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The development of active, low-cost and durable bifunctional electrocatalysts toward both oxygen
evolution reaction (OER) and hydrogen evolution reaction (HER) are important for overall water splitting.
Here, well-defined arrays of vanadium-iron bimetal organic frameworks (VFe-MOF) with controllable
stoichiometry have been successfully prepared on nickel foam (NF). The as-fabricated VFe-MOF@NF
electrode exhibits excellent electrocatalytic activity and durability for OER and HER in alkaline medium.
The material’s overpotentials of 10 mA/cm? are 246 mV for OER and 147 mV for HER, respectively. The
electrolyzer made from the VFe-MOF@NF electrodes as both the cathode and anode in 1 mol/L KOH needs
only a voltage of 1.61V to reach a current density of 10 mA/cm?. The superior performance of VFe-
MOF@NF can be attributed to the morphological control and electronic regulation of the bimetals, that is,
1) the exposure of the active sites at electrocatalyst/electrolyte interfaces due to the array structure; 2)
the synergistic effect of vanadium and iron metals on electro-catalyzing the overall water splitting.
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Today, water splitting by electricity is considered as one of the
most promising technologies to obtain hydrogen for clean energy.
It consists of two half reactions: the oxygen evolution reaction
(OER) at the anode and the hydrogen evolution reaction (HER) at
the cathode [1]. Making efficient electrocatalysts for OER and HER
is critical for electrochemical energy applications of the water
splitting. Commonly, noble metals including Pt-, Ru- and Ir-based
composites are the electrocatalysts in the two reactions; however,
alarge use of them cannot afford the high cost. The development of
low-cost electrocatalysts with high activity and durability is very
important. Over the past years, great effects have been devoted to
transition-metal electrocatalysts, including their oxides [2],
phosphides [3], sulfides [4,5], carbides [6,7], selenides [8,9] and
many other multi-metal compounds [10-12], which have given
promising catalytic capacity for overall water splitting.

Metal organic frameworks (MOFs) have risen as a new kind of
crystalline material formed by metal ions and organic ligands.
Structurally, MOFs can greatly expose their surfaces and, more
importantly, the active sites on the surfaces. To date, many kinds of
MOFs and their derivates have been prepared as effective
electrocatalysts in OER or HER [13-18]. In most cases, the MOFs
are not directly used as the electrocatalysts due to their poor
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electron conductivity and structural instability. The electron
conductivity of the MOFs can be improved by using Ni foam
[19], carbon fiber mat [20] and other nanocarbons as the substrates
[20]. Then, for better mass transport of the electrocatalysts, a large
specific surface area or structural control of the MOFs is required to
expose more active sites.

Moreover, recent studies have shown that the catalytic
activities of single metal-based electrocatalysts can be significantly
improved by incorporating exotic metals with similar electronic
configurations [13,21,22]. Therefore, there have been increasing
reports on synthesis of bimetallic or poly-metallic MOFs with
homogeneous composition as electrocatalysts [23,24]. It is
generally believed that the improvement of electrocatalytic
performance for overall water splitting benefits from the
synergistic effect of multi-element metals [25,26]. Although a
lot of achievements have been made, controlled synthesis of
bimetallic/poly-metallic MOFs with desired structure and better
composition remains in great demand [27,28].

Herein, VFe-MOFs with well-defined arrays supported on nickel
foam (termed as V Fe,-MOF@NF, where x and y are the molar
ratios of V and Fe in the initial reactant) have been prepared
through an ultrasound and solvothermal synthesis method. The
VFe-MOF@NF displayed uniform arrays in shape, which can
provide effective charge transport and mass transport. The partial
electrons are transferred from V2* to Fe?* through the O of the
ligands after combination of V?* and Fe?*, which can weaken the
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excessive adsorption capacity of Fe?* on OH™, and enhance the
adsorption capacity of V2" on OH™, accelerating the charge transfer
and mass transfer, and synergistically increasing the activity of
OER. Among the as-fabricated samples, VFe-MOF@NF electrode
exhibits excellent electrocatalytic activity and durability for OER
and HER in alkaline electrolyte. Moreover, when two identical VFe-
MOF@NF electrodes were used as both the anode and cathode in a
two-electrode electrolyzer, it requires only a cell voltage of 1.61V
to reach a current density of 10 mA/cm?, which is better than the
analogues of V-MOF@NF and Fe-MOF@NF electrocatalysts.

