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Abstract: The integration of photoexcited charge carriers into the 
synthesis of valuable chemicals offers substantial sustainability 
benefits, particularly by replacing toxic and costly oxidants and 
reductants typically used in conventional processes. The efficiency of 
such transformations is fundamentally governed by the ability to 
optimize light absorption and charge carrier dynamics within 
photoelectrodes/photocatalysts. Herein, we present a Cu+/Cu2+-
substituted double perovskite Cs2AgBiBr6 photoanode, embedded 
with plasmonic Ag nanoparticles, for bias-free photoelectrochemical 
production of bromohydrins and H2O2. Spectroscopic analyses, 
coupled with three-dimensional finite-difference time-domain 
simulations, demonstrate that the inclusion of Ag nanoparticles 
significantly enhances electromagnetic energy utilization and 
improves carrier separation efficiency. The synergistic effect of the 
Cu2+ and Ag nanoparticles results in a 7-fold increase in the yield of 
2-bromo-1-phenylethanol, compared to pristine Cs2AgBiBr6, 
alongside an impressive H2O2 productivity of 25.8 μmol h-1 cm-2. 
Experimental and theoretical investigations reveal that the Cu2+ 
substitution strengthens Br⁻ adsorption and oxidation, promoting the 
bromohydroxylation of alkenes via electrophilic addition in the bulk 
solution. These findings offer critical insights into the design of 
advanced metal halide perovskites for sustainable and solar-driven 
chemical transformations. 

Introduction 

Upgrading low-cost chemicals to more valuable products 
play a meaningful role in advancing both chemical and 
pharmaceutical fields.[1] Halohydrins, as valuable building blocks, 
are critical in the synthesis of fine chemicals and pharmaceuticals, 
including epoxides, azidoalcohols, aminoalcohols, and 
aziridines.[2] Traditionally, halohydrins are synthesized via 
homogeneous catalytic halohydroxylation of alkenes, which 
involves reactive C=C bonds.[3] The demand for harsh reaction 
conditions and hazardous halogenating agents (i.e., Cl2, Br2, 

CH2Cl2, N-halosuccinimide) requires strict safety regulations and 
environmental preservation.[4] Alternatively, halohydrin production 
can be achieved through heterogeneous biocatalytic or 
electrochemical methods with the use of H2O2 and inorganic 
halide as reagents.[5] Despite the potential of these approaches, 
their widespread application is hindered by challenges such as 
the high cost of strong oxidants, uncontrolled over-oxidation, and 
the difficulty of purification. On the other hand, hydrogen peroxide 
(H2O2), an important and environmentally benign oxidant, is 
widely used in many important industrial processes, including 
pharmaceutical synthesis and environmental remediation.[6] Its 
high energy density also positions H2O2 as a promising clean 
energy intermediate and carrier. Conventionally, the 
anthraquinone process for selective H2O2 production needs high 
energy consumption and fossil-fuel derived H2 feedstock at a high 
temperature and yields a lot of chemical wastes, undermining its 
sustainability.[7] Thus, it is imperative to develop green 
approaches for sustainable H2O2 production, avoiding the 
reliance on H2 and minimizing capital and operational costs.  

Photoelectrochemical strategy, leveraging energetic 
oxidative and reductive charges to drive chemical transformations, 
possess prominent advantages over conventional synthetic 
approaches by offering a milder and more efficient alternative to 
the use of hazardous or costly chemical oxidants/reductants.[8,9] 
Therefore, the concurrent production of halohydrins and H2O2 by 
direct solar energy conversion in a photoelectrochemical system 
without additional energy input is of great practical interest, which 
urges the search of highly active and robust photoanodes. Of the 
potential photoactive materials, metal halide perovskites have 
attracted an increasing attention for photochemical 
transformations owing to their fascinating photophysical 
characteristics and the power of easy modulation through ion 
substitution.[10] Nevertheless, traditional organic-inorganic hybrid 
perovskites suffer from two formidable challenges: the toxicity of 
lead and intrinsic instability of organic component in aqueous 
environments.[11] A promising strategy to address these limitations 
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involves the substitution of organic cations with cesium (Cs+), 
which enhances the perovskite's decomposition energy and 
stability.[12] Furthermore, substituting Pb2⁺ with alternative metal 
ions such as silver (Ag+) and bismuth (Bi3+) can mitigate lead 
toxicity while simultaneously improving the material’s Coulomb 
interaction and overall stability.[13] Unfortunately, Cs2AgBiBr6 
suffers from a weak visible-light absorption and a severe charge 
recombination, leading to a very low photocatalytic activity.[14] This 
dilemma will be even further amplified in an unbiased 
photochemical cell due to the inefficient extraction of a significant 
fraction of photoexcited charge carriers. In this regard, 
substitution doping could be particularly promising in metal halide 
double perovskites for modulating their optoelectronic properties 
and catalytic activity.[15] For example, the partial substitution of 
Ag+ with metal ions (e.g., Cu+, Fe2+, Sn4+, and Ge4+) results in the 
enhancement of absorption and photoconductivity of 
Cs2AgBiBr6.[16] In addition, the localized surface plasmon 
resonance (LSPR) induced by metal nanostructures has been 
considered as a reliable strategy to enhance the catalytic ability 
of a semiconductor.[17] In fact, several prominent advantages can 
be obtained by employing plasmon-enhanced light-matter 
interactions, including complementary light absorption, hot 
electron injection, junction-driven charge separation, and 
plasmon-induced resonance energy transfer.[18] However, 
conventional plasmonic enhancement techniques, which rely on 
the deposition of metal nanostructures on the semiconductor 
surface, often suffer from limited efficiency. To address this, the 
design of intimate metal-semiconductor heterostructures, in which 
metal nanoparticles are embedded within the semiconductor 
matrix, is increasingly preferred. This configuration maximizes the 
interaction between the metal and semiconductor, enhancing the 
material's ability to absorb electromagnetic energy and improve 
overall photoconversion efficiency. 

