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ABSTRACT Developing highly efficient, easy-to-make and cost-effective bifunc-
tional electrocatalysts for water splitting with lower cell voltages is crucial to produc-
ing massive hydrogen fuel. In response, the coupled hierarchical Ni/Fe-based MOF
nanosheet arrays with embedded metal sulfide nanoclusters onto nickel foam skele-
ton (denoted as Fe-Ni3S, @NiFe-MOF/NF) are fabricated, in which the Fe-Ni3S; clus-
ters could effectively restrain the aggregation of the layer metal-organic frameworks
(MOF) nanosheets and adjust the local electronic structures of MOFs nanosheets.
Benefiting from the rapid charge transfer and the exposure of abundant active sites,
the well-designed Fe-Ni;S,@NiFe-MOF/NF displays excellent oxygen evolution re-
action (OER) and hydrogen evolution reaction (HER) performance. More importantly,
when equipped in the alkaline water electrolyzer, the Fe-Ni;S,@NiFe-MOF/NF ena-
bles the system with a mere 1.6 V for achieving the current density of 10 mA cm™2.
This work offers a paradigm for designing efficient bifunctional HER/OER electrocatalysts based on the hybrid materials of nanostructured metal

sulfide and MOF.
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n TEXT

Electrochemical water splitting is one of the most significant
routes to generate the high purity Hz without harmful side products,
which can reconcile the environmental deterioration and exces-
sive consumption of fossil fuels.™*?! Unfortunately, this strategy still
suffers from great challenges because the highly scarce and ex-
pensive noble metal-based materials are regarded as the best
electrocatalysts to decrease the overpotentials and elevate the
sluggish dynamic of the two half-reactions: the hydrogen evolu-
tion reaction (HER) at cathode and the oxygen evolution reaction
(OER) at anode.® Therefore, it is urgent to design and develop
inexpensive catalysts extracted from earth-abundant non-noble
metal elements as promising alternatives to maximize the water
splitting efficiency.®-5! Among various alternative catalysts, metal-
organic frameworks (MOF) built from metal ions/clusters and or-
ganic linkers are of particular attention as they have the ad-
vantages including tailorable pore structure, high surface area
and fascinating structural diversity.[®” For instance, Li et al. syn-
thesized a series of trimetallic MnsFeyNi-MOF-74 films in-situ
grown on nickel foam (NF), which exhibited excellent OER and
HER performance in alkaline media.l! Wang et al. reported the
NiFe-bimetal two-dimensional ultrathin MOFs nanosheets (NiFe-
UMNSs) with a uniform thickness of ~10 nm as OER electrocatalysts,
delivering excellent catalytic OER activity along with outstanding du-
rability.[¥) Despite the considerable progress that has been made,
the MOF electrocatalysts still suffer from unsatisfactory electrical
conductivity and sluggish mass transfer. %!
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Recently, MOF has been successfully utilized as a precursor or
sacrificial template to fabricate metal derivatives (oxides, hydro-
xides, phosphides, sulfides, et al.) for improving electrical conduc-
tivity and catalytic activity through the pyrolysis strategy.**'% The
high temperature thermal treatments, however, would possibly
damage the desirable porous MOF structure, which could result
in the aggregation of metal derivatives and deficiency of corre-
sponding active sites, thus decreasing electrocatalytic perfor-
mance towards water splitting.'>14 To resolve these problems, di-
rect coupling of metal derivatives (e.g. metal oxides, hydroxides,
and phosphides) with porous MOF materials is regarded as a bril-
liant way to not only improve the electrical conductivity but also
take full advantage of the unique features of MOF.'>7 The pos-
sible coupling between MOF and metal derivatives could induce
synergistic effect to facilitate the adsorption/desorption process of
reaction intermediates for promoting water-splitting efficiency.
However, there is still much room to boost the catalytic activity. It
is well known that metal sulfides with plentiful bridged bonds of
metal and sulfur possess a high electrical conductivity and great
corrosion resistance, providing a big chance to accelerate the
charge transfer and improve catalytic activity.l":*8-2 To the best of
our knowledge, there is rare report on the combination of metal
sulfides and MOFs for achieving excellent catalytic performance.

