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The rational construction of electrocatalysts with desired features is significant but challenging for su-
perior water splitting at high current density. Herein, amorphous CoNiS nanosheets are synthesized on
nickel foam (NF) through a facile structure evolution strategy and present advanced performance at high
current densities in water splitting. The high catalytic activity can be attributed to the sufficient active
sites exposed by the flexible amorphous configuration. Moreover, the hydrophilicity and aerophobicity
of a-CoNiS/NF promote surface wettability of the self-supporting electrode and avoid the aggregation of
bubbles, which expedites the diffusion of electrolyte and facilitates the mass transfer. As a result, the op-
timized electrode demonstrates low overpotentials of 289 and 434 mV at 500 mA/cm? under alkaline con-
ditions for hydrogen evolution reaction (HER) and oxygen evolution reaction (OER), respectively. Impres-
sively, an electrolytic water splitting cell assembled by bifunctional a-CoNiS/NF operates with a low cell
voltage of 1.46 V@10 mA/cm? and reaches 1.79V at 500 mA/cm?. The strategy sheds light on a competitive

platform for the reasonable design of non-precious-metal electrocatalysts under high current density.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen with the merits of zero carbon emission and high en-
ergy density is proposed as the main carrier of future energy [1].
Electrochemical water splitting is one of the most ideal and sus-
tainable techniques to produce hydrogen, which consists of oxygen
evolution reaction (OER) at the anode and hydrogen evolution re-
action (HER) at the cathode [2,3]. For overall water splitting de-
vices, nonprecious metal-based electrocatalysts with high activity
are quite necessary, which can reduce the overpotentials caused
by polarization and promote the charge transfer efficiency [4-6].
Although nonprecious catalysts can work well at low current den-
sities, their application in industrial hydrogen production at high
current densities is still uncompetitive [7-9]. During large-scale
catalytic hydrogen evolution, crowded gas bubbles generated on
the electrode surface severely hinder the identification of the ac-
tive sites, leading to attenuated durability of catalysts [10,11]. Tak-
ing gas-liquid-solid three-phase interfaces into consideration, the
optimization of surface physicochemical properties has a tremen-
dous effect on the ultimate efficiency of electrocatalysts at high
current density [12,13]. The hydrophilicity of the electrode could
timely facilitate the wettability of the electrocatalyst with the
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aqueous electrolyte, resulting in a small ohmic resistance [14,15].
Moreover, a low bubble adhesion force of the electrode surface
caused by the aerophobicity is expected to contribute to buffering
the accumulation of gas bubbles and avoiding the decrease of ac-
tive sites caused by bubble desorption [16-19]. Consequently, the
optimized non-precious catalysts with designable surface proper-
ties can effectively guarantee the direct permeation of the elec-
trolyte and facilitate the mass transfer.

With regard to the practical industrial application, the facile
synthesis and high performance of electrocatalysts at large cur-
rent densities are of vital importance [20-22]. Strategies includ-
ing crystallinity controlling are applied for advanced electrocata-
lysts, which are beneficial for electrolyzers at high current densi-
ties [23-25]. In recent years, various transition metal-based amor-
phous electrocatalysts have received immense research attention
compared with their crystalline counterparts in terms of elec-
trochemical water splitting at high current density [26-29]. The
amorphous materials possess unique structural features of long-
range disorder arrangement and short-range order, which enables
better corrosion resistance and achieves confined electrocataly-
sis of surface as well as bulk [30]. Moreover, the defect struc-
ture offers abundant active sites and optimized adsorption energy
of reaction intermediates resulting in the unusual enhancement
of the intrinsic activities for HER and OER [31,32]. Normally, the
amorphous phase has been continuously engineered by precursor
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Fig. 1. (a) lllustration of the formation process of a-CoNiS/NF. Low and high mag-
nification SEM images of (b, c) a-CoNiS/NF. (d) TEM image, (e) HRTEM image, and
inset FFT figure of a-CoNiS/NF. (f) HAADF-TEM image of a-CoNiS/NF and correspond-
ing EDS mapping images of (g) Ni, (h) Co, (i) S, and (j) O.

transformation [33-35], lattice disordering [36], and controlled hy-
drolysis [37] to further enhance the charge transfer capability of
the pristine catalysts. Metal-organic frameworks (MOFs), featuring
ultrahigh surface areas and excellent porous characteristics, usually
serve as precursors for constructing well-defined amorphous cata-
lysts [38], such as nanorods [39], nanocubes [40], and nanosheets
[41]. Hierarchical porous nanosheets derived from MOF can guar-
antee the channels align with the direction of buoyancy to facili-
tate the upward movement of the gas bubbles [42]. However, elec-
trocatalysts powder has to be fixed on a conductive substrate using
polymer binders, which consequently results in significant ohmic
resistance and impedes mass transportation at high current density
[43]. Therefore, it is highly desirable to design electrodes with self-
supporting structures and flexible configurations to facilitate mass
transfer at high current densities.

