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Abstract

Developing efficient bifunctional electrocatalysts and gaining fundamental understanding of
reaction mechanisms are crucial for practical water splitting. Herein, a bifunctional NiSe2
nanoparticles/carbon fiber paper (NSN/CFP) electrode is fabricated by the pyrolysis of Ni(NOs)2

on CFP, followed by a selenization step. The as-prepared electrocatalysts exhibit superior overall

water splitting behavior in 1 M KOH with low overpotentials of 145 mV and 280 mV at current
densities of 10 mA-cm for hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER), comparable to the performance of 20% Pt/C and RuO2. Detailed compositional and
morphological studies reveal that the NiSe2 gradually transforms into an amorphous
Ni(OH)2/NiOOH heterojunction during both HER and OER in alkaline medium. Based on these
experimental results, an oxidation-induced self-reconstruction mechanism is proposed. Owing to
the highly-oxidized Ni(OH)2/NiOOH active species, the self-reconstructed structure enhances the
water splitting under fixed potentials for a prolonged time of 96 h with negligible current
degradation. This work not only provides a facile route to fabricate efficient and stable
electrocatalysts for large-scale water splitting but also reveals an underlying structural evolution

mechanism, which guides the rational design of heterogeneous catalysts.



1. Introduction

Hydrogen energy is regarded as one of the most promising clean substitutions in fuel consumption.
From this expectation, scalable production of hydrogen from water splitting has been extensively
studied[1-3]. Over the past few years, varieties of non-noble transition metal catalysts have been
investigated toward efficient HER and OER, such as metal dichalcogenides, phosphides and
carbides (MoSzs-71, WSe2[8, 9], CoSaxSez2q-xo}, Ni2P[11] and M02C[12, 13]) for HER and first-
row transition metal (Fe, Co and Ni) hydroxides[14-16]/oxides[17, 18] for OER. However, it is
still challenging to trigger both HER and OER with high activity in a balanced electrolyte due to
their opposite pH range requirement. Additionally, alkaline water electrolysis method has been
prevalent for several decades and is regarded as a mature technology in industry owing to its low
corrosion rate and cost. Therefore, it is highly desirable to develop bifunctional catalysts for both
HER and OER in alkaline medium for efficient industrial application.

Among the various electrocatalysts that have been studied, NiSez is one of the few Ni-based
catalysts that can be applied for both HER and OER. By decorating with other metals[19, 20] or
metal oxides[21], NiSe2-based catalysts have shown superior performance in water splitting. For
instance, NiSez ultrathin nanowires[21] was synthesized by a solvothermal method. The abundant
1D nanowires not only promoted interfacial electron transfer but also exposed more active sites by
doping with NiOx. However, it is still critical and challenging to increase the active sites and
improve its intrinsic conductivity through a simple way. From this perspective, a low-dimensional
nanostructured NiSez grown on a conductive substrate could be a good strategy to solve this
problem. Thus, in this work, we chose NiSez nanoparticles and conductive carbon fiber paper to a
form a 3D porous structure in order to maximize the exposed active edges. Though considerable

efforts have been made to investigate Ni-based catalysts for prolific HER and OER, most previous



works were focused on either rational designing of the nanostructures, optimizing elemental
compositions or seeking more facile routes to synthesize these catalysts. The stability of the
catalyst, the possible phase transformation and the “real” active sites for both HER and OER are
rarely discussed. Therefore, it is also significant to further investigate the compositional, structural
and morphological changes after reaction to better understand the “true” nature of the catalysts.

Herein, we report a facile approach to fabricate homogeneous nickel diselenide (NiSe2)
nanoparticles anchored on carbon fiber paper (CFP) as bifunctional electrocatalysts for efficient
HER and OER. The nanoparticles were prepared using nickel oxide (NiO) nanoparticles followed
by a selenization process. CFP acts not only as a substrate, but also effectively reduces the
aggregation of nanoparticles, so as to form a homogeneous interface. Owing to its intrinsic
conductivity, CFP also helps to promote the catalytic rate by efficient charge exchange. The as-
prepared NSN/CFP can directly act as both cathode and anode to drive overall water splitting,
which can achieve a high current density of 100 mA-cm with overpotentials of 232 mV for HER
and 370 mV for OER in 1M KOH. The excellent performance is comparable to the state-of-the-
art non-precious metal-based bifunctional catalysts[22, 23]. Moreover, various techniques were
employed to probe the phase changes prior to and post catalysis, demonstrating that the surface
NiSe2 are gradually fully oxidized into an amorphous Ni(OH)2/NiOOH layer with high-valence

state for both HER and OER.

