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ABSTRACT: The exploration of electrocatalysts for hydrogen * qu
T ee

evolution, that are stable and efficient in both acidic and alkaline ~ oJ—rc 05MHS0,
media, is of the momentous importance in the advancement of o’a® .°°o.§- _Ejf;,,ﬁ‘f“ 2 /

clean energy production. This paper describes a modest, low-cost, ; "" -?%,.Q?q.o e B e [

and feasible method to synthesize hierarchical structures of CoySq & ”?g ‘@27 [
nanoparticles cocooned in the N-doped carbon layer (CogySg- e 0"3. ;i-so r
NDCL). First, the metal—organic framework, zeolitic imidazolate P -NDCL & - ’.§ 40 :
framework-67, was synthesized and then morphed into CoySe- °N s ZIF-67 e ¥ R TR Yy e
NDCL nanocomposites by thermal treatment with sulfur powder og Carbon Layer Potential (V vs. RHE)

in an argon environment. The nanocomposite electrocatalyst

boosts the efficient functioning in acidic (0.5 M sulfuric acid,

H,SO0,, pH = 0) and basic (1 M potassium hydroxide, KOH, pH = 14) conditions toward the hydrogen evolution reaction (HER).
The improved electrocatalytic activity can be ascribed to the hierarchical, porous structure and synergy of Co,Sg nanoparticles and
the N-doped carbon layer. The Co,Sg-NDCL nanocomposite electrode attains the current density of 20 mA.cm™> for the HER,
requiring very low overpotentials of 149 and 219 mV in 0.5 M H,SO, and 1 M KOH aqueous solutions, respectively. It is also
observed that the CogSg-NDCL nanocomposites, even after 2000 cycles, exhibited good stability and a small Tafel slope in both
media. This study presents a mark in the race of achieving low-cost and highly efficient pristine CogSg nanocomposites without
doping of any precious metals.

KEYWORDS: CoySg non-Pt catalysts, N-doped carbon, electrocatalysts, hydrogen evolution reaction (HER)

1. INTRODUCTION accomplish this, considerable exploration energies have been
dedicated to evolving HER catalysts, which are nonprecious
metals, stable in a wide pH range and displaying high activities.
Among this growing family of HER catalysts, one of the most

The environmental pollution and an urgent need to supersede
fossil fuels with clean and sustainable energy is the driving
force behind evolving new recyclable energy sources. Hydro-

gen has become the fore center of the proposed promising active members are nar}gfgrlucturednszglﬁdes 24and other
chemical fuels for efficient and sustainable energy technologies, hetergftmctures of C%balt; nickel,”*" iron,” molybde-
owing to its zilch toxic discharges during combustion." Water num,”” and tungsten.

splitting is a very unpretentious technique to generate Metal—organic frameworks (MOFs) are composite materials
hydrogen, although it involves effectual electrocatalysts for built by linking organic ligands with metal ion clusters. MOFs
the hydrogen evolution reaction (HER) to accomplish a higher offer a large specific surface area, along with high porosity, and
current density at low values of overpotential.” Although Pt diverse possibilities of chemical components.”’ " Due to
and other noble metals superlatively enable the reduction of these traits, MOFs are known for their unique potential in
water electrocatalytically into hydrogen, their rareness and high several applications, including the separation and adsorption of
cost diminish their appeal for large-scale applications.” Hence, gases,”® drug delivery,” chemical sensors,”” energy storage and
much work has been put into developing vastly efficient and conversion,”” and catalysis.”” In recent years, there has been an

stable electrocatalysts for the HER with elements that are
plentiful on the earth.

