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a b s t r a c t

Electrocatalytic water splitting is the most directly available route to generate renewable and sustainable

hydrogen. Here, we report the design of a composite material in which arrays of square pillar-like NiMoO4

nanorods coated with N, P-doped carbon layers are uniformly contained in numerous nested nanoparti-

cle structures. The catalysts have superior catalytic activity, requiring only 59mV and 187mV for HER and

OER to attain a current density of 10mA/cm2, respectively. The assembled two-electrode electrolytic cell

required a voltage of 1.48V to reach 10mA/cm2, along with excellent long-term stability. Theoretical cal-

culations reveal that electrons aggregate and redistribute at the heterogeneous interface, with the d-band

centers of the Ni and Fe atoms being positively shifted compared to the Fermi level, effectively optimiz-

ing the adsorption of intermediates and reducing the Gibbs free energy, thus accelerating the catalytic

process. Meanwhile, an integrated solar-driven water-splitting system demonstrated a high and stable

solar-to-hydrogen efficiency of 18.20%. This work provides new possibilities for developing non-precious

metal-based bifunctional electrocatalysts for large-scale water splitting applications.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the increase in problems associated with resources and

the environment, such as the emissions of sulfur oxides, nitro-

gen oxides, and greenhouse gasses, new energy options are needed

to replace traditional fossil energy sources [1,2]. Compared with

other fuels, hydrogen energy has a high energy density, and only

water is the product after combustion, which is considered the

most promising energy way in the future [3–5]. Clean hydrogen

fuel can be produced via water splitting driven by harvesting re-

newable energy sources (solar, etc.), which can convert electrical

energy to chemical energy and can be stored and used for am-

monia production, petroleum refining, coke/iron production, fuel

cell-powered vehicles, and residential purposes [6–9]. Free hydro-

gen is not a naturally occurring resource and must be synthesized.

Currently, pure hydrogen is produced by three methods: methane

steam reforming, coal gasification, and water electrolysis [10,11].

However, the first two methods require burning large amounts of

fossil fuels, aggravating the energy crisis and environmental pollu-

tion. Electrocatalytic water splitting is currently the most directly
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available route to generate renewable and sustainable hydrogen;

here, water is the only raw material, enabling a tight hydrogen

cycle with no carbon emissions and no requirement for external

chemical reagents [12].

In alkaline environments, the electrochemical water splitting

process consists of two half-reactions, including hydrogen ions

capture electrons at the cathode, in a reaction termed the hy-

drogen evolution reaction (HER), and hydroxyl ions lose electrons

at the anode, in a reaction termed the oxygen evolution reaction

(OER) [13–17]. Numerous studies have focused on optimizing these

two important reactions to provide an efficient catalytic process

and a reduced activation barrier, which is expected to boost the

HER and OER simultaneously. It is thus compelling to develop an

advanced bifunctional catalyst to replace the conventional single

catalyst, leading to promoted activity and lower overpotentials in

the overall water-splitting process. However, if there is an incom-

patibility between the two different catalysts used in a given sys-

tem, the result will be inefficient water-splitting activity [18–21].

Among the developments in catalysis, Hammer and Nørskov de-

veloped what is perhaps the most famous theory in heterogeneous

catalysis, known as the d-band theory. In theory, the d-band cen-

ter can be used as a first-order descriptor of the propensity of a
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transition metal to bind to adsorbates: the higher the d-band cen-

ter, the stronger the binding [22,23]. A transition metal phosphide

(TMP) system is increasingly attractive with its interesting physico-

chemical properties, including distinct electrical conductivity, poly-

tropic compositions, improved reaction kinetics, and tunable d-

band center, making it potentially advantageous and particularly

suitable for the overall water-splitting process [24–26]. Various

strategies and TMP-based catalysts have been designed to tailor

the intrinsic properties and catalytic activity for the overall reac-

tion [27,28]. The combination of amorphous and crystalline NiCoPx
and surface-oxidized metal (oxygen) hydroxides have been shown

