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Z-Scheme heterojunction formation between
CsPbBr; and BiOBr: key to singlet oxygen formation
for selective semidehydrogenation of
tetrahydroisoquinoline
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Herein, a Z-scheme heterojunction has been constructed using BiOBr nanosheets (NSs) and CsPbBrs
quantum dots (QDs) for the selective semidehydrogenation of 1,2,3,4-tetrahydroisoquinoline (THIQ) to
3,4-dihydroisoquinoline (DHIQ). The interfacial internal electric field directs the photogenerated electron
transfer from the conduction band (CB) of BiOBr to the valence band (VB) of CsPbBrs, resulting in an
effective separation and transport of photogenerated charges. Furthermore, the heterojunction
photocatalyst facilitates the activation of triplet oxygen to singlet oxygen. The optimized amount of
CsPbBrs QDs (20 wt%) loaded on BiOBr NSs (Z-20) achieved 97% yield of DHIQ by the selective

semidehydrogenation process. The appropriate band alignment in Z-20 ensures two-electron selectivity
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Accepted 12th October 2025 for the semidehydrogenation of THIQ in contrast to other heterojunctions, constructed by the

combination of different photocatalysts. Transient absorption spectroscopy reveals optimized exciton
behavior in Z-20, characterized by fast internal relaxation and trapping, which affects the catalytic
efficiency.
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Introduction

Semiconductor-based heterostructures show optimal optical
properties, controllable bandgaps, and modulated optoelec-
tronic properties, offering wide applications in light-emitting
diodes, solar cells, photocatalytic energy conversion processes,
organic pollutant degradation, and organic transformation
reactions.’” The heterojunction formation effectively separates
photogenerated electrons and holes while combining the
benefits of each component.*® Among these, Z-scheme
heterojunctions, composed of oxidation and reduction photo-
catalysts, are the most promising because of the advantages
such as: (i) suppression of charge recombination, (ii) availability
of reducing electrons and oxidizing holes, (iii) improved light
absorption, and (iv) tuning of the lifetime of the charge
carriers.” Z-Scheme photocatalysts have been successfully
employed for the photocatalytic H, evolution, CO, reduction, N,
reduction, and organic transformation reactions.'*™**
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In this study, we have demonstrated the formation of a Z-
scheme heterojunction of bismuth oxybromide (BiOBr) nano-
sheets (NSs) and metal halide perovskite CsPbBr; quantum dots
(QDs) and its application for the semidehydrogenation of
1,2,3,4-tetrahydroisoquinoline (THIQ) in the presence of 0, as
the green electron acceptor (Fig. 1). Recently, BiOBr nano-
particles have gained significant attention for their outstanding
visible-light photocatalytic activity, enabled by their unique
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Fig. 1 Schematic representation of molecular oxygen activation and
hole utilization with the CsPbBr3/BiOBr heterojunction photocatalyst
(Z-20) for the semidehydrogenation of 1,2,3,4-tetrahydroisoquinoline.
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layered structure that promotes efficient charge separation and
enhanced photoactivity.*»** Additionally, the valence band
maximum (VBM) of BiOBr is positive enough to convert O," " to
'0,. However, BiOBr showed poor activity for the activation of
%0, to 0,"~ in the presence of light (Fig. 1).1°

In contrast, CsPbBr; possesses a sufficiently negative
conduction band minimum (CBM), suitable for the single
electron reduction of >0, to 0,"~.*"*° Therefore, the Z-scheme
heterojunction of CsPbBr;/BiOBr can activate 30, from air to
form O,"~ and subsequently '0,, which can be effectively
utilized for organic transformation reactions. In addition,
CsPbBr; is known for its optoelectronic properties, including
a large extinction coefficient, high light absorption properties,
and high charge carrier mobility.* The inherent soft crystal
lattice of CsPbBr; also allows high tolerance to lattice
mismatch, revealing new opportunities for heterojunction
formation with other semiconductors.”

