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This study presents the successful synthesis of an S-scheme heterojunction between aged Csg sFAq sPbBrs
(CF) perovskite nanocrystals and a BiVO,4 semiconductor, aiming to enhance the photocatalytic CO,
reduction performance. Through meticulous optimization of synthetic methods, material ratios, and the
pH of BiVO,, we achieved a remarkable CO production yield of 865 + 38 pmol g™t in 12 h when the CF
to BiVO, ratio was 15: 1 and the pH value of the synthesized BiVO, was adjusted to 4; the individual CF
and BiVO, photocatalysts can only produce CO with yields of 270 and 71 umol g%, respectively.
Characterization techniques including XRD, SEM-EDS, PL, TCSPC, and UPS spectroscopy confirmed the
formation of the S-scheme heterostructure and enhanced photocatalytic performance in varied
proportions of CF versus BiVO4. The S-scheme heterojunction photocatalyst effectively inhibited

electron—hole recombination, facilitating enhanced charge separation and electron—hole transfer for
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Introduction

Artificial photosynthesis technology rapidly became a pivotal
implement in scientific research and industrial applications.'
By manipulating light to induce, catalyze, and control chemical
reactions, this technique offered a novel and effective approach
to photochemical synthesis. Artificial photosynthesis enhanced
both the rate and selectivity of photocatalytic reactions,
reducing energy consumption and minimizing by-product
formation, thus making it a prominent topic in green chem-
istry and sustainable development. Moreover, with the rapid
advancement of photocatalytic materials, the prospects for
applications of artificial photosynthesis in medicine, materials
science, and environmental protection expanded signifi-
cantly.*” However, the mechanistic challenges of CO, reduction
in artificial photosynthesis remain significant. Efficient charge
separation, electron selectivity and long-term stability of
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photocatalysts for CO, reduction.

photocatalysts are crucial yet challenging to achieve.**° The S-
scheme heterojunction offers a promising solution by
leveraging its unique ability to enhance charge separation via an
internal electric field while preserving high-energy charge
carriers for effective catalytic reactions.'*> This approach
directly addresses the inherent limitations of traditional pho-
tocatalytic systems, making it a compelling strategy for artificial
photosynthesis.

Of particular interest was the widespread attention garnered
by the application of perovskite materials in artificial photo-
synthesis. Perovskite materials exhibited excellent light
absorption properties, efficient separation of photogenerated
electron-hole pairs, and good chemical stability, rendering
them highly promising photocatalysts.”*™” In recent years,
perovskite materials have demonstrated outstanding perfor-
mance in visible light-driven photocatalytic reactions, not only
enhancing reaction rates but also significantly improving
product selectivity.**>°

However, despite their immense potential in the field of
photocatalysis, perovskite materials faced several challenges.
First, stability issues, particularly under intense light, high
humidity, and oxygen-rich conditions, led the perovskite to age
and have decreased photocatalytic efficiency.”>* Second, the
synthesis of perovskite materials often involved the use of toxic
solvents, posing potential threats to the environment and
human health.”>?¢ Furthermore, preparation methods for lead-
based perovskites, such as hot-injection and ligand-assisted
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reprecipitation methods, suffered from batch-to-batch incon-
sistency and poor reproducibility, posing challenges for large-
scale applications.””** Additionally, structural defects and
interface instability in aged perovskite materials adversely
affected their photocatalytic performance. Defects within the
crystal structure could act as recombination centers for elec-
tron-hole pairs, thereby reducing photocatalytic performance.
Interface instability issues hindered efficient charge transfer
between perovskite materials and other components, limiting
their photocatalytic activity.>*** Moreover, despite the efforts to
maintain environmental conditions, fresh perovskite materials
were prone to phase transitions over time, resulting in signifi-
cant declines in their photocatalytic efficiency. This instability
remained a critical factor preventing the widespread and long-
term application of perovskite materials in photocatalytic CO,
reduction.**** In the context of aged perovskites, the formation
of an S-scheme heterojunction with complementary semi-
conductor materials presents a dual benefit: stabilizing the
material while simultaneously enhancing its photocatalytic
activity. Aging processes often induce structural and electronic
changes, such as increased defect density, which can act as
recombination centers for charge carriers. The built-in electric
field of the S-scheme heterojunction mitigates this issue by
directing the migration of high-energy electrons and holes to
separate surfaces, thereby reducing recombination rates and
maximizing charge carrier availability. To address these issues,
researchers began exploring methods to optimize perovskite
materials by forming S-scheme heterojunctions. One effective
strategy involved using bismuth materials such as BiVOy,
Bi,WOg, BiOI, BiOBr and so on.**' BiVO, exhibited excellent
photocatalytic performance, especially in the visible light range,
owing to its strong light absorption capabilities. When
combined with perovskite materials, BiVO, formed hetero-
structures that effectively enhanced the charge separation effi-
ciency of photogenerated electron-hole thereby
improving photocatalytic performance.>*’

