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A B S T R A C T   

To address the global challenge posed by excessive carbon dioxide emissions, our research pio-
neers the transformation of CO2 into valuable hydrocarbon fuels. Central to this approach is the 
innovation of photocatalysts, engineered to exhibit exceptional photoresponse characteristics. In 
this research, the CsBr@CuBr2 photocatalyst was innovatively synthesized through a straight-
forward and effective one-pot method. The catalyst displayed remarkable efficacy, achieving a 
CO2 photoreduction rate of 201.47 μmol g− 1 within just 4 h. The incorporation of CsBr into CuBr2 
effectively captures excited-state electrons, thereby significantly enhancing charge separation 
efficiency. Utilizing in situ DRIFTS and DFT theoretical analysis, the experiment reveals the 
complex process of CO2 photoreduction to CO. The results of this experiment provide break-
through insights for the systematic design of metal bromide heterostructures, which possess 
robust CO2 adsorption/activation potential and notable stability.   

1. Introduction 

The massive depletion of fossil fuels has not only brought about a non-renewable energy crisis, but has also produced large amounts 
of carbon dioxide leading to a growing global warming problem [1–3]. Photoreduction of CO2 into high value-added hydrocarbon 
fuels, such as CO, CH4 and CH3OH, is currently recognized as a sustainable green development strategy that can effectively alleviate 
current energy and environmental problems [4–6]. However, existing photocatalysts have various defects such as low light absorption 
efficiency, limited active site, narrow light response range, low reduction efficiency, high carrier recombination rate and poor 
selectivity [7–10]. In order to achieve more efficient and specialized CO2 photoreduction, better performing photocatalysts need to be 
explored [11–13]. 

Copper-based photocatalysts have been widely used in various photocatalytic systems due to their own advantages, such as low 
toxicity, abundant earth resources, wide light absorption range, and effective inhibition of charge recombination [14–17]. Among 
them, CuO, Cu2O and CuS are the most popular, because of their excellent performance of efficient visible light capture, easy 
adsorption of CO2 and directional long-distance electron transfer [18–22]. The copper-based material CuBr2 is often prepared with 
CsBr to form perovskite and then be used in the photoreduction CO2 reaction. For example, Dong et al. reported a Cs2CuBr4 material, 
which has a catalytic behavior like SFLPs, effectively changes the CO2 adsorption mode, improves the CO2 activation ability, and the 
CO production rate for 5 h reaches 148.98 μmol g− 1, which is 8 times of lead perovskite CsPbBr3 PQDs [23]. 
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The catalytic performance of single-component photocatalysts has different degrees of deficiencies, either in terms of short lifetime 
of photogenerated carriers or other disadvantages such as narrow light absorption range. Combining two or more catalytic materials to 
build heterostructures can integrate the advantages of multiple components and effectively improve the catalytic activity. By 
combining different components, electron redistribution and synergistic effects are generated at the interface. It is also able to generate 
a new interfacial structure by changing the composition and crystalline phase of the structure, which effectively improves the carrier 
separation efficiency, broadens the visible light absorption range, and realizes efficient photocatalytic CO2 reduction [24–28]. Zhou 
et al. designed 2D/2D Z-type ZnTi-LDH/Cu-FeTCPP MOF heterojunctions, which effectively enhanced the photocatalytic CO2 
reduction efficiency with a CO yield of 37.80 μmol g− 1, which was 28 and 26 times higher than that of ZnTi-LDH and CuFe-TCPP MOF 
photocatalysts, respectively [29]. 

In this study, CuBr2 was modified with CsBr, and the two formed CsBr@CuBr2 heterojunction. The CsBr@CuBr2 heterojunction has 
improved the photogenerated carrier separation efficiency and prolonged the lifetime, and the electron mobility was enhanced, which 
has excellent photocatalytic performance. The efficiency of the CO2 photo-reduction in 4 h could reach 201.47 μmol g− 1, which was 
better than that of the same type of photocatalytic materials summarized in Table S1[29–38]. In this paper, the mechanistic process of 
CO2 photoreduction on CsBr@CuBr2 heterojunction is investigated in detail by in situ infrared characterization and density functional 
theory calculations. This study provides a simple scheme for the synthesis of metal heterostructures and a new idea for the application 
of CsBr@CuBr2 photocatalysis. 

2. Experimental section 

2.1. Chemicals and raw materials 

Cs2CO3 (99.9 %, Macklin), CuBr2 (99.95 %, Aladdin), MACl (Aladdin), 1,2-Bis (chlorodimethylsilyl) ethane (97 %, Macklin), 
oleoamine (80–90 %, Macklin), Oleic acid (pharmaceutical grade, Macklin), 1-octadecene (95.0 % (GC), Macklin), toluene (AR, 
Tianjin Chemical Reagent Supply and Marketing Company). 