In this study, we have explored the photocatalytic selective
semidehydrogenation of THIQ to DHIQ using Z-scheme cata-
lysts. DHIQ is a valuable intermediate in the drug and phar-
maceutical industries, and it can be synthesized by the
semidehydrogenation of THIQ.*?*> Recently, electrocatalytic
approaches have been introduced for the selective 2e™ oxidation
of THIQ using different transition metal-based catalysts.”>** In
contrast, photocatalytic semidehydrogenation of THIQ to DHIQ
is rarely studied. The process is highly challenging because of
the need for control over the number of electron and proton
transfers (2e /2H"' vs. 4 /4H"). Also, the semidehydrogenation
of THIQ is more difficult as the complete dehydrogenation
results in the favorable aromatization to isoquinoline (IQ)
(Fig. 1).*

Recently, the Wang group reported photocatalytic dehydro-
genation of THIQ with h-BCN but ended up with the formation
of 1Q.”® Furthermore, the Bahnemann group reported Rh/TiO,-
photocatalyzed dehydrogenation of THIQ, yielding a mixture of
DHIQ and IQ.*® These studies highlight that the semidehydro-
genation of THIQ to DHIQ remains a highly challenging
process. However, the Shi group successfully utilized ZnzIn,Se
for the photocatalytic semidehydrogenation of THIQ using
molecular *0, as the electron acceptor.”® In further advance-
ment, the Li group demonstrated semidehydrogenation of
THIQ using a MoS,/ZnIn,S, heterojunction.*

The success of the above studies led us to design Z-scheme
heterojunctions of x%-CsPbBr;/BiOBr (viz. Z-x, x = 10, 20, and
30 weight%) for the controlled semidehydrogenation of THIQ in
the presence of *0, as the green electron acceptor. The Z-
scheme heterojunction fine-tunes the band positions to form
0, and 'O, by the activation of *0, and facilitates the
hydrogen abstraction process.”* Although CsPbBr; can produce
0,7, the formation of DHIQ by semidehydrogenation of THIQ
was negligible. In contrast, BiOBr produced a moderate yield
(56%) of DHIQ, while Z-20 showed a high yield of 97%. The
formation of 'O, was found to be crucial to control the selec-
tivity for the semidehydrogenated product DHIQ.

The formation of Z-scheme heterojunctions was confirmed
by various spectroscopic methods. Furthermore, improved
charge separation, transport, and suppression of the
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recombination of photogenerated charge carriers were proved
by electrochemical impedance spectroscopy (EIS), photocurrent
measurements, and photoluminescence studies. Femtosecond
transient absorption spectroscopy (fs-TAS) reveals a faster
relaxation rate in Z-20 than in CsPbBr;, indicating the acceler-
ation of the exciton relaxation in the heterojunction due to the
carrier trapping on a short time scale.

Results and discussion
Synthesis and characterization of heterojunction catalysts

BiOBr NSs were synthesized by the solvothermal method,
whereas CsPbBr; QDs were prepared by the hot injection
method.?*#*> Furthermore, Z-10, Z-20, and Z-30 hetero-
junctions were prepared by the physical mixing of different
weight% (10, 20, and 30) of CsPbBr; QDs with BiOBr NSs (Table
S1). Although all the heterojunction catalysts showed improved
charge transport and 0, activation compared to the single
photocatalysts, the appropriate amount (20%) of loading of
CsPbBr; on BiOBr produced the maximum photoactivity (see
later). Therefore, extensive characterization was performed for
Z-20 and compared to those of bare BiOBr and CsPbBr;.

Powder X-ray diffraction (PXRD) of Z-20 confirmed all the
characteristic diffractions from CsPbBr; (cubic phase, space
group = Pm3m, JCPDS no. 54-0752) and BiOBr (tetragonal
phase, space group = P4/nm, JCPDS no. 73-2061) (Fig. S1).>"
PXRD also indicates that CsPbBr; QDs are deposited on the
(001) facet of BiOBr NSs as the intensity of the (001) peak
decreases in Z-20 compared to pure BiOBr (Fig. S1).

Transmission electron microscopy (TEM) revealed an
average particle size of 8 + 2 nm for CsPbBr; QDs (Fig. 2a).
High-resolution TEM (HR-TEM) confirmed the formation of
a heterojunction between CsPbBr; and BiOBr (Fig. 2b). The
lattice spacing of 0.27 nm was observed for the (110) facet of
BiOBr (rectangle) and 0.413 nm for the (110) facet of CsPbBr;
(circle) (Fig. 2c and d).*"*> Fast Fourier transform (FFT) and
inverse FFT analyses revealed the lattice spacing corresponding
to 0.41 nm and 0.27 nm for CsPbBr; and BiOBr, respectively
(Fig. 2¢/, d’ and ¢”, d”). Additionally, the energy-dispersive X-ray
(EDX) spectra of CsPbBr3, BiOBr, and Z-20 confirmed the pres-
ence of corresponding elements (Fig. S2). EDX elemental
mapping of Z-20 also showed a uniform distribution of the
elements (Fig. 2e-i and S3).