2. Results and discussion

2.1. Material Characterizations

The as-prepared NSN/CFP was first examined by X-ray diffraction (XRD) to analyze the

crystallographic structure and phase purity. For comparison, NiSez clusters (NSC) were also



prepared by a hydrothermal method[24], it was drop-casting onto the bare CFP with the same mass
loading as NSN/CFP, denoted as NSC/CFP. For the preparation of NSN/CFP, nickel oxide (NiO)
was first prepared by the pyrolysis of nickel nitrate. X-ray diffraction (XRD) pattern of the as-
prepared NiO is presented in Fig. S1, which matches well with the cubic NiO phase (JCPDS 65-
2901). After selenization, the NiO transformed into NiSe2 completely. As shown in Fig. 1a, the
NiSez nanoparticles display characteristic peaks at 29.9°, 33.6°, 36.9° and 50.8° corresponding to
the (200), (210), (211) and (311) planes, respectively, which is consistent with cubic structured
NiSez (JCPDS 65-1843). No other impurities such as selenium or NiO are observed, indicating the
reaction was controlled precisely. The full width at half maximum (FWHM) value of the (210)
plane of NSN (0.132) is much less than that of NSC (0.307), indicating a higher crystallization and
reduced particle size. This is also consistent with the TEM results to be discussed in the next
section.

The surface chemical states of the NSN/CFP were further investigated via X-ray photoelectron
spectroscopy (XPS). As shown in Fig. S2, the survey spectrum indicates obvious peak signals of
Se, C, O and Ni elements, and the signal of O element is due to the surface oxidation[23] which
has been widely reported. Fig. 1b and 1c presents the high-resolution XPS spectra of Ni 2p and Se
3d peaks, respectively. The two main peaks of Ni 2p3/2 and Ni 2p1/2 can be resolved into three
bands respectively, of which the N1 and N4 peaks locate at 853.6 eV and 871.1 eV come from
Ni2* jons. And the N2 and N5 peaks at 855.2 eV and 873 eV, are caused by the surface oxide Ni-
O bond[25, 26]. The residual N3 and N6 peaks at 859.8 eV and 877.5 eV, can be assigned to
satellite peaks with higher binding energy. For Se, the 3d peak can be resolved into three bands,

of which the peaks at 54.9 eV and 55.7 eV represent the splitting of Se 3ds/2 and Se 3da/2 branches.



And the peak at 59 eV implies the surface oxidation of Se species. These results reveal the surface
condition of the NSN/CFP and are consistent with other literatures[27, 28].

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were further
conducted to examine the morphology and structure details of NSN/CFP. As shown in Fig. S3, the
CFP is composed of hundreds of interlaced carbon fibers. This irregular stacking forms a 3D
porous structure which largely facilitates the loading of NiSe2. After selenization, the surface is
homogeneously covered by a layer of NiSe2 nanoparticles. Elemental mapping (Fig.1d) reveals
the uniform distribution of Ni and Se, and the atomic ratio is close to 1:2 (Fig. S4). As shown in
Fig. 1le and S5a, the NiSe2 nanoparticles (red circles) are well dispersed with clear edges. Owing
to the high hydrophilcity of the porous carbon fiber, the nanoparticles can firmly root in the carbon
layer (inset of Fig. 1e) with size distribution ranging from 100 to 200 nm, making this NSN/CFP
a binder-free electrode. The nano-scale size as well as the densely coverage of the nanoparticles
provide multiple catalytic sites. In contrast, the hydrothermal-synthesized NSCs are aggregated
seriously in micrometer scale as shown in Fig. S5b. Selected area electron diffraction (SAED)
pattern (Fig. le, inset) indicates the highly crystalline nature of the NiSe2 nanoparticles with
typical crystal faces of (200), (311), (411) and (321), while the SAED pattern of the NSCs (Fig.
S5¢) is more scattered and attributed to the thick aggregation of the clusters. High-resolution TEM
(HRTEM) images and associated reduced fast Fourier transform (FFT) of the NiSez nanoparticles
and clusters are shown in Fig. 1f and S5d, respectively. The inter fringe distance of 2.98 A and
2.67 A correspond to the (200) and (210) planes of the cubic NiSe2 phase are observed. The
reduced FFT patterns obtained from red square areas indicating the crystalline nature of both NSNs

and NSCs.



