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The use of large-current-density electrolysis of seawater is promising
for a massive hydrogen (H,) production. This process, however,
requires high-performance and cost-effective bifunctional catalysts
for the oxygen evolution reaction (OER) and the hydrogen evolution
reaction (HER). Herein, a nickel—iron sulfide nanosheet array on nickel
foam (NiFeS/NF) is demonstrated to be a superb bifunctional elec-
trocatalyst for seawater splitting, delivering the industrially demanded
current density of 500 mA cm™2 at overpotentials of 300 and 347 mV
for OER and HER in alkaline seawater, respectively. Moreover, its
corresponding two-electrode electrolyzer only requires a cell voltage
of 1.85 V to drive 500 mA cm~2 and shows a strong stability for at least
50 h of electrolysis in alkaline seawater, outperforming the most
recently reported seawater-splitting catalyst electrodes.

Hydrogen (H,) is a carbon-neutral energy carrier alternative to
fossil fuels, and is an inspired, ideal choice for future energy
applications.” Among the currently pursued hydrogen gener-
ation technologies, water electrolysis provides a promising,
environmentally friendly, and sustainable route for high-purity
H, preparation.>* The large energy consumption of industrial
level electrolysis of water is attributed to the overpotential of the
cathodic hydrogen evolution reaction (HER) and the anodic
oxygen evolution reaction (OER).*® Using highly active catalysts
can greatly lower the overpotentials, and accelerate the kinetics
of OER or HER. Currently, IrO,/RuO, and Pt-based compounds
exhibit the benchmark electrocatalytic activity for OER and
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HER, respectively, but the drawbacks of exorbitant price, rarity,
and instability seriously restrict their widespread utilization.
Therefore, it is vital to develop high efficiency and earth-
abundant electrocatalysts. In particular, considerable atten-
tion has been given to the bifunctional electrocatalysts for both
HER and OER because of their merits of use of simplified
devices and lower costs.>*’

Due to the freshwater shortage, electrochemical freshwater
splitting is difficult to apply at a large scale, especially in coastal
arid areas and islands. Considering the abundance of seawater
resources on earth, it is highly advantageous to directly produce
H, by electrochemical seawater splitting, using seawater as
a starting feedstock.™* However, the wide implementation of
seawater electrolysis has serious challenges, including the
occurrence of an anodic chlorine evolution reaction (CER),
resulting in a compromised faradaic efficiency of the OER
process.'**® The two-electron oxidation reaction of chloride to
hypochlorite stands out when compared to the OER in terms of
reaction kinetics,"*° but the thermodynamic standard potential
of OER is ~480 mV lower than that of CER in alkaline electro-
lytes.*»** In this context, there is no interfering chlorine chem-
istry when a catalyst used as a water oxidization electrode can
operate at an overpotential of not more than 480 mV to obtain
a high current density during alkaline seawater electrolysis. In
addition, the issues of catalyst poisoning and the degradation of
catalytic activity will also occur due to the CI™ corrosion and
deposition of insoluble precipitates (Ca(OH), and Mg(OH),)
over the electrode.*~**

Recently, transition-metal compound catalysts are an area of
interest for applications in alkaline seawater electrolysis due to
their high abundance and comparable activities to noble-metal
catalysts.”*>® Among these, the NiFe-based catalysts, especially
NiFe layered double hydroxide (LDH) ones have demonstrated
excellent OER activity in alkaline seawater.>**' Nevertheless,
NiFe-LDH suffers from intrinsically poor electrical conductivity
and corrosion resistance.*>** The fabrication of NiFeS has been
considered as a promising strategy to enhance the OER catalytic
activity of NiFe-LDH due to its superior electrochemical
conductivity and intrinsic activity.***® In addition, the present S-
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species can be beneficial for seawater electrolysis because they
generate a negatively charged anion-rich surface, which can
effectively repel Cl™ in seawater, and therefore enhance the
resistance for Cl~ corrosion.>”"**

