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The synergistic interaction between metal—-organic frameworks (MOFs) and transition metal sulfides (TMS)
has been a research hotspot in the field of electrocatalytic water splitting. Herein, nickel sulfide quantum
dots@NiFe-terephthalic acid nanosheet (NSQDs@NiFe-TPA) composites were prepared by a two-step
hydrothermal method. The size and crystal structure of nickel sulfides were easily modulated by adjusting
the concentration of the sulfurizing agent. The in situ formed NiS/NizS, quantum dots with grain sizes of
around 5 nm were evenly dispersed on the surface of NiFe-TPA nanosheets, and the overpotential was
only 219 mV at 10 mA cm™2, and 90% current density could be maintained at 1.5 V (vs. RHE) for 60 h.
When the concentration of the sulfurizing agent was increased up to 0.15 mmol L™ the as-prepared
NizS,@NiFe-TPA exhibited an excellent HER performance. The overpotential is only 109 mV to reach a
current density of 10 mA cm™, and it was attenuated by 20 mV after a 60 h stability test at a current
density of 20 mA cm™2. Furthermore, the overall water-splitting electrolyzer assembled with
NSQDs@NiFe-TPA and NizS,@NiFe-TPA as anodic and cathodic electrodes exhibited a low cell voltage of
1.66 V at a current density 10 mA cm™, and almost no attenuation was observed after a 60 h stability test.
The outstanding electrocatalytic properties of the as-prepared catalyst are due to the synergy of nickel
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crucial to reduce the potential of water splitting and thus save
energy. Although noble-metal electrocatalysts such as ruthe-

1 Introduction

Due to the international economy’s rapid growth, the demand
for energy is growing. However, with the gradual depletion of
traditional fossil energy and the resulting serious environ-
mental pollution, it is urgent to develop sustainable clean
energy sources.’ Hydrogen (H,), as a renewable, high-energy-
density environment-friendly combustible gas, is an ideal
energy source for replacing traditional fossil fuels.*”
Electrochemical water splitting is currently regarded as a prac-
tical way to produce hydrogen, but the process of redox reac-
tion is kinetically sluggish due to its 4e” transfer and slow
mass transfer process.® Therefore, an efficient electrocatalyst is
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nium dioxide (RuQ,), iridium dioxide (IrO,), and platinum
carbon (Pt/C) exhibit an excellent catalytic performance, their
industrial application is limited due to their high price and
scarcity.” Therefore, the development of low-cost electrocata-
lysts has become a research hotspot in this field."®

