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a b s t r a c t

Optimizing the interfacial quality of halide perovskites heterojunction to promote the photogenerated

charge separation is of great significance in photocatalytic reactions. However, the delicately regula-

tion of interfacial structure and properties of halide perovskites hybrid is still a big challenge owing

to the growth uncontrollability and incompatibility between different constituents. Here we use BiOBr

nanosheets as the start-template to in situ epitaxially grow Cs3Bi2Br9 nanosheets by “cosharing” Bi and

Br atoms strategy for designing a 2D/2D Cs3Bi2Br9/BiOBr heterojunction. Systematic studies show that

the epitaxial heterojunction can optimize the synergistic effect of BiOBr and Cs3Bi2Br9 via the formation

of tight-contact interfaces, strong interfacial electronic coupling and charge redistribution, which can not

only drive the Z-scheme charge transfer mechanism to greatly promote the spatial separation of electron-

hole pairs, but also modulate the interfacial electronic structure to facilitate the adsorption and activa-

tion of toluene molecules. The heterojunction exhibited 62.3 and 2.4-fold photoactivity improvement for

toluene oxidation to benzaldehyde than parental BiOBr and Cs3Bi2Br9, respectively. This study not only

proposed a novel dual atom-bridge protocol to engineer high-quality perovskite heterojunctions, but also

uncovered the potential of heterojunction in promoting electron-hole separation as well as the applica-

tion in photocatalytic organic synthesis.

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

Medica, Chinese Academy of Medical Sciences.

Activating the inert C(sp3)-H bond among the alkanes or aro-

matic hydrocarbons to the value-added oxygenates is of great sig-

nificance for satisfying people’s daily life. Unfortunately, the tra-

ditional conversion strategies always suffered from the complex

processes, poor product selectivity and toxic waste emission [1–

5]. Therefore, it is an imperative requirement to develop effec-

tive techniques to convert the hydrocarbons to high-value chemi-

cals. The photocatalytic C(sp3)-H activation using renewable solar

energy is recognized as one of the promising strategies for fine

chemicals and drug production [6–9]. However, the low solar-to-

chemical conversion efficiency largely restricted its practical appli-

cations, which has been attracting a focus on exploring advanced

photocatalyst materials. Among the reported photocatalysis mate-

rials, halide perovskites (HPVK) have rapidly been developed in
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recent years owing to their large extinction coefficient, excellent

photoelectric properties and adjustable band alignment [10–16].

However, single HPVK usually underwent the limited photocat-

alytic activity and inferior photon conversion efficiency due to the

unsatisfactorily spatial separation of photogenerated electron-hole

pairs [17,18]. Hence, heterojunction engineering of HPVK-based

photocatalysts has stimulated widely scientific interests given that

it could either promote the charge carrier separation or manipulate

the photocatalytic reaction dynamics [19–28]. Regrettably, most of

the reported heterostructures formed by simple physically mix-

ing or random connections, still suffered from their poor interface

contact and unsatisfactory charge carriers transfer. Therefore, engi-

neering HPVK-based heterojunctions purposely and fine-tuning its

interfacial structure is highly attractive.

To this end, many efforts have been developed to tune the in-

terfacial structures and properties of PVK-based hybrids, such as

surface/interface functionalization [12,29–32] and introducing elec-

trostatic or van der Waals interactions [33,34]. Peculiarly, the het-

erojunctions constructed by the epitaxial growth with matched lat-
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tice (a lattice mismatch <5%) is preferable, which is advantageous

in ensuring the superior interfacial contact between different com-

ponents and providing fast charge transfer pathways [35–38]. How-

ever, conventional epitaxial growth usually requires a set of strin-

gent synthetic conditions, which hampered its widespread applica-

tions. Very recently, in situ epitaxial growth by cosharing “atoms”

without high temperature or vacuum may provide new opportuni-

ties for the preparation of high-quality heterojunctions, which can

form effective charge channels to facilitate the transfer and sepa-

ration of photogenerated carriers and improve atomic utilization

efficiency [39–45]. A Cs2SnI6/SnS2 heterojunction with cosharing

Sn atoms has firstly been synthetized by in situ growth of Cs2SnI6
perovskite quantum dots on the surfaces of SnS2 nanosheets, and

