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Maximizing the utilization of photogenerated carriers by enhancing the interfacial charge separation efficiency of
heterojunctions represents a potent strategy for bolstering their photocatalytic activity. Herein, we report an
unprecedented strategy for the construction of halide-perovskite-based heterojunction by combining two semi-
conductors with distinct semiconducting properties, which is elaborately fabricated by in-situ growth of n-type
lead-free halide perovskite CsoAgBiBrg (CABB) onto the surface of p-type porous Coz04. The pronounced Fermi
level disparity between CABB and Co304 propels the formation of a robust built-in electric field at the CABB/
Co304 heterojunction interface, which promotes the separation of photogenerated carriers via an S-scheme
pathway, thereby significantly enhancing the photocatalytic CO5 reduction performance. Incorporating Na ions
into CABB can further intensify the built-in electric field by diminishing the defect density of CABB to enhance its
charge carrier mobility. Consequently, the resultant Na-CABB/Co304 heterojunction demonstrates an excep-
tional electron consumption rate of 1336 umol g~! h™! for photocatalytic conversion of CO, into CO and CHy
with water as electron source, far surpassing the currently reported lead- and lead-free halide perovskite ma-

terials without reliance on any sacrificial agents.

1. Introduction

Artificial photosynthesis is considered a green and sustainable so-
lution to climate challenges, as it can convert CO, and H2O into valuable
chemicals on photocatalysts by utilizing solar energy [1-4]. An efficient
artificial photosynthesis system should simultaneously possess the
abilities for both CO5 reduction and H2O oxidation, requiring a suffi-
ciently wide bandgap or energy gap in the photocatalyst to support these
reactions. Due to the inherently sluggish kinetics of both CO, reduction
and Hy0 oxidation, the photocatalyst must also possess a prolonged
lifetime of photogenerated carriers or excitons to guarantee efficient
progress of the reactions. To date, only a handful of materials, such as
Co304 [5], TiOz [6,7], InVO4 [8], Cup0 [9], BiOBr [10,11], C3N4 [12,
13], and NaTaO3 [14] among others, can achieve photocatalytic CO2
reduction using H,0 as an electron donor. Nevertheless, these materials
are hindered by limitations like weak visible light-harvesting capability
and/or rapid charge recombination, resulting in a substantial decrease
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in their photocatalytic CO5 reduction efficiency. In fact, the majority of
current photocatalytic CO5 reduction systems rely on costly sacrificial
agents to eliminate photogenerated holes [15-18], thereby indirectly
augmenting their reduction capacity, which undoubtedly imposes an
economic burden on practical applications. Consequently, the exploi-
tation of photocatalysts with a robust visible light response and efficient
charge separation is highly desired for artificial photosynthesis.

In recent years, halide perovskites (HPs) have shown promise with
advantages such as a suitable bandgap, remarkable light absorption, and
a long carrier lifetime, enabling wide applications in the field of pho-
tocatalysis and photoelectric devices [19-25]. For photocatalytic CO»
reduction, the judicious design of HP-based heterojunctions to amelio-
rate charge separation, akin to other semiconductor materials, is one of
the feasible strategies to enhance the photocatalytic performance
[26-30]. Currently, the construction of HP-based heterojunctions pri-
marily involves combining them with other n-type semiconductors, and
the photogenerated carriers are separated via either a Type-II [31]
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Scheme 1. Schematic of built-in electric field (BEF) formation and interfacial
photogenerated electrons transfer within (a) type-II heterojunction and S-
scheme heterojunctions composed of (b) the same type (e.g., n-type) and (c)
different type of semiconductors.

(Scheme 1a) or S-scheme [32] (Scheme 1b) pathway, depending on the
relative positions of their Fermi levels. Compared to Type-II hetero-
junctions, S-scheme heterojunctions not only facilitate the separation of
photogenerated carriers, but also maintain high redox potentials
[33-35], which is crucial for HPs due to their weak water oxidation
capacity [36,37]. Nevertheless, the currently reported HP-based
S-scheme heterojunctions consist of two n-type semiconductors
(Scheme 1b). The minimal disparity in their Fermi levels gives rise to a
feeble built-in electric field (BEF), hindering the sufficient separation of
photogenerated carriers. Combining HPs with suitable p-type semi-
conductors to form S-scheme heterojunctions (Scheme 1c), and
leveraging the substantial disparity in their Fermi levels to generate a
robust BEF, is expected to further facilitate charge separation and
enhance their photocatalytic CO; reduction performance.