2.2. Instruments 

Ultrasonic Instrument (SCIENTZ SB-5200DT), High Speed Centrifuge (cence TG16-WS), Vacuum Drying Chamber (JINGHONG 
DZF-6020), Trace Gas Analysis System (PerfectLight Labsolar 6A), Xenon Lamp (PerfectLight PLS-SXE 300+), Vacuum Pump 
(TINGWEI 2 TW-6G), Circulating Chiller (PerfectLight DC-0506), Air Generator (ZhongHuiPu SPB-3S), Hydrogen Generator (QuanPu 
QPH-300II), Gas Chromatograph (FULI GC9790II(PLF-01)). 

2.3. Material characterizations 

XRD was measured on a Rigaku Ultima IV of Japan, with the measuring range of 5–90◦ and scanning speed of 2◦ min− 1; SEM was 
characterized on a TESCAN MIRA LMS of Czech Republic; TEM and HRTEM of the material were characterized with a JEOL JEM-F200 
of Japan; XPS was carried out by Thermo Scientific ESCALAB 250Xi of America; UV–visible diffuse reflectance spectroscopy was 
measured on a Shimadzu UV-3600i Plus of Japan; Photoluminescence spectra were measured using an Edinburgh FLS1000 of UK; In 
situ infrared spectroscopy was carried out in the range of 800–4000 cm− 1 using an in situ bin spectrometer from Bruker INVENIO-S. 
Harrick of Germany. 

2.4. Synthesis of CsBr@CuBr2 

All chemicals were of analytical grade and could be used without further purification in the experiments. 0.6 mmol Cs2CO3 and 1.8 
mmol CuBr2 precursor powder were added to a 50 mL reagent vial, and then 0.9 mL oleylamine, 3 mL oleic acid, and 30 mL 1-octa-
decene were added to the mixture, and sonicated for 30 min using a tip with a power of 300 W. The reaction was completed by 
centrifugation for 10 min at 9000 rpm. The precipitate was washed twice with toluene and centrifuged at 2000 rpm for 2 min. Then 
place it in a vacuum oven at 60 ◦C to dry overnight. 

2.5. Photoreduction reaction 

The 8 mg photocatalyst was evenly dispersed on the glass fiber filter paper and put into a closed quartz reactor containing 5 mL 
deionized water together with the gas-solid reaction platform. The system is then vacuumed and filled with high-purity carbon dioxide 
gas to 80 kPa. Repeat twice to ensure that there are no other gas residues in the system, and turn on the xenon lamp light source for the 
photoreduction of CO2. The temperature of the system was ensured to be 278 K throughout the experiment. 

3. Results and discussion 

The photocatalysts used in the experiments were characterized and analyzed by means of XRD, SEM, TEM, HRTEM, XPS, UV–Vis, 
PL, EIS, in-situ FTIR and DFT to obtain physical, chemical, and optical properties of the materials. 

The crystal structures of the original CsBr, CuBr2 and the synthesized CsBr@CuBr2 were analyzed by XRD test, and the XRD patterns 
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as shown in Fig. 1. Diffraction peaks of pristine CsBr located at 29.454◦ and 52.228◦ can be observed, which correspond to the 110 and 
211 planes of the CsBr standard card (JCPDS No. 01–0843), indicating that the original CsBr is a standard CsBr monomer. Compared 
with the original CsBr, the (110) and (211) peaks of CsBr@CuBr2 do not change except for the decrease in intensity, indicating that 
CsBr@CuBr2 well retains the main structure of CsBr. Meanwhile, the diffraction peaks of original CuBr2 located at 14.485◦, 29.062◦, 
36.040◦, 47.357◦ and 60.853◦ are also observed in Fig. 1, corresponding to the CuBr2 standard card (JCPDS No. 17–0771) − 101, 002, 
− 221, − 213 and − 114 planes, in that order. Compared with original CuBr2, the (− 221), (− 213), and (− 114) peaks in CsBr@CuBr2 
have slight high-angle shifts, which may be caused by the formation of heterojunction leading to the existence of weak van der Waals 
forces between semiconductors [39]. The XRD pattern analysis shows that CsBr@CuBr2 retains the initial structure of CsBr and CuBr2 
and the interaction between CsBr and CuBr2, indicating the successful synthesis of the copper-based heterojunction material 
CsBr@CuBr2. 

