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ABSTRACT: The development of nonprecious metals and
green hydrogen evolution reaction (HER) electrocatalysts is a
major research focus in the context of a two-carbon strategy. In
this study, we synthesized a high-efficiency molybdenum
phosphide (MoP) catalyst anchored to a porous nitrogen-doped
carbon layer (MoP@NC-C;N,) via self-assembly and in situ
phosphating processes with a clean phosphorus source
(ammonium polyphosphate) and a pore-forming agent (F-108).
The electrochemical test results demonstrate that the
synthesized MoP@NC-C;N, catalyst exhibits outstanding
catalytic activity and durability in acidic and alkaline
environments with overpotentials of 131 and 127 mV and Tafel
slopes of 67 and 89 mV-dec™ (10 mA:-cm™), respectively. In the
catalyst system, g-C3;N, provides both C and N atoms. In
addition, the amorphous carbon and MoP nanoparticles exhibit
a synergistic effect to promote charge transfer, thereby
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enhancing catalytic activity. The overpotential of MOP@NC-C3N, in KOH electrolytes is lower than that of commercial Pt/C at
current densities greater than 110 mA-cm™. This performance provides a valuable reference for potential industrial
applications. The density functional theory results indicate that the Mo atom of MoP has the lowest hydrogen adsorption free
energy and serves as the optimal catalytic active site for MOP@NC-C3N,. This study paves the way for the design and
development of efficient HER electrocatalysts based on graphitic carbon nitrides (g-C3N,).

KEYWORDS: hydrogen evolution, graphitic carbon nitrides (g-C3N4), ammonium polyphosphate, synergistic effect, density

functional theory (DFT)

1 Introduction

Hydrogen energy production is an effective approach for mitigating
environmental pollution and the energy crisis. Hydrogen energy
has received significant research attention because of its high
calorific value for combustion and non-pollution [1-4]. Steam
reforming is an efficient method for producing industrial hydrogen
by reforming hydrocarbons, such as alkanes, to convert
hydrocarbon vapors into hydrogen and carbon dioxide. However,
although this method is highly efficient, it produces highly polluting
gases such as carbon monoxide and carbon dioxide [5-7].
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Consequently, the large-scale and efficient production of green
hydrogen has become a global research topic. Water electrolysis is
an effective approach for mitigating challenges associated with
energy scarcity and environmental pollution, and it is expected to
replace steam reforming for hydrogen production at a large scale
[8-10].

In an actual hydrogen evolution reaction (HER), the cathode
potential is less than the theoretical value due to electrode
polarization, making HER difficult to perform. Furthermore, a
greater overpotential is required to overcome this polarization
effect. Therefore, developing catalysts that provide additional active
sites and improve the reaction pathways is essential to reduce the
overpotential and improve the efficiency of HER [11, 12]. Platinum
(Pt)-based catalysts are among the most mature catalysts to date,
with the adsorption of platinum to hydrogen intermediates being
close to ideal values. However, the exorbitant price and scarcity of
platinum limit the large-scale industrial production of Pt-based
catalysts. Molybdenum-based hydrogen evolution catalysts are
considered an ideal alternative to precious metal catalysts because of
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their advantages, such as a simple fabrication process, low cost, high
catalytic activity, and strong stability [13]. Therefore, the research
and development of low-cost, high-efficiency, and green HER
catalysts are critical [13-17]. Current Mo-based hydrogen evolution
catalysts incorporate transition metal compounds (carbides,
nitrides, sulfides, phosphides, and borides), high-entropy alloys, etc.
[18-24]. Among them, molybdenum phosphide (MoP) exhibits
structural characteristics similar to those of natural hydrogenases
and significant potential as efficient hydrogen evolution catalysts.
However, if the Gibbs free energy (AGy) of the active site of a MoP-
based catalyst is close to 0, it is necessary to optimize the electronic
structure of MoP to enhance the intrinsic catalytic properties of the
catalyst [25, 26].

