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ABSTRACT

Understanding the catalytic mechanism of non-noble transition metal electrocatalysts is crucial to design-
ing high-efficiency, low-cost, and durable alternative electrocatalysts for water splitting which comprises
the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). In this work, Se-NiSe; hybrid
nanosheets with a self-regulated ratio of ionic Se (I-Se) to elemental Se (E-Se) are designed on carbon
cloth by solution synthesis and hydrothermal processing. The effects of the I-Se/E-Se ratios on the elec-
trocatalytic characteristics in HER and OER are investigated systematically both experimentally and the-
oretically. The optimized bifunctional electrocatalyst needs overpotentials of only 133 mV to deliver an
HER current density of 10 mA cm~2 and 350 mV to generate an OER current density of 100 mA cm~2 in
1.0 mol L-! KOH. Based on the density-functional theory calculation, surface-adsorbed E-Se is beneficial
to optimizing the electron environment and the adsorption/desorption free energy of hydrogen/water of
the hybrid catalyst, consequently facilitating the electrocatalytic water splitting process. There is a proper
[-Se/E-Se ratio to improve the catalytic activity and kinetics of the reaction and the optimized E-Se ad-
sorption amount can balance the interactions between I-Se and E-Se, so that the catalyst can achieve
appropriate Se-H binding and active site exposure for the excellent electrocatalytic activity. To demon-
strate the practicality, the assembled symmetrical device can be powered by an AA battery to produce
hydrogen and oxygen synchronously. Our results provide a deeper understanding of the catalytic mech-
anism of transition metal selenides in water splitting and insights into the design of high-efficiency and

low-cost electrocatalysts in energy-related applications.
© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology.

1. Introduction

ation [1,2]. Electrochemical water splitting encompasses the ca-
thodic hydrogen evolution reaction (HER) and anodic oxygen evo-

Water electrolysis is one of the attractive hydrogen production
techniques for green and sustainable energy because of zero car-
bon emission, high hydrogen purity, and relatively simple oper-
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lution reaction (OER) [3,4]. In both reactions, electrocatalysts are
required to boost the efficiency and a myriad of electrocatalysts
that can decrease the energy barrier and expedite the reaction ki-
netics have been proposed [5-8]. Up to now, Pt-group metals and
alloys are effective HER catalysts and compounds comprising Ir and
Ru are regarded to be efficient OER catalysts. However, the natural
scarcity and high cost of these noble elements impact commercial
application [9] and therefore, there is an urgent need to develop
alternative electrocatalysts with high efficiency and low cost, es-
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Scheme 1. Schematic illustration of the preparation of the Se-NiSe, hybrid nanosheet electrocatalyst and application as a bifunctional water splitting electrocatalyst.

pecially compounds composed of non-noble transition metals with
tunable d-electron configurations [10-14].

Among the various transition metal compounds, transition
metal selenides not only have abundant electronic states, but also
show excellent flexibility and regulation in terms of the structure
and functions which can be exploited in HER, OER, water oxida-
tion [15], hydrogenation, and detection [16]. For instance, nickel
selenide is one of the effective electrocatalysts for water splitting
due to its good activity (intrinsic electronic structure), easy fabri-
cation, low cost, metallic nature, and excellent electrical conduc-
tivity [17,18]. For instance, Liang et al. have reported that NiSe,
nanoparticles have high HER activity comparable to that of Pt as
well as stability [19]. Wang et al. have observed that elemental Se
(labeled as E-Se) formed during the synthesis of nickel selenide,
and adsorption on the NiSe, surface leads to efficient conversion
of H* into H, and facilitates charge transfer during HER [20]. Zhou
et al. have also proposed that a small fraction of E-Se on the sur-
face of pyrite NiSe, can increase the catalytic sites in HER [21].
However, the interactions between ionic Se (labeled as I-Se) and
E-Se as well as the mechanism of E-Se are not clear. Since Se sites
have been shown to be active catalytically [20], adsorbed E-Se may
also play an important role in the electrocatalytic reactions and so
it is important to elucidate the roles of I-Se and E-Se on selenides.
Unfortunately, up to now, no systematic study has been reported to
fabricate Se-NiSe, hybrids with controllable I-Se/E-Se ratios and in-
vestigate the influence of the I-Se/E-Se ratios and associated mech-
anism in water splitting.

