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A feasible interlayer strategy
for simultaneous light and heat
management in photothermal catalysis

Yi Xiao,1 Kai Feng,1,2 Graham Dawson,3 Valeri P. Tolstoy,4 Xingda An,1,2,* Chaoran Li,1,5,* and Le He1,2,6,*
SUMMARY

Photothermal conversion represents one crucial approach for solar energy harvesting and its exploitation
as a sustainable alternative to fossil fuels; however, an efficient, cost-effective, and generalized approach
to enhance the photothermal conversion processes is still missing. Herein, we develop a feasible and effi-
cient photothermal conversion strategy that achieves simultaneous light and heatmanagement using sup-
ported metal clusters and WSe2 interlayer toward enhanced CO2 hydrogenation photothermal catalysis.
The interlayer can simultaneously reduce heat loss in the catalytic layer and improve light absorption, lead-
ing to an 8-fold higher CO2 conversion rate than the controls. The optical and thermal performance of
WSe2 interlayered catalysts on different substrates was quantified using Raman spectroscopy. This
work demonstrates a feasible and generalized approach for effective light and heat management in solar
harvesting. It also provides important design guidelines for efficient photothermal converters that facil-
itate the remediation of the energy and environmental crises faced by humans.

INTRODUCTION

The recent decades have seen the increasing exploitation of solar energy as an abundant, clean, and renewable alternative to traditional fossil

energy that can significantly reduce energy consumption while achieving higher energy conversion efficiency.1–7 Photothermal catalysis rep-

resents one significant approach of sunlight utilization that effectively converts it to thermal and eventually chemical energy.8–16 Photothermal

catalysis generally contains two integrated processes, namely photothermal conversion and surface catalytic reactions. In a typical photother-

mal catalytic pathway, the absorption of irradiation power first leads to production of charge carriers; through subsequent electron-electron

(e�-e-) and electron-phonon (e�-ph) scattering,17–20 the kinetic energy of the charge carriers could be transformed into vibrational energy of

the lattice and thus into heat.21–25 The accumulated heat is able to increase the temperature on the catalyst surface in a highly localized

manner, thereby thermodynamically initiating the reaction process.

Modulation of the light-to-heat conversion efficiency provides a generalized strategy to increase the solar harvesting and conversion

efficiencies.26,27 In this area, previous research efforts have primarily focused on two major approaches, through either light management

or heat management.26,28,29 For the former, intricately designed nanostructures have been reported that possess intense and broad absorp-

tion range in the sunlight spectrum, or that sustains distinct light modulation effects. For instance, nanoarray structures have been used to

increase the light path during light propagation;30,31 hollow structures have also been designed for light management through Mie scat-

tering;32 plasmonic superstructures have been proven to broaden the spectrum of light absorption via hybridization effect.17,28,33 However,

these methods typically require complex synthesis procedures, which results in limited applicability. On the other hand, heat management

approaches aim at reducing the conductive, convective, and radiative heat losses in photothermal conversion due to the huge temperature

difference between the catalyst and the surrounding environment.34–36 Our group has recently proposed the nano-greenhouse effect, using

mesoporous SiO2 shells to act as a greenhouse gas-like effect that reduces heat dissipation by thermal radiation from the catalytic center.36

Despite the efficacy of this approach, challenges still exist including limitations on the structure, composition, and intrinsic properties of the

catalyst. Therefore, an efficient, cost-effective, and generalized approach for enhancement of the photothermal conversion processes in pho-

tothermal catalysis is still missing.

In this work, we have designed a generalized and efficient photothermal conversion strategy that achieves simultaneous light and heat

management through a feasible interlayer approach. WSe2, which possesses excellent thermal resistance,37,38 is used as a thermal barrier
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interlayer to reduce the heat loss from the catalytic layer composed of Ru/SiO2 clusters, while improving the light absorption and the photo-

thermal temperature of the active component. Raman spectroscopy was utilized as a quantitative approach to calibrate the photothermal

conversion effect of the thermal barrier interlayer on various types of substrates. The simultaneous improvement of photothermal CO2 con-

version rate and CO selectivity was observed for photothermal catalysis in CO2 hydrogenation reaction, where the reaction activity and CO

selectivity are further investigated as a function of interlayer thickness and substrate type. This work demonstrates a feasible, generalized, and

easily scalable approach for efficient light and heat management in solar harvesting applications. Under a broader context, it provides impor-

tant design guidelines for efficient photothermal catalysts, and is likely to contribute to alleviating the energy and environmental crises faced

by humans.