Due to their extremely high specific active area, abundance
of metal active sites, and adaptable structure and composition,
metal-organic  frameworks (MOFs), porous crystalline
materials consisting of metal ions (clusters) and organic
ligands, have drawn significant interest as prospective
electrocatalysts."™'* Unfortunately, the relatively low electronic
conductivity and poor stability of most MOFs limit their appli-
cation as an efficient electrocatalyst. In order to evade the
issues, MOFs are generally employed as precursors for prepar-
ing porous metal compounds (oxides, selenides, sulfides and
phosphides) via pyrolysis or chemical treatment. However, the
porous and ordered structure of MOFs is inevitably destroyed,
resulting in the reduction of active sites. Due to these issues,
optimizing the structures of MOFs is considered as a practical
strategy to enhance their catalytic performance. For instance,
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Xing et al. prepared a 2D Co-MOF using HITP (2,3,6,7,10,11-
hexaiminotriphenylene) as the coordination system, and the
intrinsic conductivity of the catalyst was improved by optimiz-
ing the n-D conjugation between the ligand and metal ions,
thus enhancing the oxygen release capacity.'®* Another promis-
ing method is to improve the electrocatalytic performance of
MOFs composited with conductive materials."* such as
metal,’® metal oxides/sulfides/phosphides/selenides,'®*® and
conductive carbon nanomaterials.'>*® Among various metal
compounds, transition metal sulfides (TMS) including nickel
sulfide, molybdenum sulfide and tungsten sulfide have
amazing potential in electrocatalytic water splitting owing to
their high electronic conductivity, and inexpensive and easy
manufacturing process.”’** Therefore, transition metal sul-
fides are widely used as a promising second phase integrated
with MOFs to effectively enhance their electronic conductivity,
thus resulting in boosting the electrocatalytic performance of
MOFs.?® For instance, Muhammad Fiaz et al. introduced tran-
sition metal sulfides as a conductive agent to intensify the
electronic conductivity of MOFs, greatly improving the OER
activity of MOFs.>* However, the step-by-step preparation of
metal sulfides/MOF composites results in an uneven distri-
bution of metal sulfides and MOFs, which inhibits the transfer
of electrons and ions at the interface between metal sulfides
and MOFs. To address this issue, the in situ formation of
metal sulfides derived from MOFs was proposed to synthesize
transition metal sulfide@MOF hybrid electrocatalysts via a
controlled vulcanization. He et al. prepared a layered structure
NiS/Ni-MOF hybrid electrocatalyst by the partial vulcanization
of Ni-MOF nanosheets via a hydrothermal method.>® Herein,
in the NiS/Ni-MOF electrocatalyst the porous structure of the
MOF was retained, and meanwhile the in situ formed metal
sulfide could intensify the electronic conductivity and struc-
tural stability of the MOF. However, the as-formed metal sul-
fides cover the surface of MOFs, which can inhibit the
exposure of MOF active sites. Furthermore, vulcanization still
inevitably destroys the porous structure of MOFs. To circum-
vent the above problems, the optimization of the size and
structure of the in situ formed metal sulfides is an effective
method. In general, when the size of the catalyst attains a
nanoscale structure, the electron transfer pathway can be effec-
tively reduced, and the edge active site can be fully exposed to
improve the activity of the catalyst.>® Nurlaela et al. revealed
that the performance of an electrocatalyst is inversely pro-
portional to its size.”” Therefore, designing electrocatalysts
smaller than 5 nm is crucial for improving the structure and
functionality of electrocatalysis. Chen et al. prepared Mo-Ni;S,
quantum dots (QDs) with uniformly dispersed and S-rich
defects by a simple two-step hydrothermal method.>® A large
number of S-defects provide an electrochemically active
surface area (ECSA) with abundant electrocatalytically active
sites and rapid electron transport, which results in the low
overpotentials of the HER and OER of 115 and 222 mV at
10 mA cm?, respectively. However, because of their high
surface energy, QDs have a propensity to aggregate throughout
the catalytic process.”® Therefore, developing an effective
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method to prevent the agglomeration of QDs is one of the keys
to optimize their electrocatalytic performance. As we know, the
in situ formation of metal sulfide QDs derived from 2D MOFs
have been rarely reported. The in situ formation of metal
sulfide QDs not only exposes more electrocatalytic sites, but
also optimizes the electrical conductivity of MOFs.
Furthermore, it will also avoid damaging the porous and
ordered structure of MOFs, which can ensure that the active
sites of MOFs can participate in electrocatalytic reactions.

Herein, we prepared nickel sulfide QDs@NiFe-TPA compo-
site electrocatalysts by a simple two-step hydrothermal
process. The grain size, crystal structure and electronic struc-
ture of nickel sulfides and MOFs can be easily adjusted by reg-
ulating the concentration of the sulfurizing agent. Nickel
sulfide QDs were formed in situ with a 0.075 mmol L™ vulca-
nizing agent and uniformly dispersed onto the surface of NiFe-
TPA nanosheets (denoted as NSQDs@NiFe-TPA), which exhibi-
ted remarkable electrocatalytic properties for the OER in alka-
line media, with a low overpotential of 219 mV at 10 mA cm ™2,
In addition, the assembled electrolyzers with NSQDs@NiFe-
TPA and Ni3S,@NiFe-TPA as anode and cathode electrodes
required 1.66 V to achieve a current density of 10 mA cm™>
along with excellent durability.

2 Experiment
2.1 Materials

Nickel chloride hexahydrate (NiCl;-6H,0), ferrous chloride
hexahydrate (FeCl,-6H,0), terephthalic acid (TPA), thioacet-
amide (TAA), N,N-dimethylformamide (DMF), absolute ethanol,
and potassium hydroxide were purchased from Shanghai
Aladdin Biochemical Technology and were not purified.

2.2 Synthesis of NiFe-TPA

Nickel foam (NF) (2 cm x 3 cm) was ultrasonically cleaned for
15 min with HCI (3 M), deionized water and ethanol, respect-
ively, and then dried in a vacuum oven at 60 °C for 6 h.
FeCl,-6H,0 (18.64 mg), NiCl;-6H,O (66.85 mg) and TPA
(62.3 mg) were dissolved in 16 mL of DMF containing 1 mL of
absolute ethanol and 1 mL of deionized water, and stirred
evenly for 30 min. Then, the cleaned NF was transferred into
the mixed solution in a Teflon-lined stainless autoclave
(50 mL) at 120 °C and autoclaved for 12 h. The resulting
samples were washed using ultrasound with deionized water
and ethanol three times and dried under vacuum at 60 °C for
6 h, and have been denoted as NiFe-TPA.

