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A B S T R A C T

The pursuit of sustainable energy production has directed rigorous research in the field of electrocatalysis, 
particularly for water electrolysis (i.e., hydrogen evolution (HER) and oxygen evolution reactions (OER)). This 
study discloses the rational synthesis of N-containing carbon sheets atomically doped NiP-CoP nanohybrid (NiP- 
CoP/NCS) via precipitation/calcination. The fabrication method tailored the physicochemical merits for col
lective contribution to improved green hydrogen and oxygen production, elucidated by surface/bulk charac
terization and theoretical calculations. Thus, the NiP-CoP/NCS had improved HER activity at lower overpotential 
(ƞ10 = 197.7/274.6 mV), higher exchange current density (jo = 0.71/0.67 mA/cm2), turnover frequency (TOF =
2.63/1.47 s-1), H2 production rate (3601.63/2519.12 µmol/g/h) and superior stability after 24 h in acid/alkaline 
media, than NiP/NCS and CoP/NCS. Moreover, NiP-CoP/NCS delivered impressive OER activity at reduced ƞ10 
(309.1 mV), and Tafel slope (ba = 58.9 ± 3.0 mV/dec), but higher TOF (3.67 s-1) and O2 production rate 
(3643.96 µmol/g/h) relative to NiP/NCS and CoP/NCS, besides higher stability for 24 h. These were further 
proved by theoretical calculations. This work indicates a deeper understanding of the fabrication methods of 
making efficient electrocatalysts for green and sustainable energy conversion.

1. Introduction

The exorbitant demands for energy consumption with attention to 
reducing carbon footprint have spurred a tremendous interest in 
renewable energy conversion and storage [1-3]. Water electrolysis is 
amongst the effective and environmentally benign approaches for 
generating renewable energy sources, including green hydrogen (H2) 
and oxygen (O2) production, achieved via hydrogen evolution (HER) 
and oxygen evolution reactions (OER), respectively [4-6]. Unlike other 
methods (i.e., natural gas, coal gasification, and steam reforming) with 
energy intensiveness and greenhouse emission [7-9], the HER enables 
the production of high-purity H2 with no climate and environment im
pacts [10-12], and has a plethora of applications in proton exchange 
membrane fuel cells (PEMFCs), power stations, chem
ical/semiconductor industries, and space exploration. Whereas O2 pro
duced is applicable in metal-air batteries and glass industry [13-16]. 
Nevertheless, the HER and OER are driven by noble-metal based 

electrocatalysts (i.e., Pt, Pd, RuO2), whose scarcity and costly nature 
limit their commercial usage [17-21]. This necessitates the search and 
exploration of cheap, earth-abundant and highly active electrocatalysts, 
including carbon-based materials anchored with transition metal 
nanoalloys, for sustainable and large-scale applications.

N-containing carbon nanostructures are widely used as photo
catalysts for green H2 production because of their excellent stability, 
abundant surface, molecular structures and porous merits, low-cost and 
readily available precursors for easy scale-up. [22,23] However, their 
bandgap (~2.7 eV) and low electrical conductivity limit their utilization 
as electrocatalysts for water electrolysis [24-26]. The modification of the 
physicochemical features of N-containing carbon nanostructures by 
doping with transition metals or alloys could significantly boost its HER 
electrocatalysis, proved by experimental and theoretical calculations 
[27-30]. For instance, atomically doped M on 1D N-containing carbon 
(M/g-C3N4, M = Cu, Mn, Fe) delivered superior photo/electrochemical 
HER activity and stability to pristine g-C3N4 because the metal doping 
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enabled well defined pore sizes, morphology, surface area and accessible 
active sites [31]. Also, Mo, S co-doping of N-containing carbon 
(Mo-S-CN) modified its structural architectures for enhanced HER ac
tivity relative to the pristine CN, owing to the lowered electron density 
of Mo center by N-atom for easy Mo-H2O complex formation, but 
increased by S for facile H–O bond cleavage and adsorbed H2O disso
ciation [32]. Indeed, the incorporation of transition metals, oxides, ni
trides and phosphides into the N-containing carbon nanostructures 
apparently increased their electrocatalysis.

Recently, transition metal phosphides (TMPs) emerged as advanced 
materials for HER and OER because of their exclusively tailored spher
ical crystal structures and crystalline surfaces with metal atoms located 
in the tri-prism and P atoms at the internal void that enables exposure of 
unsaturated coordination surface atoms (i.e., active sites). Coupled with 
the moderate electronegativity of P that facilitates optimized binding 
strength with water electrolytic intermediates, advantageous for boos
ted HER and OER electrocatalysis [33,34]. Despite the amazing physi
cochemical merits of the TMPs, the electrocatalytic performance of 
unary transition metal phosphides (UTMPs) is still far from those of 
noble-metal-based electrocatalysts. However, HER and OER electro
catalysis of binary transition metal phosphides (BTMPs) were compa
rable to Pt-based electrocatalysts [35-37]. The BTMPs electrocatalysts 
are endowed with modifiable electronic properties, heterostructures, 
and synergism, which are beneficial for HER and OER, with better 
performance than the UTMP counterparts. For instance, the CoNiP had 
higher H2 production rate that was 1.43- and 1.55-folds of Ni2P and CoP, 
respectively, attributable to its improved metallic nature, increased 
conductivity, free electron mobility and modified D-band center, proven 
by experimental and theoretical data [38]. Metal-organic framework 
(MOF)-template synthesis of CoxFe1-xP nanocubes gave excellent HER 
activity at lower ƞ10 compared to CoP and FeP nanotubes, due to their 
well-defined crystal structures and synergistic effect of the active sites 
with electron donating nature [39]. Taking advantages of the physico
chemical and electrocatalytic merits of both N-containing carbon and 
BTMP, the incorporation of BTMP on conductive materials (i.e., carbon 
and/or nickel foam (NF)) allows easy dispersion/stabilization, eschew 
agglomeration, augment electrical conductivity and thermal stability 
that further enhance its bifunctional water electrocatalysis [40-42]. 
Unlike previous report on the demonstration of NiCoP nanosheets 
coated NF (NiCoP/NF@NC) at high metal contents for good HER and 
OER electrocatalysis, due to the synergy among NiCoP, NF and NC [43], 
but failed to present the performance of NF alone, as NF is highly active 
electrocatalyst and contributed to the metal loading. An attempt to 
significantly lower the metal content informed the fabrication of 
N-containing carbon sheets (NCS) atomically doped NiP-CoP nano
hybrid (NiP-CoP/NCS, at ~2.5 wt.%) for improved HER and OER elec
trocatalysis, which is yet to be reported, as far as we found.

