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Abstract 

Photothermal synergistic dry reforming of methane (DRM) involves 

the intricate coupling of photothermal conversion, CH4/CO2 

adsorption-activation, and complex reaction pathways. The development 

of a multifunctional integrated catalytic system is thus highly desirable, 

though achieving efficient synergy among these functions remains a 

critical challenge. Herein, an interface-engineered hollow CuS@NiCoSe 

catalyst was synthesized via in situ etching and high-temperature 

selenization. Strong interfacial interactions induced deliberate lattice 

strain at the CuS/NiCoSe heterointerface, which orchestrated the synergy 

between photothermal conversion, enhanced CO2 adsorption, and stable 

DRM catalysis. Hollow CuS, characterized by a high specific surface area, 

promoted gas enrichment and induced lattice strain at the interface 

through strong interactions with the NiCoSe shell. Such strain modulated 
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the electronic structure of the active sites, thereby facilitating CH4/CO2 

activation and C–H bond cleavage. Moreover, the NiCoSe shell enabled 

efficient photothermal conversion via broad-spectrum solar absorption, 

providing necessary thermal energy to drive the endothermic DRM. 

Introduction 

Dry reforming of methane (DRM) is a pivotal carbon-upcycling 

technology that converts CO2 and CH4 into high-value syngas (H2/CO)[1-4]. 

Consequently, DRM is regarded as a cornerstone technology for 

mitigating energy scarcity and addressing climate change. However, 

conventional thermal DRM requires high operating temperatures 

(typically >700 °C) to overcome thermodynamic constraints[5-8], leading 

to  substantial energy consumption, severe catalyst deactivation by 

coking, and metal particle sintering[9-11]. Recent breakthroughs in 

photothermal catalysis have prompted a paradigm shift: this approach 

reduces reaction temperatures while enabling the direct participation of 

photocarriers in catalytic cycles by harnessing the synergy between 

solar-induced localized heating and photogenerated charge carriers, 

thereby boosting energy efficiency and reaction activity[12-15]. For 

industrial feasibility, it is essential not only to integrate three core 

functionalities—efficient activation of CH4/CO2
[16], high-capacity gas 

adsorption[17], and superior photothermal conversion[18]—but also 

leverage structural design[19] and interface engineering[20] to achieve 



synergy among them. Nevertheless, such multifunctional coupling 

remains a critical and unresolved challenge. 

The rapid development of structurally and chemically robust 

materials, such as ferrites[21-22], perovskites[23-24], metal-organic 

frameworks (MOFs)[25-26], and transition metal nitrides/selenides[27], has 

revolutionized photothermal catalysis. Rao et al. engineered Ni-O/Ni-Ni 

dual sites that converted *CH₃ to *CH₃O at 472 °C, and the Ni–O moiety 

lowered the *C–O coupling barrier and thereby eliminated filamentous 

carbon, enabling 230 h of stable operation without observable coking 

behavior[28]. He et al. reported a Ru single-atom TiO₂-SiO₂ catalyst 

(Ru-TS), and the resulting Ru–Oᵥ–Ti configuration equalized the 

adsorption energetics of CH₄ and CO₂ and enforces a barrier-less *C–O 

recombination pathway, delivering extraordinary syngas production rates 

(98.52 mmol gRu⁻¹·h⁻¹ for CO and 96.50 mmol gRu⁻¹·h⁻¹ for H₂) and 

long-term stability[29]. Moreover, Li et al. designed a flower-like 

mesoporous TiO₂-Ru-S catalyst in which the mesoporous structure 

significantly increased the specific surface area of the material, exposed 

more active sites, and facilitated contact between gases and active sites. 

The introduction of S effectively prolonged the lifetime of 

photogenerated carriers and sustained quantitative syngas yield over 100 

h of cycling[30]. While these studies highlight the importance of 

coordination structures[31-32], morphologies[33-34], and defects[35-36], most 



efforts focused on optimizing single functionalities, such as active site 

density or light absorption. Critical gaps remain, particularly regarding 

the role of the heterointerface and lattice strain in synergizing 

photothermal conversion, gas adsorption, and catalytic activation, 

limiting the efficiency of multifunctional integration. 

Materials with localized surface plasmon resonance (LSPR) can 

generate localized electromagnetic fields and thermal energy under 

illumination, making them promising for photothermal catalysis[37-38]. 

While noble metals (e.g., Au and Ag) represent classic LSPR materials, 

their high cost hinders scalable application. In contrast, transition metal 

selenides exhibit plasmonic-like resonance in the near-infrared region, 

stemming from Se vacancies that increased the free electron density via 

collective carrier oscillations, offering a cost-effective alternative. 

Jyotirmayee Sahu et al. decorated CuS nanosheets with Zn₀.₅Cd₀.₅Se 

quantum dots, achieving efficient photocatalytic H₂O₂ production and 

p-nitrophenol reduction via LSPR effects[39]. Han et al. constructed a 

frame-in-cage hybrid (ZnSe–CdSe@NC FC) composed of ZnSe–CdSe 

embedded within a N-doped carbon matrix, which outperformed 

single-mode catalysis in CO₂ photoreduction due to synergistic 

photothermal conversion and abundant active sites[40]. Despite these 

advances, selenide-based catalysts still lack a deliberate design of 

heterointerfaces (e.g., core‒shell architectures) to induce lattice strain, 



which is critical for modulating the electronic structures of active sites 

and coupling gas adsorption with photothermal conversion. 