2.3 Synthesis of NSQDs@NiFe-TPA

0.075 mmol L™ TAA was added to 25 mL absolute ethanol and
stirred evenly for 30 min, then the solution was transferred to
a 30 mL reaction kettle, and the NiFe-TPA/NF was vertically
placed over the mixed solution in a Teflon-lined stainless auto-
clave at 150 °C and autoclaved for 9 h. The samples were
washed using ultrasound with deionized water and ethanol,
and was then dried at 60 °C for 6 h in a vacuum oven.
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2.4 Synthesis of Ni;S,@NiFe-TPA

The synthesis method was the same as that of NSQDs@NiFe-
TPA except that the TAA concentration was 0.15 mmol L™".

2.5 Preparation of RuO, and Pt/C electrodes

The catalyst ink was prepared by pouring 10 mg of RuO, (Pt/C)
into a mixture of 985 pL ethanol and 15 pL 10 wt% Nafion
solution and sonicating for 30 min. 250 pL of the catalyst ink
was evenly coated on a surface of 1 cm? of the nickel foam,
and was dried under vacuum for 6 h. The catalyst loading was

about 2.5 mg cm >,

2.6 Characterization

Scanning electron microscopy (SEM, JEOL JSM-7001F) and
transmission electron microscopy (TEM, JEOL JEM 2100F)
were used to detect the morphology of the samples. Fourier
transform infrared spectroscopy (FTIR) was performed on a
Bruker Vertex 70 spectrometer. X-ray photoelectron spec-
troscopy (XPS) was performed on an XPS-7000 spectrometer
(Rigaku) using Mg Ko radiation. Crystal structures of the
materials were probed using an X-ray diffractometer (XRD,
Bruker D8 ADVANCE Germany, Cu Ka radiation).

2.7 Electrochemical measurements

All electrochemical tests were carried out on an electro-
chemical workstation (Bio-logic, SP-200, France) using a three-
electrode system. The experimental tests were carried out
using a three-electrode system with 1M KOH electrolyte solu-
tion. An electrocatalyst electrode with an area of 1 cm® was
used as the working electrode, a platinum sheet was used as
the auxiliary electrode, and an Ag/AgCl electrode was used as
the reference electrode. The Nernst equation was used for all
potential transformations:*°

Erye = E + 0.059 % pH + EAg/AgCl (1)

The overpotentials were calculated using the following
equations:*°

NOER = ERHE —1.23V (2)

NuEr = Erpg — 0V (3)

All curves were not compensated by the IR potential.
The Tafel equation:

n=>blogj+a (4)

where the overpotential, Tafel slope, current density, and
potential at 1 mA cm™> are represented by 5, b, j and a,
respectively.

Linear sweep voltammetry (LSV) was tested with a scanning
speed of 5 mV s™'. Electrochemical impedance spectroscopy
(EIS) was performed at frequencies ranging from 10> to 0.01
Hz, and a bias of 250 and 200 mV was applied during the OER
and HER tests, respectively. Electrochemically active surface
area (ECSA) was evaluated from non-Faraday capacitance
measurements. The electrochemical double layer capacitance
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(Ca1) could be measured by cyclic voltammetry (CV) in the
range of 0.42 to 0.62 V (vs. RHE) with the scan rates being 10,
20, 30, 40 and 50 mV s~ Finally, C4, obtained from the linear
slope represented the ECSA.

