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GRAPHICAL ABSTRACT

e SnFeS;Oy/NF shows low HER
overpotentials of 85 and 324 mV at
10 and 1000 mA cm~?, respectively.

» SnFeS;0y/NF shows overpotential
of only 281 mV at 100 mA cm 2 for
the OER.

e SnFeS,0,/NF-based electrolyzer
needs 169 V to deliver
50 mA cm ™2

e Heterostructure between sulfides
and oxyhydroxides improves the
electrocatalytic activity.
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Developing robust non-noble catalysts towards hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) is vital for large-scale hydrogen production from electro-
chemical water splitting. Here, we synthesize Sn- and Fe-containing sulfides and oxy-
hydroxides anchored on nickel foam (SnFeS,O,/NF) using a solvothermal method, in which
a heterostructure is generated between the sulfides and oxyhydroxides. The SnFeS,0,/NF
exhibits low overpotentials of 85, 167, 249, and 324 mV at 10, 100, 500 and 1000 mA cm~2 for
the HER, respectively, and a low overpotential of only 281 mV at 100 mA cm ™ for the OER.
When it serves as both anode and cathode to assemble an electrolyzer, the cell voltage is
only 1.69 V at 50 mA cm 2. The sulfides should be the efficient active species for the HER,
while the oxyhydroxides are highly active for the OER. The unique sulfide/oxyhydroxide
heterostructure facilitates charge transfer and lowers reaction barrier, thus promoting
electrocatalytic processes.
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Introduction

To solve energy and environmental issues, hydrogen is
considered as a promising alternative fuel owing to the high
efficiency, cleanness, and renewability [1,2]. Electrochemical
water splitting actuated by electricity from intermittent solar
energy and wind energy sources is the cleanest way to pro-
duce high-purity hydrogen [3,4]. However, the energy effi-
ciency is abidingly plagued by the thermodynamically uphill
HER and OER processes, requiring high overpotentials to
overcome the reaction barriers [5,6]. To address this dilemma,
high-efficiency HER/OER electrocatalysts should be developed
to reduce the overpotentials [7—9]. Although Pt-based mate-
rials and IrO, show outstanding HER and OER performance,
respectively, the scarcity and high cost substantially hinder
their widespread application [10,11]. To substitute noble metal
catalysts with earth-abundant and economical catalysts, non-
noble transition metal compounds such as carbides, nitrides,
phosphates, sulfides, and oxyhydroxides have been exploited
for the HER or OER in alkaline media [12]. Nevertheless, it is
challenging to integrate the same catalyst as cathode and
anode materials for overall water splitting due to inconsistent
optimum running conditions [13,14]. Developing bifunctional
HER and OER electrocatalysts can help to reduce catalyst
preparation cost and makes hydrogen production from elec-
trolysis of water more competitive than hydrogen production
from fossil fuels [15]. However, most bifunctional electro-
catalysts fail to reach 10 mA cm~2 at cell voltage of 1.5 V, worse
than Pt—IrO,-coupled electrolyzer [16,17]. Therefore, it is still
challenging to fabricate bifunctional electrocatalysts for water
electrolysis.

Binary metal oxyhydroxides usually show higher electro-
catalytic OER activity than their unary counterparts ascribed
to more appropriate binding energies of reaction in-
termediates on the catalyst surface, especially for Fe-based
oxyhydroxides [18—22]. For instance, binary Fe—Co [23],
Fe—Ni [24], Fe—Mn [25], Fe—Cu [26], and Fe—V [27] oxy-
hydroxides have been reported to exhibit excellent OER ac-
tivity. Menezes et al. electrodeposited FeSn, on nickel foam
(NF), showing excellent OER activity with an overpotential
(n10) of 197 mV at 10 mA cm™2 [28]. They proposed that the in
situ generated a-FeOOH was the active site, while FeSn, pro-
vided conductive substrate. However, transition metal oxy-
hydroxides usually exhibit poor HER activity and the cell
voltage would exceed 1.7 V at 10 mA cm 2 when they serve as
bifunctional catalysts for water electrolysis [29]. Accordingly,
coupling transition metal oxyhydroxides with high-efficiency
HER catalysts is an efficient method for realizing overall water
splitting [1,15,30,31].

