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a b s t r a c t

Exploring multiphase interfaces to modulate the electronic structure of catalysts is critical for energy con-

version catalysis processes. Herein, we demonstrated the carbon-constrained heterogeneous NiTe-MoTe2
microsphere catalysts with high performance induced by heterostructure charge redistribution for energy-

saving hydrogen generation from urea electrolysis. The hybrid NiTe-MoTe2 generated the optimized Gibbs

adsorption-free energy for reducing the reaction energy barrier and enhancing catalytic kinetics. The

high-valence Mo created a favorable chemical environment for positively charged Ni species formation

by modulating the electronic structure. The NiTe-MoTe2 composites exhibit superior electrocatalytic ac-

tivity compared to the pure-phase NiTe or MoTe2 catalysts, achieving a current density of 10mA/cm2 at

1.40V for urea oxidation, along with rapid catalytic kinetics and robust stability. The NiTe-MoTe2||Pt/C

electrolyzer achieves a current density of 10mA/cm2 at a cell potential of 1.49V and maintains excellent

long-term durability over 120h at 1.60V for urea electrolysis. The promoted spontaneous dehydrogena-

tion and CO2 desorption ability catalyzed by NiTe-MoTe2 largely improved the reaction kinetics and per-

formance. The current work showed new insights for the development of advanced energy conversion

catalytic mate.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Green hydrogen is regarded as a pathway to realize a sustain-

able energy future [1,2]. The urea oxidation reaction (UOR) has

gained significant attention as a promising alternative to the oxy-

gen evolution reaction (OER) for efficient hydrogen production via

water electrolysis [3,4]. Unlike OER, which requires a higher ther-

modynamic potential of 1.23V, UOR operates at a much lower ther-

modynamic potential of 0.37V, resulting in reduced energy con-

sumption [5,6]. Additionally, UOR decomposes into non-toxic ni-

trogen and carbon dioxide, offering the dual benefit of purifying

urea-rich wastewater and generating clean energy [7]. Intensive at-

tention is thus received for the UOR study considering its economic

values for energy production and dealing with environmental pol-

lution [8]. However, UOR involves a complex six-electron trans-

fer process with multiple intermediate steps for adsorption and

desorption, which can hinder urea conversion efficiency and ele-

vate reaction potentials [9,10]. Therefore, developing efficient and

cost-effective UOR electrocatalysts to enhance reaction efficiency at

lower potentials is crucial.

Nickel-based catalysts have shown substantial promise in in-

dustrial applications due to their low cost, tunable structure, good
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compatibility, inherent catalytic activity, and ease of forming active

phases [11–14]. Compared to other chalcogenides, telluride usually

shows a small band gap, which is beneficial for improving the con-

ductivity of the catalyst [15]. Among them, nickel-based telluride

catalysts have attracted considerable interest due to their low elec-

tronegativity, high conductivity, and efficient mass transfer prop-

erties [16–18]. Nickel tellurides possess intrinsic metallic proper-

ties, enhancing their performance as electrocatalysts [19]. Never-

theless, the activity and stability of telluride catalysts during redox

processes require further improvement. Enhancing catalytic per-

formance can be achieved by modifying the electronic structure

and rearranging valence electrons, such as through element dop-

ing, defect introduction, strain engineering, or interface engineer-

ing [20–23]. Particularly, interface engineering has proven to be a

promising strategy for improving UOR catalyst activity. It regulates

electron transfer and redistribution at heterogeneous interfaces

through interface interactions and synergistic effects, promoting

the formation of highly active species, accelerating urea molecule

adsorption and desorption, and enhancing electrocatalytic perfor-

mance [24,25]. For instance, spontaneous charge transfer on the

surface of CoS1.097/Ni3S2 heterojunctions induces the formation of

local electrophilic/nucleophilic regions, and the construction of a

built-in electric field helps control the adsorption and directional

distribution of urea molecules, thereby enhancing water and urea
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oxidation performance [26]. Similarly, the high-efficiency synergis-

tic effect of the NiSe2−MoSe2 heterogeneous catalyst promotes the

high-activity UOR process due to simple active phase formation

and high charge transfer ability induced by asymmetric charge re-

distribution at the interface [27]. The electronegativity difference

between Mo and Ni elements induces self-driven charge transfer

and interface coupling effects [28,29]. Therefore, the formation of

heterojunction of NiTe and MoTe2 would be a viable strategy, po-

tentially yielding highly active Ni catalysts. The charge redistribu-

tion by partial electron transfer with modulated d-band states will,

as a result, improve the adsorption property of the intermediates

and promote the catalytic kinetics.

