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To address issues of global energy sustainability, it is of great practical significance to develop low cost and high efficiency
electrocatalysts for the oxygen evolution reaction (OER). In this work, we synthesize amorphous Co,_,V,S, nanosheets using
Co,xVx-MOF/NF as a precursor to explore the structural evolution of metal-organic framework (MOF) derivatives during the
OER. When tested for OER performance in 1.0 M KOH solution, Cog9V.1S0.002/NF exhibits the best catalytic activity, with an
overpotential of only 194 mV at a current density of 20 mA cm™2 and a Tafel slope of 28.4 mV dec™'. We also measured the long-
term electrochemical durability of Cog 9V .1S0.002/NF and found that Cog 9V .1S0.00o/NF maintains its stability for at least 100 h at a
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Global energy use has caused a host of adverse environmental and
economic consequences.'” The development of clean and renewable
energy is an important global goal of the 21st century.** Hydrogen
(H,) has the potential to be a clean and renewable energy carrier, but
currently, the majority of H, is produced from fossile fuels via the
steam reforming of CH,4. However, electrochemical water splitting is
promising way to produce H; in a clean manner because the electricity
needed from electrolysis can originate from clean and renewable
energy sources such as solar and wind.>™®

The OER from H,O involves four-electron transfer steps, and the
complications arising from these multiple electron transfer steps
frequently cause sluggish reaction kinetics and high overpotential. ™'
Therefore, it is important to design new electrocatalysts that facilitate the
OER at low overpotentials. In recent years, IrO, and RuO, have become
the most commercially valuable OER catalysts."'™*> However, due to
the scarcity and instability of these precious metals, their application in
industrial production is still in its infancy.'® Therefore, it remains a grand
challenge to develop efficient, cheap, stable and abundant alternative
electrocatalysts for electrochemical water splitl;ing.”"8

Metal-organic frameworks (MOFs) with self-supporting struc-
tures can improve OER performance by providing more active sites
and adjusting electron transfer dynamics.'®* Unfortunately, most
MOFs show poor intrinsic electric conductivity and electrocatalytic
activity.”>~2® The direct use of MOFs as an effective water splitting
catalyst is therefore not currently effective. To further improve OER
performance, it is important to optimize the properties of MOFs.
There are several ways to improve the performance of MOFs. First,
transition metal sulfides can be used because of their excellent
electrochemical properties and electroconductivities.>* > Therefore,
the use of MOFs as templates to synthesize sulfides has been widely
used in water splitting;> s, multi-metallic MOFs are conducive to the
formation of materials with a large number of active sites, adjustable
electronic configurations, and improved electrical conductivity. These
beneficial properties work in tandem to yield enhanced electrocatalysts
for a variety of electrochemical reactions.>*’ Inspired by these
stratrgies, we hypothesized that the multi-step optimization of MOFs
may greatly improve the performance of water-splitting catalysts.
Current studies have shown that high-valent V is beneficial to the OER
and can readily form in a variety of synthesis processes.*®*° In

“E-mail: fengliquhn@hotmail.com; lulimin8 16 @hotmail.com

addition, V has a variety of composition forms, rich oxidation states
and coordination polyhedra, which provides great feasibility for
controlling its structural properties and related functions.***! To
complement the beneficial properties of V, Co-MOF was chosen as
the optimized precursor because Co is active OER material.*?
Therefore, we speculate that the use of high valent V to replace part
of Co to construct CoV-MOF followed by sulfurization, will optimize
the electronic structure of the active site, thus improving water
splitting performance.