To demonstrate this concept, we fabricated a p-n heterojunction of
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CABB/Co304 by in-situ growth of the n-type lead-free perovskite
CspAgBiBrg (CABB) onto the surface of p-type porous Cos04, and
employed it as a catalyst to achieve CO; photoreduction with HyO as the
electron donor. As a typical water oxidation catalyst, p-type Co304 ex-
hibits a Fermi level notably different from that of the n-type CABB [38,
39], leading to the creation of a robust BEF at the heterojunction
interface, which facilitates the spatial separation of photogenerated
carriers adhering to the S-scheme charge transfer mechanism. Addi-
tionally, the BEF intensity was further enhanced by passivating the
CABB defect with Na doping to improve its carrier mobility. As antici-
pated, the electrons consumption rate of the Na-CABB/Co304 hetero-
junction reached up to 1336 umol g™ h™! for converting CO, into CO and
CH4 using H5O as the electron donor, setting a record-high value among
the reported HP-based materials without the need for sacrificial agents
(Table S1). Furthermore, the mechanisms underlying photogenerated
carrier separation and CO2 photoreduction were comprehensively
elucidated through photophysical characterizations, in-situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) mea-
surements, and density functional theory (DFT) calculations.

2. Experimental procedures
2.1. Materials

Cobalt nitrate hexahydrate (Co(NO3)2-6H20) and sodium hydroxide
(NaOH) were purchased from Fu Chen. Cesium bromide (CsBr, 99.5 %)
was purchased from Xi’an Polymer Light Technology Corp. Hydrogen
bromide (HBr, 48 wt% in water) and bismuth bromide (BiBrz > 98 %)
were purchased from Acros. 2-Methylimidazole, styrene (99.5 %),
anhydrous methanol (CH3OH, HPLC, 99.5 %), ammonia solution
(NHs3-H20, 25.0-30.0 wt%), potassium persulfate (K2S20g, 99 %), po-
tassium bromide (KBr, SP, > 99.5 %), sodium bromide (NaBr, > 99 %),
isopropanol (> 99.5 %), N,N-dimethyl formamide (DMF, HPLC, >
99.9 %), dimethyl sulfoxide (DMSO, > 99.5 %), and acetonitrile (HPLC,
> 99.9 %) were purchased from Innochem. Silver nitrate (AgNOs) was
purchased from GENERAL-REAGENT. Nitric acid (HNOs, 68 %) was
purchased from China National Pharmaceutical Group Corporation.
Tetrabutylammonium hexafluorophosphate (TBAPFg, 98 %) was pur-
chased from Aladdin. Carbon dioxide (CO32, > 99.999 %), nitrogen (N3,
99.999 %), and argon (Ar, > 99.999 %) were purchased from Tianjin
Huanyu Gas Co., Ltd. 3CO, and H3%0 were purchased from Energy
Chemical. Ultrapure water with a resistivity of 18.2 MQ-cm was sourced
from Milli-Q water purification system

2.2. Sample preparation

Synthesis of polystyrene (PS) spheres template. In a typical synthesis
[40], 0.083 g of K2S20g was dissolved in 12.5 mL of ultrapure water
within a 25 mL flask and subsequently heated to 70 °C. Concurrently,
212.5 mL of ultrapure water was added to a 500 mL three-necked flask,
degassed with nitrogen for 30 minutes, and then heated to 70 °C. Once
the temperature stabilized, 22.2 mL of styrene, which had been washed
four times with 0.1 M NaOH solution and then with ultrapure water,
respectively, was carefully added to the flask. After ensuring tempera-
ture stability, the prepared K»S;0g solution was gently poured into the
styrene mixture, which was then maintained at this temperature for
28 hours under stirring at 360 rpm. It is crucial to maintain a low stir-
ring speed during the polymerization process, as excessive rotation can
promote agglomeration of the PS template. Upon completion of the re-
action and natural cooling, the resulting turbid solution underwent
centrifugation at 2000 rpm for 6 hours to separate the supernatant. The
resulting precipitate was then vacuum-dried at 60 °C overnight to yield
the final PS microsphere template.

Synthesis of PS@ZIF-67. 0.50 g of PS sphere template was immersed
in 50 mL of a methanol solution containing 7.85 g of Co(NOg3)2-6 HoO
and 6.75 g of 2-methylimidazole for 60 minutes to ensure thorough
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infiltration of the precursor solution into the voids of the template [41].
The resulting turbid mixture was centrifuged at 3000 rpm to obtain
precipitate (PS@precursor), which was then dried at 65 °C overnight.
Subsequently, the PS@precursor was transferred into a 50 mL mixture
of NH3-H,0 and CH30H (V:V = 1:1) to initiate the formation of zeolitic
imidazolate frameworks (ZIF-67). After a 24-hour immersion period, the
PS@ZIF-67 composite was harvested via centrifugation at 3000 rpm and
further dried at 65 °C for subsequent applications.

