
Chinese Chemical Letters 36 (2025) 109713

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Low-loading Pt anchored on molybdenum carbide-based polyhedral

carbon skeleton for enhancing pH-universal hydrogen production

Zhuo Lia,1, Peng Yub,1, Di Shena, Xinxin Zhanga, Zhijian Lianga, Baoluo Wanga, Lei Wanga,∗

a Key Laboratory of Functional Inorganic Material Chemistry, Ministry of Education of the People’s Republic of China, Heilongjiang University, Harbin

150080, China
b Key Laboratory for Photonic and Electronic Bandgap Materials, Ministry of Education, School of Physics and Electronic Engineering, Harbin Normal

University, Harbin 150025, China

a r t i c l e i n f o

Article history:

Received 4 February 2024

Revised 19 February 2024

Accepted 1 March 2024

Available online 11 March 2024

Keywords:

Organo-metallic phosphate framework

Low-Pt electrocatalyst

Wide-pH

Hydrogen evolution reaction

Water electrolysis

a b s t r a c t

Developing high-efficient and low-loading Pt based catalyst is significant for the electrocatalytic pH-

universal hydrogen evolution reaction (HER). Herein, the molybdenum carbide nanoparticles supported

on the polyhedral N-doped carbon nanotube skeleton (MoC/NCT) composite has been synthesized by a

pyrolysis of polyacid organo-metallic phosphate framework precursor. Then, only 2.15 wt% Pt are loaded

on the MoC/NCT to form Pt-MoC/NCT catalyst, which performs superior HER activity and stability in en-

tire pH range. Specially, the overpotentials of 22 and 74mV are respectively attained at 10mA/cm2 in

1.0mol/L KOH and 0.5mol/L H2SO4 electrolytes, approaching or even exceeding commercial Pt/C. More

importantly, it can be used as excellent catalyst for efficient hydrogen production at 0–14pH range. Den-

sity functional theory (DFT) calculations demonstrate that the interaction between MoC and Pt leads to

the electron redistribution at the corresponding interfaces and the downward shift of the d-band cen-

ters, thus optimizing H∗ adsorption and desorption for promoting the HER activity. Besides, the unique

three-dimensional network structure is conductive to the transmission of mass and electrons. In the ap-

plication of both alkaline and acidic electrolysers, only 1.52V voltage of solar panel can drive a hydrogen

production current density of 10mA/cm2.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen energy is a clean, green and storable energy car-

rier with a higher energy density of 140MJ/kg, which is 3 times

than that of oil and 4.5 times than that of coal [1–4]. Its devel-

opment and utilization have the potential to substitute the usage

of traditional fossil fuels [5–8]. In the context of carbon peaking

and carbon neutralization, hydrogen energy is regarded as a dis-

ruptive technology direction for future energy transformation [9–

11]. Water electrolysis is one of the most efficient ways to effi-

ciently produce hydrogen using electricity generated from any re-

newable energy source, including solar, wind and water [12–15].

Platinum (Pt)-based noble metal materials always regarded as the

most efficient cathodic hydrogen evolution reaction (HER) elec-

trocatalysts of water electrolysis due to their low overpotentials

and fast reaction kinetics [16–18]. However, the low crustal abun-

dance (about 0.005ppm in Earth’s crust) and high cost limit their

large-scale commercial application [19–22]. Hence, the design of

Pt-based electrocatalysts with reduced Pt content, while simulta-
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neously improving the Pt utilization rate and the electrocatalytic

activity for HER, poses a significant research challenge.

Molybdenum (Mo), belonging to the class of transition met-

als, exhibits a diverse range of properties due to its rich d-electro

structure and adjustable d-band center [23–25]. This enables it to

readily form compounds with a variety of non-metallic elements,

such as MoN, MoP and MoS2 [26–29]. Transition metal intersti-

tial compound molybdenum carbide (MoxC) possess high conduc-

tivity and structural controllability, exhibiting Pt-like hydrogen ad-

sorption free energy and electrocatalytic activity [30,31]. Properly

adjusting the crystal structure of MoxC can optimize the adsorp-

tion/desorption energy of intermediates, thus promoting the elec-

trochemical HER kinetics [32]. Previous studies have shown that

the electrocatalytic activity of molybdenum carbides towards HER

follows the order of α-MoC1-x < η-MoC < γ -MoC < β-Mo2C [33].