RESULTS AND DISCUSSION

Design and characterization of the Ru/SiO2 catalyst supported by WSe2 interlayer

Simultaneous light and heat management in photothermal catalytic materials is highly desired yet challenging, particularly for supported

powder catalysts, which is a predominant form of typical photothermal catalysts due to their large specific surface area and space utilization

efficacy.39–41 However, reconciling the need to simultaneously improve light absorption and catalytic properties often presents conflicting

demands in material design.42 For example, the catalytic performance of large metal particles with high light absorption tends to be

poor, while small metal particles with high catalytic performance have limited light absorption capability.43 Moreover, the direct contact

mode between the catalyst layer and the substrate facilitates a continuous transfer of generated heat to the substrate layer.28,34 As a result,

higher demands are placed on the thermal insulation properties of the substrate materials.

To address these issues, an interlayer was introduced to substrate-supported catalysts to form a catalyst-interlayer-substrate configura-

tion. An ideal interlayer should possess excellent light-absorption ability that boosts the light-to-heat conversion of the system, while also

exhibiting desirable heat preservation capability to minimize heat loss and enhance energy conversion efficiency. Meanwhile, to guarantee

the general applicability of the interlayer, stability of the interlayer at elevated temperatures is also an important consideration. WSe2 has

been reported to possess very low thermal conductivity (0.05 W m�1$K�1)37 as well as a narrow band gap of 1.6 eV,44–46 which renders it a

suitable proof-of-concept material to implement the light and heat management strategy as an interlayer (Figure 1A). Self-supported flower

structures ofWSe2 were used, as this unique structure ensures amore porous and fluffymorphology, allowing for increased gas retention, and

consequently reducing heat transfer.47 X-ray diffraction (XRD) pattern in Figure 1B reveals that diffraction peaks can be well-indexed as hex-

agonal tungsten diselenide (JCPDS No. 87–2418), with the (002), (100), and (103) planes observed at angles of 13.6�, 31.4�, and 37.8�, respec-
tively. Transmission electronmicroscopy (TEM) image of the as-preparedWSe2 confirms the flower-petaloid-like architecture with an approx-

imate diameter of 1.5 mm (Figure 1C). The petal was composed of few-layered/monolayered WSe2 nanosheets (Figure S1). Notably, the

multiple refraction and scattering occurring within the flower-like structure can enhance the interaction between light and material, which

implies this structuremay further improve the efficiency of light utilization. High-resolution TEM (HRTEM) image clearly depicts the measured

lattice spacing as d = 0.67 nm (Figure 1D), which is consistent with the calculated value of 13.6� from the XRD pattern using the Bragg equa-

tion, indicating that it corresponds to the (002) planes of WSe2.
48 Energy-dispersive spectroscopy (EDS) elemental mapping (Figure 1E)

demonstrate a complete overlap in the distribution of W and Se, further indicating the formation of WSe2 compound. To further confirm

the composition of WSe2, Raman spectroscopy was next used, which displays clear vibrational modes of WSe2 at 249 cm�1 and 258 cm�1,

corresponding to the E1
2g (in-plane) and A1g modes, respectively (Figure S2).48,49

In terms of catalyst composition in the catalysts-interlayer-substrate model, Ru clusters supported on SiO2 substrates (Ru/SiO2) was used.

