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ABSTRACT

Bifunctional catalysts for hydrogen/oxygen evolution reactions (HER/OER) are urgently needed given the bright future of water
splitting hydrogen production technology. Here, the self-supporting N and Ce dual-doped NiCoP nanoarrays (denoted N,Ce-
NiCoP/NF) grown on Ni foam are successfully constructed. When the N,Ce-NiCoP/NF simultaneously acts as the HER and OER
electrodes, the voltages of 1.54 and 2.14 V are obtained for driving 10 and 500 mA-cm with a robust durability, and demonstrate
its significant potential for practical water electrolysis. According to both experiments and calculations, the electronic structure of
NiCoP may be significantly altered by strategically incorporating N and Ce into the lattice, which in turn optimizes the Gibbs free
energy of HER/OER intermediates and speeds up the water splitting kinetics. Moreover, the sprout-shaped morphology
significantly increases the exposure of active sites and facilitates charge/mass transfer, thereby augmenting catalyst
performance. This study offers a potentially effective approach involving the regulation of anion and cation double doping, as well
as architectural engineering, for the purpose of designing and optimizing innovative electrocatalysts.
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1 Introduction

The replacement of existing fossil fuels with electrolyzed hydrogen
(H,) of high purity may significantly solve energy and
environmental issues [1,2]. Until recently, the most advanced
electrocatalysts for hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) are still Pt-based and Ru/Ir
materials [3-5]. However, inadequate reserves, high cost, and
short lifespan restrict the practical use of such catalysts, and there
is an immediate need to produce earth-abundant bifunctional
electrocatalysts with excellent water splitting performance.

Thanks to their various electron orbitals, metallic
characteristics, and inexpensive cost, transition metal phosphides
(TMPs) have been researched extensively in this area [6,7].
Increased conductivity and a synergistic effect between
components provide bimetallic phosphides (NiCoP [8, 9], CoMoP
[10], NiFeP [11], etc.) superior electrocatalytic activity compared
to monometallic phosphides. Although some remarkable progress
has been made, its catalytic performance and stability are still
difficult to meet the requirements of industrial applications.
Studies in the last several years have demonstrated that
heteroatom doping engineering is not only easy to implement, but
also has the potential to modify the electronic structure, reduce the
reaction energy barrier, speed up reaction kinetics, and
fundamentally increase intrinsic activity [12,13]. So far, research
has documented doping TMPs with different d-block metals (such
as Mo [14], Cu [15], Fe [16], Mn [17], etc.) to boost their water-
splitting activity. However, investigations on doping TMPs with

f-block metals are few. Due to its comparable electronic structure
to alkali metals, the f-block metal contributes to increased catalytic
activity by creating oxygen vacancies [18]. When coupled with
other active catalysts, Ce as a rare earth metal with distinctive 4f
electrons, may considerably increase the catalytic efficiency
[19-21]. In particular, the mixed electronic/ionic conductivity
seen in Ce-related compounds is the result of the tunable
transition between Ce™ and Ce*, which may make several active
sites for mobile oxygen accessible, thus boosting electrocatalytic
activity [22, 23]. Relatively recently, Liu et al. [18] reported that Ce
doping generated a favorable oxidation transition at the active site,
which was beneficial to OER activity of NiFe-based hydroxide
catalysts. Furthermore, N is often regarded as a good anionic
dopant due to its high electronegativity, which may boost catalytic
performance by improving electron donor characteristics and
conductivity [24]. Zhou et al. [25] discovered that adding N to the
Ni;P, lattice may drastically increase the active sites of material
and alter its electronic structure, both of which would lead to a
lower free energy of adsorption for hydrogen. Notably, ion double-
doped electrocatalysts for water splitting are rare, although single
anion or cation doped ones are ubiquitous.