Herein, we present the design and development of a novel 
inorganic double perovskite photoanode, Cs2AgCuBiBr6@Ag 
(denoted CACBB@Ag), for bias-free photoelectrochemical 
coupling synthesis of bromohydrins and H2O2. The photoanode 
integrates two advanced strategies: partial substitution of Ag⁺ by 
Cu+/Cu2+ and the embedding of plasmonic Ag nanoparticles 
within the perovskite matrix. This approach leverages the unique 
properties of both the perovskite and the plasmonic metal to 
enhance the photocatalytic performance. Comprehensive 
characterization through surface photovoltage spectroscopy, 
time-resolved transient absorption spectra, and three-
dimensional finite-difference time-domain simulation reveals that 
the spatial confinement of Ag nanoparticles within the perovskite 
optimizes plasmonic energy utilization and extends the carrier 
lifetime. CACBB@Ag enables a high synthesis yield of 
bromohydrins with wide substrate scope and a high H2O2 
production rate of 25.8 μmol h-1 cm-2, outperforming the pristine 
perovskite. Density functional theory (DFT) studies verify that the 
concomitant Cu2+ substitution promotes the adsorption and 
catalytic oxidation of Br-, which subsequently facilitates 
bromohydroxylation of organic molecules bearing C=C bonds by 
the electrophilic addition in the bulk solution.  

Results and Discussion 

Synthesis and characterization  

A facile two-step synthesis strategy was developed for the 
construction of CACBB@Ag. First, Cs2AgCuBiBr6 (CACBB) was 
prepared through the reaction of CsBr, AgBr, CuBr2 and BiBr3. 
Then, a precursor solution was obtained by dissolving the 
resulting CACBB sample into dimethylformamide and dimethyl 
sulfoxide solvent (volume ratio 1:1). Next, the dispersion of Ag 
nanoparticles (~15 nm) was injected into the precursor, followed 
by rapid precipitation using tert-butanol antisolvent, in which 
process Ag nanoparticles were embedded into CACBB matrix 
(see Methods for details). Scanning electron microscope (SEM) 
images demonstrate that CACBB@Ag exhibited distinct 
morphological features and a reduced particle size compared to 
the original CACBB, suggesting that Ag nanoparticle 
incorporation influences the nucleation and growth of the 
perovskite phase (Figure S1). Notably, no Ag nanoparticles were 
found on the surface of CACBB@Ag, indicating their integration 
into the bulk perovskite structure. The spatial arrangement of Ag 
nanoparticles was characterized by transmission electron 
microscopy (TEM) (Figure 1a). The perovskite phase forms 
around the isolated Ag nanoparticles. The Ag nanoparticle region 
displayed a lattice spacing of 2.3 Å, consistent with the (111) 
crystal plane of Ag (Figure 1b). Energy-dispersive X-ray 
spectroscopy (EDS) mapping further corroborated the isolated 
nature of the Ag nanoparticles, with a distinct signal for Ag while 
Cs, Bi, Br, and Cu were uniformly distributed throughout the 
perovskite matrix (Figures 1c-h). 