Herein, a NiFeS nanosheet array grown in situ on Ni foam
(NiFeS/NF) via a two-step hydrothermal approach (see ESIf for
preparative detail) is proposed as a superb bifunctional catalyst
for seawater electrolysis, capable of driving a high current
density of 500 mA cm > for the OER and HER process, with the
need for overpotentials of only 300 and 347 mV in alkaline
seawater electrolyte, respectively. In addition, this NiFeS/NF-
assembled two-electrode electrolyzer operates at a low cell
voltage of 1.85 V at 500 mA cm ™~ with robust stability in alkaline
seawater.
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Fig. 1a shows the fabrication process of NiFeS/NF, which
involves the following two steps: (1) in situ hydrothermal growth
of a NiFe-LDH nanosheet array on NF (NiFe-LDH/NF), and (2)
ion exchange of OH ™ with S*~. The X-ray diffraction (XRD) and
scanning electron microscopy (SEM) results suggest that the NF
(Fig. S1, ESIY) is fully overlaid with a densely packed NiFe-LDH
nanosheet array (Fig. S2 and S3, ESIf). After sulfurization
treatment, the XRD pattern (Fig. 1b) shows diffraction peaks
characteristic of a FeNi,S, crystal phase (JCPDS no. 47-1740)*°
and a metallic Ni substrate (JCPDS no. 04-0850), which indi-
cated the successful conversion of NiFe-LDH/NF to NiFeS/NF.
The NiFeS/NF (Fig. 1c and d) still maintains the nanosheet-
like structure of NiFe-LDH/NF. The transmission electron
microscopy (TEM) image (Fig. 1e) of NiFeS further validates its
nanosheet feature. The lattice spacing, from the lattice fringes,
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Fig. 1 (a) Schematic illustration of the fabrication process for NiFeS/NF.
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(b) The XRD pattern of NiFeS/NF. (c) Low- and (d) high-magnification

SEM images of NiFeS/NF. (e) The TEM and (f) HRTEM images of the NiFeS nanosheet. (g) The SEM and the corresponding EDX elemental mapping
images of NiFeS/NF. The XPS spectra of NiFeS for the (h) Ni 2p, (i) Fe 2p, and (j) S 2p regions.
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of 0.287 nm, corresponding to the (311) plane of FeNi,S,, is seen
clearly from the high-resolution TEM (HRTEM) image of one
NiFeS nanosheet (Fig. 1f). The SEM and corresponding energy-
dispersive X-ray (EDX) elemental mapping images of NiFeS/NF
confirm the co-existence of elemental Fe, Ni, and S with
a homogeneous distribution in the nanosheet array (Fig. 1g). As
shown in the high-resolution X-ray photoelectron spectroscopy
(XPS) spectrum of Ni 2p (Fig. 1h), the characteristic peaks
located at 856.3 and 874.1 eV correspond to Ni** 2p;/, and Ni**
2pqj2, respectively.** The peak centered at 853.0 eV can be
indexed to metallic Ni.** The presence of two satellite peaks at
862.0 and 879.7 eV is also observed. The Fe 2p spectrum (Fig. 1i)
shows one spin-orbit doublet peak of Fe 2p;/, at 712.7 eV and Fe
2Py at 725.4 €V, suggesting the existence of the Fe*" oxidation
state.’® As shown in Fig. 1j, there are three peaks at 161.5, 163.0,
and 169.0 eV corresponding to S 2psz., S 2P, and sulfate
(S0,%7) possibly contributed to the surface oxidation of sulfide
in air in the S 2p region of NiFeS/NF, respectively.**** The
previously mentioned analyses confirm the successful synthesis
of NiFeS/NF.

