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Electronic modulation of composite electrocatalysts
derived from layered NiFeMn triple hydroxide
nanosheets for boosted overall water splitting†
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Herein, we report the synthesis of Fe and Mn co-doped Ni3S2 nanosheet arrays (FM-NS NSAs) as well as

layered NiFeMn triple hydroxide (NiFeMn-LTH)/FM-NS hybrid NSAs (HNSAs) via an easily controllable sulfi-

dation method with NiFeMn-LTH NSAs as the precursor, which can be employed as coupled oxygen evol-

ution reaction (OER) and hydrogen evolution reaction (HER) electrodes to achieve boosted overall water

splitting performance. It is discovered that the incorporation of the dual Fe and Mn cations can simul-

taneously modulate the morphology and optimize the electron density of the obtained catalysts. As a

result, the full sulfidation product of FM-NS NSAs display a much-enhanced activity for the OER at a

current density of 10 mA cm−2 with an overpotential of 188 mV. The NiFeMn-LTH/FM-NS HNSAs obtained

from partial sulfidation demonstrate an enhanced HER activity with a lower overpotential of 110 mV at

10 mA cm−2. The FM-NS NSA anode and the NiFeMn-LTH/FM-NS HNSA cathode were coupled in an

alkaline medium for overall water splitting and exhibited a much lower cell voltage of 1.48 V at 10 mA

cm−2, superior to most of the reported noble-metal-free electrocatalysts. Additionally, a battery-assisted

electrolyzer (1.5 V) was assembled to explore the feasibility for practical energy-efficient water splitting.

1. Introduction

Electrocatalytic overall water splitting, involving both the
hydrogen evolution reaction (HER) and oxygen evolution reac-
tion (OER), has been recognized as an attractive strategy to
achieve clean and sustainable H2 fuel.1,2 However, its electro-
lytic efficiency is hugely restricted by the inevitable dynamic
overpotential in the HER at the cathode and the OER at the
anode. Up to now, platinum (Pt) and ruthenium (Ru)/iridium
(Ir) based materials have been known to be the most efficient
HER and OER catalysts, but their practical applications are sig-
nificantly hindered by the problems of high cost and

scarcity.3,4 To overcome these obstacles, massive efforts have
been made to study economical and efficient electrocatalysts
and although progress has been made, for the purpose of real
application, the effective coupling of HER and OER catalysts
together in an integrated electrolyzer is necessary. Typically, in
a single water-splitting device coupling different catalysts as
the anode and cathode in the same medium, different metal
elements are usually involved in two electrodes, and possible
dissolution and redeposition of the catalysts during the reac-
tion cause potential mutual interference besides preparation
inconvenience.5–7 Common bifunctional catalysts usually
exhibit good activity for one of the half-reactions but at the
expense of the activity of the other, leading to limited water
splitting ability. Therefore, it is imperative to develop a high-
performance anodic OER catalyst and cathodic HER catalyst
from the same low-cost precursor to simplify the system and
improve the efficiency of overall water splitting.8,9

Transition metal nanomaterials, including transition metal
oxides/hydroxides,10–12 sulfides,13,14 phosphides,15,16 and
selenides,17,18 have been extensively investigated as promising
electrocatalysts. Among them, transition metal sulfides have
attracted a lot of attention for their water splitting activity com-
parable to the Pt/C-RuO2 coupled electrolyzer working in alka-
line media. For example, Li et al. prepared a cobalt–manganese
sulfide composite with a unique nanostructure, which can be
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used as an efficient bifunctional electrocatalyst for overall
water splitting.19 Particularly, Ni3S2-based electrocatalysts are
attractive for their abundant Ni–S and Ni–Ni bonds which not
only generate more targeted OER intermediate (OOH*) but
also contribute to the transformation of the adsorbed hydro-
gen free radical (H*) into H2.

20–23 Unfortunately, originating
from the intrinsically low conductivity and the instability
caused by the strong causticity of an alkaline solution, these
kinds of electrocatalysts exhibit inferior catalytic activities for
the OER and HER which has distinctly impeded their further
development.

Recently, many methods such as morphology control,24

surface modification25 and interface construction26 have been
adopted to optimize the catalytic performance. In particular,
heterostructured electrocatalysts composed of multiple com-
ponents exhibit synergistically enhanced activity and provide
more favorable interfaces for the adsorption/activation of
active species. For example, coordinated integration of Ni3S2
with layered double hydroxides (LDHs) results in abundantly
exposed edges and larger surface areas, which effectively
improves the catalytic kinetics. Liu et al. synthesized
Ni3S2@NiV-LDH/NF heterostructures, which exhibited excel-
lent performance for the HER and OER due to the tailoring of
the coupling interfaces and exposure of more catalytic reaction
sites.21 To further strengthen their electrocatalytic perform-
ance, incorporation of heterogeneous metal atoms is also con-
sidered to be an efficient strategy in terms of optimizing the
electronic interaction associated with an optimal adsorption
energy of reaction intermediates.27,28 Unexpectedly, Fe,29 Mo,30

or V31 doped Ni3S2 showed superior activity to pure Ni3S2.
32

However, most of the Ni3S2-based electrocatalysts only exhibi-
ted a modified activity in either the HER or OER process, and
the electrocatalysts that can be used for overall water splitting
have been rarely reported. Thus, based on the important effect
of heterostructures and doping on catalytic ability, it is
expected that regulating the composition and structure of
Ni3S2-based catalysts will result in active and easily coupled
OER or HER catalysts in the same medium.