Hence, we propose a chemical conversion strategy to prepare
bimetallic amorphous sulfide self-supporting electrodes with ver-
satile structures and multiple physicochemical properties. The re-
markable electrocatalytic activity of the self-supporting electrodes
is ascribed to the simultaneous modulation of configuration and
geometric structure, as well as the systematic optimization of
abundant active sites. Importantly, the synergistic effect of surface
hydrophilicity and aerophobicity enhance the capacity for mass
transport, thereby significantly improving the stability as well as
the catalytic performance of OER and HER simultaneously. Fur-
thermore, a-CoNiS/NF electrode water electrolyzer configured in a
dual-electrode system needs only a low cell voltage of 1.46V to
reach 10mA/cm? and achieves 1.79V at 500 mA/cm?.

The synthesis process is illustrated schematically in Fig. 1a.
First, crystalline CoNi Triethylbenzene (CoNi BTC) nanorods on
nickel foam were synthesized hydrothermally and used as pre-
cursors (Fig. S7 in Supporting information), followed by a ligand
replacement reaction with Na,S. Next, BTC ligands were contin-
ually leached out, causing the progressive collapse of the crys-
talline nanorod arrays and becoming amorphous. Simultaneously,
the $2- in the solution was absorbed by the positive holes through
the electrostatic attraction, and the original structure was further
transformed into nanosheets. Scanning electron microscopy (SEM)
images show that the obtained a-CoNiS nanosheets evenly align on
the substrate and exhibit excellent dispersity as demonstrated by
Figs. 1b and c. Transmission electron microscopy (TEM) suggests
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that the external nanosheets are arranged regularly and a high de-
gree of the roughness can be exposed (Fig. 1d). High-resolution
TEM (HRTEM) exhibits no obvious lattice fringes and weak re-
flection halos can be distinctly observed in the corresponding fast
Fourier transform (FFT) pattern, confirming the amorphous nature
of the a-CoNiS/NF (Fig. 1e). The HAADF-TEM image and corre-
sponding energy dispersive spectroscopy (EDS) elemental mapping
demonstrate that Ni, Co, S, and O elements are homogeneously dis-
tributed across the entire nanosheets (Figs. 1f-j).

The crystallinity of the obtained electrocatalysts is examined by
X-ray diffraction (XRD). The CoNi BTC powder is similar to the sim-
ulated CoNi BTC [44] and a-CoNiS powder do not show any ap-
parent diffraction peaks (Fig. 2a). In Fig. 2b, Raman spectra dis-
play that the broad feature peaks of a-CoNiS/NF are centered at
450-500 cm~!, which are assigned to disordered metal-S stretch
mode [45]. In contrast, there are three peaks observed for the CoNi
BTC, which are related to 1,3,5-triethylbenzene. The XRD patterns
and Raman spectra reveal that the CoNi BTC/NF has been gradually
changed into a-CoNiS/NF during the sulfurized process, suggesting
the successful synthesis of amorphous configuration.

The surface chemical states of the self-supporting electrode are
scrutinized by X-ray photoelectron spectroscopy (XPS). In the XPS
spectra of a-CoNiS/NF, Ni shows a fairly broad Ni 2p;;, peak at
around 855.2 eV, which shifts negatively with the treatment of sul-
furization, indicating a valence change caused by the activation
process (Fig. 2c) [46]. From Co 2p spectrum, both a-CoNiS/NF and
CoNi BTC/NF show the Co 2p;, peak at 781.3eV corresponds to
the Co®*. It is deduced that most of the Ni—O and Co—O bonds
in precursor are broken by the violent reaction process, leading to
the reconstruction of metal-S species (Fig. 2d). Sulfur element with
the lower electronegativity compared with oxygen exhibits weak
electron-withdrawing capability, which takes responsibility for the
peaks to shift negatively [47]. From Fig. 2e, the high-magnification
S 2p spectrum is deconvoluted into four peaks, including S 2p;p,
(164.0eV) and S 2p;p, (162.5eV), while S-O bond observed at
166-173 eV indicates the surface absorption of oxygen with sul-
fur [48]. Moreover, the O 1s XPS profiles of a-CoNiS/NF and CoNi
BTC/NF can be fitted into three distinct peaks, which are assigned
to chemical oxygen-metal (OI at 531.0eV), oxygen vacancies (OII at
531.5eV), surface-adsorbed or OH species (OIII at 533.4eV) (Fig. 2f)
[49]. With the wet-chemical reaction, the oxygen vacancies are
formed and the S~ is absorbed by the positive holes through the
electrostatic attraction, which is beneficial for the electron transfer
[50].

