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Design of 2D/1D Bi2MoO6/Bi19S27Br3 direct Z-scheme 
heterojunction with built-in internal electric field for enhanced 
CO2 photocatalytic reduction performance
Zakaria Ismaila, You Lia, Jian Leib, Saira Mana, Khadija Tul Kubrac, Chao Zhang*b, Jingxiang Lowd, Yujie 
Xiong*a,b

Bi-based heterojunctions have garnered extensive attention in photocatalytic carbon dioxide (CO2) reduction due to their 
efficient charge separation and strong redox ability. The built-in internal electric field (IEF) at the interface of the direct Z-
scheme heterojunction interface serves as the driving force for charge transfer, however, suboptimal interfacial contact 
often restricts the carrier migration efficiency. Herein, we meticulously tune the contact interface over a Bi-based 
heterojunction by modulating the morphologies of the semiconductor components. Specifically, we synthesize a 2D/1D 
Bi2MoO6/Bi19S27Br3 (BMO/BSBr) direct Z-scheme heterostructure by embedding 1D BSBr nanorods onto 2D BMO 
nanosheets. Such a contact interface can optimize the photogenerated charge carrier migration across the BMO and BSBr, 
thereby significantly promoting their separation. As a result, the photocatalytic CO2 conversion performance of the 
optimized BMO/BSBr reaches 34.4 μmol g−1 h−1, exceeding those of BMO and BSBr by 4.5 and 19.8-folds, respectively. The 
mechanisms underlay this enhanced photocatalytic performance are revealed via in situ diffuse reflectance infrared Fourier 
transform spectroscopy (DRIFTS), X-ray photoelectron spectroscopy and radicals trapping tests, showing that the internal 
electric field along with the fine-tuned contact interface hold the key for momentously boosting the photogenerated charge 
carrier utilization efficiency. This study provides a novel design strategy for constructing high-performance photocatalysts 
via chemical bonding interfacial, offering efficient charge transfer and high catalytic activity.

Introduction
The evolution of photocatalysis, which relies solely on incident 
solar energy for driving chemical reactions, provides a potential 
solution for resolving energy crises and environmental issues.1-

4 Amidst the development of photocatalysis, photocatalytic CO2 
conversion has been attracted widespread attention as it can 
simultaneously mitigate CO2 concentration in the atmosphere 
and produce valuable chemicals.5-7 Throughout recent decades, 
vast arrays of photocatalytic semiconductor materials have 
been engineered for use in the photocatalytic CO2 reduction.7-

12 However, due to intense electron-hole pair recombination, 
insufficient catalytic active centers, and the high bond energy 
barrier for dissociation of the C═O bond (750 kJ mol-1), 
achieving efficient photocatalytic CO2 reduction remains 
challenging in practical production13, 14. Therefore, the current 
efficiency of photocatalytic CO2 reduction falls far below the 
threshold required for industrial standards.15-17

Focusing on optimizing the three critical steps in the 
photocatalytic CO2 reduction process, a central challenge lies in 
engineering photocatalytic materials with superior light 
harvesting, sufficient catalytic active centers, and highly 
efficient electron-hole pair separation. Countless strategies 
have been pursued to address these limitations, such as 
constructing vacancy engineering,18-20 ultra-thin structures,21, 22 
doping elements,23, 24 and fabricating heterojunctions.25, 26 The  
construction of heterojunction has been extensively studied in 
photocatalytic CO2 reduction.27-29 The choice of suitable 
semiconductors for integrating specific heterojunction types, 
such as step-scheme (S-scheme)30-32 and direct Z-scheme33-36 
configurations, is critical. The formation of strong bonds at the 
hetero-interface, serves a crucial role in enhancing interfacial 
carrier migration and optimizing performance. Consequently, 
creating interfacial interatomic bonds in heterostructures is 
considered a key strategy to maximize the efficiency of 
photocatalytic CO2 reduction.37-43