Up to the present time, many non-noble catalysts, for
example, transition metal oxides,”™” carbides,®” selenides,®'*! ] —
nitrides,” phosphides,'””~'* and sulfides,'”"> have been Received:  December 2, 2020 s e
reported for the electrocatalytic reduction of water. Recently, AcceP ted:  January 15, 2021 i
many transition metal sulfides have also been explored as Published: January 26, 2021
efficient and approvingly active HER catalysts in acidic and
basic conditions, considering this as one of the suitable
operating conditions of fuel cells and electrolyzers."”'” To

increase in the use of MOFs as sacrificial templates or
. 32 . . .
precursors to produce porous materials.”” Primarily, various

© 2021 American Chemical Society https://dx.doi.org/10.1021/acsanm.0c03171

W ACS Publications 1776 ACS Appl. Nano Mater. 2021, 4, 1776—1785


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jawayria+Mujtaba"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Le+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongqin+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhijia+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gaoshan+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+A.+Solovev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongfeng+Mei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongfeng+Mei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsanm.0c03171&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c03171?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c03171?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c03171?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c03171?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c03171?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aanmf6/4/2?ref=pdf
https://pubs.acs.org/toc/aanmf6/4/2?ref=pdf
https://pubs.acs.org/toc/aanmf6/4/2?ref=pdf
https://pubs.acs.org/toc/aanmf6/4/2?ref=pdf
www.acsanm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c03171?ref=pdf
https://www.acsanm.org?ref=pdf
https://www.acsanm.org?ref=pdf

ACS Applied Nano Materials

www.acsanm.org

metal oxides and sulfides obtained from MOFs have been
presented as notable electrocatalysts.”> > The electrocatalysts
derived from the pyrolysis of MOFs have a specific feature of a
large surface area, which is responsible for the increased
exposure of the active sites and enables the fast charge and
mass transport.sé’37

The following attributes when present in an electrocatalyst
makes it a model candidate for the HER: decent electrical
conduction to boost the transfer of electrons,*®
dimensions for greater active sites that are exposed,
morphology with pores to accommodate for the transference
of reactants and products,” and a relatively high width-to-
height proportions to enhance the catalytic activity per surface
Transition metal sulfides possess good electrical
conductivity, which has already been confirmed as advanta-
geous for the electrocatalytic process.*"*” Thus, it is
convenient to deduce that transition metal sulfides can be a
promising candidate for the HER.

In the previous years, cobalt sulfides have already made their
mark in the field of energy applications such as supercapacitors,
batteries, and overall water splitting.*”** This has been
possible due to their good electrical conductivity, outstanding
chemical stability, and its natural availability in abundance. But
cobalt sulfides have generally performed well when they are
combined to form heterostructures with transition metal
chalcogenides or there is some metal doping present.*”~*
The reported studies do not provide enough evidence whether
the performance enhancement of heterostructures of cobalt
sulfides can exclusively be attributed to it. As most electrodes
undergo deterioration in the acidic media, it is important for an
electrocatalyst to perform well in an alkaline condition for it to
be embraced extensively in the industry.*’ To the best of our
knowledge, till date there are no pristine cobalt sulfides
reported, which have performed well in both acidic and
alkaline media for the HER.

Herein we report Co,Sg nanoparticles cocooned in the N-
doped carbon layer (Co,Sg-NDCL), synthesized by using a
feasible, modest, and low-cost method, which employs the
sacrificial zeolite imidazole-67 (ZIF-67) as the precursor,
which is a conventional MOF. The final product CosSg-NDCL
was obtained by the pyrolysis of ZIF-67 with sulfidation in an
argon environment. Comparing the CoySg-NDCL with the Co-
NDCL (pyrolysis without sulfur powder) and C/ZIF-67
proved that the final products conserved the size uniformity
and morphology even after annealing at a high temperature.
The cocooning N-doped carbon layer is mesoporous,
providing an extra active site to facilitate the catalysis.
Henceforth, enhancing the electron transfer and ultimately
contributing to achieving lower overpotentials.

The electrocatalytic performance of the as-synthesized
nanocomposites was explored, and the CoySg-NDCL displayed
an enhanced activity and stability as a catalyst toward the HER
in an acidic solution (0.5 M H,SO, pH = 0) as well as in an
alkaline solution (1 M KOH, pH = 14). When evaluated as an
electrocatalyst for the HER, the CoySg-NDCL reveals an
overpotential of 96 mV (0.5 M H,SO,) and 146 mV (1 M
KOH). The better catalytic activity of the CoySg-NDCL can be
owed to its unique structural modification of nanoparticles
cocooned in doped mesoporous networks with more exposed
active sites.

nanoscale

40
area.
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2. EXPERIMENTAL SECTION

2.1. Materials. Cobalt nitrate hexahydrate (Co(NO;),°6H,0), 2-
methylimidazole, and Nafion were purchased from Aladdin Ltd.
(Shanghai, China). The Pt/C (20 wt %) catalyst was purchased from
Alfa Aesar. Methanol was obtained from Sinopharm Chemicals, and
ethanol was obtained from Titan Ltd. Sulfuric acid (H,SO,) (Sigma-
Aldrich) and potassium hydroxide (KOH) were purchased from
Hushi Corporation (China). All these chemicals were used for the
synthesis as received. DI water was used for all experiments.