3 Results and discussion
3.1 Morphologies and structures of samples

The synthesis process of electrocatalysts is shown in Fig. 1(a).
First, 2D NiFe-TPA nanosheets were in situ grown on the NF
backbone by a simple hydrothermal method. Then, the as-pre-
pared NiFe-TPA/NF was vulcanized with different concen-
trations of TAA, resulting in the in situ formation of nickel sul-
fides with different grain sizes and crystal phases on the
surface of NiFe-TPA naosheets. The morphology and compo-
sition of catalysts were characterized by SEM and TEM. As
shown in Fig. 1b, NiFe-TPA exhibits a sheet-like structure and
uniformly grew on NF backbones. After the vulcanization with
0.075 mmol L™ TAA, the sheet-like structure of NiFe-TPA still
remained well without significant changes (Fig. 1c). When the
concentration of TAA was increased up to 0.15 mmol L™,
many nanoparticles with a diameter of about 50-100 nm
appeared and uniformly dispersed on the surface of NiFe-TPA
nanosheets (Fig. 1d). The morphologies of NSQDs@NiFe-TPA
and Ni;S,@NiFe-TPA were further investigated by TEM. As
shown in Fig. 1e and f, many quantum dots with a diameter of
about 5 nm are observed, and they are uniformly embedded
on the surface of NiFe-TPA nanosheets. The HRTEM image of
NSQDs@NiFe-TPA reveals that the lattice spacings are 0.276
and 0.204 nm, which correspond to the crystal planes (300) of
NiS and (202) of Ni3S,, respectively. In contrast, Fig. Slaf
shows that many nanoparticles with a grain size of 50-100 nm
are uniformly dispersed on the surface of MOF nanosheets,
and the HRTEM image reveals that the lattice spacings are
0.408 and 0.204 nm, which correspond to the crystal planes
(101) and (202) of Ni;S,, respectively (Fig. S1b¥). As we know,
TAA decomposed into S>~ at a high temperature is easy to
combine with metal ions of MOFs to form metal sulfides.
However, when the concentration of TAA is low and not
enough to disintegrate the structure of MOFs, the growth of
metal sulfide crystal nuclei is limited under the action of the
organic ligand TPA and thus in situ formed nickel sulfide
quantum dots are embedded on MOF nanosheets without
destroying their structures. However, on increasing the concen-
tration of TAA, the metal sulfide crystals grow up gradually
until the restriction effect of organic ligands can be neglected,
which results in the loading of metal sulfide nanoparticles on
the surface of MOFs. This unique 0D/2D structure is conducive
to provide abundant active sites for electrochemical reactions
and accelerate mass transfer. The EDX mapping results
(Fig. 1g) showed that C, O, Ni, Fe and S were uniformly distrib-
uted on NSQDs@NiFe-TPA, indicating that the metal sulfide
was dispersed evenly on the surface of MOFs, which was con-
ducive to the exposure of the active sites.
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NSQDs@NiFe-TPA

Fig. 1 (a) Schematic diagram of the synthesis process of NiFe-TPA, NSQDs@NiFe-TPA and NizS,@NiFe-TPA. SEM images of (b) NiFe-TPA, (c)
NSQDs@NiFe-TPA and (d) NizS,@NiFe-TPA, (e and f) HRTEM images of NSQDs@NiFe-TPA, and (g) EDX mapping of NSQDs@NiFe-TPA.

In order to further determine the structure and compo-
sition of the catalysts, the crystal structures of the samples
were examined by XRD. As shown in Fig. 2a, NSQDs@NiFe-
TPA exhibits strong diffraction peaks located at 8.8°, 15.9° and
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17.9°, which are consistent with the XRD patterns of NiFe-
TPA.*! It indicates that the NiFe-MOF phase still remains after
the vulcanization with 0.075 mmol L™' TAA. Nevertheless,
weak peaks located at 30.3, 32.2 and 38.8° correspond to the
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Fig. 2 (a) XRD patterns and (b) FT-IR spectra of NiFe-TPA, NSQDs@NiFe-TPA and NizS,@NiFe-TPA.
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(101), (300) and (131) crystal planes of NiS, respectively, and
the peaks located at 21.7, 31.04 and 44.3° correspond to the
(101), (110) and (202) crystal phases of Ni3S,, which is consist-
ent with the results of TEM.?? However, the characteristic diffr-
action peaks of NiFe-TPA and NiS become very weak after the
vulcanization with 0.15 mmol L™" TAA, and the peaks located
at 21.7, 31.04, 44.3, 49.7 and 55.1° correspond to the (101),
(110), (202), (113) and (122) crystal planes of Ni;S,.** It
suggests that metal sulfides gradually transformed from
thermodynamically unstable NiS to stable Ni3S, on increasing
the concentration of TAA.***°> Moreover, no characteristic
peaks of iron sulfide were observed after the vulcanization. It
is attributed to the fact that the solubility of nickel sulfide
(Ksp (nisx)) is smaller than that of iron sulfide (K (gesx),
implying that Ni ions in NiFe -TPA are more likely to form
nickel sulfide and precipitate compared with Fe during the
vulcanization.>® To evaluate the surface functional group of
the prepared samples, Fourier transform infrared spectroscopy
(FT-IR) was performed. Fig. 2b shows that NSQD@NiFe-TPA
exhibits similar FT-IR spectra compared to NiFe-TPA. The
peaks centered at around 1581 and 1386 cm™" correspond to
the coordination modes of V,s (-COO-) and V, (-COO-)
between metal centers and organic linkers, respectively,’” indi-
cating the presence of carboxylic acid groups exposed on the
surface of NiFe-TPA, which is favorable for the adsorption of
H,0 for NSQDs@NiFe-TPA during the water splitting process.
The peak located at 540 cm™" is associated with the coordi-
nation bond vibration between the metal atom (Ni/Fe) and the
carboxyl group, indicating the presence of a metal-oxygen
(M-0) bond in NiFe-TPA and NSQDs@NiFe-TPA. In addition,
the intensity of peaks decreased with the increase of the
vulcanization degree, indicating that metal ions in MOFs were