to exhibit significant OER activity. Popczun et al. highlighted that

preparations of Ni2P with high-density (001) facets achieve excel-

lent performance in acidic media [25]. Very recently, Li et al. in-

dicated that phosphorus-rich CoP2 could exhibit an enhanced per-

formance compared to metal-rich TMP-based materials [29]. Ding

et al. embedded FeP heterostructures into Co(OH)2 and showed

strong interactions at the FeP/Co(OH)2 heterostructure interface,

leading to enhanced catalytic activity by charge redistribution cal-

culations and density of states (DOS) [30]. Zhang and his col-

leagues synthesized pod-like heterogeneous structures in which

the carbon layer acts as a protective layer, thereby improving cat-

alytic activity and durability [31]. Liu et al. reported that Ni2P–

NiP2 heterostructures display smaller �GH∗ values compared to

pure compounds [32]. Therefore, the construction of heterogeneous

interfaces leads to the optimization of the valence electron state

of the active center, resulting in the improvement of the electron

transport ability of the catalyst material.

Herein, we report the synthesis of a self-supported core-shell

composite electrocatalyst (NiP-FeP2/NPC) for efficient overall wa-

ter splitting using an in situ low-temperature phosphorylation re-

action with NiMoO4 as the precursor through a heterogeneous in-

terface structure construction strategy. The homogeneous NiMoO4

nanorod arrays provide a more reactive site and electron transport

channel toward the nickel foam substrate. The disordered parti-

cles are embedded in carbon protection layers, which are suitable

for the reactants entering the interior and improve stability during

the harsh operating environment. From the above advantages, NiP-

FeP2/NPC/NF exhibits excellent catalytic performance in alkaline

solutions. DFT calculations reveal that electrons aggregate and re-

distribute at the heterogeneous interface, effectively optimizing the

adsorption of intermediates and reducing the Gibbs free energy,

thus accelerating the catalytic process. The assembled solar-driven

water-splitting system demonstrated a high and stable solar-to-

hydrogen efficiency of 18.20%. This work provides a valuable strat-

egy for developing non-noble metal-based bifunctional electrocat-

alysts for large-scale hydrogen production applications.

Fig. 1a illustrates the fabrication process of the NiP-

FeP2/NPC/NF catalyst. (For the reader’s convenience, the writing

of NiMoO4 will be omitted below.) The target NiP-FeP2/NPC

structure is synthesized via annealing precursors under an Ar

atmosphere. The NiMoO4 nanorods are homogeneously distributed

and vertically grown on nickel foam, which provides more active

sites and forms a modified nanorod array (Fig. S1 in Supporting

information). SEM images show that the homogeneous square

pillar-shaped nanorod arrays are maintained throughout the

synthetic process. After loading N, P-doped carbon layers (NPC),

the morphology of the NiMoO4 matrix is well retained. The

roots of these pillars diameter of the nanorods, the most minor

constituent units of the NiP-FeP2/NPC, is approximately 350nm

(Fig. 1b and Figs. S1d–f). The SEM images of the NiMoO precur-

sors, NiMoO4/NPC/NF, and different inks coated with NiP/NPC/NF

and FeP2/NPC/NF are shown in Figs. S2 and S3 (Supporting

information).

Further characterization by TEM confirms that the composi-

tional nanorod possesses a typical pillar-like character with an in-

ner diameter of approximately 300nm and thin NPC layers about

3nm thick (Figs. 1c and d), demonstrating that this heterogeneous

structure is suitable for the reactants entered into the interior and

suppressing the oxidation and aggregation of the NiP-FeP2/NPC/NF

nanorods. The apparent lattice spacing of 0.211nm shown in the

local magnified image could correspond to the (121) crystal plane

Fig. 1. (a) Schematic diagram of catalyst preparation. (b-e) TEM image and HRTEM image of NiP-FeP2/NPC/NF. (f) HAADF-STEM image and EDS mapping of the NiP-

FeP2/NPC/NF catalyst.
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of the NiP. The lattice spacing of 0.249nm could correspond to

the (200) crystal plane of FeP2 (Fig. 1e). The two inlaid particle

structures are arranged in a disorderly manner but are uniformly

embedded into the covering layer. Under the successive synthe-

sis process, separate square columnar arrays were retained, as well

as NPC layers that protected the heterogeneous structure, which

we expect will contribute to the long-term maintenance of effi-

cient electrocatalytic activity in harsh catalytic environments. The

high-angle annular dark-field scanning TEM (HAADF-STEM) images

and the corresponding EDX mapping images reveal that the six

elements Ni, Mo, Fe, P, N, and C are uniformly distributed over

the pillar-like NiP-FeP2/NPC heterogeneous nanorods (Fig. 1f). The

prepared NiP-FeP2/NPC heterogeneous nanorod arrays have unique

features and multidimensional electron transport pathways, sup-

porting the above results, which in part explain the excellent cat-

alytic performance of the catalysts.