N,N-Dimethyl formamide (DMF, A.R.), ethyl alcohol (A.R.) and
triethylamine (TEA, A.R.) were purchased from Beijing Chemical
Works. FeCl,-4H,0 (A.R.), VCl, (A.R.) and benzenedicarboxylic acid
(BDC, A.R.) were obtained commercially from Sigma-Aldrich
Corporation. All materials have not been further purified before
use.

DMF (64 mL) was mixed with ethanol (4 mL) and deionized
water (4mL) in a polytetrafluoroethylene tube (Specification:
100 mL), followed with the dispersion of BDC (1.5 mmol). After
that, 0.75mmol of FeCl,-4H,O0 and 0.75mmol of VCl, (or
0.375mmol FeCl,-4H,0 and 1.125mmol VCly; 1.125 mmol
FeCl,-4H,0 and 0.375 mmol VCl,)were dissolved into the mixture
solution above. After stirring of 5 min, TEA (1.6 mL) was added into
the solution and further being stirred for another 10 min. Then, a
piece of Ni foam (NF, 2 x 3 cm) was introduced into the solution
above, which was then ultrasonically shocked (40 kHz) for 6 h.
Next, the solution with NF was transferred to an autoclave and kept
at 140 °C for 12 h for solvothermal reaction. After cooling down to
room temperature, the MOFs@NF were taken out from the
autoclave, washed alternately with ethanol and deionized water
3 times to remove the soluble chlorides and organic solvents, and
then freeze-dried for 24 h. The obtained samples loaded on NF
were marked as VFe-MOF@NF, V3Fe-MOF@NF and VFe3;-MOF@NF
according to the molar ratio of V and Fe in the initial reactant.
Meanwhile, V-MOF@NF and Fe-MOF@NF was made based on the
same way with only one metal salt (1.5 mmol VCl,, or 1.5 mmol
FeCl,-4H,0, respectively). In addition, to calculate the loading
density (LD) of the as-prepared materials on the Ni foam, pure Ni
foam was obtained in the same way without any metal salt.

Electrochemical measurements in this communication were
carried out in 1mol/L KOH on a Princeton PMC 1000 & 500
electrochemical workstation. It used a three-electrode configura-
tion that was comprised of working electrode (WE, MOFs@NF,
1cm x 1.5cm), reference electrode (RE, Ag/AgCl) and counter
electrode (CE, graphite rod). The as prepared nickel foam loaded
MOFs is cut into a film with a size of 1 cm x 1.5 cm and used as a
working electrode directly. Besides, RuO,@NF was prepared for
comparison. The preparation method of RuO,@NF electrode is
consistent with our previous work [28]. The loading density (LD)
refers as VFe,-MOFs loading of mass per unit area of nickel foam.
The LD is defined as the following equation, LD = (Me-Mg)/Sx 100%.
Here, the M. and M, represent the weight of the MOFs@NF and
pure Ni foam, respectively, S is the area of the Nickel foam. After
calculation, the loading density of the VFe-MOFs on the nickel
foam is about 0.742 mg/cm?. The applied potentials in this study
were calibrated against and converted with respect to the
reversible hydrogen electrode (RHE, Eryg Eagjaga  +
0.059 pH+0.197 V). The linear sweep voltammetry (LSV) was
performed at 5 mV/s with 90% iR-compensation for the polariza-
tion curves. The electrochemical active surface areas (ECSA) of the
catalysts were tested by cyclic voltammetry (CV) from 0.05 V to
0.15 V vs. Ag/AgCl with different scan rates. In addition, the
electrochemical impedance spectroscopy (EIS) technique (The test
voltage is approximately the potential at a current density of
10 mA/cm?. In this work, the actual test voltage for EIS is 0.47 V vs.
RHE) was carried out at corresponding potentials from 0.1 Hz to
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100 kHz to assess the charge-transfer resistance of the obtained
samples. The full water-splitting test was performed in a two-
electrode system, and two symmetrical catalyst electrodes were
used as the anode and the cathode, respectively.