In this work, Se-NiSe, hybrid nanosheets with self-regulated I-
Se/E-Se ratios are produced controllably on carbon cloth (NiSe,/CC)
as high-performance bifunctional catalysts for both HER and OER,
as schematically illustrated in Scheme 1. The I-Se/E-Se ratios can
be tuned by the hydrothermal temperature, and the characteris-
tics and mechanism are evaluated systematically experimentally
and theoretically. The optimized bifunctional electrocatalyst needs
overpotentials of only 133 mV to deliver an HER current density of
10 mA cm~2 and 350 mV to generate an OER current density of
100 mA cm~2 in 1.0 mol L~! KOH. Based on the density-functional
theory calculation, surface-adsorbed E-Se alters the electron envi-
ronment and adsorption/desorption free energy of hydrogen/water
of the hybrid catalyst, consequently facilitating the electrocatalytic
water splitting process. For a demonstration of the practical poten-
tial, the symmetrical device constructed with NiSe,/CC as both the
anode and cathode can be powered by an AA battery to conduct
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overall water splitting. The results provide a clearer understanding
of the electrocatalytic mechanism of transition metal selenides in
overall water splitting.

2. Experimental details
2.1. Materials preparation

The nickel-based precursor nanosheets were grown on carbon
cloth (CC) by a solution technique. Typically, 4.2 g of NiSO4-6H,0
and 0.81g of K,S,0g were dissolved in 28 mL of deionized wa-
ter (DW) and stirred. A piece of clean CC (2 cm x 3 cm) was
immersed into the solution and 4 mL of ammonium hydroxide
(28%-35%) was dropped and stirred for another 20 min. The CC
was washed with DW three times before vacuum drying and the
sample was designated as Ni-OH/CC. Ni-OH/CC was calcinated at
300 °C for 30 min in air to stabilize the nanostructure and con-
vert nickel hydroxide into NiO (NiO/CC). To convert the nickel ox-
ide into selenide, NiO/CC was subjected to a hydrothermal reaction
in an aqueous solution (2 mL of DW and 36 mL ethanol) containing
Se powder and NaBH, at 140-200 °C for 8 h. After cooling to room
temperature, the sample was taken out and washed with DW. The
final Se-NiSe, hybrid nanosheet electrocatalysts were designated as
NiSe,/CC-n, where n represents the hydrothermal temperature.

2.2. Materials characterization

The morphology of the samples was examined by scanning
electron microscopy (SEM, Hitachi SU 3500) and transmission elec-
tron microscopy (TEM, Titan G260-300). The crystal structure and
composition were characterized by X-ray diffraction (XRD, LabX
XRD-6100, Shimadzu), high-resolution TEM (HR-TEM), Raman scat-
tering (HR RamLab) and X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha, Thermo Fisher) using monochromatic Al
Ky X-ray.

2.3. Electrochemical measurement

The electrochemical measurements were performed on the CHI
660E electrochemical workstation using a standard three-electrode
system in 1.0 mol L-! KOH. Linear sweep voltammetry (LSV) was
conducted at a scanning rate of 5 mV s~! to investigate the
HER, OER, and overall water splitting activity. In the assessment,
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Fig. 1. SEM images: (a) Ni-OH/CC and (b) NiSe,/CC-180 with the insets showing the corresponding high-resolution images; (c) XRD patterns (* representing orthorhombic
NiSe;, JCPDS No. 18-0886) and (d) selected patterns from the dotted rectangular box in (c) of NiSe,/CC selenized at different temperatures.

a saturated calomel electrode (SCE) was the reference electrode
and all the potentials were iR corrected and calibrated to the re-
versible hydrogen electrode (RHE) according to Nernst equation:
Egue = Esce + 0.242 + 0.059pH, where the pH of 1 mol L-! KOH
aqueous solution was measured to be 13.78 with a pH meter (FE28,
Mettler Toledo). The Tafel slopes were plotted as overpotentials (1)
vs. log currents (log|j|) derived from the polarization curves. The
electrochemical active surface areas (ECSA) were determined by
cyclic voltammetry (CV) in the voltage range from —0.4 to —0.5 V
vs. SCE at various scanning rates (10-100 mV s—!). Electrochemical
impedance spectroscopy (EIS) was performed at an initial poten-
tial of —1.3 V vs. SCE for HER and 0.6 V vs. SCE for OER, respec-
tively. The stability test was carried out by the chronoamperomet-
ric method at a constant voltage.

3. Results and discussion
3.1. Synthesis and characterization of electrocatalysts

Scheme 1 illustrates the preparation of the NiSe,/CC electro-
catalysts by the solution method and hydrothermal reaction. Af-
ter preparing nickel hydroxide on CC, the samples are annealed to
stabilize the crystal structure [22]. During the hydrothermal pro-
cess, NiO is converted into NiSe, and elemental Se (E-Se) adsorbed
onto the surface impacts the catalytic activity [20,21]. The SEM
images in Fig. 1(a) show nanosheet arrays on the carbon fiber of
CC. After annealing at 300 °C, no obvious morphological change
can be found as shown in Fig. S1 in Supplementary Information.
The nanosheets roughen after selenization process but the struc-
ture of surrounding nanosheets is maintained (Figs. 1(b) and S2).
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Nanosheets with a rough and porous surface tend to expose more
active sites to enhance the catalytic activity.