The XRD and XPS were conducted to investigate the crystal

structure and surface components of the prepared FeP2/NPC/NF,

NiP/NPC/NF, and NiP-FeP2/NPC/NF catalysts. As depicted in Fig. 2a,

the peaks at 10.8°, 13.6°, 21.5°, 26.9°, 27.5°, and 33.2° correspond

to the (001), (010), (102), (211), (200), and (022) crystal planes

of NiMoO4 host materials (PDF #33–0948), respectively. Except for

the diffraction peak of NiMoO4 and pure nickel, the peak of NiP-

FeP2/NPC/NF shows the presence of (111), (102), (122), (302) crys-

tal planes of NiP (PDF #04–007–0813) at 26.7°, 29.8°, 48.1°, 52.5°,
and (110), (020), (210), (031), (002) crystal planes of FeP2 (PDF#04–

003–1993) at 23.8°, 31.6°, 39.6°, 59.5°, and 68.9° The broad peak is

seen near 24°, which confirms the formation of disordered carbon

layer features. Compared to the XRD patterns of other obtained

catalysts, the different inlaid particle materials show only small

differences between peaks.

As depicted in Fig. S4 (Supporting information), the elements

Ni, Fe, Mo, N, and P were probed in the XPS survey spectrum in

accordance with the EDS results above. In Fig. 2b, the positions of

the two main peaks are located at 856.1 eV and 870.2 eV, which

can correspond to Ni 2p3/2 and Ni 2p1/2, respectively, and they can

be deconvoluted into several smaller peaks that can correspond to

Ni2+ and Ni3+ with a clear peak of 852.9 eV coming from the Ni-

P bond [33–36]. In the Fe 2p patterns, the two peaks at 710.4 eV

and 723.5 eV correspond to Fe 2p3/2 and Fe 2p1/2, and they can

be deconvoluted into several smaller peaks, which correspond to

Fe2+, Fe3+, and two satellite peaks (715.2 eV and 729.5 eV), and the

distinct peak at 707.1 eV originates from the Fe-P bond (Fig. 2c)

[37–42]. Moreover, as shown in Fig. 2d, the XPS pattern of Mo 3d

was deconvoluted into four peaks at Mo4+ 3d5/2, Mo4+ 3d3/2, Mo6+

3d5/2, and Mo6+ 3d3/2 with binding energies at 230.5 eV, 233.7 eV,

232.4 eV, and 235.5 eV, respectively [43–47]. In Fig. 2e, the N 1s

XPS spectra are divided into three peaks of pyridinic N at 395.1 eV,

pyrrolic N at 398.3 eV, and graphitic N at 400.8 eV, which also con-

firm the successful formation of N-doped carbon and the improved

electric conductivity from the introduced additional electrons to

the carbon material [48,49]. Two peaks at 129.3 eV and 130.4 eV in

Fig. 2f are ascribed to P 2p3/2 and P 2p1/2, which can be well ex-

plained by the peak at 134.0 eV corresponding to the phosphorus-

oxygen bond (P-O) due to the exposure of the sample to air [50–

53].

In Fig. 3a, NiP-FeP2/NPC/NF exhibited better HER performance

compared with other samples when the current density was

at 10mA/cm2. After fitting the LSV curve, the Tafel slope of

NiP-FeP2/NPC/NF is 77.8mV/dec, which is lower than that of

NiMoO4/NPC/NF (133.8mV/dec), NiP/NPC/NF (111.5mV/dec), and

FeP2/NPC/NF (102.7mV/dec), indicating faster reaction kinetics (Fig.