To address the stability issue of catalysts, encapsulating tran-

sition metals in carbon layers is considered a promising approach

[30–32]. Compared with Ni-WO2, carbon-coated Ni-WO2 exhibits

more favorable UOR catalytic activity and stability [33]. In sum-

mary, heterojunction catalysts encapsulated in carbon shells are

expected to provide enhanced UOR catalytic behavior. To our

knowledge, NiMo-based tellurides encapsulated in carbon layers

have not been synthesized for electrocatalytic UOR. In this study,

we prepared a carbon-constrained NiTe-MoTe2 nanosphere com-

posite material using a high-temperature tellurization process,

resulting in uniformly dispersed NiTe and MoTe2 particles forming

a solid sphere. Compared with pure NiTe and MoTe2, this com-

posite demonstrates significant UOR catalytic activity and rapid

kinetics, achieving a current density of 10mA/cm2 at 1.40V and

a Tafel slope of 27.5mV/dec. Additionally, the NiTe-MoTe2 catalyst

exhibits excellent long-term durability, sustaining urea electrolysis

for 120h at a potential of 1.60V. The exceptional UOR performance

suggests that NiTe-MoTe2 increases the electrochemically active

surface area, enhances the interaction between NiTe and MoTe2,

leads to electron density redistribution, optimizes intermediate

adsorption behavior, and boosts UOR activity. This work pro-

vides valuable design insights for the preparation of telluride

heterogeneous catalysts for UOR through a simple, efficient, and

cost-effective synthesis route.

The fabrication schematism of NiTe-MoTe2 shown in Fig. 1a em-

ployed a simple one-step hydrothermal approach to get the NiMo

precursors and a further high-temperature tellurization process to

get the final product. Specifically, the NiMo precursor was first pre-

pared employing Ni(NO3)2·6H2O, (NH4)6Mo7O24·4H2O, and glucose

mixed with ethylene glycol and ultrapure water subjected to hy-

drothermal treatment. The precursor was then calcined with Te

powder at 800 °C for 2h under an H2/Ar2 atmosphere. During this

high-temperature tellurization process, glucose acted as a carbon

source, forming a carbon protective layer on the surface of the ma-

terial, resulting in carbon-confined NiTe-MoTe2 nanosphere com-

posites. For comparison, pure NiTe and MoTe2 were also synthe-

sized to probe the structural and performance benefits of the com-

posites. The crystal structure of the sample was identified using

X-ray diffraction (XRD). In the XRD patterns (Fig. 1b), The hexago-

nal structure of NiTe was confirmed by the typical diffraction peaks

(PDF #38–1393) as indicated by the corresponding planes [34], and

the diffraction peaks corresponding to the (002), (004), (201), and

(005) planes of monoclinic structured MoTe2 (PDF #71–2157) were

also indicated, respectively [35]. The diffraction peaks observed in

NiTe-MoTe2 are attributed to NiTe and MoTe2, confirming the for-

mation of a mixed crystal phase. To determine the surface chem-

ical state and electronic structure of the samples, X-ray photo-

electron spectroscopy (XPS) was performed on NiTe, MoTe2, and

NiTe-MoTe2 materials (Fig. S1a in Supporting information). High-

resolution XPS spectra of all relevant elements were analyzed af-

ter calibration to the C 1s spectrum at C–C bonds (284.8 eV) (Fig.

S1b in Supporting information). The high-resolution XPS spectrum

of Ni 2p exhibits two spin-orbit doublets corresponding to the

2p1/2 and 2p3/2 components [36], with each component fitted ac-

cording to different chemical states (Fig. 1c and Table S1 in Sup-

porting information). For NiTe, the Ni 2p spectrum shows peaks

at 852.1, 855.4, and 857.7 eV, corresponding to metallic Ni, Ni2+,
and Ni3+, respectively [5]. In the NiTe-MoTe2 composite catalyst,

the peak at 852.9 eV is attributed to metallic Ni, while the re-

maining peaks correspond to the chemical states of Ni2+ and Ni3+

Fig. 1. (a) Schematic synthetic process of NiTe-MoTe2. (b) XRD patterns of NiTe-MoTe2, NiTe, and MoTe2. XPS spectra of (c) Ni 2p, and (d) Mo 3d. (e) DOS, and (f) PDOS of

NiTe-MoTe2, NiTe, and MoTe2 catalysts. (g) Electron density difference for NiTe-MoTe2.
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[37]. The binding energy of NiTe-MoTe2 was found to shift towards

high binding energy, indicating electron transfer within the surface

heterojunction, resulting in Ni being in a high-valence, electron-

deficient state. Specifically, the Ni3+ content in the NiTe-MoTe2
catalyst was 26.8%, significantly higher than that in pure NiTe.

