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a b s t r a c t

Water splitting has received more and more attention because of its huge potential to generate clean and
renewable energy. The highly active and durable oxygen evolution reaction (OER) catalysts play a deci-
sive factor in achieving efficient water splitting. The identification of authentic active origin under the
service conditions can prompt a more reasonable design of catalysts together with well-confined
micro-/nano-structures to boost the efficiency of water splitting. Herein, Fe, Co, and Ni ternary transition
metal dichalcogenide (FCND) nanorod arrays on Ni foam are purposely designed as an active and stable
low-cost OER pre-catalyst for the electrolysis of water in alkaline media. The optimized FCND catalyst
demonstrated a lower overpotential than the binary and unary counterparts, and a 27-fold rise in kinetic
current density at the overpotential of 300 mV compared to the nickel dichalcogenide counterpart.
Raman spectra and other structural characterizations at different potentials reveal that the in-situ surface
self-reconstruction from FCND to ternary transition metal oxyhydroxides (FCNOH) on catalyst surfaces
initiated at about 1.5 V, which is identified as the origin of OER activity. The surface self-
reconstruction towards FCNOH also enables excellent stability, without fading upon the test for 50 h.
� 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by

ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction

Electrochemical water splitting is a promising solution that can
achieve large-scale hydrogen production to meet the ever-rising
demand for sustainable energy and clean environment [1–3]. For
efficient oxygen evolution reaction (OER) at the anode, it is essen-
tial to develop highly efficient and economical electrocatalysts [4–
6]. Nevertheless, most of the known OER electrocatalysts are suf-
fering from the poor reaction kinetics associated with multiple
proton-electron transfer reaction [7,8]. Therefore, it remains a
haunting challenge to significantly reduce the large overpotential
and accelerate the OER kinetics of the catalysts [9–11]. Transition
metal (TM)-based materials, especially nickel-based, as a class of
potential substitutes for the precious metal catalysts, have
attracted considerable attention in recent years, which can be
attributed to their unique electronic structures making them suit-
able for binding with oxygen-involving intermediates [12–14].
Among the most active Ni-based OER catalysts [12,15–17], nickel
sulfides (such as NiS [18,19], NiS2 [20,21], and Ni3S2 [22–24]) have
been widely explored, where nickel dichalcogenide (ND) phase is
notable for its metal-like properties [25–28]. For example, Feng
et al. devised high-index faceted Ni3S2 nanosheets formed on nickel
foam (NF), which exhibited excellent OER electrocatalytic activity
[29]. Nevertheless, the ND materials in general forms cannot afford
enough active sites for OER [30]. In order to boost the intrinsic per-
formance of ND, the introduction of additional earth-abundant
metals and micro-/nano-structure engineering have been widely
explored as effective strategies, where they can optimize the
adsorption/desorption strength of OER intermediates and exposes
more active sites on surfaces under service conditions by the syn-
ergy of multielement, enriched high-valence species, and good
reserved.
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structural stability [30–36]. Therefore, it is necessary to purposely
design a proper polynary transition metal dichalcogenide to
enhance the catalytic activity.

In addition to increasing the intrinsic active sites by the rational
construction of polynary transition metal dichalcogenide and
micro-/nano-structure engineering, it would be equally necessary
to identify their active origin on the catalyst surface for further
optimization of catalysts [37–39]. For most of the TM X-ide-
based electrocatalysts (X-ides are sulfides, phosphides, carbides,
nitrides, and oxides), they are actually OER pre-catalysts, not the
‘‘real” catalysts, because their composition, phase, and morphology
will undergo a dramatic change during the OER process, especially
in strong alkaline environments [40–43]. For example, Zou and his
co-workers found that nickel–iron dichalcogenide self-
reconstructs their surfaces during OER by ex-situ characterizations,
giving rise to a steady growth of the self-assembled metal–oxygen
(hydroxide) active layers [44]. Although previous studies have
accumulated some of the knowledge on accelerating OER kinetics
by surface/subsurface self-reconstruction, it would make a lot of
sense to fully understand the surface phase evolution, by conduct-
ing structural and surficial studies in the serving conditions, and
trace the actual active origin(s) in the dynamic process, for the
rational design of OER catalysts/pre-catalysts.