BiVO, offered several advantages: first, it possessed higher
chemical stability and resistance to degradation, which pro-
tected perovskites from moisture and oxygen interference,
thereby enhancing the stability of photocatalytic materials.
Second, BiVO, as a synergistic photocatalyst promoted the
separation of photogenerated carriers in perovskite materials,
reducing recombination probabilities and enhancing photo-
catalytic efficiency. From a timescale perspective, the recombi-
nation time of photogenerated carriers occurs within
picoseconds to nanoseconds, while the oxidation-reduction
timescale of carriers generally spans around microseconds.
Reducing the recombination rate of carriers minimizes the loss
of energy through non-productive pathways, thereby increasing
the availability of carriers to participate in the redox reactions
required for photocatalysis. Enhanced carrier efficiency directly
contributes to improved photocatalytic activity, thereby facili-
tating a faster and more efficient conversion of CO, into useful
products.®®* Third, BiVO, was non-toxic and environmentally
friendly, mitigating potential hazards associated with lead in
perovskite materials and enhancing the material's eco-
friendliness.

pairs,
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Numerous studies have reported the enhancement of pho-
tocatalytic efficiency through S-scheme heterojunctions, where
two semiconductor materials form a junction via electrostatic
interactions. The primary purpose of such a junction is to
suppress carrier recombination within the materials. The
internal electric field established through the contact between
the materials facilitates carrier recombination at the junction
while allowing high-energy electrons and holes to diffuse to the
material surface, achieving charge separation and thereby
enhancing photocatalytic performance. According to our
previous research, a composite of fresh Cs,sFA,sPbBr; (CF)
perovskite and BiOI nanosheets was investigated.®® However,
the CO, reduction photocatalytic efficiency of the hetero-
junction materials did not improve. Based on fs-transient
absorption spectroscopy (fs-TAS) evidence, although the heter-
ojunction materials exhibited rapid carrier recombination
(from 100 and 900 ps decreased to 1 and 35 ps), the intrinsic
defects (Bi*" deep traps) in the Bi material led to rapid carrier
relaxation, ultimately reducing the photocatalytic activity for
CO, reduction. Therefore, selecting appropriate bismuth
materials remains a critical issue.

In this study, aged Cs,sFAqsPbBr; (CF) perovskites were
obtained through a simple stirring process at room temperature
over three days, without relying on additional physical (e.g.,
ultrasonication) or chemical (e.g., oxidizers) methods. BiVO,
was strategically selected as a co-catalyst to form an S-scheme
heterojunction with these aged perovskites, owing to its excel-
lent light absorption, chemical stability, and ability to comple-
ment the aged perovskite's electronic properties.®*** The
resulting heterojunction facilitates efficient charge -carrier
separation and reduces recombination, addressing the intrinsic
issues caused by perovskite aging, such as increased defect
density and reduced catalytic efficiency. This study not only
demonstrates the rejuvenation of aged perovskites via the S-
scheme heterojunction but also highlights the potential of
leveraging aging-induced structural changes to enhance pho-
tocatalytic performance, achieving significantly improved CO,
reduction efficiency.

Results and discussion

CF and BiVO, materials were synthesized according to the
procedures reported elsewhere.***” The synthetic procedures of
CF and BiVO,, along with the scheme for photocatalytic CO,
reduction experiments, are presented in Fig. S1-S3,T respec-
tively. The S-scheme heterojunction structures were prepared
for the CF/BiVO, ratios of 5/1 (CB5-1), 10/1 (CB10-1), 15/1 (CB15-
1) and 20/1 (CB20-1) and characterized by varied methods
detailed below. X-ray diffraction (XRD) analysis (Fig. 1a)
revealed significant changes in the CF perovskite synthesized
via the hot-addition method after being stirred at room
temperature for three days. The freshly synthesized CF perov-
skite (CF-fresh) exhibited prominent diffraction peaks at angles
(26) around 15° and 30°, indicative of the orthorhombic phase,
as reported in the literature.®® However, after stirring for three
days, new diffraction peaks corresponding to the cubic phase of
perovskite appeared. These results suggested that the CF
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Fig.1 The crystal phase, crystal structure, and sample morphology of
CF, BiVOy, and their heterostructure CB15-1. (a) X-ray diffraction (XRD)
spectra, with Bragg's angle peak positions corresponding to literature
data for orthorhombic CF, cubic CF, and tetragonal BiVOy; (b) trans-
mission electron microscope (TEM) image of aged CF perovskite
nanocrystals; (c) scanning electron microscope (SEM) image of BiVO,4
and (d) SEM image of CB15-1.

