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ABSTRACT: We designed an S-heterojunction system with a perovskite nanocrystal,
Cs1−xFAxPbBr3 (CF), coupled with a bismuth oxyiodide (BiOI) nanosheet to form a
perovskite heterojunction (PHJ) photocatalyst. On the basis of femtosecond transient
absorption measurements, the pristine CF sample has two charge recombination periods,
100 and 900 ps, corresponding to surface and bulk trap-state relaxations, respectively. When
CF was in contact with BiOI to form an S-heterojunction, rapid interfacial charge
recombination occurred to show two decay components with time coefficients 1 and 35 ps,
responsible for the electron−hole recombination in the surface and bulk states, respectively.
We observed a new photoinduced absorption band on the blue side of the photobleach
band of PHJ that gives relaxation more rapid than that of pristine CF, presumably due to
doping of bismuth cations creating defect states to enhance the charge recombination that
leads to photocatalytic performance for the PHJ catalyst poorer than for the pristine CF
sample.

Organic−inorganic halide perovskite nanocrystals
(PeNCs) are emerging as efficient photocatalysts for

CO2 reduction
1−4 due to their advantages of facile synthesis,

excellent light-harvesting ability, large carrier diffusion length,
abundant surface sites, and so on. When PeNC was applied as
a photocatalyst for CO2 reduction with water as a hole
scavenger, charge separation occurred upon photoirradiation
such that electrons in the conduction band (CB) would be
involved in the reduction of CO2 to generate CO or small
carbon species, whereas the holes in the valence band (VB)
would be involved in the oxidation of water to generate
oxygen. The photocatalytic activities of PeNCs are commonly
affected by the charge recombination in the surface and bulk
trap states that compete with the redox reactions. To improve
their photocatalytic performance, the ability of charge
separation should be considered; a hybrid nanostructure
composite is a prospective candidate to form perovskite
heterojunctions (PHJs) to enhance the charge separation to
drive the photocatalytic reactions efficiently.5−9 Additionally, a
heterostructure offers protection on the absorber layers; carrier
recombination processes as active sites to drive photocatalytic
reactions can be created on the surfaces of ultrathin two-
dimensional interfacial layers.8,10−13 PHJ systems of MAPbI3
with TiO2,

10 reduced graphene oxide (rGO),11 and black
phosphorus (BP)12 have been reported; similarly, CsPbBr3
with g-C3N4,

13 and MXene8 sheets were also reported to show
excellent conversion yields for H2 and CO compared with their
pristine perovskite films. Zhang et al.14 reported an S-scheme
photocatalyst containing a CsPbBr3 and BiOBr nanocomposite

for CO2 reduction to attain CO production yields better than
its pristine catalysts. The formation of S-scheme heterojunction
had the effects of enhancing photocatalytic activity and
improving the stability of CsPbBr3, but the mechanism of
the S-scheme charge transfer is not well understood.
The concept of the S-scheme heterojunction was first

reported by Yu and co-workers15 to replace the conventional
terminology of the Z-scheme approach.3,16−18 The spirit of the
S-scheme heterojunction is to create an internal electric field
from the reduction photocatalyst (RP) toward the oxidation
photocatalyst (OP) so that interfacial charge recombination
between RP and OP becomes feasible to separate effectively
the photoinduced charge carriers for the redox reactions to
proceed efficiently. Because several examples have been
provided for S-scheme photocatalysts to work properly for
CO2 reduction,