X-ray diffraction (XRD) patterns show that all peaks of 
CACBB@Ag are consistent with theoretical results for 
Cs2AgCuBiBr6 (Figure S2), with no additional peaks indicative of 
metallic Ag. This is likely due to the low Ag nanoparticle 
concentration (5 wt.%). A red-shift in the absorption spectrum is 
observed, along with a marked enhancement in visible-region 
absorption (Figure S3), resulting in a narrower bandgap of 2.09 
eV. This shift is attributed to the LSPR effect of the embedded Ag 
nanoparticles. In fact, Ag nanoparticles have a wide absorption 
band and a strong absorption peak around 414 nm (Figure S4), 
corresponding to the LSPR band of Ag nanoparticles. X-ray 
photoelectron spectroscopy (XPS) analysis reveals Ag 3d peaks 
at 367.6 and 373.8 eV, consistent with Ag+, similar to those 
observed in pristine CACBB (Figure 1i). [16a] No metallic Ag peaks 
are present. In contrast, CACBB/Ag, which was prepared by a 
two-step process and contains Ag nanoparticles on its surface, 
exhibits both Ag+ and metallic Ag peaks at 368.2 and 374.1 eV.[19] 
This distinction supports the conclusion that Ag nanoparticles in 
CACBB@Ag are embedded within the perovskite matrix, as XPS 
is a surface-sensitive technique.  

The Cu 2p3/2 peak at 932.0 eV indicates the predominant 
presence of Cu+ in CACBB@Ag (Figure S5). Several weak 
satellite peaks are also observed at 955.8, 950.4, 943.2 and 938.8 
eV, corresponding to Cu2+. [16b] To investigate the exact position 
of Cu ions, we have performed 133Cs and 209Bi magic angel 
spinning solid-state nuclear magnetic resonance (MAS ssNMR) 
spectroscopy. The 133Cs NMR spectrum reveals a symmetric 
peak at δiso= 84.32 ppm, confirming the presence of Cs+ in 
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Figure 1 Morphology and structure characteristics of CACBB@Ag. (a) TEM, (b) HRTEM, and (c) HAADF-TEM images of CACBB@Ag, the elemental mapping 

images of CACBB@Ag for (d) Br, (e) Ag, (f) Cu, (g) Cs and (h) Bi. (i) Ag XPS spectra of CACBB, CACBB/Ag and CACBB@Ag samples. (j) The 133Cs-133Cs SD/MAS 

NMR and 133Cs hahn-echo MAS NMR spectra of CACBB@Ag. (k) The 209Bi ssNMR of CACBB@Ag and CABB.

 
CACBB@Ag (Figure 1j). A new peak at δiso = 125.53 ppm 
suggests Cu+/Cu2+ ions are situated near Cs+ within the 
perovskite structure. The T1 relaxation time, analyzed from 
saturation recovery curves through single-exponential functions 
(Figure S6), is notably shorter in CACBB@Ag (34.1 s) compared 
to pristine CABB (330 s). This faster relaxation is indicative of Cu2+ 
incorporation, which enhances electron spin coupling and 
facilitates nuclear relaxation.[20] This finding is corroborated by 
electron paramagnetic resonance (EPR) measurements (Figure 
S7). By further analyzing the 209Bi MAS ssNMR spectra (Figure 
1k), it was observed that the signal at δiso = 5500 ppm was 
significantly broaden in CACBB@Ag, further confirming the 
incorporation of Cu+/Cu2+. The observed spin-spin interaction (J-
coupling) of JBi-X in CACBB@Ag (1314 Hz, X: Br, Ag or Cu) is 
significantly lower than in Cs2AgBiBr6 (2001 Hz, X: Br or Ag), 
suggesting changes in the local bonding environment of Bi due to 
Cu+/Cu2+ substitution.[21] 

Photophysical properties  

We systematically investigated the photophysical properties 
of CACBB@Ag through a series of experiments. The Raman 
spectra, presented in Figure 2a, reveal characteristic peaks at 
60.3, 73.6, 135.7, 177.3, 360.6, and 518.2 cm-1 across all 
perovskite samples. Notably, both CACBB@Ag and CACBB/Ag 
exhibit substantial Raman enhancements relative to pristine 
CACBB. This enhancement is attributed to the local 
electromagnetic field induced by the plasmonic resonance of Ag 
nanoparticles.[22] Furthermore, the emission intensity of 
CACBB@Ag is markedly higher than that of CACBB/Ag, 
indicating a more efficient coupling of the Ag nanoparticles with 
the substrate, which maximizes the utilization of the plasmonic 
energy. To substantiate these findings, we performed finite-
difference time-domain (FDTD) simulations to analyze the near-