perovskite underwent a phase transition from the ortho-
rhombic to the cubic phase during the room-temperature stir-
ring process, a common aging phenomenon in many perovskite
materials.*®°®

The Scherrer equation was employed to estimate the crys-
tallite sizes of the fresh and aged CF perovskites in Table
S1.1%97° The diffraction peaks at (040) for the fresh CF (ortho-
rhombic phase) and (200) for the aged CF (cubic phase) were
fitted, yielding crystallite sizes of 7.4 £ 0.1 nm and 17.8 +
0.6 nm, respectively. The results indicated that the aged CF
perovskite aggregated into crystals more than twice the size of
the fresh perovskite, likely due to a process similar to Ostwald
ripening, which is common in quantum dots.”*” This ther-
modynamically driven process occurs because larger crystals
are energetically more stable than smaller ones. As a result, the
average size of nanocrystals in the solution increased over time,
eventually forming large spherical particles to minimize the
total surface area, a phenomenon known as Ostwald ripening.
The CF perovskite in this study was subject to such ripening
effects. Due to these factors, aged perovskites are generally
unsuitable for photocatalytic reactions. The decrease in specific
surface area reduces the contact area between reactants and the
catalyst, and the aggregation of crystals leads to a loss of active
sites, resulting in poor charge separation efficiency and
diminished photocatalytic activity. Thus, fresh perovskites
typically exhibit better photocatalytic performance than the
aged ones. The photocatalytic efficiency would be mentioned in
the photocatalysis of CO, reduction reaction part later. Inter-
estingly, the incorporation of BiVO, to form an S-scheme het-
erojunction partially reverses the negative effects of crystal
growth in aged CF perovskites. Upon forming the hetero-
junction, the crystallite size of the composite material (aged CF/

This journal is © The Royal Society of Chemistry 2025
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BiVO,, CB15-1) decreases to 11.1 nm, suggesting that BiVO,
mitigates the aggregation effects of aged CF. This synergistic
interaction between aged perovskites and BiVO, underscores
the ability of S-scheme heterojunctions to exploit structural
changes in aged CF that would typically hinder performance,
transforming these changes into advantages for photocatalytic
CO, reduction. This improvement likely contributes to an
increase in the specific surface area and restoration of active
sites, addressing a critical limitation of aged perovskites. By
enhancing charge carrier separation, the S-scheme hetero-
junction effectively rejuvenates the aged perovskites, unlocking
their full catalytic potential for sustainable CO, conversion.

By integrating aged CF with tetragonal phase BiVO, (ref. 74)
through a stirring method, XRD analysis showed that the het-
erojunction material maintained the crystalline phases of CF
and BiVO,, without the appearance of significant impurities or
new phases. Interestingly, fitting the diffraction peaks at similar
positions for the heterojunction between aged CF and BiVO,
using the Scherrer equation yielded a crystallite size of 11.1 £
0.3 nm. This indicated that the formation of heterojunctions
helped mitigate Ostwald ripening. The presence of BiVO, likely
provided a stabilizing influence, maintaining the perovskite's
structural integrity and preserving its surface area, thereby
enhancing its photocatalytic activity.

The morphology and size of the materials were examined
using scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The TEM image (Fig. 1b) of the CF
perovskite after three days of stirring at room temperature
revealed that it maintained a highly regular cubic structure on
the nanoscale, with most CF perovskite crystals measuring
approximately ~10 nm in size. However, some larger aggregates
with a size of around 30 nm were also observed, which aligns
with the aging and aggregation phenomena previously detected
in the XRD analysis. In this study, certain limitations were
encountered during the imaging of the aged CF nanocrystals.
Initial attempts to capture high-resolution TEM images (Fig. 1b)
to investigate the morphology and crystallinity of the aged CF
perovskites resulted in blurred images. This issue arose due to
the degradation of the aged CF material under high-energy
electron beam exposure in the TEM. Specifically, the initially
well-defined rectangular or cubic crystals of the aged CF
perovskites became indistinct, likely due to further structural
degradation induced by the high-energy electron beam. Such
degradation, or potential material decomposition, occurred
under the high-energy conditions required for TEM, making it
challenging to capture clear structural details at higher
magnifications. As a result, SEM was employed, which requires
lower energy electron beams and does not involve transmission
of electrons through the sample. The lower energy allowed for
clearer imaging of the aged CF perovskites without causing
further degradation.

For BiVO,, the SEM image (Fig. 1c) showed particle sizes
primarily around 1 pm, with some spherical particles
approaching 10 um. These spherical structures are consistent
with those reported in the literature using hydrothermal
synthetic methods.” The SEM images of the heterojunction
material CB (Fig. 1d) revealed numerous cubic crystals
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embedded within an irregularly shaped matrix. The distinctly
observable cubic structures were identified as CF perovskite,
while some of the irregularly mixed structures were identified as
spherical BiVO,. These images indicated that the micron-sized
BivVO, particles and the nanoscale CF perovskite crystals effec-
tively adhered to each other through the stirring method. The
morphological observations suggest that the combination of
BivO, and CF perovskite via the stirring method facilitates the
formation of a robust heterostructure, enhancing their inter-
action and integration. This structural integration likely
contributes to improved charge transfer efficiency and stability,
crucial for enhanced photocatalytic performance.