Herein, a facile one-step solvothermal strategy is applied to fab-
ricate an advanced bifunctional HER/OER electrocatalyst via as-
sembling Fe doped NisS; clusters with hierarchical Ni/Fe-based
MOF nanosheets array onto Ni foam (denoted as Fe-NisS,@NiFe-
MOF/NF). The marriage of clusters and ordered nanosheet arrays
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Scheme 1. Schematic illustration of the fabrication processes of Fe-
NizS2@NiFe-MOF/NF as an effective electrocatalyst for HER/OER.

could not only endow the elaborate Fe-NisS,@NiFe-MOF/NF with
large specific surface area, but also facilitate the diffusion of elec-
trolyte ions and the release of produced bubbles, thus boosting
the catalytic HER/OER activity compared to the individual cata-
lysts alone. More importantly, the strong electronic interaction be-
tween the Fe-NizS; clusters and NiFe-MOF nanosheet arrays
could accelerate the charge transfer and optimize the binding
strength of the HER/OER intermediates on the catalyst surface.
Impressively, the optimized Fe-NizS,@NiFe-MOF/NF not only ex-
hibits excellent catalytic OER activity with a low overpotential of
226 mV at the current density of 100 mA cm, but also displays
outstanding catalytic activity towards HER with the requirement of
only 170 mV to drive 50 mA cm, which are superior to the Fe-
Ni3S2/NF and NiFe-MOF/NF in alkaline electrolyte. In addition, the
assembled overall water-splitting system with Fe-NizS,@NiFe-
MOF/NF serving as both cathode and anode just requires 1.60 V
cell voltage to realize the current density of 10 mA cm.

As illustrated in Scheme 1, the Fe-NisS,@NiFe-MOF/NF is in-
situ grown on 3D macroporous NF substrate via a simple solvo-
thermal strategy. During the solvothermal process, exogenously
introduced Ni and Fe ions would coordinate with the 2-aminotere-
phthalic acid (H.BDC-NH>) ligand to form NiFe-MOF. Meanwhile,
thioacetamide (TAA) as a sulfur source decomposes to release
S? ions, which could directly react with the introduced Ni and Fe
to form Fe-NizS; on the surface of NiFe-MOF. With the process of
reaction, the color of the NF surface completely transforms from
silver-gray to brownish black without any speckle, indicating the
as-obtained Fe-NizS,@NiFe-MOF/NF is uniformly covered on the
NF substrate (Figure S1). For comparison, the pure NiFe-MOF/
NF and Fe-NizS,/NF are also synthesized using the same proce-
dure as Fe-NisS,@NiFe-MOF/NF, except for no adding TAA and
H.BDC-NH; linkers, respectively.

The X-ray diffraction (XRD) technique is conducted to investi-
gate the crystal structure of the as-prepared Fe-NizS,/NF, NiFe-
MOF/NF, and Fe-NizS,@NiFe-MOF/NF. As shown in Figure 1a,
itis evident that all three samples in XRD pattern display similarly
prominent diffraction peaks at 44.5, 51.8, and 76.4°, correspond-
ing to the NF substrate (JCPDS No. 65-2865).?1 The pure Fe-
Ni3S2/NF exhibits the characteristic diffraction peaks at 21.9, 31.3,
38.0, 50.1, and 55.4°, which can be indexed to the (101), (110),
(003), (113) and (122) of Ni3S; hexagonal planes.*"2221 |t can be
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Figure 1. (a) XRD patterns of Fe-NizS2@NiFe-MOF/NF, NiFe-MOF/NF
and Fe-NisS2/NF. (b) Raman spectra of Fe-NisS:@NiFe-MOF/NF and
NiFe-MOF/NF. High-resolution XPS spectra of (c) C 1 s, (d) Fe 2p, (e) Ni
2p, and (f) S 2p for the electrocatalysts.