Based on the above analysis, many studies have demonstrated
that graphitic carbon nitrides (g-C;N,), as a support or maskant, are
crucial for enhancing the activity and durability of metal-based
catalysts by electronically regulating the interface, and their stability
is primarily attributed to the C-N covalent bond in g-C;N,
Moreover, the coupling of g-C;N, to metals can enhance electron
transport and thus electrocatalytic activity [12]. For example, Sajan
et al. prepared g-C;N,/Ce-doped Fe,O; heterostructures via
hydrothermal synthesis, achieving an overpotential of 145 mV
(10 mA-cm™) [27]. Wang et al. synthesized bimetallic sulfide
anchoring by C;N, walls for HER, achieving overpotentials of 164
and 95 mV in 0.5-M sulfuric acid and 1.0-M potassium hydroxide
solutions, respectively [28].

In this study, we successfully synthesized MoP-based
nanoparticles anchored on porous amorphous carbon (MoP@NC-
CN,. In this system, ammonium polyphosphate (APP)
decomposes at high temperatures into phosphoric acid and
ammonia gas, which can serve as both sources of nitrogen and
phosphorus with an electrostatic attraction to PMoy,. The
synthesized MoP@NC-C,;N, catalyst exhibits satisfactory catalytic
activity and durable stability in both acidic and alkaline electrolytes.
The use of g-C;N, as a carbon source substrate reduces the
agglomeration of MoP nanoparticles, exposing additional active
sites. Moreover, density functional theory (DFT) calculations
demonstrate that the Mo atoms in MoP are the optimal active sites
in the MoP@NC-C;N, catalyst and that N- and P-doped carbon
layers synergize with MoP to achieve catalytic effects. This study has
implications for the large-scale high-efficiency synthesis of
hydrogen evolution catalysts.

2 Results and discussion
2.1 Characterization of catalyst

An efficient hydrogen evolution catalyst was prepared using self-
assembly and the one-step calcination method, as shown in
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Scheme 1 Schematic diagram of MoP@NC-C;N, synthesis.
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Scheme 1. F-108 was selected as the hard template during the
preparation process. g-C;N, serves as a rich source of both carbon
and nitrogen for this system and interacts with F-108 (Figs. S1-S3
in the Electronic Supplementary Material (ESM)). During
calcination, numerous mesoporous structures are created.
Thermodynamic analysis reveals that g-C;N, decomposes into
amorphous carbon at a high-temperature calcination of 850 °C
(Fig. S4 in the ESM). In addition, the infrared spectra of the
synthesized catalyst show that the precursor exhibits the
characteristic peak of g-C;N, (1625 cm™, C=N). However, this
characteristic peak is almost completely absent after the precursor is
subjected to high-temperature calcination at 850 °C. This result
demonstrates that g-C;N, decomposes at 850 °C (Fig. S5 in the
ESM). APP is selected as the phosphorus source and
electrostatically interacts with PMo,, to synthesize MoP
nanoparticles anchored to porous carbon [29]. g-C;N,, F-108,
PMoy,, and APP were first synthesized as molybdenum-based
precursors through a self-assembly process and then calcined at 350
°C in a nitrogen atmosphere for 1 h and at 850 °C for 2 h to obtain
a hydrogen evolution catalyst (MoP@NC-C;N,). The obtained
catalyst was then used to investigate hydrogen evolution in water
electrolysis. F-108 was removed during the calcination process at
350 °C, leaving pores in the catalyst structure. Under APP
induction, when the calcination temperature reached 850 °C, the
catalyst was successfully phosphatized. Moreover, for comparison, a
suite of contrast catalysts was synthesized using the same method,
namely, Mo,C@NC, MoP@NC, Mo(PO;);, MoP@NC-MA,
precursor, and PNC.

Powder X-ray diffraction (PXRD) was used to characterize the
phase composition and crystallinity of the catalyst. The results are
presented in Fig. 1(a), where MoP@NC-C;N, is well crystalline and
exhibits a MoP phase (PDF#24-0771). The peaks of MoP@NC-
C;N, are observed at 27.8° 32.1°, 43.1°, 57.5°, 57.7°, 64.8° 67.1°,
67.9°, and 74.3°, which correspond to the crystal planes of (001),
(100), (101), (110), (002), (111), (200), (102), and (201), respectively.
The diffraction patterns of the contrast catalysts (Mo,C@NC,
MoP@NC, Mo(POs);, and MoP@NC-MA) were analyzed to
determine their phase compositions. Based on the PXRD pattern of
Mo,C@NC (JCPDS Card No.35-0787) (Fig. S6(a) in the ESM), the
peaks at 34.4°, 37.9°, 39.4°, 52.1° 61.5°, 69.6°, 72.4°, and 74.6° are
primarily attributed to the (100), (002), (101), (102), (110), (103),
(200), (112), and (201) crystal planes of Mo,C, respectively. As
shown in Figs. S6(b) and S6(d) in the ESM, the diffraction peaks in
the PXRD patterns of MoP@NC and MoP@NC-MA are consistent
with those of MoP (JCPDS Card No.24-0771), demonstrating that
MoP@NC-MA and MoP@NC-C;N, have the same phase, with the
only difference being their carbon sources. The phase composition
of Mo(PO;); was also analyzed. The PXRD diffraction peak pattern
showed that the primary component was Mo(PO3); (JCPDS Card