2.2. Synthesis of ZIF-67. In a typical procedure for the CooSg-
NDCL nanocomposite synthesis, first, ZIF-67 was synthesized. A total
of 1.16 g of (Co(NO3),"6H,0) was dissolved in 100 mL of methanol
to form a pink solution. Another colorless solution was prepared by
adding 1.31 g of 2-methylimidazole in 100 mL of methanol. The
colorless solution was swiftly added into a pink solution with constant
stirring to get a purple solution. Subsequently, the solution was
further aged for a day at room temperature without stirring. The
purple powder was then collected by centrifugation, washed with
ethanol five times to eradicate all the organic solvents, and dried at 65
°C for 12 h under a vacuum.

2.3. Synthesis of the CogSg-NDCL. To synthesize the CooSg-
NDCL, ZIF-67 and sulfur powder were placed in an alumina boat in a
2:1 weight ratio. The furnace was heated to 600 °C and maintained at
this temperature for 2 h under an argon gas flow. The black powder
obtained after the pyrolysis was washed with ethanol several times and
dried at 65 °C for 12 h under a vacuum. The percentage yield of the
product obtained is approximately 94%. For comparison, ZIF-67 was
annealed for 2 h under the same conditions without sulfur powder to
get Co nanoparticles cocooned in the N-doped carbon (Co-NDCL).
ZIF-67 was shaken and mixed for 48 h with carbon after being
dispersed in ethanol to get C/ZIF-67.

2.4. Characterization. To analyze the phases and crystallinity of
the as-synthesized samples, they were characterized by using a Bruker
model D8 X-ray diffractometer (XRD) with Cu Ka irradiation (4 =
1.5418 A). Then, the morphological and structural details of the
nanocomposites were acquired by using field emission scanning
electron microscopy (FESEM, Hitachi-S5500, S kV), transmission
electron microscopy (TEM, FEI Tecnai G* 20, 200 kV) to further
observe, high-resolution transmission electron microscopy (HRTEM,
FEI Titan 80—300, 300 kV), X-ray photoelectron spectroscopy (XPS,
ESCALAB 250, Al Ka), and Raman microscopy (Renishaw, 514.5 nm
excitation). To analyze the Brunauer—Emmett—Teller (BET) surface
area and pore size, the nitrogen adsorption—desorption isotherm at 77
K was performed using a Micromeritics ASAP 2020 system. Before
performing the (N,) adsorption measurements, the as-prepared
sample was degassed at 180 °C. A multipoint BET method was
employed to determine the average surface area. The Barrett—
Joyner—Halender (BJH) method was used on a desorption isotherm
to ascertain the pore size distribution. The thermogravimetric (TG)
analysis was performed by using a TGA 2050 thermogravimetric
analyzer in the air between the temperature range of 25 and 600 °C
(heating rate = 10 °C min™").

2.5. Electrochemical Measurements. The electrochemical
behavior of the products was performed at room temperature, and
measurements were made using an electrochemical workstation (CHI
660E). A setup involving three electrodes with a S mm diameter
glassy carbon electrode (GCE), saturated Ag/AgCl, and a graphite
rod was used as the working electrode, reference electrode, and the
counter electrode, respectively. The measurements were done in a 0.5
M aqueous solution of H,SO, and 1 M aqueous solution of KOH.
The polarization data were collected, and all the potentials stated in
this study are reported versus the reversible hydrogen electrode
(RHE) by the addition of a factor of “0.197 + 0.059 (pH)”. Linear
sweep voltammetry (LSV) was accomplished to determine the HER
performance of the nanocomposites at the scan rate of S mV s~
along with rapidly stirring the solution by using a magnetic stir bar.
Polarization curves are represented in the graphical form as an
overpotential (17) against the logarithm of the current density (log j).
This was done to acquire the Tafel curves to quantifying the HER

