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ABSTRACT 
The development of noble-metal-free electrocatalysts for water splitting is indispensable for the efficient production of hydrogen 
fuel. Herein, a Co-doped Ni-Mo phosphide nanorod arrays fabricated on porous Ni foam was shown to be an efficient binder-free 
electrocatalyst for water splitting. This catalyst featured exceptional activity, exhibiting an overpotential of 29 mV at a current 
density of 10 mA·cm−2 for the hydrogen evolution reaction, whereas the corresponding precatalyst exhibited an overpotential of 
314 mV at a current density of 50 mA·cm−2 for the oxygen evolution reaction. The achieved electrocatalytic performance provided 
access to a simple water splitting system, affording a current density of 10 mA·cm−2 at 1.47 V in 1 M KOH electrolyte. Density 
functional theory results indicated that Co doping and phosphorization were responsible for the high electrocatalytic performance. 
Thus, this work paves the way for the development of novel noble-metal-free electrocatalysts for practical H2 production via water 
splitting. 
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1 Introduction 
Water splitting is a promising method for the highly efficient 
conversion and storage of energy from intermittent sources 
(e.g., wind and solar energy). As this process affords renewable 
hydrogen, it’s therefore considered an excellent solution to the 
global energy and environmental crisis [1, 2]. Electrocatalysts 
with enhanced activity and stability are necessary to trigger 
overall water electrolysis, comprising the cathodic hydrogen 
evolution reaction (HER) and the anodic oxygen evolution 
reaction (OER) [3, 4]. Pt/C and RuO2 (or IrO2) have been widely 
considered benchmark catalysts owing to their ability to lower 
the HER and OER activation barriers, respectively, and thus 
enhance the corresponding kinetics. However, since the scarcity 
and high cost of these noble metals hinder their large-scale 
commercial applications in overall water splitting [5–7]. As  
a result, considerable effort has been directed toward the 
development of nonprecious transition-metal-based catalysts 
for the OER and HER [8, 9]. Therefore, the design and synthesis 
of noble-metal-free electrocatalysts for overall water splitting 
are of high practical significance [10–13]. 

Transition metal doping, especially Co doping, has attracted 
much interest as a technique to improve the electron conductivity 
and activity of electrocatalysts [14–18]. For instance, Xu et al. 
used Co doping to improve the intrinsic electrocatalytic HER 
activity of NiPS3, achieving a geometric catalytic current density 

of 10 mA·cm−2 at an overpotential of 71 mV vs. reversible 
hydrogen electrode (RHE) in 1 M KOH electrolyte [19]. Liu   
et al. reported a hierarchical CoMoSx chalcogel on a Ni foam 
synthesized through an in-situ metathesis reaction. This 
electrocatalyst realized a current density of 100 mA·cm−2 below 
1.74 V, which is lower than that of MoSx without Co doping 
(1.87 V) [20]. Dong et al. prepared Co-doped β-molybdenum 
carbide (β-Mo2C) encapsulated by a N-doped carbon framework, 
which afforded a current density of 10 mA·cm−2 for the OER 
at a low overpotential of 1.6 V and provided a significant 
improvement in performance over β-Mo2C (over 1.8 V) [21]. 

Therefore, an enhanced understanding of the factors that 
influence the catalytic activity of Co-doped catalysts should 
facilitate the development of advanced noble-metal-free 
electrocatalysts for water splitting. 

Phosphorization enhances the performance of HER electro-
catalysts, typically by producing changes in the ion valence 
state and nanomaterial morphology, with the emergence of 
hierarchical structures increasing the electrochemical surface 
area [22–27]. Moreover, P can form moderate bonds with the 
reaction intermediates, thus increasing the number of proton 
and hydride acceptor sites on the material surface [28]. As a 
representative example of the advances in using monometallic 
phosphides as electrocatalysts for water splitting, Ni-foil- 
supported Ni5P4 with a 3D hierarchical structure has exhibited 
an optimized catalytic activity with a low potential of 1.7 V at 
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10 mA·cm−2 for overall water splitting [29]. Further, Co2P/Co 
foil, synthesized by the one-step phosphorization of pre-oxidized 
Co foil, has exhibited overpotentials of 319 and 157 mV for 
the OER and HER (10 mA·cm−2), respectively [30].  