ii) Annealing, N, e
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Figure1 The characterization of the microstructure of MoP@NC-C;N,. (a) XRD pattern, (b) TEM image (inset: the particle size distribution image), (c) HRTEM image,

(d) and (e) SEM images, (f)-(j) EDX mapping of Mo, C, N and P.

No.09-0106) (Fig. S6(c) in the ESM). The diffraction peaks are
primarily located at 16.5° (031), 18.6° (002), 22.5° (141), 24.3° (150),
25.4° (310), 26.6° (202), 28.4° (222), 31.2° (213), 32.1° (123), 36.2°
(080), and 43.7° (433). Without the addition of a carbon source, the
oxygen atom in the precursor would form phosphorus- and
molybdenum-containing compounds.

The microstructure of MoP@NC-C;N, was characterized via
transmission electron microscopy (TEM). As shown in Fig. 1(b),
MoP@NC-C;N, comprises spherical MoP nanoparticles with
particle sizes ranging from 16 to 22 nm. According to the high-
resolution TEM (HRTEM) image, only the lattice fringes of MoP
nanoparticles exist in the catalyst and are encapsulated by graphite
carbon, with a lattice spacing of 0.276 nm, which can be attributed
to the (100) crystal plane of MoP (Fig. 1(c)). For comparison with
MoP@NC-C;N,, scanning electron microscopy (SEM) and TEM
images of MOP@NC-MA were also analyzed. Figure S7 in the ESM
shows that MoP@NC-MA is composed of nanoparticles of
different sizes (15-60 nm), which exhibit a certain degree of
aggregation. The SEM images of MoP@NC-C;N, (Figs. 1(d) and
1(e)) show that the catalyst comprises nanoparticles of nonuniform
sizes. The energy-dispersive X-ray spectroscopy (EDX) images
(Figs. 1(f)-1(j)) show that Mo, C, N, and P atoms exist in the
catalyst and are uniformly distributed.

The degree of carbonization of the outer carbon shell of the
catalyst was characterized and analyzed via Raman spectroscopy
(Fig. S8 in the ESM). In the Raman spectrum of MoP@NC-C;N,,
two strong peaks appear at 1353 and 1600 cm™, corresponding to
the D and G bands of carbon, representing graphitic and
amorphous carbon structures, respectively. The intensity ratio
(Ip/I) of the D band to the G band was 0.894 (Fig. S8(a) in the
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ESM). As shown in Figs. S8(b)-S8(d) in the ESM, the Ip/I;
intensity ratios for MOP@NC-MA, MoP@NC, and Mo,C@NC are
0.93, 0932, and 097, respectively. This result indicates that
MoP@NC-C;N, exhibits a higher degree of graphitization than
MoP@NC-MA, MoP@NC, and Mo,C@NC, which enhances its
electroconductivity.

N, adsorption—desorption isotherms and Brunauer-Emmett-
Teller (BET) specific surface area analysis were used to investigate
the pore structure and specific surface area of the synthesized
catalyst. As shown in Fig. S9 in the ESM, the BET-specific surface
area of MOP@NC-C;N, is 180.3 m*g™ and displays an obvious H3-
type hysteresis ring. The pore size distribution map shows that
MoP@NC-C;N, has two pore sizes of 1.7 and 2.05 nm, indicating
that it has a microporous and mesoporous structure. Furthermore,
the N, adsorption-desorption isotherms of the contrast catalysts
MoP@NC and MoP@NC-MA were collected. The results are
presented in Figs. S10 and S11 in the ESM. Without the addition of
F-108, the specific surface area is only 12.1 m*g?, and the pore
diameters are primarily concentrated at 2.24 nm, forming a
mesoporous structure. This result confirms that F-108 addition
facilitates the formation of porous structures. MoP@NC-MA
exhibits a specific surface area of 114.6 m*/g and a primary pore
diameter of 2.34 nm, indicating a mesoporous structure. Its specific
surface area is smaller than that of MoP@NC-C;N,. The difference
in surface area can be attributed to a degree of particle aggregation.

