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Abstract: Metal-organic frameworks (MOFs) have been con-
sidered as potential oxygen evolution reaction (OER) electro-
catalysts owning to their ultra-thin structure, adjustable
composition, high surface area, and high porosity. Here, we
designed and fabricated a vanadium-doped nickel organic
framework (V,_,—Ni,MOF) system by using a facile two-step
solvothermal method on nickel foam (NF). The doping of
vanadium remarkably elevates the OER activity of
V,_—Ni,MOF, thus demonstrating better performance than
the corresponding single metallic Ni-MOF, NiV-MOF and RuO,

catalysts at high current density (>400 mAcm™).
Voo5—Nioge;MOF/NF provides a low overpotential of 235 mV
and a small Tafel slope of 30.3 mVdec™ at a current density
of 10 mAcm 2 More importantly, a water-splitting device
assembled with Pt/C/NF and V;,—Nioo;MOF/NF as cathode
and anode yielded a cell voltage of 1.96 V@1000 mAcm 2,
thereby outperforming the-state-of-the-art RuO,™||Pt/C".
Our work sheds new insight on preparing stable, efficient OER
electrocatalysts and a promising method for designing
various MOF-based materials. )

Introduction

As fossil fuels are consumed at an ever-increasing rate and
human demand for energy continues to increase, the develop-
ment of sustainable energy sources becomes more urgent and
important.”’ Overall electrochemical water splitting is consid-
ered to be an environmentally friendly and economically
feasible alternative to produce clean chemical fuels with no
carbon emissions, such as H, 2H" +2e"—H,) and O, (40H —
0,4+ 2H,0).”) OER exhibits slow kinetics due to its four-electron
transfer process, which requires an efficient electrocatalyst to
lower the potential barrier.”’ Noble metal-based catalysts have
been recognized as the most widely used advanced materials
for OER, such as Ru-/Ir-based materials.”) However, its low
abundance and high cost limit the practical large-scale
application.”” Therefore, the preparation of abundant, inexpen-
sive, and efficient non-noble-metal alternative electrocatalysts
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to improve the OER has become an urgent need in the current
research field.

Currently, a series of transition metal-based catalysts have
been explored for efficient electrocatalytic oxygen evolution.
Metal-organic frameworks (MOF) have attracted wide attention
in the field of catalysis because of their unique advantages such
as adjustable composition, high specific surface area and large
pore structure.” However, the conductivity of most MOFs is
relatively poor, which limits the overall conversion efficiency in
chemical energy and long-term performance. Compared with
monometallic MOF systems, most bimetallic MOFs generally
exhibit enhanced OER activity, which is attributed to the
tunable metal junction engineering and synergistic effects
between different metals.® For instance, Ge et al. prepared a
series of two-dimensional bimetallic MOF—Fe/Co nanosheet
materials. The optimal catalyst reached 10 mAcm™ with only
an overpotential of 238 mV in alkaline solution.”” Additionally,
the bimetallic Co,Ni-MOF prepared by Zhou et al. exhibited
distinguished OER performance with an overpotential of
240 mV at 10 mAcm2"" Shi etal. reported a tannin—NiFe
(TANF) complex film on carbon fiber paper as an efficient OER
electrocatalyst with a low Tafel slope of 28 mVdec """ More-
over, modifying the surface electrical structure of MOFs by
metal element doping has been proven in recent studies to be
one of the most effective approaches to improve their intrinsic
OER performance and stability."” Vanadium has been explored
as an effective dopant due to its abundant valence state, which
provides excellent feasibility for adjusting electronic structure
and inducing synergistic interaction between dopant and host
metal, thus improving the performance of OER effectively."? It
was reported that V doping leads to a large number of free
carriers around the Fermi level, which helps to improve the
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charge transfer efficiency of V-doped catalysts, thereby improv-
ing the electrochemical performance."” Moreover, Duan et al.
synthesized V-doped NiCoP nanowires that exhibited outstand-
ing OER performance in 1M KOH with an overpotential of
254 mV at 10 mAcm 213

With the considerations mentioned above in mind, we
designed a two-step solvothermal method to synthesize
V,_—Ni,MOF. The as-prepared V;,—Niyo,MOF/NF composite has
the best oxygen evolution performance compared with a series
of prepared catalysts, which required 235 mV (vs. RHE, Figure S1
in the Supporting Information) of overpotential to provide a
current density of 10 mAcm™ As expected, the two-electrode
system consisting of Pt/C/NF and V,4—Ni,e;MOF/NF recorded a
small cell voltage of 196V at 1000 mAcm2 in the water
splitting test under alkaline conditions. This flexible preparation
strategy and high-efficiency electrochemical oxygen evolution
performance provide a promising direction and potential
application for the development of MOFs-based electrocata-
lysts.