Synthesis of porous Co304. The PS@ZIF-67 composite was thor-
oughly washed three times using DMF solvent to ensure complete
removal of the PS template. Following this, the ZIF-67 material was
subjected to annealing in an air atmosphere at 450 °C for 3 hours with a
heating rate of 2 °C per minute. This thermal treatment ultimately led to
the formation of porous Co304.

Synthesis of CABB and Na-CABB nanocrystals. CABB was synthesized
by modifying our previously reported antisolvent methods [39]. Briefly,
AgBr was prepared by reacting HBr and AgNOs3 at room temperature.
Then, 45 mg of AgBr, 110 mg of CsBr, and 112 mg of BiBrs were dis-
solved in 5 mL of an HBr solution. The mixture was heated to 110 °C
with stirring under closed conditions for 2 hours, and then cooled to
room temperature, followed by keeping unperturbed for 1 hour to
generate orange precipitation. Subsequently, the prepared precipitate
was washed with ethanol three times, and then a certain amount of the
dried precipitate was dissolved in 4 mL of DMSO solvent. Finally, CABB
nanocrystals were obtained by adding 40 mL of isopropanol (as the
antisolvent) to the DMSO solution, followed by centrifugation and
washing with ethanol. Na-CABB was prepared under exactly the same
conditions as CABB, except that 2 mg of NaBr was added.

Synthesis of CABB/Co304 and Na-CABB/Co304 composites. 10 mg of
as-prepared CABB or Na-CABB nanocrystals were dissolved in 1 mL of
DMSO solvent, and the resulting mixture was then sonicated until
complete dissolution to produce the perovskite precursor solution. In
parallel, 5 mg of porous Co304 was dispersed in 1 mL of DMSO solvent
and sonicated for 30 minutes. Subsequently, the Co304 dispersion was
added to the previously prepared perovskite precursor solution. The
combined mixture was then sonicated for an additional hour. Following
this, the solution was stirred at 300 rpm for 10 hours. To obtain the
CABB/Co304 and Na-CABB/Co304 composites, 40 mL of isopropanol as
the antisolvent was added to the corresponding solutions, leading to the
precipitation and deposition of CABB and Na-CABB on the pore walls of
Co304. Furthermore, CABB/C0304-5 and CABB/Co0304-15 were also
synthesized by adjusting the quantity of CABB used to 5 mg and 15 mg,
respectively, while keeping all other synthesis conditions constant.

PS
ZIF-67 Washing and
precursor calcining
v
Methanol
S
ammonium hydroxide
PS@Precursor

PS@ZIF-67
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3. Results and discussion
3.1. Preparation and structure characterization

As illustrated in Scheme 2, both the CABB/Co304 and Na-CABB/
Co304 composites were synthesized through a straightforward proced-
ure involving the in-situ growth of CABB and Na-CABB, within the pores
of porous Co30y4, respectively. The detailed synthesis protocols are
provided in the section of experimental procedures. Initially, poly-
styrene (PS) microspheres, obtained by a simple styrene polymerization
method [40], served as three-dimensional (3D)-ordered templates.
These templates were impregnated with a ZIF-67 precursor solution to
form “PS@precursor” monoliths, which were subsequently transformed
into PS@ZIF-67 through immersion in a mixed solvent of CH;OH and
NH3-H0 (V:V = 1:1) [41]. The porous ZIF-67 was obtained by washing
PS@ZIF-67 three times with N,N-dimethylformamide (DMF), and then
annealing under an air atmosphere at 450 °C for 3 hours to generate
porous Co304. Thereafter, CABB or Na-CABB nanocrystals and Co304
were dispersed in dimethyl sulfoxide solvent, respectively, and the two
solutions were mixed. The mixture underwent sonication for 1 hour,
followed by stirring at 300 rpm for 10 hours. Finally, CABB/Co304 or
Na-CABB/Co304 composites were obtained through recrystallization by
the addition of 40 mL of isopropanol.