Herein, we purposely design the Fe-Co-Ni ternary transition
metal dichalcogenide (FCND) nanorod arrays on NF by a one-step
hydrothermal process, aiming at improving the intrinsic OER kinet-
ics and overall performance. The FCND thus-prepared exhibits out-
standing OER catalytic activity with remarkably decreased
overpotential and Tafel slope in 1.0 M KOH compared with its bin-
ary and unary counterparts, together with excellent long-term
durability for OER (almost no activity fading after 50 h).
Potential-dependent Raman spectra, X-ray diffraction (XRD), and
transmission electron microscopy (TEM) reveal that the FCND
actually functions as a pre-catalyst in the alkaline OER environ-
ment, and there is a steady surface reconstruction initialized at
~1.5 V to ultrathin ternary transition metal oxyhydroxides
(FCNOH) shells formed in-situ on the FCND surfaces, which is lar-
gely responsible for the fast and stable OER kinetics.
2. Results and discussion

2.1. Synthesis and characterizations of FCND

The fabrication process for the FCND is schematically shown in
Fig. 1(a). Due to the strong etching ability of Na2S, the FCND was
synthesized via a one-step hydrothermal process on NF in a solu-
tion containing Na2S, FeSO4�7H2O, Co(NO3)2�6H2O, urea, Na3C6H5-
O7∙2H2O without any additional nickel source.

To study the formation mechanism of the FCND nanorod arrays,
contrast experiments are conducted, where the materials as-
derived are termed as nickel dichalcogenide (ND), iron/nickel
dichalcogenide (FND), and cobalt/nickel dichalcogenide (CND),
respectively. The scanning electron microscopy (SEM) image of
the ND is shown in Fig. 1(b), which shows the ND nanoparticles
are uniformly grown on the three-dimensional network structure
of NF. SEM images (Fig. S1a–c, supporting information) of the
CND exhibit a nanorod structure with 3–4 lm in length, suggesting
that the introduction of Co affected the morphology evolution of
the nanorods. The morphology of FND showed uneven nanosheets
on NF (Fig. S1d–f), which indeed indicated that unlike Co, Fe could
induce the evolution of nanosheets. Interestingly, after both Fe and
Co ions are introduced, the nanorod morphology of FCND can be
easily observed in SEM (Fig. 1c), demonstrating that Fe and Co
are working in a ‘‘role-playing” role for the formation of the hierar-
chical structure. The enlarged SEM image (Fig. 1d) further shows
the FCND nanorods are of about 100–200 nm in diameter. Besides,
compared with CND nanorods, the FCND nanorods are shorter and
have a rougher surface. The morphology and structure of the FCND
nanorods are further analyzed by using TEM. Fig. 1(e) shows the
surface of the FCND with a length of about 400 nm. High-
resolution TEM (HRTEM) image (Fig. 1f) reveals the lattice fringes
of the nanorod, the clear lattice fringes of 0.41, 0.21, and 0.24 nm
are observed and well-indexed to the (1 0 1), (2 0 2), and (0 0 3)
planes of Ni3S2 (JCPDS no. 44-1418) [23], respectively. Moreover,
the FCND nanorod is highly crystalline, as evidenced by the bright
diffraction spots in the selected area electron diffraction (SAED)
(Fig. 1g). The energy dispersive spectroscopy (EDS) elemental map-
ping (Fig. 1h) verifies the rather uniform existence of Fe, Co, Ni, and
S. As observed, the signal of Fe, Co, and Ni are well-matched with
the nanorod region, indicating that a ternary transition metal
dichalcogenide composed of Fe, Co, and Ni are formed.

To investigate the phases in the products, we conduct further
studies using XRD and Raman. Fig. 2(a) shows the XRD pattern of
the FCND. Except for the three typical metallic Ni (JCPDS no. 04-
0850) peaks [45], six characteristic diffraction peaks can be
observed at 21.8�, 31.1�, 37.8�, 44.3�, 49.7�, and 55.2�, which can
be indexed to the (1 0 1), (1 1 0), (0 0 3), (2 0 2), (1 1 3), and
(1 2 2) planes of Ni3S2 (JCPDS no. 44-1418). Combining with the
comparative investigation of XRD patterns (Fig. S2), the intensities
of the ND diffraction peak prior to the introduction of Fe and Co
was significantly weaker. The Raman spectrum (Figs. 2b and S3)
reveals that the vibrational bands at 211, 250, 327, 346, and
372 cm�1 in the low wavenumber region are attributed to Ni3S2
[46,47], confirming that there was no phase change caused by
introducing Fe and Co elements.

