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Hydrogen production by way of electrochemical water splitting is a technology with the potential to meet the growing

worldwide demand for sustainable and clean energy. However, the development of cost-effective catalysts to replace

noble metals, such as platinum or ruthenium, remains a crucial point for large-scale hydrogen production. This study

presents the synthesis of a transition non-noble metal-based ternary NiMoCo hybrid nanowire array as an efficient

bifunctional electrocatalyst for overall water splitting in a 1.0 M KOH electrolyte. The catalyst exhibits a low cell voltage of

1.56 V to achieve a water-splitting current density of 10 mA cm~2 together with long-term stability with only 5% of the

initial current lost after 100 hours. The X-ray absorption spectroscopy confirms the addition of Co to the binary Ni-Mo

system results in highly mixed chemical binding with modulated electronic structures. Density functional theory (DFT)

calculations reveal the Co atoms on the ternary alloy become catalytically active sites and facilitate adsorption of

intermediates by ensuring preferable interactions between the reactants and the catalyst surface in comparison to the

binary counterpart. This work provides a new direction along which to activate binary alloys to further enhance their

catalytic abilities on overall water splitting.

1 Introduction

Electrolytic water splitting is one of the most promising
approaches to meet the booming global demand for clean and
sustainable hydrogen energy.l2 State-of-the-art technologies
generally use Pt and RuO; to accelerate the two half reactions
of the water-splitting process, i.e., the hydrogen evolution
reaction (HER) at the cathode and the oxygen evolution
reaction (OER) at the anode, due to the sluggish kinetics of
both processes.3 However, the high cost of noble metal
catalysts and the scarcity of resources hinder the penetration
rate of this technology on a wide scale to realize the hydrogen
society.

In recent decades, numerous types of electrode materials
have been developed to explore replacements of noble metal
catalysts by earth-abundant catalysts for the electrochemical
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HER/OER process, including non-noble metal alloys/oxides
(NiMo, NiFe, FeCo),*10 metallic nitrides (WN, MoN),11-13
transition metal dichalcogenides MX, (M=Mo, W, Re, Fe, Co,
Ni; X=S, Se),421 metallic phosphides (NiP, CoP, NiMoP),22-26
and metal-free carbon materials (CsN4, doped-graphene).27-32
Among the various electrocatalysts, transition metal-based
composites have been considered desirable overall water-
splitting catalysts, due to the remarkable HER/OER activity,
which is similar to that of Pt-group materials, and which is
explained by the particular d-band electronic structure.?33-35
However, the catalytic activity of binary alloys is often limited
and desirable electrode designs of non-noble metal alloys are
required for efficient multi-functional catalysts. More recently,
some ternary transition metal catalysts, which show
bifunctional activity superior to that of binary metal catalysts,
have been developed. The electronic structure of these
catalysts is determined by the strong synergistic effects of
each transition metal, which promotes the optimal interaction
between reaction intermediates and the catalyst surface
during the HER/OER process according to the Sabatier
principle.3¢4! For instance, ternary NiCoFe alloy nanosheets
exhibited superior HER/OER performance in comparison to
their binary counterparts (NiFe, CoFe, NiCo) because the
electronic state is tuned toward optimal binding of the
reaction intermediates*? on the Volcano plot.*3 Moreover,
integration of the optimal catalytic activity** of the HER of
NiMo and the OER of NiCo could contribute to bifunctional
HER/OER catalysts as similarly reported ternary catalyst*>
although its molecular-based catalytic mechanism is unclear.
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Based on the above-mentioned advantages of ternary alloy
catalysts, the elements in ternary alloys are considered to
strongly interact with each other. They undergo
rearrangements of their bond coordination, which results in a
more energetically unstable state (highly mixed chemical
binding state) and a catalytically active state as reported.*6-48
Thus, ternary alloys can be expected to be catalytically active
with respect to the HER/OER process.

Herein, we report ternary NiMoCo alloy nanowire arrays on
Ni foam as bifunctional catalysts for overall water splitting in
an alkaline electrolyte. The NiMoCo coated on Ni foam has a
hierarchical porous structure with the micro-sized pores
belonging to the Ni foam as primary pores and the nano-sized
pores in the nanowires as secondary ones. The Ni foam and its
primary pores facilitate mass transport from the electrolyte
into the electrode surface and H,/O, gas diffusion from the
catalyst surface to the outside. Simultaneously, the nanopores
in the nanowire afford a high exposure of catalytically active
sites to the electrolyte. Moreover, the tuning of the surface
electronic state by the ternary elements brings highly mixed
chemical binding state in the NiMoCo alloy, which is confirmed
by X-ray absorption spectroscopy. Such a state is expected to
enhance the efficiency of these materials as bifunctional
electrocatalysts.*® 49 The catalytic reaction mechanism and
Gibbs free energies of adsorption of intermediates on the
NiMoCo ternary alloy were investigated by density functional
theory (DFT) calculations. Such hierarchical porous
architectures and the catalytically active surface electronic
state enable the ternary NiMoCo alloy catalyst to not only
achieve superior bifunctional performances than those of
binary counterparts in terms of the overall water-splitting
process, but also paves a new design route for versatile and
designable ternary catalysts.