The Ni in the NiTe-MoTe2 heterojunction catalyst exhibits a clear

electron-deficient state, which is associated with its catalytic ac-

tivity [36]. This electron deficiency can promote electron transport

and the formation of reaction-active intermediates, with the high

Ni3+ content playing a crucial catalytic role in the oxidation reac-

tion, thereby enhancing catalytic activity.

Simultaneously, significant changes were observed in the Mo

3d spectrum profiles of NiTe-MoTe2 compared to MoTe2 (Fig. 1d).

The high-resolution spectrum of Mo 3d can be deconvoluted into

several peaks corresponding to different chemical states, based on

spin-orbit splitting and phase state (Table S2 in Supporting infor-

mation) [38,39]. For pure MoTe2, the Mo 3d spectrum can be de-

convoluted into Mo2+, Mo4+, and Mo6+. Three characteristic peaks

observed at binding energies of 228.8, 231.3, and 232.3 eV corre-

spond to Mo2+, Mo4+, and high-valence Mo6+ for Mo 3d5/2 compo-

nent, respectively. The presence of multiple valence states is likely

due to disproportionation reactions and surface oxidation of the

material post-synthesis [40]. In contrast, the interaction between

NiTe and MoTe2 during the synthesis of the composite material

leads to a more significant change in the valence states of molyb-

denum, primarily manifesting as a substantial increase in the high-

valence Mo6+ content. Specifically, the NiTe-MoTe2 composite ex-

hibits a 68% high-valence Mo6+ content, compared to only 44.5%

in MoTe2. This indicates that the construction of the composite ma-

terial is favorable for modulating the electronic structure. The pres-

ence of high-valence Mo can create a favorable chemical environ-

ment for positively charged Ni species, further enhancing catalytic

reactions [41]. For the Te 3d spectrum, the two peaks attributed to

Te 3d5/2 are located at 573.1 eV and 576.4 eV, corresponding to the

Te–Ni/Mo bond within the system and the Te–O bond formed from

surface oxidation, respectively (Fig. S1c and Table S3 in Support-

ing information). These observations highlight the unique charac-

teristics of the NiTe-MoTe2 catalyst in terms of heterogeneous in-

terfaces and interactions, providing important insights for further

understanding and optimizing the performance of transition metal

telluride catalysts in related reactions.

The structure-property analysis was performed to elucidate the

electronic structure of the NiTe-MoTe2 heterointerface using den-

sity functional theory (DFT) calculations. An optimized model com-

prising four layers of NiTe (102) surfaces and four layers of MoTe2
(001) surfaces was established to investigate the electronic struc-

ture of the catalyst (Fig. S2 in Supporting information). To exam-

ine the synergistic effect between NiTe and MoTe2, the density

of states (DOS) for NiTe-MoTe2, NiTe, and MoTe2 were calculated

(Fig. 1e). Compared to pure NiTe and MoTe2, the DOS of NiTe-

MoTe2 at the Fermi level is higher, indicating that the heterointer-

face effect can enhance electron conductivity. Additionally, a higher

Fermi level state corresponds to more efficient charge transfer, and

the enhanced DOS is conducive to charge transfer for UOR [42].

Furthermore, the d-band center value (εd) of the partial density

of states (PDOS) was calculated to describe the reaction kinetics

[43]. According to PDOS analysis, the εd of NiTe-MoTe2 is closer

to the Fermi level than that of pure NiTe (Fig. 1f), suggesting that

the reaction kinetics of the NiTe-MoTe2 catalyst can be further op-

timized to improve catalytic performance [44,45]. By analyzing the

electron density differences at the catalyst heterointerface, we can

gain a deeper understanding of electron transfer within the NiTe-

MoTe2 heterointerface [46]. As shown in Fig. 1g, the NiTe-MoTe2
heterointerface exhibits significant charge accumulation and deple-

tion (yellow: electron depletion and blue: electron accumulation).