In light of the aforementioned considerations, we report N and
Ce dual-doped NiCoP/CoP directly grown on Ni foam (denoted
N,Ce-NiCoP/NF) using a straightforward two-step technique.
Using the hydrothermal technique, a nanoneedle array of Ce-
NiCo precursor was formed on NF. Next, N,Ce-NiCoP/NF with a
morphology similar to that of sprouts was created by treating the
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precursor with simultaneous nitrogen doping and phosphating.
As a result, N,Ce-NiCoP/NF electrode requires a low potentials of
78 and 212 mV to afford 10 mA-cm™ for HER and OER,
respectively. Furthermore, for total water splitting using N,Ce-
NiCoP/NF acting as both anode and cathode catalysts, the cell
potential was only 1.54 V for a current density of 10 mA-cm™,
with high durability of around 100 h. Experiments and density
functional theory (DFT) calculations results showed that N and Ce
doping improved the kinetics of the HER/OER processes by
increasing the intrinsic catalytic activity of the catalyst and
decreasing the adsorption energies of hydrogen-containing and
oxygen-containing intermediates (H*, OH*, and OOH*) on the
catalyst surface.

2 Results and discussion

The procedure for making N,Ce-NiCoP/NF is shown in Fig. 1.
Initially, using hydrothermal technique, the Ce-doped NiCo
precursor was first modified onto the Ni foam. The doping level of
Ce-cation may be controlled by regulating the amount of
cerium(IIl) nitrate hexahydrate introduced during this process.
Subsequently, the Ce-doped NiCo precursor was calcined in an Ar
environment using ammonium bicarbonate and sodium
hypophosphite as nitrogen and phosphorus sources, respectively,
to produce the final N,Ce-NiCoP/NF electrocatalyst. To
comprehend the significance of the double doping effect, we
produced N and Ce singly doped control samples (designated N-
NiCoP/NF and Ce-NiCoP/NF, respectively) and undoped
NiCoP/NF.

X-ray diffraction (XRD) was used to determine the phase
composition of as-synthesized samples. Figure S1 in the Electronic
Supplementary Material (ESM) depicts the NiCo precursor/NF
phase. The diffraction patterns resemble those of Ni,(OH),CO;
(PDF#35-0501), the Co,(OH),CO; (PDF#48-0083), and Ni
(PDF#04-0850). The Ce-NiCo precursor/NF has similar
diffraction to NiCo precursor/NF, and no peaks belonging to Ce
species were identified. Therefore, Ce doping modification has
little effect on the phase and crystal structure of the materials.
After simultaneous nitrogen doping and phosphating treatment,
N,Ce-NiCoP/NF (Fig. 2(a)) shows diffraction peaks at 30.7°, 40.8°,
47.3° and 54.2° corresponding to the (110), (111), (210), and (300)
crystal planes of NiCoP (PDF#71-2336), respectively. The other
distinct diffraction peaks located at 31.7°, 36.1°, and 48.1°are
assigned to the (011), (102), and (211) crystalline planes of CoP
(PDF#89-2598), respectively. The three prominent peaks denoted
by “*” are from the Ni foam substrate. Notably, the lack of typical
peaks for Ce-based compounds and nitrides in the XRD patterns
indicates that the dual-doping of cerium and nitrogen has not
resulted in the formation of a new crystal phase in the catalyst. Ce-