The interfacial interatomic bonds can dictate the interfacial 
charge distribution and minimize the interfacial conductivity in 
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the contact resistance region, which will substantially improve 
the yield of transmission and separation of photogenerated 
charges and enhance the photoinduced activity.44-47 A diverse 
range of semiconductor materials has been designed for use in 
photocatalytic CO2 reduction applications. Among them, 
Bismuth-based (Bi-based) photocatalytic materials, such as 
Bi2MoO6 (BMO),48-50 BiVO4,51-53 and Bi2WO6,54-56 have attracted 
extensive attention recently due to their controllable synthesis, 
unique crystal structures, and eco-friendliness.

BMO, as a conventional Bi-based semiconductors oxide, is 
reckoned as an auspicious photocatalytic material as a result of 
its durable, stable physicochemical and proper wide band gap 
(∼2.7 eV).57-59 However, there are some setbacks to the 
improvement of pure BMO as a photocatalyst due to the 
excessive electron-hole recombination rate.60-62 Various 
procedures, including controlling the morphology and 
integrating two-dimensional (2D) nanosheets (NSs) BMO with 
other materials to construct a remarkable heterojunction, have 
been implemented to enhance the efficient separation of 
charges and improve the CO2 adsorption capacity for the 
photoreduction of CO2.62, 63 

Additionally, among the Bi-based V–VI–VII group narrow 
bandgap semiconductors, Bi₁₉S₂₇Br₃ (BSBr) stands out due to its 
superior light absorption capability, remarkable electrical 
conductivity, and an appropriately positioned negative CB band. 
These characteristics make BSBr a promising candidate for 
photocatalytic CO2 reduction applications.64-68 One-dimensional 
(1D) BSBr nanorods (NRs) have been extensively combined with 
diverse materials, such as In2O3, g-C3N4, and SnIn4S8, to build 
heterostructure composites with interfacial bonds, promoting 
the photoreduction of CO2 into value-added products.69-71 
Based on these observations, the tight interatomic contact at 
the interface region of the heterojunction cannot be 
overlooked. Thus, the synergistic coupling effects between 
2D/1D with formation of interatomic bonds in the interfacial 
region of heterostructures can facilitate photoinduced charge 
separation and surface redox reactions to enhanced 
photocatalytic activity and reaction selectivity of CO2 
Photoreduction.  

Here, the strategically construction of a 2D/1D BMO/BSBr 
direct Z-scheme composite heterojunction structure, formed 
from 2D BMO nanosheets and 1D BSBr nanowires with built-in 
internal electric field (IEF) and interfacial interatomic bonds, is 
anticipated to be an ideal design for achieving highly 
photocatalytic efficient for CO2. The presence of IEF facilitates 
the combination of conduction band (CB) electrons from BMO 
and valence band (VB) holes from BSBr. Additionally, these 
strong built-in IEF and interatomic bonds interaction prevent 
the dissociation of the BMO and BSBr heterojunction during 
photocatalytic CO2 reduction process, providing a relatively 
efficient and stable photocatalytic system. Meanwhile, 
electrons with high reduction ability from BSBr and holes with 
high oxidation ability participate in the redox reaction. This 
study introduces an innovative approach to synergistically 
regulate 2D/1D direct Z-scheme heterojunctions system 
through a built-in IEF and interfacial interatomic bonding to 
achieve efficient CO2 photocatalytic activity.

Experimental
Materials

Ammonium molybdate tetrahydrate (NH4)6Mo7O24.4H2O), 
thiourea, bismuth nitrate pentahydrate (Bi(NO)3·5H2O), 
Ammonia solution, Nafion, ethylene glycol, ethanol and 
cetyltrimethylammonium bromide (CTAB) were purchased by 
Shanghai Sinopharm Chemical Reagent Co. Ltd (P. R. China). 
Deionized (DI) water was used throughout the study. All 
reactants were of analytical purity and used as received, 
without further purification.

