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a b s t r a c t

The efficient conversion of CO2 into hydrocarbon fuels (CH4) with high selectivity is considered as a

great challenge in photocatalysis owing to the multiple-electron transfer pathway and competitive H2

generation. Herein, we developed carbon dots (CDs)-modulated S-scheme heterojunction of CDs/NiAl-

LDH@In2O3 (C-DH@IN) through a facile in-situ hydrothermal method. Thanks to the multi-shell nanotube

structure, the C-DH@IN shows an enhanced CH4 evolution rate of 10.67 μmol h−1 g−1 and higher se-

lectivity of CH4 (85.70%) compared with In2O3 and NiAl-LDH@In2O3 binary catalyst in the pure water

without sacrificial agent. Electron spin resonance (ESR) and in situ Fourier transform infrared spectra ver-

ify that the constructed S-scheme heterojunction can possess the strong redox capability and the HCOO−

and CH3O
− as critical intermediates play an important role in selective CO2 reduction to generate CH4.

Furthermore, CDs with superior photoabsorption can boost the electron transfer and absorb H+, thus im-

proving the integration of H+ and CO2 molecule. Therefore, this work emphasizes a facile strategy to

achieve efficient CO2-to-CH4 conversion based on construction of CDs-based heterojunction catalysts.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

CO2 reduction into CH4 or other hydrocarbons together with

H2O oxidation into O2 by solar energy is a promising strategy

to alleviate the global warming effect and generate value-added

chemicals [1–5]. However, it is great challenge to convert CO2

under mild conditions using water caused by the stable-bond of

C=O in CO2 molecule, multi-electrons coupling process and com-

peting water splitting reactions. Recently, various semiconductors

have been constructed for photocatalytic CO2 reduction reaction

(CO2RR), such as metal oxides [6,7], metal sulfides [8], carbon-

based materials [9], metal organic frameworks [10]. Especially,

layered double hydroxides (LDHs) with two-dimensional layered

structures, tunability of metal cations, and excellent photoelectric

property have been widely used in CO2RR [11]. However, most of

LDHs also suffer from severe agglomerations, and rapidly charge

recombination, leading to unsatisfactory CO2RR activity. Therefore,

decorating LDHs with other porous and stable components can

greatly increase exposed active sites and inhibit recombination of

electron-hole pairs, thus promoting their CO2RR performance with

H2O [12].
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In2O3 is considered as an ideal semiconductor for activization

of CO2 [13,14], due to the its high stability, oxygen defect as well

as rich hydroxyl group, and its appropriate band gap is ∼2.7 eV,

so that the redox potentials can meet simultaneously the require-

ment for CO2 reduction and water oxidation. Besides, except the

above advantages, MOFs-derived In2O3 nanotube after pyrolysis

can inherit porous structure and unique morphology from MIL-

68(In) [15]. In our previous work, MIL-68(In)-derived In2O3 nan-

otube coupled with Co@C–N exhibited an excellent photocatalytic

CO2 conversion [16]. Besides, carbon dots have attracted wide at-

tention toward photocatalytic CO2RR, attributed to the unique geo-

metric structure (diameter less than 10nm, thickness between 0.5

and 3nm), excellent electron transport efficiency and adjustable

light response range [17–19]. Li et al. reported that CDs improved

the CH4 selectivity of g-C3N4 during photocatalytic CO2RR due to

proton-coupled ability of CDs [20]. Considering the above advan-

tages, the fabrication of multicomponent catalysts, based on inte-

gration of hierarchical heterostructure (LDHs/In2O3) and quantum

effect (CDs), is particularly important in promoting the CO2 con-

version efficiency and CH4 selectivity.

Herein, the ternary heterostructures of CDs/NiAl-LDH@In2O3 (C-

DH@IN) nanorods were fabricated using in situ growth strategy of

CDs and NiAl-LDH nanosheets on MIL-68(In)-derived In2O3 after

https://doi.org/10.1016/j.cclet.2023.108942
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Fig. 1. (a) X-ray diffractometer (XRD) patterns of In2O3, NiAl-LDH, DH@IN-50 and C-DH@IN composites. (b) Raman spectra of In2O3, NiAl-LDH, DH@IN-50 and 3% C-DH@IN

composites. (c) XPS survey spectra of NiAl-LDH, DH@IN and 3% C-DH@IN. High resolution XPS spectra of O 1s. (d–i) Corresponding elemental mapping images of C-DH@IN.

calcination, in which the C-DH@IN catalyst indicated high photo-

catalytic CO2RR activity and CH4 selectivity in pure water under

simulated solar irradiation. The optimal CO and CH4 yields over 3%

C-DH@IN are up to 7.12 and 10.67 μmol h−1 g−1, and the CH4 se-

lectivity is 85.70%, which is 1.81 and 1.15 times higher than that

of NiAl-LDH and DH@IN-50, respectively. The photocatalytic mech-

anism and intermediate HCOO− and CH3O
− products are investi-

gated systematically using in situ Fourier transform infrared (FT-IR)

and electron spin resonance (ESR) spectra.