Results and Discussion

As illustrated in Scheme 1, the synthesis of V;o—Nig o MOF/NF is
primarily a two-step hydrothermal method. In the first stage,
urea was employed to create an alkaline environment, and
NH,F was used as a structure-oriented growth agent to prepare
Ni—V hydroxide insitu on the surface of NF. Then, the

) “ Ni(NO,)
b ) B A - 1)2
L Sk Ninog, .‘% NH,VO,
..>\ T~ NHNO, AN DHTA
VP "1-7\ Hydrothermal F
Y

) ’\‘ Sy A""““‘g‘
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Scheme 1. Schematic illustration of the synthesis of V; oe—Nige; MOF/NF.
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Vo.00—Nige1MOF/NF material was reconstructed by Ni—V-OH/NF
substrate in hydrothermal environment with the salt solution of
Ni and V as the metal center and DHTA as the ligand. The
atomic-level dispersion is realized due to the bifunctional
ligand.

X-ray diffraction (XRD) has studied the phase structure of as-
prepared V,_—Ni,MOF catalysts. The composite on the NF
surface was ultrasonically scraped off to avoid interference from
the strong Ni diffraction peaks. The diffraction peaks of Ni—V
hydroxide are composed of Ni(OH), (JCPDS: 14-0117), Ni-
(OH),-0.75H,0 (JCPDS: 38-0715)" and V,0,(0H); (JCPDS: 12-
1380) as depicted in Figure 1a. After the second hydrothermal
treatment, the diffraction peaks of the constructed Ni-MOF are
in good alignment with the theoretically simulated Ni-MOF
(Figure 1b). In the as-synthesized Ni-MOF structure, Ni**
coordinates with the five carboxylic acid groups of the ligands
to form a network structure of hexagonal channels (Figure S2).
After introduction the V, the diffraction peaks of the prepared
V.00—NigeiMOF hybrid material are substantially identical to that
of the Ni-MOF, possibly due to the low V content or the
existence of amorphous form. Notably, the peak of
Vo09—NigeiMOF showed a slightly positive shift (Figure 1¢),
indicating that V has been successfully doped into Ni-MOF.""

Scanning electron microscopy (SEM) images are used to
investigate the microscopic morphologies of the produced
samples. As seen in Figure 2a, the naked NF is a three-
dimensional porous structure with relatively flat surface. After
the hydrothermal reaction, flower-like NiV-OH grew on the NF
surface (Figure 2b). After further solvothermal treatment, the
flower-shaped composite transformed into a spherical structure
(Figure 2c) and then converted to a spherical V-doped Ni-MOF
on NiV-OH surface upon the addition of the DHTA. Furthermore,
the three-dimensional open spherical framework can provide
increased active area and improve mass transfer.®™®'® Trans-
mission electron microscopy (TEM) images of the ultrasonically
exfoliated catalyst fragments showed that the V,,—Ni;,MOF
surface was flake-like (Figure 2d), and some nanoparticles with
an average size of about 0.89 nm (inset 2e) were uniformly
distributed on its surface (Figure 2e). Selected area electron
diffraction (SAED) in Figure 2f manifested that it was relatively
weak crystallinity. Furthermore, the high annular dark-field
scanning TEM (HAADF-STEM) image and the corresponding

o
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Figure 1. XRD patterns of a) NiV-OH, b) Ni-MOF, V, ,s—Ni;o;MOF plus simulated Ni-MOF, and c) narrow-range XRD of Ni-MOF and V,, o—Ni;o; MOF.
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Figure 2. SEM images with (inset) high-magnification SEM images of a) bare NF, b) NiV-OH/NF, and c) V,4—Niyo;MOF/NF. d) TEM image, e) high-resolution TEM

image with (inset) distribution of particle size diameter, f) SAED image, and g) HAADF-STEM image and the corresponding element mappings of

Vi g5—Nig sy MOF/NF.

element mappings demonstrated that the elements of Ni, V, C
and O are uniformly dispersed throughout the spherical
structure of V4s—Niyo;MOF (Figure 2g).