In this work, the rational preparation of NCS atomically doped NiP- 
CoP nanohybrid (NiP-CoP /NCS) by precipitation and calcination 
methods for HER and OER electrocatalysis. This is constructed by the 
complexation of the binary metal (Ni and Co) salts with urea (nitrogen 
source) and dibasic phosphate salt in a mixture of water and ethanol at 
60 ◦C for 1 h to afford precipitates, which were spread on activated 
tissue paper (ATP), dried, and annealed at 500 ◦C for 2 h in N2 atmo
sphere. This enables the dispersion of NiP-CoP nanohybrid at low metal 
contents (~2.5 wt.%) on NCS (sourced from urea and ATP) with tunable 
physicochemical merits (i.e., downshifted D-band center, more defects, 
lower interplanar distance, lattice contraction, induced strains and 
decreased crystallite size). This synthesis method is facile, reproducible, 
without hazardous chemicals, and usable for large-scale production. The 
surface compositions and structural properties of the NiP-CoP/NCS are 
investigated by various bulk and surface physical characterizations, and 
its experimental and theoretical HER/OER activities compared to CoP/ 
NCS and NiP/NCS. The influence of electrolytes for green H2 production 
was verified, hence, HER was studied in 0.5 M HClO4 and 1.0 M KOH 
solutions, while OER was probed only in 1.0 M KOH solution.

2. Materials and methods

2.1. Materials

Cobalt (ii) chloride (CoCl2, ≥ 99.90%), nickel(ii) chloride (NiCl2, ≥
99.90%), potassium phosphate dibasic (K2HPO4, ≥ 99.95%), urea 
((NH2)2CO, 99.00–100.50%), hydrochloric acid (HCl, ≥ 37.00%), 
perchloric acid (HClO4, 70.00%), potassium hydroxide (KOH, ≥

85.00%) and absolute ethanol (≥ 99.80%) were bought from Sigma 
Aldrich. Ultrapure water and tissue paper (TP).

2.2. Synthesis of NiP-CoP/NCS, CoP/NCS and NiP/NCS 
nanostructures

The NiP-CoP/NCS was prepared by low-temperature precipitation 
and calcination methods. Briefly, CoCl2 (0.05 g), NiCl2 (0.05 g), K2HPO4 
(0.1 g) and Urea (2.0 g) were added to a solution containing H2O (5 mL) 
and ethanol (15 mL), and then stirred vigorously for 1 h at 60 ◦C to 
precipitate NiP-CoP/NC. Activated tissue paper (ATP, 2 cm x 8 cm) was 
initially made by soaking tissue paper (TP) in HCl (3.0 M) for 1 h to 
remove impurities, then washed with ultrapure water severally and 
dried at 60 ◦C for 2 h. Then, the as-formed NiP-CoP/NC precipitates 
were spread on the ATP and dried at 60 ◦C in a vacuum oven. The dried 
NiP-CoP/NC on ATP was further calcined at 500 ◦C in the flow of N2 
atmosphere at 5 ◦C/min for 2 h and cooled to room temperature to 
afford NiP-CoP/NCS. The as-obtained NiP-CoP/NCS was washed sever
ally with ethanol and dried in vacuum oven at 60 ◦C for 5 h, and then 
grinded in agape mortar prior to storing for further use. A similar pro
cedure was used for the preparation of CoP/NCS and NiP/CNS using 
only one metal precursor of CoCl2 (0.1 g) and NiCl2 (0.1 g), respectively.

2.3. Materials characterization

The as-obtained NiP-CoP/NCS nanohybrids were characterized and 
studied by a scanning electron microscope ((SEM), Hitachi S-4800, 
Hitachi, Tokyo, Japan) equipped with Energy Dispersive X-Ray Analyzer 
(EDX) and a transmission electron microscope (TEM, TecnaiG220, FEI, 
Hillsboro, OR, USA). The X-ray diffraction (XRD) was measured on 
(X’Pert-Pro MPD, PANalytical Co., Almelo, Netherlands). The X-ray 
photoelectron spectroscopy (XPS) was carried out on Ultra DLD XPS 
Kratos, Manchester, UK). The inductively coupled plasma optical emis
sion spectrometry (ICP-OES), Agilent 5800) was performed on (ICP-OES 
Agilent 5800, USA). Raman spectroscopy was examined by Thermo 
Scientific Raman instrument.

2.4. Electrochemical HER and OER measurements

The water electrolysis (HER and OER) was performed on Gamry 
potentiostat (Reference 3000, Gamry Co., Warminster, PA, USA) using 
the three-electrodes, consisting of Pt wire as a counter, Ag/AgCl as a 
reference electrode, and electrocatalyst modified glassy carbon (GC) as a 
working electrode. The ink was prepared by dispersing 2.0 mg of each 
electrocatalyst in 1.0 mL of aqueous solution of isopropanol/H2O (3/1 
v/v ratio), 50.0 μL of Nafion solution (0.05 wt.%) added and sonicated 
for 1 h. The uniformly dispersed ink was drop-cast onto the well- 
polished GC, and dried in a vacuum oven at 60 ◦C for 1 h. The metal 
mass loading in the electrocatalysts on the GC was determined as 0.02 ±
0.002 mg/cm2 by ICP-OES. The HER measurements were carried out in 
0.5 M HClO4 and 1.0 M KOH, whereas OER was done in 1.0 M KOH only. 
Prior to all measurements, the electrolytes were purged with N2 to 
remove any dissolved O2, and the electrocatalysts modified GC were 
activated and conditioned at 200 mV/s for 50 cycles before the actual 
measurements. Also, the reference electrode is placed in Luggin capil
lary and dipped very close to working electrode to mitigate ohmic drop 
and the Gamry potentiostat is set to automatically correct any uncom
pensated iR using current interrupt onto the applied signal for HER and 
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OER measurements. All potentials recorded are referred to reversible 
hydrogen electrode (RHE) with the formula (RHE = EAg/AgCl + Eo

Ag/AgCl 
+ 0.0591 pH), where EAg/AgCl is the working potential with respect to the 
reference electrode and Eo

Ag/AgCl is the standard reduction potential of 
the reference electrode.

2.5. Theoretical calculations

The density functional theory (DFT) calculations were executed with 
the supercomputational facilities at the centre for High Performance 
Computing (CHPC, Cape Town, South Africa), operated at the BIOVIA 
Material Studio with the adsorption tool location module [44-46]. 
Various adsorbates (*H) and (*O, *OH and *OOH) were employed to 
simulate the HER and OER, respectively, on the modelled electro
catalysts with highly exposed active {011} facets, i.e., NiP-CoP{011}, 
NiP{011} and CoP{011}. The electrocatalysts were modelled with 
supercells of 3 × 3 layers, then cleaned, and subjected to geometric 
relaxation calculations at a set threshold energy (10− 6 eV) and minimal 
adsorption distance (5 Å) to converge. The DMoI3 was utilized for the 
estimation of electronic and energy properties at the same threshold 
energy. The reliability of theoretical calculations was verified by the 

condensed-phase optimization molecular potential for atomistic simu
lation studies (COMPASS) force field.