3b). In Fig. 3c, the overpotentials at specific values (10 and 100)

of current density are counted for a more in-depth assessment

of the catalyst’s performance. The NiP-FeP2/NPC/NF catalyst re-

quired only 59, 198, and 248mV overpotential to achieve 10, 100,

and 200mA/cm2 current densities, which were much lower than

those of FeP2/NPC/NF (122, 240, and 292mV), NiP/NPC/NF (134,

260, and 320mV) and NiMoO4/NPC/NF (170, 293, and 349mV). In

Fig. 3d, Nyquist plots plotted by electrochemical impedance spec-

troscopy (EIS) testing showed that the NiP-FeP2/NPC/NF catalyst

had a charge transfer resistance (Rct) of 0.2 �, the lowest of all

samples, indicating the fastest charge transfer rate, in accordance

with the results obtained from previous Tafel slope fit and polar-

ization curve measurements (equivalent circuit shown in Fig. S17

in Supporting information).

In Figs. 3e and f, the long-term stability of the NiP-FeP2/NPC/NF

catalyst was evaluated via multiple testing methods. No distinct

current attenuation was recorded when the chronoampere curve

was measured for 20h, and the potential shift was negligible af-

ter 5000 CV cycles. The result indicates that the NiP-FeP2/NPC/NF

catalyst has excellent stability. In addition, all samples were sub-

jected to CV cycling at different scan rates under the non-Faraday

region of the HER (Fig. S5 in Supporting information) to calcu-

late the electrochemical double layer capacitance (Cdl). The re-

sults are shown in Fig. 3g. The value of NiP-FeP2/NPC/NF is 13.35

mF/cm2 and is larger than those of NiP/NPC/NF (9.77 mF/cm2),

FeP2/NPC/NF (6.82 mF/cm2), and NiMoO4/NPC (3.01 mF/cm2), fur-

Fig. 2. (a) XRD patterns of as-synthesized catalysts. (b-f) High-resolution XPS spectra of Ni 2p, Fe 2p, Mo 3d, N 1s, and P 2p for NiP-FeP2/NPC/NF.
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Fig. 3. (a) Polarization curves, (b) Tafel slopes, (c) overpotentials, (d) EIS Nyquist plots, (e) chronoamperometry curve of NiP-FeP2/NPC/NF recorded for 20h at 10 and

100mA/cm2. (f) Polarization curves of NiP-FeP2/NPC/NF before and after stability testing. (g) Double-layer capacitances. (h) Overpotential at 10mA/cm2 of different catalysts.

ther indicating that the modified nanorod arrays did promote the

exposure of the active sites, resulting in the increased catalytic ac-

tivity of HER. The NiP-FeP2/NPC/NF catalyst also exhibits better cat-

alytic activity than the previously reported Ni-based HER catalysts

due to their lower overpotential (Table S1 in Supporting informa-

tion and Fig. 3h). The structural integrity of the NiP-FeP2/NPC/NF

catalyst was investigated by SEM and XPS measurements after the

stability test. The catalyst showed a positive shift of about 0.6 eV

for Ni 2p and a positive shift of about 1.3 eV for Fe 2p, indicat-

ing that the Fe atoms were partially oxidized (Figs. S6 and S7 in

Supporting information). Meanwhile, the P 2p spectra and Mo 3d

spectra were almost consistent before and after the HER reaction;

both results demon- strate that the NiP-FeP2/NPC/NF catalysts have

good stability to sustain the HER reaction. The above results in-

dicate that the prepared NiP-FeP2/NPC/NF catalysts have superior

catalytic activity and stability for HER.