The valence states and chemical compositions of the elements
(C, N, P, and Mo) in MoP@NC-C;N, were analyzed using X-ray
photoelectron spectroscopy (XPS; Fig. 2). Figure 2(a) shows the Mo
3d spectrum of MoP@NC-C;N, with peaks at 236.3 and 233.4 eV,
which belong to Mo* 3d;, and Mo® 3ds,, respectively. The peaks

Polyoxometalates, 2026, 5, 9140115
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Figure 2 XPS spectra of (a) Mo 3d, (b) P 2p, (c) C 1s,and (d) N 1s of MoP@NC-C;N,.

located at 235.4 and 229.2 eV belong to Mo* 3d,, and Mo* 3ds,
respectively. These peaks are attributed to the formation of
molybdenum oxides, specifically MoO; and MoO, [30-32]. The
other two peaks, located at 232.1 and 228.5 eV, belong to Mo* (0 <
d < 4), which can be attributed to the formation of Mo-P, which is
the catalytic active center of HER [33]. The XPS spectrum of P 2p
can be deconvoluted into three peaks: P-Mo (129.7 and 130.5 eV),
P-C (1339 V), and P-O (134.8 eV) (Fig. 2(b)). The P-Mo bond at
129.7 and 130.5 eV demonstrates the successful formation of
phosphides [34]. The XPS spectra of C 1s can be deconvoluted into
three characteristic peaks (Fig. 2(c)): C-C (284.7 eV), C=N
(286.0 eV), and C=0 (289.0 V) [35]. Moreover, the presence of the
C=N bond indicates that the N atom is successfully doped into the
carbon layer. As shown in Fig. 2(d), the N 1s spectra can be
deconvoluted into graphitic-N (402.3 eV), pyrrolic-N (398.6 eV),
and pyridinic-N (394.4 eV) [36].

For comparison, the XPS spectra of MoP@NC-MA were also
analyzed. In Fig. S12(a) in the ESM, the peaks at 228.4 and 231.6 eV
are assigned to Mo* 3ds;, (0 < § < 4) and Mo®™ 3ds, (0 < 6 < 4),
respectively, which can be attributed to the formation of Mo-P.
This confirms the successful synthesis of MoP. The other two pairs
of peaks (229.2 eV/236.1 eV and 233.3 eV/236.8 eV) can be
ascribed to the formation of Mo* and Mo, which correspond to
MoO, and MoO;, respectively [37]. The XPS spectrum of P 2p can
be deconvoluted into four peaks at 129.6 €V/130.5 eV (P-Mo),
133.6 eV (P-C), and 134.6 eV (P-0), indicating the formation of
the phosphide and confirming that the P atoms are doped into the
graphite carbon (Fig. S12(b) in the ESM). In the C 1s XPS spectrum
(Fig. S12(c) in the ESM), three peaks appear at 284.7, 285.9, and
288.3 eV, corresponding to C-C, C=N, and C=O0, respectively.
Similarly, in the N 1s XPS spectrum (Fig. S12(d) in the ESM), three
peaks appear at 394.5 eV (pyridinic-N), 399.1 eV (pyrrolic-N), and
401.3 eV (graphitic-N).

Polyoxometalates, 2026, 5, 9140115
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2.2 Electrocatalytic HER performance