The morphology of as-prepared MOFs@NF was identified by
Scanning electron microscope (SEM, JSM 6700F, JEOL). It was
further characterized by transmission electron microscopy (TEM,
JEM 2100F, JEOL) equipped with energy dispersive spectrometry
(EDS) mapping (Preparation process of test samples: The
MOFs@NF was ultrasound for 3 min in ethanol solution, then
the clear liquid was taken out and dropped on the copper net,
finally, the copper net loaded MOFs dried in air at 80 °C for 3 h). The
wide-angle X-ray diffraction (XRD) measurement was performed
on a M21X instrument (MAC Science Co., Ltd., Japan), using a Cu Ka
target with a ray wavelength of A =1.541 A at a scanning speed of
10°/min. The small-angle XRD measurement was examined by a
Bruke D8 Advance diffractometer, using a Cu Ka target with a ray
wavelength of X =1.541 A at a scanning speed of 0.5°/min. To
provide the information about the surface composition and
chemical state of the samples, the X-ray photoelectron spectros-
copy (XPS) was recorded on a Thermo Scientific ESCALAB 250Xi X-
ray diffractometer, where the basic vacuum was 1.0 x 107'° mbar
and the X-ray diffraction spot was 650 wm. The bulk composition
information of the sample was determined by inductively coupled
plasma (ICP, Agilent ICPOES730) system. Except for the sample
preparation process of TEM test, the rest of the tests are directly
tested using MOFs@NF without further processing.

The procedures for the synthesis of V.Fe,-MOFs arrays
anchored on Ni foam are illustrated in Fig. 1a. It was prepared
by a simple ultrasonic and solvothermal reaction. Even though
some MOF arrays can be prepared from the template strategies

Fig. 1. (a) Schematic for the formation of VFe-MOFs@NF. (b, c) SEM images of VFe-
MOF@NF. (d) TEM and (e) HRTEM images of VFe-MOF@NF. (f) Elemental mapping
images of V, Fe and O for VFe-MOF@NF.
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[29], the method here can simplify the preparation process. The
molar ratio of V/Fe atoms of VFe,-MOFs was easily adjusted by
changing the proportion of VCl, and FeCl,-4H,0 as the reactants.
Fig. 1b shows that the resultant VFe-MOF covered uniformly on the
Ni foam. The capillary force of the gaps between different arrays of
VFe-MOF@NF helps to adsorb the electrolyte, which can enhance
the interface contact between the VFe-MOF and electrolytes, and
improve the reaction kinetics of the OER and HER. The more active
sites are exposed at the electrocatalyst/electrolyte interface due to
the array structure, which improves the overall electrochemical
performance. The MOFs displayed array morphology in the
enlarged SEM, with the size of several microns (Fig. 1c). The
microstructure of the V Fe,-MOFs can be slightly affected by the
molar ratio of V/Fe of the reactants. As the molar ratio of V/Fe was
increased, the obtained Vs3Fe-MOF still retained the similar
microstructure but with a larger array size and larger void density
(Fig. S1a in Supporting information). While to increase the Fe
reactants, the uniformity and coverage of the VFe3-MOF arrays was
decreased, and VFe3-MOF arrays grown on Ni foam showed bad
homogeneity with much smaller sizes (Fig. S1b in Supporting
information). When the V/Fe ratio is 1:1, the sample has uniform
growth. In microstructure, the arrays are densely grown on the Ni
foam with good uniformity and high coverage. The tight
interactions can improve the electron transport of the catalyst.
Also, the arrays in the same direction can facile the mass transport,
thereby facilitating the production of O,/H, bubbles.

In our previous work, the arrays cannot be formed if the Ni foam
was not used [13], indicating that the growth surface is important
for growth of high-quality arrays. Of course, the types of metals
also affect the structure of the MOFs formed on the foam, for
instance the nanosheets arrays of NiFe-MOF when using Ni-and Fe-
based reactants [30]. As comparative experiments, the V-MOF@NF
and Fe-MOF@NF were also synthesized using the same synthetic
route. Fig. S2 (Supporting information) shows the SEM images of
the V-MOF@NF and Fe-MOF@NF, respectively. It would be seen
that there are clearly some differences in microscopic character-
istics, that is, V-MOF@NF can form the array structure, while the
Fe-MOF@NF form poor array structure. Therefore, V elements may
make an effect on the microstructure of Vi Fe,-MOFs. More details
on the growth mechanism are still underway. To determine the
composition information of the sample in the bulk, ICP test was
measured about the MOFs. The ICP shows a V:Fe molar ratio of
3.63:1, 4.02:1, and 10.77:1 in the as-prepared MOFs, which are
much bigger than the feeding ratio of 1:3,1:1 and 3:1, respectively,
suggesting a higher V affinity for BDC than Fe.