Inspired by the above considerations, with pre-synthesized
layered NiFeMn triple hydroxide nanosheet arrays (denoted as
NiFeMn-LTH NSAs) on Ni foam (NF) as the starting material,
we present a controlled sulfidation approach to construct Fe
and Mn co-doped Ni3S2 (FM-NS) NSAs and NiFeMn-LTH/
FM-NS hybrid NSAs (HNSAs) on the NF substrate, which
exhibit robust activity for the OER and HER in alkaline media.
The Fe, Mn co-doping in Ni3S2 nanosheets can simultaneously
modulate the morphology (size and thickness) to significantly
increase the electrochemically active surface area and the
surface electronic structure to effectively boost the intrinsic
activity of active sites. As a result, the as-obtained FM-NS NSAs
with full sulfidation show a much-enhanced activity at a
current density of 10 mA cm−2 with an overpotential of
188 mV for the OER and a Tafel slope of 47 mV dec−1. By regu-
lating the reaction time, a partial sulfidation for 4 h produces
NiFeMn-LTH/FM-NS-4 HNSAs which exhibit good HER per-
formance with an overpotential of 110 mV at 10 mA cm−2.

Integrating the as-obtained OER and HER catalysts into an
electrolyzer endows the resultant device with a small voltage
requirement of 1.48 V to achieve a current density of 10 mA
cm−2, which can be driven by a single dry battery (1.5 V). This
finding may open up opportunities to construct low-cost and
advanced electrodes for scale-up water electrolysis.

2. Experimental section

All reagents used in this work are of analytical grade, pur-
chased from Shanghai Chemical Reagent Factory and used as
received without further purification.

2.1 Synthesis of NiFeMn-LTH NSAs

Typically, Ni foam (NF, 2 cm × 4 cm) was successively sonicated
in a HCl solution (3 M) and deionized water, followed by
drying under vacuum at 60 °C. The treated NF was transferred
into a 45 mL of Teflon-lined stainless-steel autoclave with
35 mL aqueous solution, containing 0.2 mmol of MnCl2·4H2O,
0.3 mmol of Ni(NO3)2·6H2O, 0.5 mmol of Fe(NO3)3·9H2O,
5 mmol of NH4F, and 5 mmol of urea. The autoclave was then
locked tightly and maintained at 120 °C for 12 h. After natural
cooling, the as-prepared NiFeMn-LTH nanosheet arrays were
obtained after washing with water and ethanol several times
and drying at 60 °C under vacuum. A series of reference elec-
trodes, NiFe-LDH, Ni–Mn precursors, and Ni(OH)2 nanosheet
arrays were prepared by an essentially identical procedure. The
doping level of Mn atoms was controlled by precisely regulat-
ing the molar ratio of Mn/Ni/Fe salts in the precursor solution
(4/1/5, 1/4/5, 0.5/4.5/5), with the same total amount of metal
ions (1.0 mmol) in the initial solutions.

2.2 Synthesis of NiFeMn-LTH/FM-NS HNSAs and
FM-NS NSAs

Briefly, 0.18 g of thioacetamide was dispersed in 40 mL of
absolute ethanol under sonication for 5 min to obtain a homo-
geneous solution. Then, the as-obtained NiFeMn-LTH
nanosheet arrays were placed into the above mixture, and then
transferred into a 50 ml Teflon-lined autoclave. Subsequently,
the autoclave was sealed and maintained at 120 °C for a
desired duration (4 h, denoted as NiFeMn-LTH/FM-NS-4 and
8 h, denoted as NiFeMn-LTH/FM-NS-8). Extending the sulfida-
tion duration to 12 h, the full sulfidation product of FM-NS
nanosheet arrays was obtained. The reference electrodes can
be vulcanized by the same method for 4 hours to obtain fully
vulcanized products. Finally, the corresponding products were
washed with distilled water and absolute ethanol several
times, respectively.

2.3 Characterization

The crystalline phase was analysed by powder X-ray diffraction
(XRD) measurements with a Bruker D8 Advance X-ray diffract-
ometer using Cu-Kα radiation at a scanning rate of 0.2° s−1.
The morphologies were investigated by scanning electron
microscopy (SEM) using a Hitachi S-4800 scanning electron
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microanalyzer with an accelerating voltage of 15 kV.
Microstructures were further observed by transmission elec-
tron microscopy (TEM) and high-resolution TEM (HRTEM) at
200 kV with a JEM-2100F field emission TEM. The surface
composition of the samples was measured by X-ray photo-
electron spectroscopy (XPS), using an ESCALab MKII X-ray
photoelectron spectrometer with Mg Kα X-ray as the excitation
source. Atomic force microscopy (AFM) analysis was carried
out using a Bruker Dimension Icon with ScanAsyst.