The high-resolution scanning electron microscopy (HRSEM) mea-
surements revealed that the as-prepared PS microspheres exhibit a
regular spherical configuration with an average size of 400 nm (Fig. S1).
The HRSEM image of the as-prepared ZIF-67 indicates the presence of
abundant pores with a diameter of approximately 400 nm (Fig. S2),
matching the size of the pure PS microspheres. This result indicates the
complete removal of PS microspheres by DMF. Furthermore, porous
Co304, derived from the transformation of ZIF-67, maintains its porosity
with a slightly reduced diameter of approximately 395 nm (Fig. 1a and
Fig. S3a). Energy-dispersive X-ray spectroscopy (EDS) mapping mea-
surements (Figs. S3b and c) demonstrated the uniform distribution of O
and Co elements. The HRSEM image of a typical CABB/Co304 composite
also reveals a regular porous structure (Fig. 1b), indicating that the
synthesis procedure of in situ growth preserves the parent morphology.
Additionally, attached nanoparticles are clearly observed on its pore
walls, and the pore diameter is reduced to around 350 nm (Fig. 1b),
signifying that CABB nanocrystals were successfully grown within the
pores of Co304, with a size of approximately 22 nm. For subsequent
performance comparison, CABB nanocrystals were controlled at ~
22 nm (Fig. S4). Moreover, the HRTEM image of CABB/Co304 (Fig. 1c)
displays well-defined lattice spacings of 0.244 nm and 0.281 nm, which
can be assigned to the (311) lattice plane of cubic phase Co304 and the
(022) lattice plane of cubic phase CABB, respectively, further demon-
strating the successful formation of CABB on the porous Co304 skeleton.

0N

Scheme 2. Schematic illustration of the synthesis processes of CABB/Co30,4 and Na-CABB/Co030,.
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Fig. 1. HRSEM images of (a) Co304 and (b) CABB/Co0304. (¢) HRTEM image of CABB/Co0304. (d-i) EDS elemental mapping images of CABB/Co304: (d) Co, (e) O, (f)
Cs, (g) Ag, (h) Bi, and (i) Br. (j) XRD patterns of Co304, CABB, CABB/C0304, and Na-CABB/C0304.

EDS mapping measurements also manifested that Co, O, Cs, Ag, Bi, and
Br are uniformly distributed in the porous skeleton (Fig. 1d-i). Addi-
tionally, the HRSEM image of the Na-CABB/Co304 composite also ex-
hibits a porous structure (Fig. S5). The pore diameter within the Co304
component of the composite is reduced to ~ 350 nm (Fig. S5a), signi-
fying that Na-CABB nanocrystals were successfully grown within the
pores of Co304. EDS mapping measurements demonstrated the uniform
distribution of Na, Cs, Ag, Bi, Br, Co, and O in the porous skeleton
(Figs. S5b-h). Additionally, inductively coupled plasma mass spec-
trometry (ICP-MS) analysis (Fig. S6) revealed that the actual mass
fraction of Na in Na-CABB nanocrystals is 0.14 %.

Powder X-ray diffraction (PXRD) measurements were employed to
ulteriorly inspect the compositions of the as-prepared heterojunctions
and their intermediates. As presented in Fig. S7, the XRD pattern of the
pre-prepared PS microspheres reveals low crystallinity, displaying a
broad and faint diffraction peak. Apart from the characteristic diffrac-
tion peak belonging to PS microspheres, distinct diffraction peaks
consistent with the simulated pattern of ZIF-67 can also be clearly
observed in the XRD pattern of PS@ZIF-67 (Fig S7), signifying the suc-
cessful generation of ZIF-67 in the interstices of PS templates. After
washing PS@ZIF-67 three times with DMF, the XRD pattern of the
resulting ZIF-67 (Fig. S7) shows the complete disappearance of the
diffraction peak corresponding to PS microspheres, further confirming
the thorough removal of PS microspheres. Subsequent calcination of
ZIF-67 under an air atmosphere results in an XRD pattern displaying
distinct diffraction peaks consistent with the standard PDF card of the
Fd-3m (227) cubic phase Co304, demonstrating the successful formation
of well-crystallized Co304. By fitting the Ny adsorption-desorption