Preparation of BMO

In a typical synthesis, BMO was prepared via a hydrothermal 
method. First, 3 mmol of Bi(NO)3·5H2O was dispersed in 40 mL 
of DI water under magnetic stirring for 30 min to ensure 
complete dissolution. Subsequently, 0.214 mmol 
NH4)6Mo7O24.4H2O was added to the solution under continuous 
stirring for an additional 30 min to form a homogeneous 
precursor mixture. The pH of the solution was then adjusted to 
neutral (pH = 7) by dropwise addition of ammonium hydroxide 
(NH4OH, 28%) under constant stirring. The solution was 
transferred into a 50 mL Teflon-lined autoclave for thermal 
treatment at 160 oC for 10 h. The sample was collected by 
centrifugation and washed several times using DI water. The 
final product was dried in a vacuum oven at 70 oC for 24 h obtain 
BMO NSs.

Preparation of X-BMO/BSBr and BSBr

The X-BMO/BSBr composites (where X = 1, 2, 3 and 4 
corresponds to 10, 20, 40, and 80 mg of BMO, respectively) 
were synthesized through a modified solvothermal method. In 
a typical procedure, the predetermined amount of BMO was 
first dispersed in 30 mL ethylene glycol under vigorous magnetic 
stirring for 30 min. Subsequently, 0.46 mmol thiourea, 0.40 
mmol CTAB, and 0.02 mmol Bi(NO)3·5H2O were sequentially 
added to the suspension. The mixture was maintained under 
continuous vigorous stirring for 4 h at room temperature to 
ensure complete precursor homogenization. The solution was 
then transferred to a 50 mL Teflon-lined autoclave and 
subjected to thermal treatment at 403 K for 10 h. Subsequently, 
the products were collected by centrifugation and washed 
alternately with ethanol and DI water many times. Then, the 
samples were dried in a vacuum oven at 343 K for 24 h. For 
comparison, pristine BSBr was synthesized following the 
identical method without the addition of BMO precursor.

Results and discussion
Characterization and preparation of catalysts

In this work, the 2D/1D BMO/BSBr heterostructure composites 
were synthesized by mixing the primary precursors under 
controlled conditions using the solvothermal method, and the 
construction process is depicted in Figure 1a. The interface 
interactions between 1D BSBr NRs and 2D BMO NSs in 
BMO/BSBr heterostructure were further investigated. The x-ray 
diffraction (XRD) patterns of pure BMO, BSBr, and the
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Figure 1. (a) Preparation process of BMO/BSBr heterojunctions. (b), (c) XRD patterns, and (d) FTIR spectra of BMO/BSBr 
Heterojunctions.

synthesized BMO/BSBr composites are demonstrated in Figure 
1b. The diffraction peaks of the synthesized BMO at 2θ values 
of 28.3o, 32.5o, 33.1o etc., can be assigned to the crystal planes 
(131), (200), (060) etc., respectively, matching with 
orthorhombic crystal structure of BMO (JCPDS No. 21-0102).72 
Moreover, the prepared BSBr demonstrates the XRD peaks 
attributed to the hexagonal BSBr (JCPDS Card No. 26-0813).68 In 
addition, all the synthesized BMO/BSBr heterostructures 
demonstrate the XRD peaks attributed to the BMO and BSBr. 
However, as the concentration of BMO increased the diffraction 
peak corresponding to the (131) crystallographic plane of BMO 
exhibited a significant increase in sharpness (Figure 1c). That 
suggesting successful coupling of these two semiconductors. 