TEM images further show the successful synthesis of the VFe-
MOF arrays, where the nanowires are supported by each other
(Fig. 1d), which is conducive to electronic transport and structural
stability. In this way, the obtained materials can exposure more
surfaces and provide better mass transport. High-magnification
TEM (HRTEM) of the VFe-MOFs shows the lattice fringes (Fig. 1e),
with distances of 0.31, 0.28 and 0.25 nm corresponding to the
(001), (201) and (201) planes of VFe-MOFs, respectively. EDS
elemental mapping images of the VFe-MOFs (Fig. 1f) confirm the
uniform distribution of V, Fe and O elements in the MOF, which can
illustrate that MOF prepared was indeed composed of bimetals,
ensuring the uniformity of electrocatalytic performance.

Fig. 2a presents the powder XRD pattern for the optimal VFe-
MOF. The diffraction peaks at 9.0°, 14.2°, 15.9° and 18.0° can be
indexed to the (200), (001), (201) and (201) planes of the MOFs
phase, similar to the previously reported NiCo-based MOFs [31].
This result is consistent with the microstructure observed by
HRTEM. Note that new peaks can be observed as the Fe content is
more, possibly caused by Fe metal oxides or other impurities
(Fig. S3 in Supporting information). Besides, the small-angle XRD
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Fig. 2. (a) Powder XRD and (b) small-angle XRD patterns of the VFe-MOF.

pattern (Fig. 2b) of the MOF showed an obvious peak at 0.5°, which
indicated that the material had mesoporous structure, being good
for the access to the electrolyte.

The electrocatalytic activity of VFe-MOF@NF (~0.742 mg/cm? of
loading) in OER was examined using a typical three electrode
electrochemical workstation in the 1 mol/L KOH. Other contrast
samples were also compared under the same conditions. Fig. 3a
shows the LSV polarization curves. In order to avoid too large
deviation of current curve, the scanning rate of 5 mV/s was used. It
is worth noting that VFe-MOF@NF exhibits high OER activity and
only needs a low overpotential of 246 mV for 10 mA/cm?, whichis a
good activity in OER electrocatalysts (more comparison see
Table S3 in Supporting information) [26,32-34]. In order to make
the results more convincing, we also compared the overpotential
of 100 mA/cm?, which supported that VFe-MOF@NF had the lowest
overpotential no matter for 10 mA/cm? or 100 mA/cm? (Fig. 3b).
The Tafel slope is also a key parameter to evaluate the catalytic
activity of an OER catalyst. The water oxidation kinetics were
assessed by Tafel plots obtained from LSV data (n = blog |j| + q,
where b is the Tafel slope, j is the current density). As shown in
Fig. 3¢, the results displayed that the VFe-MOF@NF had a Tafel
slope of 42.61 mV/dec, smaller than that of V3;Fe-MOF@NF
(43.65mV/dec), VFe3-MOF@NF (41.40 mV/dec), V-MOF@NF
(82.02 mV/dec) and Fe-MOF@NF (61.15 mV/dec). It indicates that
VFe-MOF@NF has better OER catalytic activity, which may be due
to the synergistic effect of V and Fe bimetal.

The catalytic performance of catalysts is interrelated to the
exposed electrochemical active surface area (ECSA). Generally,
ECSA was simulated via the double layer capacitance (Cq;) [35],
since it is difficult to directly measure ECSA and there is a liner
relationship between them. The Cy was measured via CV in a
potential range from 0.05V to 0.15V (vs. Ag/AgCl) with increasing
scan rates. As shown in Fig. 3d, the Cg (calculated from
corresponding CV, Fig. S4 in Supporting information) of VFe-
MOF@NF is 4.39 mF/cm?, which is much higher than that of V;Fe-
MOF@NF  (3.41 mF/cm?), VFe3-MOF@NF (3.69 mF/cm?), V-
MOF@NF (3.57 mF/cm?), and Fe-MOF@NF (2.83 mF/cm?). This
may be due to the exposure of more active sites in the VFe-MOF
array grown vertically on the nickel foam substrate and the
synergistic effect of V and Ni.