The morphology of CsBr@CuBr2 was investigated using SEM, TEM, HRTEM and EDX. As shown in Fig. 2, the single CuBr2 presents a 
lamellar structure (Fig. 2a) and the single CsBr presents a cell-like shape tightly fitting together (Fig. 2b). When the two were combined 
to form the heterojunction CsBr@CuBr2, the structure was a main laminar structure with separate small cubes at the tips (Fig. 2c), 
integrating the structural features of single CuBr2 and single CsBr. Further, the characteristic lattice spacing of 0.514 nm and 0.351 nm 
corresponding to CsBr (001) and CuBr2 (101) planes is observed in the HRTEM image of CsBr@CuBr2 (Fig. 2d), indicating that a 
CsBr@CuBr2 heterojunction was formed by contacting the CsBr (001) and CuBr2 (101) faces [40]. 

Furthermore, the total EDX elemental mapping in Fig. 3a shows the presence of Cs (blue), Cu (red) and Br (green) elements of 
CsBr@CuBr2. Fig. 3b–c correspondingly show the distribution characteristics of Cs, Cu and Br elements of CsBr@CuBr2, and it can be 
seen that all the three elements show a uniform distribution. These results strongly demonstrate the successful synthesis of 
CsBr@CuBr2. 

In order to further understand the elemental composition and chemical state of CsBr@CuBr2, X-Ray Photoelectron Spectroscopy 
(XPS) was carried out, and the resulting total spectrum is shown in Fig. 4a. The characteristic peaks of Cu, Cs, Br and C elements can be 
observed in Fig. 4a, indicating that the element composition of CsBr@CuBr2 is Cu, Cs and Br, which is consistent with the expectation. 

The Cs 3d, Cu 2p and Br 3d binding energy signals of CsBr@CuBr2, CsBr and CuBr2 were superimposed, compared and analyzed. 
Fig. 4b shows the high-resolution XPS spectrum of Cs 3d. Two peaks of 738.5 and 724.6 eV in CsBr@CuBr2 can be observed, which 
correspond to the binding energies of Cs 3d2/3 and Cs 3d5/2, respectively. In the XPS spectrum of Cu 2p (Fig. 4c), the binding energies of 
Cu 2p1/2 of CsBr@CuBr2 is shown as two peaks of 951.8 eV and 962.5 eV, and the binding energy of Cu 2p3/2 exhibited two peaks at 
931.9eV and 943.0 eV. The two peaks of 69.7 and 68.7 eV in the Br 3d spectrum (Fig. 4d) are in turn attributed to the Br-states of the 
binding energies of Br 3d1/2 and Br 3d5/2 [41,42]. However, the peaks of CsBr@CuBr2 are slightly shifted compared to the 
single-component CsBr and CuBr2. 

Usually, the binding energy shift in composites can be explained by the strong interaction between different components [43]. 
Unlike the 0.62 eV shift for Br 3d, the binding energy shifts for Cs 3d and Cu 2p are 1.70 and 1.36 eV, respectively. The larger shifts for 
Cs and Cu indicate that the Cs–Cu interaction is stronger than the Br–Cs and Br–Cu interactions. The XPS of the low energy segment of 
CsBr and CuBr2 is shown in Fig. S1. CsBr and CuBr2 were measured to be 0.50 eV and − 0.72 eV, respectively, by the tangent method. 

Through experiments, it was found that the synthesis of CsBr@CuBr2 had the best photoreduction CO2 performance when the mass 
of MACl accounted for 20 % and the mass concentration of 1,2-Bis (chlorodimethylsilyl) ethane was 1.0 mg/mL (Fig. 5a and b), and the 
synthesis conditions were determined as CsBr@CuBr2. Next, the efficiency of photocatalytic reduction of CO2 by CsBr, CuBr2 and 
CsBr@CuBr2 was specifically tested. The only photoreduction CO2 product under the action of the three catalysts is CO. As shown in 
Fig. 5c, the yields of CO for both CsBr and CuBr2 increased gradually with the extension of the light time, the yields of CO reached 

Fig. 1. XRD patterns of CsBr, CuBr2, and CsBr@CuBr2.  
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21.42 μmol g− 1 and 44.17 μmol g− 1 respectively, after 4 h. However, when CsBr@CuBr2 was formed by the one-pot method, the yield 
of CO increased to 201.47 μmol g− 1. Compared with the original material, the yield was more than six times. After seven cycles, 
CsBr@CuBr2 still achieves more than 70 % initial efficiency (Fig. 5d). 