Transition-metal sulfides have been demonstrated as
high-performance catalysts for HER [15,32,33]. For example,
MoS, [34], WS, [35], FeS [36], CosSg [37], and Ni3S, [38] have
been reported to be active for the HER. Wang et al. found that
ultrathin metal-phase FeS nanosheets exhibited higher HER
activity than the bulk FeS semiconductor due to enhanced
carrier transfer [39]. Usually, binary metal sulfides exhibit
higher HER activity than their unary counterparts mainly due
to the formation of heterostructure between different sulfides
and the generation of defects aroused by different valence

states of metal ions [40]. Yan et al. found that the HER activity
of NiS, can be greatly improved by doping Co ions [41]. They
used theoretical simulations to disclose that the metal sites
acted as the electron-reception centers, while the adsorbed
water molecules were split on the surface sulfur sites. In
addition, transition-metal sulfides also exhibit OER activity
and heteroatom doping can further improve the catalytic
performance due to the generation of defects and optimized
surface electronic structure, leading to new charge distribu-
tion [42]. However, transition-metal sulfides are not stable
under harsh oxidizing conditions, which would be partially or
completely oxidized into the corresponding oxides [43].
Therefore, constructing a transition-metal sulfide/oxy-
hydroxide heterostructure catalyst is good choice to address
the incompatibility between activity and stability.

Although transition-metal sulfides and transition-metal
oxyhydroxides have been widely studied in HER and OER,
respectively, there are seldom reports about establishing sul-
fide/oxyhydroxide heterostructure catalysts for bifunctional
HER and OER. Here, we report a heterostructure catalyst
containing SnFeS, and SnFeO, supported on nickel foam
(SnFeS,0,/NF) through an in situ solvothermal method. For
the HER, the SnFeS,0,/NF needs low overpotentials of 85, 167,
249, and 324 mV at 10, 100, 500 and 1000 mA cm™2, respec-
tively. For the OER, the SnFeS,O,/NF needs a low overpotential
of only 281 mV at 100 mA cm 2. Moreover, the electrolyzer
using SnFeS,0,/NF as both anode and cathode needs a low cell
voltage of 1.69 V to deliver 50 mA cm 2. The formation of
sulfide/oxyhydroxide heterostructure facilitates charge
transfer and reduces OER barrier, thus enhancing electro-
catalytic performance.

Results and discussion

The heterostructure catalyst SnFeS,O,/NF was synthesized in
a solvothermal reaction using sulfourea as the sulfur source
and FeCls-6H,0 and SnCl,-2H,0 as the metal sources (Fig. 1a).
SnS;Oy or FeS;Oy was also anchored on NF under the similar
solvothermal environment, while SnFeO,/NF was synthesized
using urea as the metal precipitator. The representative SEM
images of FeS,O,/NF (Fig. 1b) and SnS,O/NF (Fig. 1c) reveal
approximately spherical nanoparticles with average particle
size of 500 nm on NF (Fig. S1), while the SnFeS,0,/NF shows
much smaller nanoparticles with average particle size of
100 nm on NF surfaces (Fig. S2 and Fig. 1d and e), which endow
the catalyst with large surface area and remarkable mass
transport rate. TEM images also indicate larger nanoparticles
in the FeS,O,/NF and SnS,0,/NF (Fig. S3) than in the SnFeS,0,/
NF (Fig. 1f). From the HRTEM image (Fig. 1g), there are mac-
rospores throughout the nanoparticles and the interplanar
spacings of the SnFeS,Oy are 0.284 and 0.337 nm, character-
istic of Fe- or Sn-containing oxides and sulfides. In addition,
the crystals are very small, suggesting low degree of crystal-
linity in the SnFeS,Oy. The elemental mappings of SnFeS,0,
display uniformly distributed O, S, Fe and Sn elements across
the SnFeS,0y surface (Fig. 2).