Fourier transform infrared (FTIR) spectra (Figure 1d) of 
BMO, BSBr, and BMO/BSBr were also obtained to shed some 
light on their surface functional groups. The primary absorption 
bands of BMO, observed in the range of 400–950 cm-1, are 
associated with stretching vibrations of Bi–O and Mo–O bonds, 
as well as Mo–O–Mo bridging stretching modes.73, 74 
Additionally, the peaks at 1380 cm-1 are attributed to O–H 
stretching vibration attributed to the surface adsorbed H₂O.75 
Moreover, BSBr spectrum showed weak peak at 500 cm-

1, belonging to the vibrational state of the Bi–O bonds.49, 70, 76  
Notably, after coupling BMO with BSBr, the FTIR spectrum of 
BMO/BSBr exhibits negligible changes, suggesting that the 
presence of the BMO does not alter the surface functional 
groups on the BSBr. 

X-ray photoelectron spectroscopy (XPS) was assessed for 
gaining insights into the compositional structures and surface 
elemental and chemical valence of the prepared samples. The 

high-resolution Bi 4f, S 2p, Mo 3d, Br 3d, and O 1s XPS spectra 
of BMO, BSBr, and 2-BMO/BSBr were shown in Figure 2. As 
shown in Figure S1, Bi, Mo, S, Br, and O elements can be 
observed in the XPS survey spectrum of the 2-BMO/BSBr 
composite, confirming coupling of BMO with BSBr. For the high-
resolution Bi 4f and S 2p XPS spectra (Figure 2a), the 
deconvoluted peaks of the BMO and BSBr samples reveal two 
distinct binding energy peaks corresponding to Bi-4f5/2 and Bi-
4f7/2 doublet, confirming the presence of Bi3+ in both materials. 
In the 2-BMO/BSBr heterojunction the observed signals of Bi 4f 
can be assigned to Bi3+ ions originating from both the BMO77-79 
and BSBr72, 80, 81 components. Furthermore, all Bi 4f peaks in the 
heterojunction exhibit a clear shift toward lower binding energy 
compared to the individual components, a direct result of 
electronic interaction at the heterojunction interface. 
Meanwhile, the deconvoluted peaks of S 2p for both bare 
semiconductors and the 2-BMO/BSBr composite (Figure 2a) 
corresponding to S-2p1/2 and S-2p3/2 states, confirming the 
presence of S2- in all materials.82 As a result of heterojunction 
formation, these two S 2p peaks shift to a lower binding energy. 
In Figure 2b, the BMO sample reveals two distinct strong 
binding energy peaks corresponding to Mo 3d7/2 and Mo 3d5/2, 
respectively. For the 2-BMO/BSBr sample, these peaks are still 
present but shift slightly to a lower binding energy, confirming 
the presence of Mo6+ in both materials. Additionally, a new peak 
at 224.98 eV appears in the composite, indicating the formation 
of the Bi-S bonding between BMO and BSBr heterojunction 
interface.72, 76 Furthermore, two weak peaks located at 234.04 
and 231.07 eV indicate the presence of Mo5+.83 In Figure 2c, 
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Figure 2. (a-d) XPS spectra of Bi, S, Mo, Br, and O in BMO, BSBr, and 2-BMO/BSBr.

BSBr and 2-BMO/BSBr spectra reveal two deconvoluted peaks 
corresponding to Br 3d3/2 and Br 3d5/2, confirming the presence 
of Br- in the samples.84, 85 In the 2-BMO/BSBr heterojunction, 
these peaks shift to a higher binding energy compared to bare 
BSBr. The deconvoluted O 1s XPS spectra of BMO (Figure 2d) 
exhibit three distinct peaks, which can be assigned to Mo−O, 
Bi−O, and surface adsorption oxygen, respectively.86, 87 These 
same peaks are also observed in the 2-BMO/BSBr 
heterojunction, but with a shift to higher binding energy. This 
shift confirms affirming the loading of BMO on the BSBr. 
Notably, the XPS results reveal a negative shift in the Bi 4f and S 
2s peaks, while the Br 3d and O 1s peaks exhibited a positive 
shift over the 2-BMO/BSBr compared to its single component 
counterparts,85 suggesting charge density redistribution and 
confirming the presence of strong interatomic chemical bonds 
interaction.88 