2 Experimental

2.1 Preparation of Ni/Mo/Co oxides coated on Ni foam
As-received Ni foam (1.0 cm?, Celmet No. 8, Sumitomo
Electric) was cleaned by acetone, 1.0 M HNOs solution, and
ultrapure water (resistivity: 18.2 MQ cm), and then dried
under vacuum. The dried Ni foams were placed into a 50 ml
Teflon coated stainless autoclave with 1.5 mmol NiCl,-6H,0
(98% purity, Wako), 1.5 mmol Na;Mo04-2H,0 (99% purity,
Wako), 0.75 mmol Co(NO3),-:6H,0 (98% purity, Wako), and 30
mL ultrapure water. A standard hydrothermal procedure was
carried out at 150 °C for 6 hours. After cooling down to room
temperature naturally, the obtained Ni/Mo/Co oxides coated
on Ni foam (NF@Ni/Mo/CoOy) was washed by ultrapure water
several times and sequentially dried under vacuum.

2.2 Preparation of NiMoCo alloy nanowires coated on Ni foam

The NF@Ni/Mo/CoO, was loaded on a corundum boat, and
then inserted into a quartz tube ($30x¢$27x1000 mm) furnace.
The reduction of Ni/Mo/CoO, on the Ni foam surface was
performed at 500 °C for 2 hours under a mixed atmosphere of
H, (100 sccm) and Ar (200 sccm). After the reduction process,
NiMoCo alloy nanowires coated on Ni foam were obtained.
The NiMoCo samples with various Co concentrations were
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similarly synthesized with different amounts of Co reagent.
Meanwhile, the binary counterparts, such as NiMo, MoCo and
NiCo coated on Ni foam were also synthesized via the same
procedures with different reagents. For example, 1.5 mol
NiCl,-6H,0 and 1.5 mol Na;Mo0O4:2H,0 were used for NiMo
sample synthesis, whereas 1.5 mol Na;Mo04-2H,0 and 0.75
mol Co(NOs),:6H,0 were used for MoCo sample preparation.
The loading amount of NiMoCo, NiMo, MoCo, and NiCo on a
1.0 cm? Ni foam was measured as 3 mg, 2.8 mg, 2.8 mg, and
2.6 mg (£0.2 mg), respectively, after the annealing processes.
2.3 Preparation of Pt/C and Ru,0 coated on Ni foam

6 mg Pt/C (10 wt%, Sigma-Aldrich) or Ru,0 (74.4-77.5% as Ru,
Wako) powder was dispersed in a solution mixed with 400 pL
of ethanol, 80 pL of ultrapure water, and 20 pL of Nafion (5%
DE521 CS type, Wako), and then ultrasonication was
performed for 30 min to achieve a highly dispersed ink. 250 uL
of ink was pipetted on the surface of a 1.0 cm? Ni foam. The
loading amount of Pt/C or Ru,0 after drying was 3.0£0.2 mg,
respectively.

2.4 Preparation of NiMoCo alloy nanowires coated on carbon cloth
Synthesis was similarly performed with the process of NiMoCo
coated on Ni foam, whereas Ni foam was replaced with carbon
cloth as substrates (CC@NiMoCo). The loading amount of
NiMoCo on a 1.0 cm? carbon cloth after the annealing
processes was 3.2+0.2 mg.

2.5 Imaging and spectroscopic characterization

The morphology and microstructure of as-synthesized
catalysts were characterized by a scanning electron
microscope (SEM, JEOL JSM-4300), a transmission electron
microscope (JEOL JEM-2100F and JEM-ARM200F), and
JEM-ARM200F equipped EDS analysis (SDD Type, Detection
surface area 30 mm?2, Solid angle 0.26 sr).

