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ABSTRACT: Nanocrystal—nanocrystal heterojunctions play a co

prominent role in tuning the optical properties of materials to 2 5 5 ; 5 g-l_,_l‘ SnS
attain desired functionalities. In the realm of perovskite H'LL. J:"‘MN\,\ co, V4 ee  CcB
heterojunctions for photocatalysis, coupling between two nano- CB £eee 3.31ev
crystals is less explored, as perovskite nanocrystals were -3.33eV .
predominantly coupled with 2D sheets. Herein, we report the ;
synthesis and photocatalytic activities of cesium formamidinium 24tev —ﬁsﬁgﬁr_xg oV
lead bromide (CF) perovskite nanocrystal heterojunctions with 5 LLLH

tin(II) sulfide (SnS) nanocrystals. Thorough structural, morpho- 57YeBV_h'T (\02
logical, and charge transport dynamics studies were presented to e H.O
confirm the formation of heterojunctions and to affirm their Perovsklte SnS CF 2

potential in imparting efficient charge separation at the interface. Heterojunction

The prepared heterojunctions were shown to improve the

photocatalytic ability of aged CF nanocrystals by improving crystallinity and retarding phase transformations. The CF/SnS
heterojunction sample prepared by mixing in the ratio of 5:1 has been shown to produce an impressive photocatalytic activity in the
CO, reduction to yield a CO yield of 153.1 umol g~' h™" with high product selectivity. Morphological, crystalline, and optical
characterizations have been performed to understand the photocatalytic mechanism of CO, reduction using the CF/SnS

heterojunction photocatalyst.

KEYWORDS: photocatalytic CO, reduction, perovskite nanocrystals, tin sulfide, TCSPC, TAS, type-II heterojunction

1. INTRODUCTION

Global warming due to increased carbon dioxide (CO,)
emissions and energy shortages due to depletion of fossil fuels
are the primary concerns for our environment. Mimicking the
photosynthesis of plants by utilizing sunlight, artificial
photosynthesis, such as reducing CO, to produce clean fuels
is an elegant way to circumvent global warming and reduce our
dependence on conventional fossil fuel sources.' ® Following
the pioneering works of Halmann and Honda,”® large research
activity is extended to reduce CO, to produce valuable
products, such as CO, CH,, CH;0H, HCHO, and so on using
inorganic, organometallic, 2D materials and nanocrystals as
photocatalysts.”” "' However, the yields of the photocatalytic
reactions have yet to reach the optimum levels.
Organo—inorganic halide perovskites are being investigated
for their photocatalytic activity in recent years due to the
simple preparation procedures, tunable optical band gaps, and
impressive optoelectronic properties.”””'> In the realm of
perovskite photocatalysis, perovskite heterojunctions (PHJs)
due to their superior stability, enhanced charge separation,
broader light harvesting ability, and suppressed charge
recombination.'”'™>° For example, cesium lead bromide
(CS) perovskite nanocrystal heterojunctions of Type-II, Z-
scheme, and S-scheme with various 3D and 2D materials such
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as titanium dioxide (TiO,),”'”** bismuth oxy halides
(BiOX),”?® MXene sheets,'® bismuth vanadate oxide
(BiVO,),”” reduced-graphene oxide (r-GO),”** bismuth
ferrite oxide (BiFeO;),*" graphitic-carbon nitride (g-
C,N,),*"*? molybdenum nitride (MoN),” and so on, have
shown enhanced photocatalytic performances than their
pristine counterparts. However, studies employing nano-
crystal—nanocrystal coupling to create heterostructures with
perovskite nanocrystals for photocatalysis are limited.
Nanocrystal—nanocrystal heterostructures are advantageous
over traditional heterostructures due to their ease of
preparation using low-temperature solution processes and
relaxed lattice matching constraints and offer seamless
tunability of band structures and interfaces. Further, they
have the ability to utilize the quantum effects to tune band
gaps, improve absorption, enhance the surface-to-volume ratio,
tune atomic orientations, and relax lattice strains that play a
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Figure 1. (a—c) Scanning electron microscopic images, (d—g) transmission electron microscopic images and (h) X-ray diffraction patterns of
pristine CF, pristine SnS, and CF/SnS (5:1) heterojunction samples. Insets of (e,f) show lattice fringes of SnS and CF. The underneath sticks in the
XRD patterns are CIF files of orthorhombic CsPbBr; (COD 451074S), hexagonal Cs,PbBrgs (COD 4002857), and orthorhombic SnS (COD

1011253).