Supportedmetal cluster catalysts (SMCs) have aroused increasing research interest due to their unique geometric and electronic structures as

well as abundant surface active sites.12,20,50–56 In particular, Ru/SiO2 SMCs have been shown to possess good intrinsic CO2 hydrogenation

reactivity.43,57 However, the low light absorption capability of the Ru clusters and the high the thermal conductivity of the substrate limit

the photothermal conversion efficiency, which further affects the subsequent photothermal catalytic activity. Ru/SiO2 SMCs thus represents

desirable test platforms for the interlayer strategy. Ru/SiO2 was prepared by impregnation. The average size of Ru, obtained from HRTEM,

was found to be 1.5G 0.5 nm,which is within the cluster range (Figure S3). EDSmapping images further evidenced a uniformdistribution of Ru

clusters on the support (Figure S3C). The absence of characteristic peaks corresponding to metallic Ru in the XRD pattern of Ru/SiO2 can be

attributed to the low content of Ru (2.1 wt %) as confirmed by ICP-MS (inductively coupled plasma mass spectrometry) (Figure S4).58

A layered structure consisting of Ru catalyst/WSe2 interlayer/substrate, was assembled by layer-by-layer drop casting onto glass fiber sub-

strates and no significant electrostatic interaction between different layers could be present (Table S1). The thickness of the interlayer was

controlled by adjusting the amount of WSe2. To determine the thicknesses of the interlayer, scanning electron microscopy (SEM) was

used for cross-sectional characterization. The control sample depicted in Figure 1F displayed a dual-layer structure in the absence of

WSe2. Thicknesses of 15 mm, 26 mm, and 39 mm were obtained corresponding to the addition amounts of WSe2 at 5 mg, 10 mg, and

15 mg (Figures 1G–1I), respectively denoted as Ru/SiO2-WSe2-5, Ru/SiO2-WSe2-10, and Ru/SiO2-WSe2-15. The thickness and mass of intro-

duced WSe2 exhibits a linear relationship (Figure S5). The hierarchical structure can be clearly observed in the EDS diagram, where Ru/SiO2,

WSe2, and the substrate material are identified in order from top to bottom. (Figure S6).

Enhanced light management by the interlayer strategy

To provide direct evidence on the enhancement in light management by the interlayer strategy, the absorbance properties of the catalysts

were first probed. The optical images of these four samples clearly illustrate the transition in color from light gray to black upon the
2 iScience 27, 109792, June 21, 2024



Figure 1. Scheme and structural characterizations of WSe2 interlayered Ru catalysts

(A) Schematic illustration of the fabrication process of WSe2 and serving as the interlayer.

(B) XRD pattern of WSe2 (black) in comparison with the reference of WSe2 (orange).

(C and D) (C) TEM image and (D) HRTEM image of WSe2.

(E) EDS mappings of WSe2.

(F–I) Schematic and the cross-sectional SEM images of (F) Ru/SiO2, (G) Ru/SiO2-WSe2-5, (H) Ru/SiO2-WSe2-10, and (I) Ru/SiO2-WSe2-15.
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introduction of WSe2 interlayers (Figures 2A–2D). The light absorption capability of the catalysts was evaluated using UV-vis-NIR diffuse

reflectance spectroscopy (DRS). The introduction of the WSe2 interlayer leads to a significant enhancement in light absorption, as

compared to the Ru/SiO2 control (Figure 2E). In particular, the absorption in the near-infrared region has increased significantly from

30% to 80%. This is especially helpful for solar energy harvesting and light-to-heat conversion, as near infrared (NIR) accounts for a large

portion of the solar spectrum, and that NIR irradiation can more effectively couple to the vibrational frequencies of solid materials for heat

generation.59,60 Meanwhile, with the increase in the thickness of the WSe2 layer, there was no significant difference observed in the light

absorption performance among the samples, suggesting that a 15-mm layer ofWSe2 is sufficient for light absorption. These results demon-

strate the remarkable improvement of light utilization through the implementation of a WSe2 interlayer.
Enhanced heat management by the interlayer strategy