Although Mo2C exhibits the best electrocatalytic activity, its high

affinity for hydrogen adsorption inhibits the desorption process, re-

sulting in a decreased hydrogen production rate [34,35]. On the

other hand, MoC forms weaker Mo–H bonds after hydrogen ad-

sorption, making the hydrogen desorption easier, but the hydrogen

adsorption strength is relatively weak [36]. Alternatively, introduc-
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ing Pt with stronger hydrogen adsorption capability is beneficial

to enhance HER activity [37]. Chen et al. constructed Pt-N-MoC

catalysts through Pt-N dual doping strategy, effectively modulat-

ing the near Fermi level (EF) surface states of MoC, optimizing the

adsorption and desorption of H∗, and accelerating the kinetics of

HER. Thus, the alkaline HER overpotential of the Pt-N-MoC catalyst

was 39mV at 10mA/cm2, outperforming N-MoC (216mV) and MoC

(243mV) [38]. The above-mentioned studies suggest that the effec-

tive combination of Pt with carbide support can modify the surface

electronic states of the catalyst or alter the structural properties of

the carbon support at the atomic scale, thereby simultaneously re-

ducing the amount of platinum used while enhancing its catalytic

activity. Nevertheless, the interaction between MoC and Pt needs

to be further explored, and the development of a pH-universal HER

catalyst is more meaningful for sustainable energy sources.

Based on the above consideration, we have successfully fabri-

cated the MoC nanoparticles (NPs) supported on the polyhedral N-

doped carbon nanotube skeleton (MoC/NCT) composite through a

pyrolytic polyacid organo-metallic phosphate framework precursor

strategy. It can be used as a carrier to prepare Pt-MoC/NCT cat-

alyst with a low-loading of 2.15 wt% Pt NPs. The unique three-

dimensional network structure is favorable for mass and electrons

transfer, as well as the optimized H∗ adsorption and desorption

energy. As a result, Pt-MoC/NCT catalyst achieves small overpo-

tentials of 22 and 74mV at 10mA/cm2, and low Tafel slope of

36 and 66mV/dec in 1.0mol/L KOH and 0.5mol/L H2SO4 elec-

trolyte, respectively, which could be comparable to commercial

Pt/C. Moreover, it also shows excellent HER activity at 0–14pH-

entire range electrolytes. Significantly, the electrolyser assembled

with Pt-MoC/NCT as cathode has superior performance under both

acidic and alkaline conditions. Our work provides an effective

strategy for constructing low-Pt loading, high-efficient and pH-

universal HER catalyst to accelerate the practical application of

electrochemical hydrogen production.

The detailed synthetic process of Pt-MoC/NCT is illustrated

in Fig. 1a. Firstly, the POM12@ZIF8 was synthesized by 2-

methylimidazole coordinating with Zn2+ ions and phosphomolyb-

dic acid (POM12). Then, the Co2+ was further introduced to form

POM12@ZIF8@ZIF67 precursor. Subsequently, the MoC/NCT com-

posite was prepared after a pyrolysis in N2 ambient. Finally, the Pt-

MoC/NCT was synthesized by a traditional sodium borohydride re-

duction strategy. Also, the MoC/NC synthesized without using Co2+

was also prepared as carrier for loading Pt NPs by the same proce-

dure. As the scanning electron microscopy (SEM) images shown in

Figs. 1b and c, Pt-MoC/NCT exhibits polyhedral structures with the

average size of 370nm. Furthermore, the carbon nanotube struc-

tures (CNTs) grow on the polyhedral can be observed. In con-

trast, no CNTs structures can be found for Pt-MoC/NC synthe-

sized without using Co2+ (Fig. S1 in Supporting information). It

is indicated that the cobalt species can catalyze carbon source to

form CNTs structures, which is consistence with previous studies

[39]. The transmission electron microscopy (TEM) image further

reveals hollow CNTs grow on polyhedral structure for Pt-MoC/NCT

(Fig. 1d). The corresponding high-resolution TEM (HRTEM) image

in Fig. 1e shows distinct lattice fringes with interplanar spacings

of 0.229 and 0.226nm corresponding to the (103) face of MoC and

the (111) face of metallic Pt, respectively. It implies that the Pt

nanoparticles (NPs) are well intimate contact with MoC NPs, which

are embedded in the carbon substrate. Moreover, the Pt, Mo, C, N

and O elements are homogeneous distributed as evidenced by el-

emental mapping images in Figs. 1f-l. The overlay image further

confirms that the Pt NPs is uniformly dispersed on the surface of

catalyst, especially concentrating on the surface of MoC NPs. The

contents of Mo and Pt in Pt-MoC/NCT are respectively 18.95 and

2.15 wt% tested by inductively coupled plasma optical emission

spectrometry (ICP-OES).