The crystal structure and composition of the samples are de-
termined by XRD. The diffraction pattern of the solution product
(Fig. S3) matches those of y-NiOOH (JCPDS card No. 06-0075) and
B-Ni(OH), (JCPDS card No. 14-0117) consistent with previous lit-
erature [23]. After annealing in air at 300 °C, nickel hydroxide is
converted into NiO (JCPDS card No. 04-0835) Fig. 1(c) shows the
XRD patterns after hydrothermal selenization at different tempera-
tures. At a high temperature, beside the broad peak at 25° orig-
inating from CC [10,24], the other diffraction peaks can be at-
tributed to high-purity NiSe, (cubic, JCPDS card No. 88-1711), indi-
cating complete conversion from NiO to NiSe,. However, at a low
temperature, orthorhombic NiSe, (JCPDS No. 18-0886) is detected
similar to the previous results [25]. The diffraction peaks of NiSe,
change after the hydrothermal treatment at different temperatures
as shown in Fig. 1(d). For example, they shift to smaller angles at
a low hydrothermal temperature thus suggesting some degree of
lattice expansion which may facilitate charge transfer and enhance
the electrochemical activity.

The TEM image in Fig. 2(a) corroborates the porous nanosheet
structure after selenization in line with SEM. The HR-TEM image
in Fig. 2(b) indicates a lattice distance of 0.27 nm for NiSe, (210).
Beside the crystalline component, the amorphous component can
be detected from NiSe,/CC-180 as shown by the areas enclosed by
yellow dots in Fig. 2(b). The elemental maps in Fig. S4 disclose
that Ni and Se are distributed uniformly. Nitrogen adsorption-
desorption was carried out to determine the specific surface area
and pore size distribution of the NiSe,/CC-180 catalyst (Fig. S5).
The pore size of the NiSe,/CC-180 is found to be 3.8 nm and BET
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Fig. 2. (a) TEM image, (b) HR-TEM (yellow circles showing the amorphous phase), (c) Raman scattering spectrum of NiSe,/CC-180.

Fig. 3. High-resolution XPS spectra of Se 3d: (a) NiSe,/CC-140, (b) NiSe,/CC-160, (c) NiSe,/CC-180, (d) NiSe,/CC-200. I-Se represents the ionic selenium in NiSe, and E-Se
represents elemental selenium adsorbed on the composite electrocatalysts. (e) Calculated ratios of I-Se/E-Se for the different samples.

specific surface area is calculated to be 10 m? g~! based on the
total mass of the CC substrate and covering catalyst. The meso-
porous nature of NiSe,/CC-180 increases the active sites and facil-
itates the charge transfer kinetics by decreasing the ion paths and
improving the contact area. Raman scattering is performed to de-
termine the composition as shown in Figs. 2(c) and S6. The two
weak peaks (148 and 168 cm~!) correspond to the vibration modes
of Ty and Eg of dumbbell Se,, whereas the two strong peaks (210
and 239 cm~!) stem from the stretching modes Se-Se pairs (Ag
and Tg) of NiSe; [21]. The small peak at ~260 cm~! is the reso-
nance peak of amorphous elemental Se, disclosing that the com-
posite consists of NiSe, and amorphous elemental Se [20,26].

The surface states of the NiSe,/CC-n samples are characterized
by XPS. The XPS survey spectrum in Fig. S7 shows the existence
of Ni, Se, C, and O, and Fig. S8 shows that the high-resolution
Ni 2p spectrum has three sets of doublet peaks. The peaks with
lower binding energies (853.1 eV and 870.7 eV) correspond to Ni%+
and the other doublet peaks correspond to the nickel oxide at
the binding energy (855.5 eV and 873.6 eV). The binding ener-
gies at 859.3 eV and 878.4 eV are the standard Ni satellite peaks.
XPS is performed to determine the chemical states of selenium
and [-Se/E-Se ratios Fig. 3.(a-d) shows the XPS spectra of NiSe,
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treated hydrothermally at different temperatures. The Se 3d peak
NiSe, can be deconvolved into two peaks at 54.6 eV (Se 3d5,) and
55.2 eV (Se 3d3p,), which can be assigned to I-Se [19]. The peaks
at higher binding energies (54.9 eV and 55.7 eV) are Se 3ds;, and
Se 3d3p, of E-Se [27], thereby confirming the presence of E-Se and
NiSe, in the composites. The I-Se/E-Se ratios increase with the hy-
drothermal temperature and as shown in Fig. 3(e) and Table S1, the
[-Se/E-Se ratios can be tuned such as the higher the hydrothermal
temperature, the lower is the E-Se content. Since Se sites are active
sites on the transition metal selenide in electrocatalysis, coupling
and interactions between I-Se and E-Se impact the performance,
especially the concentration of E-Se and I-Se/E-Se ratio.