isotherms of Co304 with the BET model, the BET surface area of
porous Coz04 can be calculated to be up to 17 m? g™! (Fig. $8). The
abundance of pores in Co304 provides favorable conditions for the in-
situ growth of CABB or Na-CABB nanocrystals. As illustrated in Fig. 1j,
the XRD patterns of CABB/Co304 and Na-CABB/Co304 unmistakably
exhibit characteristic diffraction peaks corresponding to both Co304 and
CABB, proving once again the successful in-situ growth of CABB and Na-
CABB on the porous Co304. Additionally, Raman spectroscopy mea-
surements provided further evidence confirming the successful prepa-
ration of the composites. As illustrated in Fig. S9, both the Raman
spectra of CABB/Co304 and Na-CABB/Co304 exhibit the characteristic
signal for CABB at 174.6 cm™, corresponding to the symmetric
stretching vibration of A; ; mode attributed to the Br atoms surrounding
Bi atoms in the octahedron [42]. Furthermore, the prominent peak
associated with the A; ; mode of Co304 at 690 em™! is also discernible in
the Raman spectra of CABB/Co304 and Na-CABB/Co304 [5]. For
comparative analysis, solo CABB and Na-CABB were also synthesized. As
depicted in Fig. S10a, the CABB nanocrystals with Na doping consis-
tently exhibit crystal features characteristic of the cubic phase CABB
(ICSD: 230901), indicating the retention of the intrinsic structure of
CABB after small amount of Na doping. Whereas Na doping brings forth
slight shifts of XRD peaks towards lower 26 angles, as evident in the
(022) diffraction peak in Fig. S10b. This shift is attributed to the slightly
longer bond length of Na-Br (2.841 A) [43] compared to that of Ag-Br
(2.822 f\) [44], leading to lattice expansion [45].
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3.2. Interaction and charge transfer at the heterojunction interface

The energy band structures of Co304 and CABB were firstly inspected
by UV-visible diffuse reflectance spectroscopy (UV-Vis DRS) and Mott-
Schottky measurements, which play a vital role in determining the
interfacial interaction and charge transfer of CABB/Co304. Based on the
Tauc plots (the inserts in Fig. S11) derived from the UV-Vis DRS spectra
(Fig. S11) [46], the band gaps (Eg) of Co304 and CABB can be calculated
as 1.92 and 2.03 eV, respectively. The Mott-Schottky plots of Co304 and
CABB (Fig. S12) show negative and positive slopes, respectively, thereby
confirming the respective p-type and n-type behaviors of Co304 and
CABB [47,48]. Consequently, the conduction band edge potential (Ecg)
value of CABB and the valence band edge potential (Eyg) value of Co3O4
can be roughly determined by their flat band potentials derived from
corresponding Mott-Schottky plots, being —~0.91 and 1.31 V versus the
standard hydrogen electrode (vs. SHE, pH = 7, for which 0 V vs. SHE
equals -4.44 eV ys. Vacuum level), respectively. In combination with the
values of Eg, the value of Eyp for CABB and the Ecp value for Co304 can
be deduced to be 1.12 and -0.61 V vs. SHE, respectively. Based on the
above results, the obtained energy band structures of Co304 and CABB
exhibit a staggered band structure configuration as illustrated in Fig. 2a.

The ultraviolet photoelectrons spectroscopy (UPS) measurements
were further carried out to analyze the difference in the Fermi energy
levels (Eg) of CABB and Co304, which determines the migration orien-
tation of interfacial free electrons during the formation of CABB/Co304
heterojunction. As depicted in Fig. 2b and c, the work functions of CABB
and Co304 are deduced to be 4.09 and 5.40 eV, respectively, indicating
that Co304 has a significantly lower Er (-5.40 eV vs. vacuum) than CABB
(-4.09 eV vs. vacuum), as illustrated in Fig. 2a. To achieve Er equilib-
rium in the heterojunction system, the significantly higher Er of CABB
relative to Co30O4 will result in the transfer of large amount of free
electrons from CABB to Co304 when they are in close proximity, leading
to the formation of energy band bending and a strong interfacial BEF
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pointing from CABB to Co304 (Fig. 2d). The large Fermi level difference
between CABB and Co304 can be further confirmed by DFT calculation.
As depicted in Fig. 2e, there is a large surface electric potential differ-
ence of 14.9 eV within CABB/Co304, which is proportional to the Fermi
level difference between CABB and Co304. The significantly enhanced
intensity of the BEF at the interface of the CABB/Co304 heterojunction
has been demonstrated by the surface voltage and surface accumulated
electron density measurements (Fig. S13). Based on the model proposed
by Kanata et al. [49,50], the calculated BEF intensity of CABB/Co304 is
5.7 and 3.5 times higher than that of Co3O4 and CABB, respectively
(Fig. 2f). It is noted that the Ep of CABB was moved up by 0.08 eV
(-4.01 eV) after doping by sodium (Fig. S14), which endows
Na-CABB/Co304 with an increscent surface electric potential difference
of 16.3 eV compared to CABB/Co304, as illustrated in Fig. S15. Notably,
although Na doping only slightly elevates the Fermi energy level of
CABB, it significantly enhances the intensity of the BEF at the interface
of the Na-CABB/Co304 heterojunction (Fig. S13), which is 2.3 times
higher than that of CABB/Co304 (Fig. 2f). This phenomenon may be
attributed to the fact that the addition of Na® ions can significantly
diminish the defect density within CABB nanocrystals (Fig. S16a) as
demonstrated in previous reports [51,52], which leads to a decreased
likelihood of non-radiative recombination process (Fig. S16b) and en-
hances the mobility of charge carriers.