Fig. 1. (a) Illustrated scheme for the synthesis of Pt-MoC/NCT. (b, c) SEM (inset rep-

resents the particle size distribution), (d) TEM, (e) HRTEM, (f) HAADF-STEM images

and (g-l) the corresponding elemental mapping images for Pt, Mo, C, N, O and over-

lay of Pt-MoC/NCT.

The crystalline phase structure was verified by X-ray powder

diffraction (XRD) pattern. As displayed in Fig. 2a, the diffraction

peaks 2θ located at 35.0°, 36.8°, 39.3°, 42.6°, 61.5°, 67.9° and

73.9° of MoC/NCT are ascribed to (101), (006), (103), (104), (110),

(108) and (116) facet of MoC (PDF #08–0384), respectively. After

loading Pt, the main diffraction peaks 2θ located at 39.8° corre-

sponds to the (111) face of Pt (PDF #04-0802), which is closed to

the (103) facet of MoC. Moreover, the broad diffraction peak at

around 20°−30° indicates the presence of amorphous carbon. N2

adsorption-desorption measurements were carried out to further

characterize the material (Fig. 2b). All the samples exhibit type

IV adsorption isotherms, indicating that the porous structures are

mainly mesopores, which are concentrated at 2nm. The specific

surface area of MoC/NCT is 305.8 m2/g. Furthermore, Pt-MoC/NCT

represents similar pore size and specific surface area (349.8 m2/g)

to that of MoC/NCT, indicating that the introduction of Pt NPs

could not destroy the pore structure. The unique three-dimensional

porous structure and large specific surface area facilitate to ex-

pose a plenty of active sites, directly promoting the charge transfer

along the one-dimensional CNTs structure. Besides, it is beneficial

to maintain the structural integrity of catalyst and improve the sta-

bility during electrochemical process.

The composition and surface chemical structure were further

investigated using X-ray photoelectron spectroscopy (XPS). The

wide XPS spectrum reveals the presence of Pt, Mo, C, N and O

in Pt-MoC/NCT (Fig. 2c). The high-resolution Mo 3d spectra of Pt-

MoC/NCT and MoC/NCT can be decomposed into six peaks (Fig.

2d). Specially, the peaks located at 227.9 and 231.1 eV belong to the

Mo–C bond, respectively. The other peaks located at 228.6/232.1

and 231.7/234.9 eV corresponds to Mo4+ and Mo6+, which are orig-

inated from the surface oxidation products, such as MoO2 and
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Fig. 2. (a) XRD patterns of Pt-MoC/NCT and MoC/NCT. (b) N2 adsorption–desorption isotherms of Pt-MoC/NCT, MoC/NCT and MoC/NC. XPS spectra: (c) Wide and (d) Mo 3d

spectra of Pt-MoC/NCT and MoC/NCT; (e) Pt 4f spectra of Pt-MoC/NCT and Pt/NC; (f) C 1s spectra of Pt-MoC/NCT and MoC/NCT.

MoO3, since the surface of MoC is easily oxidized by air [40,41].

The Mo6+ peak of Pt-MoC/NCT positively shifts by 0.4 eV compared

to that of the MoC/NCT, so the Mo loses electrons after loading Pt.

Fig. 2e shows the high-resolution Pt 4f spectrum of Pt-MoC/NCT.