4,14,19,20 it is timely to understand the ultrarapid
kinetics of interfacial charge recombination in relation to their
photocatalytic performances in a well-defined S-scheme
heterojunction system. For this purpose, we designed an S-
heterojunction system with a co-cationic cesium formamidi-
nium lead halide perovskite (Cs1−xFAxPbBr3, abbreviated CF
with x ∼ 0.45) PeNC, a direct-band-gap semiconductor,
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coupled with ultrathin bismuth oxyiodide (BiOI) nanosheets,
an indirect-band-gap semiconductor.21 The formation of the S-
type heterojunction is confirmed by X-ray photoelectron
spectra (XPS). Ultrarapid dynamics of carrier relaxation of
pristine CF, BiOI, and hybrid CF/BiOI PHJ samples were
investigated with a femtosecond transient-absorption spectral
(TAS) technique. We observed interface-enhanced TAS
signals with a new photoinduced absorption (PIA) band on
the blue side of the photobleach (PB) band of the PHJ sample;
the interfacial charge recombination occurs in 1 ps in the
surface states and 35 ps in the bulk states. This rapid charge
recombination in the S-heterojunction completely quenches
the emission of CF. A relaxation mechanism is proposed to
interpret the CO production yields appropriately for CO2
reduction with pristine and PHJ samples as photocatalysts.
Cs1−xFAxPbBr3 perovskite nanocrystals were synthesized by

the method of hot addition;22,23 ultrathin BiOI nanosheets
were synthesized from rubidium bismuth iodide24 (Rb3Bi2I9)
PeNC on washing rubidium (Rb) and oxidizing BiI6 octahedra
of Rb PeNC with isopropyl alcohol (IPA) and water.21 Stirring
CF and BiOI powders together for 48 h in toluene produced
the CF:BiOI heterojunction samples. Because of the low
surface energy of PeNC and strong interaction of the Bi cation
with the Br anion of the perovskite, a heterojunction between
CF and BiOI was created by simple stirring.14,19,25,26 The ratio
of CF and BiOI in the PHJ sample was adjusted on monitoring
the PL intensity of CF PeNC to become completely quenched.
Detailed synthetic procedures of the samples are provided in
the Supporting Information (SI). The synthesized samples
were characterized structurally and morphologically with X-ray
diffraction (XRD), energy-dispersive X-ray analysis (EDX), a
transmission electron microscope (TEM), and XPS as
discussed in what follows.
XRD patterns of the synthesized samples appear in

Supporting Information Figure S1. CF PeNC shows broad
XRD features indicating that both orthorhombic and cubic
phases coexist in these samples;27 ultrathin BiOI nanosheets
display (0,0,k) orientational growth.28 The XRD patterns of
the PHJ sample display signatures of both CF and BiOI signals
with minor satellite peaks of the Cs4PbBr6 phase.

29 The XRD

patterns of the PHJ sample were sharper than those of the CF
sample, indicating the increased particle size of the former
caused by merging of PeNC via detaching of the ligands from
the PeNC. The purity of synthesized BiOI nanosheets and PHJ
composition was examined with EDX analysis (Figure S2).
BiOI nanosheets displayed excellent purity with Rb atoms in
trace proportions; the ratio Bi:I:O was determined to be
1:0.98:1.38 despite a facile approach of washing Rb PeNC with
IPA and water, unlike other complicated synthetic
routes.28,30−32 EDX examination of the PHJ film shown in
Figure S3 displays a uniform distribution of all elements
associated with the formation of PHJ from Cs, Pb, Br, I, and O
atoms.
TEM images of the pristine CF sample show uniform

cuboids with size over 10 nm; the pristine BiOI sample shows
ultrathin nanosheets of size about 400 nm as shown in Figure
1a,b, respectively. Figure 1c shows stacking of CF PeNC on
top of ultrathin BiOI nanosheets for the PHJ sample, which
confirms the formation of a heterojunction between CF and
BiOI. The CF in the PHJ sample shows an increasing size,
which is consistent with its sharper XRD signals shown in
Figure S1. The increased PeNC size during the formation of
PHJ was due to the effect of Ostwald ripening that typically
occurred in the liquid samples.33 The HRTEM image of PHJ
in Figure S4 shows that the lattice spacing at the contact is 0.41
nm for PeNC and 0.20 nm for BiOI, both correspond to the (2
0 0) plane. The formation of the (2 0 0) plane for both PeNC
and BiOI indicate strong interaction between Br and Bi to
form a Bi−Br chemical bond between both species.14
The absorption and photoluminescence (PL) spectra of

pristine and PHJ samples are shown in Figure 1d. The pristine
CF and BiOI samples feature absorption spectral onsets at 525
and 640 nm, respectively. The PHJ sample, in contrast,
displays a complicated absorption shape with red-shifted
excitonic absorption of CF and a blue-shifted absorption
edge of BiOI, an indicator of the formation of a heterojunction.
The bathochromic shift of CF absorption spectrum in PHJ
might be due to many of the possible reasons such as increased
particle size, ion migration at the interface, or offsets of VB/CB
bands caused by formation of a heterojunction. It is worth