The scanning electron microscope (SEM) image of BMO 
(Figure S2a) reveals its nanosheet morphology, whereas BSBr 
exhibits a nanorod morphology (Figure S2b). Figures S2c–f 
further illustrates the morphological details of the BMO/BSBr, 
confirming the effective formation of the heterojunction 
configuration. Transmission electron microscopy (TEM) images 

(Figures S3a–c) corroborate these structural features. In 
addition, energy dispersive spectroscopy (EDS) elemental 
mapping images confirm the presence of Bi, Mo, O for BMO and 
Bi, S, and Br in BSBr NRs (Figures S3d-k). The micro-morphology 
of the synthesized samples was investigated using high-
resolution TEM (HRTEM). As shown in Figures 3a–c, lattice 
fringes of 0.315 and 0.372 nm can be observed on the BMO and 
BSBr, corresponding to the (313) plane of BMO and (310) plane 
of BSBr, respectively (see also Figures S4a–b for the 
corresponding SAED patterns). For the 2-BMO/BSBr composite 
(Figure 3c), two distinct lattice spacings of 0.314 and 0.375 nm 
can be identified, matching the (313) plane of BMO NSs and the 
(310) plane of BSBr NRs, respectively. These findings confirm 
the strong interfacial interaction between BSBr NRs and the 
surface of BMO NSs, facilitating the formation of a 2D/1D 
heterojunction through the synthesized process. The 
corresponding SAED patterns for 2-BMO/BSBr composite are 
illustrated in Figure S4c. EDS elemental mappings (Figures 3d–i) 
confirmed the presence of Bi, Mo, O, S, and Br within the 
composite materials. Additionally, EDS analysis (Figure S5) 
reveals these elementals composition in the prepared 2- 
BMO/BSBr sample, which are consistent with the expected 
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Figure 3. (a-c) HRTEM images of BMO, BSBr, and 2-BMO/BSBr. (d-i) Element mapping of 2-BMO/BSBr sample.

stoichiometric composition. 

Band structures and surface structures

The optical properties of the synthesized photocatalysts were 
further investigated using ultraviolet-visible diffuse reflectance 
spectroscopy (UV-Vis DRS) (Figure 4a). BMO displays a narrow 
visible light absorption edge at approximately 430 nm, while 
unmodified BSBr exhibits a broader absorption range and a 
stronger visible light absorption capacity. Significantly, the 
BMO/BSBr composites demonstrate a pronounced red shift in 
absorption edge with increasing BSBr content compared to pure 
BMO, indicating enhanced visible light absorption. These results 
highlight the importance of optimizing both the doping ratio 
and heterostructure design to improve visible light harvesting 
and consequently enhance photocatalytic performance. 
Additionally, the Tauc plots are illustrated in Figure 4b based on 
UV-Vis DRS results, showing the bandgap values of BMO and 
BSBr to be 2.75 and 1.53 eV, respectively.

To further explore the band structure of the BMO and BSBr, 
the VB positions of the semiconductors were measured using 
VB-XPS. Figure 4c depicts the VB-XPS spectra of BMO and BSBr, 
revealing values of 2.31 and 0.64 eV, respectively. The VB-XPS 
potential was calculated based on the following equation:65 

𝑬𝑽𝑩―𝑵𝑯𝑬 = 𝝋 + 𝑬𝑽𝑩―𝑿𝑷𝑺 ― 𝟒.𝟒𝟒
where EVB-NHE is the VB potential vs. NHE and ϕ= 4.2 eV is the 
work function. Therefore, the EVB-NHE of BMO and BSBr can be 
determined to be 2.07 and 0.4 V, respectively. Based on these 
results, the band structures of BMO and BSBr can be illustrated 
in Figure 4d. Specifically, the CB and VB band positions of the 
BMO are more positive than those of the BSBr, laying a 
foundation for the formation of the heterojunction structure 
and charges flow pathway.