To evidence the efficacy of the interlayer strategy in improving the heat management capability of the catalysts through reducing heat dissi-

pation, a series of characterizations were performed. Infrared camera was first used to measure the surface temperature of different samples

under identical illumination conditions. Figure 3A illustrates that under Xenon lamp irradiation at 2.9 W/cm2, the maximum surface temper-

ature of Ru/SiO2 reaches approximately 326�C. By introducing 5mgWSe2, the temperature experienced a substantial increase of nearly 50�C,
reaching 376�C (Figure 3B). This notable rise can be attributed to the synergistic effect resulting from the enhanced light absorption capability

and exceptional thermal insulation performance exhibited byWSe2. A further increase in the surface temperature was observedwith increase
iScience 27, 109792, June 21, 2024 3



Figure 2. Light absorption ability of WSe2 interlayered Ru catalysts

(A–D) Digital photos of (A) Ru/SiO2, (B) Ru/SiO2-WSe2-5, (C) Ru/SiO2-WSe2-10, and (D) Ru/SiO2-WSe2-15.

(E) DRS of these four samples.
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in the thickness of theWSe2 layer. The introduce of 10 mg layer of WSe2 elevated the temperature of Ru/SiO2 to 387�C, whereas the Ru/SiO2-

WSe2-15 sample achieved a maximum surface temperature of 395�C (Figures 3C and 3D). A linear relationship can be obtained between the

increase in surface temperature and the thickness of theWSe2 layer, and the slopewas approximately 1�C/mm.Moreover, analysis of the time-

dependent temperature revealed that pure Ru/SiO2 control reached a plateau after more than 10 s. In contrast, the WSe2 interlayered sam-

ples achieved to equilibrium temperature in just 5 s (Figure 3E). The higher light-to-heat conversion efficiency of supported catalysts-interlayer

accelerates the increase in temperature on the catalyst surface upon illumination. Besides, in order to prove the efficacy of the nanoflower

morphology in facilitating microscale heat preservation of the interlayer, bulk WSe2 has also been used to prepare comparison samples (Fig-

ure S7). Comparing Figures 3A–3D, the addition of bulk WSe2 also leads to an increase in the surface temperature of Ru/SiO2, but the

enhancement is not as much as that of WSe2 with nanoflower morphology.

Considering the comparable light absorption exhibited byWSe2 interlayered samples in Figure 2 and their similar light-to-heat conversion

abilities, the additional temperature increase observed in Ru/SiO2-WSe2-10 and Ru/SiO2-WSe2-15 compared to Ru/SiO2-WSe2-5 can primar-

ily be attributed to the heat management contribution.With an increase in theWSe2 thickness, there is a decrease in its ability to transfer heat

to the substrate, which highlights the impressive heat management capabilities of interlayer materials. To evidence this hypothesis and to

decouple light absorption and heat management in the measurements, Ru/SiO2 and Ru/SiO2-WSe2-5 were illuminated under different light

intensities to reach the same temperature of 325�C. After that, illumination was cut off and the systems cooled to room temperature, and their

cooling curves were measured and assessed by IR cameras. Importantly, the introduction of WSe2 significantly improved the cooling time

from 6 s to 13 s (Figure 3F). This directly corroborates the high thermal insulation performance of WSe2, which provides better insulation

and further demonstrates the excellent heat management performance of our strategy.

Raman temperature calibration measurements

In order to further probe and quantify the efficacy of the interlayer strategy on photothermal conversion, Raman spectroscopy was next

utilized to calibrate the surface temperatures of Ru/SiO2 and Ru/SiO2-WSe2-5 on glassy fiber substrates. Since the temperature obtained

by the infrared camera is the macroscopic temperature of the sample surface, the Raman measurements are more likely to reflect the

actual microscopic temperatures on the surface of the active components. It has been reported that the Raman scattering intensity

would increase significantly as the illumination time on catalyst surface increases, as the intensity of the lattice vibrational modes is pro-

portional to temperature.61,62 Therefore, it is anticipated that larger Raman peak intensities are associated with higher local tempera-

tures, and that the slopes of the irradiation time-Raman scattering intensity plots are associated with the rate of heating under different

illumination conditions.