The optical properties of CsBr@CuBr2, CuBr2 and CsBr were analyzed by UV–vis diffuse reflectance spectroscopy. In contrast to the 
absorption of CuBr2 and CsBr, CsBr@CuBr2 exhibits significant and broad absorption in both UV and visible ranges (Fig. 6a). The 
enhancement of the light-absorbing region may be related to the introduction of Cs ions and the electron transfer after assembly with 
reduced clusters [44]. Subsequently, the optical bandgap energies of CuBr2, and CsBr were further measured by Tauc plots, which were 
2.02 and 4.64 eV, respectively (Fig. 6b). 

The carrier separation/migration in CsBr@CuBr2 and CuBr2 was further explored using PL experiment. Compared with CuBr2, 

Fig. 2. SEM of CuBr2 (a), CsBr (b), and CsBr@CuBr2 (c). (d) HRTEM of CsBr@CuBr2.  

Fig. 3. EDX elemental mappings of Total element (a), Cs (b), Cu (c) and Br (d) of CsBr@CuBr2.  
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which exhibited an extremely high steady-state PL intensity at 440 nm excitation wavelength (Fig. 7a), the PL intensity of CsBr@CuBr2 
at 225 nm excitation wavelength was significantly reduced, which indicated that CsBr@CuBr2 effectively blocked the recombination of 
photogenerated electron/hole pairs. It suggests that the addition of CsBr improves the charge separation ability in the photocatalytic 
CO2 reduction process, reduces the complexation rate between e− /H+, and enhances the inhibition of photogenerated carrier 
complexation [45]. 

The charge transport behaviors of CsBr@CuBr2 and CuBr2 were further investigated by EIS (Fig. 7b). CsBr@CuBr2 presents a 
smaller arc diameter on the EIS curves than that of CuBr2. Further simulation results show that the charge-transfer resistances of 
CsBr@CuBr2 and CuBr2 are 284.1 Ω and 345.1 Ω, respectively. It shows that CsBr@CuBr2 exhibits a lower charge-transfer resistance 
and a higher charge-transfer efficiency than that of CuBr2, which leads to a photoexcited excellent separation efficiency of electrons for 
e− /h+, in agreement with the results obtained from PL experiments [30] The excellent photocurrent signal of CsBr@CuBr2 on the 
transient photocurrent curve also indicates its excellent charge separation efficiency (Fig. S2). The excellent charge transport prop-
erties of CsBr@CuBr2 may be attributed to the presence of abundant reaction sites. 

In order to gain insight into the catalytic pathway of the CO2 photoreduction reaction, the intermediates in the photocatalytic 
reduction of CO2 by CsBr@CuBr2 were dynamically identified and monitored by in situ infrared tests. In Fig. 8a and b, peaks at 1260 
and 1455 cm− 1 can be observed, which are attributed to carbonate species (CO3

2− ) [46]; peaks at 1218 and 1422 cm− 1 are charac-
teristic of HCO3

− species, which are formed by the carbonate species formed by protonation [40]; peaks of CO2* radicals were detected 
at 1596 cm− 1, which is a key indicator of CO2 binding to electrons [44,47]. In addition, *COOH (1476 and 1520 cm− 1) and CO* (1710 
and 1725 cm− 1) peaks, providing direct evidence for the multi-step hydrogenation of CO2 to CO [40,48–51]. The main characteristic 
peaks in the figure maintain a stable increasing trend, indicating that CsBr@CuBr2 has good activity and stability in the photocatalytic 
reduction of CO2. As shown in Fig. 8c and d, the intermediate product of CO2 reduction by CuBr2 to CO is consistent with that shown in 
CsBr@CuBr2, but the peak intensities are lower, indicating that its photoreduction performance is weaker than that of CsBr@CuBr2. 
Based on the results of in situ FTIR test analysis, the photocatalytic CO2 reduction pathway on CsBr@CuBr2 and CuBr2 is proposed 
(Equations. 1-8). 

CO2 +H2O→H2CO3 (1)  

H2CO3 → H+ + HCO−
3 (2)  

Fig. 4. (a) XPS survey spectra of CsBr@CuBr2. XPS spectra of Cs 3d (b), Cu 2p (c) and Br 3d (d) of CsBr@CuBr2(A), CuBr2(B) and CsBr(C).  
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HCO−
3 → H+ + CO2−

3 (3)  

CsBr@CuBr2→hvh+
+ e− (4)  

CO2 + ∗ →CO∗
2 (5)  

Fig. 5. (a) CO yields of different MACL mass ratios. (b) CO yields of different 1,2-Bis (chlorodimethylsilyl) ethane concentrations. (c) CO yields of 
CsBr@CuBr2, CuBr2 and CsBr. (d) Cycle stability test of CsBr@CuBr2. 