The activity of the as-prepared electrocatalysts was measured
in 1.0 mol/L KOH aqueous solution. As displayed in Fig. 3a, porous
nanosheet a-CoNiS/NF electrode exhibits significantly improved
OER activity with ultralow overpotentials of 183 and 434mV at
10 and 500 mA/cm?, which outperform that of CoNi BTC/NF (212
and 507mV) and the benchmark RuO, (308 mV at 10mA/cm?).
Analogously, the overpotentials of a-CoNiS/NF are only 73 and
289mV for HER at 10 and 500 mA/cm?2, which are considerably
smaller than that of CoNi BTC/NF (155 and 564 mV). Tafel slope
is a vital parameter to evaluate the underlying reaction kinet-
ics [51]. The Tafel slopes of CoNi BTC/NF, a-CoNiS/NF, along with
commercial Pt/C for HER are 124.72, 48.15, and 36.84 mV/dec, re-
spectively (Fig. 3b). Meanwhile, the Tafel slope of a-CoNiS/NF is
20.18 mV/dec for OER and much smaller than that of CoNi BTC/NF
(25.41 mV/dec), and commercial RuO, (71.25mV/dec) in alkaline
media (Fig. 3c), confirming the amorphous materials as outstand-
ing electrocatalysts with better HER and OER kinetics. According to
Fig. 3d, the remarkable OER and HER activities of a-CoNiS/NF are
well ahead of many bifunctional amorphous composites and tran-
sition metal sulfides in alkaline media. The activities of a-CoNiS/NF
with a different stoichiometry of Co/Ni were measured (Figs. S2a
and b in Supporting information) and a-CoNiS/NF with a Co/Ni
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Fig. 2. (a) XRD patterns of CoNi BTC powder scraped from the Ni foam, a-CoNiS powder scraped from the Ni foam, and simulated CoNi BTC. (b) Raman spectra of CoNi
BTC/NF, and a-CoNiS/NF; High-resolution XPS spectra of (c) Ni 2p, (d) Co 2p, (e) S 2p, (f) O 1s in CoNi BTC/NF and a-CoNiS/NF, respectively.
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Fig. 3. Electrochemical performance of HER and OER in 1 mol/L KOH. (a) HER and OER polarization curves of a-CoNiS/NF, CoNi BTC/NF, Pt/C, and RuO, with iR compensation.
(b, ¢) Corresponding Tafel slopes of HER and OER. (d) Comparison of the overpotentials for OER and HER at 10mA/cm? of a-CoNiS/NF with other reported amorphous or
sulfides electrocatalysts. (e) Nyquist curves of a-CoNiS/NF, CoNi BTC/NF, and RuO, for OER. (f) Cy measurements of a-CoNiS/NF, CoNi BTC/NF, and RuO,. (g, h) Stability curves
of a-CoNiS/NF at the constant current densities of 10 and 500 mA/cm? for HER and OER.
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Fig. 4. (a) Schematics of the “hydrophilicity” feature of RuO,, CoNi BTC/NF, and a-
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CoNiS/NF. (d) The bubble evolution processes on the surface of RuO,, CoNi BTC/NF,
and a-CoNiS/NF.