2.2. Electrocatalytic Performance toward HER

The electrocatalytic activities of the NSN/CFP for HER were conducted in Ar-saturated 1M KOH
at a scan rate of 5 mV/s. The 20% Pt/C, bare carbon fiber paper and NSC/CFP were also tested as
contrastive samples. All of the potentials are referred to reversible hydrogen electrode (RHE) and
have been iR corrected unless noted. Before testing, the reference electrode was calibrated with
respect to RHE (Fig. S6). As shown in Fig. 2a, the 20% Pt/C displays the lowest overpotential (92

mV) at a current density of 10 mA.cm, while the NSN/CFP reveals superior catalytic activity

when the overpotential exceeds 220 mV. The NSN/CFP electrode only needs overpotentials of

145, 170 and 232 mV to obtain cathodic current densities of 10, 20 and 100 mA-cm,

outperforming many transition metal sulfides[29, 30] or phosphides[31, 32] reported recently. This
high kinetic is also confirmed by the low Tafel slope as present in Fig. 2b. In comparison, the
NSC/CFP electrode shows much inferior performance with a small current density change in a
wide potential range. Furthermore, the electrochemical active surface area (ECSA) was estimated
based on double-layer capacitance (Cai, Fig. 2c) using cyclic voltammetry (CV) measurements in
the range of no obvious Faradaic process (Fig. S7). Notably, the ECSA value of NSN/CFP
(1202.5cm?) is almost ten-fold than that of NSC/CFP (132.5 cm?). Since the ECSA reflects the
surface roughness condition and ratio of active sites, this prominent increase may be due to several
reasons: (i) the nanostructured NiSez particles have a much larger specific surface area to offer
more reaction domains; (ii) the porous carbon fiber can absorb more dissociate water molecules
thus provide sufficient reactant; (iii) the tight bonding between the metallic NiSe2 nanoparticles
and the conductive carbon fiber paper formed strong electrochemical coupling.

In order to verify the hypothesis of the enhanced charge-transfer property, electrochemical

impedance spectroscopy (EIS) measurements were conducted at a current density of 10 mA.cm.



As shown in the corresponding Niquist plot (Fig. 2d), the two semicircles in impedance curve of
the 20% Pt/C indicate that there are two charge transfer resistances obstructing the electron
transport, this discontinuous pathway increases the energy barriers for hydrogen desorption. In
contrast, both the NSN/CFP and NSC/CFP have only one semicircle, demonstrating the efficient
charge transfer on the interface between NiSe2 and carbon fiber paper. Based on the Bode Plots,
equivalent circuits were then simulated. As shown in Fig. S8 and Table. S1, the electrolyte
resistance (Rs) of the NSN/CFP (2.0 Q) and NSC/CFP (2.1 Q) are much lower than that of 20%
Pt/C (11.6 Q), indicating the preferable adhesion between the water molecule and the electrode.
Particularly, the charge-transfer resistance (Rct) of the NSN/CFP (4 Q) is only 34% to that of
NSC/CFP (11.8 Q). This is due to the strong connection between the NiSe2 nanoparticles and

carbon fiber paper as discussed before.