To determine the surface chemistry composition of sample, X-
ray photoelectron spectroscopy (XPS) is conducted and compared
with those of ND and FCND. Fig. S4 shows the XPS survey spectra
of the as-prepared ND and FCND. Additional Fe and Co signals
are observed for the FCND (Fig. S4), further confirming that Fe
and Co are successfully introduced into Ni3S2. The Ni 2p XPS spec-
tra are shown in Fig. 2(c) and S5. The ND and FCND show two main
peaks located at 855.9 and 873.7 eV, which can be ascribed to Ni2+

[48]. Meanwhile, two extra peaks at 853.0 (2p3/2) and 870.3 eV
(2p1/2) suggest a metallic state of Ni0 [49]. Compared to ND, the
FCND nanorod structure grows directly on the NF surface, such
that some metallic Ni is exposed. However, the weak Co 2p and
Fe 2p signals (Fig. 2d, e) are difficult to analyse because the Co
2p and Fe 2p signals overlap with the Ni signal [30]. Co 2p and
Fe 2p in FCND show weak characteristic signals, which once again
suggest the introduction of Fe and Co in Ni3S2. It can be seen from
the weak Fe 2p signal in Fig. 2(e), the two peaks located at 710.7
and 722.4 eV can be ascribed to Fe3+. The S 2p XPS spectra are
shown in Fig. 2f and S6, the components located at 162.6 and
163.8 eV correspond to S 2p3/2 and S 2p1/2, which are typical char-
acteristic peaks of S2� coordinated with metal ions (M-S, M: Fe, Co,
and Ni) [25]. The peaks at 168.5 and 170.0 eV are attributed to the
presence of SO4

2� in the samples [29], as they are partially oxidized
during the vulcanization processes.

2.2. Electrochemical performance of OER electrocatalyst

The electrocatalytic performance of FCND toward OER in alka-
line medium (1.0 M KOH) is evaluated using a typical three-
electrode system. For comparison, we also study the performance
of NF, unary ND, binary FND, and CND, as well as commercial
IrO2/C. Fig. 3(a) presents the polarization curves of all studied elec-
trodes. The NF, ND, CND, FND, FCND, and IrO2/C electrodes exhibit
onset potentials of ~1.515, 1.539, 1.569, 1.529, 1.47, and 1.41 V vs.
reversible hydrogen electrode (RHE), respectively (Fig. S7). To
exclude the influence of the oxidation peak prior to OER on the



Fig. 1. Schematic of the synthesis process for free-standing FCND on NF (a). SEM images of the ND nanoparticles (b). SEM images of the as-prepared FCND nanorod array at
different magnifications (c, d). TEM image (e), HRTEM image (f), and SAED pattern of the FCND nanorod (g). High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image of the FCND nanorod and corresponding element mapping images (h).
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evaluation of OER performance, we extract the overpotentials at
50 mA cm�2. The overpotential (g) of FCND is 337 mV at
50 mA cm�2 for OER, much lower than that of NF (499 mV), ND
(426 mV), CND (471 mV), FND (380 mV) and IrO2/C (>500 mV) at
the same current density (Fig. 3b). Obviously, NF has a much lower
intrinsic OER activity, while the activity of the free-standing Ni3S2
is increased. Interestingly, the introduction of Co can lower the OER
activity, due to the decrease in electrochemical surface area, while
the introduction of Fe significantly enhances the OER activity.
When both Fe and Co are introduced, the FCND electrode shows
excellent OER electrocatalytic performance, which is much better
than that of most recently reported Ni-based electrocatalysts,
including for example, Ni3S2/NF (g10 mA cm

