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A B S T R A C T

In order to enhance the efficiency of artificial photosynthesis, it is imperative to improve the hysteretic migration 
and separation efficiency of photogenerated charge carriers. Herein, ultrathin Bi4O5Br2 (BOB) nanosheets are 
prepared vertically and uniformly on the surface of hollow N-doped carbon spheres (NC) to produce a hollow 
confined nanoreactor (BOB@NC). The graphite layer and N in NC act as a tandem electron pump for the rapid 
transfer of photogenerated electrons from BOB to the NC surface via the Bi-C bridging bond between BOB and 
NC, and the electrons on the NC surface continue to move to the N-induced defect energy levels. This NC electron 
pump facilitates the transfer of the photogenerated electrons in a directional, rapid, and efficient manner. 
Meanwhile, the adsorption of CO2 molecules and hydrogenation of *CO to *CHO at the N site on NC are 
kinetically spontaneous, thereby significantly reducing the CO2 reduction reaction energy barrier of BOB. As a 
result, the efficiency of CO2 hydrogenation reduction to CO and CH4 by BOB@NC is 3.31 and 11.15 times higher 
than that by the BOB monomer, respectively. The hollow confined electron pump reactor reveals a novel strategy 
for the design and fabrication of catalysts for high-performance artificial photosynthesis.

1. Introduction

Simulating plant photosynthesis and converting greenhouse gas CO2 
into carbon-based fuels using clean solar energy is a cutting-edge 
approach to mitigating fossil fuel consumption and environmental 
pollution [1,2]. Since CO2 is a stable molecule with a C––O bond energy 
of 750 kJ mol− 1 [3], traditional CO2 reduction is plagued by the low 
photogenerated carrier separation efficiency and low-efficiency CO2 
adsorption-activation-hydrogenation sites on photocatalysts [4,5]. 
Therefore, a photocatalyst that combines effective directional separa
tion of photogenerated carriers, efficient CO2 activation, and abundant 

reduction sites is crucial to the development of artificial photosynthesis.
Traditional modification strategies such as morphological control, 

defect engineering, and heterostructure construction can improve the 
photocatalytic CO2 reduction performance to a certain extent [6–9]. 
Morphological control and defect engineering are structural. Although 
surface modification of monomer materials can increase the number of 
active sites, photogenerated carriers can recombine easily in the bulk 
and on the surface [10,11]. Heterostructure construction can build paths 
for photogenerated electron migration, but it is necessary to avoid the 
heterojunction becoming a recombination center for photogenerated 
carriers and the migration direction of photogenerated electrons being 

* Corresponding authors.
E-mail addresses: zxw@yzu.edu.cn (X. Zhu), xjx@ujs.edu.cn (J. Xia), paul.chu@cityu.edu.hk (P.K. Chu). 

Contents lists available at ScienceDirect

Applied Catalysis B: Environment and Energy

journal homepage: www.elsevier.com/locate/apcatb

https://doi.org/10.1016/j.apcatb.2025.125394
Received 26 December 2024; Received in revised form 10 April 2025; Accepted 19 April 2025  

Applied Catalysis B: Environment and Energy 374 (2025) 125394 

Available online 21 April 2025 
0926-3373/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

https://orcid.org/0000-0002-4044-7865
https://orcid.org/0000-0002-4044-7865
https://orcid.org/0000-0003-4936-967X
https://orcid.org/0000-0003-4936-967X
https://orcid.org/0000-0002-5581-4883
https://orcid.org/0000-0002-5581-4883
mailto:zxw@yzu.edu.cn
mailto:xjx@ujs.edu.cn
mailto:paul.chu@cityu.edu.hk
www.sciencedirect.com/science/journal/09263373
https://www.elsevier.com/locate/apcatb
https://doi.org/10.1016/j.apcatb.2025.125394
https://doi.org/10.1016/j.apcatb.2025.125394


opposite to the active sites [12,13]. Therefore, by combining the 
morphological and structural characteristics (e.g., band structure, defect 
structure) of nanomaterials with different dimensions, a composite 
photocatalyst can be designed that aligns the directional 
migration-enrichment of photogenerated electrons with CO2 
adsorption-activation sites. This approach is expected to maximize the 
utilization of photogenerated electrons and enhance CO2 conversion 
efficiency.

Hollow nanostructures have received much attention in photo
catalysis because the large specific surface area promotes the adsorption 
and activation of CO2, and a local high-concentration CO2 region can be 
formed inside the cavity [14,15]. The surface CO2-philic functional 
groups (amino, hydroxyl, etc.) or heteroatoms (N, S, O, etc.) can greatly 
improve the enrichment efficiency of reactants [16,17]. Meanwhile, the 
hollow structure can reflect and scatter incident light multiple times 
through the internal cavity, extend the light propagation path, and 
significantly improve the light absorption efficiency [18]. Among the 
various types of hollow nanomaterials, hollow carbon spheres have 
advantages such as their open structure, high conductivity, good 
chemical stability, and tunable surface properties [19]. Since carbona
ceous materials can have metallic properties, the lifetime of photo
generated hot electrons is short. On the other hand, they have high 
electrical conductivity and unique electron pumping properties, thus 
facilitating the separation of photogenerated electrons [20,21]. For 
instance, semiconducting materials with suitable band structures have 
been prepared on the outer wall of hollow carbon spheres to form 
confined electron pump reactors [22], in which photogenerated elec
trons from the semiconductor migrate directionally to hollow carbon 
spheres to capture CO2 molecules and improve the CO2 reduction effi
ciency. Bai et al. have deposited CdS nanoparticles on hollow carbon 
spheres and coated them with ZnIn2S4 layers to generate a 
three-component structure C/CdS@ZnIn2S4 photocatalyst with 
improved catalytic activity, selectivity, and stability in photocatalytic 
CO2 reduction to CO [20]. Yu et al. Have constructed TiO2/N-doped 
graphene (NG) hollow sphere photocatalysts by chemical vapor depo
sition. The close interfacial contact between TiO2 and NG and abundant 
pyridinic N sites on the surface of NG promote the separation and 
transport of photogenerated carriers to enhance photocatalytic CO2 
reduction [23]. The synergistic functions of hollow carbon sphere ma
terials and semiconductors provide a new pathway for efficient light 
absorption and CO2 adsorption-activation-conversion for photocatalytic 
CO2 reduction.