The valence states of Fe and Sn elements in the SnFeS,0y
are explored by XPS. As depicted in Fig. 3a, Fe, Sn, O and S
elements are presented. The Fe 2ps/, spectrum shows that two
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Fig. 1 — (a) Schematic of the synthesis of SnFeS,0,/NF. (b) SEM image of FeS,0,/NF. (c) SEM image of SnS,0,/NF. (d, €) SEM

images of SnFeS,O,/NF. (f, g) HRTEM images of SnFeS,0,/NF.

significant peaks located at 710.9 and 713.1 eV correspond to
Fe?* and Fe*" (Fig. 3b) [28]. The peak centered at 716.8 eV
should be related to the Sn 3ps;» [44]. The Sn 3d spectrum
displays Sn 3ds, and Sn 3ds, peaks centered at 487.0 and
495 5 eV, respectively, indicating the presence of Sn** (Fig. 3c)
[45]. The S 2p spectrum exhibits S 2p;, and S 2ps;, peaks
centered at 164.8 and 163.5 eV, respectively, corresponding to
M — S species [46]. The O 1s spectrum can be fitted into three
peaks center at 530.0, 531.5, and 532.5 eV, which can be
ascribed to M — O (M = Fe or Sn), defective O sites and O—H,
respectively (Fig. S4) [22].

The self-assembly oxysulfides on NF are directly served as
working electrodes for electrocatalytic tests in Nj-saturated

1 M KOH. Fig. 4a demonstrates typical HER polarization curves
of SnS,Oy/NF, FeS,0,/NF, SnFeO,/NF, SnFeS,0,/NF, and Pt/C/
NF. The SnFeS,O,/NF needs a low overpotential (n;0) of 85 mV
to reach 10 mA cm~2, while SnS,0,/NF, FeS,O,/NF, SnFeO,/NF
and Pt/C/NF demand overpotentials of 98, 204, 178 and 33 mV
respectively. Remarkably, the SnFeS,0,/NF needs low over-
potentials of 167, 249, and 324 mV to reach 100, 500 and
1000 mA cm 2, respectively, which surpasses most sulfides
and oxyhydroxides reported previously (Table S1). Moreover,
the SnFeS,0y/NF exhibits a Tafel slope of 90 mV dec ™" (Fig. 4b),
lower than SnS,Oy/NF (162 mV dec™") and SnFeO,/NF (129 mV
dec™), suggesting a favorable HER kinetics on the SnFeS,Oy/
NF. The Fe-doping content on the HER performance of


https://doi.org/10.1016/j.ijhydene.2022.11.039
https://doi.org/10.1016/j.ijhydene.2022.11.039

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 4594—4602

4597

Ch 1

2353
Ch1 MAG:10000x HV:10kV WD:8.3 mm

2353
Ch1" MAG: 10000x  HV:10kV WD:83 mm

o

2353
Ch1 MAG: 10000x HV:10kV WD:8.3 mm

(o fEEl s Ay o

2353
Ch1 MAG:10000x HV:10 kV WD: 8.3 mm

2353
Ch1. MAG: 10000x HV:10kV WD:83 mm

Fig. 2 — (a) SEM image of SnFeS,0y, and (b—f) elemental mapping.

SnFe,S,O,/NF (n = 0.6—1.4) was investigated. As depicted in
Fig. 4c, the Fe-doping content has great effect on the HER ac-
tivity. The HER activity increases with augmenting Fe dosage
and achieves a peak value when the Sn/Fe ration is 1:1. The
HER activity will decrease gradually with further augmenting
the Fe dosage. As a result, the n;o on SnFeq ¢5;0,/NF, SnFeg g
SxOy/NF, SnFeS,0,/NF, SnFe; ,S,0,/NF and SnFe; 4,S,O,/NF is
209, 131, 85, 178, and 227 mV (Fig. 4c), and their corresponding
Tafel slopes are 127, 95, 90, 123, and 121 mV dec™?, respectively
(Fig. 4d). The long-term stability shows that the SnFeS,O,/NF
maintains a well constant current density of 50 mA cm 2 for
54 h, indicating outstanding durability (Fig. 4e). The Faradaic
efficiency of HER is measured to be ~100%. After the stability
testat 50 mA cm 2 for 54 h, we collected the LSV curve (Fig. 4f),
which indicates that there is no significant difference for the

LSV curves before and after stability testing, further illus-
trating excellent HER stability of the SnFeS,0,/NF.