The peaks at 71.2 and 74.5 eV are attributed to Pt0 4f7/2 and Pt0

4f5/2 of metallic Pt, respectively, while the peaks located at 72.3

and 75.8 eV are the Pt 4f7/2 and Pt 4f5/2 of Pt2+. Additionally, the
peaks located at 74.4 and 77.8 eV are the Pt 4f7/2 and Pt 4f5/2
of Pt4+, attributing to the PtO and PtO2, respectively. The Pt in

Pt-MoC/NCT is obviously shifted to higher binding energy com-

pared with Pt@NC. As illustrated in Fig. 2f, the high-resolution C

1s spectra of Pt-MoC/NCT and MoC/NCT can be decomposed into

three peaks, including C–C/C=C (284.6 eV), C–N (286 eV) and C–O

(288.6 eV). Compared to MoC/NCT, the C 1s peak of Pt-MoC/NCT

negatively shifts 0.4 eV, indicating that the C in Pt-MoC/NCT gain

electron from the Mo and Pt. The above results certify that the

electron transfer occurs between Pt and MoC, which modulates the

interfacial electronic structure to adjust the electrocatalytic perfor-

mance. The high-resolution N 1s spectrum of Pt-MoC/NCT shows

three peaks at 398.1, 399.1, and 400.7 eV (Fig. S3 in Supporting

information), which corresponds to the pyridine nitrogen, pyrrolic

nitrogen, and graphitic nitrogen, respectively.

The X-ray absorption near-edge structure (XANES) spectra are

given in Fig. 3a. Generally, the white line (WL) intensity of the Pt

L3-edge of corresponds to the electron transfer from the Pt 2p3/2

core to the 5d orbitals, which can reveal the density of unoccu-

pied states associated with the Pt 5d orbitals. The WL intensity

of Pt-MoC/NCT is slightly higher than that of Pt foil, indicating

that fewer electrons exist in the 5d orbital due to the electrons

transfer from the Pt via either the Pt−O/C bond or Pt−Mo bond,

consistent with the above XPS result. Moreover, the Fourier trans-

form extended X-ray absorption fine structure (FT-EXAFS) spectra

of Pt L3-edge reveal the presence of Pt−O/C, Pt−Pt and Pt−Mo

bonds in Pt-MoC/NCT (Fig. 3b). The corresponding fitting curves

are shown in Figs. S4a and b (Supporting information), and the

fitting results include bond distance (R) and coordination num-

ber (n) are provided in Table S1 (Supporting information). For Pt-

MoC/NCT, the first shell peak is the Pt−O/C bond (R: 2.14 Å, n:

2.37), and the second shell peak is the Pt−Pt bond (R: 2.97 Å, n:

12.62) and Pt−Mo bond (R: 2.74 Å, n: 3.14). Due to the close po-

sition of the Pt−Pt and Pt−Mo bonds in Pt-MoC/NCT, the wavelet

transform (WT, κ =10, σ =1) contour plots of the Pt L3-edge were

used to further distinguish them. As illustrated in Fig. 3c, the

Pt/NC demonstrates the Pt−O/C bond at k-space k=4.6 Å−1, Pt-

MoC/NCT also shows the Pt−Mo resolved spectra at k-space k=6.0

Å−1 and Pt−Pt at k-space k=7.8 Å−1, with the Pt−Mo region be-

ing lower than the Pt−Pt region due to the lighter atomic mass

of Mo. Moreover, the bond length and coordination number of the

Pt–O/C and Pt−Pt bonds for Pt-MoC/NCT are increased compared

to Pt/NC. The Mo K-edge XANES spectrum in Fig. 3d exhibits sim-

ilar curve for Pt-MoC/NCT and MoC/NCT. However, the pre-edge

peak energy of Pt-MoC/NCT is higher than that of MoC/NCT, indi-

cating that the electron density around Mo is decreased by intro-

ducing Pt. The FT-EXAES spectrum in Fig. 3e reveals that the bond

length of the Mo−Mo bond in Pt-MoC/NCT is 2.97 Å, slightly longer

than that in MoC/NCT. The maximum intensity of the WT-EXAFS

for Pt-MoC/NCT (7 Å−1) differs minimally from that of MoC/NCT

(7.1 Å−1) with a difference of approximately 0.1 Å−1. It may be at-

tributed to the introduction of Pt causing some partial strain ef-

fects as shown in Fig. 3f. Therefore, it can further determine that

the Pt NPs have been successfully anchored to the MoC/NCT sur-

face through Pt−O/C and Pt−Mo bonds.