Additionally, Fourier transform infrared spectroscopy was
carried out to detect V-doped MOF composite, as shown in
Figure 3a. And for comparison, the FTIR spectrum of pure DHTA
was also investigated. The results show that the infrared
spectrum of V,4—Nigo;MOF/NF is significantly different from
that of the ligand DHTA. A large extent decreased the peak
intensity of the undissociated hydroxyl band of the ligand, and
the apparent shift of the carboxylic group from 1653 to
1558 cm™' wavenumber in V;5—Nioe;MOF/NF, indicating the
high degree of binding of the metal ions with the carboxylic
acid functional groups. Others also observed similar
phenomena."” As displayed in Figure 3b, the two composites
also exhibit identical Raman spectra. The stretching and
deformation vibrations of a benzene ring are represented by
the Raman peaks at 1631 and 580 cm™', respectively. The
v(COO-) vibration is located at 1497 cm™'. »(C-O) arises at
1285 cm™' due to the deprotonation of the hydroxy group after
coordination, The C—H bending mode of the benzene ring and
the metal-oxygen bond vibration have peaks at 832 and
415 cm™, respectively. The peaks at 832 and 415 cm™' corre-
spond to the C—H bending mode of the benzene ring and the
metal-oxygen bond vibration, respectively."® The thermal
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decomposition of the V;o—Nige;MOF in the air is shown in
Figure 3c. The TGA and DTG show three prominent weight-loss
stages where stage one indicates removing the water (~17.3 %)
from ligand detachment and adsorbed water molecules. The
second step occurs at about 330°C, with a weight loss of
approximately 11.7%. The ligand begins to break off at this
stage, and V,,—Nigo;MOF decomposes. The third step takes
place at 430°C with a weight-loss of ~33.0% caused by the
carbonization and decomposition of the compound at high
temperatures. Figure 3d depicts the N, adsorption and desorp-
tion isotherms of the samples. The specific surface area of
Vo.05—Nioe;MOF is 885.4 m?g™~', more prominent than that of Ni-
MOF (875.0 m*g™") and Ni-OH (77.1 m*g™"), which is beneficial
to the catalytic active site exposure and mass transfer ability.
Generally, the specific surface area of the catalyst is highly
dependent on the particle size, pore size, and thickness of the
nanosheet. Since the MOF material has a pore size distribution
in the region of 2-50 nm, it exhibits mesoporous characteristics.
The inset of Figure 3d is the pore size distribution curve, the
average pore size of Vy,—Nije;MOF and Ni-MOF is close to
2.5 nm, whereas that of NiV-OH is about 8.5 nm. Although the
pore sizes of V;oe—Nige;MOF and Ni-MOF are very similar, the
particle size and thickness of the nanosheets played a crucial
role in their specific surface area. The SEM and TEM images
revealed that V;,—Nigo;MOF is a thin nanosheet composed of
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Figure 3. a) FTIR spectra of V;0—Niyo;MOF, Ni-MOF, and the DHTA ligand. b) Raman spectra of V;os—Niq;MOF and Ni-MOF. c¢) TGA and DTG analysis of
Vo05—Nige;MOF in N,. d) N, adsorption-desorption isotherms with pore size distribution (inset) curves of V;o—Niq;MOF, Ni-MOF and NiV—OH.

smaller nanoparticles, making it possible to have a higher

specific surface area.

The presence of C, V, O, and Ni elements in V;,—Ni, o MOF
and Ni-MOF was demonstrated in Figure S3. As shown in

Figure 4a, the three peaks in the C 1s spectrum are calibrated as

C=C (284.0 eV), C—0O (286.0 V) and —O—C=0 (288.0 eV), respec-
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tively. In addition, the XPS spectra of all elements in the
composite are corrected by the binding energy of C=C element
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Figure 4. XPS spectra of a) C 1s and b) Ni 2p of V;—Niys;MOF and Ni-MOF, c) O 1s of V;gs—Nio;MOF and Ni-MOF, and d) V 2p of V,o—Niye;MOF.