Fig. 6. (a)UV–vis diffuse reflectance spectra of CuBr2, CsBr and CsBr@CuBr2. (b) Band gap energy (Eg) analysis for CuBr2, CsBr and CsBr@CuBr2.  
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CO∗
2 +H+ + e− →COOH∗ (6)  

COOH∗ +H+ + e− →CO∗ (7)  

CO∗ → CO + ∗ (8) 

As shown in Fig. 9a and b, DFT calculations yielded the CO2 reduction reaction pathway as the excitation of CO2 to *CO2, which is 
then converted to *COOH, then generates *CO, and finally the desorption of *CO to obtain CO, which is consistent with the in situ FTIR 
results. The Gibbs free energy of CO2 photoreduction reaction on CuBr2 and CsBr@CuBr2 heterojunctions was investigated to further 
reveal the reason for the improved performance of photocatalytic reduction of CO2 by CsBr@CuBr2 heterojunctions. The free energies 

Fig. 7. (a) PL spectra of CsBr@CuBr2 and CuBr2. (b) Electrochemical impedance spectra (EIS) of CsBr@CuBr2 and CuBr2.  

Fig. 8. In situ FTIR spectroscopy characterization. (a,b) In-situ FTIR spectra of CsBr@CuBr2 in the presence of CO2 and H2O vapor within 60 min 
illumination. (c,d) In-situ FTIR spectra of CuBr2 in the presence of CO2 and H2O vapor within 50 min illumination. 
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of CO2*, COOH* and CO* on CuBr2 are 0.34, 1.88 and 0.68 eV, respectively, and the free energies of the three substances on 
CsBr@CuBr2 heterojunction are 0.49, 1.12 and 0.79 eV, respectively. Compared with CuBr2, the barrier energies for COOH* formation 
from CsBr@CuBr2 are significantly lower, which is favorable for the dynamic charge migration between CuBr2 and CsBr, and easier 
COOH* formation. From a thermodynamic point of view, the step of formation of COOH* from *CO2 is the rate-determining step of the 
CO2 photoreduction process [50,52]，thus CsBr@CuBr2 is more favorable for CO2 reduction. 

VB and Eg of CsBr and CuBr2 as mentioned above. The CB of CsBr and CuBr2 were calculated to be − 4.14 eV and − 2.74 eV 
respectively, based on ECB = EVB- Eg. The energy band structure and photocatalytic mechanism of CsBr@CuBr2 were then deduced as 
shown in Fig. 10. The CsBr@CuBr2 interface forms a type I heterojunction with CuBr2 as electron acceptor. Due to the Cs–Cu interface 
bond channel between CsBr and CuBr2, these hot electrons from excited CsBr easily migrate to CuBr2, resulting in efficient charge 
separation in CsBr@CuBr2. Electrons participate in the reduction of CO2 molecules to CO, and holes participate in the oxidation of H2O 
to O2, ensuring the efficient photocatalytic reaction. 

4. Conclusion 

In summary, in this study, metal bromide heterojunction CsBr@CuBr2 was synthesized by a simple one-pot method, which was 
concluded to be a single-product and highly efficient catalyst for photo-reduction of CO2 by experimental and related photochemical 
characterization. Compared to the photoreduction CO2 4 h efficiency of CsBr 21.42 μmol g− 1 and CuBr2 44.17 μmol g− 1, CsBr@CuBr2 
could reach 201.47 μmol g− 1. The photoreduction CO2 efficiency of CsBr@CuBr2 was increased by 9.4 times compared with the CsBr 
and 4.5 times compared with the CuBr2, which had more excellent photocatalytic performance. XRD, SEM, TEM, and HRTEM char-
acterizations showed the successful synthesis of CsBr@CuBr2, and PL, UV–Vis diffuse reflectance, and EIS showed that the resulting 
CsBr@CuBr2 heterojunctions possessed excellent photon trapping, sufficient surface redox potential, and fast photoexcited charge 
separation properties when CsBr was introduced into CuBr2. Density Functional Theory (DFT) calculations show that CsBr@CuBr2 
effectively reduces the reaction energy barrier. These demonstrate the favorable aspects of CsBr@CuBr2 for CO2 photoreduction. In 
addition, this study provides a new strategy and direction for the rapid synthesis of metal heterojunction materials for efficient 
photoreduction of CO2. 

Fig. 9. (a) Gibbs free energy diagrams for intermediates on CuBr2 and CsBr@CuBr2. (b) Structure models of Gibbs free energy calculations of CO2 
photoreduction pathways over CuBr2(A) and CsBr@CuBr2(B). 

Fig. 10. Proposed mechanism on photocatalytic reduction of CO2 into CO on the CsBr@CuBr2.  
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