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ABSTRACT

There is an increasingly urgent need to develop cost-effective electrocatalysts with high catalytic activity and stability as
alternatives to the traditional Pt/C in catalysts in water electrolysis. In this study, microspheres composed of Mo-doped NiCoP
nanoneedles supported on nickel foam were prepared to address this challenge. The results show that the nanoneedles provide
sufficient active sites for efficient electron transfer; the small-sized effect and the micro-scale roughness enhance the entry of
reactants and the release of hydrogen bubbles; the Mo doping effectively improves the electrocatalytic performance of NiCoP in
alkaline media. The catalyst exhibits low hydrogen evolution overpotentials of 38.5 and 217.5 mV at a current density of
10 mA-cm™ and high current density of 500 mA-cm™, respectively, and only 1.978 V is required to achieve a current density of
1000 mA-cm™ for overall water splitting. Density functional theory (DFT) calculations show that the improved hydrogen evolution
performance can be explained as a result of the Mo doping, which serves to reduce the interaction between NiCoP and
intermediates, optimize the Gibbs free energy of hydrogen adsorption (AG-y), and accelerate the desorption rate of *OH. This
study provides a promising solution to the ongoing challenge of designing efficient electrocatalysts for high-current-density
hydrogen production.
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1 Introduction

Hydrogen (H,) has been widely recognized as a clean, efficient and
versatile energy carrier that can be produced from a wide range of
sources, including fossil fuels, renewable energy and even waste
products. The production of hydrogen has attracted considerable
attention due to its promising potential as a low-carbon alternative
to fossil fuels [1-3]. Electrochemical water splitting holds promise
for converting natural water into chemical fuels [4,5]. This
process produces high-caloric-value H, gas, which can be used as
a clean energy source for various applications. To improve the
energy efficiency of water -electrolysis, electrocatalysts are
commonly used in H, production process to promote the
hysteretic kinetics of hydrogen evolution reaction (HER) by
lowering the activation energy [4,5]. Conventional catalysts for
electrochemical water splitting are typically based on expensive
noble metals, such as platinum, which limits their commercial
viability and widespread application in large-scale hydrogen

production processes [6-8]. Transition metal phosphides (TMPs)
(e.g, MoP [9], CoP [10], WP [11], FeP [12], CusP [13], etc.) are
considered as a promising option as the electrochemical water
splitting catalysts, which demonstrate abundant feedstock, unique
d-orbital structure, and low Gibbs adsorption energy. In
particular, the bimetallic Ni-Co phosphides exhibit exceptional
electrocatalytic performance due to the synergistic effect between
Co and Ni ions [14-16]. It has been reported that the bimetallic
NiCo,P, shows high turnover frequencies (TOFs) on its surface Ni
sites, which is helpful to the water dissociation, while the surface
Co sites facilitate hydrogen formation and release [17]. Compared
to precious metal-based catalysts, these catalysts have the potential
to improve efficiency, reduce cost and improve stability, rendering
them more useful in hydrogen production processes.

Despite recent advances in TMP catalysts, most studies have
been limited to low-current-density performance, thereby
hindering their industrial applications in high-current-density
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electrolysis (= 500 mA-cm”) [18,19]. The development of
electrocatalysts with high current density capability is crucial for
their practical, large-scale applications. Element doping, a
promising strategy to essentially improve the intrinsic activity of
active sites, has been used to tune the electronic structure of TMPs
and enhance their reaction kinetics [20-23]. To date, catalysts
doped with various elements have been widely reported, Hu et al.
[22]. reported a method for the preparation of Ni,P, Fe,P, and FeP
supported on N-doped graphene (NiP/NG and FeP/NG), which
were demonstrated to be more efficient than the benchmark
catalysts Pt/C and RuO,, for hydrogen evolution reaction and
oxygen evolution reaction, respectively, at a large current density
(300 mA-cm”). And Chai et al. [24] synthesized cobalt-iron
phosphide doped with fluorine on iron foam (F-Co,P/Fe,P/IF) for
the first time in catalyzing HER, which shows superior HER
catalytic activity.