Herein, a hollow-structured CuS@NiCoSe core‒shell photothermal 

catalyst was established via in situ etching and high-temperature 

selenization, and lattice strain was induced at the CuS/NiCoSe 

heterointerface by leveraging interface engineering. The hollow CuS core 

enhanced gas enrichment owing to its high specific surface area and 

strong interfacial interactions with the NiCoSe shell, generating lattice 

strain that modulated the electronic structure of active sites to promote 

CH₄/CO₂ activation. Moreover, the NiCoSe shell, enriched with Se 

vacancies, exhibited superior photothermal conversion efficiency via 

broad-spectrum absorption, accelerating the reaction kinetics under solar 

irradiation. The evaluation of DRM performance revealed exceptional H₂ 

and CO production rates (472.5 and 496.3 mmol·g⁻¹·h⁻¹, respectively), 

with unattenuated activity over 100 h of operation. Experimental and 

theoretical analyses confirmed that the lattice strain mediated synergy 

between CuS (responsible for gas adsorption and strain induction) and 

NiCoSe (enabling photothermal conversion and catalytic activation), 

thereby addressing the critical challenge of multifunctional coupling in 

photothermal DRM. This work highlights interface engineering and 

lattice strain as universal strategies for advancing synergistic 

photothermal catalysis, with broader implications for greenhouse gas 



valorization. 

2. Experimental section 

2.1 Reagents and materials 

Cobaltous nitrate hexahydrate (99.99 %, Co(NO3)2·6H2O), Nickel 

nitrate hexahydrate (99.99 %, Ni(NO3)2·6H2O), Methanol (99.9 %, 

MeOH), Sodium sulfide (99%, Na2S), Cupric sulfate (98%, 

CuSO4·5H2O), Sodium hydroxide (98%, NaOH), Ascorbic Acid (99%), 

Sodium sulfate (99%, Na2SO4), Sodium thiosulfate (99.5%, Na2S2O), 

Selenium (99.9%), Sodium citrate (98%, C6H5Na3O7), ethyl alcohol (96%, 

C2H5OH) were obtained from Aladin Ltd. (Shanghai, China); 

2-Methylimidazole (98 %, 2-MIM) is obtained from Vokai Biotechnology 

Ltd. (Beijing, China). Unless otherwise stated, all chemicals are of 

analytical reagent grade and used without further purification. 

2.2 Synthesis of CuS 

The preparation of CuS was performed as previously reported with 

appropriate modifications. Sodium hydroxide aqueous solution (20 mL, 4 

M) was added to a mixed solution containing CuSO₄·5H₂O (5 mmol), 

trisodium citrate (1.5 mmol), and deionized water (80 mL). After stirring 

for 15 minutes, L-ascorbic acid aqueous solution (50 mL, 0.1 M) was 

added. Following 3 minutes of stirring and 1 hour of aging, the red 

precipitate of Cu₂O nanocubes (NCs) was collected via multiple 

centrifugation and washing steps with water and ethanol, and then dried 



at 60 ℃ for 12 hours. Subsequently, sodium sulfide aqueous solution (40 

mL, 6.25 mM) was added to a suspension of Cu₂O NCs (100 mg) in 

deionized water (60 mL) for sulfidation over 30 minutes, followed by 

centrifugation and washing cycles. The obtained Cu₂O@CuS core-shell 

structure was dispersed in a mixture of deionized water (20 mL) and 

ethanol (20 mL). The resulting alcoholic suspension was then added to 

sodium thiosulfate aqueous solution (16 mL, 1.0 M) to etch the Cu₂O 

core. After 30 minutes, CuS was collected through centrifugation and 

washing cycles. 

2.3 Synthesis of CuS@NiCoSe 

CuS (100 mg) was uniformly dispersed in methanol (30 mL), 

followed by the addition of cobalt nitrate hexahydrate (Co(NO₃)₂·6H₂O, 

50 mg) and nickel nitrate hexahydrate (Ni(NO₃)₂·6H₂O, 50 mg). The 

mixture was stirred for 30 minutes to form Solution A. Separately, 

2-methylimidazole (0.6 g) was dissolved in methanol (10 mL) to form 

Solution B. Solution B was rapidly poured into Solution A, and the 

combined mixture was stirred for 2 hours. The resulting solution was 

transferred to a Teflon-lined autoclave and subjected to a hydrothermal 

reaction at 160 °C for 10 hours. The precipitate was collected by 

centrifugation, washed three times with deionized water, and dried at 

50 °C for 10 hours to obtain CuS@NiCo. The as-synthesized CuS@NiCo 

(100 mg) was mixed with varying amounts of selenium powder (50 mg, 



100 mg, and 150 mg). The mixtures were calcined under a nitrogen 

atmosphere at 500 °C for 3 hours to yield the final CuS@NiCoSe (CNCS) 

samples. The catalysts were labeled as CNCS-0.5, CNCS, and CNCS-1.5 

based on the amount of selenium powder added (0.5, 1.0, and 1.5 

equivalents relative to CuS@NiCo, respectively). Throughout the 

manuscript, all instances of "CNCS" without a numerical suffix denote 

"CNCS-1.0". 

2.4 Instruments 

The scanning electron microscopy (SEM) analysis was performed 

using a Japan-Hitachi-Regulus 8230 scanning electron microscope. The 

morphology was characterized by transmission electron microscopy 

(TEM, JEOL F200) and high-resolution transmission electron microscopy 

(HRTEM, JEOL F200). Energy dispersive X-ray spectroscopy (EDS) was 

carried out using 4 in-column Super-X detectors. The powder X-ray 

diffraction (XRD) characterizations of all samples were carried out on a 

Rigaku D/ MAX 2550 diffract meter (Cu K radiation, λ = 1.5406 Å) 

operating at 40 KV and 40 mA, data was collected in the range of 10-80◦ 

(2 theta). The Raman tests were conducted on Renishaw’s in Via Raman 

with 532 nm laser as the excitation light source. The ultraviolet-visible 

(UV–vis) absorption spectra were acquired for the dry-pressed disk 

samples using a Scan UV–vis spectrophotometer (UV-3600 plus) 

equipped with an integrating sphere assembly, using BaSO4 as the 



reflectance sample. X-ray photoelectron spectroscopy (XPS) was 

performed on a ThermoFisher Nexsa system with Al Kα radiation 

operated at 250 W. Electron paramagnetic resonance (EPR) was carried 

out on a Bruker - EMXPlus-10/12 instrument. CO2 temperature 

programmed desorption (CO2-TPD) was carried out on Tianjin-TP5080. 

A thermogravimetric analyzer (TGA, PE-TGA4000) was used to 

characterize the carbon deposits of the spent catalyst. The Time-resolved 

photoluminescence (TRPL) spectra were carried out by a FLS 1000 

spectrometer with a 360 nm LED laser as the light source. 