Chem. Eur. J. 2022, 28, €202201784 (4 of 9)

© 2022 Wiley-VCH GmbH

95U017 SUOLULIOD) SAIIID) 3|cedl|dde ay) Ag peusenof afe 3ol YO ‘SN JO S3|nJ o) Afeiq1 8UlIUQO AS|IAA UO (SUONIPUOD-pUE-SLLLIBYLICY" A3 1M Aled 1o |uo//:Sdil) SUONIPUOD Pue SWB | aU) 38S *[2202/0T/22] Uo AeiqiTauliuo A8|IM ‘AIsieAun euLoN 1XBuens Ag ¥8/ 102202 Wayd/Z00T 0T/10p/wod A8 im Azelq 1l juo'adons-Alis IWsyd//:sciy Wwoiy papeojumoq ‘09 ‘Z§0Z ‘S9LETZST



Chemistry
Research Article Europe v
Chemistry—A European Journal doi.org/10.1002/chem.202201784 Soories Publishig

(284.0 V). Two peaks at 873.5 and 856.2eV in the Ni 2p  ble to RuO,/NF (230 mV). The overpotential of V,g—Nige;MOF/
spectrum (Figure 4b) were ascribed to Ni 2p,,, and Ni 2p;, in  NF was still the lowest except RuO,/NF at high current density,
Vo0s—NigeiMOF and Ni-MOF, respectively,"® and the other two  indicating that the NiV-OH/NF improves the interaction
satellite peaks were attributed to Ni** at 879.3 and 862.0 eV, between catalysts and NF support to improve the electro-
respectively.”” In the O 1s XPS spectrum of V;0—Nio;MOF and  chemical performance permanently. In addition, the overpoten-
Ni-MOF are displayed in Figure 4c. The peaks at 530.7 and tials of the catalysts at various current densities are summarized
531.3 eV represent oxygen in metal oxides and oxygen in in Figure S4. More comfortingly, the Tafel slope is a crucial
carboxylate group of ligand (DHTA), respectively.”” Meanwhile,  index for assessing the kinetic activity of OER in electrochemical
the binding energy at 532.3eV is assigned to —OH from  process. In Figure 5b, the Tafel slope of Vu—Nige,MOF
adsorbed H,0 molecule.”? FTIR spectroscopy confirmed the (107 mVdec™) is the smallest in compared with NiV-OH/NF
presence of M—OH bonds, which reflected the interaction (133 mVdec™), NiV-MOF/NF (154 mVdec™"),  Ni-MOF/NF
between Ni, V atoms and hydroxy groups (Figure 3a). As for V. (115 mVdec™'), RuO,/NF (78 mVdec™'), and bare NF
2p (Figure 4d), the binding energies emerging at 516.3 and (145 mVdec ). Meanwhile, the Tafel slope of V,,—Nij;MOF/NF
5239eV correspond to V 2p;, and V 2p,, respectively, is the smallest among the three catalysts with different Ni/V
manifesting that V is doped in the V,,—Niyo;MOF with a +4  ratios (Figure S5b), confirming V,,,—Ni;s;MOF/NF has the supe-
state.™ According to the above XPS spectrum analysis, it can  rior electrocatalytic activity and most effective catalytic kinetics
be further determined that the V,o—Niyo;MOF composite is for OER™ In addition, the #,, value and Tafel slope of
formed. Due to the low content of introduced V, there is no  V,—Niyo;MOF/NF are also much lower than other phosphorus-
significant effect on the chemical valence state of NiV-MOF. containing OER catalysts recently reported in alkaline media