Bi4O5Br2 (BOB) is a semiconductor with a unique V-VI-VII layered 
crystal structure and optical properties [24,25]. It can be excited by 
visible light to generate photogenerated carriers. The separation of 
photogenerated electrons and holes can be improved under the action of 
the electrostatic field generated vertically inside the crystal [26,27]. 
However, in monomer materials, the separation efficiency of photo
generated electrons/holes is low, and a large number of photogenerated 
carriers recombine both on the surface and in the bulk [24,28]. In order 
to optimize the directional migration and separation efficiency of pho
togenerated carriers of BOB and improve the photocatalytic character
istics, modification strategies such as S/Z-scheme heterojunction [29, 
30], defect engineering [26,31], and metal/non-metal doping [32,33], 
lattice distortion [34] have been proposed. By combining the unique 
structure and photoelectrochemical properties of hollow carbon 
spheres, BOB nanosheets can be prepared on the outer wall of hollow 
carbon spheres. The photogenerated electrons on the BOB nanosheets 
migrate to the surface of the carbon spheres with unique electronic 
pumping properties to improve the photogenerated carrier separation 
efficiency. Nonetheless, the success of this strategy has not been re
ported, and an in-depth understanding of the pertinent mechanism is 
still lacking from the perspective of artificial photosynthesis.

Herein, epitaxial BOB nanosheets on hollow nitrogen-doped carbon 
spheres (BOB@NC) are prepared controllably to form a confined elec
tron pump nanoreactor. The ultrathin BOB nanosheets are loaded and 

upright uniformly on the outer surface of NC. By conducting systematic 
theoretical calculation of the band structure and electron distribution, 
excited state simulation, ultrafast femtosecond laser analysis, and op
toelectronic characterization, the photo-generated electrons from BOB 
nanosheets are found to converge from the surface to the edge upon light 
excitation, and the edge electrons migrate to the NC electron pump 
surface via the Bi-C bridge bonds. The photogenerated electrons on NC 
rapidly undergo e-h exciton state generation and transfer to N-induced 
defect states, consequently separating the photogenerated electrons 
from BOB. In this case, NC acts as the photogenerated electron enrich
ment center and also traps CO2 molecules in the cavity. Meanwhile, the 
N atoms in NC serve as the main active sites for spontaneous adsorption- 
activation of CO2, leading to the effective reduction of the energy barrier 
for the generation of the key intermediate product of *COOH. Contrary 
to the BOB monomer, the intermediate product *CO desorbs to generate 
CO gas from the N site on BOB@NC via an endothermic reaction, while 
the hydrogenation of *CO to *CHO is a spontaneous exothermic reac
tion, which significantly increases the probability of BOB@NC reduction 
CO2 and generation of CH4 products. As a result, the efficiency of 
BOB@NC in reducing CO2 to CO and CH4 is 3.31 and 11.15 times that of 
BOB, respectively.

2. Experimental section

2.1. Materials and chemicals

Tetraethyl orthosilicate (TEOS), ethanol, aqueous ammonia (28 wt 
%), ammonium hydrogen fluoride (NH4HF2), bismuth nitrate pentahy
drate (Bi(NO3)3⋅5 H2O), potassium bromide (KBr), hexamethylenetet
ramine, and D-mannitol (AR) were purchased from Sinopharm Chemical 
Reagent Co., Ltd. Tris(hydroxymethyl)aminomethane and dopamine 
hydrochloride were provided by Aladdin Reagent (Shanghai) Co., Ltd. 
All the regents were used as received without purification.

2.2. Materials synthesis

2.2.1. Preparation of SiO2 nanospheres
The SiO2 nanospheres were prepared by the classic Stöber method. 

Solution A (9 mL of ammonia and 16.5 mL of water) was dissolved in 
24.5 mL of ethanol, and solution B (4.5 mL TEOS) was placed in 45.5 mL 
of ethanol. Solution B was poured into solution A quickly and stirred at 
1100 rpm for 2 min and 350 rpm for 2 h. The product was centrifuged, 
washed with deionized water and ethanol, and dried to obtain the SiO2 
nanospheres.

2.2.2. Preparation of hollow nitrogen-doped carbon spheres (NC)
The SiO2 nanospheres (0.5 g) was dispersed in the tris(hydrox

ymethyl)aminomethane buffer solution with a pH of 8.5, and dopamine 
hydrochloride (0.2 g) was added. After sonication for 5 min, it was 
stirred at room temperature for 22 h to form a brown-black solution. The 
solid obtained by centrifugation and washing was heated to 800 ◦C for 
2 h under N2. The calcined product was etched with 4 M NH4HF2 for 
24 h to remove the SiO2 template and obtain NC.

2.2.3. Preparation of Bi4O5Br2 nanosheets-loaded hollow nitrogen-doped 
carbon sphere (BOB@NC) hollow confined electron pump reactor

10 mg of NC, 1.5 mmol hexamethylenetetramine, and 20 mL of the 
mannitol solution (0.1 M) were added to a 100 mL round-bottom flask 
and stirred for 15 min to form solution A. 0.3 mmol Bi(NO3)3⋅5 H2O was 
dissolved in 10 mL of the mannitol solution (0.1 M) to form solution B, 
and 0.3 mmol KBr was dissolved in 10 mL of the mannitol solution 
(0.1 M) to form solution C. Solution B was added dropwise to solution A 
and stirred for 15 min before solution C was added. After stirring for 
30 min, the mixture was placed in a 90 ◦C oil bath for 6 hours. The 
product was centrifuged, washed, and dried to obtain the BOB@NC 
nanoconfined reactor. The preparation steps of the comparative 
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materials, BOB@NC-1 and BOB@NC-5, were similar to those of 
BOB@NC, except that the ratios of NC:Bi(NO3)3⋅5 H2O:KBr in the raw 
materials were 10 mg : 0.1 mmol : 0.1 mmol and 10 mg : 0.5 mmol : 
0.5 mmol, respectively. The preparation steps for the monomer BOB 
were the same as those of BOB@NC, except that NC was not added.