To confirm the successful composition of the heterojunction
material through the stirring method, SEM-EDS was employed
to analyze the elemental composition and ratios of CF, BiVOy,,
and the heterostructure. As shown in Fig. 2, the SEM images,
elemental ratios, and elemental mapping for CF perovskite,
BivO,, and the heterojunction materials, respectively, were
generated using SEM-EDS. The SEM images of the CF perovskite
(Fig. S47) revealed that most nanocrystals were tightly packed,
forming smooth surfaces, but some crystal sizes reached the pum
scale. Elemental scanning of both the smooth surface and

View Article Online
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micron-sized crystals indicated that the elemental ratios of Cs,
Pb, and Br were 19.23%, 16.04%, and 64.73%, respectively.
Typically, the stoichiometric chemical formula for perovskites
is ABX;, implying a Pb:Br ratio of 1:3. In this case, the CF
perovskite exhibited a Pb:Br ratio of 1:4 after three days of
stirring at room temperature, consistent with the results re-
ported elsewhere.”®”” This result suggests that no halide
vacancies were formed in the Br-rich CF perovskite after three
days of stirring, which is crucial as halide vacancies can lead to
ion migration and eventual structural degradation of the
perovskites. The presence of micron-sized crystals observed in
the SEM images further corroborated the aggregation due to
aging. The morphology of BiVO, (Fig. S51) appeared as cotton-
like spherical structures, with elemental ratios of Bi, V, and O
being 13.17%, 8.68%, and 78.16%, respectively. The deviations
from the chemical stoichiometry might be attributed to the
vanadium vacancies that existed in BivVO,.”® In the CF/BiVO,
heterostructure (Fig. 2), SEM-EDS images clearly showed the
presence of all elements (Cs, Pb, Br, Bi, V, and O), with
proportions of 13.71%, 11.52%, 43.29%, 2.56%, 1.32%, and
27.6%, respectively. These elements were uniformly distributed
throughout the heterostructure material, and the Pb/Br and V/O

Spectrum 1

05

T

1 1.5

Full Scale 6346 cts Cursor: 0.000

Fig. 2 Distribution and elemental composition of the CF/BiVO, (CB15-1) heterostructure measured with SEM-EDS. The atomic ratios of Cs, Pb,
Br, Bi, V, and O in CB15-1 were 13.71%, 11.52%, 43.29%, 2.56%, 1.32%, and 27.6%, respectively.
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ratios were similar to those observed previously. Notably, even
though the BiVO, proportion in the heterojunction material was
much lower than that of CF, Bi was still detectable on the
material's surface. Moreover, overlapping the elemental
mapping of Bi and Pb (Fig. S61) revealed a high degree of
overlap between Bi and Pb atoms, further confirming the
successful formation of the heterostructure between the two
materials.

The band alignment in heterojunctions is crucial as it
determines the type of heterojunction formed and significantly
impacts photocatalytic performance. Type II heterojunctions
are particularly suitable for photocatalytic systems due to their
efficient charge separation and higher redox potentials, which
increase the likelihood of carrier participation in redox reac-
tions. Therefore, the optical spectroscopic evidence was used to
measure and estimate the band gaps, Fermi levels, valence band
maxima (VBM) and conduction band minima (CBM) of indi-
vidual materials. This allowed the construction of a band
alignment diagram and the determination of the hetero-
junction type.

The steady-state absorption spectra of the individual pho-
tocatalysts, CF and BiVO,, were measured in both film and
powder forms. As shown in Fig. 3a and b, the steady-state
absorption spectra indicated that both CF perovskite (black
curve) and BiVO, (gray curve) exhibited a baseline that
increased gradually from 700 nm to 550 nm. This might be
attributed to the disordered structure and lattice defects present
in the aged CF perovskite, leading to the below band gap
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absorption, while BiVO, displayed scattering interference in the
powder sample. Tauc plots” and the Kubelka-Munk?® function
were used to further estimate the band gaps, revealing band
gaps of 2.32 eV for CF and 2.50 eV for BiVO,. Further
measurements of the heterojunction material's absorption
spectra were conducted. Fig. 3a and b also show the absorption
spectra of CF/BiVO, heterostructure (CB5-1 was the red curve,
CB10-1 was the yellow curve, CB15-1 was the green curve, and
CB20-1 was the blue curve). Despite the lack of a direct corre-
lation between absorbance intensity and the ratio of hetero-
structure composition, a spectral shift was observed in the
heterostructures compared to CF perovskite after estimating
their band gaps from the absorption spectra. However, the
spectral shift observed at the heterojunction could be attributed
to several possible factors, such as an increase in particle size,
ionic migration at the heterojunction interface, or band shifts
in the valence band and conduction band due to the formation
of the heterostructure. Relying solely on absorption spectra was
insufficient to conclusively determine the successful formation
of heterostructures. Therefore, additional optical evidence was
required to ascertain which proportions of heterostructure
materials were most suitable for use in photocatalytic reactions.
The band gaps of the composite samples CB5-1, CB10-1, CB15-
1, and CB20-1 were estimated from Tauc plots to be 2.42, 2.31,
2.38, and 2.33 eV, respectively.