In the present study, MOF-derived Co;. VS, nanosheets array
grown on Ni foam (Co;.V,S,/NF) were successfully synthesized
via a two-step hydrothermal process (Scheme 1). We first optimized
the ratio of Co and V, and the products obtained were
COOAQSVOAOS-MOF/NF, C00A9V0A1-MOF/NF, COOBVOAQ-MOF/NF, and
Cop.7Vo3-MOF/NF, respectively. Next, we selected the best perfor-
mance of CoyoV( -MOF/NF for further sulfurization. To further
optimize the performance of the catalyst, Cogo9Vg.1S0.001/NF,
C00.9Y0.150.002/NF,  C00.9V0.150.003/NF, and  CopoVo.1S0.004/NF
were obtained by adjusting the concentration of thioacetamide
(TAA) in the solution. After the introduction of electronegative
S, S atoms partially replaced O atoms in Cog oV ;-MOF/NF. Due
to the difference in electronegativity and atomic radii of the two
elements, the original long-range lattice structure is destroyed,
forming an amorphous structure. When tested for OER performance
in 1.0M KOH solution, this Cog 9V 1So.002/NF exhibits the best
catalytic activity, with an overpotential of only 194 mV at a current
density of 20 mA cm™2 and with a Tafel slope of 28.4 mV dec™".
We also measured the long-term electrochemical durability of
COOAQVOAISOAOOZ/NF and found that COO,‘)VOAISOAOOZ is stable for at
least 100 h at a current density of 20 mA cm™ 2. In addition, we also
discuss the structural evolution of the MOF derivatives during the
OER process.

Experimental

Chemicals.—All the chemicals were of analytical grade, pur-
chased from Aladdin Reagent Co. Ltd, and were used without further
purification. Nickel foam was obtained from Tianjin Aiwexin
Chemical Technology Co.Ltd, with a thickness of 1 mm. The Ni
foam was first cut into pieces at a size of 2 cm x 4 cm. Then the NF
was successively sonicated in 15% HCI and water, followed by
drying at 60 °C.


https://orcid.org/0000-0002-3373-695X
https://doi.org/10.1149/1945-7111/ac6394
https://doi.org/10.1149/1945-7111/ac6394
https://doi.org/10.1149/1945-7111/ac6394
mailto:fengliquhn@hotmail.com
mailto:lulimin816@hotmail.com
https://crossmark.crossref.org/dialog/?doi=10.1149/1945-7111/ac6394&domain=pdf&date_stamp=2022-04-11

Journal of The Electrochemical Society, 2022 169 046507

o -
recadaaes

==gsoo

¥

]
]
1
1
]
I
4

(P

Co09V0.150.002/NF

Scheme 1. Schematic illustration of the fabrication process for Cog oV, 1S0.002/NF.

Synthesis of CogoVy-MOF/NF.—Co(NO3),-6H,O (4.725 mmol),
VCl; (0.525 mmol) and H,BDC (3.8 mmol) were dissolved in 70 ml of
DMF, 5 ml of ethanol, and 5 ml of ultrapure water. The mixture was
then magnetically stirred for 30 min to acquire a homogeneous
aqueous solution, which was moved to a high-pressure reaction
kettle. The NF was inserted into the above-mentioned reaction kettle
and reacted at 120 °C for 12 h. After that, the reactor was cooled to
25 °C. Cop9Vo.1-MOF/NF was taken out, rinsed with ultrapure
water and ethanol, and dried at 70 °C for 3 h. Cog 95V .05-MOF/NF,
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Cop.gVo.1-MOF/NF, and Coy7Vo3-MOF/NF were synthesized by
the above method.

Synthesis of Coy.9Vy 1S0.002/NF.—0.002 mol TAA was dispersed
in 80 ml of ultrapure water, and then the aqueous solution was poured
into a Teflon-lined stainless-steel autoclave. CogoV( -MOF/NF was
placed in the reactor and kept at 120 °C for 4h to obtain
Co0.9V0.150.002/NF nanosheets. The reactor was then cooled to 25 °C.
Subsequently, CoyoVo.1S000/NF was taken out of the reactor and
rinsed with ultrapure water and ethanol for 3 times, and dried at 70 °C
for 3 h. Cop9Vo.150.001/NF, CopoVo.150.003/NF, and Cop.9V.1S0.004/NF
were synthesized by the above method.

Physical characterization.—Powder X-ray diffraction (XRD)
patterns were performed using a RigakuD/MAX 2550 diffractometer
with Cu Ko radiation (A= 1.5418 A). Scanning electron microscope
(SEM) measurements were recorded on a XL.30 ESEM FEG scanning
electron microscope at an accelerating voltage of 20 kV. The structures
of the samples were determined by Transmission electron microscopy
(TEM) images on a HITACHI H-8100 electron microscopy (Hitachi,
Tokyo, Japan) operated at 200 kV. Xray photoelectron spectroscopy
(XPS) data of the samples was collected on an ESCALABMK II X-ray
photoelectron spectrometer using Mg as the exciting source.