The ideal catalysts should not only have lower overpotential,
lower Tafel slope and higher exchange current density, but also
have higher stability. The development of electrocatalysts with
high activity and high stability is very important for electrodes
[36], because any commercial electrochemical systems must be
stable in cycling. Therefore, the time dependent current density (I-
t) curves of the VFe-MOF were measured. As shown in Fig. 3e, the I-
t curves suggest that, compared with V3Fe-MOF@NF and RuO,@NF,
the current density of VFe-MOF@NF has almost no obvious
decrease, showing good stability during 12 h test. SEM and TEM
tests were carried out to observe the change of catalyst micro-
topography before and after cycling (Fig. S5 in Supporting
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Fig. 3. OER performance: (a) Polarization curves in 1 mol/L KOH with a scan rate of 5 mV/s; (b) The overpotential at 10 mA/cm? and 100 mA/cm?; (c) Tafel plots; (d) The
capacitive current at 0.10V vs. Ag/AgCl as a function of scan rate; (e) Chronoamperometric curves of V3Fe-MOF@NF, VFe-MOF@NF and RuO,@NF at the overpotential; (f)

Nyquist plots (The insert shows the equivalent circuit).

information). It can be observed that the array structure of the VFe-
MOF@NF catalyst was generally maintained after 12 h OER testing
because of the structure of the arrays supporting each other.
However, the microstructure has been changed much, which was
also observed in reported literature [37]. Fig. S6 (Supporting
information) shows that the overall XPS spectra of the VFe-MOF
before and after the initial cycles exhibit no obvious differences,
except for the relative intensity of peak. The XPS data (Table S1 in
Supporting information) of the VFe-MOF after the initial cycles
shows that C, O, V and Fe content was 41.74 at%, 51.99 at%, 0.31 at%
and 5.96 at%, respectively, distinct with the XPS data before the
test. In addition, divided peak fitting analysis of Fe 2p shows that
the intensity of Fe** is increased and a little shifted to a lower
binding energy due to the oxidation activation after the beginning
of OER [38]. Combined with the increase in O content, a possible
explanation is that a fraction of V element separates out from the
VFe-MOF during the OER process [39], and Fe is oxidized to FeOOH
after the long-time OER, which have changed the microstructure of
the MOFs [40,41]. Again, despite of the changes, the stability of
VFe-MOF@NF electrocatalyst is satisfactory in cycling. This
suggests the OER stability test does not identify with the structural
integrity; that is, even though the microstructures of MOFs used
for elecrocatalysts may be changed, the active sites of the MOFs for
OER can be retained and maintain activity [13,42].

In order to study electrode dynamics and surface properties, EIS
measurements of the synthesized catalysts were carried out at the
potential of 0.47 V vs. RHE. The Nyquist plots (Fig. 3f) display that
the VFe-MOF@NF has the minimal radius which means that it has
the smallest polarization resistance. Furtherly, based on the fitting
data of EIS (Table S2 in Supporting information), all electrocatalysts
show similar mass transfer resistance (Rs, 2.436, 2.681, 3.01, 2.088
and 1.917 ) for VFe-MOF@NF, VFe3-MOF@NF, VsFe-MOF@NF, V-
MOF@NF and Fe-MOF@NF, respectively), which can be attributed
to the same electrolyte and Ni foam substrate. However, the charge
transfer resistance (R, 4.019, 8.372, 4.814, 106.8 and 20.75 () for
VFe-MOF@NF, VFe3-MOF@NF, V3;Fe-MOF@NF, V-MOF@NF and Fe-
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MOF@NF, respectively) is very different, which indirectly indicates
the different catalytic performance of the electrocatalysts. VFe-
MOF@NF exhibits a much smaller diameter of semicircle than that
of the other four MOFs, suggesting a better conductivity and faster
electrode dynamics. It can be concluded that the combination of
the arrays’ microstructure, synergistic effect of V and Fe bimetal
and a highly conductive Ni substrate contribute to the outstanding
electrocatalytic kinetics of the VFe-MOF@NF electrode.