Figure 1. TEM images of (a) CF, (b) BiOI, and (c) PHJ. Photographs of these samples corresponding to use for TAS measurements appear in
insets. (d) Absorption (solid curves) and PL (dashed traces) spectra. (e) PL decay profiles obtained from TCSPC measurements for CF and
CF:BiOI heterojunction samples as indicated.
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noting that the XRD peaks of the CF PeNC in the PHJ sample
(Figure S1) did not show any structural changes associated
with ion migration, while the EDX results (Figures S2 and S3)
showed small fractions of ion exchange and the TEM results
(Figure 1a,c) showed substantial increase in particle size.
Pristine CF shows bright emission with a maximum at 527 nm;
the PHJ sample shows complete quenching of emission due to
rapid charge transfer upon irradiation. The PL decays of the
pristine CF and PHJ samples were measured using a time-
correlated single-photon- counting (TCSPC) technique; the
results appear in Figure 1e. The PL decay profile of the CF
sample was fitted with a biexponential function whereas that of
the PHJ sample with a triexponential function; the
corresponding fitted parameters are listed in Table S1. The
calculated average PL lifetimes are 5.1 and 0.2 ns for the
pristine CF and PHJ sample, respectively. The significantly
decreased PL decay lifetime of the PHJ sample is consistent
with the quenching of PL intensity shown in Figure 1d due to
efficient charge transfer, to be discussed.
The TEM and optical data confirm the formation of a

heterojunction between CF and BiOI, but the type of
heterojunction15 is to be discussed. For this purpose, we
recorded XPS of the PHJ sample for comparison with those of
the pristine samples with the XPS signals of Bi 4f and Pb 4f
shown in Figure S5. The pristine BiOI sample shows two lines
at 159.8 and 165.1 eV associated with Bi3+ 4f7/2 and 4f5/2,
respectively.21,28 Similarly, the pristine CF sample displays two
lines at 137.8 and 142.7 eV associated with Pb2+ 4f7/2 and 4f5/2,
respectively.14,19 For the PHJ sample, the XPS signals of Bi 4f
shifted to smaller binding energies, whereas those of Pb 4f
shifted to greater binding energies, which indicates that
electron transfer occurs from CF PeNC to BiOI nanosheets
upon formation of the heterojunction through the difference in
their work functions.14,19 Such an electron transfer creates an
internal electric field (IEF) pointing from CF to BiOI to align
the Fermi levels of the two species and thereby leads to band
bending in the interface, so that both CB and VB of CF curve
upward whereas those of BiOI curve downward toward the
interface. In this way, electrons of BiOI in CB and holes of CF
in VB would recombine in the interface between CF and BiOI
upon irradiation�a concept for the formation of an S-scheme
heterojunction.15 The formation of the heterojunction was
further verified by electron paramagnetic resonance (EPR)
spectroscopy; the corresponding results are shown in Figure
S6. In dark condition both pristine and PHJ samples do not
show any EPR signals. However, under light illumination the

PHJ sample shows a progressive increase of EPR signals with
stronger intensities than those of pristine CF and BiOI
samples, indicating that more photocatalytic sites were
activated upon formation of the heterojunction.34−36 Once
the S-scheme heterojunction is formed for the PHJ sample, the
electrons in the CB of CF become available for CO2 reduction
to form CO and methane; for the holes in the VB of BiOI
water oxidation is feasible to form oxygen, which has been
demonstrated for the system of the CsPbBr3 and BiOBr.14