The electrochemical performance was first estimated in 1mol/L

KOH electyrolyte, and the polarization curves were obtained by

linear sweep voltammetry (LSV) as shown in Fig. 4a. The Pt-

MoC/NCT displays the best HER activity with an onset potential

(Eonset) almost zero, which is similar to that of 20% Pt/C. More-

over, the current densities of 10 and 100mA/cm2 can be obtained

for Pt-MoC/NCT with only 22 and 85mV overpotentials (Fig. 4b),

which are much lower than those of MoC/NCT (169 and 278mV),

MoC/NC (190 and 311mV), Pt-MoC/NC (33 and 243mV) and Pt/C

(28 and 94mV). It is further demonstrated that the introduction

of low-content Pt could decrease the overpotentials, while the Pt-

MoC/NCT respectively shows decreased 147 and 193mV overpo-
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Fig. 3. (a) Normalized XANES spectra. (b) FT-EXAFS spectra and (c) wavelet-transform contour plots of Pt-MoC/NCT and Pt/NC at Pt L3-edge. (d) Normalized XANES spectra,

(e) FT-EXAFS spectra and (f) WT contour plots of Pt-MoC/NCT and MoC/NCT at Mo K-edge.

Fig. 4. HER performance in 1.0mol/L KOH electrolyte. (a) LSV curves, (b) overpotentials at 10 and 100mA/cm2, (c) Tafel slopes, (d) mass activity at an overpotential of 20mV

(vs. RHE) and (e) corresponding nyquist plots of different catalysts. (f) Polarization curves for Pt-MoC/NCT and Pt/C before and after 10,000 cycles test. (g) Comparison the

overpotentials of Pt-MoC/NCT with reported catalysts at 10mA/cm2.

tentials at 10 and 100mA/cm2. It is attributed to the MoC pos-

sesses the similar d-electronic structure to that of precious metal

Pt, so the Pt-like property makes it can regulate the local elec-

tron density of Pt for exposing more active sites and enhanc-

ing electrocatalytic activity. Significantly, the lower overpotential

of MoC/NCT before and after Pt loading compared with the corre-

sponding MoC/NC. It is attributed to the introducting of Co species

could facilitate to the formation of hollw CNT structures during

the pyrolytic process, thus accelerating the electron transfer, ion

transport and gas diffusion and improving electrocatalytic perfor-

mance. Tafel slope is an important parameter to study the kinetics

of electrocatalytic reaction. As displayed in Fig. 4c, the Tafel slope

of the Pt-MoC/NCT sample was 36mV/dec, which is much smaller

than that of Pt-MoC/NC of 55mV/dec, MoC/NCT of 123mV/dec,

MoC/NC of 141mV dec−1 and Pt/C of 39mV/dec. It is indi-

cated that Pt-MoC/NCT performs the same H2 evolution pathway

as Pt/C (Volmer-Tafel pathway: H+ + e− + ∗ → H∗, H∗ +H∗ →H2)

[42,43]. The smallest Tafel slope clearly reveals the abundant Pt

active sites of Pt-MoC/NCT contributes to the ultrafast reaction

kinetics.
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The electrochemical specific surface area (ECSA) is propor-

tional to the double-layer capacitance (Cdl) was measured by

cyclic voltammetry (CV) in the voltage range of 0.4–0.60V (vs.

RHE), which could reflect the electrocatalytic activity. As shown

in Fig. S5 (Supporting information), the Cdl value of Pt-MoC/NCT

is 90.5 mF/cm2, which is much higher than that of Pt-MoC/NC (87

mF/cm2), MoC/NCT (43.5 mF/cm2), MoC/NC (77.5 mF/cm2) and Pt/C

(72 mF/cm2). Furthermore, the ECSA value of Pt-MoC/NCT calcu-

lated by Cdl is 2262.5 cm2, which is higher than the other com-

parison samples (Fig. S6 in Supporting information), indicating the

high HER activity of Pt-MoC/NCT. At an overpotential of 20mV, the

mass activity of Pt-MoC/NCT is 91.72 A/mgPt, about 14 times as

that of Pt/C, greatly improving the utilization rate of Pt and has

great practical application value (Fig. 4d). Turnover frequency (TOF)