seen that the diffraction peaks of Fe-Ni3S2/NF slightly shift to the
high-angle direction compared to those of the NizS, hexagonal
structure previously reported,?® indicating the possible doping of
Fe into NisS, framework. For pure NiFe-MOF/NF, the characteris-
tic peaks recorded at 9.2, 10.5, 12.5, 16.7, and 20.7° agree well
with what have previously reported for MIL-88B type MOF struc-
ture.?*l As observed, all the above mentioned diffraction peaks of
NiFe-MOF/NF and Fe-Nis3S2/NF could be clearly detected in the
XRD pattern of Fe-Ni;S;@NiFe-MOF/NF, demonstrating the suc-
cessful formation of NiFe-MOF and Fe-NisS; in as-fabricated Fe-
NisS;@NiFe-MOF/NF. The Raman spectra are recorded to reveal
functional groups of the as-prepared Fe-NizS,/NF, NiFe-MOF/NF,
and Fe-NisS;@NiFe-MOF/NF. As shown in Figure S2, the ap-
pearance of peaks at ~194, 344 and 677 cm™ clearly validate the
formation of Ni-S species for pure Fe-Ni3sS/NF.21 A shoulder
peak at 310 cm® can also be observed, which is assigned to the
Fe-S species.?®l The characteristic peaks associated with the vi-
bration mode of the H,BDC-NH linkers are observed in the spec-
tra of pure NiFe-MOF/NF (Figure 1b). The peaks at ~629, 809,
and 866 cm™ are related to the stretching mode of C-H from ben-
zene ring,?52¢1 while a new doublet at ~1440 and 1609 cm™ is
matched well with the in- and out-of-phase stretching modes of
the carboxylate group, indicating the successful coordination be-
tween Ni/Fe ions and H,BDC-NH; linkers in NiFe-MOF/NF.[25271 |t
is worth noting that the Fe-Ni;S;@NiFe-MOF/NF possesses all
the Raman signals nearly identical to those of NiFe-MOF/NF and
Fe-NisS2/NF, verifying the coexistence of Fe-NizS; and NiFe-MOF,
which agree well with the XRD results.

The chemical components and valence state of the as-pre-
pared Fe-Ni3S,@NiFe-MOF/NF are probed through X-ray photo-
electron spectroscopy (XPS). As shown in Figure S3, the whole
XPS survey spectrum demonstrates the presence of Ni, Fe, S and
O elements on the surface of Fe-NizS,@NiFe-MOF/NF. As shown
in O 1s spectrum of Fe-NizS,@NiFe-MOF/NF (Figure 1c), the
characteristic peak at 533.7 eV could be attributed to the -OH
group originated from the adsorbed H,O molecules, while the
peaks at 531.6 and 532.7 eV are ascribed to the O-C=0 and M-
O bonds, respectively.?%29 Figure 1d presents that the Fe 2p
spectrum of Fe-NizS,@NiFe-MOF/NF could be divided into a pair
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Figure 2. (a) SEM images and (b) TEM images of Fe-Ni3sS2/NF. (c) SE
images and (d) TEM images of NiFe-MOF/NF. (e) SEM images, (f) TEM
images, (g) HR-TEM images, (h) SAED pattern, (i) HAADF-STEM image
and corresponding elemental mapping images of Fe-NizS:2@NiFe-
MOF/NF.