The catalytic OER performance of SnFeS,O,/NF is investi-
gated in N,-saturated 1 M KOH. For comparison, SnS,0y/NF,
FeS,Oy/NF, SnFeO,/NF and commercial IrO, are also tested
under the same conditions. The SnFeS,O,/NF achieves a
current density of 100 mA cm™? at an overpotential of only
281 mV (Fig. 5a), which is lower than that of the SnS,O,/NF
(362 mV), FeS,O,/NF (318 mV), SnFeO,/NF (310 mV), com-
mercial IrO, (398 mV), and most sulfides and oxyhydroxides
reported previously (Fig. 5b), for instance, CuCo—Ni3S,/NF
(400 mV) [47], CuInS,/SnS,/NF (382 mV) [48], NiCoS/NF
(370 mV) [49], VO,/NisS,@NF (358 mV) [50], Bi—Ni3S,/NF
(339 mV) [51], Zn—NisS,/NF (330 mV) [52], WS,/NigSg/NF
(320 mV) [53], M0S,@C0sSsNi3S,/NF (310 mV) [54], FeS—NisSy/
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Fig. 3 — (a) XPS survey spectrum of the SnFeS,0,/NF. High-resolution XPS spectra for (b) Fe 2p, (c) Sn 3d and (d) S 2p.

NF (290 mV) [55], and CoxP@Ni—Co—S/NF (289 mV) [56]. The
turn over frequency (TOF) of oxygen evolution on the
SnFeS,0,/NF at an overpotential of 300 mV is calculated to be
0.1s7? per total Fe and Sn atoms, far larger than SnS,O,/NF
(0.026 s77), FeS,O,/NF (0.041 s ') and SnFeO,/NF (0.039 s7%).
The mass activity of SnFeS;O,/NF at an overpotential of
300 mV is 189.3 A gfl, much larger than SnS,Oy/NF
(50.0 A g™"), FeS,Oy/NF (77.7 A g™") and SnFeO/NF (822 Ag™").
The Tafel slope of SnFeS,O,/NF is 60 mV dec ' (Fig. 5c),
smaller than that of SnS,Oy/NF (90 mV dec™), FeS,O,/NF
(75 mV dec™"), and SnFeO,/NF (73 mV dec™ '), confirming the
favorable OER kinetics of SnFeS,O,/NF and the rate-
determining step following the first electron transfer [11].
The SnFe,S,0,/NF samples with different Sn/Fe ratios (from
1:0.6 to 1:1.4) were also synthesized and investigated to
optimize the OER performance. From Fig. 5d, the ratio of 1:1
exhibits better performance than the other analogues, veri-
fying the fundamental positive influence of Fe**. The Tafel
slope of SnFegSxOy/NF, SnFeS;0y/NF, SnFe;,5;0,/NF and
SnFe; 4S40,/NF is 62, 60, 65 and 67 mV dec™!, respectively
(inset in Fig. 5d), suggesting similar OER mechanism on these
samples. The OER kinetic barriers on SnS,O,/NF, FeS,0,/NF,

SnFeO,/NF and SnFeS,0,/NF were determined using Arrhe-
nius equation [18,57]. From the temperature-dependent po-
larization curves (Fig. S5) and the derived Arrhenius plots
(Fig. Se), it can be calculated that the energy barrier on the
SnFeS,Oy/NF is 14.7 kJ mol~!, much lower than that on
SnSxOy/NF (23.1 kJ] mol™?), FeSyOy/NF (20.7 kJ mol™), and
SnFeO,/NF (19.1 kJ mol~?), implying more favorable OER ki-
netics on the SnFeS,O,/NF.

The OER stability of SnFeS,O,/NF was evaluated by Chro-
nopotentiometric and chronoamperometric meausrements
(Fig. 5f). Both tests demonstrate that the SnFeS,0,/NF is very
stable under high current density conditions, making
SnFeS,Oy/NF a promising OER catalyst. The Faradaic effi-
ciency of OER is measured to be 95-100%. The structure and
morphology of the SnFeS,0,/NF after OER stability test have
been analyzed by XRD (Fig. S6) and SEM (Fig. S7), respectively.
From Fig. S6, it can be seen that the species of sulfides and
oxyhydroxides have been presented after OER testing, how-
ever, the morphology of the SnFeS;O,/NF after OER stability
test is different from the fresh sample (Fig. S7). The particle
size grows larger during OER testing, which might be due to
surface and bulk reorganization during the reaction [11,20].
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Fig. 4 — (a) LSV curves of Pt/C, SnS,O,/NF, FeS;0,/NF, SnFeO,/NF and SnFeS,0,/NF. (b) Tafel plots. (c) LSV curves of
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test for the SnFeS,0,/NF. (f) LSV curves of SnFeS,0,/NF before and after stability test.