2.3. Electrocatalytic Performance toward OER
As a four-electron oxidation process, OER (40H —0O2+2H20+4e") requires more thermodynamic

and kinetic energy which is much harsher than HER. Therefore, OER is considered as the major
obstacle of the overall water splitting rate with a considerable requirement of 1.23 V ideally.
Despite NiSez-based electrocatalysts have been intensively reported to drive HER, their OER
performance are rarely studied. In order to avoid the influence of double-layer capacity on current
density, the linear sweep voltammetry (LSV) curve was recorded at a slow scan rate of 0.1 mV-s’
1. As shown in Fig. 3a, the NSN/CFP requires an overpotential of only 280 mV to achieve an
anodic current density of 10 mA-cm, which is much lower than the NSC/CFP (370 mV), and
even RuO; catalyst (330 mV). The small peak of LSV curve at 1.37 V can be assigned to the

oxidation of Ni?* to Ni%", this oxidation effect is consistent with other literatures[23, 33]. The



remarkable performance of the NSN/CFP upon OER is further confirmed with an anodic current
density of 100 mA-cm at a small overpotential of 370 mV. The Tafel slope (Fig. 3b) of the

NSN/CFP (81 mV.dec™) is lower than the NSC/CFP (92 mV-dec™), indicating a higher reaction

kinetics. Indeed, during the OER process, O2 bubbles start to be visible at 1.46 V and became

drastic as the current density over 20 mA-cm=. As-shewn-in-Figure-S9—eyeclic-voltammetry-is
Ca-{Figure

This preferable catalytic activity of NSN/CFP is also confirmed by EIS measurement as shown in

Fig. 3c. The Rct value of the NSN/CFP (2.2 Q) is much smaller than the NSC/CFP (8.4 Q),
demonstrating the fast electron transport. In general, the excellent performance of the NSN/CFP
toward OER is outperforming many non-precious metal catalysts, including Cu20[34] and

CoOx[35].

2.4. Mechanism Discussion
Compared with the well-documented acidic HER mechanism, the fundamental theories of alkaline

HER (2H20+2e" — H2+2H") and OER (40H" — 02+2H20+4e”) remain inconclusive. Recent

research reveals the generation of NiOOH or Ni(OH)2 phases on nickel-based chalcogenides or
phosphides during the OER process[36]. The composition of the post catalysis products is
controversial which can be classified into oxides, hydroxides and oxyhydroxides[36-39]. The
reversible faradaic reaction can be described as: Ni(OH)2+ OH" = NiOOH + H20 + e, Since the
anions in group VIA-VIIIA (C, N, P, S, Se, Te) have strong similarities in chemical properties, it
is highly possible that similar oxidation effect happens in our NiSez-based system. Thus, further

investigations are needed to systematically investigate the phase evolution.



In order to eliminate the interference of the changing potential and also precisely control the
reaction degree, chronopotentiometric method was used to prepare the contrastive samples after
both HER and OER. The fresh NSN/CFPs were applied at constant potentials for 0.5 h, the current
densities are around 10 mA-cm. SEM images (Fig. S9) show no obvious morphological change
after reactions, while the corresponding EDX analysis (Fig. 4a) imply an oxidation process during
both HER and OER. After HER, the composition of Ni almost no changed, while the ratio of Se
to Ni decreased from 2.0 to 0.43, indicating Se leaching from the carbon fiber. Additionally, the
appearance of O implies the oxidation of NiSez. Notably, the composition after OER reveals a
much lower ratio of Se and a dramatically increase in O, demonstrating a much deeper oxidized
level. This difference in phase evolution rate is also confirmed by XRD spectra as shown in Fig.
4b, the characteristic peaks of the NiSez are weakened after HER but almost totally disappeared
after OER, indicating the NiSe2 was decomposed more severely during OER.

The specific compositional changes were further analyzed by Raman scattering characterization
and XPS. As shown in Fig. S10, the peaks at 154.9, 170.2, 215.8 and 246.8 cm™ are corresponding
to the Tg, Eg, Ag and Tg modes of NiSez, respectively. These observations are in good agreement
with previous reports on pyrite NiSezp1, 427. After HER and OER aging, the intensity of the
characteristic peaks decreased, demonstrating the reduced ratio of the NiSe2 after reaction. The
two new broad peaks located at 340 and 557 cm™ can be attributed to the Eg mode of Ni-OH[43,
44] and vibration of Ni-O stretching mode[45, 46], respectively. It should be noticed that the Eg
band is blueshifted by around 25 cm™, which is attributed to the reversible transition between
Ni(OH)2 and NiOOH. The samples were then detected by XPS measurement to investigate the
compositional changes. As shown in Fig. S11, the O 1s peak intensity is increased after HER and