of peaks at 711.1 and 725.1 eV assigned to Fe 2ps;, and Fe 2p1,,
indicating the existence of Fe®*. The characteristic peaks at 856.3
and 874.6 eV for the Ni 2p spectrum can be indexed to the Ni 2ps.
and Ni 2p12 (Figure 2e), confirming the +2 oxidation state of Ni in
Fe-NizS,@NiFe-MOF/NF.[?229301 |n the S 2p spectrum of Fe-
NisS;@NiFe-MOF/NF (Figure 2f), the two characteristic peaks
centered at 162.9 and 164.6 eV are representative of the S 2pas.
and S 2py,, respectively.F Compared to NiFe-MOF/NF, the Ni 2p
and Fe 2p peaks are positively shifted by ~0.4 and 1.2 eV for the
Fe-NisS,@NiFe-MOF/NF, respectively. The positive shift of Fe 2p
peaks is mainly attributed to the formation of Fe-S bridging
units,° which is consistent with the above XRD and Raman re-
sults. The S 2p peaks can be observed to be negatively shifted by
~0.3 eV compared to that of the Fe-NisS,/NF, suggesting the
probable existence of electron coupling interaction between NiFe-
MOF and Fe-NisS;, which is conducive to promoting the charge
transfer and reaction kinetics of Fe-NisS,@NiFe-MOF/NF.[17]
The morphology structures of as-prepared Fe-NisS2/NF, NiFe-
MOF/NF, and Fe-NisS;@NiFe-MOF/NF are characterized by
field-emission scanning electron microscopy (FE-SEM) and trans-
mission electron microscopy (TEM). For pure Fe-NizS,/NF, the 3D
honeycomb-like morphology composed of densely interlaced
nanosheets can be observed in Figure 2a and 2b. The pure NiFe-
MOF/NF displays aggregated nanosheet array structure (Figure
2c and 2d), while the as-fabricated Fe-NizS,@NiFe-MOF/NF
shows the coupled well-dispersed nanosheet arrays with the Fe-
NizS; nanoclusters. Such nanoclusters could effectively weaken
the interaction between MOF nanosheets, e.g. van der Waals
forces and p-p stacking, preventing the aggregation of NiFe-MOF
nanosheets. TEM images of Fe-NizS;@NiFe-MOF/NF further un-
veil that the nanoclusters with the size of 100-200 nm are coated
on the surface of 2D nanosheet (Figure 2f). High-resolution TEM
(HR-TEM) is performed to further obtain the information of local
morphology and microstructure of Fe-NisS;@NiFe-MOF/NF. As
shown in Figure 2g, the Fe-NisS,@NiFe-MOF/NF possesses a
well-defined phase interface on the surface, in which the visible
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lattice fringes separated by the interplanar spacing of 0.28 and
0.18 nm can be coincided with the d-spacing of the (110) and
(113) crystalline planes of the Fe-Ni,S3, respectively.['7:2230 Some
bright diffraction spots could be clearly observed in the selected
area electron diffraction (SAED) pattern (Figure 2h), which corre-
spond to the (003), (211), and (300) planes of Fe-NisS,, respec-
tively.?? It is not visible for the lattice fringes and diffraction pat-
tern that are indexed to the MIL-88B, which may be caused by the
damage of NiFe-MOF structure under the high-energy electron
flow.BY The elemental mapping is conducted to analyze the dis-
tribution of different elements in Fe-NisS,@NiFe-MOF/NF. It can
be seen in Figure 2i that the Ni, Fe, O, and C are uniformly dis-
tributed over the entire Fe-NizS,@NiFe-MOF/NF. As observed,
the elemental mapping of the collected S and Ni is strong in the
clusters portion of Fe-NizS,@NiFe-MOF/NF, which indicates the
formation of Fe-NisS, clusters on the NiFe-MOF surface. Such
unique structure is expected to accelerate the electron/mass
transfer, electrolyte permeation as well as the release of genera-
ted gases, which can be effective to promote the catalytic activity.