https://dx.doi.org/10.1021/acsanm.0c03171
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Scheme 1. Schematic Description of the Synthesis Process of the Co,Sg-NDCL
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Figure 1. (a,b) XRD patterns of the as-synthesized and stimulated ZIF-67 and CoSg-NDCL, (c) Raman spectrum of CogSg-NDCL, and (d) N,
adsorption—desorption isotherm and pore size distribution curve (inset) of the CogSg-NDCL.

behaviors of the CogSg-NDCL and ZIF-67. For the calculation of the
Tafel slope (b) and deducing the exchange current density (j,), the
linear part of the plotted Tafel curves was fitted to the Tafel equation

“(n = b x log(! ))”. Moreover, the electrochemical impedance
Jo

spectroscopy (EIS) has been attained systematically by sweeping
the frequency between 10° and 0.1 Hz.

2.6. Preparation of the Working Electrode. At least 3 mg of
the as-synthesized catalyst powder (CoySg-NDCL, Co-NDCL, and C/
ZIF-67) was added in 1.5 mL of water—isopropyl alcohol (1:0.5
volume ratio) solution with 12.5 uL of Nafion. The obtained mixture
of powder and solution was ultrasonicated for a minimum of 60 min
to achieve a consistent ink. Then, 20 uL of the prepared mixture was
dropped on the GCE, providing a total coverage of approximately 0.2
mg cm 2. After this, the thinly formed catalyst film was then left to dry
in air at an ambient temperature.

3. RESULTS AND DISCUSSION

3.1. Morphology and Structure of the ZIF-67 and
CoySg-NDCL. Co,Sg-NDCL nanocomposites were synthesized

1778

by the pyrolysis of ZIF-67 with sulfur powder in the argon
atmosphere (Scheme 1). The structures of CoySg-NDCL and
ZIF-67 were determined by the XRD analysis. Figure lab
shows the XRD patterns of the ZIF-67 and CoySg-NDCL,
respectively. The experimental ZIF-67 peaks are well matched
with the simulated data. After the pyrolysis, the peaks
corresponding to ZIF-67 disappeared. All of the main
diffraction peaks in Figure 1b at 29.9, 31.2, 39.6, 47.6, 52.0,
73.3, and 76.7° could be assigned to the (311), (222), (331),
(511), (440), (731), and (800) planes of Co,Sg, respectively
(JCPDS 19-0364).

These observations confirm the successful syntheses of the
ZIF-67 and CoySg-NDCL. This can be further verified by the
elemental mapping and EDS spectrum of the CoySg-NDCL in
Figures S4 and S6, which confirm that Co, S, C, N, and O are
present in the as-synthesized nanocomposites. The X-ray
diffraction pattern of the Co-NDCL is also provided in Figure
S3, which shows that in the absence of sulfur powder during
the pyrolysis, there are four prominent peaks which can be

https://dx.doi.org/10.1021/acsanm.0c03171
ACS Appl. Nano Mater. 2021, 4, 1776—1785
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Figure 2. (a,b) FESEM images of ZIF-67, (c¢) FESEM image of CoySg-NDCL, (d) TEM image of CogSg-NDCL, () HRTEM image, and (f) SAED

pattern of the CoySg-NDCL.

related with (111), (200), (220), and (311) planes of
elementary Co and three peaks, which can be ascribed to the
(111), (200), and (220) lattice planes of CoO, indicating the
formation of the Co-NDCL. This can be evidenced by the
elemental mapping and EDS results in Figures S5 and S7,
which validate a large amount of Co and O contents along with
N and C.

The phase purity of the synthesized products was confirmed
by the lack of any other diffraction peaks from possible
impurities. The reasonably high peak intensities of CooSg
indicate that the nanocomposites are highly crystalline. The
crystal size (D) of CooSg nanoparticles can be estimated by
using the physical spans of the respective diffraction peak and
employing the Debye—Scherrer equation: “D = 0.891 1/f cos
0, where 4 is the wavelength of X-ray, f# is the full width at half
maximum of the peak, and @ is the Bragg diffraction angle.*’
The calculated average crystal size by using the (440) peak
yielded to be approximately 10.8 nm.”" Furthermore, this was
later confirmed by TEM.