2.3. Characterization

Powder X-ray diffraction (XRD) was performed on the XRD-6100 
(Shimadzu Corporation) and the Raman scattering spectra were ob
tained on the micro-Raman spectrometer (Renishaw Invia) with a back- 
scattering geometry and 532 nm laser. The specific surface area and 
particle size of the samples were derived by the Brunauer-Emmett-Teller 
(BET) method based on the N2 adsorption-desorption isotherms 
(Micromeritics Instrument Corporation, USA). The UV-Vis spectra were 
acquired by UV-Vis spectrophotometry on the UV-2450 (Shimadzu 
Corporation). X-ray photoelectron spectroscopy (XPS) was conducted on 

the PHI5300 with a monochromatic Mg Kα source. The micromor
phology of the samples was examined by scanning electron microscopy 
(SEM) (JEOL JSM-7001 F) and transmission electron microscopy (TEM) 
(JEOL-JEM-2010). The surface potential of the photocatalysts was 
studied using Kelvin probe force microscopy (KPFM, MFP-3D-BIO). The 
photocurrent and electrochemical impedance spectroscopy (EIS) data 
were collected in the phosphate buffer solution (0.1 M PBS, pH = 7.0), 
0.1 M KCl, and 0.1 M KCl containing 5 mM Fe(CN)6

3-/Fe(CN)6
4-, respec

tively on the CHI 760E electrochemical system (CH Instruments Ins.). 
The in situ FTIR spectra were obtained on the diffuse reflectance Fourier 
transform infrared spectrometer (Thermo Fisher Nicolet iZ10, USA).

The COMSOL multi-physics simulation software was used to simulate 
the photoinduced semiconductor electric field intensity of BOB-loaded 
NC. The model was constructed based on the TEM image of BOB@NC, 
where the BOB model is 20 nm × 20 nm × 2.4 nm, and the NC model is a 
semicircular structure with a thickness of 6.5 nm. The wavelength of the 
simulated incident light is 420 nm.

Fig. 1. (a) Schematic illustration of the synthesis of BOB@NC; (b, c) TEM images of NC; (d-f) SEM images, (g-i) TEM images, (j-k), HR-TEM images, and (l) EDS maps 
of BOB@NC.
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Fig. 2. High-resolution XPS spectra of (a) Bi 4 f, (b) O 1 s, (c) Br 3d, and (d) N 1 s of BOB, NC, and BOB@NC; Calculated work functions and structural models of (e) 
BOBsurface, (f) BOBedge, and (g) NC. Electronic structures of the BOB@NC models (h-j) without and (k-m) with Bi-C bonds; (h, k) Calculated charge density difference, 
(i, l) Plane-averaged charge-density difference, and (j, m) Plane-averaged electrostatic potentials along the Z direction; AFM images of (n) BOB, (p) NC, and (r) 
BOB@NC; KPFM surface potential maps of (o) BOB, (q) NC, and (s) BOB@NC; (t) Spatial distributions of photoinduced electric field of BOB@NC excited by 420 nm 
light based on COMSOL simulation.
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2.4. Photocatalytic CO2 reduction activity

The catalyst (20 mg) spread on a quartz sample stage was placed in 
the Pyrex reactor. After deionized water was injected into the Pyrex 
reactor, it was connected to an online closed gas circulation system for 
vacuuming (Labsolar-6A, Beijing Perfectlight Technology Co., Ltd.). 
High-purity CO2 gas was injected into the reactor. The steps of vac
uuming and introducing CO2 gas were repeated 3 times to ensure that all 
the air in the reactor was removed. The pressure was adjusted to 80 kPa. 
The photocatalytic CO2 reduction assessment was carried out with a 
300 W xenon lamp (PLS-SXE300+, Beijing Perfectlight Technology Co., 
Ltd.) as the light source and gas samples were taken for gas chroma
tography (Panna (Changzhou) Instruments Co., Ltd.) every hour.

2.5. DFT calculation details

2.5.1. Structure of NC and BOB
The NC model was constructed based on experimental observations 

and optimized using DFT calculations. In the simulations, the non- 
periodic boundary condition is employed, and the molecular model of 
a pristine graphene sheet with 48 carbon atoms was established by using 
Materials Studio. Nitrogen and hydrogen atom doping in the graphene 
structure were formed by replacing some carbon atoms from the rings. 
The BOB was built by considering the most stable surface termination, 
including Z atomic layers, which is sufficient to capture the interfacial 
interactions and charge redistribution.

2.5.2. Model construction
The heterostructure was built by aligning the NC and BOB structures 

based on minimal lattice mismatch to maintain realistic interfacial 
properties. A vacuum layer of 10 Å was introduced to eliminate spurious 
interactions in periodic boundary conditions. To find the thermal stable 
morphology and achieve a conformation with minimum potential en
ergy, energy minimization was performed. Minimum energy confor
mations were used as the initial status in the subsequent electronic 
structure simulations. The Visualization for Electronic and Structural 
Analysis (VESTA, series 3) [35] softwares were used for visualization 
and plotting.

2.5.3. First-principles calculations
The first-principles calculations were performed with the Vienna Ab 

initio Simulation Package (VASP) by the projector augmented wave 
(PAW) method [36,37]. The exchange-functional was treated by the 
Perdew-Burke-Ernzerhof (PBE) [38] functional, in combination with the 
DFT-D correction [39]. The calculations were performed in a 
spin-polarized manner. The cut-off energy of the plane-wave basis was 
set at 520 eV. A (3 × 3 × 1) Monkhorst-Pack mesh was used for the 
Brillouin-zone integration to be sampled. The conjugate gradient algo
rithm was used in the optimization. The convergence threshold was set 
to 1×10− 5 eV in the total energy and 0.02 eV/ Å in the force on each 
atom.

The adsorption energy change (ΔEabs) was determined as follows: 

ΔEabs = Etotal – Eslab – Emol                                                                  

where Etotal is the total energy for the adsorption state, Eslab is the 
energy of the pure surface, and Emol is the energy of the adsorption 
molecule.

The free energy change (ΔG) for adsorptions was determined as 
follows: 

ΔG = Etotal – Eslab – Emol + ΔEZPE – TΔS                                              

where Etotal is the total energy for the adsorption state, Eslab is the 
energy of the pure surface, Emol is the energy of the adsorption molecule, 
ΔEZPE is the zero-point energy change, and ΔS is the entropy change.