To achieve further improvements in catalytic activity, 
polymetallic phosphides have been widely explored because of 
their compositional diversity and potential synergism. For 
example, optimized-composition Co–Ni–P phosphides require 
a potential of only 1.511 V at a current density of 10 mA·cm−2 
to catalyzed OER in alkaline solution, outperforming pure 
CoP and Ni5P4/Ni2P [31]. Moreover, Ni2P–CoP phosphides with 
strong interfacial effects were reported to exhibit significantly 
lower overpotentials than a simple mechanical mixture of 
Ni2P and CoP electrocatalysts [32]. Therefore, the combination 
of transition metal doping and phosphorization holds great 
promise for the development of noble-metal-free water-splitting 
electrocatalysts. 

Typically, Ni and Mo atoms provide a synergistic enhancement 
of the catalytic performance for the HER under alkaline 
conditions because of the balance between the adsorption 
strengths of Ni and Mo atoms with hydrogen atoms [33, 34]. 
Therefore, we have designed granulated Co-doped Ni–Mo 
phosphide nanorod arrays on Ni foam ((NiMo)1−xCoxP/NF) as 
a robust and efficient noble-metal-free electrocatalyst for overall 
water splitting in alkaline media. The reason of enhanced 
catalytic activity has been revealed to be the strong effects  
of Co doping and phosphorization on the nanorod arrays. 
Remarkably, phosphorization affects the ion valence state and 
catalyst morphology, enhancing the electrochemical activity. 
Therefore, the obtained electrode displays excellent catalytic 
activity for the HER (overpotential of 29 mV at 10 mA·cm−2) 
and as the precatalyst also exhibits good OER catalytic activity 
(overpotential of 314 mV at 50 mA·cm−2) in alkaline electrolytes, 
achieving an overall water splitting current density of 10 mA·cm−2 
at a cell voltage of 1.47 V. Moreover, this water-splitting system 
has shown superior durability, as determined by an 88-h stability 
test. 

2 Results and discussion 

2.1 Catalyst characterization 

The synthesis of (NiMo)1−xCoxP/NF is schematically outlined 
in Fig. 1, and similar procedures were used for the synthesis of 
NiMoO4/NF, NiMoP/NF, (NiMo)1−xCoxO4/NF, CoC/NF, and 
CoP/NF as comparative catalysts. Annealed Ni foam (Fig. S1 
in the Electronic Supplementary Material (ESM)) was used as a 
substrate owing to its three-dimensional (3D) interconnected 
porous structure and excellent electrical conductivity. In the first 
step, NiMoO4 nanorods were grown on Ni foam (NiMoO4/NF) 
using a conventional hydrothermal method [33]. Scanning 
electron microscopy (SEM) imaging of this composite (Figs. S2(a) 
and S2(b) in the ESM) revealed that the Ni foam surface was 
evenly covered with dense nanorods (~ 100 nm in diameter). 

In the next step, a solution-phase method [20] was employed 
to produce the Co-doped NiMoO4 precursor ((NiMo)1−xCoxO4/NF) 
with an estimated Co content of ~ 1 wt.%, as determined by 
semi-qualitative elemental mapping (Fig. S3 in the ESM). 
Moreover, energy-dispersive X-ray spectroscopy (EDX) imaging 
of (NiMo)1−xCoxO4/NF (Fig. S4(d) in the ESM) showed 
that Co was uniformly distributed in the nanorods. Finally, 
phosphorization with red phosphorus at 500 °C afforded 
(NiMo)1−xCoxP/NF as the desired product.  

As illustrated in Figs. 2(a) and 2(b), (NiMo)1−xCoxP/NF 
featured (NiMo)1−xCoxP nanorods with rugged and granulated 
morphologies. The nanorods were uniformly grown on the Ni 
foam surface and appeared to be wrapped in small piles with 
lengths of several micrometers and diameters of ~ 100 nm. 
Phosphorization-induced granulation was expected to enhance 
the electrocatalytic activity by increasing the electrochemical 
surface area and the number of active sites. Notably, abundant 
interconnections were observed in the 3D hierarchical structure 
of the nanorods grown on NF, which could facilitate electron 
transfer. Moreover, the void spaces between nanorods are 
expected to be beneficial for mass diffusion, i.e., the detachment 
of gas bubbles during the HER/OER [33]. 