Because the electron−hole recombination in an S-scheme
heterojunction is rapid, the PL of the PHJ sample is
significantly quenched; the corresponding PL lifetime
decreases within the instrument response limit of TCSPC. A
femtosecond spectral technique is hence required to unravel
the spectral and kinetic information for the charge recombi-
nation in the S-scheme catalyst, with results shown below.
Femtosecond transient-absorption spectra were recorded for

pristine and PHJ samples excited with a pulse at 397 nm and
probed between 450 and 675 nm; the excitation fluence was 40
μJ cm−2. The TAS of pristine CF, BiOI, and PHJ samples
appear in Figure 2a−c, respectively. The top panels of Figure 2
show the evolution of the transient bands in delays 0−2 ps; the
bottom panels show the recombination of the transient bands
in delays 5−1000 ps. The TAS of a pristine CF PeNC sample
(Figure 2a) shows a sharp PB band with a maximum at 517 nm
and a PIA band on the red side of the spectrum with a
maximum at 530 nm. The PIA bands decay rapidly within 1 ps,
whereas the PB bands evolve during this period, which is
indicative of the thermalization of rapidly generated charge
carriers upon excitation. Unlike pristine CF PeNC, the TAS of
BiOI nanosheets (Figure 2b) show a weak and broad PB band
with depletion maximum centered at 650 nm. The TAS lines
of BiOI show a more rapid recovery than those of a pristine CF
sample. The TAS signatures of BiOI nanosheets synthesized
from Rb PeNC precursors resemble those of earlier
reports.21,37 The TAS of a PHJ sample show both depletion
features of a pristine sample with enhanced transient signals,
indicating that both species are excited by the femtosecond
pulse with an interface-enhanced spectral feature.
Beyond the depletion lines, the PHJ sample also shows an

enhanced PIA band on the blue side of the spectrum with a
maximum at 510 nm, unlike the transients of a CF sample
shown in Figure 2a. The evolution of the blue-side PIA bands
in a PHJ sample is much slower than those of the red-side PIA
bands in a pristine CF sample. The PIA characteristic on the
blue side of the PB band is typically associated with a

Figure 2. Femtosecond TAS profiles of (a) Cs1−xFAxPbBr3, (b) BiOI, and (c) Cs1−xFAxPbBr3:BiOI PHJ samples. The top panels show spectra in
intervals 0−2 ps; the bottom panels show spectra in intervals 5−1000 ps. The samples were excited with a femtosecond excitation pulse at
wavelength 397 nm, with profiles of temporal evolution in varied intervals as indicated.
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population of a forbidden excited state or a transient
photoinduced phase transition.37,38 The forbidden excited
states become active following photoexcitation through
symmetry breaking of the octahedron, which is more
pronounced in the presence of defects or doping species.37,39

This case might apply to the PHJ sample as the ion doping
might occur during synthesis of the materials. The origin of the
blue-side PIA bands was further clarified on measuring the
TAS of a Bi doped CF PeNC sample. The TAS transients of
the Bi doped CF sample appear in Figure S7, in which the PIA
bands on both blue and red sides of the PB band were
observed. The PIA bands on the red side of the PB band were
absent in the transients of the PHJ sample because they
(corresponding to the hot carriers) were overridden by the
interface-enhanced BiOI transient signals shown in Figure 2c.
In contrast, the interface-enhanced PIA bands on the blue side
of the red-shifted PB band were unambiguously observed in
Figure 2c for the PHJ sample because Bi3+-induced surface
defects are expected to be involved as the TA spectra of the Bi
doped CF sample as shown in Figure S5.
Because the PB band of the PHJ sample was red-shifted by