3. Results and discussion

3.1. Synthesis and structural characterization of BOB@NC catalyst

The preparation of the BOB@NC hollow confined electron pump 
reactor is shown in Fig. 1a. Firstly, monodispersed SiO2 nanospheres 
with a diameter of about 300 nm are synthesized to form the template by 
the Stöber method (Fig. S1) [40]. Polydopamine (polyPDA) with a 
thickness of about 8 nm is then prepared on the SiO2 nanospheres 
(Fig. S2). The polyPDA@SiO2 precursor is calcined to carbonize poly
PDA, and further NH4HF2 etching of SiO2 produces hollow 
nitrogen-doped carbon spheres (NC) with a diameter of about 300 nm 
and a wall thickness of about 6.5 nm (Fig. 1b-c). After the NC is intro
duced to a solution containing Bi3+ and Br-, BOB ultrathin nanosheets 
are dispersed uniformly on the NC in an oil bath method to form the 
BOB@NC hollow confined electron pump reactor. As shown in Fig. 1d-h, 
when the ratio of NC to Bi3+/Br- is 10 mg:0.3 mmol, BOB nanosheets 
cover the NC surface completely, and there is no obvious overlap be
tween BOB sheets, thereby allowing the BOB on the BOB@NC surface to 
fully absorb sunlight and have abundant pores to trap CO2 gas. 
Comparative experiments show that when the ratio of NC to Bi3+/Br- is 
10 mg : 0.1 mmol, only a small amount of BOB nanosheets is observed 
from the NC surface (Fig. S3). When the ratio is 10 mg : 0.5 mmol, BOB 
nanosheets grow extensively and stack on the NC surface (Fig. S4). If the 
raw material does not contain NC, the BOB ultrathin nanosheets stack 
freely and disorderly (Fig. S5). HR-TEM reveals that the thickness of the 
BOB nanosheets is about 2.4 nm. The lattice fringes of 0.365 and 
0.302 nm of BOB(edge) correspond to the (310) and (11− 3) planes, 
respectively (Fig. 1i-j), while those of 0.282 and 0.329 nm of BOB(sur
face) are associated with the (402) and (212) planes, respectively 
(Fig. 1k). The EDS maps acquired from BOB@NC reveal that Bi, O, and 
Br exist mainly in the outer layer of BOB, while N and C are mainly in the 
inner layer of NC (Fig. 1l). The XRD (Fig. S6), Raman scattering (Fig. S7), 
and derivation of the BET specific surface area (Fig. S8) confirm that the 
BOB@NC hollow confined electron pump reactor has a multi-level 
porous structure.

The electronic structure, band structure, and optical properties of the 
materials are determined. The chemical composition and chemical 
states of BOB, NC, and BOB@NC are determined by XPS (Fig. 2a-d). As 
shown in the high-resolution XPS spectra of Bi 4 f (Fig. 2a), two peaks at 
159.19 and 164.51 eV are assigned to Bi 4f5/2 and Bi 4f7/2, respectively, 
suggesting that Bi3+ exists in BOB [26,41]. In the high-resolution XPS 
spectra of O 1 s (Fig. 2b), the peaks at 529.95 and 531.75 eV correspond 
to lattice oxygen and oxygen near oxygen vacancies, respectively [42, 
43]. The peaks at 68.37 and 69.28 eV are ascribed to Br 3d of Br- for BOB 
(Fig. 2c) [44]. The deconvoluted high-resolution XPS N 1 s spectrum 
reveal two nitrogen species in NC, including pyridinic-N (398.15 eV) 
and graphitic-N (400.53 eV) (Fig. 2d) [40]. After BOB is prepared on NC, 
the Bi 4 f, O 1 s, and Br 3d XPS peaks of the BOB@NC nanoconfined 
reactor shift toward higher energy compared to the BOB monomer, 
while the N 1s XPS peak of BOB@NC shifts toward lower binding energy 
relative to the NC monomer, indicating interactions between BOB and 
NC in BOB@NC and some electrons on the surface of BOB are transferred 
to NC [24,45].

The calculated work functions (Φ) of the exposed crystal faces on 
BOB(surface) and BOB (edge) are 4.53 and 4.88 eV, respectively, both of 
which are smaller than that of NC (Φ = 5.37 eV) (Fig. 2e-g). Hence, 
when BOB nanosheets grow vertically on the NC surface, electrons on 
the BOB(surface) tend to migrate to BOB(edge), while electrons on BOB 
(edge) tend to migrate to the NC surface [46,47]. Density-functional 
theory calculation is performed to analyze the interfacial properties of 
BOB@NC with and without Bi-C covalent bonds (Fig. 2h-m). The 
iso-surface of the charge density difference (Δρ) is defined as Δρ 
= ρ(BOB@NC)− ρ(BOB)− ρ(NC), where ρ(BOB@NC), ρ(BOB), and ρ(NC) 
are the total charge densities of BOB@NC, BOB, and NC, respectively. 
The calculated differential charge density discloses that the charge 
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Fig. 3. 3D plots of femtosecond transient absorption spectra of (a) NC, (b) BOB, and (c) BOB@NC for a pumping wavelength of 400 nm; Decay curves of femtosecond 
transient absorption spectra at 5000 nm of (d) NC, (e) BOB, and (f) BOB@NC; (g) UV–vis diffuse reflection spectra and (i) UPS spectrum of BOB, NC, and BOB@NC; 
(h) (αEphoton)1/2 vs Ephoton curves of BOB; (j) CO2 adsorption-desorption isotherms of BOB and BOB@NC; Photocatalytic (k) CO evolution and (m) CH4 evolution with 
time; Average (l) CO and (n) CH4 production rates of NC, BOB, and BOB@NC; (o) GC-MS spectra of the products after 13CO2 and H2O18 photoreduction for BOB@NC.
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density is redistributed more abundantly near the interface with Bi-C 
bonds between BOB and NC (Fig. 2h and k). The number of electrons 
transferred between BOB and NC (Δq) is determined by the Bader charge 
according to the formula of Δq(z) =

∫ z
− ∞ Δρ(ź )dź . The results show that 

when BOB is in close proximity with NC (without Bi-C bonds), BOB tends 
to transfer electrons to the NC surface [48]. Growing BOB on NC creates 
Bi-C bonds, and BOB can transfer 3.61e electrons to NC to promote 
charge transfer. Meanwhile, the average charge density difference in the 
vacuum layer plane at the interface of BOB@NC with Bi-C bonds shows 
more obvious redistribution and a stronger built-in electric field (Fig. 2i 
and l)[49]. The planar electrostatic potential of BOB@NC along the 
z-axis is studied to explore the interfacial charge transfer limited by the 
potential energy barrier (Fig. 2j and m). Compared with BOB@NC 
without Bi-C bonds (ΔV = 40.47 eV, ΔZ = 5.60 Å), BOB@NC with Bi-C 
bonds exhibit smaller ΔV = 36.72 eV and ΔZ = 3.97 Å, meaning that 
the electron tunneling barrier is smaller and charge transfer is enhanced 
[50]. These theoretical results are consistent with the XPS peak shifts 
observed from the monomer BOB, NC, and BOB@NC.