OER, which could be associated with the oxidation of Ni. From the spectra comparison of Ni 2p



region (Fig. 4c, Table S2), it can be seen that these deconvoluted peaks shifted by 2.3 eV after
HER and OER. The Ni-Se peak disappeared after HER and OER, meaning the metastable surficial
Se2? fell off and dissolved in solution under the applied potential. Two new peaks raised at 855.9
eV (N1’) and 857 eV (N2”) which is due to the oxidized reaction on the catalyst surface. It is noted

that the phase transition sequence in nickel based alkaline batteries is: Ni® = NiOx — Ni(OH)2 —
NiOOH[45]. Unsurprisingly, the binding energy order of these compounds is also the same: Ni <
NiOx < Ni(OH)2 < NiOOH[47]. Then considering that the binding energy of N1’ and N2’ are

larger than N2 (855.2 eV), the N1’ and N2’ peaks can be ascribed to Ni(OH)2 and NiOOH,
respectively. After HER and OER aging, the peak intensities of Se 3d (Fig. 4d) for Se2*” at 54.9
eV and 55.7 eV decreased dramatically while that of the oxidation state Se increased largely,
indicating the dominant ratio of selenide oxide. This phase evolution was also confirmed by TEM
characterization as shown in Fig. 5. After HER, the whole nanoparticle becomes amorphous with
some lattice distortion. The SAED pattern also displays a typical (103) face of Ni(OH)2 (JCPDS
22-0444). In order to investigate the final conditions of the NSN/CFP, the samples were further
conducted at current densities of 10 mA-cm for 24 h. The XRD characterization reveals that the
peaks of NiSe2 are disappeared as shown in Fig. S12, meaning that all the NiSe2 nanocrystals were
converted to amorphous nickel hyoxide/oxyhydroxide. Based on the various characterizations
above, we conclude that crystalline NiSe2 will totally evolve into amorphous Ni(OH)2/NiOOH
during both HER and OER in alkaline medium. The difference is the phase transition during OER
is much faster and severely.

Given the aforementioned results, we propose a possible self-reconstruction mechanism as shown
in Fig. 6a:

Ni2* + Ses> + 20H" + xO2 — Ni(OH)2 + 2SeOx + 2¢- (1)



Ni(OH)2 + OH" 2 NiOOH + H20 + e (2)
In the initial of the reaction, NiSez nanoparticles are unstable when a potential applied, the
outermost layer of the NiSe2 will ionize in strong KOH solution. Then Ni?* joins OH" while Se2*
leaches out and combines with the dissolved oxygen. This step transforms the pyrite-type NiSe2
into lamellar-type Ni(OH)2, the dissociated oxygen acts as oxidizing agent and generates SeOx.
With a higher degree of polarization (charging), the formed metastable nickel hydroxide evolves
into oxyhydroxide phase with a lattice expanison[47]. In this process, the surface Se2? acts like a
sacrificial template, the residual Ni%* totally reconstructs into amorphous Ni(OH)2/NiOOH
heterojunctions with high-valence states. In order to evaluate the influence of the oxidation effect
on the catalytic performance, LSVs at different aging stages and the corresponding Cai values were
measured. As shown in Fig. S13 and S14, during the transformation process the catalytic
performance are improved for both HER and OER and the active surface areas are also greatly
enlarged. While a degradation of the OER performance is also observed due to the detachment of
the active species (Fig. S15) caused by the harsh oxidation effect. Thus, the synergistic effect
among the Ni(OH)2/NiOOH and the irregular morphology promote more exposed active sites,

leading to an enhanced catalytic activity.