Inspired by above studies, we herein reported a trace-Mo-
doped NiCoP nanoneedle catalyst with excellent hydrogen
evolution performance at high current density, the construction of
the catalyst is based on nickel foam, and the innovative
combination of gradient hydrothermal and phosphidation
processes forms a microsphere structure composed of Mo-NiCoP
nanoneedles. The nanoneedles provide ample active sites for
efficient electron transfer, and the small-sized effect and the
roughness at the micro-scale enhance the reactant access and
hydrogen bubble release. Moreover, trace Mo (2.97 wt.%) doping
optimizes the electronic structure and increases the number of
electroactive sites. Different molybdenum doping levels were
investigated. At the current density of 10 and 500 mA-cm?, the
overpotentials of the catalyst are 38.5 and 217.5 mV, respectively.
Density functional theory (DFT) highlights that Mo doping
optimizes the Gibbs free energy of hydrogen adsorption (AG.;)
and accelerates the desorption rate of *OH, and the unique
microsphere structure enhances mass transfer. Thus the Mo-
doped NiCoP nanoneedle catalyst exhibits excellent HER
performance at high current densities. Moreover, for water
electrolysis, it exhibits a voltage of only 1.978 V at 1000 mA-cm™
and remains stable for at least 40 h.

2 Experimental

2.1 Materials and sample preparation

Ni foam (NF) was pre-treated with 3 mol-L" HCI for 45 min
under sonication, then rinsed with deionized water and ethanol
and dried in air atmosphere. The Mo-doped NiCo precursors
were synthesized via a gradient hydrothermal process. Precursors
were made by dissolving 8 mmol Co(NO;),6H,O, 8 mmol
Ni(NO,),-6H,0, 20 mmol CO(NH,),, and varying amounts (0.3,
0.5, 0.7, 0.9, 1.1 mmol) of (NH,)sMo,0,,-4H,0 in deionized water
to form a pink solution. The solution and NF were subjected to
gradient hydrothermal process in a Teflon-lined autoclave at
100 °C for 2 h, 150 °C for 4 h, and 180 °C for 4 h, followed by
sample collection, rinsing, and vacuum-drying to make Mo-NiCo
precursors. The Mo-NiCo precursors were then phosphated to
become Mo-NiCoP by placing precursors and 2.0 g NaH,PO, in a
tubular furnace, with NaH,PO, upstream, followed by heating
under Ar flow at 350 °C for 2 h with a heating rate of 1 °C-min™.
The catalysts, designated as 0.3Mo-NiCoP, 0.5Mo-NiCoP, 0.7Mo-
NiCoP, 0.9Mo-NiCoP, 1.1Mo-NiCoP based on their Mo content,
were cooled to room temperature, respectively. The direct
hydrothermal process was in a Teflon-lined autoclave at 180 °C
for 10 h, and the preparation procedure for NiCoP is the same as
that of Mo-NiCoP.
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2.2 Computational method

To unravel the origin of the improved HER activity for Mo-doped
NiCoP, DFT calculations were carried out using VASP
simulations that examined atomic-scale materials [25,26]. The
calculations  utilized the Perdew-Burke-Ernzerhof (PBE)
functional within the framework of generalized gradient
approximation (GGA) to describe the electronic exchange-
correlation energy. The Monkhorst-Pack k-point grid was
established with a 5 x 5 x 1 configuration, meticulously centered
at the gamma point for optimal accuracy and precision. The cutoff
energy was set to be 500 eV throughout the computations. The
electronic structure was optimized with convergence criteria of 1 x
10° eV and 0.02 eV-A for the force. To minimize mutual forces,
a vacuum spacing of at least 15 A was employed perpendicular to
the catalyst surface along the c-axis. The impact of van der Waals
interactions was evaluated through the DFT-D2 semi-empirical
force field method [27, 28].

The Gibbs hydrogen adsorption free energy was defined as
follows [29]

AG = AE + AE; — TAS

where AE (eV) and AE;: (eV) are the adsorption energy and the
zero point energy calculated by DFT respectively, and AS is the
entropy change.

The adsorption energy AE (eV) of the H atom on the substrates
was defined as follows

AE = Ey — (E-+1/2Ey))

where E; (eV) and E. (eV) denote the energy of substrates
adsorbed with H atoms and the energy of bare substrates,
respectively, and E,, (eV) denotes the energy of a hydrogen
molecule.

2.3 Materials characterizations

The X-ray diffraction (XRD) instrument used was RIGAKU
D/max-2500 with a scanning speed of 5°min™. The morphology
of the material was observed using both a field-emission scanning
electron microscope (SEM) (Zeiss Sigma 500) and a transmission
electron microscope (TEM) (FEI Tecnai G2 F20 S-TWIN 200kV).
X-ray photoelectron spectroscopy (XPS) characterization was
carried out using Thermo Scientific k-alpha +, providing surface
information of the catalyst.