X-ray photoelectron spectroscopy (XPS) was carried out to
understand the electronic interaction between BiOBr and
CsPbBr; in Z-20 (Fig. 2j-1).>"** The binding energies (BEs) of Cs
3d, Pb 4f, and Br 3d in Z-20 are positively shifted compared to
those of pristine CsPbBr;, indicating the electron-deficient
nature of the elements in CsPbBr; after the integration with
BiOBr (Fig. 2j, k and S4). In contrast, Bi in Z-20 turns into more
electron-rich (negative shift in the BEs of Bi 4f in Z-20)
compared to that in BiOBr to balance the electron redistribu-
tion in Z-20 (Fig. 21). These results implied electron transfer
from CsPbBr; to BiOBr after contact because of their different
energy band potentials, generating an internal electric field
(IEF), directed from CsPbBr; to BiOBr in the absence of light.
The generation of the IEF facilitates the charge separation in Z-
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Fig. 2

(a) TEM image of Z-20 showing the deposition of CsPbBrz QDs on the surface of BiOBr nanosheets. CsPbBrz QDs on the surface of BiOBr

are marked with circles. (b) HR-TEM confirmed the formation of a heterojunction between QDs and BiOBr. (c and d) Lattice spacings of 0.41 nm
for CsPbBrz QDs and 0.27 nm for BiOBr, corresponding to the (110) planes of both semiconductors. (¢’ and d’) Selected area FFT showing the
diffractions for CsPbBrz and BiOBr in Z-20. (¢ and d”) Inverse FFT of figures (c) and (d’), respectively. (e—i) EDX elemental mapping of Z-20. (j) Cs
3d XP spectra of CsPbBrs QDs and Z-20; (k) Pb 4f XP spectra of CsPbBrs QDs and Z-20; and () Bi 4f XP spectra of BiOBr and Z-20.

20 and improves the photocatalytic semidehydrogenation of
THIQ. The Br 3d and O 1s XPS spectra of CsPbBr;, Z-20, and
BiOBr are shown in Fig. S4.

Z-Scheme vs. type-II heterojunction

Ultraviolet-visible diffuse reflectance spectroscopy (UV-DRS)
studies were carried out to understand the light absorption
properties of CsPbBr;, BiOBr, and Z-scheme photocatalysts (Z-
10, Z-20, and Z-30) (Fig. 3a and S5a).>** CsPbBr; and BiOBr
showed absorption edge at 534 nm and 445 nm, respectively.
The heterojunction Z-20 exhibited absorption behavior between
that of CsPbBr; and BiOBr, indicating strong electronic inter-
actions. The Tauc plot calculated the bandgaps as 2.32 eV for
CsPbBr; and 2.77 eV for BiOBr NSs. Interestingly, the bandgap
of CsPbBr; remained unchanged after being loaded on the
surface of BiOBr, attributed to the strong absorption properties
of CsPbBr; (Fig. 3a inset and S5b).

Mott-Schottky (MS) plots showed the formation of an n-n-
heterojunction between CsPbBr; and BiOBr (Fig. 3b and c).*
The flat band potential (Eg,) of CsPbBr; was calculated to be
—0.92 eV vs. the normal hydrogen electrode (NHE), and simi-
larly, the Eg, of BiOBr was determined to be —0.56 eV vs. NHE,
and the E.g values for CsPbBr; and BiOBr were determined to
be —1.02 eV and —0.66 eV vs. NHE, respectively. Therefore, the
valence band maximum potentials (Eyg) of CsPbBr; and BiOBr
were calculated to be 1.30 eV vs. NHE and 2.11 eV vs. NHE,
respectively.

Furthermore, valence band XPS analyses were conducted to
determine the energy difference between the VBM and the

39428 | J Mater. Chem. A, 2025, 13, 39426-39435

Fermi level (Eg) of the catalysts.>® The Ex—Eyg values were found
to be 1.28 eV for CsPbBr; and 1.93 eV for BiOBr (Fig. 3d and e).
Based on these data, the band alignments in CsPbBr;, BiOBr,
and Z-20 are shown in Fig. 3f. The staggered alignment of
energy bands between CsPbBr; and BiOBr is crucial for the
formation of a Z-scheme/type-II heterojunction (Fig. 4). As the
Er position of BiOBr is notably lower than that of CsPbBr;, the
formation of a Z-scheme heterojunction is favorable in the
presence of light. When the heterojunction is irradiated with
light, the transfer of photogenerated electrons from the CB of
BiOBr to the VB of CsPbBr; forms a Z-scheme and facilitates the
separation of holes and electrons. Further evidence for the Z-
scheme formation is detailed in the next section.