Photoluminescence (PL) spectroscopy was used to confirm
the successful formation of the composite material. When CF

perovskite was successfully integrated with another
b
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Fig. 3 Optical properties of CF and BiVO,4 and their heterojunction materials. (a) Steady state absorption spectra; (b) band gap estimated using
the Tauc plot with the band gaps of CF, BiVO,4, CB5-1, CB10-1, CB15-1, and CB20-1 shown in the legend; (c) steady state PL spectra with the
corresponding PL peak positions and FWHMs shown in the legend and inset, respectively; (d) PL decay profiles with the corresponding average

PL lifetimes shown in the legend.
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semiconductor material, the fluorescence of CF was quenched
due to the inability of photogenerated carriers to recombine
radiatively on the energy band of CF. The CF and heterojunction
materials was excited at a wavelength of 375 nm, and the
emission wavelengths were collected between 450 and 600 nm.
The results (Fig. 3c) indicated that with an increasing CF/BiVO,
ratio, the heterojunction materials exhibited fluorescence
quenching. Additionally, Gaussian fitting of the PL spectrum
profile showed a blue shift of the maximum PL peak from
2.38 eV to 2.43 eV in the heterojunction materials, similar to the
results obtained from absorption spectra. The broadening of
the PL full width at half maximum (FWHM) also indicated that
some defects were formed during the heterojunction process. In
the PL spectrum of the CB15-1 heterojunction material, the
emission intensity was the weakest with the most blue spectral
shift, indicating significant quenching of fluorescence at this
ratio, suggesting that it should have the best heterojunction
effect for charge separation.

Furthermore, PL decay profiles from Fig. 3d also described
the success of heterojunction formation. With an increasing CF/
BiVO, ratio, the fluorescence lifetime of the heterojunction
gradually decreased. Fitting the decay profiles using a multi-
exponential function revealed that the decay profiles of CF
could be described by two time coefficients: 5.8 ns (92%) and
27.9 ns (8%), which could be categorized as free carrier
recombination and trap-assisted recombination, respec-
tively.®"#* These parameters are listed in Table S31 as 1,(4,) and
73(43). Similarly, CB5-1 could also be expressed with two time
coefficients, 3.6 ns (99%) and 17.6 ns (1%), both of which were
significantly faster than the time coefficients of CF, indicating
that BiVvO, had the effect of contributing to charge carrier
separation.

Interestingly, when the CF/BiVO, ratio increased compared
to those of CB10-1, CB15-1, and CB20-1, three time coefficients
were needed for global fitting of the PL temporal profiles.
Taking CB15-1 as an example, the three time coefficients are 0.7
ns (82%), 3.6 ns (15%), and 17.6 ns (3%), categorized as heter-
ojunction charge transfer, free carrier recombination, and trap-
assisted recombination, respectively.®® It was evident that the
amplitude A, dropped sharply from 92% to 15%. In other
words, the heterojunction material significantly reduced the
free carrier recombination rate of CF perovskite while intro-
ducing an additional sub-nanosecond time coefficient (t).
Therefore, CB15-1 has the most effective heterojunction ratio
for integrating the two materials. Finally, the average fluores-
cence lifetime showed that CB15-1 had the shortest fluores-
cence lifetime among all heterojunction materials, at only 1.7
ns. These observations indicated that CB15-1 has the most
effective ratio in suppressing the free carrier recombination of
CF and promoting charge carrier separation in the hetero-
structure. The average lifetimes of the heterojunction materials
CB5-1, CB10-1, CB15-1, and CB20-1 were estimated to be 3.8,
1.9, 1.7 and 3.6 ns, respectively. The fitting parameters are
presented in Table S3.f

Ultraviolet photoelectron spectroscopy (UPS) data are crucial
for understanding the work function and valence band infor-
mation of the materials, which are essential for elucidating
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their redox potentials. Initially, in this experiment, the binding
energy (Epau) of the Au standard sample in the UPS spectrum
was measured to be —0.0519 eV. Therefore, calibration of the
vacuum level standard of the experimental instrument was
necessary to obtain reliable data. Subsequently, UPS spectra
(Fig. S71) for CF and BiVO, materials were measured and
divided into two regions for fitting. The first region, the
secondary electron cutoff region with high binding energy, was
used to determine the material's work function. The second
region, the electron onset region with low binding energy (Ey),
was used to determine the energy difference between the VBM
in semiconductor materials and the material's work function.