3.2. HER performance evaluation

NiSe,/CC is used as the working electrodes directly to evaluate
the HER performance in 1 mol L-1 aqueous KOH and Fig. 4(a, b)
show the polarization curves and Tafel slopes of the NiSe,/CC elec-
trocatalysts. The mass loading of the Se-NiSe, composite on CC is
about 5.5 mg cm~2 (Table S2). The pristine NiO/CC exhibits negli-
gible HER characteristics but on the other hand, NiSe,/CC show en-
hanced HER activity such as smaller overpotentials and Tafel slopes
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Fig. 4. Electrochemical characteristics: (a) polarization curves, (b) Tafel slopes, (c) double-layer capacitance (Cy) plots, (d) Nyquist plots and corresponding circuit model;
(e) Stability of the NiSe,/CC-180 electrocatalyst in HER with the inset showing the polarization curves before and after cycling; (f) Comparison of the HER characteristics of

recently reported electrocatalysts in 1 mol L~! KOH.

due to the electrocatalytically active Se sites. As shown in Fig. 4(a),
NiSe,/CC-180 requires an overpotential of 133 mV to achieve a hy-
drogen evolution current density of 10 mA cm~2, which is smaller
than those of NiSe,/CC-140 (352 mV), NiSe,/CC-160 (235 mV), and
NiSe,/CC-200 (202 mV). Hence, E-Se enhances the electrocatalytic
activity and the best characteristics are attained with an optimal
[-Se/E-Se ratio. However, too much E-Se adsorbed on the surface
may hinder exposure of active sites and so the electrocatalysts
prepared at a low temperature have inferior properties. The or-
thorhombic phase which is less electrochemically active than the
cubic phase is also associated with the poor catalytic performance
at a low temperature [25].

Fig. 4(b) shows that the Tafel slope of NiSe,/CC-180 (128 mV
dec™1) is smaller than those of NiSe,/CC-140 and NiSe,/CC-160
and comparable to that of NiSe,/CC-200, suggesting that a large
E-Se content leads to slower catalytic kinetics possibly because too
much amorphous Se conceals active sites and block mass trans-
port [25]. The HER activity depends on the electrochemical ac-
tive surface area (ECSA) which is reflected by the electrochemi-
cal double-layer capacitance (Cy) derived from the CV curves in
the non-Faraday region, as shown in Fig. S9. Fig. 4(c) shows that
C4 of NiSe,/CC-180 is 41.7 mF cm~2, which is 11 times, 1.6 times,
and 1.2 times larger than those of NiSe,/CC-140 (3.73 mF cm~2),
NiSe,/CC-160 (26.2 mF cm~2), and NiSe,/CC-200 (33.8 mF cm2),
respectively. A larger Cy implies exposure of more electrochemi-
cally active sites. With decreasing hydrothermal temperature, the I-
Se/E-Se ratios decrease suggesting larger E-Se concentrations. E-Se
enhances the electrocatalytic activity because an optimal amount
of E-Se balances the interactions between E-Se and I-Se to achieve
moderate Se-H binding and active sites exposure and produce bet-
ter electrocatalytic activity. However, a large E-Se concentration on
the surface decreases exposure of the active sites, slows the kinet-
ics, and blocks mass transport. Therefore, the optimal I-Se/E-Se ra-
tio is instrumental to the electrocatalytic performance of Se-NiSe;
in order to balance the activity of the active sites and reaction ki-
netics.

Fig. 4(d) shows the EIS results and equivalent circuit. The elec-
trocatalysts can be modeled by a modified equivalent circuit con-
sisting of a series solution resistance (Rs), constant phase el-
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ement (CPE), and charge transfer resistance (Rc). NiSe,/CC-180
has a smaller R of ~2.6 © cm? compared to NiSe,/CC-140 and
NiSe,/CC-160 suggesting fast kinetics. The durability of NiSe,/CC-
180 is evaluated by amperometry and Fig. 4(e) reveals negligible
changes in the current densities after operation for 24 h at a po-
tential of -1.35 V vs. SCE. Despite the high current density, the elec-
trocatalyst is stable (Fig. S10) and in addition, there is no obvious
change in the LSV curves before and after the stability test, indi-
cating superior HER stability as illustrated in the inset in Fig. 4(e).
Both the composition (Fig. S11) and morphology (Fig. S12) are pre-
served after the long stability test thus providing proof about the
high physical and chemical stability of the NiSe,/CC-180 electro-
catalyst.