Electrochemical measurements.—FElectrochemical measure-
ments were carried out in a standard three-electrode system
controlled by using a CHI 760D electrochemical workstation
(Chenhua Company, Shanghai) in an electrolyte solution of 1.0 M
KOH. Cog.9V0.1S0.00o/NF with dimensions of 0.5 cm x 0.5 cm were
used directly as working electrodes. Graphite plates, and a Hg/HgO
electrode were used as the counter and reference electrodes,
respectively. Each working electrode was activated by cyclic
voltammetry (CV) with a scan rate of 50 mV s~ until a stable CV
curve was obtained. After that, the polarization curve was measured
with linear sweep voltammetry (LSV) at room temperature with a
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Figure 1. XPS of Co-MOF/NF, Co( 9V, 1-MOF/NF, and Cog 9V 1S0.00o/NF. High-resolution spectra of (a) Co, (b) V, (c¢) S, and (d) O.
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Figure 2. (a) XRD patterns of the Cog9V0.150.002/NF, CogoVo.1-MOF/NF, and Co-MOF/NF. SEM images of (b) Co-MOF/NF, (c) Cog¢V.1-MOF /NF, (d)
C00.9V0.150.002/NF, and (e) CopoVo.1S0.002/NF. (f) EDX elemental mapping images of Co, V, S, and O for CoyoV0.1S0.002/NF. TEM images of (g)
C0p.9V0.1-MOF and (h) CooV0.1S¢ 002/NF. (h) Elemental analysis of selected regions by TEM-EDX.

scan rate of 2mV s~'. All the potentials measured in this study were
converted to the reversible hydrogen electrode (RHE) scale ac-
cording to the Nernst equation: E (RHE) = E (Hg/HgO) + (0.098 +
0.059*pH) V. Overpotential values were calculated as follows:
n=Erug —1.23 V. Electrochemical impedance spectroscopy
(EIS) at 0.28 V (vs RHE) data were collected with a frequency
range from 0.1 Hz to 100 KHz and an alternating voltage of 5 mV.
The electrochemical surface area (ECSA) was investigated by
double-layer capacitance (Cq;) in the potential range from 1.02 V
to 1.12 V vs RHE. iR correction of LSVs was performed to avoid the
influence of electrolyte ohmic resistance (Rg). The corrected
potential was obtained by using:

Ecorrected = Emeasured - le

Where, i is the measured current density and Ry is obtained from EIS
testing. To reflect the intrinsic behavior of the catalysts, all
experimental data are corrected with ohmic potential drop (IR)
losses resulting from the solution resistance.

Results and Discussion

Structure characterization.—First, the valence states and ele-
mental composition of the Cyp9Vo.1S0.00/NF were analyzed by X-ray