2.5 In Situ Experiments.  

In situ diffuse reflectance infrared Fourier transform spectroscopy 

(In situ DRIFTS) was recorded by a Bruker Invenio S infrared 

spectrometer equipped with a liquid nitrogen-cooled 

mercury-cadmium-telluride (MCT) detector. The prepared samples were 

firstly degassed at 70 °C for 2 h under flow of Ar (50 ml min-1), and 

cooled to room temperature under flow of Ar (50 ml min-1). Then, the 

catalysts sealed in the chamber for introducing the flowed mixture gas 

(CH4: CO2=1:1), samples were collected respectively at 100℃, 300℃ 

and 500℃ under dark. Subsequently, under the irradiation of a 300 W 

xenon lamp, intermediate signals were acquired at 10-minute intervals, 

with a total of 5 acquisitions performed. 



In situ X-ray Photoelectron Spectroscopy (In situ XPS) was obtained 

on a Thermo SCIENTIFIC ESCALAB 250Xi spectrometer. This 

spectrometer was equipped with a window that could control the passage 

of light (monochromatic Al Ka of X-ray photoelectron spectroscopy, with 

hv = 1486.6 eV), had a power of 150 W and a beam spot of 500 μm. The 

fixed transmission energy of the energy analyzer was 30 eV. The specific 

testing process was as follows: Firstly, the spectra of the target samples 

were scanned under dark conditions. Then, after being placed in a 

darkroom for 300 minutes, the samples were irradiated with a 300 W 

xenon lamp, and the spectra were scanned after the lamp was turned on. 

Finally, the overall spectra of various elements and the corresponding 

atomic orbital spectra were obtained. 

2.6 Electromagnetic Measurements  

The electrochemical measurements were measured on an 

electrochemical analyzer (Zahner, Zennium) at room temperature. The 

standard three-electrode system was composed of a working electrode, a 

graphite carbon rod as the counter electrode, and a saturated calomel 

electrode as the reference electrode. The working electrode was prepared 

by a fluorine-doped tin oxide (FTO) deposited with a sample film. 

Typically, 5 mg photocatalysts were dispersed in 0.5 mL ethanol, then 

0.02 mL of the solution was dip-coated on the FTO surface and dried 

under atmospheric conditions at room temperature to form film. The area 



of formed film was fixed at 1 cm2. The transient photocurrent responses 

of different samples were carried out in N2 saturated 0.5 M Na2SO4 

aqueous solution under 300 W Xe lamp irradiation. The data of 

electrochemical impedance spectroscopy (EIS) were obtained in the 

frequency range from 100 kHz to 0.1 Hz under amplitude of 10 mV using 

N2 saturated potassium ferricyanide mixed electrolyte without Xe lamp 

irradiation. 

2.7 Density functional theory (DFT) calculation 

The Vienna Ab-initio Simulation Package (VASP) was employed to 

conduct all Density Functional Theory (DFT) calculations. The 

Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional, 

employing the generalized gradient approximation (GGA) method with 

Grimme D3 dispersion correction, was utilized in this study. The 

projected augmented wave (PAW) method was utilized to describe 

core-valence interactions in all DFT calculations. The energy cutoff for 

plane wave expansions was set to 550 eV, and the 1 × 1× 1 

Monkhorst-Pack grid k-points were used to sample the Brillouin zone 

integration for structural optimization of surface structures. Structural 

optimization was carried out with energy and force convergence criteria 

setting at 1.0×10-5 eV and 0.02 eV Å-1, respectively. 

2.8 Catalytic tests 

The methane dry reforming reaction performance was evaluated in 



an atmospheric pressure micro-photothermal reactor (BEIJING CHINA 

EDUCATION AU-LIGHT CO., LTD GEL-GPPCM). Fig. S1a-e shows 

the schematic diagram of the microphotothermal reactor. The catalyst was 

placed in a round quartz tube 49.5 cm long with an inner diameter of 6 

mm and an outer diameter of 10 mm, the ends of which were filled with 

an appropriate amount of quartz wool, and the temperature of the reaction 

was detected by a K-type thermocouple placed underneath the catalyst. A 

300W xenon lamp (BEIJING CHINA EDUCATION AU-LIGHT CO., 

LTD CEL-HXF300-T3) was used as the light source (Fig. S1c) to 

irradiate from the catalyst side through the quartz window. Typically, 50 

mg of catalyst was placed in the appropriate position in a quartz tube and 

reheated under a 20 mL⋅min-1 H2 atmosphere for reduction to 500 ℃ for 

2 h before being subjected to thermal and photothermal catalytic reactions. 

Then, the heating was stopped, and H2 was replaced by N2 until the 

temperature was reduced to 150 ℃. Finally, a mixture of 20% CH4, 20% 

CO2, and 60% N2 was introduced with a flow rate of 50 mL·min−1. After 

stabilisation for 30 min, the products were collected under light and dark 

conditions, respectively. The above procedure was repeated at 500 °C, 

550 °C, 600 °C and 650 °C (The temperature is the same before and after 

the light). Collected gases were analysed by gas chromatography and the 

production rates of H2 and CO as well as the ratio of H2 to CO were 

calculated using Equations (Eqs.) 1 and 2: 
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YH2 and YCO represent the production rates of H2 and CO, 

respectively. Here, nCH4,in and nCO2,in denote the molar amounts of CH4 

and CO2 introduced into the system, while nCH4,out, nCO2,out, nH2,out and 

nCO2,out indicate the molar amounts of CH4, CO2, H2 and CO flowing out 

of the system, respectively. 

2.9 CO2-TPD Experiment 

The CO₂-temperature programmed desorption (CO₂-TPD) tests were 

performed using a BELCata II instrument (MicrotracBEL, Japan). The 

detailed testing procedure was as follows: Approximately 50 mg of the 

sample was weighed and placed in a quartz reaction tube. First, the 

sample was subjected to a drying pretreatment by heating from room 

temperature to 300 °C at a rate of 10 °C/min, with high-purity He gas 

purging at a flow rate of 50 mL/min for 1 h. After pretreatment, the 

sample was cooled to 50 °C, and a 10 vol% CO₂/He mixed gas was 

introduced into the system until adsorption saturation was achieved. 