All catalysts, including the control catalysts, were subjected to
electrochemical tests in acidic and alkaline environments. First, the
synthesized catalyst was dispersed in ethanol, deionized water, and
naphthol to obtain black ink, which was spread on the surface of a
glassy carbon electrode and naturally dried at room temperature.
Then, the electrode was activated at a scanning rate of 5 mV-s™, and
the polarization curve of the catalyst was obtained via linear sweep
voltammetry (LSV). The carbonization temperature significantly
influences the HER properties of the catalyst. The HER activity of
MoP@NC-C;N, at different calcination temperatures (600, 700,
750, 800, 850, 900, and 950 °C) is illustrated in Fig. S13 in the ESM.
At a calcination temperature of 850 °C, the best HER performance
is obtained, and the overpotential is the lowest in 0.5-M sulfuric
acid and 1.0-M potassium hydroxide solutions. In addition, PXRD
was applied to the catalyst at different pyrolysis temperatures.
According to the obtained data, the crystalline phase of MoP
(JCPDS Card No. 24-0771) begins to appear when the calcination
temperature reaches 750 °C, which indicates the successful
preparation of phosphide (Fig. S14 in the ESM). In addition to the
calcination temperature, the content ratio of each component in the
synthesized MoP@NC-C;N, catalyst affects its HER activity.
Therefore, the optimal mass ratios of the components (APP, PMo,,,
g-C;N,, and F-108) in MoP@NC-C;N, were investigated at a
calcination temperature of 850 °C. As shown in Fig. S15 in the
ESM, a comparison of the polarization curves indicates that the
optimal HER performance of P@NC-C;N, is achieved at a
phosphomolybdic acid dosage of 80 mg, which corresponds to a
mass ratio of phosphomolybdic acid to g-C;N, of 1:6. Next, the
effect of APP addition on HER performance was investigated (Fig.
$16 in the ESM). The optimal mass ratio of APP to g-C;N, is 1:5 in
both acidic and alkaline environments. Finally, the dosage of
surfactant F-108 was adjusted to achieve the best HER effect. The

(B 7% 2 | Sci@pen
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polarization curve of the mass ratio of F-108 to APP in Fig. S17 in
the ESM shows that the optimal ratio is 1:1, at which the F-108
addition is 100 mg. Based on the aforementioned proportions,
MoP@NC-C;N, was successfully prepared for subsequent
electrochemical test experiments.

For a more comprehensive study of the electrochemical
properties of MoP@NC-C;N,, the contrast catalysts MoP@NC-
MA, Mo,C@NC, MoP@NC, and Mo(PO;); were fabricated under
the same conditions. Figure 3(a) shows that in 0.5-M sulfuric acid
(10 mA-cm™), Pt/C exhibits a low overpotential of 10 mV and the
best HER performance. MoP@NC-C;N, also exhibits good HER
activity with a low overpotential of 131 mV at a current density of
10 mA-cm™ Compared with the contrast catalysts MoOP@NC-MA
(164 mV), Mo,C@NC (189 mV), MoP@NC (211 mV), and
Mo(PO;); (368 mV), the synthesized MoP@NC-C;N, catalyst
exhibits superior catalytic activity, which is closely related to the
successful doping of P and N atoms in the carbon layer and the
unique porous structure of the catalyst. Moreover, the LSV curve of
the precursor demonstrates that it exhibits no hydrogen evolution
activity, indicating extremely poor conductivity, which is
subsequently improved via high-temperature carbonization and
phosphating. The sample also exhibits extremely poor catalytic
activity in the absence of a metal source, further demonstrating the

@,

(b)

synergistic effect between MoP nanoparticles and the carbon layer
(Fig. S18(a) in the ESM). The Tafel slope calculated from the LSV
curve reflects the hydrodynamic evolution of the catalyst. As shown
in Fig. 3(b), the Tafel slope of commercial Pt/C is 30 mV-dec”,
whereas that of MOP@NC-C;N, is 67 mV-dec™, demonstrating that
the hydrogen evolution process of the synthesized catalyst is
consistent with the Volmer-Heyrovsky mechanism. The Tafel
slopes of the contrast catalysts MoP@NC-MA, Mo,C@NC,
MoP@NC, and Mo(PO;); were 92, 128, 96, and 156 mV-dec”,
respectively. This result implies that their hydrogen evolution
dynamics are slower than that of MoP@NC-GC;N,. Cyclic
voltammetry (CV) curves were obtained at different scanning rates
(25-200 mV-s™) within a voltage range of —0.1-0.1 V (vs. RHE), as
shown in Fig. 3(c) and Fig. S19 in the ESM . Thus, the double-layer
capacitance  (Cy) value was calculated to compare the
electrochemically active surface areas (ECSAs) of the catalysts. The
Cy values of MoP@NC-C;N,, MoP@NC-MA, Mo,C@NC,
MoP@NC, and Mo(PO,); were 50.49, 36.61, 28.74, 9.91, and 8.99
mF-cm?, respectively (Fig. 3(d)). MoP@NC-C;N, exhibits the
largest ECSA, which provides more active sites and improves its
HER performance.