In Fig. 4, the OER performance of the NiP-FeP2/NPC/NF cat-

alyst in the alkaline electrolyte was evaluated. Fig. 4a de-

pict the LSV curves of various catalysts, which reveal that

NiP-FeP2/NPC/NF catalysts have the highest OER catalytic ac-

tivity among all tested materials. The Tafel slope of NiP-

FeP2/NPC/NF catalysts is 44.3mV/dec, which is lower than

that of NiP/NPC/NF (52.8mV/dec), FeP2/NPC/NF (53.7mV/dec),

NiMoO4/NPC/NF (54.8mV/dec) and RuO2 (59.8mV/dec) and indi-

cates favorable and fast OER kinetics in Fig. 4b. In Fig. 4c, the

overpotentials required for the prepared NiP-FeP2/NPC/NF cata-

lysts at 10, 100, and 200mA/cm2 current densities are 187, 247,

and 275mV, respectively, which are much smaller than those of

NiP/NPC/NF (205, 260, and 284mV), FeP2/NPC/NF (236, 303, and

334mV), NiMoO4/NPC/NF (254, 304, and 321mV), and commercial

RuO2 (270, 341, and 380mV) catalysts. The Rct of NiP-FeP2/NPC/NF

catalyst is the smallest of all samples, suggesting a favorable charge

transfer rate and fast OER kinetics (Fig. 4d). The synergistic ef-

fect between the NiMoO4/NPC/NF nanoarray and the surface NiP-

FeP2 layer can significantly reduce the overpotential of the NiP-

FeP2/NPC/NF catalyst. The NiP-FeP2/NPC/NF catalyst outperforms

most recently reported Ni-based OER catalysts due to its lower

overpotential and Tafel slope (Fig. 4h and Table S2 in Supporting

information).

Similar to HER, NiP-FeP2/NPC catalyst stability was character-

ized by the 20h chronocurrent curve at a current density of

10mA/cm2 and 100mA/cm2. It was found that the current den-

sity was stable, showing no notable attenuation (Fig. 4e), indi-

cating excellent long-term stability. In addition, stability can be

evaluated by CV cycles, and the potential shifts that occur be-

fore and after 5000 cycles were negligible (Fig. 4f). The CV cy-

cles with different scanning rates of different catalysts in the non-

Faradic zone of OER were tested (Fig. S8 in Supporting informa-

tion), and the Cdl was calculated. The capacitance value of the

NiP-FeP2/NPC/NF catalyst at 177.37 mF/cm2 is greater than that

of NiP/NPC/NF (80.96 mF/cm2), FeP2/NPC/NF (73.9 mF/cm2), and

NiMoO4/NPC/NF (54.57 mF/cm2) in Fig. 4g. It further shows that

the heterostructure formed by the NiMoO4 nanorod array and ho-

mogeneous ink under high-temperature phosphating creates abun-

dant active sites, improving the OER catalytic activity. After the sta-

bility test, the catalysts were characterized by SEM and XPS; the

results are shown in Figs. S9 and S10 (Supporting information).

There were no significant changes in the surface morphology of the

NiP-FeP2/NPC/NF catalysts. In Fig. S10, the binding energy of Ni 2p

shows a positive shift of about 0.8 eV, and the binding energy of

Fe 2p shows a positive shift of about 1.8 eV, indicating that the Fe

atom is oxidized. The P 2p and Mo 3d spectra were almost consis-

tent before and after the OER reaction; both results demonstrate

that the NiP-FeP2/NPC/NF catalysts have good stability to sustain

the OER reaction. The above results indicate that the prepared NiP-

FeP2/NPC/NF catalysts have superior catalytic activity and stability

for OER.

As shown in Fig. 5a, the two-electrode electrolyzer (NiP-

FeP2/NPC/NF||NiP-FeP2/NPC/NF) requires only 1.48V to achieve a

specific current density (10mA/cm2), which is much lower than
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Fig. 4. (a) Polarization curves, (b) Tafel slopes, (c) overpotentials, (d) EIS Nyquist plots, (e) chronoamperometry curve of NiP-FeP2/NPC/NF recorded for 20h at 10 and

100mA/cm2. (f) Polarization curves of NiP-FeP2/NPC/NF before and after stability testing. (g) Double-layer capacitances. (h) Overpotential at 10mA/cm2 of different catalysts.

Fig. 5. (a) Photograph of NiP-FeP2/NPC/NF electrolyzer. (b) Chronopotentiometry curve of NiP-FeP2/NPC/NF. (c) Polarization curves in 1mol/L KOH with 90% iR correction.

(d) The cell voltage of different catalysts. (e) J-V curves of the solar-driven water-splitting electrolyzer. (f) The photocurrent response curve of the solar-driven water-splitting

electrolyzer.
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Fig. 6. (a-c) DOS of different samples. (d) Charge density distribution images of NiP-FeP2/NPC. The d-band center of (e) Ni atoms and (f) Fe atoms in different samples. (g-i)

Gibbs free energy diagrams for different sites in different samples.

the Pt/C/NF||RuO2/NF couple (Fig. 5c). This activity outperforms

many recently reported TMP-based electrocatalysts for water split-

ting (Fig. 5d and Table S3 in Supporting information). Long-term

stability tests showed that NiP-FeP2/NPC/NF could maintain a cur-

rent density of 100mA/cm2 for 100h with no activity decay (Fig.