The alkaline HER characteristics of other non-precious transi-
tion metal electrocatalysts are compared and as shown in Fig. 4(f),
NiSe,/CC-180 shows a small overpotential for a current density
of 10 mA cm~2, which is superior to those of recently reported
nickel/molybdenum carbide-anchored N-doped graphene/CNT hy-
brid (162 mV at 10 mA cm~2) [28], NiSe nanowire film supported
on nickel foam (187 mV at 10 mA cm~2) [29], Ni3S,(55%)/MWCNT-
NC (~500 mV at 10 mA cm~2) [30], Ni3>* enriched nickel sul-
fide nanospheres (NiS, 220 mV, Ni3S4, 187 mV, NiS,, 147 mV at
10 mA cm~2) [31], cobalt selenide/NiFe layered-double-hydroxide
nanosheets on exfoliated graphene (260 mV at 10 mA cm2)
[32], ultrathin ternary molybdenum sulfoselenide nanosheets
(248 mV at 10 mA cm~2) [33], and nickel-iron/nanocarbon hy-
brids (Nio_gFEo_l/NC, 231 mV, Ni043F60‘2/NC, 253 mV, Ni0_7FEOA3/NC,
297 mV, NiggFeg4/NC, 337 mV at 10 mA cm~2) [34].

3.3. Analysis of the reaction mechanism

Density-functional theory (DFT) calculation is performed to
elucidate the effects of E-Se adsorption on the HER activity of
NiSe,/CC under alkaline conditions. According to the previous
work, the active centers are at the Se sites on NiSe, electrocatalysts
[20] and the strongest XRD peak (Fig. 1(c)) and lattice (Fig. 2(b))
arise from the NiSe, (210) plane. Accordingly, the optimal model of
NiSe, (210) is constructed as shown in Fig. S13. The I-Se/E-Se ra-
tios (e.g., 1:1, 2:1, and 4:1) are determined from the number of I-Se
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Fig. 5. Calculated charge density distributions: (a) pristine NiSe, and (b) NiSe;-Se (2:1); (c) Gibbs free energy diagram for alkaline HER on the Se sites of NiSe, for different

I-Se/E-Se ratios (* representing the clean surface).

Fig. 6. Optimized surface atom distributions of the electrocatalysts with different I-Se/E-Se ratios: (a) clean NiSe,, (b) NiSe,-Se (4:1), (c) NiSe,-Se (2:1), (d) NiSe;-Se (1:1)
[Red: adsorbed E-Se, brown: I-Se in NiSe;, grey: Ni in NiSe;]. (e) Electrocatalytic mechanism of NiSe, with different I-Se/E-Se ratios in alkaline HER.

atoms in the top layer in the model and absorbed E-Se atoms on
the surface. The constructed composite is designated as NiSe,-Se
(m:n), where m:n represents the I-Se/E-Se ratio. Compared to pris-
tine NiSe,, the higher charge density of the NiSe,-Se electrocata-
lysts, particularly the E-Se and I-Se, E-Se and E-Se regions (pointed
by red arrows), reveals an improved electron environment for elec-
trocatalytic water splitting, as illustrated in Figs. 5(a, b) and S14.
Additionally, the density of states (DOS) results in Fig. S15 un-
cover that the NiSe,-Se electrocatalysts have higher states in the
region close to the Fermi level, and the more the adsorbed E-Se,
the stronger the DOS. However, a stronger DOS may not give rise
to a higher electrochemical activity, since some charge densities
come from the interactions between the adsorbed E-Se themselves
(Figs. 5(b) and S14) and may not contribute to electrocatalysis.
Alkaline HER occurs via two sequential steps including the
Volmer step (water dissociation to break the H-O bond and form
adsorbed H* intermediates) and Tafel step (release of adsorbed H*
to produce H;) [35]. The adsorption free energies of H* are calcu-
lated and as shown in Fig. 5(c), vary significantly compared to the
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clean NiSe, surface. Generally, an ideal HER electrocatalyst should
have a AGy+ close to zero for moderate H adsorption and des-
orption [36]. A larger AGy+ implies that strong Se-H bonding at
the clean NiSe, surface is weakened after E-Se adsorption. As a
result, AGy+ follows the order of NiSe,-Se (2:1) < NiSe,-Se (4:1)
< NiSe,-Se (1:1), suggesting that the NiSe,-Se (2:1) surface is the
most suitable for H adsorption and desorption.