ratio of 1:10 demonstrates the maximum activity. We further ac-
quired crystalline-CoNiS/NF (denoted as c-CoNiS/NF) and tested its
catalytic capability. The XRD pattern of c-CoNiS/NF (Fig. S3 in Sup-
porting information) displays characteristic peaks corresponding to
Ni3S, (JCPDS No. 8-126) and the morphology of c-CoNiS/NF con-
verts into particles. The polarization curves demonstrate that the
HER and OER performance of c-CoNiS/NF is inferior to that of
a-CoNiS/NF, indicating that the amorphous structure precedes its
crystalline counterparts (Figs. S4-S6 in Supporting information).
Moreover, electrochemical impedance spectroscopy (EIS) was
performed to verify the interfacial kinetics between the electro-
catalyst and electrolyte [52]. From EIS Nyquist curves, the R¢ of
a-CoNiS/NF is smaller than that of other electrocatalysts in an al-
kaline medium (Fig. 3e and Fig. S9 in Supporting information). The
lowest Re value of a-CoNiS/NF disclosed faster electron transfer
and favorable kinetics, which is consistent with the ultralow over-
potential and small Tafel plots for a-CoNiS/NF. As displayed in Fig.
S10 (Supporting information), the Cy, is determined by CV curves
with different scan rates (10-80 mV/s) to explore the electrochem-
ical active area (ECSA) of a-CoNiS/NF. The Cy value of a-CoNiS/NF
is 16.54 mF/cm?, much larger than that of RuO, (7.36 mF/cm?2)
and CoNi BTC/NF (0.87 mF/cm?) in the alkaline condition (Fig. 3f).
Therefore, it is deduced that the amorphous configuration caused
by sulfurization favors the distribution of active components and
the enlargement of the ECSA. The intimate contact of electrolyte
with well-exposed active sites may accelerate the mass transfer,
further improving electrocatalytic performances under high current
density. The long-term stability of a-CoNiS/NF for HER and OER is
another crucial factor that evaluates the promotability to the com-
mercial level large-scale. Through continuously running at the cur-
rent density of 10 and 500 mA/cm? (Figs. 3g and h), the chronopo-
tentiometry curves of a-CoNiS/NF for HER and OER show no signs
for 50h, which substantiates the remarkable electrochemical sta-
bility and indicates the superiority at high current density.
Contact angles are measured to manifest the wettability of the
surface. Fig. 4a exhibits the schematic diagram for the hydrophilic
transformation of RuO,, CoNi BTC/NF, and a-CoNiS/NF. The con-
tact angles of the above samples are 107.35°, 82.87°, and 0° (Fig.
4b), respectively. It is of vital importance to understand the mass
transfer processes in HER and OER under high current density
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that contribute to the electrochemical conversion for gas evolution
reactions at the electrode-electrolyte interface. The hydrophilicity
of the electrode surface affects electrolyte permeation that deter-
mines the reaction kinetics [53,54]. Moreover, the droplet is rapidly
absorbed by the electrode surface of a-CoNiS/NF, which is recorded
in Movie S1 (Supporting information). It is deduced that the best
wettability of a-CoNiS/NF is attributed to its amorphous architec-
ture with open vacancy, which is expected to facilitate electrolyte
reaching active catalytic sites [55,56]. Furthermore, according to Le
Chatelier’s principle, air bubbles are released rapidly [57], which
will buffer the volume expansion induced by bubble desorption as
well as accelerate the reaction kinetics. Benefiting from the su-
peraerophobic property of the a-CoNiS/NF electrode, O, bubbles
generate and instantly emancipate from the electrode according to
Fig. 4c. A camera is conducted to record the bubble evolution pro-
cess and size distribution during the OER at a current density of
500 mA/cm? (Fig. 4d). On the electrodes of RuO, and CoNi BTC/NF,
tiny bubbles generate slowly and then grow large enough to escape
the electrode smoothly. In principle, it is better to form uniform O,
bubbles that provide a larger contact angle and smaller diameter,
which may facilitate rapid release from the catalyst surface [58,59].
Thus, the bubbles on the electrode surface with a smaller stretch
force can depart from the electrode without shielding a large area
of the active sites, thereby retaining stability at high current den-
sity.

Figs. 5a and b display the proposed HER and OER reaction paths
of a-CoNiS/NF. The scheme demonstrates that OER requires four el-
ementary reaction steps, which undergo a continuous cycle of oxi-
dation from the adsorption of a water molecule to the evolution of
dioxygen [60,61]. In the case of HER, the Tafel slope of a-CoNiS/NF
follows the relatively slower Volmer-Heyrovsky mechanism. Raman
spectra is used to investigate the composition of a-CoNiS/NF af-
ter stability (Fig. 5¢). New characteristic peaks at 247 cm~! and
327 cm~! assigned to the vibration mode of crystalline Ni3S, are
detected during the HER process [62]. The Raman spectra of a-
CoNiS/NF after OER indicate that the vibrations of Metal-S bonds
are maintained well after long-term stability, and a new band at
554 cm~! for Ni—O vibrations in Ni(OH), is attributed to the oxi-
dation of nickel [63]. Moreover, XPS spectra in Fig. 5d show that
part of the nickel in a-CoNiS/NF is reduced to bivalent metallic
states during the HER process, resulting from the direct reduction
of trivalent metal oxides to active sites [64,65]. The Co 2p XPS
spectra after water splitting are nearly unchanged (Fig. 5e). Due
to the relatively stable structure of the amorphous bimetallic sul-
fide, the intensities of the S 2p spectrum in the a-CoNiS/NF after
HER do not decrease significantly compared with the original sam-
ple (Fig. 5f), further indicating the sulfide is the true active site
[66]. In another regard, the valence state of the a-CoNiS/NF elec-
trode after the OER test shows negligible changes, which reveals
the superior properties of amorphous Ni-S after long-term stability
tests. Therefore, it is inferred that the final partial transformation
of amorphous metal sulfides into metal oxides may contribute to
the high stability of the a-CoNiS/NF electrode.