3. Results and discussion

3.1. Physical characterization

The fabrication of NiP-CoP/NCS involves low temperature precipi
tation and calcination (Fig. 1a). This was based on the chelation of Ni2+

and Co2+ with HPO4
2- ions and urea in a mixed solution (EtOH/H2O) at 

60 ◦C for 1 h. The urea serves as source of carbon, nitrogen, and crys
talline surface directing agent to the formation of irregular spherical 
nanoarchitectures of NiP-CoP nanohybrid. Then, the chelated mixture 
was wrapped with dried activated tissue paper (ATP, i.e., tissue paper 
previously soaked in 1.0 M HCl for 1 h and predominate the morphology 
of NCS) and calcinated at 500 ◦C for 2 h in N2 atmosphere, which 
resulted in the formation of NiP-CoP/NCS with spherical-like nano
crystals on sheet-support. This was proved by the SEM image, which 
reveals broken sheets with anchored ultra-small size nanoparticles for 
NiP-CoP/NCS (Fig. 1b), whereas NiP/NCS and CoP/NCS have crumpled 
sheets supported by nanostructures (Figure S1a, S1b). The spherical-like 

Fig. 1. (a) Synthesis method, (b) SEM, (c) TEM (d) Nanoparticles distribution, (e) HRTEM, (f-h) Fast Fourier transform (FFT) for NiP{011}, CoP{011}, and NCS{002} 
facets, (i) SAED, and (j) EDX of NiP-CoP/NCS.
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nanoarchitectures embedded on nanosheets in NiP-CoP/NCS and NiP/ 
NCS were clearly observed by the TEM images, but amorphous nano
structures were revealed in CoP/NCS (Fig. 1c, S1c, S1d). The nano
particles were agglomerated in NiP-CoP/NCS, but well-distributed in 
others with average sizes of 7.53 ± 1.35, 3.28 ± 0.053 and 1.27 ± 0.20 
nm for NiP-CoP/NCS, NiP/NCS and CoP/NCS, respectively (Fig. 1d, S1d, 
S1e). The large nanoparticle sizes of the NiP-CoP/NCS may be traced to 
the aggregation of NiP and CoP nanoparticles during the calcination. 
The high-resolution TEM (HRTEM) of NiP-CoP/NCS, NiP/NCS and CoP/ 
NCS showed the lattice fringes with several crystalline defects, including 
stacking faults, interfacial and intragranular dislocations, indicated by 
red square box (Fig. 1e, S1g, S1h). The NiP-CoP/NCS has interplanar 
spacings of 0.311, 0.313 and 0.337 nm for NiP{011}, CoP{011} and NCS 
{002} facets (Fig. 1f-1h); only NiP{011} and NCS{002} with 0.311 and 
0.359 nm estimated in NiP/NCS; and CoP{011} and NCS{002} with 
0.315 and 0.359 nm in CoP/NCS. The lower interplanar distance of NCS 
in NiP-CoP/NCS is attributed to the contractive effect of the binary metal 
phosphides on the carbon nanosheets lattice. The selected area electron 
diffraction (SAED) show the predominant diffraction rings of the NiP- 
CoP/NCS and NiP/NCS ascribable to {011}, {111}, {201}, {211} and 
{300} facets, which correspond to hexagonal crystal structure of NiP 

(Fig. 1i, S1i). However, CoP/NCS did not show a clear SAED pattern, due 
to its amorphous nature, as previously reported [47].

The EDX analysis confirmed the elemental compositions of the 
electrocatalysts’ surfaces: NiP-CoP/NCS (C/N/P/Co/Ni with elemental 
contents (81.29/12.23/2.96/1.66/1.86 wt.%)); NiP/NCS (C/N/P/Ni 
with elemental contents (80.11/16.52/1.74/1.64 wt.%)); and CoP/NCS 
(C/N/P/Co with corresponding elemental contents (69.34/26.91/1.62/ 
2.14 wt.%)) (Fig. 1j, S2a, S2b), as summarized in Table S1. Similarly, the 
ICP-OES analysis gave only the metal contents of Co/Ni (1.38/1.29 wt. 
%) in NiP-CoP/NCS, Ni (2.63 wt.%) in NiP/NCS and Co (2.68 wt.%) in 
CoP/NCS. Although, there is inconsistence in the surface and bulk metal 
contents by EDX and ICP-OES, respectively, the elemental mapping 
revealed homogeneous distribution of elements (Ni and/or Co, P, N, C) 
on the as-prepared NiP-CoP/NCS, NiP/NCS and CoP/NCS (Figure S2c- 
S2o).

The XRD provides the coexistence and overlap crystalline phases of 
hexagonal NiP (space group: P-3c1 (#165), a = b = 1.2311, c = 0.4663) 
and orthorhombic CoP (space group: Pnma (#62), a = 0.5670, b =
0.3520, c = 0.6638) in NiP-CoP/NCS, only hexagonal NiP in NiP/NCS 
and orthorhombic CoP in CoP/NCs (Fig. 2a). This confirmed the for
mation of NiP-CoP nanohybrid, rather than pure NiCoP. Meanwhile, the 

Fig. 2. (a) XRD, (b) XPS survey scan, high-resolution XPS of (c) Ni 2p and (d) Co 2p of NiP-CoP/NCS, NiP/NCS and CoP/NCS.
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NiP-CoP/NCS, NiP/NCS and CoP/NCS exhibit respective reference 
numbers (98–018–2049; 96–153–8448; and 98–002–5726), besides the 
amorphous phase of graphitic carbon (i.e., NCS) for all the materials. All 
the materials exhibit broad diffraction of {002} facet assigned to the 
amorphous carbon sheets (NCS), besides both NiP/NCS and NiP-CoP/ 
NCS have similar diffraction patterns of {011}, {111}, {201}, {211}, 
{300}, (310}, {311} and {212} facets corresponding to the hexagonal 
crystal nanostructures. However, CoP/NCS only has diffraction patterns 
of {011}, {111}, {211}, {310} and {311}, attributed to the ortho
rhombic crystal structure. There were slight positive shifts of diffraction 
patterns with higher full width half of maximum (FWHM) in NiP-CoP/ 
NCS, particularly for the most significantly exposed active facet 
{011}, due to the lattice contraction, induced strains, and decreased 
crystallite size of the binary metal phosphide. This was further 
confirmed by the reduced crystallite sizes (23.90 nm), but increased 
lattice strain (ε = 0.00566) of NiP-CoP/NCS, relative to NiP/NCS (38.33 
nm; 0.00388) and CoP/NCS (31.63 nm; 0.00459).