photoelectron spectroscopy (XPS). The high-resolution Co 2p spectrum
of Cop9Vo.1S0.00o/NF is shown in Fig. 1a. Typically, the two peaks at
782.1eV and 797.4 eV are ascribed to Co (II) 2p3,, and Co (II) 2py
respectively, confirming the presence of Co®". The peaks at 787.1 eV
and 803.5 eV are due to satellites of Co (marked as Sat).* Compared
with Co-MOF/NF, the Co 2ps/, peak positions of Cog oV -MOF/NF
shift to higher binding energies, which also indicates that there are
electronic interactions between the two metals. Interestingly, compared
with the Co 2p1/2 peak of COO.QVO‘ I-MOF/NF and COOAQVOA lSOAOOZ/NF,
the peak positions of CogoV.1S0.002/NF shift to lower binding energies.
Therefore, we hypothesize that the successful introduction of V and S is
not simply due to physical adsorption, but that it results in an
optimization of the electronic structure of Co”". The high-resolution
V 2p spectrum of Cog oV 1S0.002/NF is shown in Fig. 1b. The peaks at
515.7eV, 516.7¢V and 517.6 eV are attributed to V>*, V*" and V",
respectively.**** Similarly, the successful introduction of S also adjusts
the electronic structure of V, which makes the V 2ps, transition shift
towards a higher binding energy. Figure 1c displays the S 2p spectrum.
The peaks at 162.5 eV and 163.6 eV are ascribed to the metal-S bond.*®
The peak at 168.8 eV can be attributed to the S species with a high
oxidation state.’*® In the O 1s spectrum, the peaks at 531.2eV,
532.1eV, and 532.9 eV are attributed to V-O bond, O-H bond, and
adventitious water, respectively (Fig. 1d).*
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Figure 3. (a) LSV curves for Ni foam, RuO,/NF, Co-MOF/NF, Co ¢V 1-MOF/NF and Co( 9V 1S0.002/NF at a scan rate of 2 mV sL (b) Overpotential of
RuO4/NF, Co-MOF/NF, Coy, oV ;-MOF/NF and Co.9Vo,1S0 002/NF at 20 mA cm ™2, 50 mA cm 2 and 100 mA cm ™2, respectively. (c) Tafel plots of RuO,/NF,
CO-MOF/NF, CO()»QV()_I-MOF/NF and COO_QVO_ISO_Q()z/NF. (d) Nyquist plOtS of CO-MOF/NF, CO()_()V()»]-MOF/NF and C00.9V0.ISO.002/NF recorded in 1.0 M KOH
solution. (e) LSV curves for Cop.9V.1S0.002/NF before and after 1000 cycles. (f) Long-time stability test of the Cog9V.1S0.002/NF at a constant current density of

20 mA cm ™2 for 100 h.

The composition was also analyzed by X-ray powder diffraction
(XRD). XRD patterns of Co-MOF/NF, Coy¢V(.;-MOF/NF, and
C00.9V0.150.002/NF are shown in Fig. 2a. The XRD patterns of Co-
MOF/NF are consistent with the results reported in previous
literature®® and the other peaks at 44.5°, 51.8° and 76.4° are indexed
to the (111), (200), and (220) planes of Ni foam (JCPDS no.
04-0850), respectively. Because the crystallinity of V-based oxide is
very low,'">! there is no significant change in XRD spectrum after
the introduction of V into Co-MOF. With the introduction of
electronegative sulfur, the diffraction peak of Coy9V¢.1S0.002/NF
still maintains the original MOFs structure, but the diffraction peak
becomes weaker.

In addition, we also demonstrated the successful synthesis of
Co99V.1-MOF/NF by Fourier transform infrared spectroscopy (FT-
IR) (Fig. S1). Characteristic para-aromatic C-H stretching vibration
bands occur at 1501 em™', 1146cm™!, 1101 ecm™!, 1017 cm™!,
812cm ', and 748 cm™'. In addition, the peak value at 649 cm ™'
is attributed to the Co-O or V-O bond, indicating the formation of
metal oxygen bond between the Co or V atom and the terephthalate
carboxyl group.

In Fig. 2b, Co-MOF/NF scanning electron microscopy (SEM)
images demonstrate that Co-MOF/NF consists of an array of
nanosheets. After the introduction of V, Cog oV -MOF/NF forms
a smaller nanosheets structure with larger pores, which is conducive
to the passage of electrolyte solution (Fig. 2c). After the introduction
of S, Coy.oV.150.002/NF still retains the properties of nanosheets, but
the roughness of the nanosheets increase (Figs. 2d, 2e). Therefore,
the introduction of V and S not only adjusts the morphology of the
catalyst, but also provides more reaction sites and improves OER
performance. The energy-dispersive X-ray (EDX) elemental map-
ping images for Cog.oV.1S¢.002/NF verify the uniform distribution of
Co, V, S, and O elements (Fig. 2f). Transmission electron micro-
scopy (TEM) images of Cog oV -MOF/NF and Cog.9V.1S0.00o/NF
further confirm the morphology of the nanosheets (Figs. 2g and 2h).
The EDX elemental mapping images for CogoVo.1S0.002/NF verify
the uniform distribution of Co, V, and S elements (Fig. 2i).