Subsequently, the gas was switched back to high-purity He (maintained at 

50 mL/min) for a 1 h purge to remove physically adsorbed CO₂ from the 

sample surface. Finally, the sample was heated to 650 °C at a heating rate 

of 10 °C/min under a continuous He flow (50 mL/min), and the desorbed 



gas was detected in real time using a thermal conductivity detector 

(TCD). 

2.10 Photothermal conversion performance Test. 

The photothermal conversion test was performed using an 808 nm 

laser beam (MDL-H-808) as the light source. A glass slide with a 

centrally fabricated circular well (6 mm diameter) served as the sample 

platform, positioned such that the laser beam formed a ~10 mm diameter 

spot on the platform. A thermocouple probe was secured within the well, 

and the powdered sample was uniformly packed into the circular recess to 

fully cover the probe tip. After compacting the sample, the temperature 

response under varying laser power densities was monitored via the 

thermocouple. 

3. Results and discussion 

A hollow core-shell CuS@NiCoSe-1.0 (CNCS) catalyst was 

fabricated via template etching combined with in-situ growth (synthesis 

scheme: Fig. 1a; detailed procedures in Experimental Section). Its 

structural and phase properties were verified by comprehensive 

characterization. Cubic Cu₂O was first synthesized as the CuS precursor. 

X-ray diffraction (XRD) analysis (Fig. S2a) exhibited sharp, symmetric 

diffraction peaks at 2θ = 29.3°, 36.2°, 42.2°, 61.4°, 73.5°, and 77.5°, 

which are strictly indexed to the (110), (111), (200), (220), (311), and 

(222) planes of cubic Cu₂O (JCPDS 05-0667), confirming the formation 



of high-purity Cu₂O. Scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) images (Fig. S2b and S3) 

revealed well-defined hexahedral particles (1.2 μm in diameter) with 

smooth surfaces, distinct edges, and uniform contrast, characteristic of a 

dense solid structure. Geometric phase analysis (GPA) of inverse 

Fourier-transformed HRTEM images (Fig. S4) revealed negligible lattice 

strain. Subsequent sulfidation and in-situ etching converted Cu₂O to 

hollow CuS. XRD patterns (Fig. S5) displayed characteristic peaks at 2θ 

≈ 29.5°, 31.8°, 32.9°, 47.9°, and 52.7°, corresponding to the (102), (103), 

(006), (110), and (108) planes of hexagonal CuS (JCPDS 06-0464), 

verifying phase-pure CuS. SEM (Fig. S6) confirmed retention of the 

polyhedral morphology with increased surface roughness; fractured 

regions exposed internal cavities (shell thickness: 50–70 nm, cavity 

fraction > 80%). TEM further validated the hollow architecture (Fig. S7), 

with GPA analysis (no significant contrast variation) confirming absent 

lattice strain (Fig. S8). After conformal coating of NiCoSe on CuS, XRD 

patterns (Fig. S9a) matched NiCoSe (JCPDS 88-1711), confirming 

successful selenide integration. SEM revealed vertically oriented NiCoSe 

nanosheets decorating the CuS surface (as shown in Fig. 1b); fractured 

regions exposed the hollow core and layered shell, confirming the 

core-shell configuration. Elemental mapping confirmed homogeneous 

distribution of Cu, S, Ni, Co, and Se (Fig. 1h). TEM images (Fig. 1c and 



d) exhibited "dark-bright-dark" edge contrast (CuS shell → cavity → 

NiCoSe layer), indicative of an intact heterostructure. High-resolution 

TEM (Fig. 1e) identified lattice fringes corresponding to NiCoSe (210) 

planes. Critical to performance, GPA (Fig. S9d) analysis showed 

pronounced contrast variation—distinct from Cu₂O and CuS—indicating 

significant lattice strain induced by NiCoSe. This strain, arising from 

CuS/NiCoSe lattice mismatch, induces a downshift in Cu 2p binding 

energy (Fig. 1f). Meanwhile, the electron enrichment of Cu also renders 

Ni sites electron-enriched via interfacial charge transfer (Fig. S10b). This 

synergistic electronic effect enhances the polarization of C-H bonds in 

CH₄, facilitating the dissociation process: Cu promotes bond 

pre-activation through polar interactions, while Ni, as the primary active 

center, completes the dissociation process. Additionally, strain-induced 

lattice distortion elevates Se vacancy concentrations (Fig. 1g). These 

vacancies, via coordinatively unsaturated Ni²⁺/Co³⁺ sites, strengthen CO₂ 

adsorption (CO₂ → CO₂*) and boost uptake. Enhanced electron 

localization at defects further lowers CO₂ activation barriers, 

synergistically promoting catalytic activity. 

X-ray photoelectron spectroscopy (XPS) analysis probed the 

elemental valence states and interfacial electronic interactions in CuS and 

CuS@NiCoSe (Fig. 1f). In pristine CuS, Cu 2p core-level peaks appear at 

952.07 eV (Cu 2p₁/₂) and 932.12 eV (Cu 2p₃/₂), whereas those in CNCS 



exhibit a subtle downshift to lower binding energies. This shift originates 

from dual effects: electron transfer across the NiCoSe-CuS interface and 

lattice strain at the heterointerface. Specifically, strain modulates Cu's 

binding energy by altering atomic spacing and electron cloud distribution, 

directly inducing the observed XPS peak displacement. The S 2p XPS 

spectra (Fig. S10a) display analogous behavior: heterojunction formation 

between CuS and NiCoSe triggers interfacial band bending, shifting the 

Fermi level (E_F) of S atoms to reduce ionization energy. Concurrently, 

lattice strain at the interface perturbs S's electronic orbital hybridization, 

enhancing electron delocalization and weakening nuclear-electron 

binding. These synergistic effects collectively drive the downshift of S 

characteristic peaks. Electron paramagnetic resonance (EPR) 

spectroscopy validated Se vacancies, with the signature signal at g = 

2.003 (Fig. 1g) serving as a definitive marker. Notably, this signal's 

intensity first increases then decreases with rising Se content—evidence 

that excess Se preferentially occupies intrinsic vacancy sites in the 

NiCoSe lattice, thereby reducing Se vacancy concentration (Fig. S11 and 

S12). 