a b
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constantly precipitated during the vulcanization, leading to a
gradual disintegration of MOFs.?” Although MOFs were gradu-
ally decomposed during the vulcanization, the characteristic
peaks of the ligand were still retained, indicating that NiFe-TPA
could still maintain its structure and form a heterogeneous cata-
lyst with nickel sulfides, which is consistent with the results of
XRD and TEM. However, the characteristic peaks of metal-
oxygen and the ligand disappeared with a high TAA concen-
tration (0.15 mmol L"), suggesting the complete decomposition
of NiFe-TPA and resulting in the in situ formation of Ni;S,.

To further investigate the chemical composition and
valence state of electrocatalysts, X-ray photoelectron spectra
(XPS) of NiFe-TPA and NSQDs@NiFe-TPA were recorded and
are shown in Fig. 3. As shown in Fig. 3a, the survey spectra of
XPS show the co-presences of C, O, S, Fe and Ni elements in
NSQDs@NiFe-TPA, which is consistent with the results of
EDX. Fig. 3b shows that the high-resolution C 1s spectrum of
NSQDs@NiFe-TPA is similar to that of NiFe-TPA without any
significant changes, and indicates the presence of C-C, C-O
and C=0 bonds.*® The same result can also be verified in the
high-resolution O 1s spectrum (Fig. 3c). After vulcanization,
the strength of the Ni/Fe-O bond decreased significantly,
while the peak intensities of -O-C=0O and -OH did not
change, indicating that the formation of NSQDs would not
lead to the large-scale decomposition of MOFs.?*® As shown in
Fig. 3d, the high-resolution Ni 2p spectra of NSQDs@NiFe-TPA
shows typical peaks centered at 873.98 and 856.21 eV, which
are attributed to Ni 2p,,, and Ni 2p;,,, respectively.*® The peak
centered at 852.9 eV corresponds to Ni° in the nickel foam,
and the peak intensity of NSQDs@NiFe-TPA increases com-
pared with NiFe-TPA, which may be attributed to the formation
of the Ni-Ni bond in Ni;S, after vulcanization.*! Significantly,
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Fig. 3 (a) XPS survey spectra, high resolution XPS of (b) C 1s, (c) O 1s, (d) Ni 2p, (e) Fe 2p and (f) S 2p of NiFe-TPA and NSQDs@NiFe-TPA.
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the binding energies of Ni 2p;, of NSQDs@NiFe-TPA were
reduced by 0.16 eV in comparison with the pristine NiFe-TPA
(856.37 eV). Meanwhile, the high-resolution Fe 2p spectrum
shows a similar phenomenon. The binding energies of
Fe 2py, and Fe 2p3, of NSQDs@NiFe-TPA are 723.65 and
711.37 eV, respectively. Compared with pristine NiFe-TPA, the
binding energy of Fe 2p;, of NSQDs@NiFe-TPA was reduced
by 0.66 eV. It shows the interfacial interaction between
NiFe-TPA and NSQDs, which is effective in shortening and
speeding up the electron transfer pathway and rate during the
catalytic process.*” In addition, the peaks of S 2p;/, and S 2ps),
in high resolution S 2p spectrum (Fig. 3f) revealed the success-
ful synthesis of NSQDs in NSQDs@NiFe-TPA.>®