The OER electrocatalytic activity of NiFeS/NF was first
examined in 1 M KOH. As controls, NiFe-LDH/NF, bare NF, and
commercial RuO, loaded on NF (RuO,/NF) were also tested
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under the same conditions. Fig. 2a shows the relevant linear
sweep voltammetry (LSV) curves. As can be seen, the NiFeS/NF
exhibits a superior catalytic activity compared to the NiFe-
LDH/NF and benchmark RuO,/NF, whereas the bare NF has
an almost undetectable OER activity. The NiFeS/NF demands
overpotentials of only 215 and 272 mvV to give the current
densities (j) of 100 and 500 mA cm ™2, respectively, which were
much smaller than those of NiFe-LDH/NF (280 and 422 mV) and
RuO,/NF (333 and 495 mV). The Tafel slope is a key criterion in
evaluating the reaction kinetics. As shown in Fig. 2b, the NiFeS/
NF has the lowest Tafel slope value of 56.37 mV dec ™" of all four
electrodes (NiFe-LDH/NF: 80.47 mV dec !, RuO,/NF: 98.01 mV
dec™, and NF: 138.33 mV dec '), indicating that NiFeS/NF had
the best OER dynamics. The electrochemical impedance spec-
troscopy (EIS) results (Fig. 2¢) also confirm enhanced reaction
kinetics and charge transfer capability on NiFeS/NF, as shown
by its much smaller charge transfer resistance (R, ~4.36 Q)
than that of NiFe-LDH/NF (~16.70 Q, Table S1, ESI{). In addi-
tion, the double-layer capacitance (Cq4;) value of NiFeS/NF (4.19
mF cm ) is 2.85 times higher than that of NiFe-LDH/NF (1.47
mF em?), suggesting that the NiFeS/NF surpasses the NiFe-
LDH/NF in terms of electrochemically active surface area,
which is positively related to the Cq (Fig. S4, ESIT). The multi-
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(@) The LSV curves, and (b) the corresponding Tafel plots of different electrocatalysts in 1 M KOH. (c) The Nyquist plots. (d) The LSV curves,