2.4 Electrochemical measurements

A CHI 760E workstation developed by Shanghai Chenhua was
utilized to measure the electrochemical properties. The test was
designed to evaluate the hydrogen evolution reaction (HER) using
a three-electrode configuration with 1 M KOH aqueous solution
as the electrolyte. The working electrode consisted of a Ni foam
that was coated with active materials, while a graphite bar and
Hg/HgO electrode were utilized as the counter and reference
electrodes, respectively. The electrolyte was purged with high-
purity N, for 30 min prior to testing in order to remove any
residual oxygen. The linear sweep voltammetry (LSV) curve was
recorded at a scan rate of 5 mV-s™, corrected for infrared effects,
and the Tafel slope was calculated from the LSV curve. All
potentials are expressed in terms of the reversible hydrogen
electrode (RHE). The HER potentials are converted to RHE scale
according to the equation

E(vs.RHE) = E(vs. Hg/HgO) +0.059 x pH +0.098 V

The polarization curves were iR-corrected using the equation
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where E is the original potential; R is the solution resistance; i is
the corresponding current; Ejg conecea 18 the iR-corrected potential.

The electrochemical impedance spectroscopy (EIS) experiments
were carried out in a frequency range of 0.1 Hz-100 kHz. The
active material, NiCoP or Mo-doped NiCoP, was deposited on Ni
foam with a mass loading of approximately 1 mgcm™
Additionally, Pt/C and RuO, reference electrodes were also
prepared on Ni foam with a mass loading of 1 mgcm™ The
electrochemical double-layer capacitance (Cy) was measured at
different scan rates (10, 20, 30, 40, and 50 mV-s™") at a potential
range from 0.7 to 0.9 V using cyclic voltammetry (CV) and
Hg/HgO reference electrode.

For overall water splitting, the 0.9 Mo-NiCoP|RuO,
electrocatalyst was used as both the cathode and anode in a two-
electrode configuration. The H, and O, gases generated during
overall water splitting were quantitatively collected using the water
drainage method.

3 Results and discussion

The preparation process of the Mo-doped NiCoP catalyst is
outlined in Scheme 1. The first step involves the formation of
microsphere structures consisting of nanoneedles supported on
nickel foam by a gradient hydrothermal method. This material
was used as the precursor for Mo-NiCoP, which was obtained by
a phosphating process under an Ar atmosphere. Take the
optimum 0.9Mo-NiCoP as an example, as shown in Figs. 1(a) and
1(b), the SEM images show the self-assembled microspheres
composed of nanoneedles on NF. This gradient hydrothermal
process differs significantly from the direct hydrothermal one (Fig.
1(c)). Since direct hydrothermal process with a rapid temperature
increase results in particle growth, there is a higher likelihood of
agglomeration, leading to the formation of a spherical structure. In
addition, Mo doping and phosphating did not alter the
morphology of 0.9Mo-NiCoP, which is the same compared with
that of pure NiCoP (Figs. S1 and S2 in the Electronic
Supplementary Material (ESM)). The 0.9Mo-NiCoP microsphere
structure composed of nanoneedles possesses a large surface area,
which not only facilitates the transfer and adsorption of electrons
and water molecules, but also provides more active sites for the
catalytic process. TEM further confirms the nanoneedle structure
of 0.9Mo-NiCoP, revealing the "single needle" on the flower-like
structure (Fig. 1(b)) with a length of about 200-300 nm. The
lattice structure of 0.9Mo-NiCoP scraped from NF was
characterized by high-resolution transmission electron microscopy
(HRTEM). Figures 1(d) and 1(e) show distinct lattice fringes of
0.23 nm, corresponding to the (111) plane of 0.9Mo-NiCoP, and
Fig. S3 in the ESM shows the lattice fringes of NiCoP at 0.220 nm,
corresponding to the (111) plane. Compared with NiCoP, Mo-
doped samples exhibit a larger lattice spacing, which indicates that
Mo doping leads to lattice expansion of NiCoP crystals. As shown
in Fig. 1(f), the 0.9Mo-NiCoP nanoparticles in the nanoneedle can
be seen with a mean diameter at around 5-10 nm, which could
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Scheme 1 Schematic fabrication process of Mo-doped NiCoP nanoneedles on NF.
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expose more active sites on the electrocatalysts and enhance the
catalytic capability [30]. To illustrate the elemental distribution,
energy dispersive X-ray spectroscopy (EDS) was performed under
TEM. Elemental mapping (Figs. 1(g)-1(j)) reveals the uniform
distribution of Mo, Ni, Co, and P elements in a single nanoneedle
of 0.9Mo-NiCoP. The EDS spectrum (Fig. $4 in the ESM) shows
that the Mo element content was 2.97 wt.%. This innovative
gradient hydrothermal method endows catalysts with a controlled
morphology that is positive for high current HER.