Electrochemical impedance spectroscopy (EIS) reflects the
electron transfer behavior of a catalyst at the electrolyte interface,
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Figure3 (a) LSV curves, (b) Tafel slope plots, (c) cyclic voltammetry curves, (d) Cy values, (e) Nyquist plots, and (f) polarization curves (inset: time-dependent current

density curve of MoOP@NC-C;N, (10 mA-cm™) for 24 h).
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which is beneficial for evaluating its electrocatalytic performance.
Figure 3(e) shows the Nyquist curves of MoP@NC-C;N,,
Mo,C@NC, MoP@NC, Mo(POs);, and MoP@NC-MA. Among
them, MoP@NC-C;N, exhibits the smallest Nyquist curve radius,
indicating that it exhibits the lowest charge transfer resistance (R)
and highest charge transfer efficiency. Perdurability is also a vital
indicator for determining the large-scale commercial applicability of
a catalyst. As shown in Fig. 3(f), the LSV curve of MoP@NC-C;N,
does not change significantly after 2000 CV cycles in 0.5-M sulfuric
acid, and the inset shows that the catalyst maintains good
performance for 24 h. In addition, after the perdurability test, the
catalyst was characterized by XRD, SEM, and TEM, and its
properties were analyzed. As shown in Fig. S20 in the ESM, the
XRD pattern indicates that the catalyst retains the MoP phase after
testing, indicating that its structure has not changed. The SEM and
TEM images indicate that the catalyst still exhibits a nonuniform
nanoparticle state after the acid environment test, and the HRTEM
image also shows that the spacing of the lattice stripes is 0.276 nm,
which is consistent with that before the test. The EDX mapping
images show that Mo, P, C, and N remain uniformly distributed
throughout the catalyst. These results suggest that MoP@NC-C;N,
exhibits good stability.

In 1.0-M KOH, Pt/C exhibits the lowest overpotential (30 mV)

(b)

and the smallest Tafel slope (47 mV dec”, 10 mA cm™). The
overpotential and Tafel slopes of MoP@NC-C;N, are 127 and 89
mV-dec”, respectively, which are significantly lower than those of
MoP@NC-MA (176 mV), Mo,C@NC (163 mV), MoP@NC (209
mV), and Mo(POs); (299 mV) (Figs. 4(a) and 4(b)). Similarly, the
precursor and PNC exhibit extremely poor hydrogen evolution
activity under alkaline conditions (Fig. S18(b) in the ESM). Under
alkaline conditions, the high-temperature calcination process
enhanced the conductivity of the catalyst and the synergistic effect
between MoP and the amorphous carbon layer, thereby improving
the catalytic activity of the catalyst. Figure 4(c) and Fig. S21 in the
ESM show the CV curves of the catalysts. The Cy values of
MoP@NC-C;N,, MoP@NC-MA, Mo,C@NC, MoP@NC, and
Mo(PO;); were 22.17, 15.85, 19.01, 17.08, and 5.89 mF-cm?
respectively. These results demonstrate that MoP@NC-C;N, has a
large electrochemical surface area and can expose more active sites
to enhance HER activity in alkaline environments (Fig. 4(d)). EIS
was applied to the catalysts under an overpotential of 180 mV.
Among all catalysts, MoP@NC-C;N, exhibits the smallest
semicircle radius in its Nyquist plot (Fig. 4(e)), demonstrating its
low impedance and superior electrical conductivity. The excellent
durability of the MoP@NC-C;N, catalyst is indicated by the
minimal change in its LSV curves after 2000 CV cycles and its
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Figure4 (a) Polarization curves, (b) Tafel slope plots, (c) cyclic voltammetry curves, (d) Cy values, (¢) Nyquist plots, and (f) polarization curves (Inset: time-dependent

current density curve of MoP@NC-C;N, (10 mA-cm™) for 24 h).
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stable 24-h performance in the current-time (i-f) test (Fig. 4(f),
inset). As previously mentioned, the XRD patterns, SEM images,
and TEM images of the catalyst after testing in alkaline electrolytes
were also analyzed (Fig. S22 in the ESM). The phase of the catalyst
remains the same (i.e., MoP) as before the test. The SEM, TEM, and
HRTEM images show that the synthesized catalyst comprises MoP
nanoparticles. The EDX mapping images obtained after the test
show that Mo, P, C, and N are uniformly distributed in the catalyst.
In addition, the catalytic performance of recently reported
transition metal MoP electrocatalysts is summarized in Table S1 in
the ESM. Compared with these electrocatalysts, MoP@NC-C;N,
exhibits satisfactory hydrogen evolution performance.