The electrochemical OER performances of the resultant Fe-
NisS;@NiFe-MOF/NF, together with NiFe-MOF/NF, Fe-NisS,/NF,
RuO; and blank NF for comparison, are evaluated in 1.0 M KOH
solution using a standard three-electrode cell configuration. As
shown in Figure 3a, the blank NF exhibits negligible anodic cur-
rents before 1.65 V vs. RHE. For Fe-Ni;S;@NiFe-MOF/NF, NiFe-
MOF/NF, and Fe-NizS,/NF, the appearance of the peaks located
at ca.1.37 V vs. RHE implies the surface oxidization of the partial
Ni2* to form Ni®*.32 The overpotential to deliver the current den-
sity of 100 mA cm? is as low as 226 mV for Fe-Ni;S,@NiFe-
MOF/NF, which is much smaller than those of NiFe-MOF/NF (292
mV), Fe-NizSz/NF (272 mV) and commercial RuO; (362 mV). The
corresponding Tafel slope is applied to evaluate the catalytic OER
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Figure 3. (a) LSV curves at a scan rate of 5 mV-s?, (b) the corresponding
Tafel plots, (c) the current density at 1.50 V versus RHE and the overpo-
tential at 10 mA-cm for the Fe-NisS2/NF, NiFe-MOF/NF, Fe-NizS:@NiFe-
MOF/NF, RuOz2, and the blank NF. (d) EIS spectra, (e) Nyquist plots at
various potentials, and (f) the Ca values for the as-prepared Fe-NizS2/NF,
NiFe-MOF/NF, and Fe-NizS:@NiFe-MOF/NF. (g) Chronopotentiometry
curve at 50 mA-cm-2, and (h) LSV curves before and after 1000 CV cycles
for the Fe-NizS2@NiFe-MOF/NF.
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kinetics.®¥l As shown in Figure 3b, the calculated Tafel slope
value of Fe-NizS,;@NiFe-MOF/NF (67.5 mV dec?) is lower than
those of NiFe-MOF/NF (105.7 mV dec?), Fe-NizSz/NF (90.1 mV
dec?) and commercial RuO; (68.8 mV dec™), manifesting its re-
markable OER dynamic behavior. As expected, when the poten-
tial is fixed at 1.50 V vs. RHE, the Fe-NizS,@NiFe-MOF/NF can
get a high current density of 170 mA cm (Figure 3c), 3-fold, 2-fold,
23-fold, and 33-fold higher than NiFe-MOF/NF (60.5 mA cm?), Fe-
NisS,/NF (92.3 mA cm?), RUO,/NF (7.3 mA cm?) and blank Ni
foam (5.2 mA cm), respectively. Electrochemical impedance
spectroscopy (EIS) is carried out to assess the charge transfer
resistance (Ry) at the electrode/electrolyte interface.?* As pre-
sented in Figure 3d, Nyquist plots reveal that Fe-NisS,@NiFe-
MOF/NF has the smallest semicircle among all the investigated
samples, indicating its lowest R¢.** With increasing the potential
gradually, the semicircle diameter reduced the most rapidly in Fe-
NizS,@NiFe-MOF/NF compared with other counterparts (Figure
3e), indicating the Fe-NizS;@NiFe-MOF/NF is easier to be polari-
zed during OER process,®® which could facilitate the charge
transfer linked to the adsorption/desorption of OER reaction inter-
mediates. The electrochemical active surface area (ECSA) is also
investigated to evaluate the OER activities by calculating the dou-
ble-layer capacitance (Cq), which is obtained via recording the
cyclic voltammetry (CV) curves at different scan rates in a non-
faradic potential range. The Cq value of Fe-Ni;S;@NiFe-MOF/NF
is calculated to be 7.03 mF cm? (Figure 3f), higher than that of
NiFe-MOF/NF (6.80 mF cm?) and Fe-NizS,/NF (1.71 mF cm?),
suggesting that Fe-NisS;@NiFe-MOF/NF with unique arrays
structure could provide more accessible active sites to boost the
catalytic OER activity. The LSV curves normalized by ECSA dis-
play that the Fe-Ni;S@NiFe-MOF/NF affords higher specific ac-
tivity than other counterparts (Figure S4), further disclosing the
marriage of Fe-NizS; clusters and NiFe-MOF nanosheet arrays
endows the catalysts with high specific activity.

Apart from the catalytic activity, the prolonged durability is con-
sidered as another important parameter to assess the OER per-
formance.®! The 1000 cycles are handled for Fe-NisS,@NiFe-
MOF/NF using a successive CV scanning between 1.2 and 1.5V
vs. RHE. As displayed in Figure 3g, the negligible potential loss
can be observed from the polarization curve of Fe-NizS,@NiFe-
MOF/NF after 1000 CV cycles compared with the initial one, es-
pecially at the high potential region, which suggests that the Fe-
NisS;@NiFe-MOF/NF possesses the exceptional cycling durabili-
ty during the OER process. In addition, the chronopotentiometric
(v-t) measurement is carried out to further evaluate the long-term
stability of Fe-Ni;S,@NiFe-MOF/NF. It should be noted that the
studied Fe-NizS;@NiFe-MOF/NF exhibits negligible decay of po-
tential after a 36h continuous test with a permanent current den-
sity of 50 mA cm2 (Figure 3h), further demonstrating the outstand-
ing OER stability. The significantly enhanced OER performance
could be ascribed to the hierarchical array structure and the syn-
ergistic effect between NiFe-MOF and Fe-NisS;, which is condu-
cive to facilitating the charge/mass transfer and the adsorption/
desorption of OER reaction intermediates.