2.4 Electrochemical measurements

A three-electrode electrochemical cell was used to test the
electrochemical performance at room temperature with a bipo-
tentiostat workstation (WD20-BASIC Metrohm PGSTAT101). A
saturated calomel electrode (SCE, saturated KCl) was selected
as the reference electrode and a graphite rod was used as the
counter electrode. The as-prepared electrode was utilized as
the working electrode and the electrode area was controlled to
be 1.0 cm2. The electrolyte was an aqueous solution of 1.0 M
KOH. The reversible hydrogen electrode (RHE) reference scale
was determined by using the following equation (1):

EðRHEÞ ¼ EðSCEÞ þ 0:059pHþ 0:241: ð1Þ
The polarization curves were recorded through linear sweep

voltammetry (LSV) with a scan rate of 2 mV s−1.
Electrochemical impedance spectroscopy (EIS) measurements
were carried out on a Zennium electrochemical workstation
(ZAHNER, Germany) with an amplitude of 10 mV and a fre-
quency range from 105 Hz to 0.01 Hz. All potentials and vol-
tages were IR corrected if not otherwise specified. The turnover
frequency (TOF) values were calculated using the following
equation (2) by assuming that every metal atom is involved in
the catalysis.33,34

TOF ¼ jS=zFn ð2Þ
where j (mA cm−2) is the measured current density at η =
300 mV (vs. RHE), S is the surface area of the electrode, z is the
electron transfer number (4 for the OER and 2 for the HER), F
is Faraday’s constant (96 485.3 C mol−1), and n is the moles of
coated metal atom on the electrode calculated from mass
loading, respectively.

2.5 Rotating ring-disk electrode (RRDE) measurements

In a typical measurement, RRDE examination was carried out
on a RRDE configuration (Pine Research Instrumentation,
USA) composed of a ring electrode (platinum) and a disk elec-
trode (glassy carbon). The as-prepared FM-NS NSAs were
coated onto RRDE by using the Nafion polymer as a binder.
The electrolyte was a solution of 0.1 M KOH. A SCE and Pt foil
were used as the reference and counter electrodes, respectively.
To properly estimate the faradaic efficiency, the disk current
was maintained at a constant of 200 μA, which is large enough
to ensure an appreciable O2 production and small enough to
minimize local saturation and bubble formation at the disk
electrode. The ring potential was held at 0.4 V (vs. RHE) to

reduce the O2 released from the electrocatalyst on the disk.
The rotation rate was maintained at 1500 rpm. The faradaic
efficiency (ε) was calculated according to the following
equation (3):

ε ¼ Ir=ðIdNÞ ð3Þ
where Ir and Id represent the ring current and the disk current,
respectively, and N is the current collection efficiency of the
RRDE provided as 0.37 by the manufacturer.

2.6 Density functional theory (DFT) calculations

Density functional theory (DFT) calculations were investigated
using the Vienna ab initio simulation package (VASP). The
Perdew–Burke–Ernzerhof (PBE) generalized gradient approxi-
mation (GGA) exchange–correlation functional was used
throughout. A 500 eV plane-wave kinetic energy cutoff was
chosen, and a 4 × 4 × 1 Monhorst-Pack k-point sampling was
adopted for structure relaxation. The convergence criterion for
the electronic self-consistent iteration was set to be 10−4 eV. A
residual force threshold of 0.02 eV Å−1 was set for geometry
optimizations. The calculations were conducted on the (001)
surface of NiFeMn-LTH and the (210) surface of the FM-NS
slab model. The vacuum layer was set to be 15 Å to ensure the
separation between the slabs. The free energy change for H*
adsorptions were determined by using eqn (4):

ΔGH ¼ Etotal � Esur � EH2=2þ ΔEZPE � TΔS ð4Þ
Etotal is the total energy of the adsorption state, Esur is the
energy of the pure surface, EH2

is the energy of H2 in the gas
phase, ΔEZPE is the zero-point energy change and ΔS is the
entropy change.

The total energies for water adsorptions were calculated
using eqn (5):

Eads ¼ Eadsorbate=slab � Eadsorbate � Eslab: ð5Þ

3. Results and discussion

The NiFeMn-LTH/FM-NS HNSAs and FM-NS NSAs were syn-
thesized via a facile, controlled anion exchange reaction
between NiFeMn-LTH NSAs and S2− ions, as schematically
illustrated in Fig. 1. The sulfidation treatment can fully/par-
tially convert NiFeMn-LTH NSAs to FM-NS NSAs and NiFeMn-
LTH/FM-NS HNSAs by regulating the reaction time. What’s
more, an electrolyzer composed of optimized FM-NS/NF and
NiFeMn-LTH/FM-NS/NF-4 exhibits excellent overall water split-
ting activity, which can even be easily driven by a single AA
battery (1.5 V).

The NiFeMn-LTH nanosheet arrays were firstly fabricated by
a facile solution method on NF. As shown in the scanning elec-
tron microscopy (SEM) images (Fig. 2a and b), the NiFeMn-
LTH NSAs grow vertically on the NF substrate with a lateral
size of a few microns and a thickness of ∼90 nm. The color of
bare NF changes from silver-white to yellow-green (Fig. S1a
and b, see the ESI†). The X-ray diffraction (XRD) pattern
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(Fig. S2a, see the ESI†) reveals that, except for three typical
diffraction peaks of the NF substrate (JCPDS card No. 40-0850),
all other detectable diffraction peaks at around 11.5°, 23.3°,
34.6°, 39.0°, 46.4°, 60.3°, and 61.2° can be indexed to the
(003), (006), (012), (015), (018), (110), and (113) plane diffrac-
tions, which match well with those of typical carbonate-con-
taining LDH,24,35–37 illustrating the successful synthesis of
NiFeMn-LTH on the NF substrate. The energy dispersive spec-

troscopy (EDS) result reveals the presence of Ni, Fe and Mn
elements (Fig. S2b, see the ESI†). As a comparison, NiFe-LDH,
Ni–Mn precursors and pure Ni(OH)2 NSAs were successfully
grown on NF without the addition of a Mn source, a Fe source
and combined Mn and Fe sources, respectively, revealing
thinner and smaller sheet arrays (Fig. S3, S4 and S5, see the
ESI†). From the SEM images, it is seen that the as-prepared
NiFeMn-LTH product has the largest number of nanosheets

Fig. 1 Schematic illustration of the construction of FM-NS/NF and NiFeMn-LTH/FM-NS/NF electrodes.