The diffraction peaks of pure Ni-Al LDH (Fig. 1a) at 11.5°, 23.1°,
34.9°, 39.3°, 46.8°, 60.9° and 62.1° are consistent to (003), (006),

(012), (015), (018), (110) and (113) facets respectively, correspond-

ing to the typical LDHs (JCPDS No. 22-0452) [21]. The peaks of

In2O3 at 21.5°, 30.5°, 35.4°, 37.6°, 41.8°, 45.7°, 51.0°, 55.9° and 60.6°
belong to the (211), (222), (400), (411), (332), (431), (440), (611)

and (622) diffraction planes of cubic In2O3 (JCPDS No. 06-0416)

[22], respectively. All the as-prepared DH@IN displays the diffrac-

tion peaks of both In2O3 and NiAl-LDH, and no obvious impurity

peaks are observed. Additionally, as In2O3 loading continues to in-

crease, the peaks intensity of In2O3 are obviously improved, and

meanwhile that of NiAl-LDH is weakened, indicating the successful

formation of DH@IN. Besides, the pristine CDs present two broad

diffraction peaks at 25° and 43°, consistent with (002) and (100)

planes of graphitic carbon, respectively (Fig. S1 in Supporting infor-

mation) [23]. The C-DH@IN composites show the similar diffraction

peaks as DH@IN, suggesting that the crystalline structure of DH@IN

is maintained after the addition of the CDs. Moreover, there is no

obvious peak belonging to CDs in the C-DH@IN due to their low

content, ultra-small size as well as uniform dispersion [24].

The presence of CDs and surface defects of C-DH@IN were veri-

fied by Raman spectra (Fig. 1b). The DH@IN heterostructure shows

the peaks of both In2O3 and NiAl-LDH at 130 and 149 cm−1.

In addition, the 3% C-DH@IN has typical D band (1360 cm−1)

and G band (1580 cm−1) caused by CDs [25], suggesting that

CDs have been successfully embedded into the DH@IN compos-

ites. The BET surface area values of In2O3 and NiAl-LDH are 32

and 52 m2/g, respectively, yet the DH@IN-50 exhibits the highest

surface area (82 m2/g), meaning that the heterostructure possesses

more porous structure after in-situ synthesis process. With addi-

tion of CDs, 3% C-DH@IN (61 m2/g) is decreased compared with

DH@IN-50, which reveals that the implanted CDs partially occupy

the pores of DH@IN-50.

From scanning electron microscope (SEM) and transmission

electron microscope (TEM) images (Fig. S2 in Supporting infor-

mation), after construction of C-DH@IN, the nanoflower morphol-

ogy of NiAl-LDH disappears and In2O3 nanotube is well defined

wrapped in multilayer NiAl-LDH nanosheets to fabricate the multi-

layer heterostructure, which possesses numerous catalyst active

sites and intimate contact between NiAl-LDH and In2O3 resulting

from the spatial effect. Besides, the addition of CDs has no ef-

fect on the morphology of DH@IN and the NiAl-LDH nanosheets

are uniformly dispersed on the In2O3 surface, which exhibits that

the strong interaction can facilitates the migration of photogener-

ated carriers and light absorption, thus promoting the photocat-

alytic performance. As observed in the high-resolution transmis-

sion electron microscope (HRTEM) image (Fig. S2h), the interpla-

nar distances of 0.29, 0.26 and 0.21nm correspond to the (222),

(012) and (100) planes of In2O3, NiAl-LDH and CDs [26], respec-

tively. As depicted in Fig. S14 (Supporting information), the TEM

image of the used 3% C-DH@IN shows no deviation from its ini-

tial state, maintaining In2O3 nanotube with multi-layer structure.

In addition, the elemental composition of C-DH@IN was investi-

gated by energy dispersive spectrometer (EDS) spectra in Fig. S2i,

and from the results, the C, O, In, Ni and Al elements are present

in the C-DH@IN. The elemental mapping of C-DH@IN exhibits that

the C, Ni and Al elements are well-dispersed on the In and O el-

ements, which suggests that the NiAl-LDH and CDs are uniformly

coated on In2O3 without agglomeration, furthering confirming that

the multi-layer nanotube is constructed successfully.