The free electron transfer between Co304 and CABB during the for-
mation of heterojunction was further analyzed using X-ray photoelec-
tron spectroscopy (XPS) measurements (Fig. S17). The binding energy
shifts (Agg) of the elements after CABB is loaded onto Co304 are sum-
marized in Fig. 3a. Notably, the binding energies of Co 2p and O 1 s in
CABB/Co304 are evidently smaller than those of pure Co304, with shifts
of ~ 0.35-0.40 eV for Co and ~ 0.20 eV for O. Meanwhile, compared to
pristine CABB, all the peaks of Cs 3d, Ag 3d, Bi 4 f, and Br 3d in CABB/
Co304 are noticeably shifted toward higher binding energy (Cs 3d: ~
0.10eV, Ag 3d: ~ 0.30 eV, Bi 4f: ~ 0.30 eV, Br 3d: ~ 0.15 eV). The
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significant difference in element binding energy between CABB/Co304
and its separate ingredient signifies a strong electronic coupling at the
interface of CABB/Co304, which can promote the interfacial transfer of
photogenerated carriers. In addition, increases and decreases in binding
energies generally represent a decrease and an increase, respectively, in
the concentration of electrons around the nucleus. Therefore, the above
XPS results indicate that free electron transfer from CABB to Co304 oc-
curs during the formation of heterojunction between Co304 and CABB.
This can be further demonstrated by analyzing the charge density dif-
ference at the interface of the CABB/Co304 heterojunction through DFT
calculation. As depicted in Fig. 3b and c, there is obvious charge redis-
tribution at the interfaces of both CABB/Co304 and Na-CABB/Co0304.
Evidently, charge consumption (cyan regions) occurs on CABB or Na-
CABB side, while charge accumulation (yellow regions) is observed on
the Co304 part.

In-situ irradiated XPS spectra were further recorded to monitor the
changes of element binding energies upon light excitation (Fig. S18),
thus unveiling the interfacial photogenerated charge transfer mode
within CABB/Co304. The photoinduced binding energy shifts (4ppg) of
the elements within CABB/Co304 are summarized in Fig. 3d. It is noted
that photoexcitation leads to a perceptible shift in the binding energies
of Bi 4 f, Br 3d, Cs 3d, and Ag 3d in CABB/Co304 in the low-energy di-
rection (0.15 ~ 0.40 eV). Meanwhile, both the peaks of Co2pand O 1 s
in CABB/Co304 are noticeably shifted toward higher binding energies
(0.35 ~ 0.45 eV) after light irradiation. These results demonstrate that
photogenerated electrons and holes in CABB/Co304 accumulate in
CABB and Co30y4, respectively. Therefore, the photogenerated carriers in
the CABB/Co304 heterojunction should be separated by an S-scheme
pathway, as illustrated in Fig. 2d. Specifically, the photogenerated
electrons in the conduction band of Co304 are driven by the BEF to
combine with the holes in the valence band of CABB, while the photo-
generated holes in the valence band of Co304 and the photogenerated

electrons in the conduction band of CABB are retained. This interfacial
charge transfer mode not only realizes the spatial separation of photo-
generated electron-hole pairs, but also maintains the strong redox ability
of photogenerated carriers. The efficient charge separation of the CABB/
Co304 heterojunction can be further evidenced by photoelectrochemical
measurements. As presented in Fig. S19 and Table S2, CABB/Co304
exhibits a reduced charge transport resistance and an extended lifetime
for photogenerated electrons compared to its individual components.
Furthermore, the formation of a heterojunction using Na-doped CABB
and Co304 can further amplify the interfacial charge separation effi-
ciency, resulting in an even lower charge transport resistance and an
even longer lifetime of photogenerated electrons relative to CABB/
Co304.