To further illustrate the synergistic effect of V and Fe bimetals,
XPS measurement was performed on the MOFs. The survey
spectrum of VFe-MOF@NF was compared with V-MOF@NF and Fe-
MOF@NF respectively (Figs. 4a and b). From the full XPS spectrum
of VFe-MOF@NEF, it indicates the existence of V, Fe and O elements,
which is consistent with the analysis results of EDS elemental
mapping images. According to XPS data (Table S1), the V:Fe molar
ratio of initial VFe-MOF@NF in the surface is 1.68:1, which is
different from ICP data, indicating that Fe element maybe has
surface segregation phenomenon. As can be seen in Fig. 4c, the V2*
(516.88, 519.44, 525.05, 526.73 eV for VFe-MOF@NF, respectively)
peaks shift to higher compared with the binding energies of V2*
(516.42, 518.84, 524.52,525.67 eV for V-MOF@NF, respectively). On
the contrary, the Fe?" (722.52, 729.20eV for VFe-MOF@NF,
respectively) peaks shift to lower binding energies compared with
the binding energies of Fe?* (723.46, 732.30 eV for Fe-MOF@NF,
respectively) (Fig. 4d). This is suggesting that the partial electrons
are transferred from V2" to Fe?* through the oxygen of the ligands,
and the internal electronic structure of the VFe-MOF@NF has been
adjusted [43-45]. In addition, the valence-shell electrons of Fe?* is
3d°®, containing unpaired electrons, which can interact with 0%~
through the 7-bond. However, the d-orbitals of V?* is a 5-fold
degenerate orbital, repelling each other with 0>~, which is easier to
lose electrons to weaken the repulsion. After combination of V?*
and Fe?* (Fig. 4e), the repulsion between 0%~ and V>* will increase
the w-bond of Fe-O, which will induce a partial charge transfer
from V2" to Fe?*, consistent with the results of XPS (Figs. 4c and d).
Therefore, appropriately reducing and increasing the valence state



L. Han, J. Xu, Y. Huang et al.

Fig. 4. XPS spectra for VFe-MOF@NF and (a) V-MOF@NF, and (b) Fe-MOF@NF.
Corresponding (c) V 2p and (d) Fe 2p regions. (e) Schematic representation of the
synergistic effect between V and Fe in VFe-MOF@NF.

of Fe and V atoms can weaken the excessive adsorption capacity of
Fe?* on OH ™, and enhance the adsorption capacity of V>* on OH,
accelerating the charge transfer and mass transfer, and synergisti-
cally increasing the activity of OER.

Furtherly, electrochemical experiments have verified the
importance of the V and Fe bimetal MOFs to the enhancement
of OER activity. Compared with the V-MOF@NF and Fe-MOF@NF,
VFe-MOF@NF exhibited higher electrocatalytic activity.

In order to further explore the applicability of the VFe-MOF@NF
catalyst in the overall water splitting process, HER properties of the
electrocatalyst were studied. The test was also carried out in 1 mol/
L KOH, same to that of OER. The use of the same electrolyte in HER
and OER facilitates subsequent combination of the two electrodes
to achieve overall water splitting. Fig. 5a shows the polarization
curves of V3Fe-MOF@NF, VFe-MOF@NF, VFe;-MOF@NF, V-
MOF@NF and Fe-MOF@NF in HER. As expected, the VFe-MOF@NF
catalyst showed the best electrochemical performance compared
to other samples. The VFe-MOF@NF can reach a current density of
10 mA/cm? at a low overpotential of 147 mV. Fig. 5b presents the
Tafel plots of all the as-synthesized catalysts. The Tafel slope of
VFe-MOF@NF catalyst is 208.25 mV/dec, which is smaller than that
of VFe;-MOF@NF (257.96 mV/dec), V-MOF@NF (265.67 mV/dec),
and Fe-MOF@NF (306.67 mV/dec), suggesting that the VFe-
MOF@NF electrode has an outstanding HER dynamics. The VFe-
MOF@NF electrode shows comparable properties to many other
non-precious HER catalysts reported in alkaline electrolyte
(Table S4 in Supporting information) [46-49]. Just like OER, the
long-term durability of the VFe-MOF@NF catalyst for HER was also

