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ABSTRACT: Photocatalytic reactions powered by solar energy are essential for 
capitalizing on renewable solar resources. However, efficiently utilizing the 
entire sunlight spectrum for reactions with high activation energy, such as alkane 
dehydrogenation, poses a major challenge in catalyst design. In this research, we 
propose a surface modification strategy that generates abundant interfacial sites 
on the TiN surface while preserving strong light absorption, promoting 
interfacial electron-hole recombination, and supporting catalytic reactions across 
the full spectrum. Through a combination of spectroscopic, theoretical, and 
experimental investigations, we demonstrate the effectiveness of this catalyst 
design in enhancing solar energy utilization. We have successfully developed a 
SrTiO3/SrOx-TiN catalyst that significantly enhances the activity of non-
oxidative ethane dehydrogenation by 11.7-fold under solar photocatalysis. The 
strategy revealed in this work, which involves constructing abundant reaction 
sites with enhanced interfacial electron-hole recombination, is vital for 
developing advanced heterogeneous solar photocatalytic systems. 
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1  Introduction 

Solar energy is the most abundant renewable energy resource 

on Earth1. Effectively harnessing it to drive chemical 

transformations and produce high-value chemicals is of 

considerable importance2,3,4. Among solar energy conversion 

pathways, solar thermal catalysis stands out by converting solar 

energy into thermal energy on catalyst surfaces, generating 

localized high-temperature hot spots on the catalyst surface5. 

These surface sites efficiently promote chemical 

transformations, enabling the conversion of solar energy into 

chemical energy and making solar thermal catalysis a 

promising approach for high-efficiency solar energy utilization. 

Achieving efficient solar thermal catalysis requires not only 

chemically stable, reaction-specific catalytic sites6 to direct the 

selective conversion of reactant molecules and intermediates, 

but also the rational regulation of catalyst electronic structure7 

and geometric morphology8,9 to optimize solar spectrum 

absorption and photothermal conversion efficiency, both of 

which are essential for maximizing solar-to-chemical energy 

conversion. Existing systems used surface-loaded metals10 to 

influence the interaction between the metal and the support, 

which modifies the interfacial geometric or electronic structure 

and promotes the reaction when exposed to light of a specific 

or relatively narrow wavelength11, 12. Transition metal nitrides, 

such as titanium nitride, have garnered significant attention in 

solar thermal catalysis, particularly for photothermal CO2 

hydrogenation13 and photothermal biomass oxidation14, due to 

their broad localized surface plasmon resonance (LSPR)-

induced absorption across the solar spectrum and the abundance 

of surface sites15. This indicates that the LSPR of this TiN with 

a proportion of Au, etc., has a wider absorption range and higher 

absorption efficiency. Nevertheless, transition metal nitrides 

typically possess a limited number of surface active sites and 

exhibit relatively low solar-to-chemical energy conversion 

efficiency16. Additionally, the characteristics of oxygen species 

present on the nitride surface play a critical role in determining 

catalytic performance, with interfacial regions frequently 

serving as highly active reaction sites17. Furthermore, during 

photothermal reduction or oxidation, over-oxidation or nitrogen 

loss occurs13,14, which further reduces the photo-to-thermal 

conversion efficiency of nitrides18,19. Consequently, developing 

nitride catalysts that combine an abundance of highly active 

sites with robust and efficient photothermal conversion under 

high-temperature and reductive atmosphere conditions remains 

a significant challenge. 

To address this challenge, we propose modifying TiN with 

alkaline earth metal ions (Sr, Ca, Mg, La, Ce , Sm and Ba) to 

generate high-dielectric-constant, irreducible MTiO3–TiN 

interface species, with the objective of red-shifting LSPR 

absorption band20 and thereby enhancing photothermal 

efficiency21. Meanwhile, incorporating electron-withdrawing 
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MTiO3 (such as SrTiO3) species facilitates electron extraction 

from the electron-rich TiN substrate, lowering the overall work 

function of the TiN material22 and enhancing interfacial  

electron-hole recombination. This process generates localized 

high temperatures directly at the interface sites, making it more 

efficient than thermalcatalysis. In photothermal non-oxidative 

ethane dehydrogenation (NOEDH), Sr-modified TiN exhibited 

a 11.7-fold enhancement in ethylene formation rate compared 

to unmodified TiN, with ethylene selectivity reaching up to 

94%. This represents the first reported nitride-based catalyst 

with high olefin selectivity for NOEDH, outperforming almost 

all previously reported photothermal NOEDH catalysts (Table. 