and (e) the corresponding overpotentials for the NiFeS/NF electrode tested in different electrolytes. (f) Comparison of overpotentials at 100 mA
cm™2 for NiFeS/NF and other seawater OER electrocatalysts. (g) The LSV curves before and after 1000 (5000) CV cycles in 1 M KOH + Seawater
electrolyte. (h) Chronopotentiometry curves of NiFeS/NF at 100 and 500 mA cm ™2 for OER in 1 M KOH + Seawater electrolyte.
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step chronopotentiometry curve (Fig. S5, ESIT) shows the rapid
stabilization of potential in each step, indicating the
outstanding mass transport ability of this NiFeS/NF. To further
widen the practical application circumstances of NiFeS/NF, the
NiFeS/NF was applied as the anode to catalyze water oxidation
in alkaline simulated seawater (1 M KOH + 0.5 M NaCl) and
alkaline seawater (1 M KOH + Seawater). The NiFeS/NF exhibits
two nearly overlapping LSV curves recorded in both 1 M KOH
and 1 M KOH + 0.5 M NaCl, and the high catalytic activity of
NiFeS/NF was also well-maintained with only a slight attenua-
tion even when tested in the complex alkaline seawater (Fig. 2d).
The LSV curves of NiFeS/NF without iR compensation for OER
in the three studied electrolytes are shown in Fig. S6 (ESI).}
Fig. 2e shows the overpotentials from Fig. 2d at 100, 200, and
500 mA cm ™ in the different electrolytes. The NiFeS/NF elec-
trode only needed 219 and 226 mV overpotentials to drive 100
mA cm 2 in 1 M KOH + 0.5 M NaCl and 1 M KOH + Seawater,
respectively, which suggesting its higher corrosion resistance to
Cl™. This overpotential was lower than that of all the self-
supported catalysts reported in alkaline seawater (Fig. 2f and
Table S2, ESIt). Stability is another essential standard for eval-
uating the electrocatalyst. To test the stability of the NiFeS/NF
electrocatalyst in 1 M KOH + Seawater solution, the LSV
curves after 1000 and 5000 cyclic voltammetry (CV) scans were
obtained (Fig. 2g), and they showed no noticeable loss in j
compared with the previous one before cycling. In addition, the
chronopotentiometry measurements performed atj of 100 and
500 mA cm > were also used to assess the long-term stability of
the NiFeS/NF electrocatalyst (Fig. 2h). Only a slight fluctuation
in potential could be found, even at a j of 500 mA cm™> during
24 h operation, demonstrating the robust stability of the NiFeS/
NF under a high current density. After the long-term stability
test, the position of the diffraction peaks shown in the XRD
pattern of post-OER NiFeS/NF (Fig. S7, ESIt) is consistent with
that of the initial catalyst, but the attenuation of peak intensity
after the OER indicates the formation of amorphous
substances. The nanosheet structure is also retained, which
could be observed from the SEM images of post-OER NiFeS/NF
(Fig. S8, ESIt). The HRTEM image of post-OER NiFeS/NF in
Fig. S9 (ESI) shows an amorphous layer on the surface of the
nanosheet, which agrees with the XRD results. The corre-
sponding high-resolution XPS spectrum in the Ni 2p region of
the post-OER NiFeS/NF catalyst (Fig. S10, ESIt) suggests the
occurrence of small peaks located at 857.5 and 874.8 eV which
correspond to Ni** in NiOOH that is demonstrated as an active
phase for OER.***¢ No apparent change can be found from the
Fe 2p region. Only the peak of SO,>~ at 169.0 eV can be observed
from the S 2p spectrum for the post-OER NiFeS/NF catalyst,
indicating the oxidation of >~ under a high anodic potential.
The in situ Raman spectroscopy was used to monitor phase
evolution during the OER process in alkaline seawater. As
shown in Fig. S11 (ESI),t the Raman spectra show primary sharp
peaks characteristic of NiFeS in the region from 200 to
400 cm™'.* With the potential increase, the peaks at 472 and
543 cm ™', corresponding to NiOOH which is demonstrated the
real OER active phase,”*® occur at 1.5 V. According to the
HRTEM, XPS, and in situ Raman results, the NiFeS deconstructs

This journal is © The Royal Society of Chemistry 2023
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into NiOOH and SO,>~ during the OER process. In addition, our
electrochemical tests found that the LSV curve recorded in 1 M
KOH + Seawater with the addition of 0.1 M SO,>~ shows
a higher j than that recorded in 1 M KOH + Seawater (Fig. S12,
ESIt), suggesting that the SO,>~ promotes the OER activity.*” In
addition, we used colorimetric test papers to determine the
possible presence of hypochlorite products in the electrolyte
after the long-term stability tests. As shown in Fig. S13 (ESI),T
there was no color change in the test papers, suggesting that
hypochlorite was not produced during the seawater oxidation
stability tests.