|

N,Ce-NiCop/NF

Figure1 Schematic illustration of the synthesis of N,Ce-NiCoP/NF.
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NiCoP/NF and N-NiCoP/NF have comparable diffraction peaks
with NiCoP/NF, lending more credence to this concept. The XRD
peaks of N,Ce-NiCoP/NF were slightly displaced to higher angles
compared to those of undoped NiCoP/NF due to the difference in
ionic radii between the dopants and the host [26]. Scanning
electron microscopy (SEM) was used to investigate the surface
morphology of catalysts. The nanoneedle-like NiCo precursor was
uniformly grown on the Ni foam (Figs. S2(a)-S2(c) in the ESM).
After Ce was introduced, the SEM images of Ce-NiCo precursor
(Figs. S2(d)-S2(f) in the ESM) show nanoneedles structure with
reduced diameter. N,Ce-NiCoP takes on a distinctive sprout-
shaped structure on the NF substrate (Fig.2(c) and Figs.
S2(g)-S2(i) in the ESM) with a clearly delineated “pillar” and “tip”
component after Ce-NiCo precursor undergoes simultaneous
nitrogen doping and phosphating treatments. The unique sprout-
shaped structure provides a multitude of active sites and an easily
accessible vast surface area, both of which increase the rate of
diffusion of electrolyte and facilitate the release of bubbles [27]. To
explore the reason for the formation of this special morphology,
undoped NiCoP/NF and singly doped NiCoP/NF were examined
by SEM. Only N-NiCoP/NF exhibits the distinctive sprout shape
(Fig. S3 in the ESM), suggesting that N doping is pivotal in the
development of this morphology. The transmission electron
microscopy (TEM) picture reveals further information on the
structure of a single N,Ce-NiCoP/NF. Figure 2(d) shows that the
sprout-shaped N,Ce-NiCoP/NF is made up of a lot of irregular
spherical particles and an amorphous layer around 28 nm thick.
When exposed to air, surface phosphide may be partially oxidized
to phosphate, which can then contribute to the formation of the
amorphous layer [28]. The high-resolution TEM (HRTEM) image
of N,Ce-NiCoP/NF (Fig. 2(e) and Fig. $4 in the ESM) shows three
lattice fringes of 0.170, 0.222, and 0.203 nm, which correspond to
the (300) and (111) planes of NiCoP and the (112) plane of CoP
[29,30]. In addition, selected area electron diffraction (SAED)
pattern also supports the TEM results (Fig. S5 in the ESM). The
energy-dispersive X-ray (EDX) elemental mapping images (Figs.
2(f)-2(1)) show that N, Ce, Ni, Co, P, and O are evenly dispersed
on sprout-shaped N,Ce-NiCoP/NF. The aforementioned findings
demonstrate that nitrogen anions and cerium cations have been
effectively doped into NiCoP. The source of O element in N,Ce-
NiCoP/NF comes from the process of synthesizing the catalyst in
addition to the oxidation in the exposed air. Specifically, on the
one hand, the O element present in N,Ce-NiCoP/NF may
potentially stem from the amorphous shell on the surface. This
amorphous shell can be attributed to the phosphate component
due to the inevitable surface oxidation of the electrocatalyst upon
exposure to air [31-33]. On the other hand, during the heat

treatment process, with the increase of temperature,
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Figure2 (a) XRD patterns of NiCoP/NF, N-NiCoP/NF, Ce-NiCoP/NF, and N,Ce-NiCoP/NF. (b) SEM image of Ce-NiCo precursor/NF. (c) SEM image, (d) and (e)
TEM images, and (f)- (1) EDX mapping images of N,Ce-NiCoP/NF.

NaH,PO,-H,O is decomposed into PH; and H,O vapor, and
water vapor accelerates the oxidation of phosphide, so the O
element is also introduced in the synthesis process [28]. Besides,
the EDX mapping images of other as-prepared samples show that
the elements are uniformly distributed (Figs. S6-S8 in the ESM).
Note that the O content in NiCoP/NF is significantly lower than
the other as-prepared samples, suggesting that the introduction of
N and Ce into NiCoP may promote phosphate formation. The
phosphate layer may enhance the active sites of the catalyst and
also serve as a passivation layer, inhibiting the further dissolution
of TMPs and enhancing the stability of the catalyst [26].

Figure 3 displays the results of X-ray photoelectron
spectroscopy (XPS) tests used to determine the chemical make-up
of the samples and the valence changes of the elements before and
after nitrogen and cerium doping. Figure 3(a) shows that the
survey spectra corroborate the existence of N, Ce, Ni, Co, P, and O
elements in N,Ce-NiCoP/NF as well as the element compositions
in control samples. Three peaks at 897.59, 885.21, and 904.1 eV
are allocated to Ce™ in the Ce 3d spectra of N,Ce-NiCoP/NF
shown in Fig. 3(b), while five peaks at 904.98, 901.27, 893.71,
887.52, and 88227 eV are attributed to Ce* [34]. Electron
paramagnetic resonance (EPR) further confirms that the presence
of Ce’* and Ce* would result in abundant oxygen vacancy defects.
The signal of g = 2.004 in EPR demonstrates oxygen vacancy flaws
in the structure, as seen in Fig. S9 in the ESM [35]. High oxygen
vacancy densities have been shown to improve OER catalytic
performance, since they dramatically speed up electrical
conductivity and surface redox kinetics [36]. When comparing Ce-
NiCoP/NF and N,Ce-NiCoP/NF, it is notable that the binding
energies of the Ce species in the latter are positively shifted by
about 0.6 eV, showing that the N-doping brought the modified
local electronic structure of Ce and induced the electronic
interaction, which was favorable for enhancing electrocatalytic
activity. In the high-resolution Ni 2p region of N,Ce-NiCoP/NF
(Fig.3(c)), two major peaks associated to Ni-PO, are
concentrated at 873.58 (Ni 2p,;,) and 856.06 eV (Ni 2p;,) [37].
Peaks with energies of 880.68 and 861.56 eV correspond to
satellite peaks (denoted “Sat”). Two peaks at 869.83 and
852.73 eV were ascribed to the Ni-P bonding of NiCoP. The Co
2ps), peaks at 777.28 and 781.30 eV in the Co 2p spectra (Fig.
3(d)) may be ascribed to Co-P in NiCoP and oxidized Co (Co™)
in Co-PO, [38]. Peak at 797.37 eV corresponds to Co 2p,,