S1)11,23,24,25-27. Reaction results and cycling experiments 

confirmed that the modified SrTiO3/SrOx-TiN catalyst exhibits 

excellent activity and stability for ethane dehydrogenation. 

Furthermore, over four consecutive days under natural sunlight, 

we showed that the catalyst can reach a maximum ethylene 

production rate of 1846 μmol h⁻1 with 85.9% selectivity. 

Overall, this work provides an effective modification strategy 

and valuable guidance for the design of nitride catalysts for 

NOEDH, combining robust stability with high photothermal 

conversion efficiency. 

2  Results and discussion 

2.1 Structure of SrTiO3/SrOx-TiN nanocomposite. 

The TiN catalyst (Fig. 1a) was synthesized using H2Ti4O9 

nanotubes as the titanium source. Metal precursors were 

impregnated onto the nanotube surfaces, then nitrided by 

ammonia calcination at a temperature between the N-doping 

temperature of TiO2 (TN, TiO2) and that of MTiO3 (TN, MTiO3). The 

Sr-modified catalyst serves as a representative example. For 

comparison, an unmodified catalyst was prepared under 

identical conditions without metal precursors.

Fig. 1. Preparation of photothermal catalyst SrTiO3/SrOx-TiN. (a) Schematic diagram of catalyst preparation. (b) The X-ray diffraction 

(XRD) patterns of TiN and SrTiO3/SrOx-TiN catalysts. HRTEM image of SrTiO3/SrOx-TiN. (c) X-ray absorption near edge structure 

(XANES) of TiN before and after SrTiO3 modification. (d) Ti K-edge XAFS spectra of TiN before and after Sr modification. (e) The 

HRTEM image of SrTiO3/SrOx-TiN. (f) The HRTEM image of the interface of SrTiO3/SrOx-TiN. (g) HAADF-STEM image of 

SrTiO3/SrOx-TiN and energy-dispersive X-ray spectroscopy (EDS) mappings showed the spatial distribution of N K, O K, and Sr L edge.
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XRD patterns show two sets of diffraction peaks (Fig. 1b) 

corresponding to TiN and SrTiO3 crystalline phases, likely 

resulting from a high-temperature reaction between SrCl2 and 

TiO2 formed during dehydration. SrCl2 was not found to 

change the morphology of the nanotube (Fig. S1). Compared 

to pure TiN, the (200) reflections of TiN in the nanocomposite 

shift to higher angles, indicating lattice contraction. XANES 

analysis places the Sr-modified catalyst between TiN and 

SrTiO3, suggesting a lower defect concentration than in the 

unmodified sample. The Ti K-edge XAFS spectra confirm a 

corresponding shift in Ti–N bond lengths12,28 (Fig. 1d). 

HRTEM images reveal a nitrided structure of partially 

fractured nanotubes (Fig. 1e), composed of strongly 

agglomerated particles 20 to 40 nm in diameter (Fig. 1f). 

HRTEM analysis shows lattice fringes for the (200) plane of 

TiN and the (110) plane of SrTiO3, confirming the nanotubes 

consist of both SrTiO₃ and TiN particles. For unmodified TiN 

(Figs. 1b and S2c), the main exposed planes are (200) and 

(111); comparison of the TiN 

(200) lattice spacing before and after modification further 

confirms the lattice contraction. 

EDS analysis of the TiN regions (Fig. 1g) shows a uniform 

distribution of O and Sr. Since the atomic radius of Sr2⁺ is 

larger than that of Ti3⁺, Sr incorporation into the TiN lattice 

would be expected to cause lattice expansion and shift the TiN 

XRD peaks to lower angles. However, this is not observed 

experimentally (Fig. 1b). Therefore, Sr is concluded to be 

present mainly as an SrTiO3 phase on the TiN surface. 

2.2 Enhanced photo-to-thermal conversion. 

To evaluate photo-to-thermal conversion efficiency before and 

after Sr modification, we systematically examined light 

absorption and carrier recombination in both nanocomposites 

and pristine TiN.