field distributions of isolated 15 nm Ag nanoparticles within 
CACBB@Ag and CACBB/Ag samples. Figure 2b illustrates the 
enhanced electromagnetic field near the Ag nanoparticles in both 
composites in the xz planes upon irradiation with 450 nm incident 
light along the z-axis. Notably, CACBB@Ag generates a more 
intense local field than CACBB/Ag, suggesting a stronger 
interaction between the embedded Ag nanoparticles and the 
perovskite substrate. This stronger coupling likely arises from the 
unique structural characteristics of CACBB@Ag, further verified 
by the improved optical absorption observed in CACBB@Ag 
(Figure S8). Then, the Kelvin probe force microscopy combined 
with surface photovoltage spectroscopy (KPFM-SPV) technique 
was applied to explore the dynamics of charge carriers. The SPV 
signal originates from the charge separation during diffusion 
process and its magnitude is proportional to the number of the 
photoexcited carriers undergoing separation.[23] As shown in 
Figure 2c, CACBB@Ag yields a significant higher SPV than 
CACBB and CACBB/Ag under SPR excitation, revealing that the 
more efficient separation of photoexcited carriers. The 
photoluminescence (PL) emission spectra depict that Ag 
nanoparticles is not detectable, which is consistent with the 
extremely low radiation efficiency of metal (Figure S4). However, 
in the presence of Ag nanoparticles, CACBB@Ag with a 
maximum broadband about at 650 nm exhibits a reduced intensity 
relative to other samples (Figure S9), meaning a more efficient 
suppression of electron-hole recombination facilitated by the 
embedded Ag nanoparticles. Additionally, the decreased 
semicircle in electrochemical impedance spectroscopy (EIS) 
signifies enhanced charge transfer kinetics at the interface 
between CACBB@Ag and the electrolyte (Figure S10).  

To elucidate the mechanisms of photogenerated carrier 
dynamics and transfer, we performed transient absorption spectra 
(TAS) measurements. The ground-state bleach (GSB) of Ag 
(Figure 2d) and CACBB (Figure 2e) are observed at 414 and 578 
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Figure 2 Photophysical properties of CACBB@Ag. (a) Raman spectra of CACBB, CACBB/Ag and CACBB@Ag. (b) The near-field distributions of (i) CACBB@Ag 

and (ii) CACBB/Ag by FDTD simulation at 450 nm excitation. The local field intensity in FDTD simulation is color coded by the scale bar on the right side of the 

panel. The dark red and dark blue colors represent the strongest and weakest enhancement effect, respectively. (c) Steady-state SPV spectra of CACBB, CACBB/Ag 

and CACBB@Ag photoanodes. Pseudo-color representation transient absorption spectra of (d) Ag nanoparticles, (e) CACBB and (f) CACBB@Ag. Transient 

absorption spectra of (g) CACBB and (h) CACBB@Ag excited by a 430 nm pump beam. (i) GSB dynamics probed at the band-edge for CACBB and CACBB@Ag 

with 430 nm excitation
 
nm, respectively. In sharp contrast, the GSB of the composite 
CACBB@Ag appeared at 614 nm (Figure 2f), suggesting that the 
embedded Ag nanoparticles modify the bandgap of CACBB. This 
observation is consistent with UV-Vis spectra (Figure S4), which 
further support the shift in the absorption edge for CACBB@Ag. 
In the visible region, both CACBB (Figure 2g) and CACBB@Ag 
(Figure 2h) exhibit prominent photoinduced absorption (PIA) 
signals, beginning at 600 nm and 640 nm, respectively. These PIA 
features are typically attributed to electron trapping states 
resulting from the separation of excited electrons into the 
conduction band after charge dissociation.[24] Notably, the positive 
PIA signals initially compete with the strong GSB signals as hot 
carriers undergo relaxation to lower energy states. This is 
followed by a gradual increase and eventual maximum of the GSB 
indicative of charge carriers migrating toward the energy band 
edge during thermalization and relaxation.[24]  

The temporal evolution of these signals was further analyzed 
through biexponential decay fitting (Figure S11). The lifetime of 
plasmon-induced hot carriers in Ag nanoparticles was determined  

to be 9.84 ps, primarily influenced by electron-phonon scattering. 
In the CACBB@Ag composite, the carrier lifetime was reduced to 
0.38 ps, demonstrating that the plasmonic Ag nanoparticles 
facilitate the transfer of hot carriers to the CACBB component for 
catalytic utilization. As for CACBB, hot carriers typically relax to 
the band edge within sub-ps timescales through carrier-phonon 
coupling. However, embedding Ag nanoparticles extended this 
relaxation time from 0.30 ps to 0.38 ps (Figure 2i), suggesting that 
the presence of Ag nanoparticles impedes the backward transfer 
of injected electrons and consequently prolongs the carrier 
lifetime. This effect enhances the overall photoelectric conversion 
efficiency by slowing down carrier relaxation and promoting more 
efficient charge transfer. 