obviously boosted interfacial charge transfer and remarkable pho-

tocatalytic activity toward CO2 reduction was acquired [41]. More-

over, Manna and co-workers reported that a CsPbX3-Pb4S3Br2
nanocrystal heterostructure with cosharing Pb sublattice could

largely promote the spatial separation and transfer of photogen-

erated carriers [46]. Subsequently, Pradhan and co-workers found

that the CsPbBr3-Pb4S3Br2 nanocrystal heterostructures exhibited

superior photocatalytic CO2 reduction activity [47]. Recently, our

group has in situ constructed CoxBi2-xO2CO3/Cs3Bi2Br9 direct Z-

scheme heterojunction using the cosharing Bi atom bridge tactic

and achieved a prime interface structure and efficient visible-light

photocatalytic toluene oxidation performance [48]. All these re-

sults indicated that the in situ epitaxial growth by cosharingatoms

should be a promising strategy to develop high-quality heterojunc-

tions.

Motivated by these, here a 2D/2D Cs3Bi2Br9/BiOBr epitaxial het-

erojunction with cosharing Bi and Br atoms (dual atom-bridge

effect) is successfully constructed by in situ growing Cs3Bi2Br9
nanosheets on the surface of BiOBr nanosheets (dozens of nanome-

ters in thick and several micrometers in lateral size). The 2D/2D

heterojunction with dual atom-bridge effect enables the formation

of very closely contacted interfaces and effective charge transfer

channels, which can not only broaden the light absorption range,

but also effectively promote the Z-scheme spatial separation of

photogenerated charges. Moreover, it can improve the interfacial

electron structures to optimize the adsorption and activation of re-

actant species. As a proof of concept, when employing as photo-

catalysts for photooxidation of toluene, the 2D/2D Cs3Bi2Br9/BiOBr

heterojunction exhibits the superhigh benzaldehyde amounts of

13397.1 μmol/g after continuous illumination for 3h, significantly

superior to those of pristine BiOBr and Cs3Bi2Br9 catalysts.

The preparation of Cs3Bi2Br9/BiOBr epitaxial heterojunction

started from the hydrothermal synthesis of BiOBr nanosheets,

followed by the acid etching solution process to in situ grow

Cs3Bi2Br9 nanosheets on the surface of BiOBr, as illustrated in Fig.

1a. Here the BiOBr nanosheets with smooth surface and dozens

of nanometers thick (Fig. S1 in Supporting information) served as

the self-template to release Bi3+ during the acid treatment pro-

cess, and the released Bi3+ would combine with Cs+ and Br− in

the reaction solution to grow Cs3Bi2Br9, where the surface Br−

may serve as anchor points to induce the subsequent nucleation

and growth of Cs3Bi2Br9. As presented in Figs. S1 and S2 (Sup-

porting information), a moderate amount of HBr led to the par-

tial dissolution of BiOBr and the reduction of its crystallinity, caus-

ing the shallower edges of BiOBr microsheet. When proper amount

of Cs+ was added, fast reaction of the superficial Bi3+ and Br−

with Cs+ would happen, resulting epitaxial growth of Cs3Bi2Br9
nanosheets on the surface of parental BiOBr nanosheets. If su-

perfluous HBr was added, a full conversion of BiOBr to Cs3Bi2Br9
can be found. The X-ray diffraction (XRD) patterns of heterojunc-

tion samples (Fig. S2) presented both the characteristic peaks of

tetragonal BiOBr phase and hexagonal Cs3Bi2Br9 phase, indicating

that the Cs3Bi2Br9/BiOBr heterojunction was synthetized success-

Fig. 1. (a) Schematic diagram of the fabrication route of the Cs3Bi2Br9/BiOBr het-

erojunction. (b-d) TEM and HRTEM images of the heterojunction.