The elemental compositions and chemical states of NiAl-LDH,

DH@IN-50 and 3% C-DH@IN were detected using X-ray photoelec-

tron spectroscopy (XPS) spectra (Fig. S3a in Supporting informa-

tion). The In 3d spectrum (Fig. S3b in Supporting information) of

DH@IN consists of two primary peaks at 444.0 and 451.5 eV, which

are assigned to In 3d5/2 and In 3d3/2 of In3+, respectively [27].

The binding energies of C-DH@IN slightly move to the lower bind-

ing energy in comparation with binary DH@IN, probably caused

by the strong interaction between CDs and DH@IN. In the O 1s

spectra (Fig. 1c), for NiAl-LDH, two peaks situated at 532.7 and

531.5 eV are assigned to adsorbed oxygen (Oabs) and hydroxide
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Fig. 2. (a) Photoreduction performances, (b) Relectron and (c) carbon products selectivity of In2O3, NiAl-LDH, DH@IN-50 and C-DH@IN composites. (d) Stability test of 3%

C-DH@IN with four 5h cycles. (e) Production rates of CO and CH4 under various reaction conditions. (f) XRD patterns of 3% C-DH@IN before and after CO2 photoreduction

experiment.

groups (O–H), while the DH@IN exhibits that three characteris-

tic peaks at 529.3, 531.4 and 532.9 eV are consistent with lattice

oxygen (OL), oxygen vacancies (O–H) [28], and adsorbed oxygen

(Oabs), respectively, indicating that the as-prepared catalysts pos-

sess the abundant O–H. The Ni 2p peaks of NiAl-LDH (Fig. S3c in

Supporting information) at 856.3 and 873.9 eV result from Ni 2p3/2

and Ni 2p1/2 [29], respectively, in accordance with the Ni2+ oxi-

dation state. Obviously, after formation of C-DH@IN, the peaks of

Ni 2p move toward a higher binding energy in comparation with

bare NiAl-LDH, illustrating that the photoexcited electrons are mi-

grated from NiAl-LDH to In2O3 upon hybridization. Similar, the Al

2p spectrum of C-DH@IN (Fig. S3d in Supporting information) is

composed of two peaks at 69.3 and 74.8 eV, due to Al 2p3/2 and Al

2p1/2 of Al3+ [30], which also move to higher binding energy com-

pared with NiAl-LDH. For C-DH@IN (Fig. S3e in Supporting infor-

mation), the peaks of C 1s spectrum at 284.6, 286.2 and 288.7 eV

are consistent with C–C, C–O and C=O bonds, respectively, which

belong to CDs [31]. From the elemental mapping images of C-

DH@IN (Figs. 1d–i), it can be observed that the C, Ni and Al el-

ements are uniformly coated on the In2O3 nanotubes, forming a

distinctive multi-shell structure.

The photocatalytic CO2RR performances of C-DH@IN composites

were performed in H2O solution without any photosensitizer and

sacrificial agent under simulated solar irradiation. The CO and CH4

yields of In2O3 are 3.27 and 2.16 μmol g−1 h−1, respectively, while

the CO and CH4 yields of NiAl-LDH are very low, only 2.45 and

0.55 μmol g−1 h−1, respectively. Besides, the photocatalytic perfor-

mances of binary DH@IN catalysts are much higher than those of

In2O3 and NiAl-LDH, exhibiting that the formed heterojunction can

facilitate the separation of photoexcited electron-hole pairs. No-

tably, the (CO+CH4) yields in C-DH@IN are improved significantly

after introduction of CDs, and the optimal CO and CH4 yields of 3%

C-DH@IN are up to 7.12 and 10.67 μmol g−1 h−1 (Fig. 2a), respec-

tively, exceeding the performances of many other similar catalysts

(Table S2 in Supporting information). In addition, the CO and CH4

yields of the C-DH@IN are affected by adjusting the loading of CDs.

On account of the formula Relectron =2R(CO)+8R(CH4), Fig. 2b

presents the average electron consumption rate (Relectron), in which

R(CO) and R(CH4) mean the yields of CO and CH4 respectively. The

Relectron of 3% C-DH@IN is up to 99.59 μmol g−1 h−1, which is 4.19

and 10.74-fold higher than those of In2O3 and DH@IN, respectively.