Fig. 2 SEM images of the as-prepared (a and b) NiFeMn-LTH NSAs, (c and d) NiFeMn-LTH/FM-NS-4 HNSAs, and (e and f) FM-NS NSAs.
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per unit area, which can facilitate the full penetration of elec-
trolyte and therefore lead to fast kinetics.38,39

The crystal structures of the Ni3S2 species derived from the
NiFeMn-LTH NSAs could be controlled by adjusting the sulfi-
dation time, during which thioacetamide (TAA) was used as a
sulfur source to transform hydroxides into sulfides via the gen-
erated foreign S2− ions exchanging with subject anions (e.g.
OH−). After sulfidation, the color of the products is gradually
changed to black (Fig. S1c–e, see the ESI†). As clearly seen in
the SEM images (Fig. 2c and d), NiFeMn-LTH/FM-NS-4 HNSAs
obtained after the sulfidation reaction for 4 h almost preserve
the size and morphology except for the roughened surface. In
addition, the XRD patterns of the as-prepared samples with
different sulfidation times (Fig. S6, see the ESI†) confirm the
presence of NiFeMn-LTH diffraction peaks and a hexagonal
phase of Ni3S2 (JCPDS card No. 44-1418). When the sulfidation
time is increased to 8 h, the peaks of NiFeMn-LTH still exist in
the XRD pattern, but the ultrathin sheets on the surface gradu-

ally disappear as observed in the SEM image (Fig. S7, see the
ESI†). Meanwhile, FM-NS NSAs can be fully converted from
NiFeMn-LTH after 12 hours of sulfidation, and all the diffrac-
tion peaks are consistent with the hexagonal phase of Ni3S2.
The SEM images (Fig. 2e and f) also indicate that the ultrathin
sheets disappear on the surface of the FM-NS NSAs. EDS ana-
lysis (Fig. S8, see the ESI†) shows that the main components of
NiFeMn-LTH/FM-NS-4 HNSAs and FM-NS NSAs are Ni, Fe, Mn,
and S elements. However, the controlled samples of NiFe-LDH,
Ni–Mn precursors and Ni(OH)2 NSAs can be completely con-
verted to the Ni3S2 species, requiring only 4 h of sulfidation
reaction (Fe-NS NSAs, Mn-NS NSAs and NS NSAs) (Fig. 3a,
Fig. S9 and S10, see the ESI†). This phenomenon could be
ascribed to the selective reaction of S2− with Ni2+ ions in the
laminate of NiFeMn-LTH to form Ni3S2, and the slowed for-
mation of Ni3S2 caused by the incorporation of Fe and Mn,
leading to the successful growth of the heterostructure.18 Note
that the Fe and/or Mn doping in Ni3S2 nanosheets does not
change the crystal structure of Ni3S2, as revealed by the XRD
results shown in Fig. 3b where the diffraction peaks of FM-NS
NSAs shift slightly to the higher angle compared to other
samples. Such a slight shift can be most possibly caused by
the substitution of Fe and Mn atoms for Ni in the lattice sites
of the Ni3S2 matrix.23,25 From the AFM images (Fig. S11, see
the ESI†), it can be seen that the thickness of FM-NS NSs
(177 nm) is larger than that of the NS NSs (98 nm). Thus, Fe
and Mn co-doping has an obvious influence on the thickness
of the obtained nanosheets.24,40

The structure and morphology evolution of the NiFeMn-
LTH/FM-NS-4 nanosheets were further investigated by trans-
mission electron microscopy (TEM). A typical TEM image of
the individual Ni3S2 nanosheets decorated with ultrathin
sheets is shown in Fig. 4a. The HRTEM image recorded from
the yellow square area exhibits a lattice spacing of 0.287 nm in

Fig. 3 (a) XRD patterns of the as-prepared FM-NS, Mn-NS, Fe-NS
and NS NSAs and (b) the corresponding XRD patterns ranging from
28° to 34°.

Fig. 4 (a) TEM, (b) HRTEM, (c) the corresponding SAED pattern, and (d) STEM image of the as-prepared NiFeMn-LTH/FM-NS-4 HNSAs and the
elemental mapping images of (e) Ni, (f ) Mn, (g) Fe, and (h) S.
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the backbone area, corresponding to the (110) interplanar
spacing of Ni3S2, while the lattice distances of the surface
ultrathin sheets are 0.232 and 0.267 nm which can be ascribed
to the (015) and (101) facets of NiFeMn-LTH (Fig. 4b), respect-
ively. Moreover, the corresponding selected area electron diffr-
action (SAED) patterns (Fig. 4c) can be assigned to the
different diffraction planes of Ni3S2 and NiFeMn-LTH, which is
consistent with the XRD results. The elemental distribution of
the NiFeMn-LTH/FM-NS nanosheet was studied by elemental
mapping, which confirms the uniform distribution of the
main elements Ni, Fe, Mn and S (Fig. 4d–h). Noticeably, as a
result of the mismatch of the two phases, a clear interface can
be observed in the HRTEM pattern (green dotted line), which
is expected as a defect-rich and disordered structure.