The HER processes catalyzed by NiFeS/NF, NiFe-LDH/NF, Pt/
C loaded on NF, and bare NF were performed in 1 M KOH. As
shown in Fig. 3a, the NiFeS/NF electrode performs efficiently for
the HER process with an overpotential demand of 196 mV to
yield a j of —100 mA cm ™%, much lower than that of NiFe-LDH/
NF (322 mV) and bare NF (345 mV) but larger than that of Pt/C
loaded on NF (125 mV). The corresponding Tafel slope (Fig. 3b)
shows the same trend with the LSV results (NiFeS/NF:
102.93 mV dec ', NiFe-LDH/NF: 186.26 mV dec ', NF:
204.11 mV dec ', and Pt/C: 47.17 mV dec '), proving that there
is a faster HER kinetic reaction on NiFeS/NF. We also tested the
HER activity of the NiFeS/NF in different electrolytes and Fig. 3¢
shows the corresponding LSV curves. The outstanding HER
activity remains in 1 M KOH + 0.5 M Nacl, delivering j of —100,
—200, and —500 mA cm™ > at overpotentials of 198, 213, and
287 mV. In the 1 M KOH + Seawater solution, the activity shows
some degradation, which is attributed to the deposition of
insoluble precipitates on the cathode surface covering some
active sites. In this electrolyte, the overpotentials at the j of
—100, —200, and —500 mA cm 2 are 217, 262, and 347 mV, as
shown in Fig. 3d. The LSV curves of NiFeS/NF without iR
compensation for HER in the three studied electrolytes are
shown in Fig. S14 (ESI).f The excellent HER performance of
NiFeS/NF is competitive with most of the reported HER elec-
trocatalysts (Fig. 3e and Table S3, ESIt). Yet another essential
criterion for an HER catalyst is its operational stability. Fig. 3f
shows nearly completely overlapping LSV curves before and
after 1000 consecutive CV cycles. Even after 5000 CV cycles, only
a slight decrease in j can be observed. In addition, we also
performed long-term stability tests under j of —100 and —500
mA cm™? in alkaline seawater. As shown in Fig. 3g, the potential
remains highly stable with a negligible increase throughout
25 h of operation under both —100 and —500 mA cm 2. The
results of the XRD, SEM, and TEM analyses indicate that the
catalyst's crystalline phase and morphology remain preserved
after the HER stability test (Fig. S15-S17, ESIt). These results
suggest the superior stability of the NiFeS/NF. In order to gain
further insight into the catalytic mechanism of the NiFeS elec-
trode during the HER process, density functional theory (DFT)
calculations were conducted. Using the HRTEM results,
a FeNi,S, (311) slab model was built. Notably, as displayed in
Fig. 518 (ESI),t the FeNi,S, (311) has six different terminated
faces, named S1-S6. Among these surfaces, S3 is mostly stable.
Therefore, we chose S3 for further calculations. We first calcu-
lated the charge density difference of this model catalyst. As
shown in Fig. 3h, the S species are enriched with electrons,
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(a) The LSV curves, and (b) the corresponding Tafel plots of different electrocatalysts in 1 M KOH. (c) The LSV curves, and (d) the cor-

responding overpotentials for a NiFeS/NF electrode tested in different electrolytes. (e) Comparison of overpotentials at —100 mA cm~2 for NiFeS/
NF and other seawater HER electrocatalysts. (f) The LSV curves before and after 1000 (5000) CV cycles in 1 M KOH + Seawater electrolyte. (g) The
chronopotentiometry curves of NiFeS/NF at —100 and —500 mA cm~2 for HER in 1 M KOH + Seawater electrolyte. (h) The charge density
difference plot, and (i) the computed projected density of states (PDOS) of NiFeS. (j) The free energy diagrams of the HER process over NiFeS.

which can repel CI™ during the process and in turn are bene-
ficial for seawater splitting. The density of states (DOS) was also
determined for the NiFeS electrode. The DOS increases near the
Fermi level, indicating that the material has excellent electronic
conductivity, thus enhancing its electrocatalytic performance
(Fig. 3i). Furthermore, the Gibbs free energy diagrams of the
HER on the model catalyst built were also calculated. The free
energy of the adsorbed states (AGy+) were also calculated based
on previous studies.** The AGy+ for the adsorbed H atoms are
0.12 eV, —0.35 eV, and 0.34 eV, respectively (Fig. 3j). As shown in
Fig. S19 (ESI),f H atoms are preferentially adsorbed on the S
atom sites, rather than Fe and Ni. In particular, for the H1
configuration, where the H atom is adsorbed on the S atom that
bonded with one Fe atom and two Ni atoms, a considerably
lowered adsorption free energy of 0.12 eV can be achieved, and

120 | J Mater. Chem. A, 2023, 11, M16-1122

this is much closer to the thermoneutral value, giving an
outstanding HER performance.