prominent role in the reactivity and carrier recombination
dynamics of the materials.'””*™>° Cadmium chalcogenide
heterostructures such as CdS—PbS and CdTe—PbSe have been
utilized in the fabrication of quantum dot solar cells, LEDs, and
solar-to-fuel conversion processes.””*>~>” However, challenges
such as colloidal stability, disordered interfaces, and low
mobilities exist to tap the full potential of these heterojunctions
for photocatalytic and optoelectronic applications. In the case
of perovskite nanocrystals, their colloidal stability has been
shown to be improved by mixing with other low-dimensional
materials, making them suitable for fabricating nanocrystal—
nanocrystal heterojunctions. Aging of perovskite nanocrystals
leads to an increase in particle size due to Ostwald ripening
and a significant decrease in photocatalytic activity, whereas
wrapping them with appropriate low-dimensional materials
improves their colloidal stability and photocatalytic perform-
ances. In our past work, we have shown the effects of aging on
the photocatalytic activity of CF perovskite nanocrystals and

how a heterojunction with 2D BiVO, could rejuvenate the lost
photocatalytic activity.*®

Herein, we demonstrated the fabrication and photocatalytic
activities of nanocrystal—nanocrystal heterojunctions utilizing
tin sulfide (SnS) (a p-type indirect band gap semiconductor)
and cesium formamidinium lead bromide (CF) perovskite
nanocrystals (n-type) with band gaps in the near-infrared and
visible regions, respectively. SnS nanocrystal heterojunctions
used in photocatalysis and solar cells have demonstrated good
performance.””~** The CS/SnS couple was shown to form a
Type-II heterojunction, which offers good charge separation at
the interface and is suitable for both photocatalysis and solar
cells. Our results showed that CF/SnS heterojunction prepared
by mixing precursors in the ratio of 5:1 resulted in a good
quality sample that led to the realization of efficient charge
separation at the interface to produce CO yields of 153.1 ymol
g ' h™" in photocatalytic reduction of CO,, in comparison to
76.1 pmol g~' h™' for pristine CF sample. The CO yields
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Scheme 1. Schematic Showing Formation of the Heterojunction between CF and SnS Nanoparticles via Dynamic Intermixing

and Regrowth of CF Nanocrystals
w, § f‘:,rr mi f}r
.r":,; {‘w ,r"fr g,’“‘“«
§ ;‘}r . § “{r"

A~ I \{ ,96//

ildle

vaf&,\

g?

@25 o

CF 5 ,71\,\:\""‘:"
gos‘ffr go‘{f'r // /;:2 lnteractlng ligands V\,\,LLLVL%‘Z' 5 gé"%
JH:F 2“‘“ v [{N Free ligands W o"""‘
wifs wiiF ? ?
f&w & %m Jfrrg ; 5
SnS Intermixing Phase Heterojunction

presented in this work are the highest reported for CF
perovskite nanocrystal heterojunctions.

2. RESULTS AND DISCUSSION

2.1. Structural and Morphological Characterizations.
The CF perovskite nanocrystal (PeNC) and SnS nanocrystal
samples were synthesized following the hot addition methods
described in the Supporting Information. The morphologies
and crystal structures of synthesized pristine nanocrystal
samples shown in Figure 1, match very well with the published
results.”®*> The CF sample (Figures 1d, Sla—c) shows
uniformly distributed cubic-shaped crystals with sizes of 5—8
nm with crystallographic planes (Figure 1h) associated with
both orthorhombic and cubic phases. Similarly, the SnS sample
(Figure 1le) shows 10—20 nm round disc-shaped nanoparticles
with crystallographic flanes (Figure 1h) associated with the
orthorhombic phase.** The CF/SnS (5:1) sample showed a
larger CF crystal (Figure 1f) underneath the small SnS
nanoparticles atop. The increase in the size of CF PeNCs in
heterojunction samples is the aging effect due to stirring in the
process of synthesizing heterojunction samples, as the pristine
CF PeNCs also demonstrated an increment in sizes (Figure
l1g) and a change of phase to Cs,PbBrg (Figure 1h) in the
absence of SnS when stirred for 48 h. HR-TEM images shown
in the insets of Figure le,f show lattice fringes of SnS and CF
crystallographic planes corresponding to a d-spacing of 0.38
nm for CF and 0.28 nm for SnS samples, corresponding to
(020) and (120) orientations of the respective orthorhombic
phases. The (020) orientation of CF is terminated via bromine
atoms, while the (120) orientation of SnS is terminated via
sulfur atoms, as shown in Figure S2, where strong interactions
between Sn>* in SnS and Br- in CF might be responsible for
the formation of heterojunctions via formation of chemical
bonds similar to CsPbBr; heterojunctions with respect to
BiOBr, Bi,WO,, and BiOL*>%*