15 nm from that of the pristine CF sample, we compare the PB
recovery kinetics in Figure 3a for a pristine CF sample at 515
nm with a PHJ sample at 530 nm. Figure 3b shows the PB
recovery kinetics at 650 nm to compare between pristine BiOI

and PHJ samples. Figure 3c shows the PIA band of the PHJ
sample at 510 nm corresponding to the interface-enhanced
TAS signal that was unobservable for the pristine CF sample.
All fitted time coefficients are indicated with the transients
shown in Figure 3. For a pristine CF sample, there is a rapid
decay (∼0.5 ps) on the PIA band at 530 nm and rapid rise on
the PB band at 515 nm corresponding to hot-carrier cooling.
The recoveries of the PB and PIA bands involve two decay
components corresponding to charge recombination through
the surface trap (rapid) and bulk trap (slow) states,40,41

respectively; the ns offset component corresponds to the
genuine radiative charge recombination. For a pristine BiOI
sample, the rapid rise (∼0.5 ps) of the PB band shown in the
inset of Figure 3b represents the thermalization of hot carriers,
the same as was observed for the CF sample. The rapid and
slow recoveries of the PB bands are assigned to shallow and
deep trap states, respectively, because the TAS signals were
broadly extended to the near-IR region.21 The PB band
recovery of a pristine CF sample at 515 nm shows time
coefficients 100 and 900 ps for charge recombination, whereas
the PB band recovery of the pristine BiOI sample at 650 nm
shows much smaller charge recombination time coefficients, 7
and 70 ps (Figure 4a), because the layered BiOI might involve
more surface defects than the CF sample. When CF and BiOI
are coupled in the heterojunction sample, the transient of the

Figure 3. Femtosecond TAS temporal profiles of (a) PB bands of CF (green) and PHJ (orange), (b) PB bands of BiOI (magenta) and PHJ
(orange), and (c) PIA band of PHJ (orange) taken at the indicated wavelengths. The fitted time coefficients are indicated.

Figure 4. Schematic demonstration showing kinetic models for (a) pristine BiOI and CF and (b) hybrid CF:BiOI heterojunction samples. The
blue-side PIA band of CF was symmetry-forbidden but became allowed after Bi doping of the PHJ sample shown in panel b with an interface-
enhanced PIA band showing much more rapid electron relaxation than for the slow charge recombination of the pristine CF shown in panel a. IEF
represents internal electric field generated in the heterojunction due to the difference of work functions between CF and BiOI.
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PB bands of PHJ monitored at 530 nm (to compare with
pristine CF at 515 nm) shows significant quenching, with two
decay coefficients, 1 and 35 ps (Figure 3a). The PB band of
PHJ monitored at 650 nm (to compare with pristine BiOI at
650 nm) shows interface-enhanced signals with decay
coefficients 25 and 150 ps (Figure 3b). The quenching of
the PB band of CF in the PHJ sample is consistent with the PL
quenching observed with the TCSPC decay profiles shown in
Figure 1e. The effects of residual zero-dimensional phase
Cs4PbBr6 (0D) crystals on the charge transfer kinetics between
CF and 0D were examined by measuring the TAS of both
pristine 0D and the mixed 0D/CF samples, and the
corresponding results are shown in Figure S8. The transient
profiles shown in Figure S8c indicate that the kinetics of the
CF and 0D/CF samples are comparable so that the effect of
quenching observed in the PHJ sample due to the existence of
a small amount of 0D phase is negligible. Thus, this quenching
effect is hence due to the rapid charge recombination between
the CF (holes in VB) and BiOI (electrons in CB) as they form
an S-type heterojunction with each other for the kinetic model
shown in Figure 4b.
After irradiation, the hot carriers relaxed to cold carriers