Z-Scheme heterojunction

The work function (@) calculations (Pcsppgr,: 4.20 €V and Ppiop::
6.01 eV) from ultra-violet photoelectron spectroscopy (UPS)
confirmed the surface potential flow from BiOBr to CsPbBr; in
Z-20 (Fig. S6). The larger work function of BiOBr indicates
a lower Er than that of CsPbBr;.**** Therefore, spontaneous
electron transfer from CsPbBr; to BiOBr takes place in close
contact (in the dark) until their Fermi levels at the interface are
aligned. This generates an electron depletion layer in CsPbBr;
and an electron accumulation layer in BiOBr. At the interface,
CsPbBr; becomes positively charged and BiOBr is negatively
charged, leading to an energy band bending and a built-in
electric field directed from CsPbBr; to BiOBr (Fig. 4a). These
phenomena promote the photoinduced electron transfer from
the Ecg of BiOBr across the interface to combine with

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) UV-vis diffuse reflectance spectra of CsPbBrs QDs, Z-20, and BiOBr, with the inset showing the corresponding Tauc plot, demon-

strating no significant change in the bandgap of CsPbBrs after the introduction of CsPbBrs QDs to BiOBr nanosheets. (b and c) Mott—Schottky
plots of (b) CsPbBrz and (c) BiOBr. (d and e) Valence band XPS spectra of (d) CsPbBrz and (e) BiOBr. (f) Depiction of the conduction band minima
and valence band maxima for CsPbBrs QDs and BiOBr NSs, derived from the Tauc plot and Mott—Schottky studies. Note: photoelectrochemical

measurements were conducted under neutral conditions (pH = 7).

photoinduced holes of CsPbBr;, confirming a Z-scheme elec-
tron transfer. The Z-scheme formation improved the charge
carrier separation with higher availability of holes in the VB of
BiOBr and electrons in the CB of CsPbBr;.

To further study the charge transfer mechanism in Z-20, EPR
analysis was conducted (see the details of the experiments in
the SI). The radical trapping agent 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) was used to capture photogenerated reactive

oxygen species, such as O, radicals (Fig. 4b and c).> Under
simulated sunlight, DMPO-O," " signals with four characteristic
peaks were observed for Z-20. However, the peak intensity ratio
was not found to be 1:1:1:1 because of the presence of
multiple reactive oxygen species, including O,"~ and 'O, in the
reaction medium (Fig. 4b).* This observation is consistent with
earlier studies where overlapping signals and secondary reac-
tions of O, hinder the appearance of well-resolved
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Fig. 4

(a) Schematic representation of the BiOBr/CsPbBrs heterojunction: internal electric field (IEF) induced charge transfer, separation, and Z-

scheme heterojunction formation under UV-visible light irradiation for photocatalytic semidehydrogenation of THIQ. (b) EPR spectra of DMPO—
O, and (c) DMPO-"OH. (d—g) Comparative KPFM study of CsPbBrs/BiOBr: (d) AFM height image, (e) surface potential images in the dark, (f)
under light, and (g) the corresponding profiles of contact potential difference (CPD) per nm vs. position.
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characteristic peaks (Fig. 4b).>*” As the Ecg of Z-20 is sufficiently
negative to reduce O,, the stronger DMPO-O,"~ signals for Z-20
suggest a higher number of photoexcited electrons accumu-
lated in the CB of CsPbBrs;.

To confirm the formation of a Z-scheme and not a type-II
heterojunction, we have introduced H,O in the reaction
mixture. The formation of "OH radicals confirms the Z-scheme
heterojunction between CsPbBr; and BiOBr, as the type-II
heterojunction cannot produce ‘OH radicals because the VB
potential is not high enough for the oxidation of H,0 to "OH
radicals (Fig. S7).

In the EPR spectra, BiOBr and Z-20 showed four character-
istic peaks (1:2:2:1) of DMPO-'OH adducts (Fig. 4c).”
However, the VB potential of bare CsPbBr; is not high enough to
form "OH radicals, and hence no DMPO-'OH adduct was
detected in the EPR.***° In addition, "OH radicals were detected
in the presence of Z-20 by photoluminescence study using the
terephthalic acid-"OH adduct as the probe (peak at 440 nm)
(Fig. S8).*” These findings strongly support that the charge
transfer in the Z-20 system follows a Z-scheme mechanism
rather than a type-II process.