To first probe the intrinsic characteristic peaks of WSe2 and Ru/SiO2, Raman spectra were first obtained for Ru/SiO2-WSe2-5 at room

temperature without external heating or illumination other than the Raman laser (Figure 4A). The peak at 249 cm�1 belongs to the char-

acteristic peaks of W-Se, while the peaks centered 592 cm�1, 661 cm�1, and 755 cm�1 belong to the Eg, A1g, and B2g of Ru-O, respec-

tively.63 A slight shift of the Ru-O peaks toward high frequencies is observed, which could be due to Se-induced changes in the chemical

environment.64 Afterward, white light illumination with a light power of 0.1 and 0.3 W/cm2 are applied to the samples for different irradi-

ation times, in order to probe the effect of photothermal conversion. As expected, an enhancement of the peak intensity of the Ru-O bond

occurred with increasing illumination time due to the temperature increase of the active component (Figures 4A and S8). The relationship

between peak intensity and light duration was next fitted, and an evident linear relationship was observed (Figures 4B and 4C). In addition,

the peak intensity of Ru-O also showed a continuous rise with increasing light intensities (Figures 4D, S9, and S10; Table S2). An identical

trend is also observed for pure Ru/SiO2, with the Raman peak intensity of 0.3 W/cm2 significantly higher than that of 0.1 W/cm2 after the

same time of illumination (Figures 4E and S11). A linear fit was performed to the maximum Raman intensity and light application time,
4 iScience 27, 109792, June 21, 2024



Figure 3. Infrared camera images of catalyst films

(A–D) Infrared camera images and 3D plots of (A) Ru/SiO2, (B) Ru/SiO2-WSe2-5, (C) Ru/SiO2-WSe2-10, and (D) Ru/SiO2-WSe2-15 upon Xenon lamp irradiation at

2.9 W/cm2.

(E) Time-dependent surface temperature profiles of heating on different catalyst films.

(F) Time-dependent surface temperature profiles of the cooling curves of Ru/SiO2 and Ru/SiO2-WSe2-5 from 325�C.
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revealing that the slope of the trend line under 0.3 W/cm2 (y = 150.06x+2146.65) is significantly higher compared to the fitted trend line

under 0.1 W/cm2 (y = 79.08x+1594.74) (Figures 4F and 4G). This is consistent with our anticipation, and indicates that the rate of temper-

ature increase is faster at higher light intensities.

In order to explore the impact of WSe2 on the rate of microscale temperature elevation of active components and to evidence the efficacy

of our insulating interlayer strategy, the local temperature calibrated by Raman spectroscopy and heating rates were compared for the pur-

pose of contrasting the effect of theWSe2 interlayer on the rate of heat-up. Importantly, for the peak intensity vs. time fitting trend of the Ru-O

bond under 0.3 W/cm2, the linear slope was found to be elevated significantly after the addition of WSe2 (y = 273.78x+2533.64) compared to

withoutWSe2 insulating interlayer (y = 150.06x+2146.65). This is consistent with the previous case withoutWSe2, and implies that the addition

ofWSe2 can substantially enhance the rate of temperature increase in Ru. This effect is attributed to the synergistic effect between optical and

thermal management enabled by the interlayer strategy.

To assess the reliability of the calibration by Raman spectroscopy, the Raman intensities for different light intensities and irradiation times

were plotted against the temperatures captured by the infrared camera under identical illumination conditions (Figure 4H). Almost identical

temperatures were calculated from the fitted linear equation compared for calibration curves obtained with different illumination times

(Tables S3 and S4). This demonstrates the high reliability of the temperature measurement method. In addition to the IR camera, the

Ru-O peak intensity was also calibrated with a heated plate (Figure S12). It was found that the temperatures calculated from this calibration

line were generally higher than those measured by the IR camera (Table S5). This may be explained by the fact that the IR camera tests the

macroscopic peripheral temperatures, whereas the Raman tests the peripheral temperatures of the active components.
iScience 27, 109792, June 21, 2024 5



Figure 4. Raman spectrum and peak intensity-time fitting trend of the Ru-O bond of �592 cm�1

(A) Raman spectrum of Ru/SiO2-WSe2-5 after different irradiation time at 0.3 W/cm2.