 
Fig. 1. (a) The fabrication process of CNCS. (b) SEM image of CNCS. (c) and (d) 

TEM images of CNCS. (e) HRTEM image of CNCS. (f) XPS spectra of CNCS. (g) 

EPR spectra of different catalysts. (h) EDS elements mapping images of CNCS. 

A photothermal micro-flow reactor (equipped with a 300 W xenon 

lamp as the light source) was utilized to systematically investigate the 

effects of catalyst type (as shown in Fig.S1), reaction temperature, 

illumination conditions, and syngas ratio on the performance of 



CuS@NiCoSe (CNCS) in photothermally driven dry reforming of 

methane (DRM). Special emphasis was placed on deciphering how Se 

concentration modulates catalytic activity. Experimental results reveal 

that under photothermal conditions (as shown in Fig. 2a and Fig. S13), 

the conversions of CH₄ and CO₂ over all catalyst variants increase with 

temperature elevation—consistent with the thermodynamic limitations of 

DRM—yet distinct discrepancies in catalytic activity remain. CuS 

exhibits negligible conversion efficiency within 500–650 °C, primarily 

due to insufficient active sites. The non-selenized CuS@NiCo (CNC) 

catalyst achieves CH₄ and CO₂ conversions of 64.7% and 68.3% at 

650 °C, respectively, which are 1.55- and 1.54-fold higher than those at 

500 °C, but still fall short of industrial requirements. In contrast, 

selenization significantly enhances the performance of CNC, with 

catalytic activity showing a non-linear dependence on Se dosage: at 

650 °C, CH₄ conversion initially increases from 81.7% to 87.7% with 

increasing Se content, followed by a decrease to 83.2%. This behavior 

arises from Se-mediated regulation of catalyst defect structures and 

photogenerated carrier dynamics: at low Se concentrations, moderate Se 

vacancies enhance CO₂ adsorption and CH₄ dissociation via 

coordinatively unsaturated Ni/Co sites, lowering activation barriers for 

C-H and C=O bonds while acting as efficient electron traps to suppress 

carrier recombination; excess Se, however, occupies lattice vacancies to 



reduce active sites and serves as strong electron-hole recombination 

centers, shortening carrier lifetimes and ultimately degrading catalytic 

activity. To highlight the contribution of Ni in DRM, we tested the CH₄ 

conversion of CuS@Ni and CuS@Co under photothermal conditions at 

650 °C and calculated the H₂/CO ratio. The results show that (as 

presented in Fig. S14), compared with CuS (which exhibited a CH₄ 

conversion of 14.1%), CuS@Ni displayed significantly enhanced dry 

reforming activity, achieving a CH₄ conversion of 52.2%. This conversion 

was also higher than that of CuS@Co (which showed a CH₄ conversion 

of 41.3%), and the H₂/CO ratio remained stable at 0.78. This remarkable 

performance enhancement directly confirms the unique role of Ni in the 

dry reforming reaction. Furthermore, by comparing CuS@Ni with CNC 

and CNCS, we can further verify the synergistic promotional effect of Co, 

while emphasizing the irreplaceability of Ni as the main active 

component. 

A direct comparison of H₂ production under photothermal versus 

purely thermal conditions quantifies the performance boost induced by 

light irradiation. As evident in Fig. 2b, illumination enhances DRM 

activity to varying extents, with CNCS-1.0 achieving a H₂ production rate 

of 472.5 mmol g⁻¹ h⁻¹ under photothermal conditions. Notably, CNCS-1.0 

exhibits the most substantial improvement (35.2%) relative to 

thermal-only conditions, arising from the efficient coupling of its selenide 



structure with photothermal synergistic mechanisms. In CuS@NiCoSe, 

the NiCoSe bimetallic selenide component enables broadband light 

absorption spanning ultraviolet-visible-near-infrared regions (Figure 

S15)—far broader than that of CuS@NiCo or CuS—due to its tailored 

band structure and Se-vacancy-induced plasmonic-like resonance (strong 

near-infrared absorption). This enhanced light-harvesting capability 

allows CuS@NiCoSe to reach higher surface temperatures under 

identical illumination while directly lowering reaction activation barriers 

via photoexcitation (light-assisted thermal catalysis). In contrast, CNC 

and CuS exhibit weaker photothermal conversion and barrier reduction 

effects, stemming from their limited absorption spectra. The CNCS 

catalyst exhibits superior catalytic performance at different temperatures 

compared with the state-of-the-art works in the field (Fig. 3c). 

The H₂/CO ratio and its stability are pivotal to catalyst design, 

mechanistic elucidation, and the industrialization of dry reforming of 

methane (DRM). Having established the performance advantages of 

CNCS, the H₂/CO ratios under photothermal versus pure thermal 

conditions were determined over the 500–650°C range. CNCS 

consistently exhibited higher ratios under photothermal conditions, 

highlighting light's efficacy in suppressing side reactions (Fig, S15). 

Photoexcited holes preferentially accumulate near Se vacancies, 

participating predominantly in CO₂* activation (CO₂* → CO* + O*) 



rather than reacting with H₂ to initiate the reverse water-gas shift (RWGS) 

reaction. This selectivity reduces the probability of H₂-CO₂ interactions, 

thereby minimizing H₂ consumption. Notably, CNCS outperforms 

previously reported catalysts across the temperature range, as 

benchmarked against literature data. 