Kelvin probe force microscopy (KPFM) is used to evaluate the local 
work functions of BOB, NC, and BOB@NC surfaces and the contact po
tential difference (CPD) on these materials with the aid of an Au tip as 
the cantilever (Fig. 2n-s). Vcpd is calculated by Vcpd = (Φtip -Φsample)/e, 
where Φtip and Φsample are the work functions of the tip and sample, 
respectively. As shown in Fig. 2n-o, the surface potential of BOB does not 
change significantly, indicating that the work function is similar to that 
of the Au tip (ΦAu tip ≈ 5.1 eV), whereas the CPD of NC is as low as 
-0.11 V and the work function of NC is about 5.21 eV (Fig. 2p-q). The 
work function trends of monomer BOB and NC assessed by KPFM are 
similar to those derived by theoretical calculations (Fig. 2e-g). It is worth 
noting that the CPD of the BOB@NC nanoreactor is between 
-0.19–0.20 V, and the positive/negative charges are higher than those of 
the monomer BOB and NC, resulting in significant charge separation 
(Fig. 2r-s) [51,52]. This is because the Fermi energy levels at the het
erojunction are flattened after the growth of BOB on NC, and electrons 
on BOB with a small figure of merit migrate to NC with a large figure of 
merit, resulting in the formation of a built-in electric field and a sig
nificant surface potential difference. The KPFM results are in line with 
the XPS and theoretical calculation results.

The aforementioned results provide guidance on the mechanism of 
interfacial electron transfer in the BOB@NC nanoreactor. The electron 
migration paths and laws of BOB@NC composites in the photoexcited 
state are further analyzed. As shown in synchronous illumination XPS 
spectra (Fig. 2a-d), upon light irradiation, the Bi 4 f and N 1s peaks of 
BOB@NC shift toward lower binding energy, and two new Bi(3-x)+ peaks 
appear in the Bi 4 f spectrum [42,53]. The peaks of lattice oxygen of 
BOB@NC do not change during light illumination, while oxygen near 
oxygen vacancies decreases significantly (Fig. 2b). Meanwhile, the Br 3d 
peak of BOB@NC shifts toward higher binding energy under light irra
diation (Fig. 2c). It is speculated that the electrons of oxygen atoms near 
oxygen vacancies and Br atoms tend to migrate to Bi atoms during 
photoexcitation. This is consistent with the densities of states of BOB. 
That is, electrons in the valence band (VB) of O and Br atoms migrate to 
the conduction band of Bi atoms (Fig. S9) [54]. The photogenerated 
electrons in the Bi atom further migrate to the N site in NC through the 
Bi-C bond. The model of BOB nanosheets grown on NC is designed by the 
COMSOL multi-physics simulation software (Fig. 2t). Upon 420 nm light 
irradiation, the junction between BOB and NC shows the maximum 
electric field for the separation channel of photogenerated electrons [55, 
56]. In addition, compared with BOB, BOB@NC with a smaller elec
trochemical impedance is more conducive to the migration of photo
generated electrons (Fig. S10) and shows a higher photocurrent 
intensity (BOB@NC is 6 times that of BOB) (Fig. S11) and smaller 
fluorescence intensity (Fig. S12), meaning that BOB@NC generates 
more photogenerated free electrons.

Femtosecond time-resolved transient absorption spectroscopy (TA) 

is employed to study the dynamic characteristics and migration paths of 
photogenerated carriers in the BOB@NC nanoconfined reactor (Fig. 3a- 
f). During 400 nm pump excitation (light intensity: 68 μJ/cm2), the 3D 
plots (wavelength vs. time vs. intensity) of TA of NC, BOB and BOB@NC 
exhibit obvious electron relaxation in the infrared region 
(4700–5300 nm) (Fig. 3a-c). The exponential decay and kinetic prop
erties of photogenerated electrons are investigated by a 5000 nm mid- 
infrared probe, and the decay curves of the three materials are fitted 
with four components (Fig. 3d-f), in which τ1 corresponds to the e-e 
scattering phenomenon of photogenerated electrons in the material [57, 
58]. NC and BOB@NC show the same τ1 (τ1(NC) = τ1(BOB@NC) = 0.12 ps), 
which is significantly smaller than that of BOB (τ1(BOB) = 0.34 ps). This 
indicates that when BOB@NC is excited by light, the photogenerated 
electrons on BOB move quickly to NC and e-e scattering occurs on the NC 
surface. τ2, τ3, and τ4 represent the process of photogenerated electrons 
and holes generating e-h excitons, electrons in the e-h exciton state 
migrating to the defect state, and defect state electrons relaxing to the 
VB, respectively [43,59]. The τ2 and τ3 values of pure NC (τ2(NC) 
= 7.3 ps, τ3(NC) = 200 ps) are larger than those of pure BOB (τ2(BOB) 
= 4.4 ps, τ3(BOB) = 150 ps) because the photogenerated carriers of NC 
with metallic properties recombine quickly. Since there are fewer free 
electrons, the time for free electrons to migrate to the exciton state and 
defect state is longer. In the BOB@NC nanoconfined reactor, a large 
number of photogenerated electrons migrate from BOB to the NC sur
face, thereby accelerating the generation of e-h exciton states on the NC 
surface (τ2(BOB@NC) = 3.2 ps). Meanwhile, more exciton state electrons 
on the NC surface move to the defect states faster (τ3(BOB@NC) = 150 ps). 
The rapid electron transfer process on the NC electron pump surface 
improves the separation efficiency of photogenerated electrons of BOB 
and concentrates electrons in the defect states of NC. The defect states of 
NC are mainly composed of N dopants which themselves contain lone 
pairs of electrons. Therefore, the N site is expected to be an ideal active 
site for reduction reactions. The rapid directional transfer of photo
generated electrons in the BOB@NC hollow confined electron pump 
reactor facilitates the effective separation of carriers and increases the 
local free electron concentration [60,61].