2.5 Long-term Durability and Overall Water Splitting

The durability of the NSN/CFP electrode for both HER and OER in alkaline was examined by
applying steady potentials (-0.17 V for HER and 1.53 V for OER) for 96 h. Fig. 6b shows the
chronoamperometry curves of the NSN/CFP electrodes for both HER and OER. Clearly, the
NSN/CFPs can maintain stable and continuous catalytic activities. During the OER process, the

current density reduced gradually from 14.1 to 10.2 mA-cm2in the first 24 h and kept almost no



changed in the next 72 h. The current density of HER decreased from 11.2 mA-cm?2t0 9.9 mA-cm’
2 by a ratio of 11.6%, this slow decline indicates its huge potential for practical application.
Interestingly, a “self-recovery” process can be observed during both HER and OER process. For
HER, the current density is maintained at -11 mA-cm2 in the first 12 h. From 13 to 24 h, the
current density increases gradually and reaches a maximum at -13 mA-cm, then the current
density decreases to its original value. Similar variation trend is also found during OER, the cycle
repeats roughly in a 24 h period. The experiments were repeated several times with various applied
potentials and similar trends can be observed. Fan et al. and others[48-50] reported the similar
recovery process in their systems and attributed their observations to the adequate activation of
catalyst, or trapping and releasing of gas bubbles on the surface. In our case, we ascribe this
phenomenon to the unbalanced rate between H*/OH" adsorption and H2/O2 desorption. As we
discussed before, the NiSe2 has fully evolved into Ni(OH)2/NiOOH during both long-time HER
and OER run, since transition metal hydroxides have strong abilities to dissociate water[51], then
we speculate that the electrode surface was covered by a high ratio of H*/OH", resulting in the
accumulation of current and hysteresis of gas desorption.

Based on the electrochemical characterization of HER and OER, an alkaline electrolytic cell was
fabricated by using the NSN/CFPs as bifunctional electrodes for both cathode and anode in 1 M
KOH medium. Notably, appreciable hydrogen bubbles can be observed at 1.55 V, the current
density can reach 10 mA-cm at a potential of 1.66 V (Fig. S16). The comparison of HER and
OER performance for the NSN/CFP with other non-noble catalysts are summarized in Table 1. It
is prominent that the NSN/CFP electrode is rivaling most other non-precious metal bifunctional
catalysts for overall alkaline water splitting. Furthermore, we fabricated a solar power-driven water

splitting device to assess the electrode in real solar energy application. By powering a 2 V solar



panel, the evolved hydrogen and oxygen bubbles were observed clearly (Fig. 6b, inset and Movie
S1, Supporting Information), demonstrating that the NSN/CFP is a promising electrode for

practical water electrolysis application.

3. Conclusion

In summary, we fabricate a bifunctional binder-free NSN/CFP electrode for water splitting by
homogeneously anchoring the metallic NiSe2 nanoparticles on the conductive cylindrical carbon
fibers. The NSN/CFP exhibits low overpotentials (145 mV for HER, 280 mV for OER) at current
densities of 10 mA-cm™ with superior durability (96 h), revealing its ability as a bifunctional
electrocatalyst. Based on systematical characterizations of the NiSez prior to and post
electrocatalysis, the co-existence of highly-oxidized Ni(OH)2/NiOOH were demonstrated, a self-
reconstruction mechanism was deduced as well. The remarkable bifunctional performance can be
ascribed to the reconstructed surface that provide multiple exposed active sites as well as the
conductive carbon fiber paper that offers a 3D porous charge transfer pathway. This work not only
provides a facile and low-cost strategy to prepare highly active electrocatalysts, but also offers

insights into the identification of phase evolution during electrolysis reactions.

4. Experimental section

4.1 Chemicals and reagents

All chemicals were purchased from Sigma-Aldrich and used as received. The carbon fiber paper
(HCP030) was bought from Hesen Group.

4.2 Preparation of NiSe, nanoparticles/carbon fiber paper electrode (NSN/CFP)



NSN/CFP was synthesized referred to previous method[52] with some modified. In brief, a
precursor solution was prepared by dissolving 30wt% nickel (I1) nitrate hexahydrate and 5wt%
polyvinylpyrrolidone (PVP) in dimethylformamide (DMF) under vigorous stir in a 10 ml vial at
65 °C for 2 h. A 3 cm x 1 cm bare carbon fiber paper was cleaned by oxygen plasma and then
immersed into the solution for one night. After taken out and dried naturally, the carbon fiber paper
was placed at the center of a tube furnace and pyrolyzed at 600 °C for 2 h under Ar atmosphere.
After cooled down naturally, selenium powder was placed at the upstream side of the furnace. The
tube was first flushed with Ar gas, and then elevated to 450 °C with an increasing rate of 30 °C-min
1 while the selenium precursor was kept at ~300 °C. The reaction was kept for 25 min with a flow

rate of 100 sccm. After cooled down naturally, the in-situ grown NSN/CFP electrode was

fabricated. The mass loading is around 1.8 - 2.0 mg/cm2 by calculating the increase in weight after
reaction.