3.2 Electrocatalytic performance of OER

Linear sweep voltammetry (LSV) curves were recorded using a
conventional three-electrode cell with 1.0 M KOH solution to
assess the impact of vulcanization on the OER characteristics
of NiFe-TPA. The comparison samples including NiFe-TPA,
Ni3S,@NiFe-TPA, NF and RuO, were also tested under the
same conditions. Cathode scans were used to record all LSV
curves as backward curves in order to rule out any potential
catalyst oxidation-related contributions to the catalytic current.
Fig. 4a shows that NSQDs@NiFe-TPA exhibits the best OER
performance, and it only requires a low overpotential of
219 mV to obtain a current density of 10 mA ecm™2, which is
much lower than that of NiFe-TPA (248 mV), Ni;S,@NiFe-TPA
(337 mV), RuO, (305 mV), and NF (420 mV). For comparison,
the histogram of overpotentials at different current densities
of 10, 50 and 100 mA cm™> are shown in Fig. 4b.
NSQDs@NiFe-TPA requires the low overpotentials of 304 and
379 mV to drive the current densities of 50 and 100 mA ¢cm™2,
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which greatly reduces the energy consumption during the
oxygen process, demonstrating its promising application
potential. Fig. 4c shows the relevant Tafel curves for each cata-
lyst to evaluate the OER dynamics. NSQDs@NiFe-TPA still exhi-
bits a favorable Tafel slope (59.2 dec mV '), which is much
lower than that of NiFe-TPA (72.9 dec mV™"), Ni;S,@NiFe-TPA
(122.2 dec mV™") and RuO, (117.4 dec mV "), respectively. It
suggests that NSQDs@NiFe-TPA has a faster OER kinetics and
mass transfer rate than that of other catalysts. In addition,
Nyquist plots (Fig. 4d) show that the charge-transfer resistance
(Rc) of NSQDs@NiFe-TPA is only 1.0 Q, which is much lower
than those of NiFe-TPA (1.6 Q) and Ni;S,@NiFe-TPA (14.1 Q),
respectively. It is worth noting that the smallest charge-transfer
resistance of NSQDs@NiFe-TPA is attributed to the fact that
0D NSQDs embedded on 2D nanosheets can accelerate the
charge-transfer at the interface of metal sulfides and MOFs. As
shown in Table S1,} compared with non-precious metal OER
catalysts in recent years, NSQDs@NiFe-BDC shows the superior
OER performance. Its stability was tested by chronoamperome-
try. Fig. 4e shows that NSQDs@NiFe-BDC maintains 90% of
the current density at a potential of 1.5 V (vs. RHE) for 60 h.
NSQDs@NiFe-TPA exhibits such a significant improvement
compared with pristine NiFe-TPA, which is attributed that the
synergistic effect of the in situ formed nickel sulfides quantum
dots and MOFs. After vulcanization with an appropriate con-
centration of the vulcanizing agent, NiS and Ni3S, quantum
dots were generated on the original 2D MOFs nanosheets, and
MOFs still retained the original two-dimensional structure. In
addition, the generated metal sulfides can induce an interface
effect with MOFs to regulate the electronic structure of metal
ions and increase the binding energy of Ni and Fe (verified by
the above XPS analysis), which is more conducive to the OER
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reaction.”® In addition, the in situ formed nickel sulfides exists
in the form of 0 D quantum dots, which have rich marginal
active sites and large specific surface area, which provides the
maximum contact with the electrolyte and enhances the
electron transport during the catalytic process.’* Therefore,
NSQDs@NiFe-TPA greatly reduced the overpotential compared
with pure NiFe-TPA. Unfortunately, the overpotential of
Ni;S,@NiFe-TPA decreased compared with pure NiFe-TPA,
which is attributed to the disintegration of NiFe-TPA by exces-
sive vulcanization and thus the loss of active sites of MOFs.
Furthermore, the generated NisS, has slow kinetics due to its
large particle size and poor adsorption of key intermediates
(*OH, *OOH) in the catalytic process, resulting in large poten-
tials to drive the reaction.*?