The surface texture is a critical factor influencing the 
performance of photocatalytic CO2 reduction, as it directly 

determines the CO2 adsorption capacity of the material. As 
shown in Figure S6, the surface area and pore structure of BMO, 
BSBr, a nd 2-BMO/BSBr were examined using N2 adsorption-
desorption isotherms via using the Brunauer–Emmett–Teller 
(BET). All samples exhibited type-IV adsorption-desorption 
curves with H3-type hysteresis isotherms loops, confirming the 
presence of a mesoporous structure in the synthesized 
materials. Furthermore, the BET surface areas of BMO and BSBr 
were measured to be 19.23 m2/g and 7.11 m2/g, respectively. 
After hybridization, the BET surface area of the 2-BMO/BSBr 
composite increased significantly to 38.32 m2/g. This 
substantial increase in specific surface area for the 2-BMO/BSBr 
composite confirms the formation of an ideal architecture 
structure, which reduces the aggregation of 2D BMO NSs and 
1D-shaped morphologies of BSBr NRs that typically exhibit 
fewer mesopores and lower specific surface areas. The 
enhancement is attributed to the increased surface undulations 
resulting from the attachment and integration of 1D BSBr NRs.  

Charge separation and transfer

The variations in the efficiency of the photogenerated electron-
hole separation rate for the synthesized samples were 
thoroughly evaluated using photoluminescence (PL) 
spectroscopy. Generally, the separation rate efficiency is 
inversely proportional to the PL emission intensity, where lower 
PL intensity typically indicates a lower recombination rate and 
higher efficiency.88-90 To assess this, PL spectra were recorded 
at an excitation wavelength of 325 nm for the samples BMO, 
BSBr, and 2-BMO/BSBr (Figure 5a). The samples BMO and 2-
BMO/BSBr revealed broad emission peaks centered around 450 
nm, while the PL spectra of BSBr displayed emission peaks 
centered at approximately 430 nm. A closer examination 
showed that 2-BMO/BSBr exhibited notably lower PL emission 
intensity compared to the bare BMO and BSBr samples.  
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Figure 4. a) UV/Vis DRS spectra of the prepared samples. b) Band gaps for BMO and BSBr samples. c) VB XPS spectra for BMO and 
BSBr samples. d) The schematic energy level diagrams of BMO and BSBr samples.

Additionally, the emission peak of the composite was broader, 
further indicating that the recombination of photoinduced 
charges was effectively suppressed at the interface of the two 
materials, thereby improving the overall photocatalytic 
performance.

Transient photoresponse (TPR) and electrochemical 
impedance spectroscopy (EIS) were used to evaluate the charge 
transfer and separation efficiency of the synthesized BMO, 
BSBr, and 2-BMO/BSBr materials. The TPR test conducted under 
intermittent irradiation with a 20-second interval, is depicted in 
Figure 4b. The photocurrent densities of BMO, BSBr, and 2-
BMO/BSBr exhibited significant fluctuations, rapidly increasing 
and decreasing when the light illumination was turned on and 
off, respectively. This behavior reflects their strong 
photoelectric conversion ability under light irradiation. Notably, 
the 2-BMO/BSBr composite revealed a substantially higher 
photocurrent density compared to the pristine BMO and BSBr 
samples, indicating enhanced separation efficiency of electron-
hole pairs within the heterostructure. For pure BSBr, the initial 
cycles of light illumination and darkness generated a large 

photocurrent during illumination and a lower photocurrent in 
the absence of light, followed by the formation of rapid on-and-
off spikes. This phenomenon is attributed to the recombination 
of photoinduced electron-hole pairs at the interface between 
the electrode and the electrolyte. In contrast, the 2-BMO/BSBr 
exhibits a distinct behavior when the light source was turned on 
or off, without the spike behavior observed in BSBr. In addition, 
the photocurrent density drops smoothly to zero, unlike the 
changes seen in BSBr. This decay indicates that the 2-BMO/BSBr 
effectively suppresses the recombination of charge carriers, 
further confirming its superior charge separation properties.65, 