In the high binding energy region, a linear function was used
to fit the spectral baseline (from 21 eV to 17 eV). Another linear
trend line was fitted at the maximum derivative value to deter-
mine the secondary electron cutoff energy (Ecytofr) at the inter-
section of these two lines. The E . values for CF and BiVO,
were 16.62 eV and 16.04 eV, respectively. The material work
function (@) was calculated using the formula @ = hv — (Ecytorr —
E}, ay) yielding work functions of 4.55 eV for CF and 5.13 eV for
BiVO,. Based on the difference in work functions, it was further
determined that the internal electric field (Egr) direction in the
composite material points from CF to BiVO,, indicating the
formation of an S-scheme heterojunction between CF and
BiVO, (Fig. 4).

Next, to estimate the VBM, the intersection of the baseline
and the derivative trend line was used as the onset region Ej,.
For CF and BiVO,, the electron onset region ranged from —1 eV
to 4 eV. A trend line was fitted from —1 eV to 0 eV as the base-
line, while another trend line was based on the slope change
determined using the derivative function. Thus, the Ejy, values
for CF and BiVO, were determined to be 1.53 €V and 2.00 eV,
respectively (Fig. S71). The VBM values were calculated using
the equation VBM = @ + E, resulting in VBM values of 6.08 eV
for CF and 7.13 eV for BiVO,.

To confirm the formation of the S-scheme heterojunction, an
energy level diagram was constructed using the work function,
VBM, and bandgap before and after composite formation, as
shown in Fig. 4. This diagram aligns with the spectral charac-
teristics observed, indicating that the heterojunction effectively
suppresses carrier recombination and enhances charge sepa-
ration, suggesting significant photocatalytic potential. For
effective S-scheme heterojunction formation, it is not required
that the semiconductors form a p-n junction;*® a type II
configuration alignment of the valence and conduction bands is
sufficient. The material acting as the reduction site (whether n-
type or p-type) must have a higher work function and conduc-
tion band level than the other semiconductor to induce band
bending and form the S-scheme junction, as depicted in Fig. 4.

The photocatalytic mechanism of the S-scheme hetero-
junction formed between the perovskite and BiVO, involves
efficient charge separation and transfer processes facilitated by
the internal electric field (Egr) at the heterojunction interface.
Upon light irradiation, electrons in the conduction band (CB) of
the perovskite are excited, leaving holes in its valence band (VB).
Simultaneously, BiVO, absorbs light, generating electron-hole
pairs. In the S-scheme configuration, electrons in the CB of

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 The energy diagram of CF and BiVO,4 to form an S-scheme heterojunction confirmed by the UPS measurements.

BivVO, recombine with holes in the VB of the perovskite, driven
by the built-in electric field. This preserves high-energy elec-
trons in the perovskite's CB and high-energy holes in BiVO,'s
VB, which migrate to the surface of their respective materials for
CO, reduction and water oxidation, respectively. This separa-
tion minimizes recombination and maximizes the availability
of carriers for the photocatalytic reaction, explaining the
observed enhancement in photocatalytic CO, reduction
performance. The results demonstrated that aged CF could
form an S-scheme heterojunction with BiVO,, effectively
inhibiting carrier recombination and enhancing charge sepa-
ration. Photocatalytic CO, reduction experiments conducted in
a humid environment further verified that the heterostructure
could successfully rejuvenate the photocatalytic activity of aged
perovskites.

Initially, the photocatalytic CO production yields of indi-
vidual materials, aged CF perovskite and the BiVO, semi-
conductor, were tested under humid conditions. The
experimental results showed that the photocatalytic efficiencies
of individual CF and BiVO, were only 270 pmol g~ " and 71 umol
g~ !, respectively, under one-sun irradiation for 12 h. Both
photocatalysts exhibited very low photocatalytic efficiencies
under humid conditions. For comparison, photocatalytic
experiments were conducted with freshly synthesized and
purified CF perovskites under humid conditions. The CO yield
after 12 hours was 351 pmol g~ ". In contrast, under dry condi-
tions, freshly synthesized CF nanocrystals achieved a signifi-
cantly higher CO yield of approximately 1100 pmol g~ *, as
reported in our previous study.®® This highlights the detri-
mental effect of water vapor on CF perovskite stability and
photocatalytic efficiency. Similarly, BiVO,, despite its strong
physicochemical stability in humid environments, did not
match the conduction band position with the reduction
potential of CO,, leading to low photocatalytic efficiency. This
study aimed to overcome these individual material limitations
by combining the two n-type semiconductor materials into an
effective heterostructure to achieve higher photocatalytic
efficiency.