The results reveal that E-Se adsorption on NiSe, weakens Se-
H bonding during HER. The more the amount of adsorbed E-Se,
the weaker the Se-H binding and the larger the atomic density of
E-Se at the surface, as shown in Fig. 6(a-d) and schematically il-
lustrated in Fig. 6(e). Although weak Se-H binding can ease gas re-
lease, weak binding compromises adsorption of H* intermediates
affecting mass transport. Generally, too much E-Se on the surface
hides the active sites (Fig. 6(e), left) resulting in sharp decay in the
ECSA, as shown in Fig. 4(c). An optimal amount of E-Se balances
the interactions between E-Se and [-Se to achieve moderate Se-H
binding and active sites exposure leading to the best electrocat-
alytic activity (Fig. 6(e), middle).
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Fig. 7. OER performance of the electrocatalysts in 1 mol L-! KOH aqueous solution: (a) polarization curves, (b) Tafel slopes, (c) Nyquist plots and corresponding circuit of
the electrocatalysts, (d) stability of the NiSe,/CC-180 electrocatalyst in OER with inset showing the polarization curves before and after cycling.

Fig. 8. (a) Overall water splitting characteristics of the device with NiSe,/CC-180 as both the anode and cathode; (b) Comparison of the voltage required to generate a
current density of 10 mA cm~2 in overall water splitting with those of recently reported non-precious transition metal electrocatalyst couples: (1) NiSe,/CC-180 in this
work, (2) FeSe,/NF [39], (3) Ultra-thin non-layered NiSe [40], (4) NigsSe-OER//Nig75Se-HER [41], (5) NiSe/NF [29], (6) Co;Seg nanostructures [42], (7) Nis3Se,/NiSe [43], (8)
3D Se-(NiCo)Sx/(OH), nanosheets [44], (9) Ni-Co-P hollow nanobricks [45], (10) Co(OH),@NCNTs@NF [46]; (c) Photo of the water splitting system powered by an AA battery.

Based on the above discussion, the NiSe,/CC-n samples show
better HER activity due to the following reasons:

(1) Structurally, the porous nano-sheet structure has a larger spe-
cific surface area, which can provide more active sites, that is,
increase the non-intrinsic activity, and appropriate Se adsorp-
tion on NiSe, surface can provide more active sites.

(2) As for the electrical conductivity, the carbon cloth substrate has
a certain electrical conductivity and the catalyst has high charge
transfer efficiency. The synergistic effects between selenium-
rich components on the surface and nickel selenide promote
the acceleration of the kinetics.

(3) In terms of the catalytic performance, it is important that the
appropriate I-Se/E-Se ratio plays an important role in the elec-
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trocatalytic performance of NiSe, in order to balance the cat-
alytic activity and reaction kinetics.

3.4. OER performance evaluation

It is important to evaluate the OER performance of the NiSe,
in the context of the development of multifunctional catalysts for
overall water splitting. The OER characteristics of NiSe,/CC are in-
vestigated, as shown in Fig. 7. Prior to water oxidation, oxidation
of nickel selenide occurs at 1.4-1.5 V (vs. RHE), which severely ob-
scures the early OER signal and makes it difficult to determine the
overpotential at a current density of 10 mA cm~2 including the
starting potential in OER similar to the literature [37,38]. As shown
in Fig. 7(a), NiSe,/CC-180 requires a potential of 1.58 V vs. RHE to
achieve a current density of 100 mA cm~2, which is smaller than
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those of NiSe,/CC-140 (1.828 V vs. RHE), NiSe,/CC-160 (1.747 V vs.
RHE), NiSe,/CC-200 (1.63 V vs. RHE), and other nickel and selenide
electrocatalysts listed in Table S3. The results confirm that the I-
Se/E-Se ratio plays a significant role in OER as well Fig. 7(b) shows
that NiSe,/CC-180 has the smallest Tafel slope of 190 mV dec™!,
which is consistent with the smallest charge transfer resistance in
the Nyquist plots in Fig. 7(c). The Tafel slopes of these electrocata-
lysts are larger than those reported earlier due to the large current
density (as high as ~80 mA cm~2) of the oxidation peaks making
the onset potential in OER difficult to define. NiSe,/CC-180 exhibits
excellent stability in OER because the current density of 75 mA
cm~2 is maintained for 24 h during continuous testing under alka-
line conditions, as shown in Fig. 7(d). Moreover, the overpotential
shifts by only 8 mV at the current density of 100 mA cm~2 after
the long-term stability test, as revealed by the inset in Fig. 7(d).