The surface compositions and metal valence state of the
SnFeS,0,/NF after OER measurement were analyzed by XPS.
As depicted in Fig. S8, Fe, Sn, O and S elements can be still

detected on the catalyst surface. Compared with fresh sample,
the Fe?'/Fe®" ratio increases obviously, suggesting that Fe
sites might be involved in the OER. Meanwhile, the Sn element
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SnFe; 48;0,/NF. Inset: Tafel plots. (e) Arrhenius plots of the kinetic current at n = 300 mV. (f) Chronopotentiometric curve of
the SnFeS,O,/NF (inset: chronoamperometric curve).
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still remains +4 valence state after the reaction, implying that
Sn should not be the main active site, but improves the con-
ductivity and charge transfer ability as evidenced by the
following impedance test.

To further disclose the role of Fe and Sn in the SnFeS,0/NF
for the HER and OER, the electrochemically active surface area
(ECSA) was measured and compared with the other ana-
logues. As shown in Figs. S9-S12, the ECSA of the SnFeS,0,/NF
is 636 cm?, much higher than SnS,0,/NF (393 cm?), FeS,0,/NF
(305 cm?), and SnFeO,/NF (47 cm?), illustrating more available
active sites in the SnFeS,0,/NF. The higher ECSA might come
from two aspects: (1) the formation of heterostructure be-
tween the sulfides and oxyhydroxides, and (2) the synergistic
effect between Sn and Fe sites increasing efficient active sites.
Since the ECSA of SnFeO,/NF is much lower than those of
SnS,O,/NF and FeS;0/NF, the heterostructure between the
sulfides and oxyhydroxides in the SnFeS,O,/NF plays a more
important role in enhancing the active sites. To investigate
the influence of the formation of heterostructure on charge-
transfer resistance, electrochemical impedance spectroscopy
(EIS) spectra were performed. As illustrated in Figs. S13, the
charge-transfer resistance of SnFeS,O,/NF is determined to be
2.1 cm?, slightly smaller than that of SnS,O,/NF (43.6 Q cm?),
FeS:Oy/NF (22.2 Q cm?) and SnFeO,/NF (2.4 Q cm?), demon-
strating that faster charge transfer in the SnFeS,O,/NF than
the other samples.

Since the SnFeS,0,/NF exhibits excellent HER and OER
activities, it shows enormous potential as cathode and anode
materials for water electrolysis. Fig. 6a illustrates a typical
polarization curve of an electrolytic cell that is assembled with
the SnFeS,O,/NF as the cathode and anode. Evidently, the
SnFeS,0y/NF||SnFeS,O,/NF electrolyzer provides the current
density of 50 mA cm ™ at a low cell voltage of 1.69 V for the
overall water splitting, outperforming the one assembled with
nonprecious IrO,||Pt/C. At the cell voltage of 1.8 V, the water-
splitting output of this electrolyzer reaches ~96.8 mA cm 2,
5.8-fold higher than the one constructed with IrO,|[Pt/C. The
sulfides should be responsible for the HER, while the oxy-
hydroxides are responsible for the OER, and they are very

stable for these reactions [15,58—60]. During the stability test
at the voltages of 1.5 and 1.7 V, the output of the SnFeS,Oy/NF||
SnFeS,Oy/NF electrolyzer is reasonably stable (Fig. 6b),
implying potential applications of SnFeS,O,/NF for alkaline
water electrolysis.

Conclusions

In summary, we have successfully assembled a hetero-
structure SnFeS,Oy onto nickel foam by a facile solvothermal
synthesis to produce a bifunctional electrocatalyst for the
overall water splitting. The SnFeS,0,/NF needs overpotentials
of only 85, 167, 249, and 324 mV to reach 10, 100, 500 and
1000 mA cm? for the HER, respectively. Meanwhile, the
SnFeS,Oy/NF needs a low overpotential of only 281 mV to
achieve a current density of 100 mA cm~2 for the OER. Addi-
tionally, the SnFeS,Oy/NF can act as both anode and cathode
to catalyze water electrolysis, requiring a low cell voltage of
1.69 V to deliver 50 mA cm 2 The formation of Sn- and/or Fe-
containing sulfide/oxyhydroxide heterostructure and the
synergic action between Sn and Fe sites accelerate charge
transfer and lower reaction barriers, thus improving electro-
catalytic performance.
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