XRD measurements were employed to investigate the
compositions of these as-prepared samples. As shown in Fig. 2(a)
and Fig. S5 in the ESM, the diffraction peaks at 44.6°, 51.9° and
76.5° in the XRD spectra are attributed to the Ni foam (PDF No.
70-0989, labeled as "Red Diamonds"). The other peaks at 40.9°,
47.5°, 54.4° and 75.4° correspond to the (111), (210), (300), and
(212) crystal planes of the hexagonal NiCoP phase (PDF No. 71-
2336), respectively. Furthermore, there are no additional
diffraction peaks; combined with the previous TEM results, the
doping of Mo did not change the NiCoP crystal structure.
Compared with NiCoP, the diffraction peak positions of 0.9Mo-
NiCoP shift to lower angles. According to the Bragg equation [30],
the lattice expands with lower lattice parameter after the
incorporation of Mo, which is in good agreement with the
observed data in Fig. 1(e). XPS was utilized to gain a deeper
understanding of the chemical state and electronic structure of
0.9Mo-NiCoP. As shown in Fig. 2(b), the presence of Ni, Co and
P elements can be clearly seen, and the spectrum of 0.9Mo-NiCoP
exhibits a significant enhancement at 233 eV compared with
NiCoP, indicating successful doping of the Mo element into the
NiCoP structure. As for Ni 2p in 0.9Mo-NiCoP (Fig. 2(c)), the Ni
2p peaks at 853.4 and 870.4 eV correspond to Ni-P bond; while
the peaks at 856.7 and 874.6 eV are attributed to Ni-O species
owing to surface oxidation and the peaks at 862.3 and 880.1 eV
are two satellite peaks [31, 32]. In Co 2p spectra (Fig. 2(d)), the Co
2p region is marked by two prominent peaks at 778.4 and
793.2 eV, representing the Co-P bond, while the peak at 798.4 eV
and another peak at 781.8 eV, with accompanying satellite peaks,
are assigned to the oxidized Co state [32,33]. Noteworthily,
compared to pure NiCoP, the introduction of Mo leads to the shift
of the peaks in the Co2p and Ni 2p regions, indicating charge
transfer between metals. As for P 2p in Fig. 2(e), the P 2p peaks
locate at 130.7, 129.6, and 134.4 eV, belonging to P 2p,,,, P 2psp,
and surface-oxidized P-O species [31,32], respectively. Besides,
the Mo 3d,, at 235.1 eV and Mo 3ds, at 232.2 eV in Mo 3d
spectrum (Fig. 2(f)) demonstrate the presence of Mo* [34]. The
positive shift in binding energy observed can be attributed to the
presence of Mo® that promotes electron transfer [34-36].

Electrochemical HER measurements were carried out in the
three-electrode configuration in 1.0 M KOH aqueous solution for
0.9Mo-NiCoP catalyst, with NiCoP, 0.3Mo-NiCoP, 0.5Mo-
NiCoP, 0.7Mo-NiCoP, 1.1Mo-NiCoP and commercial Pt/C
catalysts as comparisons. As shown in Fig. 3(a), the 0.9Mo-NiCoP
sample requires the smallest overpotentials of 38.5 and 217.5 mV
to afford the current densities of 10 and 500 mA-cm™, respectively,

) rf ?/\ “é ikt @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2024, 17(3): 1066-1074

1069

Figure1 SEM images of 0.9Mo-NiCoP obtained by ((a) and (b)) gradient hydrothermal process and (c) direct hydrothermal process; (d) and (e) HRTEM images of
0.9Mo-NiCoP; (f) TEM image of 0.9Mo-NiCoP nanoneedle; (g)-(j) EDS elemental mapping images for Mo, Ni, Co and P in 0.9Mo-NiCoP.