2.6 Structural characterization

The structural characterizations were analyzed by X-ray diffraction
(XRD) using a RIGAKU SmartLab 9MTP diffractometer with a 9.0 kW
rotating anode generator (Cu Kal radiation; A=1.5406 A). The
surface chemical states were investigated by X-ray photoelectron
spectroscopy (XPS, AXIS ultra DLD, Shimazu) with Al Ka and X-ray
monochromator. Co, Ni, and Mo K-edge XAFS (X-ray absorption fine
structure) were performed on the BLI9C station of the Photon
Factory (PF), High Energy Accelerator Research Organization (KEK).
Measurement samples were prepared by depositing NiMoCo alloy
nanowires and NiMo counterpart on carbon cloth to exclude any
possible influence from metal substrates. The XAFS spectra were
recorded at ambient temperature in transmission mode using an
ionization chamber (filled with 100% N, for Co, 100% N> for Ni, and
50% N,/Ar for Mo) for the incident beam, another chamber (filled
with 85% N,/Ar for Co, 75% N,/Ar for Ni, and 100% Ar for Mo) for
the beam, (111) double-crystal
monochromator. Reference samples without foils were mixed with

transmitted and a Si
boron nitride (BN) powder to achieve an appropriate absorbance at
the edge energy. The XAFS data were processed using the IFEFFIT
software package (Athena and Artemis). Surface areas of samples
were measured by nitrogen absorption and desorption
measurements with Brunauer-Emmett-Teller (BET) theory using a
BELSORP-MAX (BEL. JAPAN. INC) at 77.0 K. The horizontal axis was
normalized with the vapor pressure of nitrogen (P0O) at 77.0 K (=

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 10



Page 3 of 10

0.101 MPa). Samples were heated at 120 °C under vacuum for 24
hours before measurements.

2.7 Electrochemical characterizations

The electrochemical workstation (Biologic, VSP-300) was used
for electrochemical measurements. HER and OER tests were
carried out in a three-electrode system, where a graphite rod,
a Ag/AgCl electrode, as-prepared samples, and 1.0 M KOH
solution (pH = 13.9) was served as count electrode, reference
electrode, working electrode, and electrolyte, respectively.
The pH value of electrolyte was recorded before test, and the
Ag/AgCl reference electrode was calibrated using a Pt wire as
working electrode before use. The electrolytes were Ar-
saturated and Oj,-saturated for HER and OER tests,
respectively. The electrode potential was automatically iR-
compensated with the Ohmic resistance. All potentials were
calculated with respect to RHE using the equation:
E(RHE)=E(Ag/AgCl) + 0.0591 x pH + 0.197. The polarization
curves were achieved via a sweep rate of 1.0 mV s! to
decrease the capacitive background. The electrochemical
impedance spectra (EIS) was collected by AC impedance
spectroscopy with frequencies ranging from 100 kHz to 1 Hz.
The double-layer capacitance, Cq, was estimated on the basis
of cyclic voltammetry (CV) tested between +700 and +900 mV
(vs. RHE) with various sweep rates from 30 to 70 mV/s.3° The
Cq was measured by plotting the AJ = Ja—Jc at +800 mV (vs.
RHE) against the sweep rates.” 51 The Cq value is equal to half
of the slope value.>2 The overall water splitting tests were
performed in 1.0 M KOH solution using a two-electrode
electrolyzer, and the as-obtained samples were used as both
anode and cathode with a fixed electrode distance of 2.5 cm.
All the data for two-electrode electrolyzer were collected
without iR compensation.

2.8 DFT calculation

The first-principles calculations were performed with the VASP
code. We used the projected augmented wave (PAW) method.
For the exchange and core-functional, we used the Perdew-
Burke-Ernzerhof (PBE) functional. The plane wave energy
cutoff was set to 400 Ry. The dispersion correction was
included via the Grimme’s D3 (BJ) method. Calculation details
are in the supporting information.

3 Results and discussion

The fabrication process of the NiMoCo alloy nanowires and
their deposition on Ni foam (NF@NiMoCo) entailed the
reduction of the coated Ni/Mo/Co oxide nanofibers on the Ni
foam (Fig. 1a). First, a standard hydrothermal method was
employed to synthesize the Ni/Mo/Co oxide nanofibers on Ni
foam (NF@Ni/Mo/CoOy). Second, NF@Ni/Mo/CoOx was
reduced at 500 °C for 2 hours under a mixed atmosphere of Ar
and H, to obtain the NiMoCo nanowires. Scanning electron
microscopy (SEM) images presented that these nanowires
gathered and formed a flower-like array on Ni foam (Fig. 1c

This journal is © The Royal Society of Chemistry 20xx
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and 1d). The SEM image in Fig. Sla showed the porous
structure of Ni foam (pore diameter = 200 um; primary pores).
The specific surface areas of NF@NiMoCo and the Ni foam
substrate were measured by conducting nitrogen absorption
and desorption measurements based on
Brunauer-Emmett-Teller (BET) theory.>®* The surface areas
were determined to be 6.48 m2 g1 and 0.30 m? g7l
respectively (Fig. S2). The binary counterparts with the
combinations NiMo, MoCo, and NiCo coated on Ni foam
(NF@NiMo, NF@MoCo, and NF@NiCo)
characterized (Fig. S1 and S2).