3.5. Overall water splitting performance

Since NiSe;/CC-180 has superior HER and OER characteristics,
an overall water splitting device with NiSe,/CC-180 as both the
anode and cathode being assembled with 1 mol L-! KOH as the
electrolyte. As shown in Fig. 8(a), to deliver a current density of
10 mA cm~2, the potential is only 1.57 V, which is better than
those of many non-precious transition metal electrocatalyst cou-
ples, as shown in Fig. 8(b) and Table S4. To demonstrate the com-
mercial potential, the overall water splitting system can be pow-
ered by an AA battery (1.5 V) and hydrogen and oxygen generation
are observed as shown in Fig. 8(c).

4. Conclusion

Se-NiSe, hybrid nanosheets with adsorbed amorphous E-Se are
prepared on CC by a solution technique and hydrothermal method
and the I-Se/E-Se ratio can be adjusted by the hydrothermal tem-
perature. The NiSe,/CC electrocatalyst exhibits excellent electro-
chemical activity due to the two-dimensional nanosheet arrays,
large electrochemical surface area, and good electrical conductivity.
The amount of adsorbed amorphous (E-Se) plays a significant role
in the electrocatalytic characteristics and the optimal I-Se/E-Se ra-
tio leads to better electrocatalytic activity and reaction kinetics in
both HER and OER. As a result, NiSe,/CC-180 requires overpoten-
tials of only 133 mV to generate a hydrogen evolution current den-
sity of 10 mA cm~2 and 350 mV to generate an oxygen evolution
current density of 100 mA cm~2. The overall water splitting device
constructed with the bifunctional NiSe,/CC-180 electrodes requires
1.57 V to produce a current density of 10 mA cm~2. The results
enrich our fundamental knowledge about the reaction mechanisms
of transition metal selenides in water splitting and provide insights
into the design and development of efficient non-noble metal elec-
trocatalysts.
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Calculation method

The density-functional theory (DFT) calculation was performed using the DMol3 program
implemented in Material Studio [1] and the slab model with a vacuum space of 15 A along the z-
direction was adopted for NiSe». The (210) surface was selected in the models due to the strongest
diffraction signal in the XRD pattern and lattice revealed by HR-TEM. The exchange-correlation
functional under the generalized gradient approximation (GGA) within the Perdew-Burke-
Ernzerhof (PBE) functional was implemented [2]. The core electrons were treated with DFT semi-
core pseudopotentials (DSPPs) and the TS method was employed to correct for dispersion [3, 4].
The atoms in the bottom layer were fixed to simulate support and others were relaxed to simulate
the reactive surface of the catalysts. The ratio of ionic Se to elemental Se was determined from the
number of Se atoms in the top layer and Se atoms adsorbed on the surface. Based on previous
studies, the mechanism of HER in alkaline media can be described as shown in the following:

H>O + e +* — OH + H* (Volmer step) (S1)



H* + H* — H, + 2* (Tafel step) (S2)

where * denotes the clean electrocatalyst surface. The adsorption energy AE of the H atoms on

the surface of the substrate is defined as:

AE = Exy — (Ex+ En) (S3)

where *H and * denote adsorbed H atoms on the sample and bare substrate, and En denotes the

half of energy of H> [5].

The adsorption free energy change AG in the reaction was calculated as the difference

between the free energies of the initial and final states as shown below:

AG = AE + AZPE- TAS (S4)

where E, ZPE, and 7§ are the energy derived by DFT, zero-point energy correction, and entropy

correction, respectively. The correction data for the zero-point energy and entropy of the gaseous

and adsorbed species can be found in the literature [6].



Fig. S1. SEM image of the hydrothermal product (NiOH/Ni(OH),/CC) with the high-

magnification image shown in the inset.



Fig. S2. SEM images: (a) NiSe2/CC-140, (b) NiSe2/CC-160, (c) NiSe2/CC-200.
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Fig. S3. XPD patterns of the hydrothermal and annealed products.



Fig. S4. Elemental maps of the NiSe,/CC-180 electrocatalyst.
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Fig. S5. Nitrogen adsorption-desorption isotherms and pore-size distributions of the NiSe»/CC-

180 electrocatalyst.



Fig. S6. Raman scattering spectra of NiSe2/CC-140, NiSe2/CC-160, and NiSe2/CC-200.
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Fig. S7. XPS survey spectra of NiSe>/CC-140, NiSe»/CC-160, NiSe»/CC-180, and NiSe>/CC-200.



Fig. S8. High-resolution XPS Ni 2p spectra: (a) NiSe2/CC-140, (b) NiSe2/CC-160, (c) NiSe2/CC-

180, (d) NiSe»/CC-200.



Table S1 Ratios of I-Se/E-Se acquired by XPS from the samples treated hydrothermally at

different temperatures.