is the number of hydrogen molecules produced per second at each

active site during HER process, which can reflect the intrinsic cat-

alytic efficiency and catalytic capacity of each active site in the

catalyst. As illustrated in Fig. S7e (Supporting information), the Pt-

MoC/NCT shows the largest TOF value of 3.828 s−1 at a potential

of −0.02V in 1mol/L KOH electrolyte compared to the Pt-MoC/NC

(0.876 s−1), MoC/NCT (0.136 s−1) and MoC/NC (0.006 s−1). It can

be implied that Pt-MoC/NCT has the highest intrinsic electrocat-

alytic activity. In addition, the electrochemical impedance spectra

(EIS) in Fig. 4e exhibits the fast HER kinetics of Pt-MoC/NCT at the

interface between the catalyst and electrolyte. The lower charge

transfer resistance of Pt-MoC/NCT is ascribed to the strong syn-

ergistic effect between MoC and Pt can significantly promote the

electron transfer rate. Moreover, the overpotential of Pt-MoC/NCT

shows only 20mV positively shifts after 10,000 consecutive CV cy-

cles at a current density of 10mA/cm2 (Fig. 4f). More importantly,

it can stably operate for 18h with tolerable change at a large cur-

rent density of 210mA/cm2, demonstrating the potential applica-

tion for large current water splitting (Fig. S8a in Supporting in-

formation). More importantly, the HER activity of Pt-MoC/NCT ex-

ceeds most of the reported noble metal-based catalysts in alkaline

electrolyte as displayed in Fig. 4g and Table S3 (Supporting infor-

mation). Notably, no obvious structural change can be observed

for Pt-MoC/NCT after 10,000 CV cycles test as evidenced by SEM,

TEM, ICP, XRD and XPS characterizations (Figs. S9-S11 in Support-

ing information), further demonstrating the excellent structural

stability.

Considering that the HER typically utilizes Pt-based catalysts in

acidic environments, the Pt-MoC/NCT catalyst with a low Pt load-

ing was also tested in 0.5mol/L H2SO4 electrolyte. It is evident

from the results that the Pt-MoC/NCT exhibits superior HER activ-

ity as confirmed by low Eonset and overpotentials (Fig. 5a). In Fig.

5b, it is demonstrated that current densities of 10 and 100mA/cm2

can be achieved for Pt-MoC/NCT with overpotentials of merely 74

and 286mV, respectively. The corresponding values are consider-

ably lower than those observed for MoC/NC, MoC/NCT, and Pt-

MoC/NC, and are comparable to those of Pt/C. As shown in Fig. 5c,

the Pt-MoC/NCT exhibits a smaller Tafel slope of 66mV/dec com-

pared to Pt-MoC/NC (80mV/dec), MoC/NC (203mV/dec), MoC/NCT

(270mV/dec), closer to that of Pt/C of 61mV/dec, also indicating

that the HER process undergoes the Volmer-Heyrovsky step with

the rate-determining step of Heyrovsky step. CV curves were con-

ducted in the voltage range of 0.8–0.90V (vs. RHE) to calculat-

ing the ECSA by testing Cdl. Fig. S12 (Supporting information) il-

lustrates that the Cdl value of Pt-MoC/NCT is 32 mF/cm2, much

higher than Pt-MoC/NCT of 15.5 mF/cm2, MoC/NC of 6 mF/cm2 and

MoC/NCT of 9 mF/cm2. Additionally, the ECSA value of Pt-MoC/NCT

is calculated to be 800 cm2 based on Cdl, which surpasses the ECSA

of other comparison samples (Fig. S13 in Supporting information).

As displayed in Fig. 5d, the mass activity of Pt-MoC/NCT is 9.86

A/mgPt at an overpotential of 20mV, which is 8 times higher as

that of Pt/C. The TOF value of Pt-MoC/NCT is 0.442 s−1 at a poten-

tial of −0.02V in acidic media, surpassing Pt-MoC/NC (0.135 s−1),

MoC/NCT (0.094 s−1), and MoC/NC (0.090 s−1) (Fig. S7f in Support-

ing information). It is further indicated that Pt-MoC/NCT presents

high intrinsic catalytic activity in both alkline and acidic medias.