(B and C) Linear fitting of Ru-O Raman peaks after irradiation with the same light intensities for the different light application time for Ru/SiO2-WSe2-5 of (B) 0.3

W/cm2 and (C) 0.1 W/cm2.

(D) Raman spectrum of Ru/SiO2 after different light intensity of 20 s.

(E) Raman spectrum of Ru/SiO2 after different irradiation time at 0.3 W/cm2.

(F and G) Linear fitting of Ru-O Raman peaks after irradiation with the same light intensities for the different light application time for Ru/SiO2-5 of (F) 0.3 W/cm2

and (G) 0.1 W/cm2.

(H) Linear fitting of Ru-O Raman peaks after irradiation with different light intensities for the same irradiation time, and the temperature is measured by an infrared

camera.
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Figure 5. Photothermal catalytic performance

(A–F) Photothermal catalytic activity and CO selectivity on (A and B) glass fiber substrates, (C and D) Cu substrate, and (E and F) Si substrate.
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Applicability of the interlayer strategy in photothermal catalysis

The incorporation of theWSe2 interlayer in Ru/SiO2-WSe2 significantly enhances the light absorption and photothermal conversion efficiency,

thereby establishing a solid foundation for enhancing their photothermal catalytic performance. Photothermal CO2 hydrogenation was

selected as amodel reaction to demonstrate the application of the interlayer strategy (Figures 5A and 5B). The reaction was driven by a xenon

lamp simulating sunlight without external heating (Figure S13). CO and CH4 were the only detected products for all samples, suggesting that

the reverse water gas shift (RWGS) and Sabatier reactions were triggered. With the concentrated light of 2.9 W/cm2, Ru/SiO2-WSe2-5

exhibited double the CO2 conversion rate than Ru/SiO2 (after normalization by metal loading). This was attributed to the higher local tem-

perature resulting from the excellent thermal insulation performance and enhanced light absorption capability of the WSe2 layer, which can
iScience 27, 109792, June 21, 2024 7
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be referred to as the combined action of light and heat management. Moreover, with the increase in the amount of the WSe2 interlayer,

further improvements in CO2 conversion rate and CO selectivity were observed. As was demonstrated in the previous sections, increasing

the thickness of theWSe2 interlayer does not result in improved light absorption performance. Thus, this enhancement of activity is more likely

ascribed to increases in local temperatures and further enhancement in heat management. The RWGS reaction is characterized as an endo-

thermic process, where a higher temperature thermodynamically enhances the propensity for the formation of the reaction product CO,

which was consistent with the observed increase in CO selectivity associated with increasing WSe2 layer thickness.
65

The interlayer strategy exhibits high versatility and scalability, enabling easy extension of the proposedmethod to diverse substrates. Cop-

per (Cu) sheet and silicon (Si) slice were utilized as substrates to further validate the generalization of the interlayer strategy. The DRS curves of

the samples on Cu sheet and Si slice show similar trends to those on the glass fiber substrates, indicating that the introduction of WSe2 signif-

icantly enhances the light absorbance performance (Figure S14). It was also found that the presence of the WSe2 layer led to an increase in

surface temperature, while increasing the thickness of the insulation layer further improves its photothermal conversion capability (Figure S15).

Compared to the controls, the Ru/SiO2 catalyst sustains a uniform heat distribution, whereas the insulatingWSe2 layer displays clear gradients

in temperature, resulting in the low temperature in the bottom substrate layer (Figure S16). After natural cooling under air conditions for 1 ms,

the simulation indicates that the WSe2 interlayer effectively slows down the cooling rate of the system (Figure S17). To probe the generalized

effect of our interlayer strategy on the photothermal conversion efficacy on different substrate types, the Raman temperature calibrationmea-

surements were also performed on Si and Cu substrates. In general, similar results to those of glass fiber substrates were observed in Raman

tests using different substrates (Figure S18), where a proportionally higher Raman scattering intensity is observed as the illumination power

and irradiation time increased. Based on the aforementioned characterizations, it could be concluded that the insulation layer strategy not

only provides a practical temperature increase in themicro-level of the active component, but is alsowidely applicable, laying the groundwork

for its scalable utilization in potential large-scale sunlight harvesting or catalytic applications.