whereas satellite peaks at 785.24 eV and 802.72 eV relate to Co*
species [39, 40]. The P 2p for N,Ce-NiCoP/NF shows two peaks at
129.74 and 133.64 eV, respectively, for the M-P bond (M = Nj,
Co) of phosphide and the P-O of phosphate/phosphite (Fig. 3(e))
[30]. The existence of PO, in N,Ce-NiCoP/NF can also be seen in
O 1s (Fig. S10 in the ESM) [41, 42]. Note that the P 2p,, peak of
N,Ce-NiCoP/NF is particularly weak. Combined with the TEM
results, this can be attributed to phosphate on the surface of N,Ce-
NiCoP/NF, which encloses the phosphide almost completely.
Interestingly, the presence of N promotes the creation of more
phosphate, since both Ce-NiCoP/NF and NiCoP/NF contain an
apparent P-M bond. Three peaks can be resolved in the N 1 s
spectra of N,Ce-NiCoP/NF (Fig. 3(f)), each of which is attributed
to a distinct N doping species. The peak at 399.62 eV can be
ascribed to N-M bond (M = Co, Ni), suggesting the successful
doping of N-anion [43-45]. By analyzing the binding energy
position in detail, we learned that the Ni, Co, P, and O species in
N,Ce-NiCoP/NF exhibit a positive shift with regard to that for Ce-
NiCoP/NF, but a negative shift with respect to that for N-
NiCoP/NF. In addition, there is a positive shift in the N binding
energies in N,Ce-NiCoP/NF compared to N-NiCoP/NF. In XPS,
the binding energies are related to electronic transitions from core
atomic orbitals. Because of the different chemical environments,
there will be slight shifts in the binding energies that are produced
[46]. The electronegativity of N is greater than that of Ce, Ni, Co,
and P. Because of this, the atoms of Ce, Ni, Co, and P in Ce-
NiCoP/NF have a greater number of electrons than those in N,Ce-
NiCoP/NF, which results in lower values for the binding energy.
In accordance with the study shown above, the peaks in the Ni,
Co, N, and P regions of the N-NiCoP/NF spectra exhibit positive
changes in the binding energies compared with N,Ce-NiCoP/NF.
To begin with, the standard experimental calibrations of
Hg/HgO in a three-electrode system were conducted (Fig. S11 in
the ESM). Furthermore, the optimal doping level of N,Ce-
NiCoP/NF was first examined (Figs. S12(a) and S12(b) in the
ESM), where it was confirmed that the sample supplemented with
0.130 g Ce(NO;);:6H,0 and 0225 g NH,HCO; showed the
highest HER activity. We also synthesized N-NiCoP/NF, Ce-
NiCoP/NF, and NiCoP/NF to use as references when studying the
effect of anion—cation dual-doping. Compared to NiCoP/NF, N or
Ce-modified catalysts have much higher HER activity (Fig. 4(a)).
Figure 4(b) compares these catalyst overpotentials at various
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Figure3 XPS spectra of NiCoP/NF, N-NiCoP/NF, Ce-NiCoP/NF, and N,Ce-NiCoP/NF: (a) survey spectra, (b) Ce 3d, (c) Ni 2p, (d) Co 2p, (e) P 2p, and (f) N 1s.
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Figure4 The HER performance of different samples measured in 1 M KOH. (a) Polarization curves. (b) Overpotential at different current densities. (c) Tafel slopes.
(d) Cy4. (e) Nyquist plots. (f) The stability test of N,Ce-NiCoP/NF at a static overpotential of 78 mV vs. reversible hydrogen electrode (RHE) for 100 h and polarization

curves before and after 1000 CV cycles.