It is noted that, the selectivity of CH4 over 3% C-DH@IN is as high

as 85.7% (Fig. 2c), whereas that for NiAl-LDH and DH@IN is only

47.3% and 74.3%, respectively, demonstrating that more generated

CH4 is due to the introduction of CDs that could absorb more H+.
The control experiment was carried out to further verify the prod-

ucts (CH4 +CO) source (Fig. 2e). When the Ar atmosphere is used

to replace the CO2 atmosphere, trace amounts of CO are detected

by chromatography, indicating that the CH4 is indeed from CO2

instead of other carbon source. Furthermore, no gaseous products

are observed in the absence of catalyst or in a dark environment,

suggesting that catalyst and light source are necessary for CO2RR.

The 3% C-DH@IN catalyst maintains excellent photocatalytic perfor-

mance after four 5-h cycles, which indicates that the constructed

heterojunctions possess good stability (Fig. 2d). Fig. 2f shows that

the main crystalline phase of C-DH@IN remains unchanged after

the photocatalytic reaction, suggesting that C-DH@IN has excellent

stability and reusability.

With the increase of CDs loading, the absorption edge of

C-DH@IN moves to the larger wavelengths, indicating that the

ternary heterostructure significantly promotes the visible-light ab-

sorption. The band gap values of In2O3 and NiAl-LDH can be ob-

tained from the Tauc curves (Fig. S4b in Supporting information),

where the band-gap values of In2O3 and NiAl-LDH are 2.68 and

2.25 eV, respectively. The pure In2O3 exhibits an intense steady-

state photoluminescence (PL) signal at 470nm (Fig. 3a), indicat-

ing a severe recombination of photoinduced charge [32]. Com-

pared to pristine In2O3, the DH@IN-50 displays a significant PL

quenching, indicating that the charge carrier recombination is suf-

ficiently suppressed. After incorporation of CDs, the PL intensity

of C-DH@IN decreases significantly, resulting from the further im-

provement of charge transfer efficiency. Furthermore, the average

PL lifetimes (τ ave) of In2O3, DH@IN-50 and 3% C-DH@IN were esti-

mated by time-resolved photoluminescence decay (TR-PL) spectra

(Fig. 3b), with values of 2.56, 1.34 and 0.64ns for In2O3, DH@IN-50

and 3% C-DH@IN [33], respectively. In addition, the 3% C-DH@IN
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Fig. 3. (a) PL and (b) TRPL decay of In2O3, DH@IN-50 and 3% C-DH@IN. (c) Transient photocurrent responses and (d) EIS Nyquist plots of In2O3, NiAl-LDH, DH@IN-50 and

3% C-DH@IN. Mott–Schottky plots of (e) In2O3 and (f) NiAl-LDH.

shows faster PL decay and shorter average lifetime compared to

DH@IN-50, indicating that CDs suppress the charge recombination

and promote charge transfer.

Photoelectrochemical tests were used to explore the photoex-

cited charge separation efficiency of In2O3, NiAl-LDH, DH@IN-50,

and 3% C-DH@IN. The incorporation of CDs into DH@IN can dra-

matically enhance the current density of C-DH@IN and promote

carrier separation (Fig. 3c). Fig. 3d displays that the arc radius of

3% C-DH@IN is the smallest, indicating that 3% C-DH@IN photo-

catalyst has lower resistance as well as good charge transfer ca-

pability compared with pure In2O3 and NiAl-LDH [34]. In order to

study the energy band structure, the Mott–Schottky (M–S) curves

of In2O3, and NiAl-LDH were measured at different frequencies

as shown in Figs. 3e and f. The flat-band potentials (EFB) val-

ues for In2O3 and NiAl-LDH can be determined from the inter-

cepts of M–S plots, which are −0.76 and −0.97V, respectively (vs.

Ag/AgCl). EFB values of In2O3 and NiAl-LDH are calculated to be

−0.56 and −0.77V (vs. NHE), respectively, according to the equa-

tion ENHE = EAg/AgCl +0.197. It is well known that the conduction

band (ECB) of the n-type semiconductor is about 0.10V below EFB.

As a result, ECB of In2O3 and NiAl-LDH are determined to be −0.66

and −0.87V vs. NHE, respectively. Based on the equation ECB = EVB–

Eg, the EVB values of In2O3 and NiAl-LDH are 2.02 and 1.38V (vs.

NHE), respectively.

Electron spin resonance (ESR) spectra of In2O3, DH@IN-50 and

3% C-DH@IN were used to investigate the existence of ·O2
− as

well as ·OH (Fig. 4a and Fig. S15 in Supporting information).