OER Performance.—The electrochemical OER activities of the
as-prepared samples were tested using a typical three-electrode
system in a 1.0M KOH solution at a scan rate of 2mVs '
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Figure 4. XPS of Cog oV 1S0.00o/NF after testing Cog 9V 1S0.002/NF. High-resolution spectra of (a) Co, (b) V, and (c) S.

The OER performances of Ni foam, RuO,/NF, Co-MOF/NF,
Cog9V.1-MOF/NF, and Cog oV 1S0.00o/NF were measured under
the same conditions. To yield the best catalyst, we first optimized
the ratio of Co and V in Co;,V,-MOF/NF, among which
Co00.9Vo.1-MOF/NF has the best performance (Figs. S2a and S2b).
Next, we chose CoyoV( -MOF/NF for further sulfurization, and
continuously adjusted the content of S during the sulfurization
process to obtain Cog o9V 1S0.002/NF nanosheets with the best OER
performance (Fig. S2c and S2d). In Fig. 3a, the catalyst
C00.9V0.150.002/NF exhibits first-rate OER activity, with low over-
potentials of 194 mV, 215 mV, and 240 mV, respectively, to reach
current density of 20, 50, and 100 mA cm72, respectively, which is
better than those of the RuO,/NF (243 mV, 280 mV and 320 mV,
respectively), Co-MOF/NF (330 mV, 350 mV and 400 mV, respec-
tively), and Cog oV 1-MOF/NF (290 mV, 325mV and 354 mV,
respectively). The reduction peaks of CogpoV.1S0.002/NF at 1.2 V
and 1.3 V shown in Fig. 3a are attributed to the conversion of Ni*"
to Ni>™ (Ni ions originate from the Ni foam) and Co®* to Co*",
1respectively.44’49 In addition, the performance of Cog9Vg.1S¢.002/NF
in alkaline medium is superior to that of other non-noble metal OER
catalysts (Table SI). The reaction kinetics of OER can be quantified
using the Tafel equation (7 = b log j + a), where b is Tafel slope and j
is current density). In Fig. 3c, we calculated the Tafel slope of
RUOQ/NF, CO-MOF/NF, COO.QVOAI-MOF/NF, and COOAQVOAISOAOOZ/NFa
and the Tafel values are 62.7mV dec™', 93.1mV dec ', 622 mV
dec!, and 284 mV dec™ !, respectively, indicating the rapid OER
catalytic kinetics of CogoVo.1S0.002/NF. ECSA is an important para-
meter to measure the real electrocatalytic activity of electrocatalysts.
Therefore, we use double-layer capacitance (Cgy) to calculate the size of
the ECSA, which further clarifies the reason for the excellent
performance of CogoVq 1S0002/NF nanosheets. The ECSA can be
converted from the Cq by the equation: ECSA = Cy/C,, where Cg
representing the specific capacitance is 0.04 mF cm™2'>>> The Cg
values for Co-MOF/NF, COO'QVO‘I-MOF/NF, and COO.QVO,ISO.OOZ/NF
are calculated by means of the cyclic voltammograms (CVs) under
different scan rates (Fig. S3a, S3b and S3c). In Fig. S3d, it is found that