fully. Moreover, compared with the smooth surface of patent BiOBr,

curled nanosheets emerged on the surface of BiOBr nanosheets

(Fig. 1b). Further high-resolution TEM (HRTEM) images in Figs. 1c

and d reveal that the lattice spacing of the curled nanosheets and

background sheets is 0.201 and 0.124nm, respectively, correspond-

ing to the (204) plane of Cs3Bi2Br9 and (310) plane of BiOBr, where

the close contact interface structure can be found. To further verify

the distributions of Cs3Bi2Br9 on BiOBr surface, the energy disper-

sive X-ray (EDX) spectrum and the corresponding elemental map-

ping were conducted. As shown in Figs. S3 and S4 (Supporting

information), the distribution of Cs element presented a sparse

particle-like distribution on BiOBr, which further confirmed that

the Cs3Bi2Br9 nanosheets were grown on BiOBr nanosheets. The

Cs3Bi2Br9 obtained by a full conversion of BiOBr was nanosheets

(Fig. S5 in Supporting information). The above results indicated

that the Cs3Bi2Br9/BiOBr heterojunction has been successfully con-

structed by growing Cs3Bi2Br9 nanosheets on BiOBr nanosheets.

Moreover, the proper amounts of HBr and Cs+ were found to

favor the formation of the heterojunction with suitable compo-

nents and morphology and light absorption properties (Figs. S5-

S9 in Supporting information). Within certain range, increasing the

amount of HBr and Cs+ can lead to more loading of Cs3Bi2Br9
without obviously sacrificing the nanosheet morphology of BiOBr.

While the excessive HBr would break the BiOBr nanosheet and

even fully convert BiOBr into Cs3Bi2Br9. Meanwhile, excess Cs+

would suppress the generation of Cs3Bi2Br9, leading to the for-

mation of impurities. Except otherwise noted, the Cs3Bi2Br9/BiOBr

sample discussed below was prepared with HBr of 100 μL and Cs+

of 0.0075mmol.

As white powders, the light absorption region of BiOBr mainly

located at the ultraviolet region with the bandgap energy (Eg)

value of 2.80 eV (Fig. S10 in Supporting information). After hy-

bridizing with Cs3Bi2Br9, the light absorption range was obvi-

ously broadened, due to the smaller Eg (2.56 eV) of Cs3Bi2Br9.

The appropriate energy level configuration of different semicon-

ductors is an important factor for achieving highly-effective pho-

tocatalytic performance. Therefore, the band spectroscopy valence

band (XPS-VB) and Mott-Schottky (M-S) measurements were car-

ried out. Fig. S11 (Supporting information) showed that the work

function of Cs3Bi2Br9 was 4.27 eV. Combined with the VB value, it

could be concluded that the valence band maximum (VBM) poten-

tial (EVB) and the conduction band minimum (CBM) potential (ECB)

of Cs3Bi2Br9 was +2.19 and −0.37V (vs. NHE, pH 0), respectively.

On the other hand, the flat band potential (Vfb) of BiOBr was de-

termined to be −0.62V according to the M-S plots. Therefore, the

ECB and EVB positions of BiOBr were calculated to be −0.72 and

+2.08V, respectively. Hence, a staggered band configuration can
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Fig. 2. (a-c) Schematic illustration of energy band arrangement of BiOBr and Cs3Bi2Br9 before and after contact, IEF-induced Z-scheme charge transfer and separation under

visible-light irradiation. (d) Schematic illustration and (e) actual photo of the in situ XPS test for the Cs3Bi2Br9/BiOBr heterojunction: (f) Cs 4d, (g) Bi 4f, (h) Br 3d, and (i) O

1s, respectively.

form when BiOBr got close contact with Cs3Bi2Br9, and an inter-

nal electric field (IEF) pointing from BiOBr to Cs3Bi2Br9 could be

formed owing to Fermi levels alignment, as shown in Figs. 2a and

b. It is generally recognized that a strong IEF is in favor of the for-

mation of Z-scheme charge transfer channel, helping to effectively

separate the photogenerated charge carriers spatially and preserv-

ing their strong redox abilities (Fig. 2c). Thus, the research task

moved to distinguish whether Z-scheme or type-II transfer route

of photogenerated carriers formed in the hybrid.