To further investigate the evolution of the structure and
composition of the catalyst in the OER process, the mor-
phology, crystal structure and composition of NSQDs@NiFe-
TPA were determined after the OER testing. As shown in
Fig. S2,7 the nanosheet structure of NSQDs@NiFe-BDC was
still maintained well without a structural collapse, indicating
an excellent structural stability. However, the XRD pattern
(Fig. S3at) shows that the characteristic peaks of NSQSs@NiFe-
TPA completely disappear and a broad peak appears as shown
in Fig. S3a,i indicating that NSQDs@NiFe-TPA was trans-
formed into amorphous oxides/hydroxides during the process
of the OER, which is the real catalytic active species for the
OER.” The XPS of NSQDs@NiFe-TPA (Fig. S3bt) shows that
the peak intensity of the C 1s spectrum decreases, especially
for the C-O bond. The high-resolution O 1s spectrum
(Fig. S3ct) show that the peak intensity of Ni/Fe-O increases
significantly and the peak intensity of the -C=0O bond of the
carboxyl group decreases, indicating that MOFs decompose
and in situ form hydroxides as the real active species during

View Article Online

Inorganic Chemistry Frontiers

OER, and this was also confirmed by the XRD results.
Comparing the high-resolution Ni 2p and Fe 2p (Fig. S3d and
et) spectra after the OER test, the binding energy of the Ni 2p
spectrum was reduced by 0.44 eV, and the binding energy of
the Fe 2p spectrum was increased by 0.56 eV. This indicates
that electrons are transferred from Fe to Ni in the MOFs,
resulting in the high oxidation state of Fe ions and serving as
the active sites of MOFs. Surprisingly, the Ni**/Ni** ratio
decreased from 7.0 to 6.5, indicating a shift in the high oxi-
dation phase of Ni throughout the catalytic system, indicating
that nickel sulfides also serve as catalytic sites for the OER,
which revealed the synergistic interaction between nickel sul-
fides and MOFs in NSQDs@NiFe-TPA.*®">' Moreover, no peaks
related to S 2p were observed after the OER test (Fig. S3ff),
indicating that nickel sulfides were transformed into highly
active Ni-OOH, which agrees with the results of XRD. It was
further proved that NSQDs@NiFe-TPA is an excellent pre-cata-
lyst for the OER.

3.3 Electrocatalytic performance of HER

The HER performance of samples was also measured in a
three-electrode cell with 1 M KOH solution. As shown in
Fig. 5a, a commercial Pt/C catalyst was employed as a bench-
mark for comparison. It can be seen that Ni;S,@NiFe-TPA
exhibits the highest excellent HER activity with an overpoten-
tial of 109 mV at a current density of 10 mA ¢cm™2, which is
superior to NiFe-TPA (193 mV) and NSQDs@NiFe-TPA
(142 mV), but is inferior to commercial Pt/C (24 mV) (Fig. 5b).
NiFe-TPA exhibits a similar HER activity with bare nickel foam,
indicating the negligible HER catalytic property of NiFe-TPA
due to its low active sites and poor electronic conductivity.
Nevertheless, the in situ formed NiS and Ni3S, with high elec-
tronic conductivities were loaded on MOFs, which accelerated
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Fig. 5

(a) LSV curves, (b) comparison of the overpotentials, (c) Tafel plots derived from LSV curves, (d) double-layer capacitance (Cq) plots of NiFe-

TPA, NSQDs@NiFe-TPA, NizS,@NiFe-TPA, NF and Pt/C, (e) Nyquist plots of NiFe-TPA, NSQDs@NiFe-TPA and NizS,@NiFe-TPA, (f) chronopotentio-

metry (CP) curve of NisS,@NiFe-TPA at a current density of 20 mA cm™2.
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Fig. 6 (a) Comparison of LSV curves of NSQDs@NiFe-TPA || NizS,@NiFe-TPA after 60 h of stability testing, (b) chronopotentiometry curve of

NSQDs@NiFe-TPA || NisS,@NiFe-TPA at a current density of 10 mA cm™2.

the electron transfer rate between the carrier and served as
active sites for HER, enhancing the HER activity of
NSQDs@NiFe-TPA. However, after further vulcanization, the
only phase of metal sulfides in the catalyst is Ni;S,. Compared
with NiS, Ni;S, has Ni-S bond as well as the Ni-Ni bond. The
existence of the Ni-Ni bond in Ni;S, results in a metal-like
conductivity, thus boosting the electron transfer of the catalyst
during the HER. In addition, a large amount of Ni ions in
Ni;S, is conducive to exposing more active sites and increasing
the adsorption of the intermediate H*, thus accelerating the
HER performance.’*>® To further assess the intrinsic charac-
teristics of catalysts, we analyzed the Tafel plots of the catalysts
with different degrees of vulcanization (Fig. 5c). The Tafel
slopes of NiFe-TPA, NSQDs@NiFe-TPA and Ni;S,@NiFe-TPA
are shown in Fig. 5c. It is worth noting that the Tafel slope of
Ni;S,@NiFe-TPA (69.3 dec mV™") is significantly lower than
those of NSQDs@NiFe-TPA (139.9 dec mV ') and NiFe-TPA
(165.2 dec mv™"), indicating that NSQDs@NiFe-TPA follows a
Volmer-Heyrovsky mechanism according to the reaction steps
of the HER:**

(Volmer step) H,O +M +e* — M — H -+ OH™ (120 mV dec™?)