To further confirm the spatial charge separation of the
photo-generated charges by the Z-scheme mechanism, photo-
assisted Kelvin probe force microscopy (KPFM) was conduct-
ed, and surface potential distribution was determined on the
CsPbBr;/BiOBr heterostructure (Fig. 4d-g).*"** A representative
interfacial region was selected to monitor changes in surface
potential before and after illumination with light. In the dark,
the surface potential of CsPbBr; was =50 mV lower than that of
BiOBr. After light illumination, the local surface potential
shifted, and the potential difference between CsPbBr; and
BiOBr increased to =70 mV. This change indicates the accu-
mulation of photogenerated electrons on the surface of
CsPbBr;, which is consistent with the UPS potential measure-
ments (Fig. S6). Such a pronounced shift in surface potential
under illumination provides direct evidence of spatial charge
separation through Z-scheme charge transfer in the CsPbBr;/
BiOBr heterostructure (Fig. 4a).

Charge transfer dynamics

Photocurrent measurement was performed to elucidate the
separation of photogenerated electron-hole pairs (Fig. 5a and
S9). Typically, a higher photocurrent density indicates faster
charge separation properties of photogenerated electrons and
holes.** Notably, BiOBr and CsPbBr; exhibited relatively low
current densities, indicating poor charge separation of photo-
induced carriers. In contrast, the heterojunction enhanced the
photocurrent density, with Z-20 exhibiting a higher photocur-
rent compared to the individual photocatalysts and other
compositions (Z-10 and Z-30) (Fig. 5a and S9). This demon-
strates better photogenerated charge carrier separation effi-
ciency in Z-20.

Electrochemical impedance spectroscopy (EIS) revealed the
charge transport properties of the photocatalysts. Z-20 showed
the lowest charge transfer resistance compared to CsPbBr; and
BiOBr (Fig. 5b and $10).

39430 | J Mater. Chem. A, 2025, 13, 39426-39435
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The strong photoluminescence (PL) peaks for bare BiOBr
and CsPbBr; were observed at 483 and 510 nm, respectively.
After the Z-scheme formation, the peak intensity followed the
order: Z-30 > Z-10 > Z-20 (Fig. 5¢ and S11). This decrement in the
peak intensities indicates a suppression in the radiative
recombination after heterojunction formation.* Interestingly,
the PL of BiOBr is quenched irrespective of the different load-
ings of CsPbBr; on it (Fig. 5¢ and S11).

Femtosecond transient absorption spectroscopy study

The fs-TAS study was carried out to understand the ultrafast
dynamics of exciton recombination behavior in bare CsPbBr;
QDs and the Z-20 heterostructure. The CsPbBr; QDs were sub-
jected to excitation at 370 nm, above the band edge of CsPbBrj3,
to generate charge carriers, leading to the formation of the trap
states.*®

The TA spectra of CsPbBr; exhibited two distinct spectral
features (Fig. 5d and S12a): (i) a pronounced photo-induced
absorption (PIA), originating from the probe-induced excita-
tion of photoexcited charge carriers, in the blue region (450-
515 nm, having a maximum at 505 nm), and (ii) a broad photo-
induced bleach (PIB) in the red region of the spectra (520-
600 nm, with a maximum of 518 nm). The PIB signals are
attributed to the ground state bleach and stimulated
emission.*®

The Z-20 heterojunction was excited at 370 nm, and its TA
spectra are shown in Fig. 5e and S12b. PIA and PIB bands are
centred at 511 nm and 525 nm, respectively. The characteristic
ground state bleaching signal is attributed to state filling by
electrons, which is decreased with heterostructure formation in
Z-20.

We have studied the kinetic traces at various probe wave-
lengths to observe the evolution and subsequent relaxation of
the trap states (Fig. 5f-i). The kinetics of the aforementioned
spectral features were fitted with a sum of exponentials con-
taining a long-lived component and are tabulated in Table S2.
The spectral evolution rates of CsPbBr; QDs and Z-20 differ
significantly. The kinetic traces at 490 nm and 500 nm corre-
spond to the PIA (Fig. 5f and g). The 550 nm kinetics correspond
to bleach recovery of the ground state from a higher energy
state. The PIB band features also match with the UV absorption
bands (Fig. 5h and 3a).

The decay traces reveal that a three-step pathway governs the
relaxation of photogenerated electrons. CsPbBr; deposition
onto BiOBr leads to faster kinetics in the TA measurements. The
kinetic traces monitored at 500 nm show an initial rise of PIA in
CsPbBr; QDs and Z-20. The PIA decays significantly faster in Z-
20 than in CsPbBr; (Fig. 5h). The lifetimes at 500 nm were
observed to be 100 £ 20 ps and 1300 % 200 ps for CsPbBr; and
20 & 2 ps and 700 = 200 ps for Z-20 (Table S2).*” The 100 + 20 ps
lifetime in CsPbBr;, corresponding to the decay of the excited
electron, was decreased by an order of magnitude and appeared
as 20 + 2 ps in Z-20.