Photoelectrochemical synthesis of bromohydrins and 
H2O2 

Photocatalytic activity evaluation was initially investigated by 
linear sweep voltammetry (LSV) in a three-electrode 
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Figure 3 Photoelectrochemical synthesis of bromohydrins and H2O2. (a) LSV curves of different photoanodes under dark or light illumination (10 mV s-1). (b) 

Photocurrent responses of CABB, CACBB and CACBB@Ag photoanodes under illumination at 1.08 (V vs. RHE). (c) The LSV overlapping of the different 

photoanodes and Co-N/CNT counter electrode. (d) The yield of 2-bromo-1-phenylethanol (2a) and 1,2-dibromoethane (2b) after photoelectrochemical reaction for 

3 h. The photoelectrochemical reaction was performed in a sealed H-type cell. (e) The conversion rate of styrene and selectivity of 2a and 2b after 

photoelectrochemical reaction for 3 h. (f) H2O2 production during the photoelectrochemical reaction. (g) The yield of 2a in photoelectrochemical cell assembled with 

CACBB@Ag containing different amount of Cu ions. (h) The yield of 1-(4-chlorophenyl) ethan-1-ol (3a), 2-bromo-1-(4-bromophenyl) ethan-1-ol (3b), 1-bromo-3-

phenylpropane-2-alcohol (3c), 2-bromo-1-(p-tolyl) ethan-1-ol (3d) and 2-bromocyclohexan-1-ol (3e) in photoelectrochemical cell assembled with CACBB@Ag for 3 

h. The photoelectrochemical measurements were repeated for four times.

photoelectrochemical cell (Figure 3a). The LSV curve of CABB 
and CACBB for Br- oxidation exhibited current densities of 10.57 
and 12.49 mA cm-2 at 1.08 V (versus RHE) under visible light 
irradiation (λ > 420 nm), respectively. Notably, the CACBB@Ag 
composite demonstrated an enhanced current density of 17.66 
mA cm-2, indicating a significant improvement in photocatalytic 
activity. Photocurrent responses recorded at 1.08 V are shown in 
Figure 3b. Upon visible light illumination, the photocurrent rapidly 
increased and stabilized at values of 17.57, 12.35, and 10.42 mA 
cm-2 for CACBB@Ag, CACBB, and CABB, respectively. This 
enhancement in photocurrent for CACBB@Ag suggests that the 
synergistic effect of SPR in Ag nanoparticles, combined with Cu 
ion doping in perovskite, significantly promotes Br- oxidation. 
Subsequent photoelectrochemical reactions, involving styrene 
bromohydroxylation and H2O2 production, were conducted in an 
H-type two-compartment cell (Figure S12). The perovskite-based 
photoanode was immersed in Ar-saturated 1 M HBr solution with 

the dynamic equilibrium of dissolution-precipitation of perovskite, 
while the counter electrode was placed in an O2-saturated 0.1 M 
NaPi buffer. LSV scans for Br⁻ oxidation, shown in Figure 3c, 
were recorded with the Co-N/CNT cathode for O2 reduction. The 
CACBB@Ag photoanode exhibited an intersection point at 0.28 
V (versus RHE) with a current of 4.16 mA, while CABB and 
CACBB displayed intersection points at 0.37 V (2.52 mA) and 
0.33 V (3.14 mA), respectively. These results confirm that 
CACBB@Ag outperforms the other photoanodes, making it a 
superior candidate for the coupled synthesis of bromohydrins and 
H2O2. 

The products of the photoanode cell reaction were analyzed 
using 1H Nuclear Magnetic Resonance spectra (1H NMR) and gas 
chromatography-mass spectrometry (GC-MS) (Figure S13). The 
reaction produced a mixture of 2-bromo-1-phenylethanol (2a) and 
its by-product, (1,2-dibromoethyl)-benzene (2b), as illustrated in 
Figure 3d. Notably, the CACBB@Ag photoanode yielded 2a with 
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Figure 4 Mechanistic analysis of photoelectrochemical Bromohydroxylation. (a) UV-Vis spectra of the reaction solutions in the photoanode cell after photocatalytic 

reaction for different reaction times. (b) The adsorption energy of Br- on Cu, Ag and Bi sites of the (004) plane of CACBB@Ag. (c) Gibbs free energy diagrams for 