X-ray powder diffraction (XRD) was employed to charac-
terize nanorod phase composition. The XRD pattern of 
(NiMo)1−xCoxP/NF comprised peaks corresponding to the Ni 
foam substrate (JCPDS No. 04-0850), Ni2P (JCPDS No. 74-1385), 
and NiMoO4 (JCPDS No. 33-0948) (Fig. 2(c)). The presence of 
NiMoO4 was mainly attributed to incomplete phosphorization. 
And another cause could be the unavoidable oxidation of the 
samples upon exposure to air [14, 33]. The XRD of patterns of 
NiMoO4/NF, NiMoP/NF, and (NiMo)1−xCoxO4/NF were shown 
in Fig. S4(f) in the ESM for comparison. A high-resolution 
transmission electron microscopy (HR-TEM) image and 
corresponding selected-area electron diffraction (SAED) pattern, 
employed to probe sample morphology and lattice structure, 
revealed the well-resolved lattice fringes (i.e., good crystallinity) 
of (NiMo)1−xCoxP nanorods (Fig. 2(d)). The interplanar distance 
of 0.221 nm corresponded to the (111) plane of Ni2P, whereas 
the interplanar distance of 0.351 nm was attributed to the (1

_
12) 

plane of NiMoO4. A high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) image 
(Fig. 2(e)) and the corresponding elemental mapping of a 
single rod (Figs. 2(f)–2(i)) verified the successful synthesis of 
(NiMo)1−xCoxP nanorods and the uniform distribution of Ni, 
Mo, Co, and P therein. 

The surface elemental compositions and valence states of 
the nanorods on the Ni foam electrode were probed by X-ray 
photoelectron spectroscopy (XPS). Figure S5(a) in the ESM 
shows that the synthesized sample (NiMo)1−xCoxP/NF contains 
Ni, Mo, Co, P, C, and O. The expected elements were also 
observed for the precursor NiMoO4/NF (Fig. S6(a) in the ESM) 
and the intermediate product (NiMo)1−xCoxO4/NF (Fig. S7(a) 
in the ESM). The presence of C was ascribed to residual adhesive 
carbon tape used for sample fixation during measurements 

 
Figure 1 Synthetic scheme for (NiMo)1−xCoxP /NF. 
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[33, 35]. The Ni 2p peaks of (NiMo)1−xCoxP/NF (Fig. S5(b) in 
the ESM) at 855.7 and 873.4 eV were assigned to Ni 2p3/2 and 
Ni 2p1/2 orbitals, indicating the presence of Ni2+ at the surface. 
In addition, two broad satellite peaks were detected at 861.3 and  
879.8 eV [33, 36]. The Mo 3d spectrum of (NiMo)1−xCoxO4/NF 
(Fig. 3(a)) featured peaks attributed to Mo6+ centered at 232.1 
and 235.2 eV [37]. After phosphorization, peaks attributable  
to new Mo species appeared in the Mo 3d spectrum of 
(NiMo)1−xCoxP/NF (Fig. 3(b)). The peaks at 229.4 and 230.53 eV 
were ascribed to Mo4+, whereas those at 230.8 and 233.9 eV was 
attributed to MoOx [33]. Figure 3(c) presents the deconvoluted 
Co 2p1/2 spectrum of (NiMo)1−xCoxO4/NF, featuring of a Co2+ 
peak (797.1 eV) and a satellite peak (802.8 eV), while the 
corresponding Co 2p3/2 spectrum also featured a Co2+ peak 

(781.3 eV), and a satellite peak (786.3 eV). Upon going from 
(NiMo)1−xCoxO4/NF to (NiMo)1−xCoxP/NF (Fig. 3(d)), the Co 
2p1/2 peak (795.5 eV), the Co 2p3/2

 peak (780.3 eV), and two 
satellite peaks were shifted, revealing the co-existence of Co2+ 
and Co3+ after phosphorization [38, 39]. In the P 2p XPS 
spectrum of (NiMo)1−xCoxP/NF (Fig. S5(c) in the ESM), the P 
peak located at 129.7 eV was ascribed to metal-bonded P, 
indicating successful phosphorization and the formation of  
Ni2P. The peaks at 133.0 and 134.2 eV were assigned to the P 
2p3/2 and 2p1/2 transitions of oxidized metal phosphates produced 
by the superficial oxidation of (NiMo)1−xCoxP [40–42]. The O 
peak could be ascribed not only to surface oxidization in 
ambient air to afford P–O bonds [43], but also to the presence 
of incompletely phosphatized nanorods in the form of molybdate, 

 
Figure 2 (a) Low-magnification and (b) high-magnification SEM images of (NiMo)1−xCoxP nanorod arrays on Ni foam. (c) XRD patterns of (NiMo)1−xCoxP/NF, 
Ni, Ni2P, and NiMoO4. (d) HR-TEM image and corresponding SAED pattern of a (NiMo)1−xCoxP nanorod. (e) HAADF-STEM image of a (NiMo)1−xCoxP 
nanorod. (f)–(i) EDX elemental mappings of Ni, Mo, Co, and P, respectively. 