To better understand the nature of the CoySg-NDCL and
also the presence of carbon in the final products, the Raman
spectrum was also observed. Figure lc shows the Raman
spectrum for the as-synthesized nanocomposites. The Raman
modes observed below and above the 1000 cm™' spectral
region can be assigned as characteristic bands of CoySg and
carbon, respectively, and demonstrate that the CosSg-NDCL is
the CoySg/carbon composite material.>>~>* Particularly, the
peak observed at 1333 cm™' is coherent with the D band,
which is a disordered band representing the amorphous carbon
and structural defects or edges that can break the symmetry
and selection rule, whereas, the peak observed at 1569 cm™ is
assigned to the G band, which is associated to the vibration of
the sp>-hybridized C—C bond of an in-plane hexagonal
lattice.”” The ratio of the peak intensity of the D band to
that of the G band Iy/I; value is approximately 1, signifying
the presence of various defects in the carbon layer, which may
be owing to the N-doping. The strong peaks located at 667,
604, 515, 470, and 186 cm™' are characteristic bands of
C0ySs. 7" To estimate the amount of the NDCL in the
nanocomposites, TG experiments are performed (Figure S10).
The initial weight loss at temperatures lower than 200 °C can
be credited to the elimination of water, whereas the next
weight loss, which occurs after approximately 250 °C, can be
attributed to the steady oxidation of the carbon and CoySg
phase in the composites, which produces the weight portion of
carbon in the CoySg-NDCL nanocomposites of approximately

1779

46% as displayed in Figures S10 and S11. The existence of the
NDCL in the nanocomposites can intensely boost the
electronic conductivity of CooSg nanoparticles and is also the
reason for improving the electrocatalytic performance.

To apprehend the surface area and porous nature of the
synthesized hierarchical CogSg-NDCL, the nitrogen adsorp-
tion—desorption isotherm was evaluated. The N, adsorption—
desorption isotherm at 77 K is shown in Figure 1d. The
hysteresis loop for CogSg-NDCL was observed in the relative
pressure range of 0.1—1.0 P/P,. The inset in Figure 1d shows
the Barrett-Joyner—Halenda (BJH) pore width distribution for
the corresponding sample, and the average pore widths were
found to be approximately 1.88 and 3.81 nm revealing micro/
mesopores in the nanocomposite. The specific surface area was
found to be 80.9 m®g~". The surface area of the Co,Sg-NDCL
is relatively low but still higher than many previously reported
CoySg/carbon composite materials such as carbon-armored
Co,Ss (13 m?g™"), mesocrystal CooSg hollow sphere (52.6
m?g™"), and Co,Sg (20.3 m?g™").>*>* The specific surface area
and porosity play an essential role in the electrocatalytic
performance toward the HER.

The FESEM images of the ZIF-67 precursor are shown in
Figure 2a)b, revealing homogeneous smooth-surfaced poly-
hedrons with an average size of 1 ym. Figure 2c shows that the
CoySg-NDCL nanoparticles are evenly distributed, comparable
to the ZIF-67 precursors, inferring that the products even after
the pyrolysis have maintained a good size homogeneity and
structural morphology similar to that of the ZIF-67 crystals.
The surface of the as-prepared particles is coarse and highly
porous, which is mainly due to the decomposition of the ZIF-
67 and the release of CO, and H,O during the high-
temperature treatment. Such structural morphology can be
idyllic for the HER because the roughness on the surface of
nanoparticles warranties a higher density of active sites, which
is valuable with regard to the surface electrochemical reactions
as it offers a better catalytic performance, and the N-doped
carbon layer can provide passages, and fewer crystal boundaries
can help in providin(g pathways with faster charge transport
and less scattering.””®’ To further investigate the morphology
of the nanocomposites, TEM and HRTEM are performed.
Investigating a single large nanoparticle of the Co,Sg-NDCL
closely, as shown in Figure 2d, the structure is uniformly
covered with evenly dispersed Co,Sg nanoparticles, which can
benefit toward the increasing of the specific surface area of
nanocomposites. For over 200 nanoparticles, the statistical
analysis was done to estimate the average particle size, which is
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Figure 3. (a) XPS survey spectrum of CosSg-NDCL. (b—f) High-resolution XPS spectra of Co 2p, S 2p, C 1s, N 1s, and O 1s.