The atomic structures of the NiMoCo nanowires were
investigated by transmission electron microscopy (TEM). The
nanowires were constructed with open and nanoporous

were similarly

architectures with a pore diameter of approximately 20 nm
(secondary pores) in each nanowire (Fig. 1e and 1f). The high-
resolution TEM (HRTEM) image (Fig. 1g) presented that the
various kinds of lattice fringes with distances of 0.18, 0.21,
0.22, and 0.24 nm correspond to the (027) and (116) planes of
NiMo,Co, and the (041) and (231) planes of NiMo,
respectively. This suggests the co-existence of NiMo,Co and
NiMo nanoregions in the nanowires. The corresponding
selected area electron diffraction (SAED) pattern showed (116)
and (027) planes for NiMo,Co, and (113), (041), and (025)
planes for NiMo indexed according to the reported X-ray
diffraction (XRD) data (Fig. 1h), which also supports the co-
presence of NiMo,Co and NiMo. Indeed, energy-dispersive X-
ray spectroscopy (EDS) mapping (Fig. 1i) confirmed that the
nanowire constituted Ni, Mo, Co, and O with a highly
homogeneous distribution without localized
Ni/Mo/Co oxidized species.

obviously

Nifoam

Ni/Mo/Co oxides on Nifoam

Reduction

calcination

500°C,2h
H,/Ar

a NiMoCo/NiMo on Nifoam
Hydrothermal

procedure

150°C,6h

Fig. 1 (a) Fabrication process of NF@NiMoCo. (b-d) Surface morphologies of

NiMoCo alloy nanowire arrays coated on Ni foam. (e) Overview, (f) enlarged TEM
images, (g) HRTEM image, and (h) SAED pattern of the NiMoCo alloy nanowires. (i)
EDS mapping of Ni, Mo, Co, and O in a nanowire.
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Fig. 2 High-resolution XPS spectra of (a) Ni 2p, (b) Mo 3d, and (c) Co 2p of
NF@NiMoCo. K-edge XANES spectra of NF@NiMoCo and NF@NiMo: (d) Ni, (e) Mo,
and (f) Co.

The structures and chemical states of NF@NiMoCo were
analyzed with XRD and X-ray photoelectron spectroscopy
(XPS). The XRD pattern (Fig. S3a) revealed major peaks located
at 43.7° and 51.1°, which were assigned to the (116) and (027)
planes of NiMo,Co (JCPDS 09-0298). The peaks at 35.8°, 36.9°,
and 40.8° were indexed to the (032), (231), and (041) planes of
NiMo (JCPDS 48-1745). Additionally, peaks attributable to Ni
foam (JCPDS 65-2865) and NiMoO,4 (JCPDS 33-0948) were also
observed. The XRD pattern of NiMoCo coated on carbon cloth
(CC@NiMoCo), which was recorded to exclude the influence of
the Ni foam substrate signals, also showed the (116) and (027)
planes of NiMo,Co (Fig. S3b). The XRD peaks of the (116) and
(027) planes corresponded to the HRTEM and SAED
observations. Moreover, the XPS spectrum of NF@NiMoCo
(Fig. S4) confirmed the surface state of Ni, Mo, and Co. The
high-resolution Ni 2p spectrum (Fig. 2a) comprised peaks at
852.9 and 856.0 eV that were assigned to Ni°® and Ni?*.5* The
Mo 3d spectrum (Fig. 2b) could be deconvoluted into Mo®°
(227.9 and 231.1 eV) as well as Mo oxides (Mo#: 229 and
232.1 eV; Mo>*: 230.6 and 233.7 eV; Mo®*: 232.3 and 235.4
eV).>> The Co 2p spectrum (Fig. 2c) could be fitted by two spin
orbit doublets, including Co® (778.3 and 793.2 eV) and Co?%*
(781.7 and 796.8 eV).”0 The chemical compositions of
Ni/Mo/Co on the surface was determined as 33.8 at.% for Ni,
47.9 at.% for Mo, and 18.3 at.% for Co. The XPS spectra of
NF@NiMo, NF@MoCo, and NF@NiCo
characterized (Fig. S5).

were similarly
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Fig. 3 (a) HER polarization curves and (b) Tafel plots of NF@NiMoCo, NF@NiMo,
NF@MoCo, NF@NiCo as compared with commercial NF@Pt/C. (c) OER polarization
curves and (d) Tafel plots of NF@NiMoCo, NF@NiMo, NF@MoCo, NF@NiCo as
compared with commercial NF@RuO,. Sweep rate: 1 mV s, (e) TOF values of HER
and OER at -200 mV and +1.7 V vs. RHE. (f) Long-term durability test of NF@NiMoCo
at various potentials.