 
Figure 3 Mo 3d XPS spectra of (a) (NiMo)1−xCoxO4/NF and (b) (NiMo)1−xCoxP/NF. Co 2p XPS spectra of (c) (NiMo)1−xCoxO4/NF and (d) (NiMo)1−xCoxP/NF.
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as verified by time-of-flight secondary-ion mass spectrometry 
(TOF-SIMS) mapping (Fig. S5(d) in the ESM), in agreement 
with the XRD results. 

2.2 Electrocatalytic water splitting 

Chemical composition and morphology characterization 
confirmed the successful synthesis of (NiMo)1−xCoxP/NF. To 
verify the effectiveness of Co doping and phosphorization for 
electrocatalytic activity enhancement, the catalytic HER 
performance was assessed by analyzing the iR-corrected HER 
polarization curves (Fig. 4(a)). (NiMo)1−xCoxP/NF required an 
overpotential of only 29 mV to drive a hydrogen evolution  
current density of 10 mA·cm−2 in Ar-saturated 1.0 M KOH, 
which was close to the value observed for the state-of-the-art 
Pt/C on Ni foam catalyst (25 mV) and much lower than the 
values obtained for other catalysts such as NiMoP/NF (92 mV), 
(NiMo)1−xCoxO4/NF (185 mV), NiMoO4/NF (198 mV), CoP/NF 
(127 mV), and CoC/NF (236 mV). This behavior demonstrated 
the superiority of (NiMo)1−xCoxP/NF and revealed the effects 
of phosphorization and Co doping on HER activity. In 
particular, the overpotential of NiMoP/NF was much lower than 
that of (NiMo)1−xCoxO4/NF, indicating that phosphorization 
played a more important role than Co doping. Moreover,   
the SEM images of NiMoP/NF and (NiMo)1−xCoxO4/NF were 
shown in Fig. S8 in the ESM, where nanorods without rugged 
and granulated morphologies. Table S1 in the ESM provided  
a performance comparison for various self-supported HER 
electrocatalysts recently reported in literature.  

The electrocatalytic HER kinetics was quantified in terms of 
the slope of the Tafel plot for each catalyst (Fig. S9 in the ESM). 
The slope of (NiMo)1−xCoxP/NF was lower than those of the 
comparative samples, which is indicative of faster HER kinetics. 
Electrochemical impedance spectroscopy (EIS) tests were 
conducted to further confirm the superior electrocatalytic 
kinetics of (NiMo)1−xCoxP/NF. Usually, a small charge transfer 
resistance (Rct) signifies fast charge transfer kinetics [44].   
The Nyquist plots recorded at an overpotential of 100 mV  
(Fig. 4(b)) were fitted by an equivalent circuit, and the Rct of 

(NiMo)1−xCoxP/NF (2.9 Ω) was found to be smaller than those 
of the comparative samples, such as NiMoP/NF (3.4 Ω). In 
combination with the catalyst morphologies (Fig. 2(b) and  
Fig. S8(a) in the ESM), this behavior indicated that the 
granulated hierarchy of the nanorods favored electron transfer. 
To estimate the electrochemical surface area, the number of 
active sites was evaluated using the double-layer capacitance 
(Cdl) obtained by cyclic voltammetry curves (Fig. S10 in  
the ESM). As shown in Fig. S11 in the ESM, the Cdl of 
(NiMo)1−xCoxP/NF (186.9 mF·cm–2) was slightly higher than 
that of NiMoP/NF (172 mF·cm–2) and significantly exceeded 
those of NiMoO4/NF (0.74 mF·cm–2), CoP/NF (4.53 mF·cm–2), 
and CoC/NF (0.53 mF·cm–2). Thus, the high electrochemical 
surface area of (NiMo)1−xCoxP/NF resulting from the scaffold- 
nanorod-granulated surface hierarchy could also contribute to 
the favorable HER activity. To further clarify the inherent HER 
activity of (NiMo)1−xCoxP/NF and NiMoP/NF, their linear sweep 
voltammograms were normalized by the electrochemical 
active surface area (ECSA). As shown in Fig. S12 in the ESM, 
the intrinsic activity of (NiMo)1−xCoxP/NF was superior to that 
of NiMoP/NF. In addition to catalytic activity, long-term 
durability is also critical for the practical application of 
self-supported catalysts. Herein, the durability was assessed by 
recording a chronoamperometric curve at −0.11 V vs. RHE for 
(NiMo)1−xCoxP/NF (Fig. 4(c)). A sufficient high current density 
was maintained after 40 h of testing, demonstrating that 
the HER activity of (NiMo)1−xCoxP/NF was stable in alkaline 
media. (NiMo)1−xCoxP/NF retained rough and highly inter-
connected nanorods after long-time HER stability test in Fig. S13 
in the ESM. 

