of OER and HER
intermediates in MoS,@CNF and MoS,@GC catalysts was
synergistically enhanced due to coupling of MoS, and the spent
catalyst; meanwhile, the carbon present on the spent catalyst not
only provided mechanical support for MoS, but also facilitated
the electron transfer between MoS, and the alkaline solution.
This work provided a promising demonstration of utilizing spent
deactivated catalysts for electrochemical applications; moreover,
it also gives a clear way forward for using carbon-deactivated
catalysts with the addition of a very minimal amount of low-cost
HER/OER catalysts for achieving accelerated overall water
splitting.
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