Catalytic stability represents a paramount metric for industrial DRM 

applications. Remarkably, the CNCS catalyst demonstrates exceptional 

long-term stability with negligible deactivation: after 100 h of 

photothermal testing, the H₂ production rate remains at 451.2 mmol g⁻¹ 

h⁻¹ while maintaining a stable syngas ratio (Fig. 3d). In contrast, stability 

diverges markedly between photothermal and pure thermal conditions: 

after 50 h, the H₂ production rate under pure thermal conditions plummets 

to 58.6% of its initial value, with the H₂/CO ratio decreasing from 0.95 

(photothermal) to 0.68. Coke formation represents the dominant 

deactivation pathway in DRM. Under photothermal conditions, 

photogenerated holes react preferentially with carbonaceous 

intermediates, synergizing with CO₂-mediated oxidation (C* + CO₂ → 

2CO) to establish a photo-assisted decoking mechanism that markedly 

reduces coking rates. Conversely, pure thermal conditions rely 

exclusively on CO₂-driven thermal oxidation, which exhibits low 

decoking efficiency and leads to coke buildup that masks active sites. 

Post-reaction coking behavior was characterized using transmission 



electron microscopy (TEM) and thermogravimetric analysis (TGA). 

Striking differences in catalyst surface states emerged after 100 h of 

reaction under the two conditions: TEM images (Fig. S17) reveal no 

appreciable amorphous carbon deposits on the photothermally treated 

catalyst, with its hollow structure remaining intact; whereas the thermally 

treated counterpart is encased in a thick amorphous carbon layer. TGA 

analysis (Fig. S18a) corroborates these observations: the mass loss rate 

(arising primarily from high-temperature coke decomposition) reaches 

10.6 % for the thermally treated catalyst, far exceeding the 1.7 % 

observed for the photothermally treated sample. Furthermore, the IG/ID 

ratio in Raman spectroscopy is commonly used to evaluate the degree of 

graphitization. The higher the degree of graphitization, the more difficult 

it is to eliminate carbon deposition. The IG/ID value (Fig. S18b) after the 

photothermal reaction (1.12) is much lower than that after the 

thermal-only reaction (1.65), indicating that the catalyst exhibits superior 

carbon deposition resistance under photothermal conditions. These 

findings collectively demonstrate that photothermal synergy not only 

enhances DRM catalytic efficiency but also markedly improves catalytic 

stability by mitigating coke formation. 



 

Fig. 2. (a) Conversion rate of CH4 for different catalysts is affected by temperature. (b) 

The H2 generation rates of different catalysts under photothermal/thermal conditions. 

(c) Comparisons of yields of H2 of CNCS with the results in literatures. (d) The 

catalytic stability of H2 and CO generation rates over 100 h. (e) The catalytic stability 

of H2 and CO generation rates over 50 h under photothermal/thermal conditions. All 

error bars come from the average of at least three in­dependent tests. 

To unravel the synergistic regulatory mechanism of temperature and 

light on reaction pathways, in situ diffuse reflectance infrared Fourier 

transform spectroscopy (In situ DRIFTS) was employed to track the 

dynamic evolution of surface intermediates during photothermal DRM. In 

situ DRIFTS tests exposed the catalyst to a CH₄/CO₂ mixture under 

gradually increasing temperature and light irradiation (see 2.5 In Situ 

Experiments for details). Results showed that CH₄ (3016 cm⁻¹) and CO₂ 

(2349 cm⁻¹) characteristic peak intensities increased under both 

thermal-only and photothermal conditions (as shown in Fig. S19 and 

Fig.3a). Enhanced intensities indicate stronger adsorption and activation 

of CH₄/CO₂ on active sites, as temperature supplies thermal energy to 

overcome adsorption barriers and light enhances charge transfer to 



strengthen CH₄/CO₂-catalyst interactions—confirming the light-heat 

synergy in promoting reactant activation. Additionally, the characteristic 

peak of gaseous CO at 2174 cm⁻¹ fluctuates significantly under 

illumination (Fig. 3b)—a phenomenon that demonstrates light rapidly 

accelerates CO generation. This is attributed to light irradiation 

accelerating the conversion of *CHO/*COOH to CO via photoexcited 

charges. The dynamic variation of this peak is consistent with the 

evolution of *CHO and *COOH intermediates, confirming an efficient 

CO formation pathway under photothermal conditions.  

Notably, light exerted a more pronounced effect on CO₂ activation: 

as shown in Fig. 3c, the characteristic peaks of asymmetric *OCO 

intermediates (νas(OCO)) at 1547 cm⁻¹ and 1512 cm⁻¹ exhibited 

intensified fluctuations under illumination. *OCO is a key intermediate in 

CO₂ activation; light promoted *OCO formation, indicating its facilitation 

of CO₂ activation. The *CHₓOCO species at 1425 cm⁻¹ directly reflects 

the coupling product of *OCO and CHₓ—one of the rate-limiting steps in 

DRM. Light irradiation accelerated the coupling rate of *CHₓOCO, 

thereby enhancing the DRM reaction rate. Under light irradiation, a new 

vibrational band at 1725 cm⁻¹, assigned to *CHO intermediates, indicated 

that CHₓ species from CH₄ dissociation combine with O atoms derived 

from CO₂ dissociation to form *CHO. This reaction step effectively 

inhibits the dissociation of the last hydrogen atom from CH₄ (which 



would form carbon deposition), holding significant practical importance 

for the catalytic stability of the catalyst. Additionally, a new band at 1649 

cm⁻¹, attributed to the characteristic vibration of *COOH, further revealed 

the coupling pathway between CO₂ and hydrogen-containing 

intermediates.  

The dynamic evolution of hydroxyl species is critical for decoding 

the reaction intermediate network (Fig. 3d). Two types of hydroxyl 

groups were identified in the 3500-3800 cm⁻¹ range: terminal hydroxyls 

(Type Ⅰ) and bridging hydroxyls (Type Ⅱ). Type Ⅰ hydroxyls are 

associated with *COOH intermediates, while Type Ⅱ hydroxyls 

correspond to H₂O generated via the reverse water-gas shift (RWGS) 

reaction (CO₂ + H₂ → CO + H₂O). The RWGS reaction initiates at 500℃; 

upon initial light exposure, the intensity of hydroxyl peaks increases 

(promoting RWGS), whereas it weakens after light stabilizes (inhibiting 

RWGS), indicating that light exerts a dynamic regulatory effect on 

RWGS. In situ DRIFTS confirms the presence of a richer pool of 

intermediates (e.g., *CHₓOCO, *CHO, *COOH) during photothermal 

DRM, alongside enhanced signals of *OCO and CO. These observations 

demonstrate that light strengthens the main reaction pathway by 

promoting the activation and coupling of CH₄ and CO₂, as well as 

regulating the RWGS side reaction—providing direct intermediate-level 

evidence for the photothermal synergistic enhancement of DRM 



efficiency. 