current densities. Obviously, N,Ce-NiCoP/NF needs just a
relatively low overpotential of 78 mV to give a current density of
10 mA-cm?, which is significantly better than Ce-NiCoP/NF
(101 mV), N-NiCoP (112 mV), NiCoP (158 mV), or NF (254 mV).
Also, the overpotentials for N,Ce-NiCoP/NF at current densities
of 100 and 500 mA-cm™ are only 135 and 265 mV, respectively
(Fig. S13 in the ESM). Such high HER activity surpasses most
TMP-based HER catalysts and is fairly close to commercial
Pt/C/NF catalyst (Table S1 in the ESM). Figure 4(c) further shows
that the Tafel slopes are fitted to be 99.7, 96.5, 74.6, and
53.7 mV-dec” for NiCoP/NF, N-NiCoP/NF, Ce-NiCoP/NF, and
N,Ce-NiCoP/NF, respectively, suggesting the most favorable HER
kinetics on  N,Ce-NiCoP/NF  surface. ~ Moreover, a
Volmer-Heyrovsky mechanism (M + H,0 + e > M-H_4 + OH,
M-H,4 + H)O + e > M + H, + OH)) is suggested by the Tafel
slope of N,Ce-NiCoP/NF, which describes the catalytic HER
process [46]. Furthermore, the double-layer capacitances (Cy)

determined from the cyclic voltammetry (CV) curves in Figs.
S12(c)-S12(f) are shown in Fig. 4(d). The Cy of N,Ce-NiCoP/NF
and Ce-NiCoP/NF is as high as 98.1 and 957 mF-cm?
respectively, while the Cy of remaining samples is below
70 mF-cm™. Since the Cy is proportional to electrochemical active
surface area (ECSA), the highest Cy is achieved by N,Ce-
NiCoP/NF thanks to its unique sprout-shaped structure and the
doping effects of N and Ce dopants. Additionally, charge transfer
resistance (R) is lower after doping, as shown in the Nyquist plots
of electrochemical impedance spectroscopy (EIS) (Fig. 4(e)). N,Ce-
NiCoP/NF had the lowest R, indicating that it had the quickest
charge transfer property, hence enhancing HER performance.

The long-term stability of electrocatalyst is an essential criterion
for determining its suitability for large-scale and industrial water
electrolysis. In order to learn more about the stability of N,Ce-
NiCoP/NF catalyst toward HER, we performed CV cycles and the
I-t test technique. As shown in Fig. 4(f), after 1000 CV cycles,
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there is almost no change in the current densities, demonstrating
exceptional structural stability. Additionally, I-t measurement was
performed to probe the long-term stability of N,Ce-NiCoP/NF.
N,Ce-NiCoP/NF was able to maintain HER activity for up to
100 h, as demonstrated in Fig. 4(f). Hydrogen bubbles releasing
might be the source of the minor activity oscillation.

The SEM (Fig. S14 in the ESM), XRD (Fig. S15 in the ESM),
and XPS (Fig. S16 in the ESM) were performed to disclose the
morphology, chemical structure, and surface chemical state of the
electrocatalyst after the HER stability test to further understand
the HER mechanism of N,Ce-NiCoP/NF. Following the stability
examination, the catalyst retained its original morphology and
structure (Fig.S14 in the ESM). Moreover, many additional
nanosheets were generated on the surface of each nanorod, which
may result from hydroxides formation in the alkaline solution [47,
48]. In addition, the phase composition and chemical valence
states of N,Ce-NiCoP/NF have been well retained following the
durability test, further indicating that N,Ce-NiCoP/NF has
exceptional long-term stability for HER.