The band structure of the materials is determined by UV–vis diffuse 
reflectance spectroscopy and ultraviolet photoelectron spectroscopy 
(UPS) [62]. The UV–vis diffuse reflection spectra show that the 
maximum light absorption edge of BOB is around 550 nm, while the 
black NC extends the absorption edge to the infrared region. The light 
absorption edge of the BOB@NC nanoconfined reactor with BOB on NC 
also reaches the infrared region (Fig. 3g). According to the (αEphoton)1/2 

versus Ephoton curves of BOB, the bandgap is about 2.37 eV (Fig. 3h). The 
VB and Fermi levels of BOB and NC are determined by UPS using a 
monochromatic He I light source (hv = 21.20 eV) (Fig. 3i). The onset 
(Eonset) and cutoff (Ecutoff) energies are 2.00 and 17.50 eV for BOB, 0.00 
and 16.90 eV for NC, and 0.00 and 17.00 eV for BOB@NC, respectively. 
The work function (vs vacuum) can be determined by the difference 
between the photon energy (21.20 eV) and Ecutoff. The values of BOB and 
NC are 3.70 and 4.30 eV, respectively. The trend of the work functions 
obtained by UPS (ΦNC > ΦBOB) is consistent with theoretical calculations 
and KPFM. The energy of the highest electron-occupied orbital, i.e., the 
VB position, is the sum of the work function and Eonset. The Eonset value 
of NC is 0 indicative of the unique metallic properties [63,64]. Ac
cording to the relationship between the potential of vacuum energy 
(Eabs) and the normal hydrogen electrode (NHE, E•), E• = − Eabs − 4.44 
(at 298 K) [65], the VB of BOB is 1.26 V. The conduction band (CB) 
position (ECB = − 1.11 V) of BOB can be obtained by subtracting the 
bandgap (Eg = 2.37 eV) from VB (EVB = 1.26 V) (Fig. S13). In the 
pristine state, BOB exhibits a higher Fermi level than NC. During 
interfacial contact, electrons move spontaneously from BOB to NC until 
Fermi level equilibrium is achieved, consequenlty generating a built-in 
electric field directed from BOB to NC and a corresponding space 
charge region. During this process, upward band bending on the BOB 
side suppresses further electron transfer, while the Schottky barrier 
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Fig. 4. In situ FTIR spectra of (a) BOB@NC and (b) BOB for simulated solar-driven CO2 reduction; (c) Free energy diagrams of CO2 photoreduction to CO and CH4 on 
BOB and BOB@NC; (d) Schematic illustration of CO2 conversion on the BOB@NC hollow confined electron pump reactor.
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blocks reverse charge migration. Under photoexcitation, valence band 
electrons in BOB are excited to the conduction band to generate 
high-energy photogenerated carriers. These electrons overcome the 
interfacial band bending barrier and migrate directionally to the NC 
surface to participate in reduction reactions. This charge transfer 
mechanism aligns with both theoretical simulations of band alignment 
characteristics and experimental results, thereby validating the effec
tiveness of heterojunction interface engineering in regulating carrier 
dynamics.

3.2. Evaluation of photocatalytic CO2 reduction

In addition to enhancing the migration and separation efficiency of 
photogenerated carriers for photocatalysis, adsorption of the reactant 
CO2 is a key factor in artificial photosynthesis. The CO2 adsorption- 
desorption isotherms show that the CO2 adsorption capacity of 
BOB@NC (1.18 cm3/g) is greater than that of BOB (0.88 cm3/g) at 
1 atm (Fig. 3j), indicating the BOB@NC nanoconfined reactor adsorbs 
more CO2 molecules[66]. Based on the enhanced photogenerated carrier 
separation efficiency and CO2 capacity of BOB@NC, photocatalytic CO2 
reduction is monitored. As shown in Fig. 3k-n, the BOB@NC nano
confined reactor delivers the best photocatalytic performance for CO2 
reduction to CO and CH4. After illumination for 5 hours, the CO and CH4 
yields of BOB@NC are 28.34 and 3.68 umol h− 1 g− 1, respectively, which 
are 3.31 and 11.15 times better that those of BOB, and more impor
tantly, these properties are better than those of previously reported 
photocatalytic CO2 reduction materials (Table S1).

The stability of BOB@NC in photocatalytic CO2 reduction is assessed, 
and it is found that the production of CO and CH4 continues to rise 
during long-term illumination (Fig. S14). The XRD (Fig. S15) and TEM 
(Fig. S16) results of BOB@NC after the stability test reveal no significant 
changes in the crystal structure or morphology, confirming both the 
good activity and structural stability of BOB@NC. The photocatalytic 
properties of BOB@NC-1 and BOB@NC-5 are inferior to those of 
BOB@NC because there is not enough BOB on the NC surface for 
BOB@NC-1, while a large amount of BOB does not grow on the NC 
surface of BOB@NC-5, rendering them not conducive to directional 
migration and separation of photogenerated carriers. In order to deter
mine the carbon source of the CO2 photoreduction products, the pho
tocatalytic reaction is monitored using isotope-labeled 13CO2 and H2O18. 
As shown in Fig. 3o, the peaks at 2.2, 2.7, 3.3, and 4.9 min in the GC-MS 
spectra correspond to O2, N2, CH4, and CO, respectively. The signals at 
17, 29, and 36 in the mass spectrum correspond to 13CH4, 13CO16, and 
18O2, respectively, confirming that the 13CO and 13CH4 products are 
derived from 13CO2, and H2O18 is oxidized to generate 18O2 during 
photocatalytic CO2 reduction [67,68].

3.3. Proposed mechanisms for photocatalytic CO2 hydrogenation 
reduction

The photocatalytic CO2 conversion mechanism is explored by in situ 
FTIR and theoretical calculations. As shown in Fig. 4a, during extended 
illumination, the peak intensity of *CO2 at 2250–2350 cm− 1 and *CO at 
1800–2200 cm− 1 decrease significantly and rapidly, indicating that CO2 
adsorb rapidly and is activated and hydrogenated to generate *CO in
termediates on BOB@NC [42,69]. Other key intermediates such as 
*COOH (1210, 1337, 1356, and 1556 cm− 1), *CHO (1012 and 
1076 cm− 1), and *CH3O (1112 and 1170 cm− 1) are observed [70,71]. 
Compared to photocatalytic CO2 reduction on BOB@NC, the changes of 
the *CO2 and *CO absorption peaks of BOB are not obvious, and the 
intensity of the peaks of the other intermediate products is very weak 
(Fig. 4b), indicating that the ability of adsorption-activation-conversion 
of CO2 molecules on the surface of BOB monomer is relatively depressed, 
giving rise to low CO and CH4 yields. The free energy barriers are 
calculated based on the intermediate products detected by in situ 
infrared spectroscopy. As shown in Fig. 4c, the N site on NC and 

BOB@NC adsorbs CO2 spontaneously, while the adsorption of CO2 on 
BOB is endothermic. Furthermore, in the CO2 reduction process, the 
rate-determining steps of both BOB@NC and BOB are *CO2→*COOH, 
and the rate-determining step energy barrier of BOB@NC is 0.41 eV, 
which is much smaller than 0.72 eV of BOB. The rate-determining step 
in CO2 reduction on NC is the desorption of *CO (1.21 eV). Meanwhile, 
the conversion of *COOH to *CO is exothermic at the N site of NC on 
BOB@NC, while BOB continues to undergo an endothermic process. On 
the BOB surface, *CO desorption and hydrogenation reactions are 
exothermic and endothermic, respectively, so CO is easier to desorb 
from the BOB surface, whereas hydrogenation is more difficult. This 
results in a low CH4 yield. On the N site of pure NC, the energy barrier for 
the hydrogenation of *CO to *CHO is higher than that for the desorption 
of *CO. At the N site on BOB@NC, desorption of *CO needs to overcome 
a high energy barrier, while the *CO→*CHO hydrogenation reaction is 
exothermic and can proceed spontaneously to continue to receive elec
trons for reduction to CH4. The spectroscopic results, in conjunction 
with band structure and theoretical calculations, corroborate that the N 
site of NC on BOB@NC based on the interaction between BOB and NC 
serves as both an enrichment center for photogenerated electrons and an 
active site for CO2 adsorption-activation-hydrogenation, consequently 
boosting the CO2 photocatalytic reduction performance.