Given the fact that both Cs3Bi2Br9 and BiOBr can drive the for-

mation of •O2
− and •OH radicals according to their band positions,

the electron paramagnetic resonance (EPR) tests cannot be used

to judge the charge transfer direction among the Cs3Bi2Br9/BiOBr

hybrid heterojunction. Alternatively, the in situ XPS spectra of the

Cs3Bi2Br9/BiOBr heterojunction upon illumination and under dark

were studied. As shown in Figs. 2d-i and Table S1 (Supporting in-

formation), the Cs 4d peaks locate at the binding energies (BEs) of

78.03 and 75.72 eV, corresponding to Cs 4d5/2 and Cs 4d3/2, respec-

tively. The O 1s spectra exhibited three peaks at 530.60, 531.34,

and 532.48 eV, assigned to the lattice oxygen, surface -OH species

and adsorbed oxygen species, respectively [49–52]. When illumi-

nated under 405nm laser, the BEs of Cs 4d shifted toward higher

values by ∼0.10 eV relative to that of in dark. By contrast, the BEs

of O 1s shifted toward lower values by ∼0.30 eV. This opposite

BEs shift direction indicated that the photogenerated electrons of

Cs3Bi2Br9 transferred to BiOBr, following a unique Z-scheme route.

Interestingly, the Bi 4f and Br 3d signal peaks exhibited no ob-

vious BEs shifts before and after light irradiation, which might

be due to the “bridging effect” of the cosharing Bi and Br ele-

ments. This dual atom-bridge concept is similar to the previous

concept of cosharing atoms [41,48], where different components

contain two cosharing atoms used as the bridge-like charge trans-

fer channels to promote effective transfer and separation of pho-

togenerated carriers and further enhance the atomic utilization

efficiency.

What is more, Kelvin probe force microscopy (KPFM) was also

utilized to study the spatial charge separation of the as-synthetized

materials under in situ illumination, as displayed in Fig. S12 (Sup-

porting information). It could be observed that both of the pristine

BiOBr and Cs3Bi2Br9 samples exhibited no obvious surface pho-

tovoltage (SPV) changes before and after illumination, suggesting

their relatively poor charge separation properties. By contrast, the

as-constructed Cs3Bi2Br9/BiOBr heterojunction behaved a distinc-

tive SPV change, and the largest SPV value could reach ∼+60.0mV,

suggesting a more effective charge separation in the hybrid. These

findings fully revealed that the elaborated heterojunction could ac-

celerate the transfer and spacial separation of photoexcited charge

carriers effectively, which was expected to drive the effective pho-

tocatalytic reaction. Notably, the positive SPV signals under light

irradiation suggested that the photoinduced holes accumulated on

the surface of the heterojunction. Since Cs3Bi2Br9 nanosheets epi-

taxially grew on the surface of BiOBr, this phenomenon also sup-

ported the Z-scheme charge transfer mechanism (photoelectron

transfer from Cs3Bi2Br9 to BiOBr) rather than the type-II pathway

under the simulated sunlight illumination (Fig. 2c). In addition,

transient photocurrent measurements (Fig. S13 in Supporting in-

formation) also found that the Cs3Bi2Br9/BiOBr heterojunction pro-

duced the highest photocurrent response (∼−1.11 μA/cm2), which

was about 3.83 and 6.53 times larger than those of Cs3Bi2Br9
(∼−0.29 μA/cm2) and BiOBr (∼−0.17 μA/cm2), respectively. Fur-

ther EIS plots measured at 0.1V vs. Ag/AgCl showed that the

Cs3Bi2Br9/BiOBr behaved a drastically decreased semicircle com-
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Fig. 3. (a-c) The calculated PDOS of BiOBr, Cs3Bi2Br9, and Cs3Bi2Br9/BiOBr heterojunction. (d, e) The calculated work function of BiOBr and Cs3Bi2Br9, respectively. (f) The

charge density difference of Cs3Bi2Br9/BiOBr heterojunction, the yellow and blue area represent the electron accumulation and depletion, respectively. (g-i) The electron

density isosurface of BiOBr, Cs3Bi2Br9, and Cs3Bi2Br9 (036)/BiOBr (110) surfaces.