2.2. Heterojunction Formation. The formation of a
heterojunction between CF and SnS can be visualized from the
schematic shown in Scheme 1. When CF and SnS nanocrystal
samples were vigorously stirred during the intermixing phase,
surface ligand detachments and formation of dangling bonds
on the surfaces occurred for both nanocrystals. As perovskite
nanocrystals are softer ionic lattices and are known for their
rapid growth of crystalline size via Ostwald ripening
mechanism,”® CF grows in size and both CF and SnS

approach each other due to electrostatic interactions and the
heterojunction formation happens via stabilization of the
orthorhombic phase and formation of chemical bonds between
Br™ ions of CF and Sn*' ions as described above.

The XRD patterns of pristine CF, SnS, aged CF, and CF/
SnS (5:1) samples were simulated by using TOPAS software
(Figure S4). The fitting procedures of the simulations were
described in the experimental section of the Supporting
Information. XRD simulations suggest that both pristine CF
and SnS are predominantly orthorhombic (Figure S4), whereas
aging of pristine CF leads to conversion of the orthorhombic
and cubic phases to the hexagonal phase. However, the aging
of CF in the presence of SnS suppresses the formation of
hexagonal phase Cs,PbBrs due to the formation of a
heterojunction between the two nanocrystals. The suppression
of the hexagonal phase and stabilization of the orthorhombic
phase align well with the minimal lattice match condition for
the formation of a heterojunction between the counterparts in
the CF/SnS (5:1) sample. The driving force for the formation
of this heterojunction is via defect-mediated restructuring of
CF perovskites into bigger crystals as described above.
Photoluminescence quantum yield (PLQY) data of aged CF
samples support the defect mediation as discussed later.

The formation of a heterojunction was determined by
measuring the X-ray photoelectron spectra of pristine CF, SnS,
and CF/SnS (5:1) samples, as shown in Figure S5. The high-
resolution XPS spectra were obtained for CF and CF/SnS
(5:1) samples corresponding to Pb 4f and Sn 3d elements. The
CF sample shows two bands at 138 1 and 143.0 corresponding
to Pb>* 4f, , and 4f; ,, respectively.”"*° For the heterojunction
sample, these bands shift to higher binding energies by about
0.3 eV. Similarly, the SnS sample shows two bands at 486.5
and 495.0 corresponding to Sn 3ds;, and 3d;.,, respec-
tively. 4748 Bor the heterojunction sample, these bands shift to
lower binding energies by about 0.5 eV. The shifts in binding
energies of Pb?* and Sn>* suggest that electron transfer occurs
from CF to SnS due to the formation of a heterojunction
between CF and SnS. Further, valence band potentials were
estimated for the CF, SnS, and CF/SnS samples from valence
XPS measurements to probe the effects of heterojunctions on
the valence band level of the heterojunction sample. The
valence band XPS plots are shown in Figure S6, and the
estimated potentials are 1.3, 0.4, and 1 eV, respectively, for the
CF, SnS, and CF/SnS (5:1) samples. The shift of the valence
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Figure 2. (a) UV—vis absorption spectra, (b) PL spectra, (c) PL relative intensities, (d) TCSPC decay profiles, and (e) photo images of pristine

CF and heterojunction samples of CF with SnS.

potential of the CF/SnS (5:1) sample aligns well with the
supposition of the formation of a heterojunction.

2.3. Optical Properties of the Heterojunction. The
optical properties of the heterojunction samples, together with
their pristine samples, were investigated using steady-state
absorption, photoluminescence (PL), and time-correlated
single photon counting techniques (TCSPC) as shown in
Figure 2. The absorption spectra of the synthesized pristine CF
and heterojunction samples show band edges at 524, 534, and
538 nm, respectively, for CF, 10:1, and 5:1 samples, in line
with the observed color changes of the films shown in Figure
2e. However, higher ratio samples, namely, 2:1 and 1:1,
together with SnS, do not show a definite band edge
characteristic of excitons. The band edge of pristine CF
matches the reported values for the 7—10 nm crystals.”**’ The
red shift of the band edge for heterojunction samples could be
due to the cumulative effect of changes in particle sizes and
interactions of CF nanocrystals with SnS nanocrystals in
forming the heterojunction. The HR-TEM images of the
heterojunction and aged CF samples shown in Figure 1 show
an increase in crystal size compared to that of the pristine CF
sample. As the heterojunction involves stirring for 48 h, the
effects of aging on the changes in particle sizes and band gaps
cannot be ruled out. The PL spectrum of aged CF is shown in
Figure S7. The PL spectrum of aged CF shows a red shift
compared to fresh CF due to particle size and composition
changes as discussed above. However, the observed shifts are
larger in the higher SnS-concentration samples; a simple
particle size cannot induce these shifts. Due to a lack of a
proper band edge, quantification of the absorption onset has