Based on the experimental investigation and theoretical simulation, 
Fig. 4d illustrates the photocatalytic CO2 reduction mechanism of the 
BOB@NC hollow confined electron pump reactor. Firstly, the unique 
hollow porous structure of BOB@NC enables multiple reflections and 
diffractions of the incident light in the cavity to improve light utiliza
tion. Secondly, during photoexcitation, valence band electrons in BOB 
are excited to the conduction band to generate high-energy photo
generated carriers. These electrons overcome the interfacial band 
bending barrier (Schottky barrier) and move directionally to NC. The 
photogenerated electrons on the NC surface undergo e-h exciton state 
formation quickly and migrate to the N-induced defect state of NC, 
thereby effectively separating the photogenerated electrons from BOB 
and enriching the photogenerated electrons at the nitrogen sites. 
Thirdly, the N sites on the NC surface adsorb CO2 spontaneously for *CO 
hydrogenation while reducing the generation of *COOH intermediates 
in the rate-determining step. Therefore, compared with the BOB 
monomer, the BOB@NC nanoconfined reactor delivers significantly 
better performance in the photocatalytic generation of CO and CH4.

4. Conclusion

The BOB@NC confined electron pump reactor is designed and con
structed by fabricating ultrathin BOB nanosheets uniformly on the NC 
surface. BOB@NC exhibits improved light absorption and promoted 
migration of photogenerated electrons from BOB to the NC electron 
pump surface through the built-in electric field and Bi-C bridging bond. 
The photogenerated electrons undergo rapid e-h exciton state genera
tion and transfer to defect states on the NC surface, achieving directional 
migration and effective separation of photogenerated electrons. The 
nitrogen dopant in NC acts as an enrichment center for photogenerated 
electrons and also an active site for CO2 adsorption-activation- 
hydrogenation, thereby effectively reducing the barrier of the rate- 
determining step of the reaction and spontaneously inducing hydroge
nation of *CO intermediates for the generation of CH4. The BOB@NC 
nanoconfined reactor reveals a novel strategy for the design of efficient 
artificial photosynthesis catalysts.
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Fig. S1. SEM images of SiO2 spheres. 
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Fig. S2. TEM images of pyro-PDA@SiO2. 
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Fig. S3. (a-b) SEM images and (c-d) TEM images of BOB@NC-1. 
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Fig. S4. (a-b) SEM images and (c-d) TEM images of BOB@NC-5. 
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Fig. S5. (a-b) SEM images and (c-d) TEM images of BOB. 
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Fig. S6. XRD patterns of BOB and BOB@NC samples. 

 

The phase structure of the samples is determined by XRD, which shows that BOB 

can be indexed to Bi4O5Br2 (JCPDS card No. 37-0699). No characteristic peak of NC 

is observed from the XRD pattern of BOB@NC because of the weak signal from NC 

carbon and the small concentration of NC in the materials. 
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Fig. S7. Raman scattering spectra of NC, BOB, and BOB@NC. 

 

Fig. S7 shows Raman bands at 71, 103, 153, 1,350, and 1,593 cm-1 representing 

the external A1g, internal A1g, E1g internal Bi-Br stretching modes, defective carbon, as 

well as crystalline graphite bands, respectively. Compared to the monomeric NC and 

BOB, the Raman bands of the BOB@NC shift slightly attributable to the interactions 

between NC and BOB in BOB@NC. 
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Fig. S8. N2 adsorption-desorption isotherms of NC, BOB, and BOB@NC. 

 

As shown in the N2 adsorption-desorption isotherms of NC, BOB, and BOB@NC 

(Fig. S8), the BET specific surface areas of NC, BOB, and BOB@NC are 354.6, 137.7, 

and 119.0 m2/g, respectively. The hollow-structured NC has the largest specific surface 

area, while the BOB monomer has a larger surface area than the traditional bismuth 

oxyhalide-based materials. Compared to the BOB monomer, the specific surface area 

of the BOB@NC-confined nanoreactor can be increased further by growing BOB 

nanosheets on the NC surface. 
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Fig. S9. Densities of states of BOB (a) without and (b) with oxygen vacancies (OVs). 
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Fig. S10. Electrochemical impedance spectra of BOB and BOB@NC. 

 

Fig. S10 shows the electrochemical impedance spectra (EIS) of BOB and 

BOB@NC. The diameter of the arc radius of BOB@NC is smaller than that of the pure 

BOB, suggesting that the interfacial layer resistance is on the surface of the electrode. 

The smaller arc radius signifies a higher efficiency for charge transfer. All in all, EIS 

indicates the BOB@NC nanoconfined reactor promotes the transfer and separation 

efficiency of photogenerated electron-hole pairs via the interactions between BOB and 

NC. 
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Fig. S11. Transient photocurrent spectra of BOB and BOB@NC. 

 

Fig. S11 displays the transient photocurrent responses of pure BOB and 

BOB@NC upon light irradiation, revealing the generation of photocurrents with good 

reproducibility for six on-off cycles as well as good stability. The photocurrent of the 

BOB@NC nanoconfined reactor is about 6 times larger than that of the pure BOB under 

visible light irradiation, demonstrating reduced recombination of photoinduced 

electrons and holes on account of the interfacial interactions between BOB and NC. 
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Fig. S12. Photoluminescence spectra of BOB and BOB@NC. 