The OER performance of a series of catalysts in 1M KOH  (Figure 5¢ and Table S1). The electrochemical active surface
was assessed using a typical three-electrode configuration. The  areas of a series of catalysts were calculated according to
catalytic performance of V—Ni-MOF/NF was optimized in terms  double layer capacitance (Cy) in the non-Faradaic region to
of total metal loading in Figure S5a. Figure 5a shows the linear  evaluate their catalytic activity (Figure $6).”’ As showed in
sweep voltammetry (LSV) curve of the catalysts in alkaline  Figures 5d and S5¢, d, V,0s—Nige;MOF/NF shows a higher C
solution after iR correction. The V,—Niyo;MOF/NF shows the  value (15.4 mFcm ™) due to its larger specific surface area and
lowest overpotential of 235 mV at 10 mAcm™ among all the ultrathin mesoporous nanostructure, which provides more
precursors, including Ni-MOF/NF (278 mV), NiV-OH/NF (325 mV),  active sites to promote charge/mass transfer during OER.®
NiV-MOF/NF (385 mV), and bare NF (385 mV), which is compara-  Besides, the TOF value estimates the intrinsic catalytic activity
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Figure 5. a) Linear sweep voltammetry (LSV) curves of V; o—Nigo;MOF/NF, NiV-OH/NF, Ni-MOF/NF, RuO,/NF and bare NF with a scan rate of 0.5 mV—s™". b)
Corresponding Tafel plots. c) Compared with the recently reported OER catalysts at overpotential of 10 mAcm™ and Tafel slope. d) Cg, calculations. e)
Turnover frequency (TOF) profiles versus overpotential of V,45—Nio;MOF/NF and Ni-MOF/NF. f) Polarization curves of the initial and 2000th cycles of
V.06—Nig o1 MOF/NF.
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of each active catalytic site.””’ Figures 5e and S7 shows TOF
curves at various overpotentials derived using the metal
content obtained by ICP. The TOF values of all catalysts
exhibited a monotonic increase with increasing overpotential.
Among all other catalysts, the V,,—Niyo;MOF/NF exhibits the
highest intrinsic catalytic activity at the same overpotential
suggesting the best OER performance.”® After 2000 cycles, the
LSV curve of V,4—Nige;MOF/NF showed a slight loss of activity
(Figure 5f). The electrochemical impedance spectroscopy (EIS)
of Vg05—Nigo;MOF/NF showed a higher electrical conductivity. Its
R, value (1.1 Q) is lower than that of NigNig,-MOF/NF (1.8 Q2),
Nig:Nigos-MOF/NF (2.0 Q), NiV-OH/NF (3.3 Q), Ni-MOF/NF
(3.6 Q), RuO, (1.5Q) and NF (6.8 Q) (Figure S8). The small
transfer resistance supports better OER performance.”® Further-
more, the long-term durability of V,—Nige;MOF/NF was
evaluated at 10 mAcm™? as shown in Figure S9. The result
indicated excellent stability after 72 h with an insignificant loss
in activity. Additionally, the HER performance of V;4—Nige;MOF/
NF was also performed, which exhibited a poor overpotential of
187 mV at a current density of 10 mAcm™2 (Figure S10).
Therefore, the overall water splitting device was assembled
using Pt/C/NF and V,4—Nioe;MOF/NF as cathode and anode in
30 wt.% KOH, respectively (Figure 6a). Figure 6b illustrates that
the two-electrode device can drive a current density of
100 mAcm™* with a very low cell voltage of 1.61 V. When the
current  density is approximately 343 mAcm™  the
Vo09—NigoMOF/NF | | Pt/C/NF) and RuO,/NF| | Pt/C/NF“) to
the same voltage value. It is worth noting that V;o—Niye,MOF/
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1 |Pt/C/NF™ is always far superior to Vo o—Nigg MOF/NF™| |
Vo06—Nioo;MOF/NF™. Furthermore, it surpasses noble metal and
other recently reported bifunctional electrocatalysts after the
critical point at 343 mAcm™ (Figure 6¢ and Table S2). Mean-
while, Vo5—Nige;MOF/NF™| |Pt/C/NFT) still maintains 92.7%
activity after 80 h of continuous operation at a current density
of 400 mAcm™ (Figure 6d), suggesting a promising industrial
perspective.

A series of characterizations were performed to investigate
the composition changes of V,—Nigo;MOF/NF after OER. The
XRD of Vgy4—Nige;MOF/NF after the OER stability test was
consistent with Ni(OH), (JCPDS: 14-0117) and NiOOH (JCPDS:
06-0075), indicating that the NiOOH and part of Ni(OH), were
formed during the OER process (Figure 7a). In-situ Raman tests
were performed to further explore the mechanism of the actual
catalytic species in the OER process.®” At potentials below
1.35V, the Raman spectra (Figure 7b, ¢) did not change
significantly compared with the pristine V,45—Niyo,MOF/NF. At
1.40V, the peaks at 479 and 555 cm™' in the Raman spectrum
might assigned to the bending vibration mode and A,
stretching vibration mode of Ni—O in NiOOH, respectively,
which are consistent with the oxidation peaks (100-200 mV)
observed in the LSV curve (Figure 5a).F" Interestingly, the
tensile strength of the NiOOH peak starts to increase with
increasing applied potential.