which is superior to NiCoP (115 and 355 mV), 0.3Mo-NiCoP
(104 and 320 mV), 0.5Mo-NiCoP (94 and 318 mV), 0.7Mo-
NiCoP (70 and 272 mV), and 1.1Mo-NiCoP (79.5 and 276.5 mV).
The performance comparison of various HER electrocatalysts
assessed with the same protocol is shown in Fig. 3(b). As
illustrated in Fig. S6 in the ESM, the 0.9Mo-NiCoP prepared by
the gradient hydrothermal method show improved HER
performance compared to the 0.9Mo-NiCoP (82.5 and 295 mV)
by the direct hydrothermal method, even better than commercial
Pt/C (20 wt.%) at high current density (= 500 mA-cm™). The
excellent activity of 0.9Mo-NiCoP is comparable to those of other
nickel-cobalt-based catalysts in recent studies (Table S1 in the
ESM).

In order to better understand the kinetics of the HER reaction,
the Tafel slope was calculated from the polarization curves, as
shown in Fig. 3(c). The Tafel slope of the 0.9Mo-NiCoP is found
to be 63.6 mV-dec”, which is quite lower than the Tafel slopes of
NiCoP (84.7 mV-dec), 0.3Mo-NiCoP (101.2 mV-dec™), 0.5Mo-
NiCoP (85.6 mV-dec™), 0.7Mo-NiCoP (92.9 mV-dec™), and 1.1Mo-
NiCoP (882 mV-dec"). The Tafel slope is a commonly used
descriptor in electrochemistry to evaluate reaction kinetics, and a
smaller slope indicates faster kinetics. As widely accepted, Tafel
slopes of 120, 40 and 30 mV-dec™ were observed for the Volmer,
Heyrovsky and Tafel rate-determining steps, respectively [37, 38].
The Tafel slope of 0.9Mo-NiCoP falls within the typical range of
40-120 mV-dec”, indicates that the HER follows the Volmer—
Heyrovsky mechanism [39]. Cy was obtained from the CVs
collected in the non-Faradaic potential window, which can be
used to estimate the electrochemical surface area (ECSA). The CV
curves (Figs. S7-S12 in the ESM) and the calculated effective Cy
(Fig. 3(d)) indicates that 0.9Mo-NiCoP possesses the biggest Cy
value of 7547 mF-cm™ among the obtained samples (NiCoP
(66.3 mF-cm?), 0.3Mo-NiCoP (57.5 mF-cm?), 0.5Mo-NiCoP
(68.7 mF-cm™), 0.7Mo-NiCoP (mF-cm?), and 1.1Mo-NiCoP

(67.11 mF-cm™)), suggesting the high ECSA. As shown in Fig.
3(e), after 3500 CV cycles, the polarization curve of 0.9Mo-NiCoP
shows only a slight increase compared with the initial one. During a
100-h chronopotentiometric test, the current density of 0.9Mo-
NiCoP remains nearly constant (Fig. S13 in the ESM). Figure S14
in the ESM shows the I-t curve of 0.9Mo-NiCoP at the current
density of 200 mA-cm™ for 40 h with little change in current
density, and the SEM image shows that the morphology of the
0.9Mo-NiCoP is well maintained (Fig.S1(c) in the ESM). The
observed stability can be partially attributed to the unique
microsphere structure of nanoneedles formed by the gradient
hydrothermal method, which provides good gas release ability and
avoids the structural collapse caused by gas accumulation. The
robust mechanical strength of the catalyst grown in situ in NF
substrates also contributed to the remarkable stability of
0.9Mo-NiCoP. The Nyquist plots in Fig. 3(f) shows that the
0.9Mo-NiCoP electrode has the lowest charge-transfer resistance
(Ry), indicating the quickest electron transfer rate for HER [36,
40]. The lowest R, confirms the fastest evolution kinetics and
smallest Tafel slope in the HER process.