In addition, OER testing was conducted on the aforementioned
catalysts to evaluate their catalytic capabilities. Similarly, the
optimum conditions were also investigated (Figs. S17(a) and
S17(b) in the ESM) and samples with the same doping level as
HER were found to have the best catalytic activity for OER. Figure
5(a) presents the linear sweep voltammetry (LSV) curves of
RuO,/NF, NiCoP/NF, N-NiCoP/NF, Ce-NiCoP/NF, and N,Ce-
NiCoP/NF. As predicted, N,Ce-NiCoP/NF has excellent catalytic
activity with the lowest OER overpotential of 212 mV at
10 mA-cm™ as compared to other electrocatalysts (Fig. 5(b)).
Additionally, to drive 100 and 500 mA-cm?, the N,Ce-NiCoP/NF
requires overpotentials of 280 and 360 mV, respectively (Fig. S18
in the ESM). The OER activity of N,Ce-NiCoP/NF exceeds most
previously published catalysts for TMPs (Table S2 in the ESM).
Tafel slope plots further demonstrate the OER kinetics of catalysts
(Fig. 5(b)). Dual-doping facilitates OER kinetics, since N,Ce-
NiCoP/NF has the smallest Tafel slope (52.3 mV-dec”).
Measurements of the CV were carried out, so that the ECSA could
be approximated (Figs. S17(c)-S17(f) in the ESM and Fig. 5(d)).
N,Ce-NiCoP/NF has the highest Cy value of all of the catalysts,
coming in at 26.1 mF-cm, which means that it has the highest

Nano Res. 2024, 17(1): 282-289

ECSA. This may be because its active sites are more exposed. The
EIS may tell more about the OER kinetics of N,Ce-NiCoP/NF, as
illustrated in Fig. 5(e). When compared to other catalysts, N,Ce-
NiCoP/NF has a tiny Ry (R = 1.4 Q0), much like the EIS spectra of
HER. This improvement in the electric conductivity expedites
charge transfer, thereby improving the reaction kinetics, which is
beneficial to obtaining superior catalytic activity.

The longevity of electrocatalyst is critical for long-term OER
operation. Figure 5(f) presents the polarization curves of N,Ce-
NiCoP/NF before and after 1000 cycles, and the LSV curves
closely overlap. Besides, Fig.5(f) demonstrates that N,Ce-
NiCoP/NF maintained its OER activity for up to 100 h. These
results indicate that the prepared N,Ce-NiCoP/NF exhibits
excellent electrochemical stability.

Similarly, the N,Ce-NiCoP/NF electrode was characterized
using XRD, XPS, and SEM after the OER stability test, as shown in
Figs. S15, S16, and S19 in the ESM, respectively. The diffraction
peaks of post-N,Ce-NiCoP/NF were assigned to NiCoP and CoP,
verifying that the N,Ce-NiCoP/NF electrode has good structural
stability. Data from XPS (Fig. S16 in the ESM) shows that the OER
test resulted in the Co and Ni species being converted to the
higher oxidation state of CoOOH and NiOOH [42,49-51]. In
contrast to the loss of P observed by other studies following OER,
our samples still exhibit P 2p peaks with a PO, peak,
demonstrating that the shell of phosphate stabilizes the catalyst
(Fig. S16(e) in the ESM). Consequently, the amorphous phosphate
shell not only boosted the number of active sites, but also inhibited
dissolution of the catalysts during electrochemical experiments.
SEM images (Fig.S19 in the ESM) show that the nanorod-like
shape of N,Ce-NiCoP/NF is preserved during the OER stability
test, and the nanorods are adorned with an abundance of
nanosheets, which may be due to the surface of the nanorods
being oxidized to generate oxyhydroxides, which accelerated the
OER kinetics.

N,Ce-NiCoP/NF was used as the anode and cathode electrodes
in a two-electrode electrolyzer device in 1 M KOH to determine
its bifunctional electrocatalytic activity for water splitting. The
N,Ce-NiCoP/NF||N,Ce-NiCoP/NF exhibits remarkable catalytic
performance, requiring only 1.54 and 2.14 V to reach 10 and
500 mA-cm?, respectively (Fig. 6(a)). This not only surpasses the
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commercial RuO,/NF||Pt/C/NF couple, but also outperforms
most previously reported TMPs catalysts (Table S3 in the ESM).
Additionally, the drainage technique was also used to gather the
amounts of H, and O, produced in the water splitting process as a
whole. The volume ratio of H, to O, is around 2:1, as shown in
Fig. 6(b). This suggests that the Faraday efficiency is really close to
100%. Furthermore, the long-term durability of electrocatalyst for
overall water splitting at varying current densities was assessed
(Fig. 6(c)). After 100 h, the N,Ce-NiCoP/NF||N,Ce-NiCoP/NF
electrode changed only marginally at both low and high current
densities, demonstrating the outstanding durability. This holds
tremendous promise for meeting the needs of commercially
applicable applications.