To understand the influence of introducing Co on electron
modulation, we further characterized the NiMoCo and NiMo
samples through X-ray absorption near-edge structure
(XANES). In the respective K-edge spectra of Ni and Mo (Fig. 2d
and 2e), the electronic states of these two elements in the
NiMoCo sample became an electron deficient state (between
the metallic and oxidized states) in comparison to those of the
NiMo sample. Additionally, the Co K-edge spectra also showed
that the electronic state of Co in the NiMoCo alloy becomes
electron deficient in comparison to that of Co foil (metal) (Fig.
2f). Thus, the addition of Co introduces strong electron
modulation to the NiMoCo alloy. Moreover, the extended X-
ray absorption fine structure (EXAFS) was subjected to Fourier
transform and analyzed (Fig. S6). The NiMoCo alloy showed
wider and broadened radial distances ranging from 2.0 to 3.0 A
in comparison to NiMo (Fig. S6a). This means that the addition
of Co atoms rearranges various kinds of bond coordination in
the NiMoCo ternary alloy and the complicated bond
coordination results in an energetically unstable (catalytically
active) state.*%%8 The electron deficient state on NiMoCo alloy
surface with the complicated bond coordination (Fig. 2 and S6)
could be beneficial for electrochemical redox reactions.46 48,49

The catalytic performance of the as-synthesized
electrocatalysts as cathodes (HER) and anodes (OER) was
examined in 1.0 M KOH with iR compensation in a three-
electrode system, respectively. The best Co atomic
concentration in the ternary NiMoCo sample coated on Ni

This journal is © The Royal Society of Chemistry 20xx
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foam was investigated among samples with Co 10.8 at.%, 19.3
at.%, 29.4 at.%, and 35.9 at.% through SEM, XPS and CV
measurements (Fig. S7 and S8), and the Co 19.3 at.% sample
with best performances was employed for further studies
(Supporting discussion 1#). The HER polarization curves (Fig.
3a) were investigated to compare the catalytic performances
of the Ni foam substrate (pristine Ni foam), NF@NiMo,
NF@MoCo, NF@NiCo, NF@NiMoCo and commercial 10 wt.%
Pt/C coated on Ni foam (NF@Pt/C) as cathodes with a loading
amount of approximately 3 mg cm=2. The NF@NiMoCo
exhibited a superior HER activity, exceeding those of binary
counterparts under the same loading amount. The cathode
potential at a current density of 10 mA cm=2 (n1o-ner) Was 22,
23, 39, 130, and 177 mA vs. the reversible hydrogen electrode
(RHE) for NF@Pt/C, NF@NiMoCo, NF@NiMo, NF@MoCo, and
NF@NiCo, respectively. Noticeably, the onset potential of
NF@NiMoCo was as low as that of the benchmark NF@Pt/C.
The turnover frequency (TOF), which affords a direct
comparison of intrinsic catalytic activities, of NF@NiMoCo
achieved the highest value of 0.67 s in comparison to its
binary counterparts (0.16-0.60 s71) at -200 mV vs. RHE (Fig.
3e).

Tafel plots, double-layer capacitance (Cq), and
electrochemical impedance spectroscopy (EIS) were used to
examine the mechanism of the HER process. The NF@NiMoCo
revealed a small Tafel slope of 34 mV dec?, which is almost
comparable to that of NF@Pt/C, whereas the binary catalysts
exhibited higher values ranging from 50 to 123 mV dec! (Fig.
3b). The Tafel slope suggests the Volmer—Heyrovsky process is
predominant in the case of NF@NiMoCo.’? The Cq was
measured via a cyclic voltammetry (CV) test at different sweep
rates in the non-faradaic current region (Fig. S9a).
NF@NiMoCo shows the Cy value of 5.25 mF cm~1, and other
counterparts with the value ranging from 0.83 to 8.78 mF cm~?!
(Fig. S9b). The electrochemical surface areas (ECSAs), which
were partly estimated by the Cy values. Noticeably, with a
lower ECSA value than that of NF@NiMo, the superior catalytic
activity of NF@NiMoCo is probably attributed to the surface
energetically unstable state. Moreover, EIS was used to
understand the HER kinetics at an electrode potential of —200
mV vs. RHE. Nyquist plots of the catalysts (Fig. S10a) revealed
semicircles. The R. value, which represents the charge-
transfer resistance between the electrolyte and catalyst, is
0.82 Q for NF@NiMoCo. This value is lower than that of the
other binary catalysts (1.3-2.6 Q) and indicates a faster
charge-transfer ability. As summarized in Fig. S11 and Table S1,
the HER activity of NF@NiMoCo surpassed most of reported
water-splitting catalysts.