 

The transfer and recombination processes of photogenerated electrons are 

analyzed by photoluminescence (PL). Fig. S12 exhibits the PL spectra of pure BOB 

and BOB@NC, and stronger emission is observed from BOB. The smaller PL intensity 

stems from a higher separation efficiency of photoexcited charge carriers, 

demonstrating that the BOB@NC nanoconfined reactor mitigates the recombination of 

electron-hole pairs efficiently and enhances the photocatalytic activity. The PL spectra 

are consistent with the electrochemical impedance spectra and transient photocurrent 

responses of these materials. 
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Fig. S13. Schematic diagram of the band structures of BOB, NC, and BOB@NC. 
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Fig. S14. (a) Photocatalytic CO evolution and (b) CH4 evolution during light exposure 

for 24 hours. 
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Fig. S15. XRD patterns of BOB@NC before and after photocatalytic CO2 reduction. 
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Fig. S16. TEM images of BOB@NC after photocatalytic CO2 reduction. 
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Table S1. Comparison of the reaction conditions and characteristics of different 

photocatalysts pertaining to photocatalytic CO2 conversion. 

Photocatalysts Dosages Light sources Products Yields 
(μmol g-1 h-1) Refs. 

BOB@NC 20 mg 300 W Xe lamp  CO/CH4 28.34/3.68 This work 

bismuthene 20 mg 300 W Xe lamp  CO/CH4 14.32/4.69 Adv. Mater. 2024, 36, 
2312676 

CuS atomic layers 5 mg 300 W Xe lamp 
λ ≥ 800 nm CO 14.5 J. Am. Chem. Soc. 

2019, 141, 423-430 

HO-Ru/TiN 40 mg 300 W Xe lamp 
λ ≥ 800 nm CO 69 J. Am. Chem. Soc. 

2023, 145, 27415-27423 
Vo-Rich WO3 
Atomic Layers 5 mg 300 W Xe lamp 

λ ≥ 800 nm CO ~2.75 Joule 2018, 2, 1004-
1016 

CoS2 nanosheets 5 mg 300 W Xe lamp 
λ ≥ 800 nm CH4/CO 30.8/13.4 Angew. Chem. Int. Ed. 

2021, 60, 8705-8709 

Ag2Cu2O3 nanowires 30 mg 300 W Xe lamp  CH4 3.55 Angew. Chem. Int. Ed. 
2023, 62, e2023096 

Cu4(SO4)(OH)6 
nanosheets 5 mg 300 W Xe lamp 

λ ≥ 800 nm CO/CH4 21.95/4.11 Nat. Commun. 2023, 14, 
4034. 

Co3O4/CuOx - 300 W Xe lamp CH4 6.5 μmol h-1 ACS Nano 2023, 17, 11, 
10976-10986 

VS-AgInS2 
nanocrystals 20 mg 300 W Xe lamp 

λ ≥ 780 nm CO 8.04 Appl. Catal. B Environ. 

2023, 332, 122763. 

Vo-rich MoO2−x 20 mg 300 W Xe lamp CH4/CO 12.2/5.4 Angew. Chem. Int. Ed. 

2023, 62, e2022131 
CoN porous atomic 

layers 20 mg 300 W Xe lamp 
λ ≥ 800 nm CO 0.29 Nano Energy 2020, 69, 

104421 
BiOBr0.6Cl0.4 

BiOCl 
BiOBr 

10 mg 300 W Xe lamp CO 
15.86 
2.11 
1.55 

Appl. Catal. B Environ.  
2019, 243, 734-740 

CN-BiOBr-OV 10 mg 300 W Xe lamp CO/CH4 61.8/27.1 Angew. Chem. Int. Ed. 
2020, 59, 4519-4524 

BiOBr 
Co2N/BiOBr-1 30 mg 300 W Xe lamp CO 11.2 

67.8 
Nano Energy  

2021, 79, 105429 
BiOCl@Bi2O3 

BiOCl 50 mg 300 W Xe lamp CO 75 
52 

Adv. Mater. 2020, 32, 
2004311 

C3N4/bismuthene/Bi
OCl 2 mg 300 W Xe lamp CO/CH4 71/61 

ACS Appl. Mater. 

Interfaces 
2021, 13, 21582-21592 

BiOCl-B-OV 50 mg 300 W Xe lamp 
λ > 400 nm CO 83.64 Adv. Mater. 2021, 33, 

2100143 
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AgBr/BiOBr 10 mg 300 W Xe lamp CO/CH4 212.6/5.7 Appl. Catal. B Environ. 
2022, 301, 120802 

VDWGs-rich BiOCl 
atomic layers 50 mg 300 W Xe lamp 

λ > 400 nm CO 188.2 Nat. Commun. 2021, 12, 
5923 

BiOBr-5 10 mg 300 W Xe lamp CO 3.25 Nano Energy 2022, 92, 
106671 

BiOCl-P 30 mg 300 W Xe lamp CO/CH4 19.52/0.76 Small 2022, 18, 
2105228 

8 wt% 
CPDs/Bi4O5Br2 

30 mg 300 W Xe lamp CO 132.42 Appl. Catal. B Environ. 
2021, 293, 120182 

Bi3O4Cl/20%g-C3N4 50 mg 300 W Xe lamp CO/CH4 6.6/1.9 Chem. Eng. J. 2021, 
409, 128178 

CPDs/Bi12O17Cl2 30 mg 300 W Xe lamp 
λ > 400 nm CO 3.2 Chem. Eng. Sci. 2021, 

232, 116338 
Bi12O17Cl2 
nanotubes 30 mg 300 W Xe lamp CO 48.6 Angew. Chem. Int. Ed. 

2018, 57, 14847-14851 

VBiO-Bi24O31Br10 30 mg 300 W Xe lamp CO 24.9 Adv. Energy Mater. 

2021, 11, 2102389 

Co–Bi3O4Br-1 30 mg 300 W Xe lamp CO 107.1 Nat. Commun. 2019, 10, 
2840 

Sn-BiOBr/BiOIO3 20 mg 300 W Xe lamp CO 7.4 Appl. Catal. B Environ. 
2021, 298, 120618 

BiOIO3 20 mg 300 W Xe lamp CO 2.09 Appl. Catal. B Environ. 
2021, 298, 120618 

BiOIO3-LOV2 20 mg 300 W Xe lamp CO 17.33 Adv. Mater. 2020, 32, 
1908350 

BiOIO3-b3 50 mg 300 W Xe lamp CO 5.42 Adv. Funct. Mater. 

2018, 28, 1804284 
5 wt% 

CPDs/PbBiO2Br 100 mg 300 W Xe lamp CO 8.28 Appl. Catal. B Environ. 
2019, 254, 551-559 

ROV PbBiO2Br 20 mg 300 W Xe lamp CO 4.58 Appl. Catal. B Environ. 
2020, 277, 119170 
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