calculated to be approximately 12.2 nm (Figure S1), which
supports the XRD results. Several rings presented in the related
selected area electron diffraction (SAED) pattern, as exhibited
in Figure 2e, can conveniently be indexed to the (311), (511),
(440), and (731) planes of the Co,Sg. Additionally, the lattice
fringes’ interplanar distances to be 0.26 and 0.17 nm
corresponding to the (311) and (440) planes of Co,Sg
respectively, are presented in Figure 2f.

The analysis and the respective XPS spectra for the CogSg-
NDCL to determine the arrangement of electrons and surface
chemical composition are presented in Figure 3. The detailed
XPS survey is shown in Figure 3a, which constitutes of sulfur,
cobalt, carbon, nitrogen, and oxygen. The high-resolution Co
2p displayed in Figure 3b comprises the four major peaks. The
two apparent peaks at 778.4 and 793.1 eV are recognized as
the Co—S band. Whereas the two other peaks at binding
energies of 780.5 and 796.2 eV fit with the Co—O bond.®"**
The presence of oxygen in the nanocomposites can be because
of the materials’ surface oxidation and residual oxygen from the

54,63,64
precursor.” 7
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Furthermore, in the high-resolution S 2p spectrum in Figure
4c, there are two distinct peaks which can be seen at 161.6 and
163.12 eV and are consistent with the previously reported data
for the binding energies of S 2p;,, and S 2p;,, respectively,
accompanied by two other peaks present at 164.88 eV, which
belong to C—S—C and 167.7 eV attributed to SO,,°>°® which
further confirm the presence of oxygen.67 The C 1s XPS
spectrum (Figure 3d) is presented, and the peaks presented at
284.7, 286.7, and 288.9 eV can be related to the binding
energies of C—C, C—S/C—N, and C—N bonds, respectively, in
the CoySg-NDCL.***** The prominent peaks in the high-
resolution N 1s spectrum (Figure 3e) confirm the existence of
nitrogen in the nanocomposites. The peaks centered on the
binding energies of 397.4, 398.3, and 400.1 eV can be ascribed
to pyridinic, pyrrolic, and graphitic nitrogen, respectively.”’
This N-doping of the carbon layers in the nanocomposites can
boost the conductivity, which is vital in improving the
electrocatalyst performance.”’ The high-resolution O Is
spectrum is presented in Figure 3f, and the prominent peak
at 532.9 eV is recognized as the binding energy of Co—O,
whereas the peak at 530.8 €V can be ascribed to the site of the
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defect (i.e, oxygen vacancies) in the CooSg-NDCL, thus,
enhancing the material’s conductivity and making it active

toward the HER.”>”3

3.2. Electrocatalytic Performance of the CoySg-NDCL.
To study the activity of the CosSg-NDCL as a HER catalyst,

1781

the as-prepared catalysts inks were laden on a GCE to inspect
the cyclic voltammetry (CV) performance in an argon-
saturated 0.5 M H,SO, (Figure 4). The linear sweep
voltammogram (LSV) measurements were done, as shown in
Figure 4a. As investigated, all the nanomaterials show an onset
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overpotential of 51 mV. The CoySg-NDCL, Co-NDCL, and
C/ZIF-67 require overpotentials of 96, 268, and 318 mV,
respectively, at the current density of 10 mA-cm ™2 The Pt/C
was also evaluated and showed the lowest values of
overpotential.