The XRD is employed to investigate the structure evolution of
Fe-NisS;@NiFe-MOF/NF after the OER test. As shown in Figure
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S5, the characteristic peaks of NiFe-MOF completely disappear,
while the peaks of Fe-NizS; have no obvious change. The results
suggest that the NiFe-MOF may undergo structural change from
crystalline MOF to amorphous hydroxide,”38 whereas the struc-
ture of Fe-NisS; can be well kept during the OER process. The
disordered hydroxide generated from the conversion of NiFe-
MOF may prevent the Fe-NisS; clusters from being reconstructed.
The SEM images show that the morphology of Fe-NizS,@NiFe-
MOF/NF still maintains the array structure after the OER test,
whereas the nanosheets become wrinkled and the thickness ob-
viously increases (Figure S6), suggesting the possible generation
of hydroxides during OER process. The XPS technique is applied
to further investigate the structural change of Fe-Ni;S,@NiFe-
MOF/NF during the OER process, as shown in Figure S7. In the
O 1s spectrum, the percentage of M-O bond obviously increases
and that of O-C=0 bond decreases after OER durability test, fur-
ther suggesting the conversion of NiFe-MOF to hydroxides during
OER process.['+17:22 Notably, the binding energy of Ni 2p and Fe
2p peaks present the obviously positive shift for Fe-NizS,@NiFe-
MOF/NF after the OER test, revealing that the metal species in
Fe-NisS,@NiFe-MOF/NF could be converted to be electron-rich
state during OER process, which is convenient to the formation of
hydroxide.®”] Therefore, it could be concluded that the formed hy-
droxide may serve as the real active sites in the OER process.
Besides the promising applications for OER, the HER activity of
Fe-NisS,@NiFe-MOF/NF is also investigated in 1M KOH solution.
It is found that the HER activity of Fe-NizS,@NiFe-MOF/NF is
better than that of NiFe-MOF/NF and Fe-NisS,/NF, although it is
inferior to that of commercial Pt/C (Figure 4a and 4b). The needed
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Figure 4. (a) LSV curves, (b) the correspondingng\;zrpotentials at current
density of 50 mA cm, and (c) Tafel plots of Fe-NisS2/NF, NiFe-MOF/NF,
Fe-NizS2@NiFe-MOF/NF, Pt/C, and the blank NF. (d) Nyquist plots of the
as-fabricated Fe-NizSo/NF, NiFe-MOF/NF, and Fe-NizS:@NiFe-MOF/NF.
(e) Schematic illustration of the electrolyzer using Fe-NizS2@NiFe-MOF/NF
as both anode and cathode. (f) LSV curves for the couple of Fe-
NizS2@NiFe-MOF/NF//Fe-NizS:@NiFe-MOF/NF and RuO2//Pt/C for wa-
ter electrolysis (without iR compensation). (g) LSV curves before and after
1000 cycles and (h) chronopotentiometrric curve at 10 mA cm-2 for the
integrated system.

2207077



ARTICLE

HER overpotential of Fe-NisS,@NiFe-MOF/NF (170 mV) is lower
than those of NiFe-MOF/NF (274 mV) and Fe-NizS,/NF (200 mV)
to deliver the current density of 50 mA cm2. The Tafel slope of
Fe-NisS;@NiFe-MOF/NF is 96.3 mV dec?, smaller than those of
pure NiFe-MOF/NF (102.3 mV dec) and Fe-NisS2/NF (100.1 mV
dec?), demonstrating the fastest HER kinetics (Figure 4c). Such
Tafel slope value suggests that the HER pathway of Fe-NisS.@
NiFe-MOF/NF corresponds to the Volmer-Heyrovsky mechanism
and the desorption of hydrogen is the key rate-determining
step.®l As can be seen in Figure 4d, the Fe-NizS,@NiFe-
MOF/NF displays the smallest semicircle in the Nyquist plots com-
pared with other counterparts, indicating that the Fe-NizS,@NiFe-
MOF/NF has the fastest electron transfer at the electrode/electro-
lyte interface. After HER process, the diffraction peaks of NiFe-
MOF completely disappear while those of Fe-NisS; survive, as
shown in the XRD pattern in Figure S8. This may be because the
metal sites of NiFe-MOF could be partially reduced and the OH"
could replace the organic ligands of NiFe-MOF during HER pro-
cess, leading to the structural transformation from NiFe-MOF to
metal hydroxide.l84% Therefore, the main HER active sites may be