The XPS wide-survey scan shows the presence of core level of C 1 s, N 
1 s, P 2p, O 1 s, Ni 2p and/or Co 2p in the materials (Fig. 2b), with the 
following surface atomic compositions: C (82.88 at.%)/N (11.98 at.%)/P 
(1.88 at.%)/Ni (1.51 at.%)/Co (1.75 at.%) in NiP-CoP/NCS; C (83.38 at. 
%)/N (13.65 at.%)/P (1.54 at.%)/Ni (1.43 at.%) in NiP/NCS; and C 
(80.67 at.%)/N (15.98 at.%)/P (1.70 at.%)/Co (1.65 at.%) in CoP/NCS 
(Table S1). However, the presence of O 1 s may be traced to the surface 
oxidation of the materials in air and/or phosphate precursor residue. 
This agrees with the surface elemental compositions by EDX, but 
disparate with the bulk metal compositions by ICP-OES analysis, which 
is an indication of uniform distribution of the elements of the electro
catalysts and advantageous for facile green hydrogen and oxygen pro
duction. The binding energies of the high-resolution XPS for each 
element are summarized in Table S2. The high resolution of the Ni 2p 
spectra in NiP-CoP/NCS and NiP/NCS shows Ni 2p3/2 and 2p1/2 with 
various oxidation states: Ni2+ (2p3/2 (855.28 eV) and 2p1/2 (873.52 
eV)), Ni3+ (2p3/2 (860.60 eV) and 2p1/2 (880.44 eV)) and satellites 
phases (2p3/2 (864.73 eV) and 2p1/2 (882.71 eV)) in NiP-CoP/NCS; 
meanwhile NiP/NCS has Ni2+ (2p3/2 (855.16 eV) and 2p1/2 (871.99 
eV)), Ni3+ (2p3/2 (860.58 eV) and 2p1/2 (878.81 eV)) and satellites 
phases (2p3/2 (864.42 eV) and 2p1/2 (881.67 eV)) (Fig. 2c). But there 
were slightly positive shifts in the binding energies of Ni 2p in NiP-CoP/ 
NCS, which implies downshifting of D-band center from the Fermi level 
on the incorporation of CoP. Similarly, the Co 2p reveals high resolution 
spectra of Co 2p3/2 and 2p1/2 with various oxidation states: Co0 (2p3/2 
(775.30 eV) and 2p1/2 (797.25 eV)), Co3+(2p3/2 (781.68 eV) and 2p1/2 
(801.44 eV)) and Co2+ (2p3/2 (787.39 eV) and 2p1/2 (806.22 eV)) phases 
in NiP-CoP/NCS; meanwhile CoP/NCS exhibits Co0 (2p3/2 (774.76 eV) 
and 2p1/2 (795.46 eV)), Co3+(2p3/2 (778.87 eV) and 2p1/2 (799.37 eV)) 
and Co2+ (2p3/2 (784.91 eV) and 2p1/2 (804.06 eV)) phases (Fig. 2d). 
Also, the integration of NiP in NiP-CoP/NCS downshifted its D-band 
center for Co 2p from the Fermi level, evidenced by its slightly increased 
binding energies (Table S2). The P 2p spectra were deconvoluted into 
three distinct peaks: P 2p3/2, P 2p1/2, and PO4

3- for all the samples. This 
implies that P binds covalently to both the metal atom(s) and C lattice, 
although there is residue of PO4

3- from the precursor basic phosphate for 
all the samples (Figure S3a). The C1s spectra of NiP-CoP/NCS, NiP/NCS 
and CoP/NCS were fitted into three distinct peaks, corresponding to 
strong C = C, C–C, C–O and weak peaks of C = N bonds (Figure S3b). A 
small positive shift of the binding energies of C 1 s in NiP-CoP/NCS is 
observed and attributed to the transfer of more electrons to the binary 
metal phosphide composite compared to the mono-counterparts 
(Table S2). Also, the deconvolution of N 1 s spectra give three dissimi
lar peaks of pyridinic N, pyrrolic N and graphitic N (Figure S3c). which 
are usually assigned to N-doped carbon materials [48,49]. The high 
resolution O 1 s spectra of NiP-CoP/NCS, NiP/NCS and CoP/NCS reveal 
three distinct peaks corresponding to metal adsorbed oxygen (M-O), 
oxygen vacancy (OL) and hydroxyl species (-OH). Thus, the 
NiP-CoP/NCS is endowed with modulated electronic structures and 

electrical conductivity, which are beneficial for facile green hydrogen 
and oxygen production.

The Raman spectra of the NCS in NiP-CoP/NCS, NiP/NCS and CoP/ 
NCS reveal four distinct peaks corresponding to D-, G-, D’- and 2D-bands 
at respective Raman shifts of 1355.2, 1578.7, 1774.6 and 2844.2 cm-1 

(Figure S4a). The presence of three defective peaks (D-, D’- and 2D- 
bands) implies defective sites in the NCS on the incorporation of N- 
and metal atom(s) in NiP-CoP/NCS, NiP/NCS and CoP/NCS. The extent 
of defect in NiP-CoP/NCS, NiP/NCS and CoP/NCS is determined by the 
ID/IG ratio, thereby NiP-CoP/NCS has slightly increased ID/IG (3.6) than 
those of NiP/NCS (3.5) and CoP/NCS (3.3). The FTIR spectra of the NiP- 
CoP/NCS, NiP/NCS and CoP/NCS reveal various vibrational modes of 
-OH/-NH, C–H, C = C = N, C = N, C–N, and C–O-C groups 
(Figure S4b), which corroborate the integration of nitrogen atoms in the 
lattice of NCS and agrees with the XPS results.

The N2 adsorption/desorption isotherms of the NiP-CoP/NCS, NiP/ 
NCS and CoP/NCS resembles the isotherm type IV, according to Inter
national of Pure and Applied Chemistry (IUPAC) classification with H4 
hysteresis loop at two steps condensation of P/Po ≥ 0.2 and P/Po < 1.0 
(Figure S5a). This led to the higher specific surface area (SSA = 55.15 
m2/g) and porosity (0.020 cm3/g) measured for NiP-CoP/NCS relative 
to NiP/NCS (22.93 m2/g; 0.008 cm3/g) and CoP/NCS (38.56 m2/g; 
0.013 cm3/g). The increased SSA and porosity of NiP-CoP/NCS were 
ascribable to its more accessible active sites, which were advantageously 
utilized for HER and OER electrocatalysis. Meanwhile, mean pore sizes 
of 8.79, 7.92 and 8.90 nm were measured for NiP-CoP/NCS, NiP/NCS 
and CoP/NCS, respectively (Figure S5b).

3.2. Hydrogen evolution reaction (HER)

Enthused by the physicochemical merits of the transition metal 
phosphide composites, the HER activity of the NiP-CoP/NCS, NiP/NCS 
and CoP/NCS was extensively studies in both acid and alkaline condi
tions utilizing various electrochemical techniques. The electrochemical 
behavior of the NiP-CoP/NCS, NiP/NCS and CoP/NCS was investigated 
in 0.5 M HClO4 solution using cyclic voltammetry (CV) at 20 mV/s and 
exhibit seemingly pseudo-rectangular signatures at the potential range 
(0.1 - 0.2 V vs. RHE) (Fig. 3a). These revealed non-faradaic or capacitive 
behavior of the electrocatalysts, but the charge storage capacity follows 
a trend of NiP-CoP/NCS > CoP/NCS > NiP/NCS. This translate to higher 
electrochemical active surface area (ECSA) of the NiP-CoP/NCS, 
compared to CoP/NCS and NiP/NCS, which were determined using 
the capacitive method of the CV curves for NiP-CoP/NCS, NiP/NCS, and 
CoP/NCS at varied scan rates (ט) (Fig. 3b-3d). A plot of Δj/2@− 0.15 V 
against ט, whose slope was used to calculate the ECSA of the electro
catalysts in 0.5 M HClO4 solution (Fig. 3e). Hence, the ECSA of NiP-CoP/ 
NCS (38.7 m2/g) is 1.83- and 4.07- folds of and CoP/NCS (21.1 m2/g) 
and NiP/NCS (9.5 m2/g) respectively (Fig. 3f), which has similar trend 
of specific surface area obtained for the BET analysis. The increased 
ECSA of the NiP-CoP/NCS is ascribed to its modulated physicochemical 
merits, including downshifted D-band center, more defects, lower 
interplanar distance, lattice contraction, induced strains, decreased 
crystallite size, increased SSA and porosity. These unique physico
chemical merits of the NiP-CoP/NCS are beneficially utilized for 
enhanced HER and OER electrocatalysis.