As a result, the photothermal catalytic reactivity andCO selectivity were enhanced (Figures 5C–5F). It is worth noting that the enhancement

of photothermal conversion capacity and RWGS reactivity is not only limited to the same substrate, but also compensates for the difference in

thermal conductivity of different substrates. Since the thermal conductivity of Si is higher than that of Cu, the temperature of pure Ru/SiO2 on

Si slice is lower than Cu sheet (194�C < 213�C), which results in a lower catalytic activity. However, the addition of the interlayer has overcome

the inferior heat preservation effect of the silicon substrate, leading to a higher catalytic performance.
Conclusion

In conclusion, through a feasible and effective interlayer strategy, we have achieved simultaneous light and heatmanagement in a prototypical

Ru/SiO2 SMC toward enhanced photothermal catalysis of CO2 hydrogenation. The utilization of an interlayer with desirable light absorption

and thermal insulating capabilities effectively increased the solar energy harvesting and light-to-heat conversion efficiencies, as evidenced

from both infrared camera and Raman spectroscopy measurements. Our strategy provides generalized insights into the design principles

of an efficient photothermal converter and catalyst. In addition, the feasible interlayer approach is easily scalable, which presents intriguing

potentials for large-scale industrial applications as well as great promises for ameliorating the energy structure and environmental issues.
Limitations of the study

Our strategy is effective in terms of performance enhancement for catalysts with excellent intrinsic catalytic performance and weak light

absorption. However, for catalysts with inherently better light absorption, the strategymay provide improvements mainly in thermal manage-

ment, while the enhancement in light management may be more limited.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Selenium (R99.99%, metals basis) Macklin CAS: 7782-49-2

Sodium borohydride (99%) Thermo scientific CAS: 200050250

N, N-Dimethylformamide (for GC-HS, R99.9%) Aladdin CAS: 68-12-2

Sodium tungstate dihydrate (99%) Energy chemical CAS: 10213-10-2

Carbon disulfide (GC, R99.5%) Aladdin CAS: 75-15-0

Sodium hydroxide (ACS, 97%) Aladdin CAS: 1310-73-2

Silicon dioxide (catalyst support, High surface area) Alfa Aesar CAS: 44740

Ruthenium (III) trichloride anhydrous Aladdin CAS: 10049-08-8
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Le He (lehe@suda.edu.cn).

Materials availability

All materials generated in this study are available from the lead contact without restriction.

Data and code availability

� The datasets and images generated during this study are available from the lead contact upon request.
� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Materials

All the chemicals purchased were used without further purification. Selenium (Se) was purchased from Macklin. N, N-Dimethylformamide

(DMF), Carbon disulfide (CS2), Sodium hydroxide (NaOH), and Ruthenium (III) trichloride anhydrous (RuCl3) were purchased from Aladdin.

Sodium borohydride (NaBH4) was purchased from Thermo scientific. Sodium tungstate dihydrate (Na2WO4$2H2O) was purchased from En-

ergy chemical. Silicon dioxide (SiO2, catalyst support, High surface area) was purchased from Alfa Aesar.

Synthesis of WSe2 powders

0.632 g of Se powder and 0.189 g of NaBH4 were dissolved in 60 mL DMF and stirred vigorously for 2 h. Then Na2WO4$2H2O (1.319 g) was

added into solution and stirred for another 30 min. After that, the solution was transferred to an 80 mL Teflon-lined stainless-steel autoclave

and heated in the oven at 240�C for 48 h. The precipitate was obtained from the solution in the autoclave through centrifugation. Firstly, it was

washed several times with CS2 and NaOH solution to remove any unreacted reactants, and then with DI water and ethanol. After drying in a

vacuum oven, the black power was finally annealed at 300�C for 5 h under Ar atmosphere.