Given the exceptional OER and HER processes when cata-
lyzed by NiFeS/NF, a self-assembled electrolyzer using NiFeS/NF
both as anode and cathode was used to explore the overall
water/seawater electrolysis (Fig. 4a). As shown in Fig. 4b, the cell
voltages of NiFeS/NF needed to achieve j of 100 and 500 mA
cm 2 are 1.65 and 1.82 V, respectively, in 1 M KOH, and are 40
and 300 mV lower than the voltages for the RuO,||Pt/C pair (1.69
and 2.12 V), respectively. Moreover, the electrolyzer requires
voltages of only 1.67 and 1.85 V to deliver j of 100 and 500 mA
cm 2 in 1 M KOH + Seawater electrolyte, outperforming most of
the as-reported bifunctional electrocatalysts for overall seawater
electrolysis (Fig. 4c and Table S4, ESIT). The long-term stability
of the electrolyzer for overall water/seawater splitting was

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2ta08568b

Published on 22 December 2022. Downloaded on 6/26/2024 10:31:35 AM.

Communication

View Article Online

Journal of Materials Chemistry A

——1MKOH

| Ruo,jiPtCin
——1MKOH

NiFeS/NF || NiFeS/NF in

1 ----1MKoH + seawater

----1MKOH + Seawater [/

2.6
o w
(: w <
q Eg w & Z
{ 2.4 Z z 234
o 2z % Q Q
@ Q o
€] ¢, E3rzg
& S 5352389
© u.Ozo .O—OEQ
:2.0';52" Nq;"‘OE“."«C‘.
=) ‘én.,_amg = o, 0N =
N E QL P
Zisls $©2z2%2%5%22
812 w T oo
'_Eazsczm
1.6
T

12 14

Voltage (V)

16 18 20 22

Overall seawater splitting

d- 1M KOH

2
_20] 500 mA cm
-
[}
(=]
s
°
>

1.6

0 10 20 30 40 50 60
Time (h)
ez.z
1 M KOH + Seawater

2.0 ’
_ 500 mA cm”
S i FT9-0-0-0-0-0-0-0-0-0-0-9-0-9-09999-9 99 9 990094
$181 100 mA cm?
D [09000000000003033099000993999
1.6
2 )
>

1.41

1.2 . . y y . : . . .

(] 5 10 15 20 30 35 40 45 50

Fig. 4 (a) A schematic illustration of an overall water splitting electro
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lyzer using NiFeS/NF as both anode and cathode. (b) The overall water/

seawater splitting performance of NiFeS/NF||NiFeS/NF and the RuO,||Pt/C pairs in 1 M KOH and 1 M KOH + Seawater. (c) Comparison of
overpotentials at 100 mA cm™2 for NiFeS/NF with other bifunctional electrocatalysts. Chronopotentiometry curves of the NiFeS/NF||NiFeS/NF

pair in (d) 1 M KOH, and (e) 1 M KOH + Seawater electrolyte.

confirmed by the chronopotentiometry measurement. As shown
in Fig. 4d, the electrolyzer achieved a steady operation of 60 h at
500 mA cm ™2 in 1 M KOH. Very impressively, the electrolyzer
also worked successively at j of 100 and 500 mA cm 2 for 50 h in
1 M KOH + Seawater electrolyte, during which no obvious
voltage change can be found even at aj of 500 mA cm ™~ (Fig. 4e),
which suggests the strong durability of this system under a high
applied current density.

In summary, the NiFeS nanoarray performs highly efficiently
and robustly in seawater electrolysis and requires low over-
potentials of only 300 and 347 mV for the OER and HER,
respectively, in alkaline seawater, to generate 500 mA cm™ 2, The
two-electrode seawater electrolyzer utilizing NiFeS/NF as both
anode and cathode can deliver 500 mA cm™? at a cell voltage of
1.85 V with superior stability. All these remarkable features,
together with the flexible features of NiFeS/NF, promise its
potential practical use in technological devices.
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