This journal is © The Royal Society of Chemistry 2025

Two methods were employed to synthesize the hetero-
structures: the one-pot method and the stirring method. In the
first method, pre-dried BiVO, powder was introduced within the
CF perovskite process. The CO, photocatalytic reduction results
showed that the CO production yield of the heterostructure
synthesized by the one-pot method increased to 588 pmol g .
Compared to the individual materials CF and BiVO,, this rep-
resented an increase of over two times and eight times,
respectively. This result indicated that the materials did not
only add linearly to increase photocatalytic performance but
also exhibited a significant synergistic effect, demonstrating
that CF and BivVO, formed an effective heterostructure. There-
fore, it was necessary to further optimize the synthesis method
of the heterostructure to form more effective heterostructures
and improve their photocatalytic performance.

The second method for preparing heterostructures was the
stirring method, forming heterostructures through electrostatic
interactions between the two materials; the results are shown in
Fig. 5a. Different ratios of CF and BiVO, were tested, including
CB5-1, CB10-1, CB15-1, and CB20-1. Photocatalytic performance
was evaluated based on CO production yields. The yields for the
different heterostructure ratios were 217, 234, 865, and 355
pumol g~* for CB5-1, CB10-1, CB15-1, and CB20-1, respectively.
Notably, the heterostructure with a CF to BiVO, ratio of 15:1
exhibited photocatalytic efficiency nearly 1.5 times greater than
that obtained by the one-pot method and showed over three
times and twelve times the increase compared to the individual
materials CF and BiVO,, respectively. This highlighted that the
heterostructure formed by the stirring method showed superior
photocatalytic performance compared to the one-pot method. It
was also observed that when only a low ratio of the composite
was used (CB5-1), the heterojunction formation at the material
surface involved only a few regions exhibiting the S-scheme.
Therefore, a sufficient amount of CF/BiVO, at a ratio of 15:1
was required to effectively facilitate charge carrier recombina-
tion and separation, achieving optimized photocatalytic effi-
ciency. On the other hand, when the ratio reached 20:1, the
excess CF could not form effective S-scheme heterojunctions,
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Fig.5 The CO production yields of CF, BiVO4 and CB heterojunction materials at one sun irradiation for 12 h. (a) The comparison of the CO yields
of CF, BiVO,, and CB heterojunction materials in varied proportions as indicated; (b) the reproducibility of CB15-1 showing the results of
experiments three times; (c) the CO yields of CB15-1 under different conditions: only N, injection (no CO, and H,0), no H,O but with CO, only,
and normal conditions with the presence of both CO, and H,O; (d) the CO yields of CB15-1 with BiVO, synthesized at varied pH values.

resulting in a decrease in photocatalytic efficiency. This
suggests that not only the ratio but also the specific interaction
and surface area coverage between CF (nanocrystals) and BiVO,
(bulky particles) are critical for forming efficient hetero-
junctions that enhance photocatalytic activity. Additionally, the
reproducibility of CB15-1 is shown in Fig. 5b, with an average
CO production yield of 865 + 38 umol g~ " for three measure-
ments, demonstrating the good reproducibility of this hetero-
junction photocatalyst.

Furthermore, the photocatalytic performance of CB15-1
under different environmental conditions was studied. As
shown in Fig. 5¢, no CO was produced if only N, was injected
(no CO, and H,0) and low CO production yield was obtained if
only CO, was injected (no H,0). These control experiments
demonstrated that both CO, and H,0 are needed for the pho-
tocatalytic CO, reduction to occur with great CO production
yield. The first control experiment confirmed that the CO
produced in the photocatalytic reaction originated from CO,
reduction, not from the degradation of the catalyst itself. The
experiment also verified the importance of water vapor in the
photocatalytic system because effective photocatalytic cycling
requires simultaneous CO, reduction and H,O oxidation to
avoid carrier accumulation. The results showed that CB15-1
effectively reduced CO, to CO in the presence of water vapor,
highlighting its excellent -catalytic activity and product
selectivity.

The role of H,O in the photocatalytic reaction is two fold: it
serves as the electron donor for the oxidation reaction and
ensures charge carrier balance by participating in the oxidation
half-reaction. Without sufficient water vapor, the absence of an

6520 | J Mater. Chem. A, 2025, 13, 6513-6523

oxidation reaction leads to charge carrier accumulation,
significantly increasing recombination rates and thereby
inhibiting photocatalytic activity. This is evident from the
decrease in CO yield to 342 umol g~ * when H,O was absent in
the system. In contrast, introducing H,O facilitates the forma-
tion of hydroxyl radicals or other intermediate species,
sustaining the oxidation half-reaction and enabling efficient
charge separation. These findings emphasize the critical role of
water vapor in achieving high photocatalytic performance in the
CF/BiVO, system.