Synthesis of Ru/SiO2 catalysts

We prepared the Ru/SiO2 catalyst using a traditional impregnation method with SiO2 as the support. The process involved dissolving 200 mg

of ground silica powder in 5 mL of ethanol and sonication for 30 min. 2 mg of RuCl3 dissolved in 2 mL of ethanol was added to the ethanol

solution, followedby evaporation at 90�Cunder vigorously stirring. The resulting powder was calcined at 200�C for 2 h in air with a heating rate

of 5�C/min. The Ru/SiO2 powders were finally obtained after being calcined at 200�C for 2 h in H2 with a heating rate of 5�C/min.

Characterizations

X-ray diffraction (XRD) was performed on a Bruker D2-Phaser X-ray diffractometer with Cu Ka radiation. Transmission electron microscopy

(TEM) images were obtained with an FEI-Tecnai F20TEM. Scanning electron microscopy (SEM) images were acquired on a Zeiss G500
12 iScience 27, 109792, June 21, 2024
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instrument. The data of diffuse reflectance spectra (DRS) were collected using a Lambda 950 ultraviolet-vis-near infrared (UV-vis-NIR) spec-

trometer from PerkinElmer with a spectrum ranging from 250 nm to 2500 nm. Infrared images were obtained with a Fotric 320Q camera.

Raman tests were tested with a Renishaw in situ Raman test system (inVia Qontor). During the in situ Raman measurements, a 785 nm Raman

laser was used with external illumination at 1 sun or 3 suns by a Xe lamp. An accumulation time of 10 s and laser power of 5% were used in the

measurement of each spectrum. During Ramanmeasurements, external illumination was first performed on the samples for different amount

of times (10s, 15s, 20s, and 30s) before it was switched off for laser exposure.
Photocatalytic testing

For gas-phase photocatalytic tests, the glass fiber substrates, Cu sheet, and Si slice were cut to 2.25 cm2 to standardize the area of the sub-

strate. The Cu sheet and Si slice were cleaned with ethanol and deionized water several times. Ru/SiO2 samples were prepared by drop-cast-

ing�5mg Ru/SiO2 powders from ethanol dispersion and dried in an oven at 50�C for 12 h. For the Ru/SiO2-WSe2 sample, the preparation was

divided into two main steps. Firstly, different masses of WSe2 powders (5 mg, 10 mg, and 15 mg) were dispersed in ethanol under sonication.

The suspension was transferred onto a substrate by drop-casting, followed by drying the catalyst film in a vacuum oven. Second, 5 mg of Ru/

SiO2 powders were dispersed in ethanol and transferred on top of the WSe2-substrate structure by drop-casting.

The gas-phase photothermal CO2 reduction rate was measured in a transparent glass batch reactor with an annular sealed glass cover.

After vacuum pumping the reaction system, a mixture of CO2 and H2 (1:1) was introduced into the reactor to reach�100 kPa, and the reaction

was monitored using an MIK-P300 pressure transducer. The photothermal CO2 conversion was driven by a 300 W Xenon arc lamp with a

2.25 cm2 sample located in the center of the reactor. The power intensity of light was measured using a Spectra-Physics power meter to

be 2.9 W/cm2 without any filters. The contents of product gases (CO and CH4) in the reaction system were measured by gas chromatography

(GC7900, Techcomp) with a flame ionization detector (FID) connected to a catalytic converter. The reaction time was set to be 10 min.

The CO2 conversion rate (Rco2
), seen as characteristic of the photothermal catalytic activity, was defined as the sum of the CO formation

rate (FCO ) and CH4 formation rate (FCH4
). FCO and FCH4

are defined as

FCO =
nCO

mcatuRut
FCH4
=

nCH4

mcatuRut
Rco2 = FCO + FCH4

and the selectivity of CO is defined as

SCO =
FCO

FCO+FCH4

where n is the yield of products (units of mol),uRu is the loading percent of Ru,mcat is themass of the catalyst (units of g) and t is the irradiation

time (units of hour).
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