In CsPbBr;, the recovery of the bleach at 550 nm was fitted to
60 £ 10 ps and 750 £ 100 ps, which were reduced to 17 £ 0.2 ps
and 200 + 22 ps in Z-20. Similar trends were observed for other

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Photocurrent of BiOBr, CsPbBr3, and heterojunction Z-20 under light/dark conditions. (b) EIS spectra of BiOBr, CsPbBrz and Z-20. (c)

PL spectra of CsPbBrs and Z-20 at 370 nm excitation wavelength. (d) TA spectra of CsPbBrs, (e) TA spectra of Z-20. (f—i) Kinetic traces for CsPbBrs

(violet) and Z-20 (orange) at probe wavelengths: (f) 490 nm, (g) 500 nm,

(h) 550 hm, and (i) 600 nm. The solid lines are fitted lines. (j and k) The

decay-associated spectra (DAS) of (j) CsPbBrz and (k) Z-20. (1) A schematic depiction of the formation and relaxation of charge carriers in CsPbBr3

and Z-20.

wavelengths as well (Fig. 5i and Table S2).** The evolution-
associated difference spectra (EADS) identified three ultrafast
components in CsPbBr; QDs and Z-20 (Fig. 5j and k).* The
global analysis revealed lifetimes are 0.8 £ 0.01 ps, 60 + 10 ps,
and 720 + 90 ps for CsPbBr; (Fig. 5j) and 1.2 £+ 0.2 ps, 15 £ 2 ps,
and 200 + 13 ps for Z-20 (Fig. 5k). Additionally, a long-lived
component associated with the charge recombination process
was also observed. This is consistent with a nondecaying signal
in the TA measurements.

The earlier time-resolved photoluminescence decay investi-
gation of CsPbBr; has reported recombination lifetimes around
10 ns.>*° The faster decay in Z-20 is attributed to the increased
rate of depopulation of the involved states through an excited
state process. This results in reduced lifetimes in Z-20, indi-
cating the formation of additional trap states in CsPbBrs;.
Previously, the CsPbBr;-benzoquinone system revealed that the
trap state dynamics occurring on the ns-ps time-scale enhanced
the catalytic efficiency of the materials.”** The TA measure-
ments were employed to determine the lifetime of exciton
formation and relaxation process in CsPbBr; and Z-20 (Fig. 51).
These lifetimes were used to obtain the corresponding rate

This journal is © The Royal Society of Chemistry 2025

constant for the ultrafast processes. The difference in the rate
constant between the Z-20 heterojunction and pristine CsPbBr;
was calculated to measure the rate of the formation of trap
states in Z-20 (eqn (S1)). The time constant of formation of the
trap state decreased from 60 £ 10 ps for CsPbBr; to 17 £ 0.2 ps
for Z-20. The substitution of these lifetimes gives a rate constant
Of Kirap = 4.2 x 10" s,

The magnitude of the hot electron transfer rate is consistent
with the previous studies on the nanostructures.***® The faster
rate of formation of the trap state was found in Z-20 compared
to pristine CsPbBr; QDs because of the hot electron transfer in
the heterojunction. These photogenerated electrons leave holes
in the VB of BiOBr and initiate the interaction of THIQ to
generate the iminium radical cation. The hot electrons in CB
CsPbBr; activate >0, to form O,"~ and initiate the dehydroge-
nation reaction.

Photocatalytic semidehydrogenation reaction

Photoredox semidehydrogenation of THIQ was performed in
various solvents, including tetrahydrofuran (THF), methanol,
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ethanol, acetonitrile, 1,4-dioxane, and dimethylformamide
(DMF). Among these, acetonitrile shows the best activity for the
semidehydrogenation of THIQ. To elucidate the roles of the
photocatalyst, light, and O,, we performed photoredox reac-
tions with all necessary reaction conditions (see Table S3).

The reactions did not proceed in the absence of photo-
catalysts or light. The CsPbBr; QDs showed only a trace amount
of conversion of THIQ. In contrast, BiOBr achieved 56% yield
for DHIQ in the air atmosphere under visible light. The Z-20
heterojunction achieved full conversion with 97% selectivity
for DHIQ (all cases: reported isolated yields) (Fig. S13a and
Table S3).