within 1 ps; the electrons in the CB of BiOI then recombined
with holes from the surface trap states in 1 ps and those from
the bulk trap states in 35 ps when probed at the PB band
position of CF. When probed at the PB band position of BiOI,
as the electrons at the CB of BiOI recombined with holes at
the VB of CF, the holes at the VB of BiOI would have less
possibility to recombine with the electrons in the CB; thus
hole relaxation alone shows much slower recovery kinetics (25
and 150 ps) than those of the pristine BiOI sample (7 and 70
ps), as we observed in Figure 3b. It is interesting to observe the
interface-enhanced PIA band that appeared in the PHJ sample
(Figure 2c), for which electrons in the CB of CF were built in
1.6 ps (inset of Figure 3c), probably to reach Bi3+-doped deep
surface defect states so that the allowed PIA transition would
occur at smaller wavelengths (maximum at 510 nm) with
much smaller relaxation time coefficients (60 and 250 ps) than
for those of a pristine CF sample (100 and 900 ps). CF and
BiOI form a perfect S-scheme heterojunction with much more
rapid charge recombination in the interface, but Bi3+-doping of
the CF layer in the PHJ sample might create surface defects
with rapid charge diminishing to degrade the photocatalytic
performance for CO2 reduction. Our TAS results are
consistent with the CO product yields of the photocatalysts
generated at the gas−solid interface, showing the trend pristine
CF (610 μmol g−1) > PHJ (352 μmol g−1) > Bi:CF (327 μmol
g−1) > BiOI (35 μmol g−1), as shown in Figure S9, for which
the photocatalytic activity of PHJ is worse than that of a
pristine CF catalyst because of the effect of bismuth doping in
the PHJ sample that enhances the carrier relaxation in the CB
of the CF layer. Another possibility for the observed trend of
the performance is the reduction active sites, which are much
greater for the CF sample than for the PHJ sample because
they were compared on the basis of the same weight of the
catalyst. Work is in progress to solve the impurity-doping
problem for the S-scheme heterojunction system to retard
further the charge recombination on the PeNC so as to
enhance its photocatalytic performance.
In conclusion, an S-scheme CF:BiOI photocatalyst was

synthesized with a facile low-temperature solution process. The
formation of the perovskite heterojunction was characterized
with XRD, TEM, XPS, UV−vis/PL, TCSPC, and fs TAS

techniques. The XPS data show charge transfer at the interface
and confirm the formation of an S-type heterojunction
between CF PeNC and BiOI nanosheets. The PL decay
profile of the PHJ sample shows average lifetime 0.2 ns, which
is significantly smaller than that of a pristine CF sample (5 ns)
because of efficient charge recombination at the heterojunction
interface. Femtosecond TAS of pristine CF and BiOI samples
show predominant spectral and kinetic features associated with
relaxations of the carriers from surface and bulk trap states with
time coefficients 100 and 900 ps for pristine CF PeNC,
respectively; charge recombination occurred at shallow and
deep trap states with 7 and 70 ps for a pristine BiOI sample,
respectively. For a PHJ sample, formation of an S-
heterojunction was confirmed with interface-enhanced PB
bands originating from CF and BiOI species, with a newly
produced PIA band, not reported elsewhere, at the blue side of
the TA spectrum. The new PIA band in the PHJ sample was
assigned to an originally forbidden excited-state transition, but
it became an allowed transition at shorter wavelengths through
doping of Bi3+ to break the symmetry and producing deep
surface defects. The transient of the PHJ sample probed at the
PB band of CF showed a rapid decay with two decay
coefficients, 1 and 35 ps, due to charge recombination from
surface and bulk trap states, respectively. The PB band of BiOI
in the PHJ sample showed retarded decay with time
coefficients 25 and 150 ps through a lack of CB electrons for
charge recombination. The transient of the new PIA band
represents the CB electrons in the CF of PHJ undergoing rapid
relaxation due to the Bi3+-doped deep trap defects occurring at
the interface, which degraded the photocatalytic activity of
CO2 reduction. The obtained CO product yields at the gas−
solid interface showed a systematic order for pristine CF (610
μmol g−1) > PHJ (352 μmol g−1) > pristine BiOI (32 μmol
g−1), which is consistent with the corresponding charge
relaxation times that exhibit the same trend. The present work
reports the first interface-enhanced interfacial relaxation
dynamics for the emerging S-scheme photocatalysts and
sheds light on the relaxation mechanism for the significance
of interfacial defects that might play a key role to improve the
photocatalytic performance for S-scheme photocatalysts.
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