This demonstrates that MoTe2 can facilitate charge accumulation

Fig. 2. (a) SEM image, (b-d) TEM images, (e, f) HRTEM images, (g) SAED pattern,

(h-m) scanning transmission electron microscopy and elemental mapping images

of NiTe-MoTe2.

and depletion by adjusting the electronic structure, which is cru-

cial for the catalytic reaction [47]. Therefore, the synergistic inter-

action of NiTe and MoTe2 greatly promoted the UOR performance

compared to their individual components (vide infra).

To analyze the morphology and microstructure of the catalyst,

the NiTe-MoTe2 sample was examined using scanning electron mi-

croscopy (SEM) and transmission electron microscopy (TEM). As

shown in Fig. 2a, the SEM image of the NiTe-MoTe2 sample shows

that it is a solid sphere. After high-temperature annealing and tel-

luride treatment, the nano-particles were uniformly dispersed in

the sphere, and the organic matter was carbonized on the sur-

face to form a carbon layer coating, forming a solid sphere. The

precise morphology and crystal microstructure of the sample were

further observed through TEM and high-resolution TEM (HRTEM).

As shown in Fig. 2b, the NiTe-MoTe2 catalyst features a solid sphere

with dark nanoparticles distributed both on the surface and inside,

covered by a light carbon layer. More additional TEM images were

shown in Fig. S3 (Supporting information), where most of the par-

ticles were found confined in the carbon sphere. The particle size

of nanoparticles is mainly distributed between 30nm and 50nm,

with an average size of approximately 40nm (Figs. 2c and d). The

HRTEM clearly shows that a 0.28nm lattice can be assigned to the

(202) crystal face of MoTe2, and a 0.22nm lattice corresponding to

the (102) crystal face of NiTe, with the edge region showing the

carbon layer (Figs. 2e and f). The selected area electron diffraction

(SAED) pattern (Fig. 2g) shows that the NiTe-MoTe2 material has a

mixed polycrystalline structure, which is consistent with the XRD

results through the observation of diffraction bright spots. Accord-

ing to the elemental analysis in the energy dispersive X-ray spec-

trum (EDS), the Ni, Mo, and Te elements were found in the NiTe-

MoTe2 sphere (Fig. S4 in Supporting information). The measured

contents of Ni, Mo, and Te were 0.85 wt%, 0.39 wt%, and 2.33 wt%,

respectively, which was close to the addition of raw materials (Ni:

Mo=1:1) (Table S4 in Supporting information). The element map-

ping images can further confirm that the relevant C, Ni, Te, and

Mo elements are found to be uniformly distributed on the mate-

rial surface (Figs. 2h-m).

The urea oxidation performance was evaluated in a 1mol/L KOH

solution containing 0.33mol/L urea. To explore the influence of
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Fig. 3. Cyclic voltammetry curves of MoTe2, NiTe-MoTe2, NiTe in 1mol/L KOH solution without (a) and with (b) 0.33mol/L urea at 10mV/s. (c) ECSA and roughness factor.

(d) Tafel slope of catalysts. (e) Nyquist plots and fitting curves at 1.40V. (f) CA curves at 1.44V for 20h. (g) LSV curve of the water and urea electrolysis of NiTe-MoTe2||Pt/C.

(h) CA curve of urea electrolysis at 1.60V for 120h.

KOH electrolyte background, the cyclic voltammograms in KOH so-

lution below 1.54V were compared in the same range of urea ox-

idation to eliminate the interference of water oxidation (Fig. 3a).

The MoTe2, NiTe-MoTe2, and NiTe electrodes have a pair of redox

peaks, and the redox peaks at about 1.38V and 1.27V correspond

to the transition of Ni2+/Ni3+. The peak intensity of NiTe-MoTe2
is significantly greater than that of MoTe2 and NiTe electrodes,

indicating that the NiTe-MoTe2 catalyst has more active sites for

the formation of high-valence Ni3+ species. As expected, the NiTe-

MoTe2 electrode showed the highest catalytic performance for UOR

(Fig. 3b). The corresponding potentials are 1.40, 1.49, and 1.54V

for driving 10mA/cm2 current density, and the current densi-

ties of NiTe-MoTe2, NiTe, and MoTe2 at 1.54V are 80.4, 16.9, and

9.45mA/cm2 respectively. This high current density is primarily

due to urea oxidation rather than water oxidation. The nickel oxi-

dation peak overlaps with the urea oxidation peak, indicating that

the newly formed high-valence Ni species is the active phase for

urea oxidation, consistent with the electrochemical-chemical (E-C)

mechanism reported in the literature [48].