Notably, the ability of Pb-based photocatalysts to achieve
effective CO, reduction in the presence of water vapor marks
a significant advancement, as pristine CF perovskites are typi-
cally sensitive to water, leading to structural degradation and
reduced catalytic activity. The formation of the CF/BivVO, het-
erojunction not only stabilizes the CF perovskite but also allows
it to function efficiently under water vapor conditions,
mimicking real-world photocatalytic environments. This high-
lights the potential of the CF/BiVO, composite to address the
inherent limitations of CF perovskites and make them viable for
practical applications in CO, reduction systems.

Moreover, photocatalytic efficiency can be further optimized
by adjusting the synthesis environment of BiVO,, as the pH
value significantly influences its surface properties and crystal
structure, affecting carrier recombination rates and photo-
catalytic performance.®® As shown in Fig. 5d, when the pH value
during BiVO, synthesis ranged from 0 to 7, the photocatalytic
efficiencies of the final composite material CB15-1 were 126,
266, 282, 520, 865, 587, 216, and 324 umol g~ ', respectively. This
indicated that the best heterojunction formed and the highest
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photocatalytic efficiency of CB15-1 was achieved when the pH
was 4 during BiVO, synthesis. Due to the differing crystal lattice
arrangements of various materials, when two materials are
joined, a “lattice mismatch” occurs at the interface. This
mismatch results in the interlocking of atoms and slight
deformation of the crystal lattices.** However, if the degree of
strain can be controlled, it is possible to manage the micro-
strain between the two materials. This control allows the
formation of a more favorable internal electric field at the
material interface, enhancing the rapid separation of electrons
and holes, thereby increasing photocatalytic performance.
Experiments showed that cubic phase aged CF and tetragonal
phase BiVO, at pH 4 exhibited the best heterojunction and the
highest photocatalytic efficiency, demonstrating the controlla-
bility of inter-crystalline strain within heterostructures.

The recyclability and long-term photocatalytic performance
of CB15-1 were further evaluated to explore its stability and
efficiency. As illustrated in Fig. S8, the recyclability study
showed that the CO production efficiencies for cycle 1, cycle 2,
and cycle 3 were measured to be 812, 346, and 207 pmol g,
respectively. The observed decline in activity across cycles
suggests that, while the composite can rejuvenate aged CF
perovskites and provide significant initial photocatalytic
performance, its long-term recyclability is hindered by the
intrinsic instability of the CF component. Additionally, the
long-term photocatalytic performance under continuous illu-
mination was assessed, as shown in Fig. S9.7 The CO yield
exhibited a linear increase over 12 hours of reaction, with values
of 240, 485, 569, 646, 685, and 812 umol g~ ' at intervals of 2, 4,
6, 8, 10, and 12 hours, respectively. This indicates that CB15-1
remains efficient and stable during extended illumination,
highlighting its potential for practical applications within daily
operational light cycles.

Table S51 was compiled to summarize the contributions of
various heterostructure materials to photocatalytic experiments
as reported in the literature. This highlights that the S-scheme
heterojunctions reported herein are the most promising
candidates for photocatalytic experiments in semiconductor
materials. In particular, our CB-15 S-scheme heterojunction
catalyst shows the best performance among the others for
photocatalytic CO, reduction.

Conclusion

In conclusion, an S-scheme heterojunction between aged CF
and BiVO, was successfully synthesized using the one-pot and
stirring methods. The reaction conditions were optimized using
the stirring method by adjusting the material ratios and
modifying the pH value of BiVO,. The formation of the heter-
ostructure was confirmed through XRD, SEM-EDS, PL, TCSPC,
and UPS spectral analyses. When the CF to BiVO, ratiowas 15: 1
and the synthetic BiVO, pH was set to 4, the CO production yield
reached 865 + 38 umol g in 12 h under one sun irradiation.
This heterojunction exhibited excellent reproducibility and
selectivity for photocatalytic products, with 100% CO selectivity.
Compared to a single material reacting in a humid environ-
ment, the heterojunction showed significant enhancement

This journal is © The Royal Society of Chemistry 2025
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(over a three fold increase compared to aged CF). This
enhancement can be attributed to the effective charge separa-
tion within the S-scheme heterojunction, which inhibited
electron-hole recombination and allowed more electrons to
participate in the photocatalytic CO, reduction. The study not
only successfully synthesized an S-scheme heterojunction but
also revitalized the photocatalytic efficiency of aged perovskite
materials, fundamentally addressing the issue of degradation in
perovskites. This provides an effective approach for designing
stable and high-performance photocatalysts in the future.
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