3.3. Photocatalytic COy reduction performance

The photoreduction activities of CO, for CABB/Co304 and Na-CABB/
Co304 were assessed in a gas—solid reaction apparatus in the presence of
H,0 vapor (Fig. S20). For comparative analysis, standalone CABB and
Co304 were also subjected to the same assessment conditions. Gas
chromatography measurements revealed that the reduction products
across all samples are primarily consisted of CO, accompanied by a small
amount of CHy (Fig. S21), with no other reduction products detected. As
evident in Fig. 4a, both CABB and Co304 exhibit low photocatalytic
activity towards CO, reduction. The CO yields of CABB and Co304 are
only 32 and 45 ymol g* h™}, respectively (Fig. 4b). The formation of the
CABB/Co304 heterojunction leads to significantly enhanced perfor-
mance for CO, photoreduction, boosting the yields of CO and CH4 to 242
and 55 umol g h™l, respectively. This enhancement can be attributed to
the efficient separation and preserved redox potentials of photo-
generated carriers. Furthermore, as depicted in Table S3, CABB/Co304
exhibits optimal photocatalytic performance compared with CABB/
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Fig. 4. (a, b) The yields of CO and CH,4 using Co304, CABB, CABB/C0304, and Na-CABB/Co30, as photocatalysts. (c) The yields of reduced and oxidized products
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to 180, (m/z = 36) using Na-CABB/C0304 as photocatalyst. (f) The stability test results of Na-CABB/C0304. The duration of each cycle is 4 h.

Co304-5 and CABB/Co304-15. Therefore, we investigated the influence
of Na doping on catalytic performance, using the mass ratio of CABB and
Co304 in the CABB/Co304 composite as an illustrative case. The inte-
gration of Co304 with Na-CABB brings forth even more impressive re-
sults, stemming from the strengthened interfacial BEF. The yields of CO
and CH4 for Na-CABB/Co304 reach up to 364 umol g'1 h! and 76 umol
gl b7}, respectively. Notably, the corresponding electron consumption
rate for CO, reduction reaches an impressive 1336 ymol g h™!, sur-
passing individual CABB and Co304 by 15 and 8 times, respectively, and
outperforming both lead-free and lead-based HP photocatalysts reported
under comparable conditions so far (Table S1). Concurrently, the
oxidation product O, of Na-CABB/Co304 can also be detected with a
yield of 334 pmol g h™! (Fig. 4¢), indicative of a good balance between
photogenerated electron and hole consumption. It is noted that the
selectivity of CH4 has shown a slight improvement when using the
composites of CABB and Co304 as photocatalysts (Table S3). This can be
attributed to the efficient separation of photogenerated carriers at the
heterojunction interface, resulting in a high concentration of photo-
generated carriers, which facilitates the multi-electron reduction of CO3
to CHy [53].

To elucidate the origins of the photocatalytic redox products, a
comprehensive series of comparative experiments were undertaken,
employing the Na-CABB/Co304 heterojunction as the photocatalyst.
Absence of CO,, light or the catalyst individually results in non-
detection of products (Fig. 4c), suggesting that CO and CH4 originate
from CO, photoreduction. This deduction can be further validated via a
subsequent isotopic labeling experiment using '3CO,, where distinct
signals of m/z = 29 (attributed to 13CO) and m/z = 17 (corresponding to
13CH,) were clearly discernible in the corresponding mass spectrum
(Fig. 4d). Meanwhile, utilizing HﬁSO as the reactant shows a charac-
teristic signal of 0, at a m/z peak of 36 in the mass spectrum (Fig. 4e),
confirming that the Oy was from H2O photooxidation. Furthermore, the
photocatalytic stability of Na-CABB/Co304 was evaluated through
cycling measurements. As presented in Fig. 4f, after undergoing four
photocatalytic cycles, the decline in CO and CH4 generation rates was
minimal, less than 10 %, demonstrating the good stability of Na-CABB/
Co304 in the gas-solid reaction system. Moreover, the XRD pattern

(Fig. S22), HRSEM image, (Fig. S23) and XPS spectra (Fig. S24) of Na-
CABB/Co304 exhibit negligible changes before and after the photo-
catalytic reaction, further attesting to the robust stability of Na-CABB/
Co304 for photocatalytic CO, reduction with water as the electron
donor.