The HER polarization curves of electrocatalysts in 0.5 M HClO4 so
lution show that the NiP-CoP/NCS exhibits higher HER performance 
than NiP/NCS, CoP/NCS and NCS (Fig. 4a). This is proved by the lower 
overpotential at benchmarked 10 mA/cm2 (ƞ10 = 197.7 mV) of NiP- 
CoP/NCS relative to NiP/NCS (397.9 mV), CoP/NCS (408.6 mV) and 
NCS (not reached 10 mA/cm2) (Fig. 4b). This is an indication that NiP- 
CoP/NCS required lower energy to produce green H2 in HClO4 solution 
relative to NiP/NCS and CoP/NCS. The ƞ10 of NiP-CoP/NCS (197.7 mV) 
is superior to previously reported metal-doped N-containing carbon 
nanostructures in the literature, including 0.12Cu-C3N4 (390.0 mV) 
[50], Co@NC (230 mV) [51], Cu/g-C3N4 (449.0 mV) [31], 
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TiO2/PC3N4/Co3O4 (920.0 mV) [52], Rh@g-CN (220.0 mV) [53], 
Mo-S-CN (630.0 mV) [32], Fe-Co-P-400 (277.0 mV) [54], Co-Ni-P/RGO 
(207.0 mV) [55] (Fig. 4c), and others in Table S3. The Tafel plots of the 
electrocatalysts in 0.5 M HClO4 solution reveal lower Tafel slope (bc =

115.7 ± 4.4 mV/dec) for NiP-CoP/NCS than NiP/NCS (241.4 ± 5.3 
mV/dec), CoP/NCS (253.5 ± 5.6 mV/dec) and NCS (342.4 ± 13.4 
mV/dec) (Fig. 4d). This implies that the tuned physicochemical merits of 

NiP-CoP/NCS enable the HER mechanism in 0.5 M HClO4 to proceeds 
via the Volmer-Heyrovsky reactions, including H2O activation and 
dissociation in the HClO4 solution (i.e., H2O → H+ + OH-), then 
adsorption of proton on the electrocatalyst’s active sites (M*) (i.e., H+ +

M* + e- → M*Hads) and finally recombination of the protons (i.e., M*Hads 
+ H+ + e- → H2 + M*) [17,18]. Also, the NiP-CoP/NCS displayed su
perior HER activity and kinetics in the HClO4 solution, evidenced by its 

Fig. 3. (a) Comparative CV curves of the electrocatalysts at 20 mV/s, CV curves at varied scan rates (ט) (b) NiP-CoP/NCS, (c) NiP/NCS, (d) CoP/NCS, (e) Plots of Δj/ 
2@− 0.15 V vs. ט and (f) ECSA of NiP-CoP/NCS, NiP/NCS, and CoP/NCS in 0.5 M HClO4 solution.

Fig. 4. (a) Comparative HER polarization curves of the electrocatalysts at 2 mV/s, (b) ƞ10, (c) Comparative ƞ10 with literature, (d) Tafel plots, (e) jo and TOF, (f) 
Nyquist plots at − 0.197 V with Voigt electrical equivalent circuit (EEC, inset) of NiP-CoP/NCS, NiP/NCS, and CoP/NCS in 0.5 M HClO4 solution.
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increase exchange current density (jo = 0.7066 mA/cm2), turn-over 
frequency (TOF = 2.63 s-1) and H2 production rate (3601.63 
µmol/g/h) relative to NiP/NCS (0.1846 mA/cm2; 1.07 s-1; 2701.22 
µmol/g/h), CoP/NCS (0.5054 mA/cm2; 1.25 s-1; 2881.31 µmol/g/h) and 
NCS (0.0520 mA/cm2, 0.0005 s-1; 23.52 µmol/g/h) (Fig. 4e, S6). Despite 
the importance of these parameters of indicator for HER electrocatalysis, 
literature rarely reports the jo, TOF and H2 production rate for 
metal-doped N-containing carbon nanostructures. Nevertheless, the jo of 
NiP-CoP/NCS (0.7066 mA/cm2) is higher than few reports in the liter
ature, like Mo-S-CN (0.29 mA/cm2)[32], and Co-Ni-P/RGO (0.0004 
mA/cm2)[55] (Table S3). The excellent HER performance of 
NiP-CoP/NCS is attributed to its compositional synergism and tuned 
physicochemical features.

The HER kinetics are further probed by the electrochemical imped
ance spectroscopy (EIS) to infer the interfacial electrode-electrolyte 
behavior. The Nyquist plots of the NiP-CoP/NCS, NiP/NCS, and CoP/ 
NCS in 0.5 M HClO4 solution displays a semi-circle signature in the trend 
of NiP-CoP/NCS < CoP/NCS < NiP/NCS (Fig. 4f), which was modelled 
with Voigt electrical equivalent circuit (EEC, Fig. 4f inset) to extract the 
EIS data, as summarized in Table 1. Three distinct EIS parameters were 
obtained, including the solution resistance (Rs), charge transfer resis
tance (Rct) and double-layer capacitance (Cdl). The Rs of NiP-CoP/NCS, 
NiP/NCS and CoP/NCS are the same within the confinement of error 
bars, implying similar electrolyte resistivity for all the electrocatalysts 
during the HER in 0.5 M HClO4 solution. However, the Rct decreased in 
the order of NiP-CoP/NCS (90.74 ± 0.66 Ω) < CoP/NCS (100.60 ± 0.61 
Ω) < NiP/NCS (111.50 ± 0.78 Ω) revealed that NiP-CoP/NCS has better 
HER kinetics, which agrees with the HER polarization curves. The 
charge storage capacity (Cdl) of the NiP-CoP/NCS (0.909 ± 0.066 µF) is 
also superior to those of CoP/NCS (0.67 ± 0.059 µF) and NiP/NCS 
(0.883 ± 0.089 µF). This is traced to the ease of ions and electron 
mobility in NiP-CoP/NCS during HER electrocatalysis in 0.5 M HClO4 
solution compared to the mono-metallic analogues [56].

The chronopotentiometry (CP) of the NiP-CoP/NCS, NiP/NCS and 
CoP/NCS at 10 mA/cm2 in 0.5 M HClO4 solution for 24 h revealed a low 
overpotential for NiP-CoP/NCS (201.3 mV), followed by CoP/NCS 
(404.6 mV) and then NiP/NCS (410.2 mV) (Fig. 5a). This implies that 
enhanced green H2 production in HClO4 requires low energy in the 
following trend of NiP-CoP/NCS < CoP/NCS < NiP/NCS. The HER po
larization curves after the 24 h stability show that all the electrocatalysts 
degrade, proved by increase in their overpotentials (ƞ10/ƞ100) after CP 
test by 14.6/20.3 mV, 32.2/31.4 mV and 42.3/38.4 mV for NiP-CoP/ 
NCS, NiP/NCS and CoP/NCS, respectively (Fig. 5c-5d). This indicates 
that the HER stability on NiP-CoP/NCS was the most stable in 0.5 M 
HClO4 solution, due to its robust lattice contraction, rich defect and 
modulated electronic structures. Hence, the structural morphology of 
the electrocatalysts were retained after the CP stability tests (Figure S7).