Fig. 2. Investigation of the photothermal mechanism before and after SrTiO3 modification. (a) UV-vis absorption spectra of the 

catalysts. (b) The Photoluminescence Spectroscopy (PL) patterns of TiN and SrTiO3/SrOx-TiN catalysts. (c) Temperature profiles of TiN 

(black dot-line) and SrTiO3/SrOx-TiN (red dot-line). To test light-to-heat conversion efficiency, 60 mg catalyst was compressed into the 

metallic round groove, and the gas atmosphere was changed to 1 atm Ar. Then the Xenon lamp was turned on with 7.74 W cm-2 irradiation, 

and the real-time temperature profile was recorded. The equilibrium temperature was taken as the temperature at which the temperature 

fluctuation was relatively small. COMSOL simulation of the surface temperature of (d) TiN and (e) SrTiO3/SrOx-TiN after focusing 

sunlight. (f) Temperature change on the catalyst surface after SrTiO3 modification for the SrTiO3/SrOx-TiN.
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UV-Vis diffuse reflectance spectra show a slight increase in 

low-energy photon utilization for SrTiO3/SrOx-TiN 

nanocomposites (Fig. 2a). The transverse-mode LSPR peak of 

TiN in the nanocomposites shifts from 517 nm to 538 nm, 

indicating improved visible-light harvesting. 

Photoluminescence spectra (Fig. 2b) confirm that the 

nanocomposites have better carrier recombination properties 

than pure TiN. These results demonstrate significant 

differences in solar light absorption and utilization between Sr-

modified and unmodified TiN catalysts. 

Solar-to-thermal conversion experiments were conducted 

using a metal reactor with a quartz window (Figs. S4 and S5), 

measuring the near-surface temperatures of pure TiN and 

SrTiO3/SrOx-TiN nanocomposite. Under illumination, the Sr-

modified TiN reached a steady-state surface temperature 55 °C 

higher than the unmodified sample (Fig. 2c), indicating 

improved photo-to-thermal conversion efficiency. Through 

Differential Scanning Calorimetry (DSC) and photo-to-thermal 

measurements, we analyze the photothermal conversion 

efficiencies of TiN and SrTiO3/SrOx-TiN. The results showed 

that Sr modification improved the interfacial light-to-heat 

efficiency by approximately 18% (Fig. S6). COMSOL 

simulations modeled surface temperature distributions before 

and after modification (Figs. 2d–2f). Without illumination, 

catalyst surface temperatures remained unchanged (Fig. 2c and 

Fig. S7a). When interfacial electron-hole recombination was 

allowed (Fig. S7b), the modified catalyst's surface temperature 

increased with recombination power; at 9 × 10⁻9 W, the TiN 

surface temperature reached about 564 °C (Fig. 2e). The 

simulated temperature increase of 51 °C closely matches the 

experimental difference of 55 °C. These results confirm that 

electron-hole recombination at the TiN/SrTiO3 interface drives 

the enhanced photothermal effect. Overall, metal-ion 

modification significantly improves the solar-to-thermal 

conversion efficiency of TiN, supporting further study of its use 

in solar-driven thermalcatalytic C–H bond activation. 

2.3 Photothermal non-oxidative ethane 
dehydrogenation. 

We evaluated the catalytic performance of TiN catalysts for 

NOEDH before and after surface modification.

 

Fig. 3. Effect of different modified catalysts on photocatalytic non-oxidative ethane dehydrogenation. (a) Catalysts with different 

cation loadings. (b) Catalysts with different Sr loadings. (c) Catalysts with different nitridation temperatures. (d) Reaction time profile of 

photothermal ethane dehydrogenation. (e) Ethane dehydrogenation cycle reaction. (f) Photothermal ethane dehydrogenation in flow reaction. 

Batch reaction conditions: 20 mL C2H6 was injected into a 40 mL metallic reactor filled with 1 atm Ar, and 60 mg catalyst was compressed 

into the metallic round groove and irradiated by 7.74 or 10.4 W cm-2 full-spectrum xenon light for 10 minutes. Flow reaction conditions: 1 

atm, 25 mL minute-1 19.9% C2H6/N2, 60 mg catalyst, 7.74 W cm-2 simulated solar irradiation, every 30 minutes gas components were 

extracted for analysis. Data in Figure 3a and 3b are repeated three times and two times for data in other figures.
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The unmodified TiN catalyst showed an ethylene (C2H4) 

formation rate of 62.6 μmol h⁻1 and a selectivity of 96.6%. 

Incorporating alkaline-earth metal ions consistently enhanced 

activity; the Sr-modified catalyst showed the greatest 

improvement, with a C2H4 formation rate of 735 μmol h⁻1 (a 

11.7-fold increase) and a selectivity of 94.5%. The hydrogen 

production energy efficiency was determined to be 20.82 μmol 

H2 kJ-1 based on H2 production amount and light intensity. The 

Ca-modified catalyst showed similar enhancement, followed by 

Mg-, La-, Ce-, Sm- and Ba-modified catalysts. XRD patterns 

indicated distinct perovskite phases in Ca-, La-, Ce-, Sm-, and 

Sr-containing samples, while no oxide crystal peaks were 

observed in Mg- or Ba-containing samples (Fig. S8). 