3.4. Photocatalytic mechanism of CO2 reduction

Taking into account the separation of photogenerated carriers in the
CABB/Co0304 heterojunction through the S-scheme charge transfer
route, where photogenerated electrons accumulate on CABB, DFT cal-
culations were initially employed to analyze the density of states (DOS)
of CABB, with the aim of uncovering its photocatalytic CO, reduction
active sites. According to the orbital-resolved projected DOS presented
in Fig. 5a, the conduction band and valance band of CABB were mainly
contributed by Bi 6p and Br 4p orbitals, respectively. Consequently,
photogenerated electrons will accumulate on Bi atoms within CABB,
which act as the active centers for photocatalytic CO, reduction. This
deduction can be further substantiated through in-situ irradiated XPS
measurements, which can analyze the variations in the photoinduced
binding energy of individual elements in CABB. As evident from Fig. 5b,
upon light irradiation, a notable decrease in the binding energy of Bi 4 f
within CABB is observed compared to its dark state. Conversely, the
binding energy of Br 3d within CABB undergoes a noticeable shift to-
ward higher energy upon switching from darkness to illumination, as
depicted in Fig. 5c. Additionally, a slight increase in the binding energy
of Ag 3d within CABB is also observed after illumination (Fig. 5d).

In-situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) measurements were further carried out to monitor the reaction
intermediates during the photocatalytic COy reduction process with
CABB/Co0304 as catalyst. As depicted in Fig. 6a, no discernible peaks are
observed without light irradiation. However, upon illumination, distinct
peaks emerge at 1270, 1355 and 1637 cm™!, respectively, which are
attributed to the stretching vibrations of O-H, C-O, and C=O0 in the
*COOH intermediate groups [54]. This appearance of *COOH interme-
diate signals indicates that CO, is coordinated to the unsaturated Bi sites
on the CABB/Co304 heterojunction surface via carbon atom [53]. The
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characteristic peak at 1303 cm™! corresponds to the CO%™ intermediate.
Furthermore, a characteristic peak at 2078 cm™ corresponds to the *CO
intermediate [55]. CO is directly generated through the desorption of
*CO, while the remaining *CO subsequently undergoes gradual hydro-
genation and dehydration to form CHy, as illustrated in Fig. S25. The
corresponding important intermediates *CHO, *CH,0, and *CH3O for
the formation of CH,4 can also be detected, located at 1098 cm™,
1212 cm’l, and 1058 cm’l, respectively [53,56-58].

Furthermore, DFT calculations were performed to obtain the Gibbs
free energies (AG) of several reaction intermediates. As depicted in
Fig. 6b, upon adsorption on the Bi site, CO5 is activated to form *COq
species. The AG values for the *COOH intermediates, generated via the
protonation of *COy species, are determined to be 0.69 and 0.53 eV for
CABB/Co0304 and Na-CABB/Co304, respectively. This manifests that the
first electron-transfer process is the rate-limiting step for CO, photore-
duction when using either CABB/Co304 or Na-CABB/Co304 as the
photocatalyst [59-61]. The energy barrier in the rate-limiting step of the
Na-CABB/Co30y4 is distinctly lower than that of CABB/Co304, which can
be attributed to the enhanced interaction between CABB and CO, within
the Na-CABB/Co304 heterojunction. Subsequently, the *CO intermedi-
ate can be acquired through a sequential process of protonation and
dehydration of the *COOH species. Notably, the lower AG for *CO
desorption compared to that for *CHO formation from *CO hydroge-
nation indicates that CO is the main product of CO2 photoreduction.
Meanwhile, the minor fraction of undesorbed *CO subsequently un-
dergoes hydrogenation to form CHj.

4. Conclusion

In summary, we have successfully prepared a p-n type heterojunction
of CABB/Co304 by combining the n-type lead-free perovskite CABB with
the p-type porous Co304 through a facile in-situ growth strategy, which
demonstrates excellent photocatalytic performance for CO, reduction
coupled with H2O oxidation. The substantial difference in Fermi level
between CABB and Co304 endows the CABB/Co304 heterojunction with
a robust BEF, which facilitates efficient photocarrier separation
following an S-scheme transfer mechanism as evidenced by photo-
electrochemical measurements, ISI-XPS analyses and DFT calculations.
In addition, the introduction of Na ions into CABB can further strengthen
the BEF and facilitate CO5 adsorption and activation. Consequently, the
p-n heterojunction Na-CABB/Co304 exhibits unprecedented perfor-
mance for the overall reaction of artificial photosynthesis, achieving an
electron consumption rate of 1336 pmol g * h™! for CO, photoreduction.
The strategy of leveraging significant disparities in Fermi levels to
intensify the BEF and thereby ameliorate charge separation could be
extended to photocatalysts utilizing other semiconductors, opening up a
new avenue for enhancing the performance of photocatalysis.
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