71 Figure 4c shows the EIS spectra of the synthesized samples. 
The arc radius of 2-BMO/BSBr is markedly smaller than that of 
the BMO and BSBr, indicating the significantly reduced 
interfacial charge carrier transfer resistance on the 2-BMO/BSBr. 
When considering these findings alongside the PL spectroscopy 
and EIS results, it can be concluded that the 2-BMO/BSBr 
heterostructure exhibits superior charge carrier dynamics.

Photocatalytic CO2 reduction
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Figure 5. a) PL spectra, b) TPR, and c) EIS of BMO, BSBr, and 2-BMO/BSBr samples.

The photocatalytic CO2 reduction experiments of BMO, BSBr, 
and BMO/BSBr composite are carried out in water in the 
absence of sacrificial agent under visible light irradiation. As 
shown in Figure 6a, the measured CO production at hourly 
intervals over a five-hour duration exhibits approximately linear 
behavior, increasing with rising irradiation exposure time for all 
catalysts. After 5 h of light irradiation (Figure 6b), the CO 
production rates of the BMO and BSBr are only 7.57 and 1.75 
μmol g−1 h-1, respectively. In contrast, BMO/BSBr catalysts 

exhibit substantially higher CO yields compared to BMO and 
BSBr. Among them, 2-BMO/BSBr shows an optimal CO 
production rate of 34.4 μmolg−1h-1, representing 4.5-fold and 
19.78-fold increase compared to the BMO and BSBr, 
respectively. Also, Figure S7 observed the photocatalytic CO 
evolution for the prepared samples using full spectrum 
irradiation. Moreover, the NMR analysis on the 2-BMO/BSBr 
sample (Figure S8) confirmed the absence of any liquid phase 
products. Furthermore, the 2-BMO/BSBr composite 

Figure 6. a and b) Photocatalytic CO evolution for the prepared samples. c) Stability of 2-BMO/BSBr sample. d) CO evolution rates 
under control conditions for 2-BMO/BSBr sample.
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demonstrated high recyclability and durable stability, as 
evidenced by only a slight decrease in the CO yield rate over five 
consecutive photocatalytic cycles (Figure 6c). Subsequently, the 
catalyst is recovered and characterized after the cyclic 
experiments. A comparison of the XRD characterization results 
of the 2-BMO/BSBr sample before and after the cyclic 
experiments shows no significant changes (Figure S9), 
confirming that the fabricated photocatalyst not only possesses 
excellent catalytic stability but also remarkable structural and 
compositional integrity. Furthermore, three control 
experiments are conducted under specific conditions including 
a pure nitrogen atmosphere, the absence of light, and the 
absence of a photocatalyst. As shown in Figure 6d, the results 
reveal that no CO is formed under these conditions, confirming 
that the carbon source of CO is exclusively derived from CO2. 
Furthermore, Isotope-labeled 13CO2 was employed as the 
reaction gas source to determine whether CO production 
originated from the decomposition of CO2. As shown in Figure 
S10, the isotopic experiment on the 2-BMO/BSBr photocatalyst 
after 5 h of illumination confirms that the predominant 
detected product was 13CO (m/z = 29), unequivocally proving 
that the generated CO is exclusively derived from the 
photocatalytic CO2 reduction.91, 92