Other than the remarkable HER activity, the OER
performance of the NF@NiMoCo as anodes was
investigated as compared with that of binary catalysts and
commercial RuO; coated on Ni foam (NF@RuO;). The
NF@NiMoCo demonstrated the overpotential as low as 277
mV was required to achieve a current density of 10 mA cm~2
(n10-oer) (Fig. 3c). This performance exceeded that of the
binary counterparts (308-393 mV) (Table S2). The peak at
approximately 1.35 V vs. RHE is reported as Ni oxidation.>¢

also

This journal is © The Royal Society of Chemistry 20xx

Journal of-Materials/Chemistry A

Meanwhile, the TOF at 1.7 V vs. RHE was 0.23 s1 for
NF@NiMoCo. In comparison, other binary catalysts showed
lower values ranging from 0.1 to 0.21 s~ (Fig. 3e). The Tafel
slope presented the lowest value of 87 mV dec! for
NF@NiMoCo, whereas the other samples showed larger values
of 91-125 mV dec?! (Fig. 3d). Moreover, the R, of
NF@NiMoCo in the OER process afforded a small value of 1.4
Q at overpotential of 350 mV vs. RHE (Fig. S10b). Both the
small Tafel slope and R value suggest that NF@NiMoCo has
fast reaction kinetics, which would support high OER activity.

The long-term durability of NF@NiMoCo was evaluated for
both the HER and OER processes by carrying out
chronoamperometry (CA) measurements. In the HER process,
the NF@NiMoCo was tested at potentials (vs. RHE) of -50 and
—100 mV for 24 hours, and more than 90% of the initial current
density was retained (Fig. 3f); additionally, the nio-ner value
increased by 5 mV after 1000 CV cycles (Fig. S12a). In the OER
process, the catalyst maintained its performance at levels of
more than 97% and 99% at +1.55 V and +1.60 V (vs. RHE) after
a 24-h durability test (Fig. 3f). After 1000 CV cycles, the nio-oer
was increased by only 4 mV (Fig. S12b). The morphology and
structure of the NF@NiMoCo catalyst after HER/OER durability
tests were examined by SEM, TEM, XRD, XPS, and XANES (Fig.
S13-S16). The NF@NiMoCo catalyst after the test kept the
original morphologies but the chemical state was changed in
the surface redox process during the HER/OER test. The
NF@NiMoCo catalyst after HER tests kept the metallic state,
while it showed the oxides/hydroxides state after OER tests.
Chemical leaching was further tested by using inductively
coupled plasma optical emission spectrometry (ICP-OES). The
catalysts on Ni foam retained (Fig. S13) with slight dissolution,
as confirmed by a time-dependent ICP leaching check (Fig. S17
and supporting discussion 2#). Thus, the morphology and
chemical state of electrodes was preserved for keeping long-
term catalytic activity. Moreover, the NF@NiMoCo electrode
was measured in a highly concentrated KOH electrolyte (30
wt.%), in which its high catalytic performance and chemical
stability were similarly retained (Fig. S18, S19, and supporting
discussion 3#).

To elucidate the catalytic mechanism by Co atom additions
responsible for the outstanding bifunctional activity of
NF@NiMoCo, we performed DFT calculations using the
PBE+D3(BJ) theory under periodic boundary conditions, with
initial coordinates of NiMo,Co(116), NiMo0,Co(027), and
NiMo(100) (6-phase) as a reference (Fig. S20-S22). The overall
HER mechanism in alkaline media was thought to involve a H
adsorption stage (H,O + e > H* + OH") and a H, generation
stage (2H* = H, or H* + H,0 + e~ = OH™ + H,).>* Herein, HER
activity was evaluated based on the Gibbs free energies for H*
adsorption (AGy+), which are summarized in Fig. 4a. Negative
AGy+ values were observed for NiMo,Co(027), which
significantly delays the desorption process of intermediates.
The AGH* values for NiMo(100) (-0.23 eV) and NiMo,Co(116)
(-0.47 eV) were closer to that of highly efficient Pt catalyst
(-0.09 eV)57 and MoS; (-0.36 to +0.39 eV)>8, indicating that
NiMo(100) and NiMo,Co(116) contribute to the HER process.
In addition, according to the calculation of the hydrogen-metal
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binding energy (HBE) on the catalyst surface, the NiMoCo with
(110) plane shows an HBE value very close to that of Pt (111).36
As the NiMoO, species in NF@NiMoCo does not contribute to
the HER/OER activity (Fig. S23 and supporting discussion 4#),
proper planes in NiMo and NiMo,Co play an important role in
the enhancement of HER performances. Moreover, the
molecular adsorption sites of H* intermediates on the surface
of NiMo,Co(116) and NiMo0,Co(027) were investigated (Fig.
S24). It was found that the Co atoms on both NiMo,Co(116)
and NiMo,Co(027) become the H* adsorption sites.