�2 at 260 mV) [29], Ni3S2
(g10 mA cm

�2 at 340 mV) [50], NiS/NF (g20 mA cm
�2 at 320 mV) [51], Ni14-

Cu55P1 (g10 mA cm
�2 at 318.7 mV) [10], Fe-Ni3S2/FeNi (g10 mA cm

�2 at
282 mV) [52], NiCo2S4/NF (g10 mA cm

�2 at 260 mV) [53], NiCo2O4/NF
(g10 mA cm

�2 at 330 mV) [53].
At low current densities, it can be affected by the oxidation peak
of nickel-based materials. The overpotential at high current density
is one of the most important indicators to evaluate OER activity.
Specifically, the overpotential of the FCND electrodes at 20, 40,
60, 80, 100 mA cm�2 is 286.4, 322.2, 352.2, 381.1, and 408.4 mV,
respectively (Fig. 3c), which are significantly lower than those of
the contrast samples. The Tafel slopes are evaluated for catalytic
reaction rates, as shown in Fig. 3(d). The FCND has a smaller Tafel
slope value of 77 mV dec�1 than those of the contrast samples. This
indicates that the FCND electrocatalysts endow with favorable OER
kinetics.

To further understand the enhanced OER activity of FCND, the
effective electrochemical active surface area (ECSA) of the elec-
trodes is calculated by measuring the double-layer capacitance
(Cdl) from the CV results at different scan rates (Fig. S8). The rela-
tionship curve between the measured current density and the scan
rate is shown in Fig. 3(e) and the calculated capacitances of ND and



Fig. 2. Structure characteristics of the FCND. XRD pattern (a), Raman spectrum (b), and XPS spectra of Ni 2p (c), Co 2p (d), Fe 2p (e), and S 2p (f).

Fig. 3. Polarization curves (a), and overpotential image (b) of NF, ND, CND, FND, FCND, and IrO2/C. Overpotential image of ND, CND, FND, and FCND at different current
densities (c). Tafel plots of NF, ND, CND, FND, FCND and IrO2/C (d). Current density as a function of scan rate for ND and FCND (e). Chronopotentiometry of FCND at a constant
current density of 10 mA cm�2 (The inset is a comparison between LSV curves of FCND initial and that after test) (f).
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FCND are 69.4 and 202.9 mF cm�2, respectively. The roughness
factors of the two electrodes are 1.39 � 104 and 4.06 � 104, respec-
tively. The FCND electrode possesses a high active surface area
which is 2.92-fold that of the ND electrode, suggesting the Fe, Co,
Ni elements in the ternary transition metal dichalcogenide nanor-
ods on NF produce more active sites exposed. Furthermore, elec-
trochemical impedance spectroscopy (EIS) is further employed to
provide more details on the electrochemical performance
(Fig. S9). The charge transfer resistance (Rct) of the FCND electrode
(0.20 O) is similar to that of ND (0.16 O), FND (0.15 O), and CND
(0.17 O), excluding the effect of charge transfer capability on the
catalytic OER performance. Consequently, the improvement of cat-
alytic performance can be well attributed to the intrinsic activity of
the Fe and Co introduction.
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In addition to electrocatalytic activity, long-term stability is also
an important indicator of OER electrocatalysts. The stable i-t curve
(Fig. 3f) and overlapped polarization curves are used to evaluate
the electrochemical stability of ND and FCND electrodes. After
50 h of the chronopotentiometry test, the potential only increases
about 22 mV, demonstrating the excellent stability of the FCND
(inset of Fig. 3f). The EIS curve (Fig. S10) and SEM image
(Fig. S11) after 50 h of the long-stability test almost remained same
as before, which reveals the performance stability of the catalysts.
The ND electrode (Figs. 3f, S12, and S13) also shows good stability,
which can be ascribed to its special free-standing structure.