5b). Moreover, when integrated with a commercial GaAs solar cell

to assemble a solar-driven electrolyzer, a high and durable solar-

to-hydrogen (STH) conversion efficiency of 18.20% was obtained,

indicating the potential for the use of NiP-FeP2/NPC/NF to store in-

termittent energy (Fig. 5e). In Fig. 5f, the photocurrent responds

reversibly to the on/off cycles of the illumination and maintains a

constant maximum value during illumination, verifying the perfor-

mance reliability of the light drive. The superior catalytic activity

and stability of NiP-FeP2/NPC/NF demonstrate that it can be used

as an attractive bifunctional electrocatalyst for water splitting.

To provide a deeper insight into the intrinsic mechanism of

NiP-FeP2/NPC/NF, the electronic structure of the catalysts and the

possible reaction mechanism were investigated by density func-

tional theory (DFT) calculations. The density of states (DOS) of

the NiP/NPC/NF, FeP2/NPC/NF, and NiP-FeP2/NPC/NF models indi-

cate the electronic structure of C on the surface, and the inten-

sity of the longitudinal coordinates of the DOS of the three mod-

els demonstrates that the composition of the NiP-FeP2 heteroge-

neous interface is accompanied by the adjustment of the electronic

structure of the surface NPC, which optimizes the �GH∗ of the HER

(Figs. 6a–c). As shown in Fig. 6d, there is a large amount of charge

accumulation at the heterogeneous interface, leading to a redistri-

bution of charge and thus boosting effective charge transport. Fur-

thermore, the electronic structure of NiP-FeP2/NPC is varied com-

pared to NiP/NPC and FeP2/NPC, with the d-band center of the Ni

and Fe atoms being positively shifted compared to the Fermi level

(Figs. 6e and f). The above results indicate stronger adsorption of

reaction intermediates on the catalyst, thus improving the catalytic

activity of the catalyst.

The diverse active center site models for NiP/NPC and FeP2/NPC

were constructed (Figs. S11 and S12 in Supporting information),

and their �GH∗ was calculated, and the results are shown in Figs.

6g and h. Both NiP/NPC and FeP2/NPC with N as the active cen-

ter outperformed the other models in terms of �GH∗ . All possi-

ble active centers of NiP-FeP2/NPC for HER were also considered,

and their �GH∗ was calculated (Figs. S13-S15 in Supporting in-

formation). As shown in Fig. 6i, the C site on the NPC encapsu-

lated outside NiP (named NiP-C2-H) has the �GH∗ closest to zero

(0.22 eV), which is superior to the other active center sites on the

NiP-FeP2/NPC model (Fig. S16 in Supporting information). This re-

sult suggests that C is the true active site of NiP-FeP2/NPC. More-

over, the �GH∗ value of NiP-C2-H is also much lower than that

of each site in the NiP/NPC and FeP2/NPC models, which indicates

that NiP-FeP2/NPC has faster HER reaction kinetics [54–56], which

is also consistent with the experimental results obtained.

In summary, we demonstrated a composite material in which

arrays of square pillar-like NiMoO4 nanorods coated with NPC

layers are uniformly contained in numerous nested nanoparticle

structures. The as-prepared NiP-FeP2/NPC/NF catalyst exhibits out-

standing electrocatalytic activity and long-term stability. Theoreti-

cal calculations reveal that the composition of the NiP-FeP2 hetero-

geneous interface is accompanied by the adjustment of the elec-

tronic structure of the surface NPC, with the d-band center of the

Ni and Fe atoms being positively shifted compared to the Fermi

level. Electrons aggregate and redistribute at the heterogeneous in-

6
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terface, effectively optimizing the adsorption of intermediates and

reducing the Gibbs free energy, thus accelerating the catalytic pro-

cess. In particular, the assembled two-electrode solar-driven water

electrolyzer demonstrates a high and stable solar-to-hydrogen effi-

ciency of 18.20%. This work opens a new avenue for developing ef-

ficient and robust non-precious metal-based bifunctional catalysts

for large-scale water-splitting applications.
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