The samples were further assessed as electrocatalysts in two-
electrode electrolyzers with 0.9Mo-NiCoP as the cathode and
RuO, the anode for overall water splitting in 1 M KOH solution.
As shown in Fig. 4(b), the current density of 1000 mA-cm™ is
achieved with only 1.978 V. Compared to Pt/C||RuO,, the 0.9Mo-
NiCoP||RuO, exhibits superior performance at high current
density. Additionally, the superb catalytic stability is demonstrated
in the overall water splitting process, as manifested both by the
LSV curve in Fig. 4(c) that only slight increases compared with the
first curve after 3500 CV cycles and by the unchanged curve after
40 h of chronopotentiometric testing at a current density of
100 mA-cm™ (Fig.S15 in the ESM). Faradaic efficiency was
determined by measuring the quantity of gas (Fig. 4(d) and Fig.
S16 in the ESM). The comparison between the measured and
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calculated gas amounts indicates nearly 100% faradaic efficiency
for 0.9Mo-NiCoP||RuO.

To investigate the HER mechanism of the Mo-NiCoP catalyst
in solution, DFT calculations were conducted in this study. Four
possible active sites were considered, including Co site in NiCoP
(NiCoP-Co), Ni site in NiCoP (NiCoP-Ni), Mo site in the Mo
substituting Co site in NiCoP (Mo-NiCoP-Co), Mo site in the Mo
substituting Ni site in NiCoP (Mo-NiCoP-Ni) (as shown in Fig.
5(a)), in order to identify the active site. In an alkaline electrolyte,
the process of HER involves several steps. First, water molecules
are adsorbed and dissociated on the catalyst surface to form
adsorbed hydrogen intermediates (H,O+e~ — *H+OH ), and
then hydrogen is produced by adsorbed hydrogen
(*H+e —1/2H,) [41]. The energy of the key processes shows
that in both NiCoP and Mo-NiCoP, Ni sites have a stronger
adsorption ability for *H,O and *OH than Co sites (Table S2 in
the ESM,), indicating that Ni atoms are the active sites. As shown
in Fig. 5(b), the adsorption energy (AE) of *H,O on the optimized
structure of Mo-NiCoP-Ni (—0.58 eV) is lower than that on
NiCoP-Ni (-0.54 eV), indicating that Mo-NiCoP-Ni has the
strongest adsorption ability for *H,0 and can thus more
effectively improve the adsorption of *H,O. Furthermore, H,O is

O NEZI L
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dissociated into adsorbed *H and adsorbed OH™ (*OH) on the
active site. The AE of *OH on NiCoP-Ni is —3.5 eV, while the AE
on Mo-NiCoP-Ni (-3.12 eV) is significantly higher than that on
NiCoP, indicating that the introduction of Mo is beneficial to the
desorption of the reaction product *OH. In addition, the Gibbs
free energy of hydrogen adsorption (AG.,) is a critical factor in
assessing the HER performance of an electrocatalyst [42]. The
closer AG.y is to zero, the more prone the adsorbed *H is to gain
electron and the reaction to release H,. The calculated AG.; of
each site (in Fig. 5(c)) shows that Mo-NiCoP-Ni (-0.15 eV) has a
AG.y the closest to zero, proving that Mo doping in the NiCoP
lattice significantly enhances the desorption of *H and HER
activity.

In order to investigate the influence of Mo doping on the
electronic structure of the catalyst in depth, partial density of states
(PDOS) and total density of states (TDOS) calculations were
conducted. As illustrated in Fig. 5(d), the nearly identical shape for
the structures indicates that the Mo-dopant does not change the
structural stability. Furthermore, we calculated the energy
positions of p- and d-bands in the HER reaction. The results (Fig.
5(e)) demonstrate that the p-band center and d-band center of
atoms in Mo-NiCoP shifted more away from the Fermi level than

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure3 HER performance in 1.0 M KOH electrolyte. (a) Polarization curves; (b) comparison of the overpotentials of the prepared electrocatalysts at 10 and 500
mA-cm (c) corresponding Tafel plots derived from steady-state polarization curves; (d) Cy values obtained from the linear relationship between scan rate and current
density variation; (e) polarization curves of 0.9Mo-NiCoP before and after 3500 cycles; (f) EIS of obtained samples.

NiCoP, indicating that the Mo doping reduces the interaction
of*OH/*H with the catalyst surface compared with NiCo. This
attenuation in the interaction between *OH/*H and the catalyst
surface accelerates the desorption of reaction products *OH and
*H, leading to an acceleration of the HER reaction kinetics [18, 43,
44]. Our results demonstrate that Mo doping can alter the
electronic states of metal atoms and hydrogen adsorption energy,
thereby promoting the HER kinetics. For Mo-NiCoP
electrocatalysts, tuning the adsorption energy of water and
hydrogen plays a pivotal role in promoting the HER performance
[45,46]. When a water molecule adsorbs on the catalyst surface, it
is activated and dissociated to generate *OH and *H
intermediates, followed by hydrogen production. These findings
suggest that Mo doping can significantly enhance the HER
kinetics, and accelerate the desorption of *H and hydrogen
generation.