2.3. Potential-dependent studies of surface reconstruction in FCND

In order to further study the real active origin in FCND during
the OER process, potential-dependent Raman measurements were
carried out to monitor the first linear sweep voltammetry (LSV) of
the FCND electrode, where the sample recorded at each point in
the LSV curve (Fig. 4a) is studied. From the LSV curve, the onset
potential is about 1.40 V vs RHE. In the low potential region, the
characteristic peaks at around 211, 250, 327, and 372 cm�1 in
Raman spectra (Fig. 4b) are mainly FCND [46]. When the applied
potential increases above 1.5 V, the characteristic peaks of FCND
disappears, and the two Raman peaks appear at 484 cm and
Fig. 4. Recorded first LSV curve (a), and corresponding in-situ Raman spectra (b). XRD pat
is the corresponding SAED pattern) (d). HAADF-STEM image and EDS mappings of the
background in the red and blue boxes in the HAADF-STEM image (f). Schematic diagram
process (h).
558 cm�1, assigns to metal oxyhydroxides. This indicates that the
electrode surface has evolved into the oxyhydroxide layer [54]. In
the alkaline electrolyte (1.0 M KOH), the Raman peaks for oxyhy-
droxide are enhanced by further oxidation, suggesting that it is
becoming active species, providing M–O bond strength with the
formed M–OH, M–O, M–OOH, and M–OO bonds acting as electro-
catalytically active intermediates for OER [54,55]. To further inves-
tigate the depth of the surface reconstruction, ex-situ XRD
measurements were used to monitor phase changes after the first
LSV and the long-term stability tests. Compared to the initial FCND
electrode, the XRD patterns (Fig. 4c) after the first LSV and 24 h
long-stability test suggest that the FCND is not completely con-
verted into ternary transition metal oxyhydroxides (FCNOH) phase,
rather form an FCNOH covering on the FCND.

To better reveal the surface-interface state after the long-term
stability tests (50 h), we conducted studies using HRTEM,
HAADF-STEM, STEM-EDS, combined with electron energy loss
(EEL) spectra (Fig. 4d–f). As shown in HRTEM (Fig. 4d), there are
clear lattice fringes of 0.24 nm that are well-matched to the
(0 0 3) planes of FCND in the core. The SAED (inset of Fig. 4d)
results also prove that the main phase after the long-term stability
test is still FCND. In addition, in the HRTEM image of the surface
layer, no obvious lattice fringes were identified, showing the low
crystallinity of the FCNOH surface layer. To further confirm the dis-
terns of FCND after the first LSV and 24 h test (c). HRTEM image (the inserted figure
FCND after 50 h stability test (e). Corresponding EEL spectra were taken at the
of FCND catalytic active site (g). Schematic diagram of the surface reconstruction
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tribution of elements, EDS mappings are collected. As shown in
Fig. 4(e), the Ni element is uniformly distributed and has the stron-
gest brightness. Fe and Co are also uniformly distributed and the
brightness is much lower than that of Ni, suggesting Fe and Co
are present in the surface layer. Interestingly, there is an uneven
distribution of O content, indicating that O is largely concentrated
in the surface region of the sample. When the electron beammoves
to the bright area of oxygen mapping (red box in Fig. 4e), the edges
of O K, Fe L, Co L, and Ni L can be detected, thereby confirming that
the FCNOH represented by oxygen exists in the FCND (Fig. 4f). In
contrast, when the electron beam moves to the dark region of
the upper oxygen mapping (blue box in Fig. 4e), the signal of Ni
is almost unchanged, but the signal of O becomes almost impossi-
ble to detect, and the intensity of Fe and Co signals is greatly
reduced. Therefore, it can be concluded that the ultrathin FCNOH
shell covers on the surface/subsurface of FCND.

Fig. 4(g) shows the schematic diagram of the pristine FCND cat-
alyst. On the basis of the studies discussed above by combining the
morphology and performance analysis, one can conclude: (i) The
introduction of Co promotes the nanorod formation, strengthening
the structural support; (ii) the introduction of Fe is the main factor
leading to the formation of the sheet-like morphology on nanorods
and therefore efficiently promotes the internal electron transport
and boosts the active surface area. (iii) The surface self-
reconstruction into the ultrathin FCNOH shell layer together with
the FCND core, as represented by Fig. 4(h), gives rise to the overall
chemical and structural entity which is responsible for the high
OER performance.
3. Conclusions

In summary, we purposely devised the Fe-Co-Ni ternary transi-
tion metal dichalcogenide nanorod arrays (FCND) as a non-
precious metal candidate for enhanced OER performance. The
resultant FCND nanorod arrays exhibit a lower overpotential and
a smaller Tafel slope as well as 27-fold rise in current density at
300 mV overpotential, when compared with the binary and unary
counterparts. It also shows an almost unchanged long-term stabil-
ity upon the test for 50 h in 1.0 M KOH. The FCND nanorods func-
tion as a pre-catalyst, which is steadily converted into ultrathin
ternary transition metal oxyhydroxides (FCNOH) layer on the sur-
face initiated at ~1.5 V, contributing to the fast OER kinetics and
strong stability of the catalysts.
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