The EIS in Fig. 5e demonstrates a lower charge transfer resistance

for Pt-MoC/NCT, implying the fast electron transfer, which is bene-

ficial to the HER activity. Moreover, the current-time (I-t) curve in

Fig. 5f reveals that the current density remains almost unchanged

after 100h test, further confirming its exceptional long-term sta-

bility. As illustrate in Fig. S8b (Supporting information), it can sta-

bly operate for 23h at a large current density of 120mA/cm2 in

0.5mol/L H2SO4, further indicating the potential application for

large current water splitting. The outstanding HER performance of

Pt-MoC/NCT in acidic electrolyte is comparable to that of most re-

ported advanced noble metal-based electrocatalysts (Fig. 5g and

Table S4 in Supporting information). To explore the HER perfor-

mance of Pt-MoC/NCT over a wide pH range, the LSV curves were

tested in electrolytes ranging from pH 0 to pH 14 (Fig. S14 in

Supporting information). Interestingly, at pH 0–6, the overpoten-

tial of Pt-MoC/NCT at a current density of 10mA/cm2 gradually in-

creases as the pH increases. On the other hand, at pH 7–14, the

overpotential decreases with the pH increase. It suggests that the

Pt-MoC/NCT exhibits dynamic HER performance across a wide pH

range, indicating the enhanced pH-universal hydrogen production

performance.

Based on the excellent HER performance of Pt-MoC/NCT, it can

be further used as cathode to construct overall water splitting,

and the commercial RuO2 was used as anode. In 1mol/L KOH

electrolyte, the Pt-MoC/NCT||RuO2 electrolyser only needs a volt-

age of 1.52V at a current density of 10mA/cm2, lower than that

of the Pt/C||RuO2 electrolyser (Fig. 6a). Moreover, the I-t curve

implies that the current for Pt-MoC/NCT||RuO2 electrolyser only

shows a negligible decrease after 40h continuous operation in alk-

line media (inset in Fig. 6a), indicating the outstanding stability

for overall water splitting. In 0.5mol/L H2SO4 electrolyte, both Pt-

MoC/NCT||RuO2 and Pt/C||RuO2 electrolysers exhibits a voltage of

1.52V at a current density of 10mA/cm2 (Fig. 6b), Notably, the I-t

curve in the inset in Fig. 6b demonstrates that Pt-MoC/NCT||RuO2

electrolyser can continuously operate for 130h in acidic media,

further certifying its superior long-term stability. To demonstrate

practical application potential, a solar-assisted water splitting de-

vice was assembled by using commercial solar panels (Figs. 6c and

d). At an operated potential of 1.52V, the noticeable H2 and O2

bubbles produces on the anode and cathode surfaces, signifying

the successful conversion of low-voltage electricity generated by

solar energy into chemical energy. The present innovation holds

great promise for practical applications in future.

Density functional theory (DFT) calculations could provide fur-

ther insight into the enhanced mechanism of HER activity. The

three theoretical models of Pt (111), MoC, and MoC-Pt were con-

structed based on the above characterization results, and the pos-

sible H∗ adsorption sites on different models were also constructed

(Figs. 7a-d, Figs. S15-S17 in Supporting information). The charge

density difference shown in Fig. 7e indicates the presence of elec-

tron accumulation and transfer at the interface, suggesting a strong

electron interaction between Pt and MoC. The Gibbs free energy

of H∗ adsorption (	GH∗ ) is an important parameter for assessing

HER activity. Generally, when the absolute value of	GH∗ (|	GH∗ |)
is closer to zero, the H∗ desorption and adsorption will be eas-

ier, so the Pt shows a closer optimal HER activity. The 	GH∗ value

of the Pt-2 site at the MoC-Pt interface is approximately –0.19 eV

(Fig. 7f), which is closer to the 	GH∗ value of the Pt site on Pt

(111) (	GH∗ = −0.10 eV). It is noteworthy that the Mo-2 site at the

MoC-Pt interface exhibits a 	GH∗ value of approximately −0.69 eV,

which is better than the 	GH∗ value of the Mo site on MoC model

(	GH∗ = −0.96 eV). Numerous studies have indicated that the des-

5
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Fig. 5. HER performance in 0.5mol/L H2SO4 electrolyte. (a) LSV curves, (b) overpotentials at 10 and 100mA/cm2, (c) Tafel slopes, (d) mass activity at an overpotential of

20mV (vs. RHE) and (e) corresponding Nyquist plots of different catalysts. (f) I-t curve of Pt-MoC/NCT for 100h test. (g) Comparison the overpotentials at 10mA/cm2 and

Tafel slopes of Pt-MoC/NCT with the reported precious metal-based electrocatalysts.