Akin to the HER activity of the electrocatalysts in acidic condition, 
their performance was also probed in alkaline medium (1.0 M KOH). 
The CV curves of the NiP-CoP/NCS, NiP/NCS, and CoP/NCS in 1.0 M 
KOH solution at 20 mV/s displayed quasi-rectangular voltammograms 
(Figure S8a). The electrochemical behavior of the electrocatalysts in 1.0 
M KOH electrolytes at a capacitive region (0.1 – 0.2 V vs. RHE) with NiP- 
CoP/NCS having a higher charge storage ability, followed by CoP/NCS 
and then NiP/NCS. At varied scan rate, the voltammograms’ shapes are 
retained with increasing current density for all electrocatalysts 
(Figure S8b-S8d). Hence, the (ECSA) of the NiP-CoP/NCS (57.1 m2/g) is 
2.44- and 2.27-times those of NiP/NCS (23.4 m2/g) and CoP/NCS (25.1 

m2/g), calculated from the slope of the plots of Δj/2@− 0.15 V against ט
(Figure S8e, S8f). Notably, the ECSA of all the electrocatalysts are higher 
in 1.0 M KOH than in 0.5 M HClO4, may be due to the abundance of OH- 

ions in KOH, which is not detrimental to poisoning the electrocatalysts’ 
active sites, unlike Cl- ions in HClO4. The HER polarization curves of 
electrocatalysts in 1.0 M KOH solution reveals better higher HER activity 
on NiP-CoP/NCS with respect to lower ƞ10 (274.6 mV) compared to NiP/ 
NCS (475.6 mV) and CoP/NCS (398.0 mV) (Figure S9a, S9b). This im
plies better alkaline HER activity on NiP-CoP/NCS relative to the mono- 
metallic phosphide composites. The Tafel plots of the electrocatalysts in 
alkaline medium revealed lower bc (27.56 ± 3.60 mV/dec) for NiP-CoP/ 
NCS relative to NiP/NCS (62.65 ± 3.08 mV/dec) and CoP/NCS (51.33 ±
2.76 mV/dec) (Figure S9c, S9d). Interestingly, this result shows that 
Volmer-Tafel mechanism predominates for the alkaline HER electro
catalysis on the NiP-CoP/NCS, which involves activation/dissociation of 
water (H2O → H+ + OH-) in KOH electrolyte, adsorption/binding of 
protons to the M* (M* + H+ + e- → M*Hads) and recombination of 
desorbed protons (M*Hads+ M*Hads→ H2 + 2M*). Moreover, the NiP- 
CoP/NCS exhibits higher HER activity and kinetics in alkaline medium 
with respect to superior jo =(0.6746 mA/cm2), TOF (1.47 s-1) and H2 
production rate (2519.12 µmol/g/h) compared to NiP/NCS (0.5407 
mA/cm2; 0.64 s-1; 2141.25 µmol/g/h), and CoP/NCS (0.6618 mA/cm2; 
0.78 s-1; 2015.30 µmol/g/h) (Figure S6). Thus, NiP-CoP/NCS has the 
best capability for generating high purity green H2 in alkaline medium.

The Nyquist plots of the NiP-CoP/NCS, NiP/NCS and CoP/NCS 
during the alkaline HER display two distinct deformed semi-circles, i.e., 
double capacitive loops: one at high frequency region (i.e., 0 – 20 Ω on 
the horizontal axis (ZI)) and the other at low frequency region (i.e., ˃  20 
Ω on the horizontal axis (ZI)) (Figure S9e), which are appropriately 
modelled with Voigt EEC of 2RC (Figure S9f, inset) to obtain the EIS 
data, as highlighted in Table S4. For HER in KOH solution, 2RC circuits 
were utilized with the first RC circuit corresponding to a thin film for
mation with circuit elements of thin film resistance (Rf) and constant 
phase elements (CPE1), while the second RC circuit represents the 
electrocatalyst-electrolyte interface with circuit elements of Rct and 
CPE2, in addition to Rs. The CPEs are appropriate to define the two 
deformed semi-circles of the Nyquist plots. All the electrocatalysts have 
almost similar (Rs ~5.0 Ω) within the confinement of error bars, sug
gesting the same electrolyte resistivity for all the electrocatalysts in 
alkaline condition during HER electrocatalysis. However, the sum of (Rf 
+ Rct2) decreased in the trend NiP-CoP/NCS (25.32 ± 0.76 Ω) < CoP/ 
NCS (239.86 ± 4.28 Ω) < NiP/NCS (258.14 ± 4.55 Ω), indicates 
improved HER kinetics on NiP-CoP/NCS. However, the total charge 
storage capacity (CPE1 + CPE2) increased in the order of NiP-CoP/NCS >
CoP/NCS > NiP/NCS, revealed more rapid charge/electron mobility of 
the NiP-CoP/NCS that facilitates easy adsorption of HER intermediates 
and fast HER kinetics, compared to CoP/NCS and NiP/NCS. However, 
closeness of the ideality factors (n1 and n2) to 0.5 for NiP/NCS, amongst 
others, indicates increased electrolyte diffusion. The CP test of the NiP- 
CoP/NCS at 10 mA/cm-2 in 1.0 M KOH solution for 24 h reveals its su
perior stability requiring lower overpotential for green H2 production, 
relative to CoP/NCS and NiP/NCS (Figure S10a). The extent of degra
dation follows a pattern of NiP/NCS > CoP/NCS > NiP-CoP/NCS, 
implying that NiP-CoP/NCS is the most stable for alkaline H2 produc
tion. Then, HER activity of the electrocatalysts after the CP test for 24 h 
stability show an increase in the ƞ10 by 17.7 mV, 58.1 mV and 21.8 mV 
for NiP-CoP/NCS, NiP/NCS and CoP/NCS, respectively (Figure S10b- 
S10d). This result reveals that NiP-CoP/NCS still retains higher alkaline 
HER activity after the 24 h stability test than the unary metal phosphides 
counterparts.

3.3. Oxygen evolution reaction (OER)

The OER activity of the electrocatalysts was probed only in alkaline 
condition. The OER polarization curves of the NiP-CoP/NCS, NiP/NCS 
and CoP/NCS at 2 mV/s in 1.0 M KOH solution reveals lower ƞ10 (309.1 

Table 1 
EIS data for HER electrocatalysis in 0.5 M HClO4 solution.