In order to investigate the surface chemical states and
analyze the electronic interactions of the NiFeMn-LTH/
FM-NS-4 HNSAs and FM-NS NSAs, high-resolution X-ray photo-
electron spectroscopy (XPS) was employed. The survey spectra
of NiFeMn-LTH/FM-NS-4 and FM-NS samples further confirm
the presence of Ni, Fe, Mn, and S elements (Fig. S12, see the
ESI†). As shown in Fig. 5a, the Ni 2p spectrum of the FM-NS
NSAs displays the Ni 2p3/2 peak at 855.2 eV and Ni 2p1/2 peak
at 873.1 eV which can be assigned to Ni2+, and the peaks at
879.7 and 861.3 eV are assigned to the satellite peaks.41,42

Noticeably, the binding energy of Ni 2p peaks in the Fe and
Mn co-doped sample is more negatively shifted compared with
that of the Fe or Mn mono-doped catalyst (Fig. S13a, see the
ESI†). This result suggests more considerable electron transfer
and stronger electron interaction in the FM-NS system.

Additionally, as we know, the electronegativity of Ni is higher
than those of the Mn and Fe, and the greater electronegativity
indicates that the metal element possesses the stronger ability
to attract electrons. For the Fe-NS catalyst, the electrons trans-
fer from Fe3+ to Ni2+, resulting in an enhanced electron density
of Ni2+. Similarly, the negative shift in the Mn-NS sample
means that Ni2+ accepts the electrons from Mn2+. However, the
shift to low binding energy in the Fe and Mn co-doping cata-
lyst is more significant than that in the mono-cation-doped
sample, which may be attributed to the stronger electron inter-
actions, resulting in the increasing of electron density around
Ni atoms. This phenomenon is consistent with the previous
report that the dual-cation-doped sample can effectively modu-
late electronic environments of the metal centers.43–45 And the
co-doping of Mn2+ and Fe3+ in the FM-NS sample would
reduce the average oxidation state of Ni2+, which is beneficial
for electrocatalysis.46

In addition, the high-resolution spectrum of S 2p of FM-NS
NSAs, as exhibited in Fig. 5b, shows two peaks at 161.9 and
163.4 eV, which are attributed to S 2p3/2 and S 2p1/2 for Sn

2−

and Ni–S bonds. The peak near 167.9 eV corresponds to the
peak of Ni–O–S species, which can be attributed to the oxi-
dation at the surface caused by the exposure to air.17,47 Note
that the peaks of the FM-NS NSAs shift negatively compared
with Mn-NS, Fe-NS and NS samples, suggesting more signifi-
cant electron transfer and stronger electron interaction in the
co-doped sample.29,48 The signals of Fe 2p3/2 and Fe 2p1/2 in
FM-NS NSAs observed at 711.3 eV and 723.6 eV (Fig. 5c) are the
characteristic of Fe3+.49 A more interesting observation is that

Fig. 5 XPS spectra of (a) Ni 2p and (b) S 2p for FM-NS, Fe-NS, Mn-NS and NS NSAs. (c) Fe 2p for FM-NS and Fe-NS NSAs. (d) Mn 2p for FM-NS and
Mn-NS NSAs.
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the binding energies of Fe 2p3/2 for Fe-NS NSAs are higher
than those of Fe2O3,

50 but FM-NS NSAs exhibit the binding
energy of the Fe 2p3/2 peak lower than those of both Fe-NS
NSAs and Fe2O3 (Fig. S13b, see the ESI†), signifying that the Fe
dopant acts as an electron donating site in the Fe-NS system
rather than an electron accepting site when Mn is co-doped
with Fe into Ni3S2 lattices.

51,52 The Mn 2p3/2 peak (Fig. 5d) can
be deconvoluted into three peaks, standing for Mn2+ (638.7
eV), Mn3+ (642.2 eV) and Mn4+ (645.2 eV), respectively, which
reveals that the Mn ions in FM-NS NSAs are predominantly in
the oxidation states of +2 and +4, whereas the Mn in Mn-NS
NSAs are mainly tetravalent.39,53–55 The Mn 2p3/2 peak in
FM-NS NSAs significantly shifts to a higher binding energy
compared to Mn-NS NSAs, suggesting a more electron positive
nature of Mn.

For comparison, the Ni 2p, Fe 2p, Mn 2p and S 2p peaks of
the as-obtained NiFeMn-LTH/FM-NS-4 HNSAs exhibit a posi-
tive shift compared with FM-NS NSAs (Fig. S14, see the ESI†),
indicating the change in the electronic environment of these
elements. After Ar+ etching, an obvious change occurs in the
binding energies for all Ni, Fe, Mn, and S elements in the
NiFeMn-LTH/FM-NS-4 sample, and their binding energies are
mainly consistent with the that of the FM-NS sample, which
further confirms that the interior section of the catalyst is Fe,
Mn co-doped Ni3S2. These results evidently suggest strong elec-
tron transfer from NiFeMn-LTH to Ni3S2 due to the establish-
ment of coupled interfaces. Consequently, for the FM-NS

sample, the substitution of Ni2+ by Mn2+ ions with higher
reducing ability and weaker electronegativity results in an elec-
tron-rich structure of the surrounding Ni2+ and Fe3+ ions.
Simultaneously, strong electronic interactions occur between
Ni3S2 and NiFeMn-LTH in hybrid structures.56