Br-oxidation over CABB and CACBB@Ag. (d) The yield ratio of 2a/2b in different reaction environments, green symbol: photoelectrochemical bromohydroxylation 

of styrene in the sealed H-type cell under AM 1.5 G irradiation; blue symbol: the direct bromohydroxylation of styrene in Br2-H2O-styrene system under AM 1.5 G 

irradiation; yellow symbol: the direct bromohydroxylation of styrene in Br2-H2O-styrene system in dark. The photoelectrochemical measurements were repeated for 

three times. (e) Proposed formation mechanism for bias-free photoelectrochemical synthesis of 2a over CACBB@Ag photoanode and H2O2 on cathode. 
 
an efficiency of 77.5%, approximately 7 times higher than the yield 
obtained using CABB. The styrene conversion rate for the device 
with the CACBB photoanode was 0.27 mmol cm-2 h-1, which was 
superior to the CABB-based device (0.076 mmol cm-2 h-1). The 
CACBB@Ag photoanode demonstrated the highest catalytic 
performance, achieving a conversion rate of 0.49 mmol cm-2 h-1 
and a selectivity of 93.4% for 2a (Figure 3e). Furthermore, the 
device combining the CACBB@Ag photoanode with a Co-N/CNT 
cathode generated 77.4 μmol of H2O2 after 3 h operation (25.8 
μmol h-1 cm-2), surpassing the yields of the CABB-based (27.6 
μmol) and CACBB-based (56.9 μmol) devices (Figure 3f). This 
performance exceeded that of previously reported bias-free 
photoelectrochemical systems (Table S1). Notably, when 
seawater was employed in the cathode cell, the CACBB@Ag-
based device still produced 69.4 μmol of H2O2 after 3 h (22.8 μmol 
h-1 cm-2), highlighting the potential of perovskite-based 
photoelectrochemical systems in seawater-related applications, 
such as uranium extraction or direct seawater fuel cell. [7a, b] We 
investigated the effect of Ag concentration on catalytic activity of 
CACBB@Ag. The results demonstrate that CACBB@Ag with 5 
wt.% Ag nanoparticles exhibits an optimal catalytic performance. 
Compared to CACBB/Ag sample with surface-loaded Ag 
nanoparticles (5 wt.%), CACBB@Ag with embedded Ag 
nanoparticles show superior catalytic activity (Figure S14), 
indicating the critical role of the embedded plasmonic Ag in 
generating a high-intensity localized electromagnetic field. The 

role of Cu-doping in the CACBB@Ag photoanode for 
photoelectrochemical synthesis was also explored. Increasing the 
Cu-ion concentration led to enhanced product yields, with a 5% 
Cu-doping concentration providing the highest yield of both 2a 
and H2O2 (Figure 3g; Figure S15). However, quantifying the 
influence of the Cu+/Cu2+ ratio on catalytic activity remains 
complex due to experimental intricacies. The presence of Cu-
induced sub-bandgap defects, indicated by a weak absorption tail 
at 859 nm in the UV-Vis spectrum (Figure S16), appears to 
enhance photoconductivity and carrier generation in the 
perovskite material.[25] Moreover, the doped samples exhibited 
reduced photoluminescence (PL) intensities compared to the 
pristine perovskite, suggesting that Cu-doping facilitates the 
dissociation of excitons via interactions with Cu 4s and 3d orbitals 
(Figure S17).[26] To confirm that the catalytic activity of the 
CACBB@Ag sample originates from its proposed composition 
and not from any degradation products of perovskite, several 
control experiments were conducted. No 2a product and H2O2 
were formed using blank fluorine-doped tin oxide (FTO) 
electrodes or FTO loaded with individual metal salt (CsBr, CuBr2, 
BiBr3 and AgBr) (Table S2). Additionally, mixing metal salts with 
Cs2AgCuBiBr6@Ag perovskite resulted in lower 2a production, 
indicating that the catalytic activity is intrinsic to the perovskite 
material. The stability of the photoelectrochemical system was 
also evaluated over five continuous cycles. The yields of 2a 
(Figure S18) and H2O2 (Figure S19) remained stable, indicating 
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the durability and sustained efficacy of the CACBB@Ag-based 
system over prolonged operation. The durability of CACBB@Ag 
is further validated through XRD, SEM, and TEM analyses (Figure 
S20 and Figure S21).  