Considering the main role of the Ni active center in the cat-

alytic reaction, the electrochemical surface area (ECSA) and rough-

ness factor (Rf) based on the nickel reduction peak were calculated

and compared (Fig. S5a in Supporting information). The ECSA val-

ues are 5.46 cm2 for NiTe-MoTe2, NiTe is 2.61 cm2, and MoTe2 is

1.02 cm2 (Fig. 3c), with corresponding Rf of 78, 37.3, and 14.6 re-

spectively. The obtained high ECSA and Rf reflect the improvement

of the contact area between the catalyst and the electrolyte, which

is an important favorable factor in improving the activity of NiTe-

MoTe2 for the urea oxidation reaction. Comparing the specific ac-

tivity of the current normalized by ECSA, it was found that the cat-

alytic efficiency of NiTe-MoTe2 was still improved (Fig. S5b in Sup-

porting information). Specifically, the catalytic efficiency of NiTe-

MoTe2 is about 0.96mA/cm2 at 1.54mV, approximately 1.5 times

that of the NiTe catalyst (0.64mA/cm2) and 2.1 times that of the

MoTe2 catalyst (0.45mA/cm2). The increase of ECSA and Rf means

that more active centers are available for catalytic reactions, and

the specific activity evaluation shows that NiTe-MoTe2 has higher

catalytic efficiency due to the synergistic effect of Ni and Mo.

By increasing the scan rate, the current density corresponding

to UOR on the NiTe-MoTe2, NiTe, and MoTe2 electrodes also in-

creases accordingly (Fig. S6 in Supporting information). A linear

fit shows the diffusion-controlled process of UOR on these elec-

trodes, as shown by the square root relationship between peak cur-

rent density and scan rate. The larger linear fitting slope of the

NiTe-MoTe2 electrode (18.5) compared to NiTe (2.86) and MoTe2
(2.67) indicates faster catalytic kinetics. This suggests that the het-

erojunction system enhances surface structure changes due to elec-

tron transfer and electronic effects. The Tafel slopes of these cata-

lysts were also calculated and compared (Fig. 3d). The Tafel slope

value of NiTe-MoTe2 is 27.5mV/dec, which is smaller than that of

NiTe catalyst (104mV/dec) and MoTe2 catalyst (174mV/dec). Such

a small value of NiTe-MoTe2 indicates favorable electron trans-

fer of high-valence Ni3+ species prior to the rate-determining

step of chemical oxidation of urea. Further analysis of the cata-

lyst impedance was conducted using an equivalent circuit model

of the electrochemical impedance spectrum (EIS). Compared with

NiTe and MoTe2, the NiTe-MoTe2 electrode has the smallest charge

transfer resistance (Fig. 3e). Specifically, the charge transfer resis-

tance of NiTe-MoTe2 is fitted to 468 �, which is smaller than NiTe

(1082 �) and MoTe2 (2239 �) (inset of Fig. 3e, Table S5 in Sup-

porting information). The reaction kinetics of UOR were further re-

vealed by EIS measurements at different potentials (Fig. S7 in Sup-

porting information). As the voltage increases from 1.34V to 1.42V,

the impedance of MoTe2 changes very little. The impedance of the

NiTe sample decreased significantly at 1.40V potential, and NiTe-

MoTe2 showed an obvious impedance change at 1.38V, indicating

the beginning of UOR. These results support the idea that the het-

erostructure promotes electron transfer and improves catalytic ki-
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netics. A chronoamperometry (CA) test was carried out for 20h