 
Fig. 3. In situ DRIFT analysis of DRM mechanism on CNCS: (a) 2000-2600 cm-1. 

(b)1900-2500 cm-1. (c)1200-1800cm-1. (d) 3500–3800 cm-1 spectra under 

photothermal and thermal conditions. 

To decipher the photo-driven mechanism and core performance 

metrics of CNCS in photothermal dry reforming of methane (DRM), we 

employed in situ characterizations and performance evaluations to 

systematically interrogate its photogenerated carrier dynamics, CO₂ 

adsorption behavior, and photothermal conversion efficiency. In situ 

X-ray photoelectron spectroscopy (In suit XPS) unveiled the charge 

transfer pathway under illumination: upon photoexcitation, the Cu 2p₃/₂ 

and Cu 2p₁/₂ peaks exhibited negative shifts of 0.14 eV and 0.23 eV, 



respectively, indicative of photogenerated holes migrating toward the 

CuS surface. Conversely, the Ni, Co, and Se peaks displayed positive 

shifts, confirming electron transfer to the NiCoSe component (Fig. 4a–4c 

and S20). This phenomenon arises from the built-in electric field 

established at the CuS/NiCoSe interface due to Fermi level disparities 

(oriented from NiCoSe to CuS), which facilitates directional charge 

migration—electrons to NiCoSe and holes to CuS—thereby accelerating 

charge separation. Photocurrent measurements corroborated this 

mechanism, revealing a 2.5-fold enhancement in photocurrent density for 

CNCS relative to CuS (Fig. 4d), underscoring the role of NiCoSe in 

promoting interfacial charge separation. Photoluminescence (PL) 

spectroscopy (Fig. 4e) revealed that under 261 nm UV excitation, all 

samples emitted at 420 nm via radiative recombination, yet CNCS 

exhibited a markedly diminished PL intensity compared to CuS and 

non-selenized CNC. This attenuation reflects reduced carrier 

recombination, attributed to the energy level gradient between the CuS 

core and NiCoSe shell, which spatially separates electron–hole pairs. In 

contrast, CuS@NiCo exhibited elevated recombination rates due to 

limited active sites. Time-resolved photoluminescence (TRPL) 

measurements (Fig. 4f) further confirmed that NiCoSe incorporation 

extended the carrier lifetime from 1.52 to 2.71 ns, providing prolonged 

charge availability for photochemical reactions. 



The CO₂ adsorption capacity is a critical determinant of DRM 

efficiency. Owing to safety constraints associated with high-temperature 

methane adsorption measurements, the present study focused on 

quantifying CO₂ uptake at 650 °C (DRM operating temperature, Fig. 4g). 

The CO2 temperature programmed desorption (CO2-TPD) results show 

that CNCS exhibits a significantly enhanced CO₂ adsorption capacity, 

which is 3.38 times higher than that of NiCoSe (without CuS). 

Additionally, the CO₂ adsorption capacity of CNCS exhibits an obvious 

trend of first increasing and then decreasing with the variation of Se 

content. This phenomenon arises from Se-mediated modulation: an 

optimal Se concentration enables p-d orbital hybridization between Se 

(p-orbital) and Ni/Co (d-orbital), which diminishes the localization of Co 

3d states and elevates the electron density near the Fermi level, thereby 

reinforcing CO₂ adsorption and activation. Conversely, excess Se leads to 

over-encapsulation of NiCo active sites, impairing their capacity for CO₂ 

adsorption. 

Photothermal conversion efficiency serves as a cornerstone for 

photothermal-synergistic DRM. Its performance was characterized via 

light-induced temperature evolution and simulated sunlight tests: under 

illumination without external heating, CNCS exhibits a rapid temperature 

rise with stable heat dissipation, and attains equilibrium swiftly upon light 

termination, indicative of an efficient photothermal response (Fig. 4h). 



Infrared imaging under simulated sunlight (Fig. 4i) further corroborates 

that the central temperature of CNCS (72.8 °C) is significantly higher 

than that of CuS (50.6 °C), demonstrating that the incorporation of 

NiCoSe enhances photothermal conversion efficiency. The underlying 

mechanism is associated with interfacial electronic structure modulation 

(Fig. 4j): due to disparities in work function and Fermi level, CuS and 

NiCoSe undergo energy level reconstruction, with upward band bending 

on the NiCoSe side and downward band bending on the CuS side, 

resulting in the formation of a Schottky barrier. This barrier not only 

accelerates the directional transfer of electrons from CuS to NiCoSe but 

also suppresses electron backflow, thereby promoting the separation of 

photogenerated electron-hole pairs and synergistically enhancing both 

photothermal conversion and charge utilization efficiency. 



 
Fig. 4. In situ XPS spectra of (a) Cu 2p, (b) Co 2p, (c) Ni 2p of CNCS under 

photothermal and thermal conditions. (d) Transient photocurrent response of CNCS 

and CuS. (e) Photoluminescence spectra of different catalysts. (f) Time-resolved 

photoluminescence spectra of different catalysts. (g) CO2-TPD spectra of different 

catalysts. (h) The time-dependent temperature curves for prepared samples under the 

light intensity of 0.6 W cm-2. (i) Infrared images of the catalyst under one sun 

irradiation. (j) Schematic diagram illustrating of LSPR effect of CNCS. 