To understand the origin of the significant Co doping-induced 
enhancement of the HER activity observed for (NiMo)1−xCoxP/NF, 
density functional theory was used to calculate the HER Gibbs 
free energies for (NiMo)1−xCoxP/NF and NiMoP/NF. The 
optimized structures of H* adsorbed on different sites in the 
two catalysts are demonstrated in Figs. S14–S16 in the ESM. 
And the model was built with the 100 surface in the presence 
of a vacuum layer of 15 A in the c direction. In alkaline media, 

 
Figure 4 (a) Polarization curves of as-prepared electrodes for the HER in 1.0 M KOH. (b) Nyquist plots of as-prepared electrodes for the HER at η = 100 mV;
Inset: corresponding equivalent circuit. (c) Chronoamperometric curve of self-supported (NiMo)1−xCoxP/NF for the HER over 40 h. (d) HER Gibbs free 
energies for (NiMo)1−xCoxP/NF and NiMoP/NF. 
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the HER proceeds via three stages: initial catalyst–water 
adsorbate, intermediate adsorbed hydrogen, and final catalyst–H2 
[45]. The HER activity of a catalyst can be assessed in terms of 
the Gibbs free energy (ΔGH*) of the intermediate with adsorbed 
hydrogen [46]. The optimal performance occurs at ΔGH* ≈ 0 eV, 
i.e., when the adsorption and dissociation of hydrogen on the 
catalyst surface are in equilibrium [47]. Figure 4(d) revealed 
that for NiMoP/NF, the ΔGH* value at a Mo site (0.33 eV) was 
lower than those at other sites, indicating that the Mo site was 
the active site. Further, (NiMo)1−xCoxP/NF featured lower ΔGH* 
values than NiMoP/NF, indicating that the former composite 
had more favorable hydrogen adsorption–desorption behavior. 
Moreover, for (NiMo)1−xCoxP/NF, the lowest ΔGH* value was 
also for a Mo site (0.17 eV), implying that the Mo site remained 
the active site while Co doping increased the electrocatalytic 
activity of the NiMoP nanorods. (NiMo)1−xCoxP/NF still retained 
basic nanorods morphology after long-time OER stability test 
in Fig. S17 in the ESM. 

Since the OER was the other key half-reaction for electro-
catalytic water splitting, the OER performances of the as- 
synthesized samples were also evaluated. As illustrated in 
Fig. 5(a), a current density of 50 mA·cm−2 was achieved at an 
overpotential of 314 mV for (NiMo)1−xCoxP/NF in oxygen- 
saturated 1 M KOH. Therefore, this catalyst outperformed 
RuO2/NF (393 mV), (NiMo)1−xCoxO4/NF (389 mV), NiMoP/NF 
(357 mV), NiMoO4/NF (479 mV), CoP/NF (418 mV), and 
CoC/NF (471 mV). The overpotential of NiMoP/NF was also 

lower than that of (NiMo)1−xCoxO4/NF, which demonstrated 
that phosphorization had a greater effect on the OER activity 
than Co doping, similar to the trend observed for the HER. 
The superior OER performance of (NiMo)1−xCoxP/NF was 
confirmed by comparing its performance with those of 
previously reported state-of-the-art OER catalysts (Table S2 in 
the ESM). An EIS analysis of (NiMo)1−xCoxP/NF performed 
under OER conditions at an overpotential of 300 mV (Fig. 5(b)) 
revealed that the Rct of this composite (0.74 Ω) was smaller 
than those comparative catalysts, including CoP/NF (0.92 Ω), 
NiMoP/NF (1.67 Ω), and CoC/NF (2.86 Ω), indicating improved 
charge transportation for the OER. The OER performance 
stability was evaluated at 1.60 V vs. RHE (Fig. 5(c)), and the 
corresponding chronoamperometric curve showed no obvious 
attenuation over 40 h. 

