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Fig. 2 (a and inset) SEM images of C-In2S3. (b) XRD patterns of C-In2S3 and In2S3. (c) 

Raman spectra of C-In2S3 and In2S3. (d-f) High-resolution XPS spectra of (d) C 1s, 

(e) S 2p and (f) In 3d of C-In2S3 and In2S3. 

CO to CH* species, one of the important intermediates for the 

exothermal formation of CH2* and C2H4.

In2S3 samples with and without carbon doping were 

synthesized according to the modified L-cysteine-assisted 

hydrothermal method and solid-phase reactions, respectively 

(see the Supporting Information for details). Scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) 

images (Fig. 2a and Fig. S1a�, S2a�,b�) show that both C-In2S3 

and In2S3 are hierarchical spheres composed of nanosheets. In 

the corresponding high-resolution TEM (HRTEM) images (Fig. 

S1b�, S2c�), the lattice spacing of 0.328 nm indexed to the (311) 

plane of In2S3 is smaller than that of C-In2S3, which is in 

agreement with the reported carbon-doped SnS2.39 All the X-ray 

diffraction (XRD) peaks are ascribed to cubic In2S3 (JCPDS NO. 

65-0459) (Fig. 2b). Compared with In2S3, the peak of C-In2S3 is 

wider and weaker, indicating that carbon doping reduced the 

order of the lattice (Fig. S1b�). In comparison with pure In2S3, 

the Raman characteristic peak of In2S3 in C-In2S3 experiences a 

positive shift of about 9 cm-1 (Fig. 2c), resulting from the inter-

layer covalent interaction after carbon doping.40 Also, the 

Raman spectra (Fig. S3�) confirms the existence of carbon in C-

In2S3 and the absence of any carbonaceous materials in In2S3. In 

C 1s X-ray photoelectron spectroscopy (XPS) spectra (Fig. 2d), C-

In2S3 owns a broader peak than In2S3, which can be divided into 

three peaks ascribed to adventitious carbon (sp3 C-C, 284.8 eV), 

sp3-coordinated carbon bonds from the defects in the In2S3 

(Cintercalation, 285.8 eV) and substituting carbon with lattice sulfur 

(C-S, 287.3 eV), respectively. Such interaction of carbon and 

sulfur further confirms the doping of carbon in C-In2S3.41-42 

Furthermore, the binding energy of In and S in C-In2S3 shift 

positively due to the distortion of the lattice caused by doping 

carbon (Fig. 2e, f).37 It can be seen from the XPS spectra that the 

intensity of the N 1s peak is almost same in both samples, but 

C-In2S3 has a stronger C 1s peak than In2S3 (Fig. S4�). The signals 

for N might origin from the XPS chamber during the 

measurements. So, the effect of N doping can be usually 

neglected.39 All these results suggest that In2S3 with and without 

carbon doping are synthesized successfully. 

The thermally-assisted photocatalytic conversion of CO2-

H2O was performed under the illumination of 300 W Xe lamp 

with external heat (see Supporting Information for details�). As 

shown in Fig. 3a, the main products over In2S3 are H2 (121.5 ± 

18.2 I��� g-1) and CO (34.2 ± 9.7 I��� g-1) without any alkanes 

and olefins. But for the prepared C-In2S3, the production 

amount of C2H4 can reach 133.0 ± 20.5 I��� g-1. The selectivity 

of C2H4 is about 50.2 % among all gaseous products, and 80.3 % 

among hydrocarbon products, illustrating that the doping of 

carbon can suppress the hydrogen evolution and promote the 

C-C coupling. Meanwhile, the amount of all products over C-

In2S3 shows time-dependent growth with a high evolving rate of 

C2H4 (26.6 ± 4.1 I��� g-1 h-1) and a quantum efficiency of 13.3 % 

at 420 nm (Fig. 3b). In general, the total consumed electron 

number (TCEN) for CO2 conversion is often used to estimate CO2 

reduction efficiency due to the complexity of the products. The 

TCEN of C-In2S3 was higher than other photocatalysts (Table S1). 

Furthermore, no obvious deactivation is observed after 5 cycles 

and to check the carbon for loss on C-In2S3 photocatalyst (Fig. 

3c), the chemical compositions of C-In2S3 after five consecutive 

cycles were added to the Tables S2,S3. The results show little 

loss of carbon was found after tests, confirming the good 

stability of C-In2S3 for converting CO2-H2O to C2H4. Its high 

morphology and structure stability are further confirmed by the 

SEM, HRTEM and XPS results after consecutive runs (Fig. S5�). 

Then, to investigate the light-driven photocatalytic reaction of 

CO2-H2O, a series of control experiments are carried out. Firstly, 

when the H2O was replaced by H2 without light and other 

conditions remain unchanged, the main product was CO, rather 

than C2H4, indicating that the formation process of C2H4 is 

driven by light illumination. Next, we explored the temperature-

dependent performance. The photocatalytic conversion 

performance of CO2 is poor without external heat (Table S4 and 

Fig. S6 � ). As shown in Fig. S6a � , the high temperature can 

indeed promote the formation of C2H4. But for the 

photocatalytic CO2-H2O over C-In2S3, a higher test temperature 

might lead to the changes in the morphology and structure of 

the sample. After five cycles measurements at 180 °C, we also 

observe the morphology change of C-In2S3 samples with a 

decreasing performance (Fig. S6a� and Fig. S7�), which may be 

the possible oxidation at elevated temperature. Thus, to 

maintain the stability of the sample morphology and structure, 

the test temperature of 150 °C was selected at the
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promoting the formation of hydrocarbon intermediates, thus 

leading to the high selectivity of C2H4 over C-In2S3.

The UV-Vis diffuse reflectance spectra (Fig. S14�), ultraviolet 

photoemission spectra (UPS) (Fig. S15�), and their derived band 

structure (Fig. S16 � ) suggest that both the reductive and 

oxidative ability of catalysts can be enhanced after carbon 

doping, benefiting the multi-electron reduction process.37, 52-54 

Moreover, the photoluminescence (PL) data (Fig. S17 � ) 

indicates that the photoinduced carriers recombination is 

greatly suppressed after the doping of carbon.55-57

Conclusions

In summary, we demonstrated carbon-doped In2S3 as an 

efficient and durable photocatalyst for synthesizing C2H4 via the 

thermally-assisted photocatalytic conversion of CO2-H2O, in 

which water is directly used as hydrogen sources. In the absence 

of any sacrificial agents or cocatalysts, the production rate and 

selectivity of C2H4 can be reached to 26.6 ± 4.1 I��� g-1 h-1 and 

50.2 %. 13CO2 and D2O isotope tracing experiments confirm that 

the carbon and hydrogen atoms of C2H4 originate from CO2 and 

H2O, respectively. The in situ experimental and theoretical 

results reveal that doping carbon could not only enhance water 

adsorption/dissociation and CO2 activation, but also decrease 

energy barriers of forming hydrocarbon intermediates for C2H4, 

thus resulting in high selectivity of C2H4. This work offers new 

opportunities to design constructions of carbon-doping 

photocatalysts for synthesizing value-added C2 chemicals via 

thermally assisted photocatalytic conversion of CO2-H2O.
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