The electrochemical OER properties of the as-synthesized
catalysts are investigated with a 1.0 M KOH solution in a stan-
dard three-electrode system. The effects of different sulfidation
times were investigated to identify the optimal electrocatalyst
(Fig. S15a, see the ESI†). Obviously, the OER overpotential of
the FM-NS/NF catalyst for 12 h sulfidation is much lower
than the others for 0, 4, or 8 h sulfidation treatments. As
shown in Fig. 6a and Fig. S16a (see the ESI†), the FM-NS/NF
electrode exhibits the most outstanding OER activity in com-
parison with other reference catalysts. To achieve the current
densities of 10 and 100 mA cm−2, the required overpotentials
for the FM-NS electrode are only 188 and 225 mV, respectively,
which are superior to those of the Fe-NS/NF, Mn-NS/NF, NS/NF
and RuO2/NF catalysts (Fig. S17, see the ESI†). In addition, the
OER activity of the as-prepared FM-NS electrode is comparable
or superior to those of the recently reported OER electrocata-
lysts, such as NiFe-LDH/NF (255 mV at 10 mA cm−2)57 and
NiFeRu-LDH/NF (225 mV at 10 mA cm−2)58 (Table S1, see the
ESI†). The Tafel slope derived from the LSV curves is usually
used as a key kinetic parameter to evaluate catalytic kinetics
and the relevant mechanism. As shown in Fig. 6b, the FM-NS
electrode exhibits a value of 47 mV dec−1, smaller than those

Fig. 6 (a) Polarization curves of FM-NS/NF, Fe-NS/NF, Mn-NS/NF, NS/NF, NF and RuO2/NF for the OER in 1 M KOH with a scan rate of 2 mV s−1; and
the corresponding curves of (b) Tafel plots; (c) Nyquist plot of electrochemical impedance spectra. (d) Long-term chronopotentiometric stability test
of the FM-NS electrode at a constant current density of 10 mA cm−2.
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of Fe-NS/NF (68 mV dec−1), Mn-NS/NF (73 mV dec−1) and NS/
NF (86 mV dec−1) catalysts, which may originate from the
introduction of dual-cation incorporation in systems with
facilitated electron transfer and increased additional active
sites for OH− adsorption.59 Furthermore, the calculated TOF of
the FM-NS/NF at an overpotential of 300 mV (1.53 V vs. RHE) is
0.138 s−1, much larger than those of the Fe-NS/NF (0.042 s−1),
Mn-NS/NF (0.003 s−1) and NS/NF (0.002 s−1) (Table S2, see the
ESI†), revealing the intrinsic optimization of electrochemically
active sites for the co-doping of Fe and Mn in the catalyst.
Additionally, the electrode OER kinetics and conductivity were
also investigated by the technique of electrochemical impe-
dance spectroscopy (EIS). The Nyquist impedance plots were
fitted to an equivalent electronic circuit (Fig. 6c), including a
series of solution-spreading resistance (Rs) and a charge-trans-
fer resistance (Rct) in parallel with a constant phase-element
(CPE). A much smaller Rct of FM-NS/NF (2.27 Ω) is obtained
compared to Mn-NS/NF (67.3 Ω), Fe-NS/NF (92.2 Ω) and NS/NF
(354.5 Ω) (Table S3, see the ESI†), confirming a more rapid
OER kinetics achieved with the FM-NS/NF electrode. According
to previous studies based on a rotating ring-disk electrode
(RRDE) setting,60,61 the faradaic efficiency of the OER process
occurring on the FM-NS/NF is determined to be approximately
98.5% (Fig. S18, see the ESI†). To further gain insights into the
intrinsic activity of the as-prepared catalysts, the measurement
of double layer capacitance (Cdl) was estimated, which is pro-
portional to the electrocatalytic active surface areas (ECSA).62

Derived from the cyclic voltammograms with different scan
rates in a nonfaradic potential range (Fig. S19, see the ESI†),
the FM-NS/NF electrode shows a larger Cdl (4.2 mF cm−2) than
Mn-NS/NF (3.1 mF cm−2), Fe-NS/NF (1.8 mF cm−2) and NS/NF
(1.5 mF cm−2), suggesting that the FM-NS/NF has a larger
ECSA. When the OER polarization curves are normalized to
the ECSA (Fig. S20a, see the ESI†), the highest normalized
current density at a lower overpotential reveals the higher
intrinsic OER activity of FM-NS/NF. Stability is one of the
essential parameters for the evaluation of electrocatalysts, and
the long-term durability of the FM-NS/NF electrode for the
OER was tested at a current density of 10 mA cm−2 continu-
ously for 24 h (Fig. 6d) and only slight degradation can be
observed and about 99.0% of the initial current can be
retained. The FM-NS/NF electrode shows a negligible decrease
in the OER activity compared to the original polarization curve
after a long-term stability test (Fig. S21a, see the ESI†).
Meanwhile, the multi-step chronopotentiometric test of the
FM-NS electrode was also conducted, with the current density
increasing from 20 mA cm−2 to 200 mA cm−2 (Fig. S22, see the
ESI†). The potentials remain almost unchanged at each step,
indicating the excellent conductivity, mechanical robustness,
and mass transportation of the FM-NS/NF catalyst. These
results indicate the excellent stability of the FM-NS/NF catalyst
towards the OER. Likewise, the almost unchanged morphology
of the FM-NS/NF sample after the long-term stability test
further demonstrates the robustness of the electrode (Fig. S23,
see the ESI†). After OER electrochemical measurements, the
XRD patterns of the FM-NS/NF catalyst still show the peaks of