DFT calculation was performed to look into the impact of N-
doping and Ce-doping on the electrocatalytic activity of N,Ce-
NiCoP. Figure S20 in the ESM shows the optimized structures of
those samples. To identify the Ce-doping site, the formation
energies of Ce substituted Ni sites (Ce-NiCoP-Ni) and Ce
substituted Co sites (Ce-NiCoP-Co) were calculated, which were
—0.52 and —0.14 eV, respectively, suggesting that Ce dopants were
likely to replace the Ni sites [52].

The free energy of adsorption H (AGy.) is often used to
characterize HER activity. A catalyst with the AGy. value that is
close to zero is thought to be an excellent candidate for catalyzing
the HER process becase it can complete the hydrogen release and
proton/electron transfers in a shorter amount of time [41-53].
Figure 7(a) and Fig. S21 in the ESM illustrate the calculated AGyy
values for the NiCoP, N-NiCoP, Ce-NiCoP, and N,Ce-NiCoP
models, which are 0.24, 0.21, 0.13, and 0.06 eV, respectively. The
value of AGy: for N,Ce-NiCoP is in close proximity to the optimal
AGy« (~ 0 eV) of the catalyst-H* state. This indicates that the
catalyst has a lower energy barrier for the adsorption of H* during
the process of HER.

We established optimized models for the adsorption
intermediates of NiCoP, N-NiCoP, Ce-NiCoP, and N,Ce-NiCoP
(Figs. S22-S25 in the ESM). Figure 7(b) depicts the calculation of
the Gibbs free energy for the four phases of the OER at zero
voltage. According to the estimated findings, it is evident that the
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rate-determining steps (RDS) for NiCoP and N-NiCoP were the
creation of *OOH, however, following the addition of Ce to
NiCoP and N-NiCoP, the RDS is changed to the formation of O,
[54-56]. Compared to NiCoP (2.38 eV), N-NiCoP (1.89 eV), and
Ce-NiCoP (1.74 eV), N,Ce-NiCoP has the lowest RDS energy
barrier with 1.70 eV, suggesting that the OER kinetics has been
improved after N and Ce doping. This difference in RDS may be
due to the NiCoP deformation of the surface structure caused by
N and Ce doping. All these findings point to the fact that
incorporating N and Ce into NiCoP may significantly improve the
thermodynamic behavior of HER and OER processes by altering
the electronic structure and chemisorption of phosphides.

Experiment and theory results show that the synergistic effect of
the following aspects contributes to the good catalytic activity of
N,Ce-NiCoP/NF: (i) Avoiding the need for auxiliary binders
during the development of bimetallic phosphides on the NF
substrate reduces charge transfer resistance. (ii) The unusual
sprout-shaped structure provides a number of easily accessible
active sites and broad surface area, both of which increase the
diffusion rate of electrolyte and the releasing rate of generated H,
and O, bubbles. (iii) The formation of a phosphate layer may
enhance the number of active sites on a catalyst, as well as
function as a passivation layer to inhibit the dissolution of N,Ce-
NiCoP/NF and render the catalyst more stable. (iv) The addition
of N and Ce regulates the electronic structure and improves the
chemisorption energy of hydrogen and oxygen intermediates,
resulting in improved intrinsic catalytic performance with a
decreased reaction barrier. As a result of these merits, N,Ce-
NiCoP/NF exhibits remarkable catalytic activity.

3 Conclusions

Using a combination of hydrothermal and subsequent
simultaneous nitrogen doping and phosphating treatment, a N,Ce-
NiCoP/NF catalyst with a unique bean sprouts structure was
fabricated. The unique nanoarchitecture and abundance of oxygen
vacancies, as well as the doping effect of N and Ce, allow the
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Figure 6 (a) The overall water splitting performance of coupled N,Ce-NiCoP/NF||N,Ce-NiCoP/