Fig. 6. Polarization curves for Pt-MoC/CNT||RuO2 and Pt/C||RuO2 electrolytic cells

in (a) 1mol/L KOH and (b) 0.5mol/L H2SO4 electrolytes for Pt-MoC/NCT||RuO2 and

Pt/C||RuO2. Insets are the corresponding I-t curves of Pt-MoC/CNT||RuO2 electrolytic

cells. Digital photographs of solar panel assisted water splitting device, for Pt-

MoC/NCT||RuO2 electrolytic cells in (c) 1mol/L KOH and (d) 0.5mol/L H2SO4 elec-

trolytes.

orption of adsorbed H∗ is difficult when 	GH∗ is less than 0 eV.

The results demonstrate that the heterogeneous interfacial interac-

tion of MoC-Pt can optimize the H∗ adsorption for enhancing HER

activity compared with MoC model.

As depicted in Fig. 7g, the continuous distribution of the den-

sity of states (DOS) near the Fermi energy level indicates that the

MoC-Pt model are metallic state, benefiting to improve electronic

conductivity. To gain insights into the impact of d-electron mod-

ulation on the HER activity, calculations were performed to deter-

mine the partial DOS (PDOS) of Pt (111), MoC and MoC-Pt models.

The DFT calculations reveal that the d-band center (εd) of MoC-

Pt model shifts downwards to −1.20 eV, lower than that of MoC

model (−0.78 eV), approaching to the Pt model (−2.19 eV) (Fig. S18

in Supporting information). The downward shift of εd for MoC-Pt

model indicates the mutual modulation between Pt and MoC d-

electrons. Such a decrease in εd leads to weaker and easier desorp-

tion of adsorped H∗ on the surface, thereby optimizing the	GH∗
and promoting the intrinsic electrocatalytic activity. The PDOS in

Fig. 7h demonstrates that the energy levels of the Pt 5d and Mo

3d orbitals on the MoC-Pt model exhibit a substantial overlap be-

low the Fermi energy level (in the darker region) in contrast to Pt

(111) and MoC. In the MoC-Pt model, the certain Pt 5d orbitals are

shifted to lower energy levels, indicating the strong bonding inter-

actions between Pt and MoC. The work function (WF) can reflect

the reaction rate of the HER, which could be calculated based on

the scanning Kelvin probe (SKP) test (Fig. S19 in Supporting infor-

mation). The WF values for Pt-MoC/NCT and Pt/C were determined

to be 5.683 and 5.526 eV, respectively. The higher WF value of Pt-

MoC/NCT suggests the stronger electron-donating ability, facilitat-

ing the reduction of H∗ to H2 on Pt-MoC/NCT and thus enhanc-

ing the HER activity. Based on a series of performance tests and

DFT calculations, the formation of MoC and Pt heterojunction fa-

cilitates electron transfer between the Mo and Pt, leading to the

electron redistribution at the heterogeneous interfaces. It results in

a downward shift of the d-band centers, optimizing the difficulty of

H∗ desorption. Besides, the unique three-dimensional porous struc-

tures enable the exposure of plentiful active sites for promoting

HER activity.

We have successfully designed the Pt-MoC/NCT catalyst with a

low-Pt content of 2.15 wt% via a pyrolytic polyacid organo-metallic
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Fig. 7. (a) Pt (111), (b) MoC and (c) MoC-Pt models. (d) The different Mo and Pt sites for H∗ adsorption on MoC-Pt model. (e) The charge density difference of MoC-Pt model.

(f) Free-energy diagram of 	GH∗ . (g) DOS plots of Pt (111), MoC and MoC-Pt models. (h) PDOS of Pt 5d orbitals and Mo 3d orbitals in the MoC-Pt, Pt (111) and MoC.

phosphate framework precursor route. Due to the electron redistri-

bution at the interfaces of MoC and Pt and the subsequent down-

ward shift of the d-band centers, the Pt-MoC/NCT catalyst demon-

strates excellent activity and stability for HER in 1.0mol/L KOH and

0.5mol/L H2SO4 electrolytes. It outperforms other state-of-the-art

precious-based electrocatalysts and exhibits pH-universal perfor-

mance for hydrogen production in the pH range of 0 to 14. The as-

sembled electrolyzers require only 1.52V voltage to achieve a cur-

rent density of 10mA/cm2, which can be effectively driven by so-

lar panels. This study presents a simple and effective strategy for

the preparation of highly-efficient Pt catalysts with low-Pt content,

making them promising candidates for HER electrocatalysts in var-

ious pH conditions.
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