Ni3S2 (Fig. S24, see the ESI†). The partial oxidation of the
FM-NS NSAs after the stability tests was examined by the XPS
spectra. The peak positions of Ni 2p and Fe 2p (Fig. S25a and
b, see the ESI†) shift to a higher binding energy compared
with the initial sample, indicating the slight oxidation of the
surface Ni2+ and Fe3+ in continuous electrochemical tests. The
XPS spectrum of Mn 2p3/2 after the OER stability tests can be
divided into three categories, and the ratio of the valence of
tetravalence to divalence is slightly elevated (Fig. S25c, see the
ESI†). The stronger peak at 168.7 eV in the XPS spectrum of S
2p of FM-NS NSAs after the OER stability tests is assigned to
the S element in the –SO3H or SO4 form, which resulted from
the surface partial oxidation of the S element (Fig. S25d, see
the ESI†). The XPS spectra of O 1s after the OER stability tests
were divided into three categories (Fig. S26, see the ESI†). The
O1 and O2 peaks are related to lattice oxygen and the hydroxy
species of the adsorbed water molecules, respectively, and the
O3 peak at 529.8 eV belongs to the metal–O band. The exist-
ence of the O3 peak after the OER stability test further illus-
trates the surface partial oxidation of the metal element.63,64

In addition, the HRTEM confirms that a thin layer of nickel
oxide is formed on the surface of the FM-NS nanosheet after
the OER test (Fig. S27a, see the ESI†).17,65 As for Raman ana-
lysis (Fig. S27b, see the ESI†), the appearance of three new
bands (centered at 476, 556 and 710 cm−1) indicates the gene-
ration of NiO due to the electrochemical oxidation of Ni3S2
during the OER process.59,66 Similar phenomena have been
reported that the transition-metal sulfides can be transformed
into nickel oxides/hydroxides after OER catalysis due to the
high oxygen environment, which is believed to be the actual
catalytic species for the OER.67 Previous DFT calculations
proved that Mn doping can greatly increase the OER activity of
catalysts due to the electron transfer from Mn to the surround-
ing elements and the electron enriched surroundings which
facilitate the deprotonating step and enhance electrochemical
catalytic performances.52 The electron transfer behavior can be
verified by the XPS analysis of FM-NS NSAs, which proves that
the performance improvement is related to the addition of
Mn. Hence, it is rational to conclude that if the Mn content in
the FM-NS sample is too high or too low, the improvement
effect should be very slight. This is consistent with the
phenomenon we have found by comparing the OER properties
with the different Mn contents (Fig. S28, see the ESI†), indicat-
ing the crucial role of Mn doping to modulate the electronic
regulation of the catalyst in the OER process.

It was expected that the opposite electron transfer direction
may result in different catalytic abilities of FM-NS/NF and
NiFeMn-LTH/FM-NS/NF for the OER and HER. Indeed, the
NiFeMn-LTH/FM-NS/NF-4 catalyst exhibits a better HER per-
formance in the alkaline medium (Fig. S15b, see the ESI†),
with an overpotential of 110 mV achieved to reach the current
density of 10 mA cm−2, which is lower than those of the Mn-
NS/NF, Fe-NS/NF and NS/NF catalysts (Fig. 7a and S16b, see
the ESI†). The catalytic ability of the NiFeMn-LTH/FM-NS/NF-4
catalyst is also superior to those of many recently reported
transition-metal catalysts (Table S4, see the ESI†). Moreover,
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due to the high energy barrier of water dissociation, the
Volmer step is usually the rate-determining step in the alkaline
HER. A smaller Tafel slope of 80 mV dec−1 suggests that the
formation of heterostructures promotes the water dissociation
process and optimizes the Volmer step (Fig. 7b). Besides, the
much lower Rct (2.89 Ω) also confirms the efficient charge
transport of NiFeMn-LTH/FM-NS/NF-4 for HER electrocatalysis
(Fig. 7c and Table S5, see the ESI†). The multi-step chronopo-
tentiometric test of NiFeMn-LTH/FM-NS/NF-4 toward the HER
(Fig. S29,† see the ESI†) shows the high stability of the elec-
trode at the corresponding potential in a wide current density
range (20–200 mA cm−2). Furthermore, the current density loss
is negligible over 24 h after a chronopotentiometric test at
−10 mA cm−2 and the polarization curve after the stability test
is also slightly decreased compared to the original, indicating
the good stability of the NiFeMn-LTH/FM-NS electrode (Fig. 7d
and Fig. S21b, see the ESI†).

The Cdl of NiFeMn-LTH/FM-NS/NF-4 (6.1 mF cm−2) is about
5 times as large as that of the NS/NF (1.3 mF cm−2), indicating
that more accessible active sites are exposed for the HER
(Fig. S30, see the ESI†). The current densities are then normal-
ized to the ECSA in order to compare the intrinsic reaction
activities of these electrocatalysts. As displayed in Fig. S20b
(see the ESI†), the obviously high value of NiFeMn-LTH/
FM-NS/NF discloses the higher intrinsic HER activity.
Moreover, the calculated TOFs are 1.3, 0.082, 0.053, and 0.021
s−1 for NiFeMn-LTH/FM-NS/NF, Fe-NS/NF, MN-NS/NF and NS/
NF at −300 mV (vs. RHE), respectively (Table S2, see the ESI†).