2267

Chinese Chemical Letters 32 (2021) 2263-2268

Fig. 5. HER performance: (a) Polarization curves in 1 mol/L KOH with a scan rate of
5 mV/s; (b) Tafel plots; (c) Polarization curves of the VFe-MOF@NF before and after
stability test; (d) Chronoamperometric curves of VFe-MOF@NF at the overpotential.

considered as a crucial factor for practical applications. Fig. 5¢
shows that the current density displayed a very limit change after
stability test, indicating a favorable cycling performance of the
VFe-MOF@NF. Moreover, the time-dependent current density
curve (Fig. 5d) suggested that the activity of the VFe-MOF@NF
catalyst shows excellent stability after a continuous 4000 s HER
test, without significant decline. The experimental results above
illustrate that the VFe-MOF@NF catalyst has satisfactory catalytic
activity and long-term stability for HER in alkaline electrolyte,
which is due to the synergistic effect of V and Fe bimetals.

From the above discussion, the VFe-MOF@NF electrode
displayed excellent OER and satisfactory HER performance in
the same alkaline solution. The excellent catalytic properties could
be attributed to its unique array structure and synergistic effect of
V and Fe bimetals, providing many active sites and promoting the
mass transport. Accordingly, such electrode can be used as the
anode and cathode electrocatalysts for overall water splitting.
Therefore, an electrolytic cell of a two-electrode system was
assembled, using the VFe-MOF@NF electrode as both anode and
cathode (The loading density of VFe-MOF@NF for anode and
cathode is 0.742 mg/cm?, respectively). In the process of electro-
lyzing water, electrons are transferred from the anode to the
cathode, generating oxygen at the anode and hydrogen at the
cathode. As shown in Fig. 6a, the VFe-MOF@NF||VFe-MOF@NF
couple only needs a cell voltage of 1.61 or 1.80V to reach a catalytic

Fig. 6. Water splitting performance: (a) Linear sweeping voltammetry curves of
VFe-MOF@NF as anode and cathode catalyst in 1 mol/L KOH for overall water
splitting; (b) The current-time (I-t) curves of VFe-MOF@NF at the constant potential
for 3600 s (inset: the optical photograph for overall water splitting reaction in a
two-electrode configuration).
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current density of 10 or 50 mA/cm?, which represents a good
performance in the bi-functional catalysts recently reported for
overall water splitting (more comparison see Table S5 in
Supporting information) [50-55]. Furthermore, in order to prove
its wide applicability in multifunctional electronic devices, its
stability must be tested in 1 mol/L KOH. As shown in Fig. 6b, the
current density has no obvious degradation after 3600s of
continuous water splitting reaction, indicating the remarkable
high electrochemical stability of the VFe-MOF@NF||VFe-MOF@NF
couple for overall water splitting (the inset photograph shows the
two-electrode configuration used for the overall water splitting
reaction). The above results show that the VFe-MOF@NF electrode
has potential applications in energy-efficient and low-cost overall
water splitting electrolysis.

In summary, vanadium-iron bimetal organic frameworks with
well-defined array structure have been successfully prepared on
nickel foam. The as-fabricated VFe-MOF@NF electrode exhibits
excellent electrocatalytic activity and durability for OER and HER in
alkaline medium. The overpotentials of 10 mA/cm? are 246 mV for
OER and 147 mV for HER, respectively. The electrolyzer made from
VFe-MOF@NF electrode as both the cathode and anode in 1 mol/L
KOH needs only a voltage of 1.61V to reach a current density of
10 mA/cm?. The superior performance of VFe-MOF@NF can be
attributed to the morphological control and electronic regulation,
that is, 1) the exposure of the active sites at electrocatalyst/
electrolyte interfaces due to the array structure; 2) the synergistic
effect of vanadium and iron metals in the homogeneous structure.
This simple method of designing efficient electrocatalysts can be
applied to various fields such as fuel cells and lithium-ion batteries.
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