Rs (Ω) Rct (Ω) Cdl (uF)

NiP-CoP/NCS 20.04 ± 0.47 90.74 ± 0.66 0.909 ± 0.066
NiP/NCS 19.97 ± 0.46 111.50 ± 0.78 0.883 ± 0.089
CoP/NCS 19.31 ± 0.28 100.60 ± 0.61 0.67 ± 0.059
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mV) for NiP-CoP/NCS than those of NiP/NCS (360.5 mV) and CoP/NCS 
(355.8 mV) (Figure S11a, S11b). This implies facile O2 production on 
NiP-CoP/NCS relative to other electrocatalysts studied. The OER ki
netics are further verified by the Tafel plots with regards to decreased 
anodic Tafel slope (ba) in the order of NiP-CoP/NCS (58.9 ± 3.0 mV/ 
dec) < NiP/NCS (63.8 ± 1.3 mV/dec) < CoP/NCS (65.1 ± 1.4 mV/dec) 
(Figure S11c). Hence, the NiP-CoP/NCS has the best OER kinetics, 
amongst the studied electrocatalysts. Also, the OER kinetics of NiP-CoP/ 
NCS is better than many reports in the literature, in term of lower ƞ10/ba 
values (309.1 mV/58.9 mV/dec) relative to NiCoP CF (370.0 mV/60.7 
mV/dec) [57], N-FeCoP (327.0 mV/84.0 mV/dec) [58], MnP-400 
(313.0 mV/106.0 mV/dec) [59], NiFeP@NPC (350.0 mV/78.0 
mV/dec) [60], Ni-Co-P (318.0 mV/92.7 mV/dec) [61], Fe1.1Mn0.9P 
(440.0 mV/53.0 mV/dec), Fe3CoPxO (430.0 mV/143.0 mV/dec) [62], 
and NiCo-TEP-400 (310.0 mV/68.0 mV/dec) [63] (Figure S11d, 
Table S5). The intrinsic OER activity of the electrocatalysts were further 
examined by the TOF and O2 production rate with higher values 
recorded for NiP-CoP/NCS (3.67 s-1; 3643.96 µmol/g/h) than CoP/NCS 
(1.96 s-1; 3120.74 µmol/g/h) and NiP/NCS (1.59 s-1; 2453.55 µmol/g/h) 
(Figure S11e). The NiP-CoP/NCS has the best O2 production rate, as
cribable to its modulated physicochemical merits (i.e., lower interplanar 
spacing and crystallite size, lattice contraction, induced strains, defects, 
and downshifted D-band center). The Nyquist plots of the NiP-CoP/NCS, 
NiP/NCS, CoP/NCS and Pt/C during OER show two semi-circles 
(Figure S11f), which were fitted with Voigt EEC to acquire the EIS pa
rameters, as expressed in Table S6. The two semi-circles represent 2RC 
circuits for OER in alkaline solution: the first RC circuit corresponds to a 
thin film formation with circuit elements of Rf and Cdl1, while the second 
RC circuit is the electrocatalyst-electrolyte interface with circuit ele
ments of Rct and Cdl2, besides Rs. Lower Rs (3.72 ± 0.16 Ω) was recorded 
for NiP-CoP/NCS compared to NiP/NCS (4.81 ± 0.34 Ω) and CoP/NCS 
(4.85 ± 0.34 Ω). This is an indication that the electrolyte resistivity of 
the electrocatalysts decrease during the OER in the order of 
NiP-CoP/NCS < NiP/NCS < CoP/NCS. This may be traced to increased 
active sites of the electrocatalysts as proved by the TOF. Nevertheless, 

the (Rf + Rct) decreased as NiP-CoP/NCS (53.03 ± 3.25 Ω) < CoP/NCS 
(103.41 ± 2.41 Ω) < NiP/NCS (116.91 ± 3.15 Ω), confirmed the su
perior kinetics and O2 production rate on NiP-CoP/NCS, amongst the 
electrocatalysts. Similarly, the NiP-CoP/NCS displays higher (Cdl1 +

Cdl2) (526.49 ± 5.63 µF) compared to CoP/NCS (422.07 ± 11.92 µF) 
and NiP/NCS (393.59 ± 5.92 µF), which may be traces to optimized 
adsorption of OER intermediates on the active sites of the NiP-CoP/NCS 
and may enable easy charge/electron transport.

The chronoamperometry (CA) of the electrocatalysts toward OER at 
1.54 V shows that NiP-CoP/NCS retained the high j (10.24 mA/cm2) 
after 24 h, compared to CoP/NCS (1.88 mA/cm2) and NiP/NCS (1.67 
mA/cm2) (Figure S12a). This infers the excellent OER stability on NiP- 
CoP/NCS, amongst others. The degree of degradation of the electro
catalysts toward OER after 24 h stability, with respect to increased ƞ10 
after CA test with small gap are in the trend of NiP-CoP/NCS (14.6 mV) 
< CoP/NCS (22.2 mV) < NiP/NCS (45.7/mV), shown by the compara
tive OER polarization curves before and after CA test (Figure S12b- 
S12d), which further corroborates the impressive OER stability of NiP- 
CoP/NCS, due to its augmented crystallinity and electronic architec
tures. The retention of the chemical natures of the spent electrocatalysts 
after OER stability was confirmed with the high resolution XPS for Ni 2p, 
Co 2p, P 2p and O 1 s of all the spent electrocatalysts (Figure S13). 
However, the binding energies Ni 2p shifted to lower values resulted in 
the formation of main Ni0 2p3/2 (852.60 eV), Ni0 2p1/2 (869.95 eV), 
Ni2+2p3/2 (856.05 eV), Ni2+ 2p1/2 (873.85 eV) and satellites phases 
(2p1/2 (861.59 eV) and 2p1/2 (880.48 eV)), but those of Co 2p shifted to 
higher values with the formation of Co3+ 2p3/2 (781.31 eV), Co3+ 2p1/2 
(796.36 eV), Co2+ 2p3/2 (785.65 eV), Co2+ 2p1/2 (800.06 eV) and sat
ellites phases (2p3/2 (789.59 eV) and 2p1/2 (804.42 eV)) in NiP-CoP/ 
NCS after OER, rather than the formation of Ni 2p (containing Ni2+, 
Ni3+, and satellite) and Co 2p (containing Co0, Co3+ and Co2+) in the as- 
prepared electrocatalysts (Fig. 2c,d, Table S2). This is evidenced that 
after OER only Co oxide active species are formed, but more metallic Ni 
active species are presence in the electrocatalysts, besides the adsorption 
of oxygenated species on the electrocatalysts’ surfaces from the residue 

Fig. 5. (a) Chronopotentiometry (CP) plots at 10 mA/cm2, HER polarization curves at 2 mV/s before and after CP of (b) NiP-CoP/NCS, (c) NiP/NCS, and (d) CoP/ 
NCS in 0.5 M HClO4 solution.
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phosphate.