However, as transition-metal phosphides are inevitably 
oxidized under the strong oxidizing conditions of the OER  
(at least on the surfaces), they should be regard as “precatalysts” 
[48, 49]. Therefore, to gain further insights into the real active 
structure for the OER, (NiMo)1−xCoxP/NF was characterized 
by XRD, XPS, SEM, and HR-TEM after long-term OER tests. 
In the XRD pattern of (NiMo)1−xCoxP/NF after the OER test 
(Fig. 5(d)), besides the diffraction peaks of the ineluctable 
basal Ni foam (JCPDS No. 04-0850), the other diffraction 
peaks could be indexed to Ni2P (JCPDS No. 74-1385) and NiO 
(JCPDS No. 44-1159). As shown in the XPS survey spectrum 
of (NiMo)1−xCoxP/NF after the OER test (Fig. S18(a) in the  

 
Figure 5 (a) Polarization curves of as-prepared electrodes for the OER in 1.0 M KOH. (b) Nyquist plots of as-prepared electrodes for the OER at η = 
300 mV. (c) Chronoamperometric curve of (NiMo)1−xCoxP/NF the OER over 40 h. (d) XRD patterns of (NiMo)1−xCoxP/NF after the OER, Ni, Ni2P, and 
NiO. (e) O 1s XPS spectra of (NiMo)1−xCoxP/NF before and after the OER. (f) SEM and (g) HR-TEM images of (NiMo)1−xCoxP/NF after the OER.
(h) Polarization curves of (NiMo)1−xCoxP/NF//(NiMo)1−xCoxP/NF, Pt/C/NF//RuO2/NF, and NF//NF for overall water splitting in 1.0 M KOH. (i) Current 
density vs. time curve of (NiMo)1−xCoxP/NF//(NiMo)1−xCoxP/NF recorded at a cell voltage of 1.90 V in 1.0 M KOH. 
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ESM), the O 1s intensity was greatly increased. The high- 
resolution O 1s XPS spectrum (Fig. 5(e)) further verified  
the generation of NiO species after the OER, which could  
be attributed to the in-situ electrochemical oxidation of the 
electrocatalyst [50]. The surface oxidation of the initial phosphide 
was further confirmed by the attenuation of phosphide signals 
in the corresponding P 2p XPS spectrum (Fig. S18(b) in the 
ESM) and the reconversion of all Mo species to Mo6+ in the 
corresponding Mo 3d XPS spectrum (Fig. S18(c) in the ESM) 
[38, 40]. The SEM image (Fig. 5(f)) and TEM image (Fig. S18(f) 
in the ESM) suggested that (NiMo)1−xCoxP/NF lost its pristine 
granulated surface after the OER but retained rough and highly 
interconnected nanorods. In the corresponding HR-TEM image 
(Fig. 5(g)), the fringe spacing of 0.209 nm was consistent with 
the (012) facet of NiO, indicating the formation of a NiO phase 
on the surface of (NiMo)1−xCoxP/NF. Notably, in recent years, 
NiO species have been recognized as electrocatalytic active 
sites for the OER and thus, could contribute to the excellent 
OER performance of (NiMo)1−xCoxP/NF [51, 52]. 

The excellent OER and HER performances of (NiMo)1−xCoxP/ 
NF demonstrated its practical applicability as a noble-metal-free 
electrocatalyst for overall water splitting. Hence, a two- 
electrode electrolyzer with two (NiMo)1−xCoxP/NF electrodes 
was assembled and tested under alkaline conditions with iR 
correction. For comparison, an electrolyzer with a Pt/C/NF 
cathode and RuO2/NF anode was also tested. As shown in  
Fig. 5(h), the cell voltage was only 1.47 V at 10 mA·cm−2 for 
(NiMo)1−xCoxP/NF//(NiMo)1−xCoxP/NF, whereas the potential 
was 1.59 V for Pt/C/NF//RuO2/NF, indicating the exceptional 
overall water splitting performance of the former cell. As 
envisioned, the voltage of the (NiMo)1−xCoxP/NF//(NiMo)1−xCoxP/ 
NF electrolyzer at 10 mA·cm−2 was also lower than those of 
recently reported noble-metal-free catalysts such as NiCo2S4 
NW/NF (1.63 V), Co5Mo1.0P/NF (1.68 V) and NiMoN-450/ 
NF (1.50 V) (Table S3 in the ESM). More importantly, 
(NiMo)1−xCoxP/NF//(NiMo)1−xCoxP/NF exhibited superior 
long-term stability even when electrolysis was conducted at 
1.90 V (Fig. 5(i)). In this case, the initial current density of  
74 mA·cm−2 was stabilized at > 86 mA·cm−2 during continuous 
water splitting for 88 h. Thus, the demonstrated long-term 
stability of (NiMo)1−xCoxP/NF//(NiMo)1−xCoxP/NF at a high 
current density confirms to the suitability of these noble-metal- 
free electrocatalysts for overall water splitting applications. 