Meanwhile, as displayed in Figure 4b, the Tafel slope
displayed for CoygSg-NDCL was calculated to be as small as 70
mV dec”!, whereas the Co-NDCL and C/ZIF-67 exhibit
somewhat higher Tafel slopes of 105 and 153 mV dec”’,
respectively. The CogSg-NDCL presents a higher exchange
current density (j,) when the intersection between the
extrapolated linear portion of Tafel curves with the x axis are
calculated. It was found to be 0.516 mA cm™2 As it is well
known in discussing the electrode reaction, j,, is an intrinsic
property, depending only on the material used as a catalyst, the
electrolyte used, and the temperature at which catalysis is
performed. It suggests the ease and hindrance with which
electron is transferred and hence reveals the nuisance in an
electrode reaction. The higher value of j, can be attributed to
the faster HER kinetics for the CoySg-NDCL. The electro-
chemical active surface area (ECSA) is another noteworthy
parameter for assessing the efficiency of the HER electro-
catalyst. The ECSA was calculated by estimating the
electrochemical double-layer capacitance (Cy, linearly propor-
tional to the ESCA), which was reached through the cyclic
voltammetry (CV) measurement. The CV curves of the Co,Ss-
NDCL at different scan rates (10—90 mV s™") in the potential
range from 0.44 to 0.54 V is presented in Figure S13. The Cy
value, which is the slope of linear fitting of the CV curves,
reveals that the CoySg-NDCL have a Cy = 10.61 mF-cm™2,
indicating more active sites.

Moreover, the EIS was also achieved in order to foster the
electrocatalytic activity of the CoySg-NDCL nanocomposites.
The Nyquist plots of the as-synthesized nanocomposites were
accomplished, and the used circuit model is R; (R, CPE). As
presented in Figure 4c, the Nyquist plot resulting from the EIS
of the CogSg-NDCL is displayed as a well-defined semicircle,
the diameter of which corresponds to reaction resistances
(Ry).”"”> The Co0yS¢-NDCL demonstrates that the charge
resistance is lower which in turn supports for a higher rate of
charge transfer and swift catalytic kinetics. Figure 4d displays
the polarization curves of the CoySg-NDCL in 0.5 M H,SO,
initially and after 2000 cycles. To understand the change in
morphology of the CoySg-NDCL after stability testing (2000
cycles), the sample is inspected using SEM and TEM (Figure
S12). It is noticeable that the size and morphology of the
CoySg-NDCL are nearly the same as in the original form,
signifying the decent structural and morphological cyclability.

Similarly, the performance in an argon-saturated 1 M KOH
solution is presented in Figure S, where the synthesized CooSg-
NDCL nanocomposite displayed an overpotential of 146 mV
(Co-NDCL = 184, C/ZIF-67 = 218 mV), with a Tafel slope of
51 mV dec™), proving a fast current response rate in an alkaline
solution (Figure Sa,b). Figure Sc,d exhibits the Nyquist and
stability graphs, which show no noticeable degradation in the
performance of the electrode even after 24 h. These results are
a positive outcome for the CoySg-NDCL nanocomposites to be
used in a wide pH range HER.

All the abovestated interpretations of the electrocatalytic
behavior of the CoySg-NDCL indicate that it is better as
compared to other previously reported nanomaterials synthe-
sized by the pyrolysis of ZIF-67. When analyzed and tested, for
the HER, the CoySg-NDCL reveals a superior catalytic activity

and stability, and this could be accredited to the following
explanations: (1) the CoySg-NDCL has a larger active surface
area (Figure 1d) because of its porous and matrixed
morphology, which allows for the increased interaction
between an electrocatalyst/electrolyte and by employing
these active sites, leading to an enhanced catalytic perform-
ance. (2) Nyquist plots in both acidic and alkaline media
possess a smaller diameter, indicating the lower resistance
offered during the charge transfer, and hence speeding up the
electrode kinetics. All the electrochemical activity details are
tabulated in Tables S1 and S3. The comparison of the Co,S-
NDCL in the acidic and alkaline electrolytes is presented in
Figure S8.

4. CONCLUSIONS

In a nutshell, the MOF-derived CoySg-NDCL hierarchical
nanocomposites with unique morphology, including nano-
particles and N-doped carbon layers, were successfully
synthesized by using a facile method using ZIF-67 as the
precursor. Electrochemical testing reveals that the CogySg-
NDCL is a better electrocatalyst toward the HER in acidic and
alkaline solutions, with an efficient activity and better stability.
This work provides a practical and facile method for preparing
transition metal sulfides as catalysts for the hydrogen evolution
reaction, which help develop the non-Pt catalysts.
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