Carbon fiber paper was chosen as the substrate not only because its high electrical conductivity
but also the excellent resistance to corrosion in both acidic and alkaline solutions.

Polyvinylpyrrolidone (PVP, Mw = 30000) was selected as thickening, complexation and

structure-directing agent.
4.3 Preparation of NiSez cluster/carbon fiber paper electrode (NSC/CFP)

NiSe, clusters were prepared by a hydrothermal method referred to previous method[24] with
some modified. Typically, 0.1 mol NaOH, 1 mmol NiCl,-6H,0, 2 mmol Se powder and 1.6 mmol

Ethylene Diamine Tetraacetic Acid (EDTA) were dissolved in 30 mL deionized water. After stir
for 30min, the aqueous solution was transferred into a 50 mL Teflon lined autoclave. Then, the
sealed autoclave was put in an oven and maintained at 180 °C for 12 h. After cooled down naturally,

the precipitate was centrifuged and washed with deionized water and ethanol for several times,



then dried at 50 °C for 12 h. Finally, the powder was mixed in deionized water/ethanol solution
with 0.1 wt% Nafion and sonicated for 30 min to generate a homogeneous ink, and drop-casted on

the bare carbon fiber paper with the same mass loading as the NiSe, nanoparticles.

4.4 Material characterization

The phase identifications of the as-synthesized samples were characterized by powder X-ray
diffraction (XRD) on a Rigaku Smartlab X-ray diffractometer using Cu Ko radiation (A = 1.5418
A) at 45 kV and 200 mA. The XRD patterns were indexed and quantitatively analyzed according
to the ICDD PDF-4 database. The morphology, microstructure and energy-disperse X-ray spectra
(EDX) were investigated by scanning electron microscope (SEM) using a Tescan VEGA3
microscope equipped with X-max5 EDX (Oxford Instruments). Transmission electron microscopy
(TEM), high resolution transmission electron microscopy (HRTEM) and selected area electron
diffraction (SAED) were carried out on a JEOL JEM-2100F at 200kV, using the holey carbon-
coated copper grid. X-ray photoelectron spectroscopy (XPS) measurements were conducted using
an ThermoFisher Escal.ab 250Xi at 1° angle of emission. The source was a monochromatic Al Ka
(Ephoton = 1486.6 eV) with a 10 mA filament current and a 12 keV filament voltage.
Measurements were carried out in field of view 2 with a 110 mm aperture and a pass energy of 40
eV. In order to compensate for the charging of the sample, a consistent charge neutralization was

verified by observing adventitious C 1s peak at=284.8 eV for all samples.

4.5 Electrochemical measurements

All electrochemical measurements were performed at room temperature using a standard three-
electrode system on an electrochemical workstation (Solartron 1470E) with graphite carbon rod as
counter electrode and Hg/HgO (1M KOH solution) as reference electrode. Polyimide tape was

employed to define the 1 cm? area on the as-fabricated NSN/CFP and NSC/CFP working



electrodes. The performance of commercial 20% Pt/C catalyst and RuO2 were tested on the glassy
carbon (diameter = 3 mm) as working electrodes with a mass loading of 0.283 mg-cm™. The
Hg/HgO electrode was calibrated in Hz saturated electrolyte with respected to reversible hydrogen
electrode (RHE) using Pt wire as working electrode and graphite rod as counter electrode. The
calibration was performed using cyclic voltammetry (CV) at a scan rate of 1 mV-s%, and the
average of the two potentials at which the current crossed zero was taken as the thermodynamic
potential for the hydrogen electrode reaction (Figure S6). Linear sweep voltammetry (LSV) was
conducted at a scan rate of 5 mV-s? and 0.1 mV-s! for HER and OER, respectively. CV
measurements were carried out at different scan rates of 2, 4, 6, 8, 10 and 12 mV-s! to estimate
the double-layer capacitance (Cal). The electrochemical impedance spectroscopy (EIS)
measurements were carried out in the frequency range from 10° to 0.01 Hz with an AC amplitude