To identify the catalyst's active sites, we conducted control 

experiments using a TiN/SrTiO3 physical mixture with the same 

phase ratio as SrTiO3/SrOx-TiN, and a catalyst with 10 wt% 

SrTiO3 prepared by the same method (Fig. S9). Both showed 

catalytic performance similar to pure TiN, indicating SrTiO3 

alone is not active. Thus, the TiN/SrTiO3 interface was likely 

the main active site. The interfacial reaction temperature was 

measured with thermocouples and an infrared camera (Fig. 

S10), showing an approximately 50 °C increase after Sr 

modification, consistent with COMSOL simulation results. To 

distinguish the thermalcatalytic mechanism, NOEDH was 

carried out at various temperatures. The findings (Fig. S11) 

indicated that Sr modification negatively affected NOEDH 

across the entire heating range. It is hypothesized that the active 

thermalcatalytic site resides on TiN, and the Sr surface 

modification, which covers the TiN surface, hampers the 

reaction. Sr loading experiments further support this: as Sr 

content increased from 1 wt% to 20 wt%, activity peaked at 5 

wt% and then declined, due to optimal exposure of interfacial 

sites at 5 wt% and subsequent coverage by SrTiO3 at higher 

loadings, as shown by XRD (Fig. S12). Adjusting calcination 

temperature (Fig. S13) showed that 850 °C produced the best 

catalytic activity and stability (Figs. 3c, S14, and S15). 

To evaluate SrOx stability in the nanocomposite, we adjusted 

the spotlight radius (Fig. S4b) and increased light intensities 

(Fig. S16). Monitoring H2 and C2H4 yields during illumination 

(Fig. 3d) showed the H2/C2H4 ratio remained close to the 

theoretical 1:1. Cycling experiments (Fig. 3e) confirmed no 

significant catalyst deactivation, even at higher light intensities 

and temperatures, with the ethylene-to-hydrogen production 

ratio consistently near 1:1. These results demonstrate the strong 

stability of SrOx on the TiN surface.  

Post-reaction XRD (Fig. S17b) showed no significant 

changes compared to the fresh catalyst, confirming the stability 

of both TiN and surface SrOx. The structure of the catalyst after 

the reaction was characterized by HRTEM and EDS mapping 

(Fig. S18), and the results showed that the structure did not 

change significantly before and after the reaction. Further XPS 

spectroscopy also indicated partial surface N and O 

consumption on the catalyst surface before and after the 

reaction (Fig, S19). EPR analysis further confirmed that there 

were negligible O or N vacancies during C2H6 dehydrogenation 

(Fig. S17a). 

We expanded the reaction setup into a flow system to 

improve ethylene selectivity (Fig. 3f). Over a 240-minutes 

photothermal flow experiment, the catalyst consistently 

produced about 500 μmol·h⁻1 of ethylene, with selectivity rising 

to 97%, surpassing the batch reaction results. 

2.4 Sunlight-driven non-oxidative ethane 
dehydrogenation. 

To validate the feasibility of solar-powered thermal NOEDH, 

we developed a solar-concentrating setup (Fig. 4a) using a 

Fresnel lens for light focusing (Fig. 4b). Over four days, 

reactions were conducted with natural sunlight (Figs. 4c and 4d). 

The light intensity of one sun at various times and the actual 

temperature after focusing were precisely measured (Fig. S20), 

with corrections made for light loss passing through the Fresnel 

lens (Fig. S21). Under concentrated sunlight (about 463 fold 

natural intensity), 20 mL of ethane reached nearly 40% 

conversion in 10 minutes, with a maximum ethylene production 

rate of 1846 μmol h⁻1, much higher than existing photocatalytic 

systems (Table. S1). The ethylene production rate depended on 

weather (light intensity) and solar concentration, as infrared and 

near-infrared radiation rapidly increased catalyst surface 

temperature and accelerated dehydrogenation and C–C bond 

cleavage. The solar-driven reaction produced more CH4, 

reducing ethylene selectivity; carbon balance analysis suggests 

possible carbonaceous deposit formation. In summary, these 

results confirm the viability of TiN-based solar-driven NOEDH. 