The DMPO-·O2
− signals indicate that the photoexcited electrons-

enriched ECB on C-DH@IN is more negative than the potential of

O2/
·O2

− (−0.33V vs. NHE), thus leading to the production of ·O2
−

active species. More importantly, the clear DMPO-·OH signals can

be observed (Fig. 4b), which means that the holes-accumulated EVB
is more positive than the potential of OH−/·OH (1.99V vs. NHE)

[35]. These findings verify that the C-DH@IN constructs the S-

scheme heterojunction and thus possesses a strong redox ability.

Furthermore, the in-situ FT-IR spectra of C-DH@IN were carried

out in the range of 1200–1800 cm−1 to study the reaction path-

way of CO2RR (Fig. 4c). The multiple intermediate products are

detected and corresponding peak intensity is enhanced with pro-

longed irradiation time. The peaks of m-CO3
2− (1419, 1488, 1522

and 1541 cm−1), b-CO3
2− (1372, 1559 and 1627 cm−1) and HCO3

−

(1219, 1396, 1440, 1461 and 1478 cm−1) groups are detected dur-

ing photocatalytic CO2RR [36], due to the interaction of absorbed

CO2 and H2O on C-DH@IN catalyst. Meanwhile, H2O as only sol-

vent is reacted with photoexcited holes to produce O2, and notably,

the peaks of HCOO− (1637 and 1648 cm−1), COO− (1361 cm−1)

and CH3O
− (1698 and 1732 cm−1) groups emerge with illumina-

tion time, revealing that HCOO− and CH3O
− are considered as the

active species and key intermediate for CO2RR [37]. Besides, the

primary CO2
− (1684 cm−1) peaks are observed caused by the con-

version of CO2 to CO, and the peaks at 1448 and 1387 cm−1 result

from the methyl groups of CH4, which verify the generation of CO

and CH4, implying that multi-electron transfer pathway exists in

the CO2RR process of C-DH@IN. Atomic force microscopy together

with Kelvin-probe force microscopy (AFM-KPFM) is used to explore

the potential surface distribution of C-DH@IN (Fig. S16 in Support-

ing information). The surface potential under solar irradiation is

higher than that in the darkness, revealing C-DH@IN S-scheme het-

erojunction with a strong built-in electric field.

Accordingly, the proposed S-scheme for photocatalytic CO2RR

on C-DH@IN is illustrated in Fig. 4e. The S-scheme heterojunction

with the intimate contact from the multi-shell nanotube facilitates

that the electrons are transferred from In2O3 to NiAl-LDH and gen-

erates an internal electric field (IEF) caused by the different Fermi

levels between the above two semiconductors, thus resulting in the

band edge bending. Driven from IEF as well as band bending, the

elections in the ECB of In2O3 recombine with holes in the EVB of

NiAl-LDH, and thus the electrons on the ECB of NiAl-LDH and holes

on the EVB of In2O3 are well preserved, which exhibits that the

reserved electrons and holes possess the stronger redox capabil-

ity for CO2RR. Notably, CDs in C-DH@IN as an electron mediator

and charge transport highway at the interface between In2O3 and

NiAl-LDH can effectively boost the charge transfer and enhance the

redox reaction.

In summary, we report a novel S-scheme C-DH@IN heterojunc-

tion for photocatalytic CO2RR, which was fabricated through a

facile in situ hydrothermal method. In the pure water without sac-

rificial agent, the 3% C-DH@IN catalyst shows the highest CO2RR

activity (CO: 7.12 μmol h−1 g−1; CH4: 10.67 μmol h−1 g−1) under

simulated solar irradiation, and CH4 selectively of optimal catalyst

is up to 85.7%. The ESR, in-situ FT-IR and photoelectric measure-

ments verify the S-scheme mode in C-DH@IN heterostructure with

strong redox capability, and meanwhile exhibit that HCOO− and

CH3O
− as crucial intermediates are existed in conversion of CO2

into CH4. The CDs in C-DH@IN catalyst can acts as an “electron

bridge” between NiAl-LDH and In2O3, to facilitate the establish-

4
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Fig. 4. (a) DMPO-·O2
− and (b) DMPO-·OH spin-trapping ESR spectra of 3% C-DH@IN. (c) In situ FT-IR of 3% C-DH@IN. (d) The photocatalytic reaction pathways of C-DH@IN.

(e) Schematic illustration of charge transfer over C-DH@IN under simulated solar light.

ment of the IEF and band bending, and what is more, CDs can ab-

sorb more H+ to promote the CH4 selectively. This study provides

a new strategy for the design and development of robust and ef-

ficient photocatalysts for the selective conversion of CO2 to hydro-

carbon fuels.
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