4 Conclusions

To sum up, we have prepared NiCoP nanoneedle catalyst doped
with trace amounts of Mo by gradient hydrothermal method and
phosphidation process. The hydrogen evolution overpotentials of
the catalyst are 38.5 and 217.5 mV at current densities of 10 and

500 mA-cm™ in alkaline medium (1 M KOH), respectively. Only a
low potential of 1.978 V is required for the catalyst to drive the
overall water splitting at a current density of 1000 mA-cm™. DFT
calculations show that after doping Mo, the AG., is closer to zero,
only —0.15 eV, and desorption of *H and *OH is enhanced. This
provides a promising approach for designing electrocatalysts that
work well at high current densities.

Acknowledgements

We thank the financial support from the National Natural Science
Foundation of China (No. 22179077), the National Natural
Science Foundation Youth Fund (No. 22209104), Shanghai
Science and Technology Commission’s “2020 Science and
Technology Innovation Action Plan” (No. 20511104003), the
Natural Science Foundation of Shanghai (No. 21ZR1424200),
Hebei provincial Department of Science and Technology (No.
22674404G) and Hebei Science Foundation (No. E2021203005).

Electronic Supplementary Material: Supplementary material
(further details of the catalysts, characterization, and
electrocatalytic measurement, and the important figures (Figs.
S1-S16) and tables (Tables S1 and S2), which are useful for

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



1072 Nano Res. 2024, 17(3): 1066-1074

® (b) 1200 [—0.9Mo-NiCoP||RuO,
& 1000 ——FY/CIIRuO,
g 1978V
< 800
E
2 600
z
3
T 4001
=
e
5 200
o}
0
1.2 1.4 16 1.8 2.0
Voltage (V)
© —1" cyde @ -
a — 3500 cycle 34 2
= ® O,
S 400+
E 2 61
-y >
a g
=
S 2001 2 4]
= =
&} 21
0.
12 14 L6 18 2.0 0 4 8 2 16 20
Voltage (V) Time (min)

Figure4 (a) A digital photograph showing the evolution of H, and O, gas from the electrodes; (b) polarization curves of obtained samples for overall water splitting;
(c) initial LSV curve of the 0.9Mo-NiCoP||RuO; catalyst and the curve after 3500 CV cycles; (d) volumes of collected H, and O, versus time.

(a)
©

© @ Tle
% oS, ° o°

iCoP=€o %/IO-QCOPJ&

° (- ¥
K . A A
(b) - (c) e V] 0-Ni CoP-Ni
2 Mo Nicop N 33 0.4 {—— 1o NicoP Co
o e N i CoP-Ni
0.2 o NiCoP-C o
H+e *H 1/2H,
0.0 . —
Ve . Pl
NN G
_0 2 p \‘ ~ - /
N -0.2 /
//
041 v 047 4
N—
0.6 049

Reaction coordinate

NiCoP
Mo-NiCpP

I} -1.65eV:
= ::::

'f =2.09 eV

NiCoP
20 Mo-NiCoP _10 P p-band Ni d-band Co d-band
U _40-20 0 20 40 60 0.6-03 00 03 06 -2 0 2 2 0 2
TDOS (a.u.) p-PDOS (a.u.) d-PDOS (a.u.) d-PDOS (a.u.)

Figure5 (a) Top views of NiCoP and Mo-NiCoP after optimization, where the Co and Ni atoms are substituted by Mo atoms on the Mo-NiCoP model, respectively;

(b) calculated adsorption energies of *H,0 and*OH on NiCoP and Mo-NiCoP; (c) Gibbs free energy diagrams for HER; (d) TDOS of NiCoP and Mo-NiCoP; (e) p-
PDOS and d-PDOS of all the atoms related to HER.

ﬁ ? * ‘é it @ Springer | www.editorialmanager.com/nare/default.asp

Tsinghua University Press




Nano Res. 2024, 17(3): 1066-1074

illustrating our work in detail) is available in the online version of
this article at https://doi.org/10.1007/s12274-023-5892-7.
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