the Cg of CopoVo 150.002/NF (4.1 mF cm™2) is much greater than those
of CopoVo 1-MOF/NF (2.2 mF cm™2) and Co-MOF/NF (1.4 mF cm™2).
Therefore, Cop9V(15000/NF has a larger ECSA of 102.5 cm 2
compared to CoygVo;-MOF/NF (ECSA = 55 em2) and Co-MOF/
NF (ECSA = 35cm ), indicating that Cog oV 1S¢.002/NF has stronger
anion exchange capacity with electrolyte solution, which is also the
reason why CogoV1S0.002/NF has excellent OER performance.
Nyquist diagrams show that CogoV 1S0.002/NF has a faster charge
transfer rate (Fig. 3d), which may be due to the fact that
C0p.9V0.150.002/NF has a larger ECSA and good conductivity. On the
other hand, we also calculated the turnover frequency (TOF) of the
various catalysts to further investigate the intrinsic activity. As
presented in Fig. S4, the calculated TOF value for Cog oV 1S0.002/NF
is 021 mol O, s' at an overpotential of 400 mV. Durability is an
indispensable parameter to assess the performance of catalysts. In
addition, compared with the initial performance, the LSV curve after
1,000 cycles did not deteriorate significantly (Fig. 3e), indicating that
C0p.9V0.150.002/NF has good durability. We also measured the long-
term electrochemical durability of CoygVq 1S 002/NF and found that
C09.9V0.150.00/NF can maintain stability for at least 100 h at a current
density of 20 mA cm™> (Fig. 3f). The excellent and stable catalytic
performance of Cog oV 1S0002/NF can be attributed to the following
two considerations. First, the introduction of V and S optimized the
intrinsic morphology of the catalyst and the electronic structure of the
active center. Second, during the OER, the catalyst itself was self-
reconstituted, and cobalt vanadium sulfide was transformed into cobalt
vanadium sulfide oxide and cobalt vanadium oxide, which are known
to be highly durable catalysts for OER.'~®

The actual active site of metal nanomaterials in the oxygen
evolution reaction comes from the metal oxide/hydroxide formed on
the surface.”® Therefore, we speculate that necessary changes may
occur to Cogo9Vo.150.002/NF nanosheets during the OER, We carried
out various characterization of the composition and morphology
changes of the catalysts before and after the reaction. As shown in
Figs. S5a and S5b, high resolution transmission electron microscopy
(HRTEM) images and selected area electron diffraction (SAED)
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confirm that Cog oV 1S0.002/NF is amorphous. We hypothesize that
after the electronegative sulfur is incorporated, S atoms partially
substitute O atoms of Coy oV ;-MOF/NF. Due to the difference in
electronegativity and atomic radius of the two elements, the original
long-range lattice structure is destroyed, resulting in the formation of
an amorphous structure.’**> Interestingly, after the OER test,
although the lamellate structure of Cog oV 1S0.002/NF is retained
(Fig. S5c¢), the amorphous structure on the surface of the nanosheets
changes to a crystalline structure. The measured lattice fringe
spacing of 0.244 nm can be ascribed to the (101) plane of CoOOH
(Fig. S2d)*® SAED also provides evidence for the transformation
from amorphous to crystalline (Fig. S2e). At the same time, the
content of V and S change greatly compared with that before the test
(Fig. S2f). We also analyzed the valence states of Co and V after
OER test by XPS (Fig. 4). Notably, the two peaks belonging to Co
2ps, and Co 2p;,, move to lower binding energies after the test,
mainly because Co>" was oxidized to Co>" during the catalysis
(Fig. 42)." In contrast, only V3" is retained in Cog9Vo.1S0.002 after
the OER because V*" and V> can be dissolved in an alkaline
solution (Fig. 4b).3® After the OER test, the content of S decreases
obviously, and the metal-S bond disappears (Fig. 4c). Based on the
above results, we believe that the Cog 9V 1S¢.002/NF nanosheets are
gradually oxidized to cobalt-vanadium oxide/hydroxide during the
OER. The S gradually dissolves during the reaction process to
produce S vacancies, and provides more oxidation sites, which
causes the amorphous materials to transform into crystalline
materials that are more conducive to OER.

Conclusions

In conclusion, we report a method for the synthesis of amorphous
C00.9V0.150.002/NF nanosheets that catalyze the OER overpotential.
When tested for OER performance in 1.0 M KOH solution, this
Co9.9V0.150.002/NF material exhibits optimal catalytic activity, with
an overpotential of only 194 mV at a current density of 20 mA cm >
and a Tafel slope of 28.4 mV dec™'. We also measured the long-
term electrochemical durability of Cog oV 1S0.002/NF and found that
Co0.9V0.150,002 is stable for at least 100 h at a current density of
20 mA cm™2. This study not only helps us to understand the active
sites and reaction mechanism of MOFs derivatives in OER, but it
also provides researchers with a general approach for the design and
optimization of MOF based electrocatalysts.
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