(Heyrovsky step) H,O + M — H 4+ e™ — H, + M + OH™ (40 mV dec ™)

To indicate the catalytic activity of all samples, the ECSA of
the catalysts was determined by Cq; via CV at different sweep
speeds in the voltage window of a non-Faraday region. As
shown in Fig. 5d, Ni;S,@NiFe-TPA exhibits the largest double
layer capacitance (30.8 mF cm™?), which is much higher than
those of NSQDs@NiFe-TPA (10.8 mF cm ?) and NiFe-TPA
(4.1 mF cm™?). The reason is that NizS, is the only sulfide with
a high concentration of vulcanizing agent. Compared with NisS,
Ni;S, with more Ni sites is favorable for H* adsorption, result-
ing in a large electrochemically active surface area. Moreover,
EIS analysis was carried out to investigate the kinetics of the
HER for all samples. As shown in Fig. 5e, all samples exhibit a

This journal is © the Partner Organisations 2023

small solution resistance (Rs = 2.5 Q). In addition, the charge
transfer resistance (R.) of NizS,@NiFe-TPA is 5.31 Q, which is
much lower than those of NSQDs@NiFe-TPA (8.32 Q) and
NiFe-TPA (14.41 Q), respectively. Such a phenomenon may be
attributed to the excellent electronic conductivity of Ni;S,. As
shown in Table S2,f compared with non-precious metal HER
catalysts, Ni;S,@NiFe-TPA shows an outstanding HER per-
formance. To evaluate the potential application of
Ni;S,@NiFe-TPA, the stability of Ni;S,@NiFe-TPA was tested by
chronopotentiometry (CP). As shown in Fig. 5f, the overpoten-
tial was only attenuated by 20 mV after 60 h of stability testing.
The SEM image (Fig. S41) shows that Ni3S,@NiFe-TPA still
maintained the 2D structure with many nanoparticles on the
surface of nanosheets, and the XRD patterns (Fig. S51) show
that the peaks of Ni,;S, are still observed after the stability test
of the HER, indicating the excellent stability during the HER.

3.4 Water splitting

Based on the outstanding OER and HER performances of
NSQDs@NiFe-TPA and Ni;S,@NiFe-TPA, we believe that these
two catalysts have great potential in the application of fully
hydrolyzed water. Therefore, the two electrodes were
assembled into an overall water splitting device, in which
NSQDs@NiFe-TPA was used as the anode and Ni;S,@NiFe-TPA
as the cathode. Fig. 6a shows that the hydrolysis device
requires only a voltage of 1.66 V to achieve a current density of
10 mA cm ™2, and the device can work stably for 60 h without
any significant voltage attenuation (Fig. 6b). Moreover, the LSV
curve was almost unchanged after 60 h of the stabilization
test, which further proves the potential application of the cata-
lyst for water splitting.

4 Conclusions

NSQDs/NiFe-TPA and Ni;S,/NiFe-TPA have been successfully
prepared by regulating the concentration of TAA by a two-step
hydrothermal method, and they show an excellent catalytic
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performance for the OER and HER, respectively. The
assembled two-electrode configuration with NSQDs@NiFe-TPA
and NizS,@NiFe-TPA as anode and cathode -electrodes,
respectively, was tested for overall water splitting in 1 M KOH.
When the voltage was 1.66 V, the current density could reach
10 mA cm™?, and the catalytic performance almost did not
decay after 60 h of the stability test, exhibiting outstanding
electrocatalytic activity and stability. The excellent eletrocataly-
tic properties are attributed to the optimized structure and
electronic interaction between nickel sulfides and MOFs,
resulting in exposing more eletrocatalytic sites and enhancing
the electronic conductibility of MOFs. The self-supported 3D
structure avoids the use of binder additives and facilitates the
release of gas bubbles. The results indicate that the in situ for-
mation of nickel sulfides from MOFs through controlled vulca-
nization can broaden their potential application as efficient
bifunctional electrocatalysts for water splitting. The work may
provide a novel way to design high-performance MOF catalysts.
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