As displayed in Figure S11a, apart from the metal-oxygen
bond vibrations, the stretching and deformation vibrations of
the benzene ring and v(COO") disappeared in the Raman
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= V09-Nip o;MOF/NF||Pt/L/F
RuO,/NF||Pt/C/NF

& 900  Vo.09-Nip oy MOF/NF{|V,,
£
o
< 600
E
"~

300

0
00 05 10 15 20 25 3.0
Voltage (V)
d 30
—0— V, 44-Niy o;MOFINF || P/C/INF

g 25
o
o
8
S 2.0 400 mA cm?
>
- b 92.7%
O 15

1.0
0 10 20 30 40 50 60 70 80
Time (h)

Figure 6. a) Schematic of the two-electrode system for overall water splitting with V;0—Niyo;MOF/NF as the anode and Pt/C/NF as the cathode. b) Overall
water splitting polarization curves of V —Nigo;MOF/NF™? | | P/C/NF™, Vo 05—Nig 9y MOF/NF™ | |V 06—Nioe;MOF/NF™ and RuO,/NF*'| | Pt/C/NF* in 30 wt % KOH.
) Comparing the cell voltage of the currently available electrolytic cell at 100 mAcm ™ d) Stability of the Vj4—Nige;MOF/NF™ | | Pt/C/NF" at 400 mA cm 2 for

overall water splitting.
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Figure 7. a) XRD pattern of V,,o;—Niyo;MOF after stability. In-situ Raman spectra with different ranges of b) 300-1800 cm ™", ¢) 450-490 cm™', and 530-580 cm ™"
of a Vi 0e—Nio;MOF/NF electrode at different potentials ranging from 1.20 to 1.60 V. d), e) SEM images, f) TEM image, g) HRTEM image, and h) HAADF-STEM
image and the corresponding element mappings of V;0—Nig o MOF/NF after an OER stability test.

spectra after the stability test. FTIR spectra showed that
Vg.09—Nige1MOF/NF had similar COO~ and OH™ to DHTA ligands
after stability test, indicating free ligands’ existence after
dissociation of NiV-MOF structure (Figure S11b).”? The SEM
images showed that the morphology of the catalyst was
partially agglomerated after stabilization (Figure 7d, ). The TEM
image is consistent with the SEM results (Figure 7f). The well-
resolved lattice fringes in HRTEM is 0.209 and 0.233 nm,
corresponding to the (105) plane of NiOOH and the (101) plane
of Ni(OH), (Figure 7g). In addition, the HAADF-STEM image and
corresponding elemental mappings reveal that C, Ni, V and O
elements are uniformly distributed after OER stability test
(Figure 7h). Furthermore, the XPS analysis of V,g,—Nige,MOF/NF
before and after the OER is presented in Figures S12 and S13.
After the stability test, the metallic Ni content increased while
the V content decreased slightly, which may be attributed to
the V leaching to accommodate the  structural
transformation.*® The prominent peaks of O 1s after the OER
at 530.7, 531.3 and 532.3eV can be deconvoluted into the
typical M—O in NiOOH, oxygen in the ligand carboxylate
(DHTA), and —OH in the adsorbed H,0 molecule, respectively.®*
Therefore, the combination of XRD, FTIR spectra, Raman spectra,
HRTEM, XPS and in-situ Raman analysis indicated that the

Chem. Eur. J. 2022, 28, €202201784 (7 of 9)

NiOOH is likely the actual catalytically active site in the OER
process.*”

As previously stated, the exceptional OER activity with
remarkable durability of V,0—Niyje;MOF/NF in the alkaline
electrolyte can be attributed to the following points: ) The self-
supporting binder-free electrode prepared through the hydro-
thermal method can reduce the electrode resistance and
accelerate electron transport during electrocatalysis.?**¥ Il) The
spherical structure with a three-dimensional open framework
facilitates electrolyte diffusion and gas emission.”® ) The
Vo00—NigeiMOF formed after V doping has a larger specific
surface area, providing more efficient catalytic active sites for
the OER process.’” IV) The composite catalyst formed by V
doping is beneficial in adjusting the binding energy between
the active site and the intermediate, thereby enhancing the
OER catalytic activity.?¥

Conclusion
In summary, we have designed a facile two-pot solvothermal
method to synthesize the V,4—Niye;MOF electrocatalyst for the

OER and assemble a two-electrode system for water splitting.