Samples I-Se/E-Se ratios
NiSe2/CC-140 1.63
NiSe2/CC-160 1.77
NiSe,/CC-180 2.10

NiSe»/CC-200 4.18




Table S2 Mass loadings of the samples hydrothermally treated at different temperatures.

Samples Mass loadings (mg cm?)
NiSe,/CC-140 5.75
NiSe,/CC-160 5.58
NiSe,/CC-180 5.57

NiSe2/CC-200 5.33




Fig. S9. Electrochemical active surface areas (ECSA) determined by the double-layer capacitance

(CDL) measurements using cyclic voltammetry (CV) in 1 mol/L KOH: (a) NiSe»/CC-140, (b)

NiSe2/CC-160, (c) NiSez/CC-180, (d) NiSe2/CC-200.



Fig. S10. Chronoamperometric curve of NiSe2/CC-180 at a high current density.



Fig. S11. Characterization after the long-term stability test of the NiSe>/CC-180 electrocatalyst: (a)

XRD, (b) XPS.



Fig. S12. Characterization after the long-term stability test of the NiSe>/CC-180 electrocatalyst:

(a) SEM, (b) TEM, (c) HR-TEM.



Fig. S13. Slab model of NiSe; (210) for the DFT calculation.



Fig. S14. Calculated charge density distributions (a) NiSe>-Se (1:1) and (b) NiSex-Se (4:1).
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Fig. S15. Calculated total densities of states of NiSez, NiSez-Se (1:1), NiSez-Se (2:1), and NiSe:-

Se (4:1) with the Fermi level aligned at 0 eV. The inset shows the magnified curves at the Fermi

level.



Table S3 Comparison of the OER characteristics of different electrocatalysts.

7100 Tafel slope Electrode
Catalysts Electrolytes Morphology Refs.
(mV) (mV dec™) structure
FeSe; 1 mol/L on nickel
>500 48.1 nanoplatelets [7]
nanoplatelets KOH piece
Nio5Se 1 mol/L 330@ 10 on carbon
51 nanocrystals [8]
nanocrystal KOH mA cm™ paper
Ni-Co- 1 mol/L dodecahedral on carbon
~410 87 [9]
Se/CFP KOH nanocages fiber paper
1 mol/L nanorods on Ni
NiSe/NF-4 370 95.3 [10]
KOH nanoparticles foam
1 mol/L on Ni
NiSe/NF 411 59.4 - [11]
KOH foam
on
glassy
NiCo
1 mol/L 350@ 10 carbon
hydroxide 65 nanocages [12]
KOH mA cm rotating
nanocages
disk

electrode



NiFe
LDH/graphiti
C Mesoporous

carbon

CoNi-SAs/NC

Fe-NiNC

NiSe»/CC-180

1 mol/L
~400
KOH

0.1 mol/L 340@ 10

KOH mA cm™
1 mol/L 340@ 10
KOH mA cm™
1 mol/L

350

KOH

58.7

54

191.08

ordered
mesoporous

structure

nanoparticles

hollow

spheres

nanosheets

on
graphitic
mesoporo
us carbon
on rotating
ring-disk
glass-
carbon

on glassy
carbon
rotating
ring disc
electrode
on carbon

cloth

[13]

[14]

[15]

this

work




Table S4 Comparison of the overall water splitting characteristics of reported non-precious

transition metal-based electrocatalyst couples.

Vio® Electrode
Electrocatalysts Electrolytes Morphology Refs.
(V) structure
1 mol/L -
FeSey/NF 1.73 on GCE [16]
KOH
ultra-thin non-layered 1 mol/L ultrathin
1.69 on Ni foam [17]
NiSe NaOH nanosheets
1 mol/L on carbon
Nio.sSe//Nig.75Se 1.73  nanocrystals [8]
KOH paper
1 mol/L
NiSe/NF 1.63  nanowire film on Ni foam [18]
KOH
1 mol/L
Co7Seg nanostructures 1.60 film on GCE [19]
KOH
1 mol/L nanorods
NizSe2/NiSe 1.61 on Ni foam [10]
KOH nanoparticles
3D Se-(NiCo)S./(OH)« 1 mol/L
1.60  nanosheets on Ni foam [20]
nanosheets KOH
Ni-Co-P hollow 1 mol/L
1.62  nanobricks on Ni foam [21]
nanobricks KOH



1 mol/L

CoSex/MoSe; nanosheets 1.63 nanosheets
KOH
1 mol/L

NiSe/CC-180 1.58 nanosheets
KOH

on carbon

[22]
cloth
on carbon this
cloth work

2 The voltage required to generate the current density is 10 mA cm in overall water splitting.
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