In the OER process, the reaction mechanism for 3d
transition metal-based (oxy)hydroxide catalysts in alkaline

electrolyte has been reported and the reaction process
undergoes the following steps:>°
*“+OH-->OH*+e~ (1)
OH*+0OH~->0*+H,0(l)+e" (2)
O*+OH"->OO0H*+e~ (3)
OOH*+0OH->*+0;(g)+H,0(l)+e- (4)

where * represents that the intermediates of OH, O and
OOH are adsorbed on an active site on the catalyst surface. To
evaluate the OER activity of the NiMo,Co alloy, we examined
the adsorption mechanism of intermediate (Fig. 5, S25 and
S26) and calculated the Gibbs free energy for each
intermediate after surface oxidation (Fig. 4b, Table 1 and Table
S3).

The individual molecular adsorption configuration on each
plane was examined and the preferable adsorption sites were
found on the flat plane as a top site and on the step-like high-
index plane as a bridge site (Fig. S26). The NiMo,Co(116)
surface is constructed with Mo-rich configurations (Fig. S21),
and the surface is very flat. According to DFT results, the OH*,
O* and OOH* species adsorbed on the Mo top sites and the
Mo-Co bridge site. Especially, the OOH* species form an O»-
like bridge such as one oxygen on Co atom and the other
oxygen on Mo atom (Fig. S25). This indicted that the (116)
plane does not have preferable adsorption sites for the OOH*
species. Conversely, the NiMo,Co(027) surface is constructed
with Co-rich configuration (Fig. 5a), and Mo top sites on the
flat plane and Mo-Co bridge sites near the step-like plane
mainly contribute to the adsorption of intermediates (Fig. 5a
and S26). In addition, the NiMo(100) surface as a reference is
constructed with Ni and Mo atoms (Fig. 5b) and Ni hollows as
bridge sites contribute to the adsorption of intermediates (Fig.
5b).

As the preferred molecular adsorption sites are the top and
bridge sites, the molecular adsorption site dependence of AG
was investigated. The resulting Gibbs free energy diagram of
each OER process on NiMo0,Co(116) and NiMo,Co(027) under
zero potential and 1.23 V (vs. RHE) was plotted in comparison
to NiMo(100) (Fig. 4b). The |AG]| of top and bridge sites on the
NiMo0,Co(116) and the top site on the NiMo,Co(027) surface at
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each reaction steps demonstrated larger value than the bridge
site on the NiMo0,Co(027) surface under 1.23 V (vs. RHE) (Table
1), which indicated the NiMo,Co(027) surface enhances the
intermediate adsorption process. In other words, the Gibbs
free energy close to zero benefits the reduction of activation
energy for each reaction steps, and thus the bridge sites on
NiMo,Co(027) are preferable as active sites than the top sites.
In addition, the formation of OH* and O* species at the step
(1) and (2) are easily accessible, whereas the rate controlling
step under both 0 V and 1.23 V (vs. RHE) is the conversion
from O* to OOH* species at step (3) due to the very strong O*
adsorption. Especially, the difference value between AGo+ and
AGoon* of NiMo0,Co(027) bridge site under 1.23 V (vs. RHE) was
lowest (1.669 eV) with the positive AGoon* in comparison to
that of NiMo(110) value (1.695 eV) with the negative AGoon*
and that of NiMo,Co(116) bridge site’s value (3.117 eV) with
the positive AGoon*, indicating the NiMo0,Co(027) promotes the
overall OER process. Thus, the most preferable adsorption site
in our NiMoCo ternary alloy is the Mo-Co bridge site on the
NiMo,Co(027) plane for the OER process, and the Co atoms on
the NiMo,Co(027) surface also play an important role as
catalytically active sites.

Table 1 Summary of Gibbs adsorption free energy values under 1.23
V (vs. RHE)

G(OH*), G(0*), G(OOH*),
eV eV eV
NiMo,Co(027)
. -1.040 -2.111 -0.687
(top site)
NiMo,Co(027) -0.432 -1.460 0.209
(bridge site)
NiMo,Co(116) 1527 -2.084 -0.724
(top site)
NiMo.Co(116) (bridge _; 13 2.523 0.594
site)
NiMo100 -0.813 -1.817 -0.122
a b 8 Nmo100) _09]
0.4- 3 e -
0.24 0 : = e
0o0tH *e H* 112 H,| 61 NiMo,Co(027)
s : NiMo / S 3] — bridgesie o =0V
V,I 024 (10( : -=-- top site
E % NiMo,Co g 9 s N = .
0.4+ (116) —
4 NiMo,Co(116) —
-0.6 1 —— bridge site
NiMo,Cc 2 ----:’o;ine(
-0.8 01 e e s
u=ov A e
-1.0

Reaction coordinate Reaction coordinate

Fig. 4 DFT-calculated Gibbs free energies of (a) H* adsorption on NiMo,Co(116)
and NiMo,Co(027) during HER process. (b) Gibbs free energies of OH*, O* and
OOH* adsorption on NiMo,Co(116) and NiMo,Co(027) during OER process in
comparison to NiMo(100).
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Fig. 5 DFT-calculated molecular adsorption mechanism of OER process on (a)
NiMo,Co(027) (bridge site) and (b) NiMo(100). The silver, violet, blue, red and
small pink balls represent Ni, Mo, Co, O, and H atoms, respectively. Orange circles
show adsorption sites of each intermediates. Red balls without orange circles
represent the oxygen atoms of self-generated oxides/hydroxides on the catalyst
surface during OER process.