3 Conclusions 
Co-doped Ni–Mo phosphide nanorod arrays on Ni foam 
((NiMo)1−xCoxP/NF) were synthesized and used as a high- 
performance self-supported noble-metal-free electrocatalyst. 
Benefiting from its scaffold-nanorod-granulated surface 
hierarchical structure and Co doping, the corresponding 
electrode exhibited high catalytic activity and long-term stability 
for both HER and OER in alkaline media. The catalyst required 
an overpotential of 29 mV at 10 mA·cm−2 for the HER, whereas 
the precatalyst required an overpotential of and 314 mV at 
50 mA·cm−2 for the OER. A two-electrode water splitting 
electrolyzer assembled with (NiMo)1−xCoxP/NF electrodes 
exhibited a cell voltage of 1.47 V at 10 mA·cm−2. Notably, this 
water-splitting performance is superior to that of the benchmark 
Pt/C and RuO2 couple. Furthermore, long-term stability testing 
at a high current density revealed no performance decay within 
88 h. Thus, (NiMo)1−xCoxP/NF, prepared by Co-doping and 
surface phosphorization, shows considerable promising as a 
water-splitting electrocatalyst. 

4 Experimental 

4.1 Materials 

NiCl2·6H2O, Co(NO3)2·6H2O, Na2MoO4·2H2O, and KOH were 
purchased from Shanghai Aladdin Biological Technology  
Co., Ltd. Ni foam, Pt/C (20 wt.%), RuO2, red phosphorus, 
2-methylimidazole, and Nafion (5 wt.%) were obtained from 
Sinopharm Chemical Reagent Co., Ltd. All the chemicals were 
of analytical grade and were used without further purification. 
All the aqueous solutions were prepared using ultrapure water 
(> 18.2 MΩ·cm). 

4.2 Synthesis of NiMoO4/NF 

Ni foam (1 cm × 1.5 cm, 380 g·m−2) was degreased via sonication 
in acetone and ethanol and then annealed at 500 °C in H2/Ar 
(1:9, v/v; 1.5 Torr) to fully remove the surface native oxide 
layer. NiMoO4 nanowire arrays on the Ni foam substrate 
(NiMoO4/NF) were synthesized via the following hydrothermal 
process [53]. NiCl2·6H2O and Na2MoO4·2H2O (1 mmol each) 
were dissolved in water (15 mL) under vigorous stirring for  
60 min. The solution was transferred to a Teflon-lined stainless 
autoclave with the annealed Ni foam, heated at 160 °C for 6 h, 
and naturally cooled to room temperature. The green solid was 
washed three times with distilled water and ethanol and then 
dried in a vacuum oven at 60 °C over night. 

4.3 Synthesis of (NiMo)1−xCoxO4/NF 

Typically, 2-methylimidazole (4 mmol) was dispersed in methanol 
(25 mL), and the dispersion was mixed with methanolic 
Co(NO3)2·6H2O (1 mmol in 25 mL methanol) by stirring [20]. 
Subsequently, NiMoO4/NF was immersed in this solution and 
allowed to react for 24 h. When the reaction was finished, the 
sample was removed and washed with methanol several times 
to obtain (NiMo)1−xCoxO4/NF. 

4.4 Synthesis of (NiMo)1−xCoxP/NF 

Red phosphorus (20 mg) was placed at an upstream side of the 
tube furnace, and the (NiMo)1−xCoxO4/NF precursor was placed 
at the downstream side. The samples were heated to 500 °C  
at a rate of 2 °C·min−1, maintained for 90 min in a flow of Ar 
(1.5 Torr), and then cooled to ambient temperature to afford 
(NiMo)1−xCoxP/NF. Concomitantly, the Ni foam turned black. 

4.5 Syntheses of NF-supported catalysts for comparison 

NiMoO4/NF, NiMoP/NF, (NiMo)1−xCoxO4/NF, CoC/NF, and 
CoP/NF were prepared using the same procedures as employed 
for the synthesis of NiMoO4/NF and (NiMo)1−xCoxO4/NF. As- 
prepared NiMoP/NF and CoP/NF were annealed in the presence 
of red phosphorus, as described for (NiMo)1−xCoxP/NF, whereas 
the annealing of NiMoO4/NF, (NiMo)1−xCoxO4/NF and CoC/NF 
was performed similarly without red phosphorus.  