© 2022 Wiley-VCH GmbH
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The findings reveal that V doping can elevate Ni-MOF reaction
kinetics and charge transfer efficiency substantially. As a result,
Vy00—NigeiMOF demonstrated remarkable oxygen evolution
performance, delivering 10 mAcm~2 with the lowest overpoten-
tial of 235 mV. Interestingly, the optimized catalyst outper-
formed the commonly used noble metal catalyst (RuO,/NF) at
high current density, thus indicating a broader application
perspective. More importantly, the overall water splitting was
constructed with Pt/C/NF and V;—Nige;MOF electrodes as
cathode and anode, respectively, with a cell voltage of only
1.93V at a current density of 1000 mAcm™™ The excellent
catalytic activity is mainly attributed to the unique three-
dimensional self-supported structure, which provides more
active sites, faster charge transfer characteristics, and synergies
between different components to optimize the binding energy
of OER intermediates.

Experimental Section

Synthesis of NiV-OH on NF: The typical synthesis procedure is
described as follows. NF (1.5 cmx 2.5 cm) was ultrasonically cleaned
with 1.0 M HCI, ethanol and deionized water for 10 min to remove
impurities and oxides on the surface. 2.5 mmol Ni(NO,),-6H,0,
0.25 mmol NH,VO,;, 6.0 mmol CO(NH,), and 2 mmol NH,F were
dissolved in 30 mL deionized water and then sonicated for 30 min
to obtain a clear solution. Then, the mixture was transferred to a
Teflon-lined stainless-steel autoclave (50 mL) with a clean NF
(1.5 cmx2.5cm), and heated to 120°C and kept for 6 h. After
cooling to room temperature, the obtained NiV-OH/NF was washed
with deionized water 3 times, and then dried in an oven at 70 °C for
2h.

Synthesis of V,_,Ni,MOF/NF: Firstly, 2.5 mmol Ni(NO;),-6H,0,
0.25 mmol NH,VO; and 1.5 mmol 2,5-dihydroxyterephthalic acid
(DHTA) were dissolved in the mixed solution of 28 mL DMF, 2 mL
ethanol, and 2 mL deionized water, and sonicated for 30 min to
form a homogeneous solution. Secondly, the mixture of solution
and NiV-OH/NF were transferred to Teflon-lined stainless-steel
autoclave and maintained at 120°C for 12 h. After cooling to room
temperature, the obtained V,y—Nige;MOF/NF was washed with
deionized water for 3 times, and dried at 60 °C for 2 h. The loading
of the composite was ~10.4 mg cm™2.

As a comparison, the composite materials with different molar
ratios of Ni and V were synthesized at 1.00/0.00, 0.84/0.16 and 0.98/
0.02 under the same total metal molar and similar synthesis
methods. The constructed materials were nominated as Ni-MOF/NF,
Vj.16~Nio ssMOF/NF, and Vi ,—Nig ssMOF/NF.

Synthesis of NiV-MOF/NF: Firstly, 2.5 mmol Ni(NO,),-6H,0,
0.25 mmol NH,VO; and 1.5 mmol 2,5-dihydroxyterephthalic acid
(DHTA) were dissolved in the mixed solution of 28 mL DMF, 2 mL
ethanol, and 2 mL deionized water, and sonicated for 30 min to
form a homogeneous solution. Secondly, the mixed solution and a
piece of pure NF were transferred to Teflon-lined stainless-steel
autoclave and maintained at 120°C for 12 h. After cooling to room
temperature, the obtained NiV-MOF/NF was washed with deionized
water for 3 times, and dried at 60 °C for 2 h.

Preparation of RuO,/NF and Pt/C/NF electrode: A mixed solution
was formed by dispersing 5.0 mg of RuO, powder or commercial
Pt/C (Johnson-Matthey) in 490 pL of deionized water, 490 uL of
absolute ethanol, and 20 uL 5% Nafion. After ultrasonic treatment

Chem. Eur. J. 2022, 28, €202201784 (8 of 9)

for 30 min, 200 pL of the solution was pipetted onto a NF (1 cmXx
1 ¢m) and dried at room temperature for further use.
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