Density functional theory (DFT) calculations systematically unravel 

the adsorption behaviors of CH₄ and CO₂, reaction pathways, and 

evolution of key intermediates during CNCS-catalyzed dry reforming of 

methane (DRM), providing atomic-scale theoretical insights into the 

experimental observations. First, the adsorption energies of CO₂ on 

CNCS and NCS were calculated (as shown in Fig. S23). CNCS exhibited 

a more negative adsorption energy for CO₂, indicating that the CuS 



component adsorbed more CO₂ owing to its larger specific surface area 

and more adsorption sites. This result is consistent with the CO₂-TPD test 

results (Fig. 4g). Additionally, two distinct adsorption configurations of 

CH₄ and CO₂ on the CNCS surface—horizontal and vertical 

configurations—were calculated (Figs. 5a and 5b), which exert a 

significant impact on the progression of subsequent reactions. After 

structural optimization (Fig. S21 and 22), significant differences in 

adsorption energy and reaction activity were calculated. For CH₄, 

horizontal adsorption exhibits a slightly lower adsorption energy (-0.44 

eV) compared to vertical adsorption (-0.40 eV, more thermodynamically 

stable). However, horizontal adsorption facilitates homolytic dissociation 

of CH₄ with a substantially reduced energy barrier, leading to excessively 

rapid CH₄ dissociation that surpasses the carbon elimination capacity of 

CO₂ (CO₂ + C* → 2CO). This imbalance readily triggers the Boudouard 

reaction (2CO → C* + CO₂), resulting in coke deposition. In contrast, 

vertical adsorption of CO₂ positions its C atom in closer proximity to 

NiCo active sites, enabling more efficient electron acceptance for 

activation into intermediates such as OCO*. This promotes coupling with 

H* species derived from CH₄ dissociation (e.g., OCO* + H* → COOH*), 

accelerating the formation of CO and H₂ and thus yielding superior 

catalytic activity. 

Comparative reaction pathway calculations between CNCS and CuS 



(Fig. 5d) highlight CNCS’s distinct advantages in key DRM steps. CNCS 

exhibits lower adsorption free energies for CH₄ and CO₂ than CuS, 

indicating stronger affinity of NiCo active sites toward 

reactants—facilitating reaction initiation. The dissociation of CH₄* to 

CH₃* and H*, a rate-determining step in DRM, shows a substantially 

lower energy barrier on CNCS (0.39 eV) versus CuS (0.91 eV). This 

arises from electronic interplay between Ni, Co, and Cu, which 

redistributes electron density at active sites, weakening C-H bonds, 

lowering dissociation barriers, and markedly enhancing reaction kinetics. 

Coke formation in DRM primarily originates from CH₄ deep cracking 

(CH* → C* + H*) or CO₂ disproportionation, with CH₄ cracking 

dominating at high temperatures. DFT calculations (Fig. 5c) reveal 

striking selectivity in CH* evolution on CNCS: CH* preferentially 

couples with O* from CO₂ dissociation to form CHO* (with lower 

reaction barriers) rather than directly cracking into C*. This is in full 

agreement with experimental TG and TEM results showing "significantly 

reduced coke deposition on CNCS under photothermal conditions," 

confirming that CHO* formation redirects CH₄ cracking pathways to 

inherently suppress coke genesis. 

Integrating DFT calculations and experimental data, the 

"adsorption-photothermal-activation" synergistic mechanism for 

CNCS-catalyzed DRM is proposed (Fig. 5e). CNCS’s hollow structure 



provides abundant adsorption sites for CH₄ and CO₂, boosting reactant 

concentrations. Under illumination, CNCS converts light energy to heat 

to accelerate DRM thermodynamics; concurrently, photogenerated 

carriers modulate electron transfer via NiCo sites, enhancing CH₄ and 

CO₂ activation. Specifically, NiCo bimetallic sites drive the formation of 

key intermediates (e.g., CHO*) from CH₄ and CO₂ activation, avoiding 

deep CH₄ cracking into C*. This ensures efficient H₂ and CO production 

while markedly improving catalytic stability through coke inhibition. 

Building on our previous research, future development and 

investigation of photothermally driven catalysts for the dry reforming of 

methane (DRM) should focus on two key areas. First, precision 

regulation of strain and defect engineering: exploring heterojunctions 

with tunable lattice mismatch to quantify the correlation between strain 

magnitude and catalytic performance, and identifying an "optimal strain 

window" to maximize C-H activation efficiency. Furthermore, stability 

can be enhanced through interface modification—via rational synthesis 

methods and structural design to improve the catalyst’s resistance to 

sintering and coking. Exploring industrial application directions is 

equally worthwhile. The ultimate goal of developing DRM catalysts is to 

enable low-carbon utilization of methane and carbon dioxide; thus, future 

work should focus on resolving bottlenecks in industrial deployment, 

such as scalable catalyst synthesis and the development of catalysts 



capable of adapting to industrial environments characterized by high 

temperatures, high pressures, and high levels of impurity gases. These 

future directions not only underscore the practical value of our current 

work but also provide clear guidance for subsequent research. 

 
Fig. 5. The structurally optimized adsorption models: (a) horizontal adsorption, (b) vertical 

adsorption. (c) Transition states of the lowest energy pathways for CHO* path and C*+H* path on 

CNCS. (d) Reaction energy profiles for DRM path on CNCS. (e) Schematic diagram of 

photothermal synergistic driven DRM. 

4. Conclusion 

In summary, this study presents a hollow CuS@NiCoSe 

heterojunction catalyst that achieves efficient synergy between 

photothermal conversion and CH₄/CO₂ adsorption-activation during Dry 



Reforming of Methane. Unlike previous photothermal catalysts focusing 

on a single function, this work integrates interface engineering and lattice 

strain modulation to enhance charge transfer and optimize the electronic 

structure of active sites. Interfacial lattice strain, induced by strong 

CuS-NiCoSe bonding, promotes C-H bond cleavage, while the NiCoSe 

shell ensures broad-spectrum photothermal conversion. Compared with 

existing studies, the CuS@NiCoSe catalyst exhibits higher catalytic 

activity (87.7% CH₄ conversion at 650 °C) and superior catalytic stability. 

This study establishes lattice strain-driven interface engineering as an 

effective strategy for designing multifunctional photothermal catalysts 

and provides general design principles for developing advanced 

multifunctional catalysts for greenhouse gas valorization and sustainable 

energy conversion. 
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