of 10 mV. The applied potentials were set at current densities of 10 mA-cm,
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Figure 1. (a) XRD spectra of as-prepared NiSe2 nanoparticles, NiSez clusters and standard PDF
card. XPS spectra of (b) Ni 2p and (c) Se 3d of NSN/CFP. (d) SEM and corresponding EDX
mapping images of NSN/CFP. (e) Low-magnification TEM image of NSN/CFP with
corresponding selected area diffraction pattern (top inset) and zoom-in image of one NiSez
nanoparticle (left inset). Inside the red circles are NiSez nanoparticles, yellow line shows the
boundary between the carbon fiber and the nanoparticle. (f) High-resolution TEM image of NiSe2
nanoparticle and the corresponding reduced FFT image (inset) of red square area.
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Figure 2. (a) HER linear sweep voltammetry curves of different electrocatalysts in 1 M KOH
solution. (b) Tafel plots for HER in 1 M KOH. (¢) Cai of NSN/CFP and NSC/CFP for HER in 1
M KOH. (d) Nyquist plots of different samples reflecting the charge transfer resistance at a current
density of 10 mA-cm from 1 MHz to 10 mHz in 1 M KOH. Inset shows the zoom-in image of
NSN/CFP and NSC/CFP part.
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Figure 3. (a) OER linear sweep voltammetry curves of different electrocatalysts in 1 M KOH
solution. (b) Tafel plots for OER in 1 M KOH. (c) Nyquist plots of different samples reflecting the
charge transfer resistance at a current density of 10 mA-cm from 1 MHz to 10 mHz in 1M KOH
and the corresponding equivalent circuits.
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Figure 4. Comparison of (a) EDX spectra (b) XRD spectra (c) XPS spectra of Ni 2p region and
(d) XPS spectra of Se 3d region of NSN/CFP before and after electrolysis.



Figure 5. TEM of (a) Fresh NiSe2 nanoparticles, (b) NiSe2 nanoparticles after HER. (¢) HRTEM
image of the NiSe2 nanoparticles after HER. The circles indicate the lattice distortion. (d) SAED
of NiSez nanoparticles after HER. The red circle indicates the (103) face of Ni(OH)z.
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Figure 6. (a) Schematic illustration of the proposed re-construction mechanism during catalysis in
alkaline medium. Atomic structure shows view towards (001) plane. Green: Ni; Purple: Se; Red:
Oxygen; Gray: Hydrogen. (b) Chronoamperometric responses (j—t) test for HER and OER at
constant applied potentials of —0.17 V and 1.53V versus RHE, respectively. Inset shows the photo
of the generation of H2 and Oz bubbles during overall water electrolysis using the NSN/CFP
electrodes as both cathode and anode.



Table 1. Comparison of water splitting performance of NSN/CFP in 1 M KOH with recently
reported electrocatalysts at a current density of 10 mA-cm™.

Reaction | Overpotential | Tafel slope
Catalyst type (mV) (MV-dec) Refs
HER 145 72
NSN/CFP This work
OER 280 81
HER 42 71.1
NiSe2 nanosheets 301 [53]
OER @40 mA-cm?2 94.8
HER 132 85.2
NiSe, nanowires [54]
OER 266 53.4
Ni-Fe hydroxide HER 300 110 (5]
nanosheet OER 210 59
Ni@N-doped HER 205 160 [56]
graphene OER 280 45
NiFe HER 116 58.9
hydroxide@Cu [57]
nanowire OER 199 27.8
) HER 1 —_—
Co1Mni1CH/Ni 80
f 337 [58]
oam OER L
@30 mA-cm™
Cup3C027P/N- HER 220 122 591
doped carbon OER 190 44
HER 5 4(,)0\0- ) 133
N, S doped CNT @5 mA-cm [60]
OER 360 56
Ni—Co—P hollow HER 107 46 -
nanobricks OER 270 76