It is important to note that the interaction between substrate
molecules and the microstructure of the catalyst surface has
been addressed in previous studies. Typically, molecules with
a phenyl ring tend to adsorb at particular Lewis acid sites on the
catalyst surface.”” On the surface of BiOBr, Bi*" ions act as Lewis
acid sites, due to their vacant 6p orbitals and relatively high
electrophilicity to affect the interaction between substrate
molecules and the catalyst.'®*” A previous report confirmed the
increased substrate adsorption and affinity at Lewis acid sites
through DFT analysis.***°

The time-monitored conversion data with Z-20 showed that
the full conversion of THIQ was achieved after 6 hours
(Fig. S13b). Interestingly, the extension of the reaction time to
10 hours did not lead to further conversion of DHIQ into IQ
(Fig. S13b). The results confirm that the Z-20 heterojunction has
a controlled oxidation band potential (VB) suitable for the
selective semidehydrogenation of THIQ to DHIQ. The product
was characterized by "H NMR and "*C NMR spectroscopy, and
the isolated yield for all cases was reported (Fig. S14a to 16b).

Interestingly, indoline is converted to indole through a 2e~
oxidation process. However, 1,2,3,4-tetrahydroquinoline (THQ)
was converted to quinoline through 4e~ dehydrogenation
(Fig. S15a and 16b). The control over the 2e™ process by Z-20 is
extremely important. In the previous reports with photo-
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catalysis, mostly the 4e™ process was followed to form IQ from
THIQ (Table S4). A few studies also detected the formation of
both THIQ and DHIQ. Only recently, the selective 2e™ oxidation
of THIQ to DHIQ has been reported by using Zn;In,Se¢, MoS,/
ZnIn,S,, and ZnIn,S, photocatalysts (Table $4).>***° In this
context, this study demonstrates a cheap substitute (Z-20) to the
expensive In-based catalysts.

The further oxidation of DHIQ to IQ (2e” process) was
avoided by a suitable choice of photocatalysts in the hetero-
junction. For the oxidation of DHIQ to IQ, the VBM should be
more positive than the THIQ oxidation potential. In this
respect, we have designed other heterojunction photocatalysts
(CsPbBr3;/WO0;) with a more positive VBM (3.06 V vs. NHE) of
WO; than the oxidation potential of THIQ to IQ (2.71 V vs.
NHE).>>** The CsPbBr;/WO; heterojunction produced 81%
conversion with yields of 24% for DHIQ and 57% for IQ after
10 h (Fig. S17).

Similarly, CdS/BiOBr and TiO,/BiOBr heterojunctions were
designed, producing 74% and 65% yield of DHIQ, respec-
tively.®>®® The lower yield of DHIQ for these two heterojunctions
can be explained by the poor activation of molecular oxygen to
O, ". Therefore, the combination of CsPbBr; and BiOBr (Z-20)
produced the best activity and selectivity for the controlled
2e” semidehydrogenation of THIQ to DHIQ.

Mechanistic study of semidehydrogenation

In Z-20, the photogenerated electrons in the CB activated the
adsorbed oxygen on the Pb site of CsPbBr;, to produce O, ",
which was further oxidized to 'O, in the VB of BiOBr.”"*° The
THIQ interacts with VB holes and produces a cation radical (A)
(Fig. 6a).2**** In addition, 'O, abstracts hydrogen from the
cationic radical to produce an intermediate radical (I¥) and
hydroperoxide radical ("OOH). Interestingly, intermediate I”
was trapped by forming a TEMPO adduct (Fig. S18). Further-
more, "OOH reacted with radical I to produce product 2 (DHIQ)
and hydrogen peroxide (H,O0,).

\& ’
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Fig. 6 (a) Proposed mechanism of semidehydrogenation of THIQ. (b) O, radical trapping experiments for the reaction process. Reaction
conditions: 10 mg catalyst, 0.5 mmol THIQ, and 3 mL solvent were taken in a borosilicate reaction vial and irradiated with a 15 W blue LED at
a temperature of 34 + 4 °C for 6 hours. The product was isolated by column chromatography on a silica column using varying ratios of ethyl
acetate and hexane as the eluent. The product’s isolated yield was reported in all cases.
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In addition to EPR studies, O," " radicals were detected by the
p-nitro-blue tetrazolium chloride (NBT) test via UV-visible
absorption spectroscopy (Fig. S19).>*® The NBT test
confirmed that Z-20 showed a higher amount of O,"~ formation
by molecular oxygen activation compared to single catalysts
(CsPbBr; or BiOBr) (Fig. S19). Furthermore, EPR spin-trapping
experiments were conducted using TEMP as the trapping
agent, confirming the 'O, formation in the reaction (Fig. 6b).