pared to those of the individuals, implying a more facilitated

charge transfer and transportation process. The obviously enlarged

transient photocurrent and superior charge transfer property con-

firmed the more favorable photoexcited charge separation behav-

iors in Cs3Bi2Br9/BiOBr hybrid.

Furthermore, density functional theory (DFT) calculations were

applied to study the energy band structure, theoretical work func-

tion (Φ), the interfacial structures and electronic properties of ma-

terials, as presented in Fig. 3 and Fig. S14 (Supporting information).

The calculated projected density of states (PDOS) results (Figs. 3a-

c) revealed that the VBM of BiOBr was mainly dictated by the Br

4p and O 2p orbitals, and the CBM consisted of the Bi 6p and O 2p

states. As for the Cs3Bi2Br9, the VBM consisted of Br 4p and slight

Bi 6p orbitals, and the CBM was mainly occupied by Bi 6p orbital.

The calculated bandgap values of BiOBr and Cs3Bi2Br9 were 2.80

and 2.46 eV, respectively, which was in good agreement with the

experimental values. The band calculations showed that both the

CBM and VBM of BiOBr were higher than those of Cs3Bi2Br9, indi-

cating that a stepped band alignment configuration was generated

in the heterojunction (Fig. 3c). Further work function results (Figs.

3d and e) showed that the Cs3Bi2Br9 had lower Fermi levels than

that of BiOBr, which were conducive to the flow of electrons from

BiOBr to Cs3Bi2Br9 when coming to close contact with each other.

The differential charge density results (Fig. 3f) validated the obvi-

ous charge redistribution at the interface with electron cloud den-

sity shifted from BiOBr to Cs3Bi2Br9, and the Bader charge was as

high as 0.751 e (Table S2 in Supporting information). Moreover, the

optimized electron density isosurface results (Figs. 3g-i) showed

that the hybrid behaved a more prominent color difference relative

to those of pristine BiOBr and Cs3Bi2Br9, which was an indicative

of larger potential difference. These results suggested that strong

interfacial electronic coupling interaction generated at the hetero-

geneous interfaces, which was expected to not only generate large

IEF to drive the Z-scheme charge transfer, and also manipulate the

surface electron structure for optimizing the adsorption and acti-

vation of reactants.

In view of the aforementioned results, a high-quality

Cs3Bi2Br9/BiOBr epitaxial heterojunction with the strong in-

terfacial interaction and favorable charge transfer and separation

abilities has been obtained successfully. To confirm the superi-

ority of this heterojunction, the photocatalytic toluene oxidation

reaction under visible light illumination (AM1.5G, λ ≥ 420nm,

100mW/cm2) was systematically studied, as displayed in Figs.

S15-S17 (Supporting information). The single BiOBr catalyst had

a low photocatalytic activity with the benzaldehyde yield rate

of 71.7 μmol g−1 h−1, possibly because of its poor light absorp-

tion and charge separation ability. In contrast, the Cs3Bi2Br9
nanosheets showed a relatively high photocatalytic activity with

the benzaldehyde yield rate of 1867.9 μmol g−1 h−1, owing to

the suitable band alignment and better light absorption ability.