Pt/C/NF (20 wt.%) and RuO2/NF catalysts (10 mg) were 
prepared by 30-min ultrasonication-assisted dispersion of the 
corresponding solids in a mixture of Nafion solution (5 wt.%; 
50 μL), ethanol (450 μL), and distilled water (500 μL) to form 
homogeneous catalyst ink. Next, 300 μL of each ink was carefully 
dropped onto annealed Ni foam (1 cm × 1.5 cm), which was 
then air-dried at ambient temperature. 

4.6 Characterization 

XRD patterns were recorded on a Bruker D8 Advance 
instrument using Cu Kα radiation (λ = 1.5418 Å). SEM images 
were acquired on a FEI Inspect F50 instrument. TEM images, 
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HAADF-STEM images, and EDX elemental mappings were 
acquired on a FEI Talos F200x transmission electron microscope 
equipped with an energy-dispersive X-ray detector. XPS was 
conducted using a Thermo Fischer Escalab 250Xi spectro-
photometer with monochromatic Al Kα radiation. TOF-SIMS 
mapping was performed using an IONTOF GmbH 5 instrument 
with a pulsed bismuth liquid metal ion gun at an incident 
angle of 50° to reveal the 2D molecular distribution of 
(NiMo)1−xCoxP/NF (100 μm × 100 μm). 

4.7 Electrochemical measurements 

Electrochemical measurements were performed using a Solartron 
1260+1287 electrochemical analyzer (Solartron Metrology, UK) 
in Ar- (HER) or O2- (OER) saturated 1.0 M aqueous KOH at 
ambient temperature. A standard three-electrode system was 
used with a graphite rod and Ag/AgCl (sat. KCl) as counter and 
reference electrodes, respectively. The synthesized samples were 
directly used as the working electrode without any binder or 
conductive agent, and the electrode area was controlled at   
1 cm2. To active the electrode, hundreds of potential cycles 
were carried out until the signal was stabilized. Linear sweep 
voltammetry was performed over the voltage range from 1.0 
to 1.8 V (vs. RHE) for the OER and from −0.6 to 0.1 V (vs. 
RHE) for the HER at a slow scan rate of 2 mV·s−1 to minimize 
the capacitive current. All the potentials vs. Ag/AgCl were 
referenced to the RHE scale using the Nernst equation: ERHE = 
EAg/AgCl + 0.0591pH + 0.197. Subsequently, the potentials were 
corrected according to the ohmic potential drop (iR) based 
on the series resistances derived from the electrochemical 
impedance spectra. EIS was conducted at an overpotential of 
100 mV for the HER and 300 mV for the OER in the frequency 
range 0.01–100 kHz. The equivalent circuit for EIS data fitting 
was derived using ZView software. Polarization curves were 
replotted as overpotential (η) vs. logarithm of absolute current 
density (log |j|) to obtain Tafel plots. η was calculated as ERHE − 
Er, where Er equals 1.23 V (vs. RHE) for the OER and 0 V (vs. 
RHE) for the HER. The electrochemical surface area of each 
electrode was related to the double-layer charging curve using 
cyclic voltammetry in the potential ranges 0.2–0.3 V and 
1.0–1.1 V (vs. RHE) for the HER and OER, respectively. The 
Cdl was determined from the slope of the capacitive current vs. 
scan rate plot. For the intrinsic activity of catalysts, linear 
sweep voltammograms were normalized by the corresponding 
ECSA values, which were estimated from the Cdl values using 
the following equation: ECSA = Cdl /Cs, where Cs is the specific 
capacitance of the sample or the capacitance of an atomically 
smooth planar surface of the material per unit area under 
identical electrolyte conditions [54–56]. As Cs is normally 
between 20 and 60 μF·cm−2, an average value of 40 μF·cm−2 
was used in the calculation. Overall water splitting was 
performed in a two-electrode electrochemical system without 
iR compensation. 

4.8 Density functional theory calculations 

Vienna ab initio simulation package (VASP) software [57, 58] 
and the Perdew–Burke–Ernzerhof (PBE) functional [59] were 
employed for calculations. The ENCUT parameter was set at 
400 eV. A 11.7 Å × 7.4 Å × 29.0 Å slab model was built to 
model the (100) surface of NiMoP/NF, with a vacuum layer of 
15 Å in the z-direction. The reciprocal space was integrated 
with a 1 × 2 × 1 k-mesh generated under the gamma scheme. 
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