To illustrate the versatility of the photoelectrochemical 
bromohydroxylation of organic molecules with C=C bonds using 
the CACBB@Ag photoanode, a series of phenyl derivatives were 
evaluated, including 4-chlorophenylstyrene, 4-bromostyrene, 
allylbenzene, and 1-methyl-4-vinylbenzene (Figure 3h). The 
reaction of 4-chlorophenylstyrene led to the formation of 1-(4-
chlorophenyl) ethan-1-ol (3a) with a yield of 56.3% (Figure S22). 
Similarly, the conversion of 4-bromostyrene produced 2-bromo-1-
(4-bromophenyl) ethan-1-ol (3b) with a yield of 60.5% (Figure 
S23). Allylbenzene provided a notably higher yield of 71.2% for 1-
bromo-3-phenylpropane-2-alcohol (3c) (Figure S24), attributed to 
the relatively weaker C=C bond in allylbenzene, which is more 
reactive to electrophilic attack compared to the conjugated C=C 
bonds in the aromatic ring.[27] In contrast, the reaction of 1-methyl-
4-vinylbenzene afforded 2-bromo-1-(p-tolyl) ethan-1-ol (3d) with 
a reduced yield of 22.4% (Figure S25), likely due to the electron-
donating effect of the methyl group, which diminishes the 
electrophilicity of the vinyl group. Furthermore, the nonpolar 
cyclohexene molecule was tested in the system, yielding 2-
bromocyclohexan-1-ol (3e) with a high yield of 79.4% (Figure 
S26). This result is attributed to the less-conjugated nature of the 
C=C bond in cyclohexene, which makes it more susceptible to 
electrophilic addition.[28] In contrast, the C=C bonds in styrene are 
part of a conjugated system with the benzene ring, where the π-
electron delocalization through resonance reduces their reactivity. 
[29] The amount of H2O2 produced at the cathode was found to be 
nearly independent of the substrate used in the anode, with H2O2 
levels ranging from 77.6 to 78.9 μmol (Figure S27). This indicates 
that the formation of H2O2 is not influenced by efficiency of the 
bromohydroxylation reaction, further demonstrating the 
robustness and general applicability of the photoelectrochemical 
bromohydroxylation strategy. 

Mechanistic studies of photoelectrochemical 
Bromohydroxylation 

We explored the formation pathway of bromohydrins in 
photoelectrochemical system using styrene as the substrate. 
Without the addition of styrene, we found that the solution color in 
photoanode cell transformed gradually from colorless to dark red 
with the progression of light irradiation, with the UV-Vis spectra 
revealing an increasing absorption intensity centered at 476 nm 
(Figure 4a). When H3PO2 was added into the reaction system, the 
resulting dark red solution translated into colorless under 
irradiation since H3PO2 is a strong reductant for the reduction of 
Br2 into Br-, and the absorption peak at 476 nm disappeared 
immediately. These results imply the formation of Br2 from Br- 
oxidation. Although the valence band potential of CACBB@Ag is 
thermodynamically favorable for the four-electron water oxidation, 
no O2 bubbles were observed in the sealed photoanode cell, 
demonstrating that of the two-electron Br- oxidation in saturated 
HBr solution can sufficiently suppress the competing water 
oxidation over CACBB@Ag photoanode. To illuminate the 
superior catalytic ability of CACBB@Ag on catalyzing Br- 

oxidation reaction, we further conducted the spin-polarized 
density functional theory (DFT) calculations to comprehend the 
active centers and reveal the underlying mechanism. The detailed 
computational information is given in the Methods section. The 
calculations showed that the adsorption energy of Br- on the Ag 
site and Bi site on the (004) plane of CACBB@Ag is 0.023 and 
0.042 eV, respectively, which is comparable with that on the (004) 
plane of CABB (Figure S28). By contrast, Br- exhibits a lower 
adsorption energy of -0.13 and -0.18 eV on the Cu+ site and Cu2+ 
site (close to an Ag vacancy) of CACBB@Ag (004) plane, 
respectively, indicating thermodynamically favorable interactions 
(Figure 4b). The increase in adsorption energy with the oxidation 
state of the active site suggests that Cu2+ enhances Br- oxidation, 
likely due to the stronger electrostatic interaction between Cu2+ 
and Br- compared to Cu+. This is consistent with the Sabatier 
principle, which posits that weak adsorption correlates with slower 
reaction kinetics.[30] Therefore, Cu sites in CACBB are more 
conducive to Br- oxidation, optimizing the balance between the 
catalyst and the reactant. Further, Gibbs free energy diagrams for 
Br- oxidation reveal that Br- adsorbs onto the Cu2+ site of 
CACBB@Ag to form Br-* (* represents the reaction site), which is 
then oxidized to Br* by a photogenerated hole, with a reaction 
energy barrier of 0.12 eV. For comparison, the reaction barriers 
for Br- oxidation on the Ag site of CABB and the Cu+ site of 
CACBB@Ag are 0.45 and 0.15 eV, respectively, both higher than 
that on the Cu2+ site of CACBB@Ag (Figure 4c). Subsequently, 
the two Br* species combine to produce Br2*. The formation of 
Br2* at the Cu2⁺ and Cu⁺ sites exhibit reaction energy barriers of 
0.13 eV and 0.16 eV, respectively. These results demonstrate that 
Cu2+ reduces the activation energy of the rate-determining step, 
promoting the oxidation of Br- over CACBB@Ag. 