After the in situ epitaxial growth of Cs3Bi2Br9 nanosheets on BiOBr

nanosheets, obviously improved photocatalytic performances

were achieved for all the hybrids prepared with different usages

of HBr and Cs+. The best performances were achieved for the

sample prepared with HBr of 100 μL and Cs+ of 0.0075mmol,

which exhibited the highest benzaldehyde yield rate of as high

as 4465.7 μmol g−1 h−1 within 3h, far exceeding those of the

Cs3Bi2Br9 and BiOBr catalysts. For references, the photocatalytic

performance of the acid-treated BiOBr was determined. Compared

with the pristine BiOBr, slightly improved benzaldehyde yield rate

was obtained, which might be resulted from the surface defects

formed during the acid treatment which can expose a certain

quantity of active sites and optimize the adsorption of reaction

substrates. This result supported the conclusion that the formation

of high-quality heterojunction contributed mainly to the superior

photocatalytic performance of hybrid catalysts, including the rich

active sites of the unique 2D/2D structure (Fig. 1b and Fig. S18

in Supporting information) and the formation of Z-scheme charge

transfer mechanism which could promote the spacial separation

of photoexcited carriers effectively (Fig. 2c).

To further figure out the underlying photocatalytic mechanism

of Cs3Bi2Br9/BiOBr heterojunction, a series of control experiments
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Fig. 4. (a) Control experiments of the heterojunction with different reaction condi-

tions. (b) In situ DRIFTS spectra of Cs3Bi2Br9/BiOBr heterojunction under the dark

and during toluene photooxidation. (c) The calculated �E of C7H8 →C7H7 +H+ re-

action on BiOBr, Cs3Bi2Br9, and Cs3Bi2Br9(036)/BiOBr(110) surfaces. (d) Schematic

diagram of charge transfer and photocatalytic toluene oxidation mechanism over

the hybrid.

have also been performed without light, O2, catalysts, or with var-

ious radical scavengers. As illustrated in Fig. 4a, no products were

checked under dark or without catalyst, and the extremely poor

photocatalytic performance was achieved without O2, suggesting

that the light, photocatalyst and O2 were the important prereq-

uisites for driving effective photocatalytic toluene oxidation. Fur-

ther radical capture experiment results showed that no obvious

performance decay was observed when t-butanol was introduced

as the •OH captures. Similarly, the benzaldehyde yield rate just

exhibited slight decay when the K2S2O8 was added as electrons

(e−) scavenger. In stark contrast, significantly attenuated photocat-

alytic activity could be found when the benzoquinone (BQ) as •O2
−

scavenger and ammonium oxalate (AO) as the holes (h+) scav-

enger was introduced, respectively. The above results demonstrated

that the oxidation of toluene on the surface of Cs3Bi2Br9/BiOBr

heterojunction followed a radical process, and the •O2
− and h+

species should be the main active species for achieving effective

photocatalytic toluene oxidation while •OH radicals are unaffected

[10,53,54]. In addition, in situ diffuse reflectance infrared Fourier

transform spectroscopy (in situ DRIFTS) was utilized to monitor the

species changes during the photocatalytic toluene oxidation reac-

tion process. As presented in Fig. 4b, the main signal regions of

toluene were located at between 3100 cm−1 and 2800 cm−1, which

corresponded to the vibration of the aromatic ring and asymmetric

vibration of C–H bond among the methyl, and the peak intensities

gradually decreased with the extension of illumination time from

0 to 90min. This should be resulted from the oxidation reaction

of toluene molecules adsorbed on the surface of BiOBr/Cs3Bi2Br9.

It was noted that the characteristic peaks of the carbonyl group

of benzaldehyde occurred at ∼1694 cm−1, and the peak intensity

gradually increased with the irradiation time [55,56]. It indicated

that toluene molecules adsorbed on the catalyst surface would re-

act with h+ to produce benzyl radicals under illumination which

would rapidly react with •O2 to form the benzaldehyde [57]. By

contrast, no carbonyl group was observed under dark conditions,

suggesting that the activation of C(sp3)-H bond was difficult to oc-

cur without light. These results illustrated that the objective prod-

ucts were originated from the introduced toluene molecules, and

the toluene molecules absorbed on the surface of hybrid catalyst

reacted rapidly with h+ and •O2
− under visible-light irradiation.

Furthermore, the energy changes (�E) of reaction molecule

or the intermediate species produced during photocatalytic reac-

tion were also studied by DFT calculation. As displayed in Fig.