In the chemical and morphological viewpoints, the self-
generated Ni/Mo/Co oxide/hydroxide species on the catalyst
surface during OER process confirmed by XRD (Fig. S14) also
contributed to the enhancement of OER performance. XPS and
XANES spectra also indicated the dominated state on catalyst
surface transformed from a metallic state into an oxidation
state with high chemical valences (Fig. S15 and S16) after the
OER tests. The oxide/hydroxide species could provide
preferable adsorption and desorption free energies for the
reaction intermediates (OH* and OOH*) compared to the
metallic species.37. 55 60 Moreover, the Ni foam substrate
provides fast electron transport for the catalytic reactions
occurred on NiMoCo nanowires (Fig. S27, S28 and supporting
discussion 5#) Additionally, the hierarchical porous structure
promotes not only the mass transport of the active species in
the electrolyte to the catalyst surface, but also the quick
diffusion of generated gas bubbles. Meanwhile, the secondary
nanopores on the NiMoCo nanowires afford a large surface
area and further promote the electrocatalytic activity for
overall water-splitting performances.

Finally, we have demonstrated the overall water-splitting
performance using as-synthesized catalysts as the cathodic
and anodic electrodes in 1.0 M KOH without iR compensation
using a two-electrode system. A low cell voltage of +1.56 V was
necessary to obtain 10 mMA cm=2 (Eio-water spiitting) by the
NF@NiMoCo couple electrodes, exhibiting activity superior to
that of NF@NiMo (+1.62 V), NF@MoCo (+1.69 V), NF@NiCo
(+1.78 V), Ni foam (+1.87 V), and NF@Pt/C|[NF@RuO, (+1.67 V)
couples (Fig. 5a). The performance of the NF@NiMoCo couple
electrodes exceeded that of the major reported non-noble
metal-based bifunctional water-splitting catalysts (Table S4).
Hydrogen and oxygen bubbles were observed to be generated
on the surfaces of two electrodes (inset of Fig. 5c). The H; and
0, gases generated at a constant current of 20 mA were
collected to calculate the faradaic efficiency (Fig. 5b). The gas
volume corresponded well with the theoretically calculated
volume, achieving almost 100% faradaic efficiency.
Furthermore, the long-term stability of NF@NiMoCo for
overall water splitting was tested at a cell voltage of +1.6 V
(Fig. 5c). The water-splitting cell retained 95% of its initial
current density, and the Eio-water splitting Was only increased by
19 mV after 100 hours (Fig. 5d).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 (a) Polarization curves measured using a couple of the same electrocatalysts
as anodes and cathodes. Sweep rate: 1 mV s%. (b) Experimentally measured and
theoretically calculated gas volumes of H, and O, produced during overall water
splitting of NF@NiMoCo. (c) Chronoamperometry test of a couple of NF@NiMoCo
electrodes at a cell voltage of +1.6 V. Inset: optical image of the two-electrode
electrolysis system. (d) Polarization curves before and after the durability test of
100 h.

4 Conclusion

In summary, we successfully synthesized NiMoCo hybrid
nanowire arrays supported on Ni foam with hierarchical
porous structures as bifunctional non-noble metal catalysts for
efficient overall water splitting. This ternary NiMoCo catalyst,
using as both the anode and cathode, exhibited superior
activity to that of its binary counterparts, such as NiMo, MoCo,
and NiCo. The addition of Co atom to the binary alloy resulted
in a highly mixed chemical binding state, which plays an
important role in modulating the surface electronic state,
optimizing Gibbs free energies of intermediate adsorption, and
boosting both HER and OER processes in comparison to the
binary alloy. The DFT calculations also indicated the Co atoms
on the surface of NiMo0,Co(027) plane are preferable active
sites for intermediates adsorption during HER/OER process.
The NF@NiMoCo achieved a low cell voltage of 1.56 V for a
water-splitting current density of 10 mA cm~2 together with
excellent stability (5% initial current loss) for 100 hours. The
designable ternary alloy in combination with desirable
bifunctional activities can be expected to open a feasible path
to achieve multi-functional catalysts to meet the social
demands for various electrocatalytic reactions.
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