the metal hydroxide formed at the Fe-NizS;@NiFe-MOF/NF surface.

Inspired by the outstanding performances of OER and HER, an
overall alkaline electrolysis cell is further established by taking Fe-
NisS;@NiFe-MOF/NF as both anode and cathode (Figure 4e). As
revealed in Figure 4f, the assembled Fe-Ni;S,@NiFe-MOF/NF//Fe-
NizS,@NiFe-MOF/NF system could readily drive water electroly-
sis with a low cell voltage of 1.60 V to realize the current density
of 10 mA cm2, which is comparable to the state-of-the-art coupled
RuO,//Pt/C under the corresponding current density. After conti-
nuous electrolysis for 1 h with an H-type electrolytic cell, the cal-
culated Faraday efficiency is close to 100% by measuring the vol-
ume of generated O, and H, with water drainage method, as
shown in Figure S9. The long-term stability of integrated system
could be deemed as one of the central interests for practical ap-
plications.® We perform a successive CV scanning between 1.2-
1.7 V vs. RHE to investigate the stability for the assembled Fe-
NizS;@NiFe-MOF/NF//Fe-NisS,@NiFe-MOF/NF system. The ob-
tained polarization curve after 1000 CV cycles exhibits just a little
bit shift compared with the initial one, indicating the excellent sta-
bility of the assembled system in 1 M KOH solution (Figure 4g).
In addition, a chronopotentiometric test is used to evaluate long-
term durability at a constant current density of 50 mA cm (Figure
4h). As observed, the potential of Fe-NizS,@NiFe-MOF/NF//Fe-
NizS;@NiFe-MOF/NF system exhibits only 5% increase at the
current density of 50 mA cm over a period of 50 h, which hence
makes the Fe-NizS,@NiFe-MOF/NF a great promising candidate
for efficient and durable H, generation by water splitting.

n CONCLUSION

In summary, we have successfully designed hierarchical NiFe-
MOF nanosheet arrays coupled with Fe-NisS; clusters on the sur-
face of Ni foam substrate via a facile one-step solvothermal reac-
tion. The hierarchical array structure and the synergistic effect be-
tween NiFe-MOF and attractive Fe-NisS, could endow the Fe-
NisS;@NiFe-MOF/NF with abundant active sites, rapid mass/
charge transport, and strong bubble-releasing ability during the
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electrochemical reaction process. Remarkably, the Fe-
NizS,@NiFe-MOF/NF exhibits excellent catalytic activity and sta-
bility towards both OER (n =226 mV at 100 mA cm) and HER (n
= 170 mV at 50 mA cm). More significantly, the assembled Fe-
NizS;@NiFe-MOF/NF//Fe-NisS;@NiFe-MOF/NF  system could
readily drive the current density of 10 mA cm? only at a low cell
voltage of 1.60 V. The work provides useful guidelines for the
preparation of high-performance bifunctional electrocatalysts and
sheds light on the way for rationally designing the hybrid materials
based on the MOF and metal sulfide.

n EXPERIMENTAL

Materials and Reagents. Ni(NO3),:6H,0, FeCls-6H,0, 2-ami-
noterephthalic acid (H.BDC-NH_), and thioacetamide (TAA) were
purchased from Aladdin Co., Ltd. (Shanghai, China). Potassium
hydroxide, N,N-dimethylformamide (DMF), isopropanol, and etha-
nol were bought from Sinopharm Chemical Reagent Co. The
commercial Pt/C catalyst (20 wt%) and RuO. powder (99.9%)
were obtained from Johnson Matthey Company (Shanghai,
China). Nafion solution (5%) was provided by Sigma-Aldrich (MO,
USA). All chemicals and reagents were used directly without fur-
ther purification.