4c, it could be clearly found that the toluene adsorption energy

(Eads) values on the surface of BiOBr and Cs3Bi2Br9 was −0.473

and −0.491 eV, respectively, where more negative Eads values sug-

gested that more favorable adsorption of toluene molecules. As

expected, the Cs3Bi2Br9/BiOBr heterojunction exhibited the small-

est Eads value (−0.582 eV), indicating an optimized toluene adsorp-

tion ability after heterojunction formation. Further �E (∗C7H8 +h+

→∗C7H7
•+H+) tested results showed that the energy barrier of

BiOBr and Cs3Bi2Br9 catalyst was 1.873 and 1.152 eV, respectively,

supporting the relatively easier activation of C(sp3)-H bond and

better photocatalytic performances of Cs3Bi2Br9. Interestingly, this

value was lowered to 0.684 eV for Cs3Bi2Br9/BiOBr hybrid, indi-

cating that the synergistic effect of Cs3Bi2Br9 and BiOBr facili-

tated the dissociation of C(sp3)-H bond. This might be attributed

to the strong interfacial electronic coupling of such epitaxial het-

erojunction which optimized the surface electron structure of het-

erojunction catalyst, as revealed by the DFT analysis in Figs. 3f-

i. Therefore, superior toluene photooxidation performances can be

expected.

In view of the above results, we put forward a plausible re-

action mechanism of photocatalytic toluene oxidation on the sur-

face of 2D/2D Cs3Bi2Br9/BiOBr heterojunction (Fig. 4d). Upon pho-

toexcitation, the VB electrons of Cs3Bi2Br9 and BiOBr jumped to

their CBs. Then, the photoelectrons in the Cs3Bi2Br9 CB would

recombine with the holes in the VB of BiOBr quickly with the

help of strong IEF and bent band structure. In this case, the

photogenerated electrons with strong reduction ability and holes

with strong oxidation ability accumulated in the CB of BiOBr and

the VB of Cs3Bi2Br9, respectively. These photoelectrons would re-

duce O2 molecules to •O2
−, while the photoinduced holes on

Cs3Bi2Br9 would oxidize toluene molecules to benzyl radicals

(∗C7H7
•). Thereafter, the C7H7

• and •O2
− radicals reacted with each

other to generate C7H7OO
− species, which can transform into the

benzaldehyde by dehydration, while a few C7H7
• also reacted with

O2 to form C7H7OO
•, which would decompose into benzyl alco-

hol or benzaldehyde, etc. [58]. This unique Z-scheme heterostruc-

ture could promote the spacial separation of photoexcited electron-

hole pairs and retain the redox ability of electrons in BiOBr CB and

holes in Cs3Bi2Br9 VB, respectively, and thus contributing to the

outstanding toluene photooxidation activity.

To sum up, a high-quality 2D/2D Cs3Bi2Br9/BiOBr heterojunc-

tion with the compact-contact interfaces and matched band struc-

tures has been successfully constructed by an in situ epitaxial

growth strategy. Systematic researches including HRTEM, in situ

XPS, KPFM, and DFT calculations reveal that epitaxial growth

of heterojunction with cosharing dual atoms can ensure high-

quality interfaces with strong interfacial electronic coupling and

electron redistribution, which can actuate the Z-scheme trans-

fer pathway to promote the spatial transfer and separation of

photogenerated charges effectively without sacrificing their redox

abilities; meanwhile, modulate their interfacial electronic struc-

ture to facilitate the adsorption of toluene molecules and lower

the energy barrier of C(sp3)-H dissociation. As an encouraging

result, the synergistic effect of BiOBr and Cs3Bi2Br9 contributes

to a superhigh toluene oxidation activity under visible-light ir-

radiation, and the benzaldehyde yield reaches to 13397.1 μmol/g

within just 3 h, far surpass than those of the parental BiOBr and

Cs3Bi2Br9 catalysts. The study not only highlights an interesting

dual atom-bridge strategy to design high-quality Bi-based per-

ovskite heterojunction photocatalysts, but also offers a new insight

toward the design of advanced photocatalyst materials for organic

synthesis.
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