to observe the current attenuation trend of the sample. The NiTe-

MoTe2 electrode did not show significant performance degradation

after reaching a steady state, indicating strong catalytic ability and

stability for UOR (Fig. 3f). In view of the excellent catalytic activity

and stability of NiTe-MoTe2 for UOR, a two-electrode system using

NiTe-MoTe2 as the anode and Pt/C as the cathode in a 1mol/L KOH

solution containing 0.33mol/L urea. As shown in Fig. 3g, a current

density of 10mA/cm2 is driven at a cell voltage of 1.49V, com-

pared to 1.68V in 1mol/L KOH solution without urea. The addi-

tion of 0.33mol/L urea significantly reduces the required potential,

demonstrating that NiTe-MoTe2 can serve as an efficient electrode

with NiOOH active phase for UOR electrocatalysis. The urea elec-

trolysis performance comparisons based on some recently reported

catalysts were shown in Table S6, the NiTe-MoTe2||Pt/C catalyst

driven 10mA/cm2 current density at a cell voltage of 1.49V was

smaller than most of the reported values, confirming its prospect

for urea-assisted water electrolysis. The durability of NiTe-MoTe2
was tested for 120h (Fig. 3h), showing excellent long-term stabil-

ity and structural integrity. For comparison, NiTe and MoTe2 cata-

lysts were also tested in the two-electrode system (Fig. S8 in Sup-

porting information). To drive a current density of 10mA/cm2, the

NiTe requires a battery voltage of 1.59V and MoTe2 requires 1.63V,

which are 100mV and 140mV higher, respectively, than that of

the NiTe-MoTe2 catalyst. This demonstrates that the NiTe-MoTe2
catalyst has superior catalytic activity and stability for UOR. The

degradation rate of urea and Faraday efficiency were further ana-

lyzed. As shown in Fig. S9 (Supporting information), the degrada-

tion rate of urea reached 14.7% after 120h degradation at 1.60V.

The Faraday efficiency during the process was calculated based

on the gas chromatography technique by analyzing the fully oxi-

dized product of N2, and it was 91.9%, where the UOR dominated

the process (Fig. S10 in Supporting information). The Faraday ef-

ficiency of water oxidation was 6.2%, and the liquid products as

NO2
-, NO3

-, and NCO- were very low for the evaluated conditions

(1.9 %).

To explore changes in surface morphology and chemical state

after the long-term stability test, the NiTe-MoTe2 composite cata-

lyst after the UOR stability test was further characterized by TEM

and XPS. As shown in Fig. 4a, the carbon spheres remain observ-

able, but the surface is oxidized due to the high potential in an

alkaline electrolyte. New amorphous layers formed on the sur-

face, as indicated by the absence of lattice stripes at the edges

in high-resolution TEM images (Fig. 4b). The SAED pattern did not

show obvious diffraction spots (Fig. 4c), confirming the formation

of amorphous oxide species due to surface oxidation and etching

during long-term UOR. As shown in Fig. S11 (Supporting informa-

tion), Ni and Te elements are still observable in the EDS spectrum,

while the decrease in Mo content may be due to leaching in the

strong alkaline electrolyte.

The surface chemical structure of the NiTe-MoTe2 catalyst be-

fore and after long-term CA stability measurement was compared

using XPS (Fig. S12 in Supporting information). Notably, the Ni 2p

profile showed significant changes, with Ni2+ and satellite peaks

dominating due to surface oxidation at high potential (Fig. 4d

and Table S7 in Supporting information). The disappearance of

the metallic Ni species peak further confirmed surface oxidation.

Specifically, the content of Ni2+ increased from 41.4% to 73.1%,

while the content of Ni3+ did not increase significantly due to its

cycle process in urea oxidation. In the E-C oxidation mechanism

of urea, the Ni catalyst is oxidized to form Ni2+ in solution. As

the oxidation potential increases, Ni(OH)2 on the surface is elec-

trochemically oxidized to high-valence NiOOH. The NiOOH then

chemically oxidizes urea to N2 and CO2, subsequently reducing

back to Ni(OH)2, thus recycling the urea oxidation reaction [49].

Therefore, after the reaction, more Ni2+ was kept to ensure the

Fig. 4. (a) TEM and (b) HRTEM of NiTe-MoTe2 after stability test. (c) SAED pattern.