2.3 DFT calculations

To further investigate the active site of the synthesized catalyst, DFT
analysis was performed. The calculation details are presented in the
ESM. First, the MoP nanoparticle-anchored nitrogen-doped carbon
layer structure model was constructed based on the XRD pattern
and HRTEM image of MoP. A unit cell with specific crystal faces of
MoP (100) was selected for analysis (Fig. S23 in the ESM).
Hydrogen adsorption Gibbs free energy (AGy) is the most intuitive
indicator for evaluating the performance of hydrogen evolution. In
the hydrogen production reaction, the closer the AGy is to 0, the
easier it is for H* to undergo desorption and the faster the kinetic
velocity [29]. The calculation results are presented in Fig. 5. The
absolute value of the AGy: of the Mo atom is closest to 0, proving
that the Mo atom is the optimal active site for hydrogen evolution
(Fig. 5(a)). To verify the synergistic effect between MoP and the
carbon layers, AGy. values were calculated for the N- and P-doped
carbon layers. The results are presented in Fig. 5(b). The AGy. value
of P doping on the carbon layer was the lowest, confirming that P
atom doping accelerates the hydrogen adsorption process of the
catalyst. Furthermore, the active sites are clarified by calculating the

(a) 0.5

* *+H,
0.0 \ ’ .
x Vi
_~ \ /
> —0.5 \ ’
& N ’
- \ *H /
& —1.0- N
st -1.02
g
» -1.5-
2 Mo_H
= 2.0- P_H
-2.5

Reaction coordinate

(b)-,

difference in charge density of the catalyst (Fig. 5). The yellow and
cyan areas in Figs. 5(c) and 5(d) represent charge accumulation and
depletion, respectively. The charge density aggregation is primarily
concentrated on the hydrogen atoms of MoP, demonstrating that
the H atoms bound to the Mo atoms are highly active and favorable
sites for HER.

3 Conclusions

Single-metal phosphide (MoP) was successfully prepared via in situ
phosphorylation and one-step calcination processes and anchored
to a porous carbon layer for efficient HER. The synthesized
MoP@NC-C;N, catalyst exhibited low overpotentials (131 and 127
mV, respectively) and good durability in H,SO, and KOH solutions
(10 mA-cm™). Notably, in a 1.0-M KOH solution, the overpotential
of the catalyst is lower than that of commercial Pt/C at a current
density of 100 mA-cm™, which also demonstrates the advantage of
the synthesized catalyst at high current densities. Electrochemical
tests and DFT calculations demonstrate that the Mo atom of MoP
is the optimal active site for hydrogen evolution, thereby enhancing
the hydrogen evolution performance of the synthesized catalyst.
Furthermore, the porous structure exposes abundant active sites,
accelerating the charge transfer rate. The synergistic effect of MoP
nanoparticles and carbon layers enhances the catalytic activity of
the synthesized catalyst, thereby accelerating the adsorption-
desorption process of H atoms and reducing the catalytic
overpotential. This study sheds new light on the large-scale
industrial production of hydrogen evolution catalysts.

Electronic Supplementary Material: Supplementary material
(experiment section, DFT calculations, XRD pattern, Raman
spectroscopy, XPS spectra, LSV cruves, CV curves, SEM and TEM
images, schematic diagrams of unit cell structure for MoP) is

) P H
H —N_H
2.0 C.H
] ——
s 3 \
> 1.5 / )
i
> 4 \
§o 1
5 1.0 . \
§ 1.79 )
g ] - 1
£ 054 / \
= ’ ” ~ \
* ', 0.43 >l *+H
0.0 4 L

Figure5 (a) AGy. of MoP (100) and (b) AGy. of N and P doped carbon layer, (c) the charge density difference (Ap) with the cyan and yellow areas showing low and

high charge density, respectively and (d) the charge density difference (Ap) of front view.
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available in the online version of this article at https://doi.org/
10.26599/POM.2026.9140115.
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