Synthesis of Fe-NizS:2@NiFe-MOF/NF. The Fe-NisS;@NiFe-
MOF was in situ grown on Ni foam (NF) through a solvothermal
method, as illustrated in Scheme 1. Prior to the solvothermal re-
action, the commercial NF was ultrasonically treated for 15 min in
sequence in 5 M HCI solution, ethanol, and deionized water to
clean the surface oxide layers and impurities, followed by drying
in vacuum at 50 °C. In the preparation of Fe-NizS,@NiFe-MOF/NF,
a homogeneous mixture containing 54 mg FeCls-6H.0, 291 mg
Ni(NO3),-6H,0, 181 mg 2-aminoterephthalic acid (H.BDC-NH,),
75 mg TAA, 30 mL DMF and 8 mL ethanol was poured into the
Teflon-lined stainless-steel autoclave and the pretreated Ni foam
was immersed in the above solution. Then, the autoclave was-
sealed for reaction at 150 °C for 15 h. After cooling down to room
temperature, the resulting NF was taken out and thoroughly
rinsed with ethanol and deionized water for three times before
drying at 50 °C in vacuum. The loading amount of the Fe-
NisS,@NiFe-MOF on the NF was around 1.2 mg cm.

Synthesis of NiFe-MOF/NF. The same procedures described
above were applied for the preparation of NiFe-MOF/NF except
for no TAA involved in the mixed solution.

Synthesis of Fe-NisS2/NF. The same procedures described
above were applied for the preparation of Fe-NisS,/NF except that
no H,BDC-NH; ligands were added into the solution.

Preparation of Pt/C and RuO2. 5 mg Pt/C (20 wt%) or RuO, pow-
der (99.9%) was dispersed in the mixture solution of deionized
water/isopropanol/5% Nafion (v:iviv = 4:1:0.1). After ultrasoni-
cation for 1 h, the as-prepared catalyst ink was uniformly loaded
on the surface of NF and dried under infrared light. The mass
loading of the Pt/C or RuO; catalyst powder on Ni film was ~1.2
mg cm2,

Material Characterizations. The powder X-ray diffraction (XRD)
patterns were recorded on a Bruker D8 Advanced Diffractometer
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(Cu Ka radiation, A = 1.5418 A). Raman measurements were car-
ried out on the Thermo Fisher spectrometer equipped by using a
532 nm laser as the excitation source. The surface morphology,
composition and microstructure of the as-prepared samples were
characterized via scanning electron microscopy (SEM, Hitachi S-
4800) and transmission electron microscopy (TEM, JEOL JEM
2100). X-ray photoelectron spectroscopy (XPS) measurements
were carried out on the Thermo Scientific ESCALAB 250Xi spec-
trometer.

Electrochemical Measurements. The electrocatalytic activities
towards HER and OER were tested by the electrochemical work-
station (CHI 760E, Shanghai) with a three-electrode system or
two-electrode electrochemical cell. The OER and HER perfor-
mances were investigated in 1.0 M KOH using the NF-based elec-
trodes as the working electrode, the graphite rod and Hg/HgO
electrode as counter and reference electrodes, respectively. All
potentials for OER and HER in this work were converted to the
reversible hydrogen electrode (RHE) potential according to the
Nernst equation: Erue = Engrgo + 0.059pH + 0.197. The perfor-
mances of overall water splitting were measured with a two-elec-
trode configuration cell, in which the Fe-Ni3S;@NiFe-MOF/NF
was applied as both anode and cathode. The linear sweep volta-
mmetry (LSV) curves were collected at a scan rate of 5 mV s*
with automatic iR compensation on the electrochemical work-
station. To evaluate the electrochemical active surface area
(ECSA), the electrochemical double layer capacitances (Cq) were
obtained by recording the CV curves in a non-Faradaic potential
region from 0.401 to 0.501 V vs. RHE at different scan rates of 20,
40, 60, 80, 100, and 120 mV s™.
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