The XPS spectra comparison for NiTe-MoTe2 catalyst before and after stability test,

(d) Ni 2p, (e) Mo 3d, (f) Te 3d. (g) Free energy diagram of NiTe (102) and NiTe

(102)-MoTe2 (004) for UOR.

urea oxidation cycle in the next oxidation of the catalyst. Since

Mo-species were not the active species for UOR, the high oxida-

tion potentials will cause Mo-species oxidation. After the stability

test, the Mo 3d distribution changed significantly with the disap-

pearance of Mo4+ and the appearance of Mo5+ with higher binding

energy (Fig. 4e). Additionally, the binding energy of high-valence

Mo6+ shifts to a higher value due to surface oxidation (Table S8

in Supporting information). Though the high valent Mo species

were not in the active phase, they would drive the charge redis-

tribution in the NiTe-MoTe2 system, and thus, promoted the ac-

tive phase of high valent Ni species formation. These changes in

the chemical states of Ni and Mo suggest that the transition from

low to high valence states in the NiTe-MoTe2 hybrid microspheres

may enhance electron transport and synergistically improve UOR

properties. The Te 3d spectrum further confirmed surface oxidation

driven by the electrochemical reaction (Fig. 4f), with a decrease

in the Te–Ni/Mo bond peak and a significant increase in the Te–

O bond intensity (Table S9 in Supporting information). Specifically,

the chemical state of Te was changed from Te2- to Te4+. Consis-
tently, the increased M–O/OH bond in the O 1s spectrum was ob-

served indicating the surface oxidation of Ni, Mo, and Te in the

system (Fig. S12 in Supporting information).

Based on the UOR catalytic mechanism, the oxidation activity

of urea is derived from high-valence Ni3+ oxide species. Therefore,

a layer of NiOOH on the surface of NiTe-MoTe2 was constructed

to serve as an active species for adsorbing urea to obtain the

thermodynamic information of the catalytic UOR mechanism.

By constructing the model of each reaction intermediate, the

Gibbs free energy of UOR reaction path was calculated on the

optimized model (Fig. 4g). The UOR pathway was determined

according to the recently reported oxidation mechanism of urea,

divided into 6 stages: ∗CO(NH2)2 → ∗CO(NH2NH)→ ∗CO(NH2 N)→
∗CO(NHN)→ ∗CO(N2)→ ∗CO(OH)→ ∗CO2 [50]. The four initial steps
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of the UOR process involve the deprotonation of four hydrogen

atoms from the urea molecule, followed by the release of N2 and

CO2 [51]. After the urea molecule is adsorbed on the catalyst

surface, it first loses an H atom to form CONH2NH
∗. This step

requires that the free energy on NiTe-MoTe2 is −1.21 eV, which

is lower than that on NiTe (−0.12 eV). This negative free energy

indicates the spontaneous dehydrogenation of urea on NiTe-MoTe2.

Moreover, a larger change in Gibbs free energy corresponds to a

higher energy barrier, which is a key step in the reaction, often

referred to as the rate-determining step (RDS). As shown in Fig. 4g,

NiTe and NiTe-MoTe2 share the same RDS for CO2 desorption. The

lowest RDS energy barrier for NiTe-MoTe2 is 2.07 eV, indicating

superior UOR catalytic kinetics. In contrast, the highest RDS energy

barrier for NiTe is 3.32 eV, which hinders the continuous progress

of urea oxidation and affects the reaction activity. These findings

align with electrochemical experimental results, demonstrating

that constructing the NiTe-MoTe2 composite can reduce the re-

action energy barrier, improve reaction kinetics, and enhance the

catalytic reaction.

In summary, carbon-confined NiTe-MoTe2 nanosphere compos-

ites were found effective in energy-saving hydrogen generation

from UOR induced by heterostructure charge redistribution. The

high-valence Mo created a favorable chemical environment for

high-valent Ni active species formation by modulating the elec-

tronic structure, which optimized the Gibbs adsorption-free en-

ergy for reducing the reaction energy barrier. The NiTe-MoTe2 com-

posites exhibit superior electrocatalytic activity compared to the

pure-phase NiTe or MoTe2 catalysts, achieving a current density

of 10mA/cm2 at 1.40V for UOR, along with rapid catalytic kinet-

ics and robust stability over 120h at a potential of 1.60V. This hy-

brid catalyst showed the increased electrochemically active surface

area and electronic interaction between NiTe and MoTe2, which de-

creases the binding strength of the intermediates and enhances

charge transfer ability in reaction kinetics. Thus, the NiTe-MoTe2
catalyst showed the promoted spontaneous dehydrogenation and

CO2 desorption ability in boosting UOR. The work offers a novel

catalyst platform of carbon sphere conveyed heterogeneous cata-

lysts for energy conversion catalysis reactions.
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