3.4. Theoretical simulations

The DFT calculations were utilized to simulate the HER and OER 
electrocatalysis with proposed intermediate species as adsorbates (*H, 
*O, *OH and *OOH) on the most significantly exposed {011} facets of 
NiP-CoP, NiP and CoP surfaces’ model, evidenced by the XRD (Fig. 2a), 
where the adsorption energy (A.E) range was set at 100 kcal/mol with 
energy difference (0 kcal/mol), defined as (Esurface+absorbate – (Esurface +

Eadsorbate). The theoretical data of the physical properties of the elec
trocatalysts with and without the absorbates are summarized in Table 2. 
In the simulated HER, a lower adsorption energy of H* on NiP-CoP{011} 
(− 0.4874 kcal/mol) compared to NiP{011} (− 0.7678 kcal/mol) and 
CoP{011} surfaces (− 0.5169 kcal/mol), implying moderate adsorption 
of H* on NiP-CoP{011} that is beneficial for rapid desorption and 
recombination for excellent H2 production[64], relative to NiP{011}r 
and CoP{011}. This was traced to the synergistic effect of binary metal 
phosphide for improved HER electrocatalysis on NiP-CoP{011} and 
corroborates the experimental data. Also, the adsorbates (*O, *OH and 
*OOH) were used to simulate the OER on NiP-CoP{011}, NiP{011} and 
CoP{011} with respective adsorption energies (− 0.5951, − 0.8509 and 
− 30.3684 kcal/mol), (− 1.0168, − 1.4256 and − 20.0492 kcal/mol) and 
(− 0.6121, − 0.7858 and − 30.8442 kcal/mol). The results proved the 
enhanced OER electrocatalysis on the NiP-CoP{011} compared to NiP 
{011} and CoP{011}, particularly for *O and *OH adsorbates, due to the 
synergy of co-existed NiP and CoP, and aligned with the experimental 
data. However, the extremely large energy of *OOH on the electro
catalysts’ surfaces showed that it is the slowest reaction step, i.e., po
tential determining step (p.d.s.) during the OER electrocatalysis with 
optimized energy recorded on the NiP-CoP{011}, amongst others.

Similarly, the reaction pathways for the adsorbates (*H, *O, *OH and 
*OOH) on the electrocatalysts’ surfaces simulated for HER and OER 
electrocatalysis (Fig. 6). Notably, the Gibbs free energy (F.E.) of − 0.49, 
− 0.77 and 0.517 kcal/mol were recorded for the adsorption of H* on 
NiP-CoP{011}, NiP{011} and CoP{011}, respectively. This implies that 
favorable *H adsorption and its facile desorption/recombination for 
spontaneous HER [65], predominantly occurred on the active site of 
NiP-CoP{011}, owing to the synergistic effect, relative to the mono
metallic counterparts. This confirmed the mechanism of HER on the 
electrocatalysts, in proton-rich conditions (i.e., acidic media) to proceed 
via Tafel-Volmer pathway, aligning with experimental data. The reac
tion pathway of OER with absorbates (O*, *OH and *OOH) on the 
electrocatalysts, reveal respective Gibbs F.E (− 0.60, − 0.85 and − 30.37 
kcal/mol) for NiP-CoP{011}, relative to NiP{011} (− 1.02, − 1.43 and 
− 20.05 kcal/mol) and CoP{011} (− 0.61, − 0.79 and − 30.84 kcal/mol). 

The much lower Gibbs free energy of NiP{011} revealed the best OER 
spontaneity, amongst the three simulated catalysts, but optimized in
termediate species adsorption and rapid desorption for improved OER 
activity, kinetics and O2 production rate are confirmed on the NiP-CoP 
{011}, due to its lowest adsorption energies for the intermediate spe
cies. Also, the *OOH adsorption has the highest energy barriers on all the 
electrocatalysts revealed that it is the potential-determining step (p.d.s) 
for OER [66]. Hence, the mechanism of OER on NiP-CoP/NCS proceed 
via a four step pathways, including (i) H2O dissociation into *OH and 
H+, (ii) adsorption of O species (*O), (iii) generation of *OOH and (iv) 
desorption of *OOH to produce O2, H2O and H+ (p.d.s) [67]. 

H2O + * → *OH + H+ + e-                                                              (i)

*OH + H2O → *O + H2O + H+ + e-                                               (ii)

*O + H2O → *OOH + H+ + e-                                                       (iii)

*OOH + H2O → * + O2 + H2O + H+ + e-                                      (iv)

4. Conclusions

This work presents the rational synthesis of N-containing carbon 
sheets atomically doped NiP-CoP nanohybrid (NiP-CoP/NCS) by pre
cipitation and calcination method, and its HER and OER were tested 
experimentally and theoretically. The fabrication mechanism enabled 
tailored physicochemical merits, including surface area/porosity, 
downshifted D-band center, interplanar distance, lattice contraction, 
lower crystallite size, adsorption, and Gibbs free energy, that are highly 
beneficial for HER and OER electrocatalysis, proven experimentally and 
theoretically. Hence, the NiP-CoP/NCS exhibited great HER activity at 
lower ƞ10 (197.7/274.6 mV), higher jo (0.71/0.67 mA/cm2), TOF (2.63/ 
1.47 s-1) and H2 production rate (3601.63/2519.12 µmol/g/h) in acid/ 
alkaline media, compared to NiP/NCS (397.9/475.6 mV; 0.18/0.54 mA/ 
cm2; 1.07/0.64 s-1; 2701.22/2141.25 µmol/g/h) and CoP/NCS (408.6/ 
398.0 mV; 0.51/0.66 mA/cm2; 1.25/0.78 s-1; 2881.31/2015.30 µmol/g/ 
h), besides impressive HER stability with only small ƞ increase after 24 h 
CP test. The acidic and alkaline HER mechanisms on NiP-CoP/NCS 
follow Volmer-Heyrovsky and Volmer-Tafel pathways, respectively. 
Also, excellent OER activity, kinetics and stability were recorded on NiP- 
CoP/NCS at lower ƞ10 (309.1 mV), ba (58.9 ± 3.0 mV/dec) and Rct1+Rct2 
(53.03 ± 3.25 Ω), but increased TOF (3.67 s-1) and O2 production rate 

Table 2 
Theoretical calculations of the adsorbates (*H) and (*O, *OH, *OOH) for 
simulating HER and OER on the electrocatalysts (NiP-CoP, NiP and CoP). 
Adsorption energy (A.E) and Gibbs free energy (FE).

Catalysts Adsorbates A.E (kcal/mol) Gibbs F.E (kcal/mol)

CoP None ​ ​
​ *O − 0.6121 − 0.6121
​ *H − 0.5169 − 0.5169
​ *OH − 8.8149 − 0.7858
​ *OOH − 60.4549 − 30.8442
NiP None ​ ​
​ *O − 1.0168 − 1.0168
​ *H − 0.7678 − 0.7678
​ *OH − 9.4547 − 1.4256
​ *OOH − 49.6599 − 20.0492
NiP-CoP None ​ ​
​ *O − 0.5951 − 0.5951
​ *H − 0.4874 − 0.4874
​ *OH − 8.8800 − 0.8509
​ *OOH − 8.8800 − 30.3684

Fig. 6. Reaction coordinates of the absorbates on the electrocatalysts (NiP-CoP 
{011}, NiP{011} and CoP{011}).
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(3643.96 µmol/g/h) relative to NiP/NCS and CoP/NCS, and retained 
high j (10.24 mA/cm2) and slight increased ƞ10 (14.6 mV) after 24 h 
stability. The DFT calculations further proved optimized intermediate 
absorbates (*H, *O, *OH and *OOH) adsorption on the NiP-CoP{011} 
and their rapid desorption for enhanced green H2 and O2 production. 
This work paves the way for the exploration of atomically doped binary 
metal phosphide on N-containing carbon materials for water electrolysis 
and other electrocatalysis.
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