Based on the superior electrochemical performance for HER
and OER, a-CoNiS/NF was used as an efficient and stable bifunc-
tional electrode for overall water splitting. As shown in Fig. 6a,
a-CoNiS/NF||a-CoNiS/NF achieves a low cell voltage of 146V to
reach a current density of 10mA/cm?2, which is lower than that of
Pt/C||[RuO, (1.60V) and CoNi BTC/NF||CoNi BTC/NF||BTC/NF (1.67 V).
To further evaluate the stability of a-CoNiS/NF|la-CoNiS/NF (Fig.
6b), the LSV polarization curves of a-CoNiS/NF| a-CoNiS/NF before
and after 500 cycles are recorded, and only a slightly negative shift
is observed, indicating the high stability. Furthermore, a-CoNiS/NF
is used to establish an H-type cell with separated electrodes by
a proton exchange membrane, while the assembled electrolyzer
quantifies the energy conversion efficiency during electrocatalytic
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before and after successive CV scanning for 500 cycles at a scan rate of 1mV/s of a-CoNiS/NF||a-CoNiS/NF. (c) A diagram of Faraday efficiency for a-CoNiS/NF||a-CoNiS/NF.
(d) Chronopotentiometric curves of a-CoNiS/NF||a-CoNiS/NF at various current densities and overpotentials at different current densities in detail (inset). (e) Actual operation
device of a-CoNiS/NF|la-CoNiS/NF for water splitting derived by the 1.5V solar cell panel as well as the anode and cathode with evolved O, and H,, respectively.

water splitting. The plots of gas volume versus time are given in
Fig. 6¢, and the experimentally evolved molar ratio of O, to H, is
close to the theoretical stoichiometry of 1:2 for overall water split-
ting. This reveals that the cell constructed by a-CoNiS/NF possesses
the Faraday efficiency of nearly 100%.

In addition, the long-term stability of a-CoNiS/NF||a-CoNiS/NF
was tested at constant current densities of 10, 100, and
500mA/cm? (Fig. 6d). Multi-step chronopotentiometry curve shifts
slightly after running for over 80h, further showing the mechan-
ical robustness of the electrode. Notably, the inset picture in Fig.
6e displays the potentials obtained from different current densities,
manifesting the optimal catalytic activity for overall water splitting.

Benefiting from the outstanding performances of a-CoNiS/NF, a de-
vice is assembled to convert solar energy into electric energy to
drive overall water splitting (Fig. 6e). The inset in Fig. 6e displays
that the H, and O, bubbles are rapidly generated from anode and
cathode, indicating that the rational design of non-precious-metal
electrocatalysts provides a chance for practical applications of H,
production using the commercial portable battery.

In conclusion, we successfully synthesized bifunctional electro-
catalysts by transforming crystal CoNi BTC into amorphous CoNiS
nanosheets for both HER and OER. Notably, the obtained electrode
leverages multiple advantages of amorphous configuration, geo-
metric structure, and superior hydrophilic/superaerophobic surface
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to demonstrate remarkably low overpotentials and long-term dura-
bility for electrocatalysis. Combined with the high mass transport
through the nanosheets, a-CoNiS/NF reveals low overpotentials of
289 and 434mV at 500 mA/cm? and maintains excellent stability
for 50 h towards both OER and HER. Meanwhile, the alkaline elec-
trolyzer assembled by a-CoNiS/NF has an excellent overall water-
splitting output (1.46 V@10 mA/cm? and 1.79 V@500 mA/cm?), out-
performing many reported amorphous electrodes. Given the amor-
phous hierarchical porous nanosheet structure as a typical model,
the strategy could open up new ways for the development of en-
ergy conversion applications.
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