2D/1D heterojunction mechanism 

To explore the photocatalytic CO2 conversion mechanism over 
the 2-BMO/BSBr, in situ diffuse reflectance infrared Fourier 

transform spectroscopy (DRIFTS) was performed. As shown in 
Figure 7a, the absorption band at approximately 1275 cm-1 can 
be attributed to bidentate carbonate (b-CO3-2),93 while the 
absorbance peaks at 1437 cm-1 and 1672 cm-1 correspond to 
bicarbonate (HCO3-1).93, 94 Additionally, the peak at 1552 cm-1 is 
indicative of the *COOH species.95 The formation of *COOH is a 
critical intermediate step in the photocatalytic CO2 reduction to 
CO.96 Initially, CO2 molecules are adsorbed onto the active sites 
of the 2-BMO/BSBr surface. Subsequently, the reaction 
processes involving H+ and e- facilitate the transformation of 
CO2 into *COOH, which is further converted to CO. Finally, CO 
desorbs from the catalyst surface, completing the reaction 
cycle.

Moreover, for exploring the redox reaction mechanism and 
the active species during photocatalytic CO2 reduction, electron 
paramagnetic resonance (EPR) measurements were carried out 
under light irradiation using a 300 W Xe lamp to identify the 
formation of superoxide radicals (•O2-) and hydroxyl radicals 
(•OH) over the BMO, BSBr, and 2-BMO/BSBr. In these 
measurements, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was 
used as the spin-trapping reagent. As shown in Figure 7b, no 
diffraction peaks were observed in the dark for all the studied 
samples. The DMPO-•O2- signals (1:1:1:1) for BMO and BSBr can 
be observed because their CB potential is more negative than 
that of O2/•O2- (0.33 V, pH = 7).29, 67 Figure 7c shows the EPR 
spectra of DMPO-•OH (1:2:2:1) for BMO, BSBr, and 

Figure 7. a) In-situ DRIFTS spectra of 2-BMO/BSBr composites. EPR spectra of b) DMPO-•O2- and c) DMPO-•OH of BMO, BSBr, 2-
BMO/BSBr samples. d) Band structure for 2-BMO/BSBr.
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2-BMO/BSBr.76 Typically, BMO and 2-BMO/BSBr show 
significant DMPO-•OH signals, while BSBr shows negligible 
signal. This is because the potential of H2O/•OH (1.90 V, pH = 7) 
is more positive than the VB potential of BSBr, resulting in the 
difficulty for BSBr to oxidize H2O or OH- to •OH.28, 71 

By combining the results of DMPO-EPR radical trapping 
results with XPS evidence for the formation of strong interfacial 
chemical interactions and built in IEF, it can be concluded that 
the photogenerated electrons and holes are predominantly 
accumulated on the BSBr and BMO components of the 2-
BMO/BSBr composite, respectively.  This spatial charge 
distribution is characteristic of a direct Z-scheme heterojunction, 
as illustrated in Figure 7d, rather than a conventional type-II 
charge transfer pathway. Upon light irradiation (Figure 7d), 
electrons in both semiconductors are excited from the VB to the 
CB. Subsequently, the photoinduced electrons in the CB of BMO 
spontaneously migrate toward and recombine with the holes in 
the VB of BSBr, following the established Z-scheme 
mechanism.33-36  

Conclusions
In summary, we have successfully fabricated a direct Z-scheme 
BMO/BSBr heterojunction photocatalyst incorporating built-in 
IEF and interfacial bonds interaction, which drastically enhance 
photocatalytic CO2 reduction performance. Specifically, the 
formation of the direct Z-scheme heterojunction can 
significantly enhance the photogenerated charge carrier 
separation efficiency and redox capability of the BMO/BSBr. 
Under visible-light irradiation, the optimized 2-BMO/BSBr 
exhibits an outstanding photocatalytic CO production rate of 
34.3 μmol g-1 h-1, outperforming pristine BMO and BSBr by 4.5 
and 19.7 times, respectively. Moreover, the BMO/BSBr 
demonstrates exceptional stability, maintaining >90% of its 
initial activity after cyclic tests. These findings provide a 
foundation for developing advanced heterojunction materials 
with atomic-level interfacial engineering for sustainable solar 
energy conversion applications.
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