To further reveal the formation processes of bromohydrins, 
we have performed several control experiments. In LSV 
measurement, the photocurrent response for Br- oxidation was 
nearly unchanged when styrene substrate was added into the 
reaction solution, verifying that the formation of 2a from styrene 
proceeded in the bulk solution rather than on perovskite surface 
(Figure S29). The bromohydroxylation of styrene was then 
examined using Br2 as the reactant in aqueous solution under 
light irradiation or in dark. The yield ratio of 2a and 2b was 15.8 
with 2a as the main product owing to the electrophilic addition 
mechanism (Figure 4d). No radicals were detected in the solution 
(Figure S30). Under light irradiation, the yield ratio of 2a and 2b 
was slightly decreased to 14.6, which is similar with that in the 
photoelectrochemical system (the yield ratio of 2a and 2b is 14.0) 
(Figure 4d). Moreover, Br• and carbon-centered radicals were 
detected and no •OH was observed after 5 min illumination, while 
the continuous irradiation resulted in the disappearance of Br• 
and the weakening of the carbon radical (Figure S30). These 
results mean that Br• would interact with C-H bond to produce a 
carbon-centered radical, which then yields 2b. These results 
indicates that the formation of 2a and 2b mainly originates from 
the electrophilic addition and the radical addition mechanism, 
respectively. H218O isotopic labelling experiments were 
subsequently conducted to explore the origin of oxygen of 2a. 
When H218O were employed to dilute the concentrated HBr stock 
solution, the product 2a showed significant ion peaks at the mass-
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to-charge ratio (m/z) of 203.8 and 201.8 (Figure S31), indicating 
that H2O is the source of oxygen in 2a. Based on the experimental 
and theoretical results, the proposed pathway for 
photoelectrochemical bromohydrins and H2O2 production is 
illustrated in Figure 4e, which simultaneously comprises the 
successive surface and solution reaction processes in 
photoelectrode cell. Under visible light irradiation, Ag 
nanoparticles and CACBB nanoparticles in CACBB@Ag can be 
excited to generate surface plasmons and electron/hole pairs, 
respectively. Once formed, the surface plasmons decay rapidly 
and generate a large number of high-energy electrons. 
Afterwards, a considerable number of these plasmon-induced 
electrons are delivered to the conduction band of CACBB, which 
are then transferred to the counter electrode for the two-electron 
reduction of O2 into H2O2. In photoanode cell, Br- is oxidized into 
Br2 at the photoanode surface by photogenerated holes, and then 
Br2 is disproportionated to [Br]+ (HOBr) and HBr in the aqueous 
solution. According to the electrophilic addition rules for olefins,[31] 
[Br]+ as electrophilic reagent interacts with the π electrons of the 
C=C double bond to form cyclobromination intermediate, which 
subsequently experiences the attack of water and yields 2a. 

Conclusion 

In summary, we report the incorporation of Cu+/Cu2+ into 
Cs2AgBiBr6 perovskite and the integration of plasmonic Ag 
nanoparticles to enhance the photoelectrochemical synthesis of 
bromohydrins and H2O2. The embedded Ag nanoparticles 
generate localized and intense electromagnetic fields that 
facilitate the generation and separation of charge carriers in the 
photoanode. Our experimental results, complemented by DFT 
calculations, reveal that the partial substitution of Ag+ by Cu+/Cu2+ 
not only promotes charge separation but also significantly 
accelerates the oxidation of Br-. The bromhydroxylation reaction 
proceeds through an electrophilic addition mechanism, with water 
serving as the oxygen donor. The synergistic effects of Cu ion 
substitution and plasmonic Ag nanoparticles result in a 
remarkable 7-fold increase in the yield of 2-bromo-1-
phenylethanol and an impressive H2O2 productivity of 25.8 μmol 
h-1 cm-2, offering promising potential for future large-scale, 
efficient photoelectrochemical processes in both organic and 
inorganic chemical synthesis. 
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Lead-free Cs2AgCuBiBr6 perovskite with body-embedded Ag nanoparticles synergistically improve the utilization efficiency of 
photogenerated carrier and the adsorption and oxidation of Br-, ensuring the high-efficiency synthesis of bromohydrins and H2O2 in an 
unbiased photoelectrochemical system. 
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