These observations indicate that the NiFeMn-LTH/FM-NS/NF
catalyst is intrinsically more active than Fe-NS/NF, MN-NS/NF
and NS/NF catalysts. SEM and XRD analyses further confirm
that the morphology, structure, and composition of the as-
obtained catalyst remain unchanged after the HER tests
(Fig. S31 and S32, see the ESI†). XPS analysis was further
carried out to investigate the surface structure of NiFeMn-LTH/
FM-NS/NF under HER conditions after the durability test. After
the durability test, no significant change is observed in the
binding energies of Ni, Fe, Mn and S in NiFeMn-LTH/FM-NS/
NF (Fig. S33, see the ESI†), indicating the stability of the as-
obtained heterogeneous structures. To further understand the
origin of the enhanced HER activity of the NiFeMn-LTH/
FM-NS/NF, DFT calculations on the surface adsorption energy
of atomic hydrogen and molecular H2O were performed by
constructing theoretical models. We calculated the Gibbs free-
energy for H adsorption (ΔGH) on the (210) surface of FM-NS,
the (001) surface of NiFeMn-LTH and the NiFeMn-LTH/FM-NS
heterostructure. The optimized structures of H adsorbed on
the surface of the catalysts are demonstrated in Fig. S34 (see
the ESI†). Since the HER relies on the reversible adsorption
and desorption of H, a catalyst which has a ΔGH more close to
the optimal value of 0 eV will exhibit more active HER
activity.68 As shown in Fig. S35a (see the ESI†), ΔGH of H
adsorption on the FM-NS and NiFeMn-LTH surfaces are −0.25
eV and 1.22 eV, respectively. However, the ΔGH value (−0.18
eV) of the NiFeMn-LTH/FM-NS catalyst is quite close to 0 eV,
leading to ideal hydrogen adsorption on the surface of this

Fig. 7 (a) Polarization curves of NiFeMn-LTH/FM-NS/NF-4, Fe-NS/NF, Mn-NS/NF, NS/NF, NF and Pt/C/NF in 1 M KOH for the HER with a scan rate
of 2 mV s−1; and the corresponding curves of (b) Tafel plots; (c) Nyquist plot of electrochemical impedance spectra. (d) Long-term chronopotentio-
metric stability test of the NiFeMn-LTH/FM-NS-4 electrode at a constant current density of −10 mA cm−2.
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catalyst. Meanwhile, the adsorption of molecular H2O is also
important for water dissociation on a catalyst surface for the
HER in alkaline media.69 The NiFeMn-LTH/FM-NS hetero-
structure shows a lower H2O adsorption energy value of −0.96
eV than those of FM-NS (−0.52 eV) and NiFeMn-LTH (−0.43
eV) (Fig. S35b, see the ESI†), indicating higher H2O binding
activity and thus guarantees effective water adsorption. Overall,
the experimental and theoretical results verify that the
NiFeMn-LTH/FM-NS catalyst is indeed a highly active electroca-
talyst for the HER.

To investigate the practical applications, we coupled FM-NS/
NF as the anode and NiFeMn-LTH/FM-NS/NF-4 as the cathode
to drive the overall water splitting in a two-electrode configur-
ation. The polarization curves exhibit a current density of 10 mA
cm−2 at a cell voltage of 1.48 V (Fig. 8a) which is even 10 mV
lower than that of the benchmarking Pt/C/NF//RuO2/NF. For
comparison, the overall water splitting activity of the FM-NS/
NF//NiFeMn-LTH/FM-NS/NF-4 is much lower than those of the
recently reported overall water splitting electrocatalysts (Fig. 8b
and Table S6, see the ESI†). As a further demonstration, a com-
mercial AA battery (1.5 V) was employed as an energy source to
drive the electrolyzer. The obvious evolution of H2 and O2

bubbles can be observed on both electrodes from the photo-
graphic image (Fig. 8c), indicating that the promising prospect
of FM-NS/NF//NiFeMn-LTH/FM-NS/NF-4 for practical appli-
cations. The long-term durability test for overall water splitting
is conducted by galvanostatic electrolysis with low (10 mA cm−2)
and high (100 mA cm−2) current density. As presented in
Fig. 8d, it can be seen that the current density shows little
damage even in the case of a large current density, suggesting

the excellent long-term stability of the as-obtained FM-NS/NF//
NiFeMn-LTH/FM-NS/NF-4.

4. Conclusions

In summary, we report for the first time a new class of ternary
transition-metal-based electrocatalysts obtained from NiFeMn-
LTH, including FM-NS NSAs and NiFeMn-LTH/FM-NS HNSAs,
through an easily controllable sulfidation reaction.
Specifically, the full sulfidation product of FM-NS NSAs exhi-
bits much-enhanced activity for the OER, while the NiFeMn-
LTH/FM-NS HNSAs obtained by partial sulfidation favorably
enhance the HER activity. Furthermore, an electrolyzer com-
posed of FM-NS/NF and NiFeMn-LTH/FM-NS/NF-4 for overall
water splitting exhibits a cell voltage of 1.48 V to achieve the
current density of 10 mA cm−2, which can be easily driven by a
commercial AA battery (1.5 V). This work provides new insights
into constructing and designing coupled HER and OER elec-
trocatalysts for superior overall water splitting.
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Fig. 8 (a) Polarization curves of NiFeMn-LTH/FM-NS/NF-4//FM-NS/NF, NiFeMn-LTH/FM-NS/NF-4 couple, FM-NS/NF couple and Pt/C/NF//RuO2/
NF in 1 M KOH for overall water splitting. (b) Comparison of the water splitting performance of the catalyst in this work with other recently reported
electrocatalysts. (c) Photographic image of the electrolyzer powered by a single AA battery. (d) Long-term stability test performed at constant
current densities of 10 and 100 mA cm−2, and polarization curves before and after 1000 cycles (inset).
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