The reaction rate matches that of commercial thermal catalysts, 

and both ethylene production rate and selectivity surpass 

previous photothermal studies. 
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Fig. 4. Sunlight-driven non-oxidative ethane dehydrogenation over SrTiO3/SrOx-TiN. (a) Photo of the apparatus and (b) diagram of 

the reactor under irradiation by concentrated sunlight. (c) Light intensity, conversion, and formation rate of carbon products over 4 days of 

reaction. (d) Selectivity, carbon balance, and formation rate of H2 over 4 days of reaction. Reaction conditions: 20 mL of C2H6 was injected 

into a 40 mL metallic reactor filled with 1 atm Ar, and 60 mg of catalyst was compressed into the metallic round groove and irradiated with 

concentrated solar light for 10 minutes, with an irradiation area of 706.5 cm2 of natural solar light. Sunlight was concentrated into an area 

of 1.3 cm2. 
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3  Conclusion 

In summary, the integration of experimental, spectroscopic, and 

theoretical approaches demonstrates the feasibility of sunlight-

driven NOEDH. Using Sr as a case study, XRD and XAFS 

analyses showed structural changes after modification, 

confirming the formation of surface SrTiO3. HRTEM and EDS 

mapping further verified the distribution of SrTiO3 on the 

SrTiO3/SrOx-TiN surface. UV-Vis spectroscopy revealed 

improved visible-light absorption in the modified catalyst, 

while PL spectroscopy indicated increased electron-hole 

recombination at the interface, leading to an average 

temperature rise of 55 °C. COMSOL simulations showed that 

an interfacial electron-hole recombination heating power of 9 × 

10⁻9 W caused the TiN temperature to increase by 51 °C. 

Collectively, these findings demonstrate a significant local 

temperature increase at the catalyst interface after surface 

modification, enhancing solar-to-thermal energy conversion 

efficiency. 

Modifying the TiN catalyst with different metal ions 

considerably boosts activity in NOEDH, with Sr modification 

offering the most substantial increase, elevating activity by 11.7 

times. Introducing Sr onto the surface aided in forming a SrTiO3 

perovskite phase, which enhanced interfacial electron-hole 

recombination. The catalytic reactivity improved with more 

exposed interfacial sites. Rigorous control experiments suggest 

that the SrTiO3–TiN interface is likely the principal reaction site. 

Reaction results and cycling experiments confirmed that the 

modified SrTiO3/SrOx-TiN catalyst exhibits excellent activity 

and stability for ethane dehydrogenation. Furthermore, over 

four consecutive days under natural sunlight, we showed that 

the catalyst can reach a maximum ethylene production rate of 

1846 μmol h⁻1 with 85.9% selectivity. The approach in this 

study, which creates numerous interfacial sites acting as 

effective electron-hole recombination centers, is crucial for 

advancing sophisticated heterogeneous solar photothermal 

catalytic systems. 

4  Experimental section 

4.1 Synthesis of H2Ti4O9 nanotube (TNT). 

H2Ti4O9 nanotube (TNT) was synthesized using traditional 

hydrothermal methods with minor modifications. Typically, 90 

mL of deionized water (18.2 MΩ cm-1) was added to a 250 mL 

beaker. Under continuous stirring, 36 g of sodium hydroxide 

was slowly added. After the solution cooled, 3 g of P25 was 

added. After 24 h of vigorous stirring, the suspension was 

transferred to a 200 mL Teflon-lined autoclave and sealed in 

metallic cladding, then heated at 160 °C for 48 h. After 

completion, excess sodium hydroxide was removed by repeated 

washing with dilute nitric acid and finally thoroughly dried at 

60 °C for at least 12 hours to obtain H2Ti4O9 nanotubes. 

4.2 Synthesis of MOx/M-TiN nanocomposite. 

A typical impregnation process was conducted to obtain the 

Mn+-modified oxide precursor (M-TNT) before nitridation. 

Specifically, 20 mL of deionized water (18.2 MΩ cm-1) was 

added first to a 100 mL round-bottom flask. Then, 5 mL of the 

precursor solution (MCl2) was added, followed by 500 mg of 

TNT. The flask was sealed and stirred for 24 h. The Mn+-

modified oxide precursor (M-TNT) was obtained by rotary 

evaporation at 60 °C for 60 minutes. The final nitridation 

process involved taking 500 mg of the precursor, spreading it 

evenly, heating it to a specific temperature (T) at a rate of 10 °C 

minute-1 in 250 mL minute-1 NH3, and maintaining this 

temperature for 3 h to obtain the desired nanocomposites. Sr-

containing nanocomposites derived from different nitridation 

temperatures (T) were denoted as N-T. 
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