Additionally, 9,10-diphenylanthracene (DPA) has been used
to detect *0O,, with its characteristic UV-vis absorption peaks at
337,355, 373, and 395 nm (Fig. $20). Upon the generation of 'O,
in the solution, DPA reacts with it, forming an oxidized product
and quenching the DPA signals. Consequently, the rate of signal
reduction in DPA corresponds to the rate of 'O, production. The
gradual decrease in the intensities of DPA's absorption bands
with prolonged irradiation indicates that Z-20 produces 'O,
under light conditions. In addition, 'O, participated in the
photocatalytic semidehydrogenation reaction of THIQs by
cooperating with holes (h"). In this study, we proposed that h* is
promoted as the driving force for the oxidation of THIQ to
generate iminium radical cation, while 0, plays a role in
hydrogen abstraction to produce H,O,.

0, can be generated through two ways: (i) an energy transfer
process from 20, to '0,, and (ii) an electron transfer from O,"~
to produce '0,.2>" It is well established that in semiconductors,
0,"~ can be converted into 'O, through the action of holes (h*)
(0, +h™ — 10,).%** To further verify 'O, production by con-
verting (0,"~ + h* — '0,), we conducted an additional experi-
ment using a hole scavenger (TEA + DPA + Z-20).>*”° The rate of
0, generation decreased in the presence of the hole scavenger
because most of the photogenerated holes were consumed by
the scavenger, resulting in a less significant reduction in DPA
peak intensity compared to the reaction without a scavenger
(Fig. S21).

Similarly, the photocatalytic generation of H,0, is detected
through the o-tolidine test via UV-visible absorption spectros-
copy (Fig. S22). The conversion of THIQ and the formation of
H,0, directly depend on the photogenerated holes and electron
separation for the reduction of *0,. The o-tolidine test also
confirmed that Z-20 generated higher concentrations of H,0,
compared to individual BiOBr. However, CsPbBr; did not detect
the formation of H,0, due to its insufficient potential of VBM to
oxidize THIQ into a radical cation. This confirms that the
heterostructure of CsPbBr; and BiOBr offers a suitable band
potential, enhancing charge carrier separation and the
semidehydrogenation activity of THIQ, resulting in a higher 'O,
production.

Quenching experiment

Radical quenching experiments were conducted further to
elucidate the reaction mechanism (Fig. $23).2>*%”* Using AgNO3
and triethylamine as electron (e”) and hole (h") scavengers
showed a significant decrease in the conversion. This indicates
that photogenerated e~ and h* play crucial roles in the photo-
catalytic redox reaction.”»”* When isopropyl alcohol (IPA) is
used as a hydroxyl radical ("OH) scavenger, the photocatalytic

This journal is © The Royal Society of Chemistry 2025
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performance remains almost unchanged, suggesting that "OH
has a negligible effect. Furthermore, p-benzoquinone (BQ) and
r-histidine were used as O,"~ and 'O, scavengers, respectively,
resulting in the low yields of 22% and 42%. It is confirmed from
the quenching experiment that 'O, is responsible for the
dehydrogenation process. As 'O, is formed by the electron
transfer from O,’ ", the reaction rate is also influenced by the
30, activation process.

It is recognized that CsPbBr; QDs exhibit poor stability in
aqueous media. To address this limitation, we avoided the use
of aqueous solvents or formation water during the reaction. The
recyclability test demonstrated no significant loss of photo-
catalytic activity after five cycles in an oxygen atmosphere
(Fig. S24).

Furthermore, the UV-visible spectra showed no significant
changes in the absorption maxima of Z-20 after photocatalysis
(Fig. S25). To verify the stability of the QDs, we performed PXRD,
and XPS analyses after the catalytic cycles (Fig. S26). PXRD
confirms that there is no change in the phase after the catalysis,
whereas a slight broadening of the XPS peaks is observed,
indicating partial oxidation of Pb. In contrast, the change in the
bandgap of the used catalyst is similar to the fresh one. These
findings demonstrate that the CsPbBr; QDs preserve their
crystal structure but with a slight variation in the oxidation state
of Pb after catalysis.

Conclusions

In conclusion, the Z-20 heterojunction photocatalyst has been
developed for selective DHIQ synthesis through the controlled
semidehydrogenation of THIQ under visible light. CsPbBr;
improves the activation of *0,, and BiOBr modulates the VB
potential in Z-20. The formation of the Z-20 heterojunction
accelerates the photogenerated charge separation and
suppresses the charge recombination process. Ultrafast TA
investigation indicates that reaching the trap state in Z-20
originates from CsPbBrj;, exhibiting a rate constant of approxi-
mately ki = 4.2 x 10'° 57", The faster formation of the trap
state enhances photocatalytic activities and initiates the
semidehydrogenation reaction. Z-20 achieves the highest yields
of DHIQ under atmospheric conditions and visible light.
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