become challenging for these samples. But, the shifts in
absorption spectrum are indicative of interactions between
CF/SnS nanostructures, which may lead to the formation of a
heterojunction with distinctive optical properties compared to
their pristine counterparts. Similar to absorption, the PL
spectra of heterojunction samples, namely, 10:1 and S:1 show
red shifts in the PL maxima with the observed PL maxima at
522, 530, and 526 nm, respectively, for the pristine CF, 10:1,
and S:1 samples. However, the heterojunction samples with
higher blend ratios of 2:1 and 1:1 show blue shifts in the PL
maxima with peak positions at 512 and 504 nm, respectively.
The PL spectra started to recede from 530 nm to shorter
wavelengths from a 5:1 ratio sample. The blue shifts in these
higher mixing ratios might be due to significant changes in the
band structure of CF at these samples. The shifts of PL
maximum cannot be assigned to size changes alone, as the
aging sample with larger particle sizes showed red shift in PL
maximum (Figure S7). The blue shifts in PL maxima are
indicative of heterojunction formation between the CF and
SnS samples. Apart from the peak shifts, the heterojunction
samples show quenching in the PL intensities with an
increased ratio of SnS, as shown in Figure 2c. The quenching
in the PL intensities can be attributed to charge separation at
the interface and quenching caused by defects at the interface.
PLQY experiments were conducted to further understand the
decrease in the observed PL intensities. The PLQY values are
tabulated in Table S2. The PLQY values decrease with an
increase in the SnS concentration. Aging of pristine CF also
decreases the PLQY. Pristine CF shows a PLQY 0.8, whereas
aging reduces the PLQY by a factor of 10—0.08. In contrast,
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Figure 3. Femtosecond transient absorption spectra and kinetics of (a,c) CF nanocrystals and (b,d) CF/SnS (5:1) nanocrystal heterojunction
samples dispersed in toluene. Transient kinetics are taken at the bleach minima. The excitation wavelength was set to 325 nm.

aging in the presence of SnS decreases PLQY but not to the
extent of the decrease without SnS, with values of 0.66, 0.56,
0.48, and 0.38, respectively, for 10:1, 5:1, 2:1, and 1:1 ratio
samples. Thus, the drop in PL intensities and PLQY indicates
activation of nonradiative pathways. To gain more insight into
the quenching mechanisms, both TCSPC and femtosecond
transient absorption spectral (fs-TAS) experiments were
performed.

2.4. TCSPC Decay Profiles. The TCSPC decay profiles of
pristine CF, aged CF, and CF/SnS heterojunction samples are
shown in Figure 2d. All of the observed decay profiles were
fitted with a triple exponential function to maintain a similar
fitting model for all the samples, though the amplitudes of third
components were low for some compositions. The faster and
closely decaying components 7, and 7, can be assigned to
radiative recombination due to different crystallographic
phases or different-sized crystals. In contrast, the slower
decaying component 7; can be assigned to trap-state-mediated
recombination. Pristine CF samples with narrower (Figure 2)
and broader (Figure S7) spectra show that TCSPC decay
profiles predominantly decay rapidly within 10 ns with a very
minor 7; component, in line with the observed higher PLQY of
0.81. However, the aged CF sample displays a much longer
average lifetime of 57 ns despite a poorer PLQY of 0.08. The
longer lifetime of the aged CF sample is due to the increased
amplitude of the slower decaying component 73, which alone

decays with a time constant of 90 ns. Aging of the CF sample
increased the particle size and also induced new hexagonal
phase formation, which led to a drop in PLQY and opened up
the shallow trapped-state-mediated recombination channel.
Similarly, the 10:1 sample also displayed similar behavior to
the aged CF sample as this sample also shows predominant
hexagonal phases with poorer crystallinity (Figure S3).
However, S5:1, 2:1, and 1:1 samples showed suppression of
the amplitude of the slower decaying component 7; and a
decrease of lifetimes compared with the aged CF sample. The
decrease in the lifetimes of faster decaying components 7, and
7,, along with a gradual decrease in PLQY for 5:1, 2:1, and 1:1,
is indicative of charge separation in addition to defect-
mediated recombination (Table S1). However, the 5:1 sample
is shown to perform better than the higher concentration
analogs 2:1 and 1:1 in the photocatalytic experiments. The
crystallinity of 2:1 and 1:1 is inferior compared to S:1, and an
increase in surface coverage of CF with SnS might lead to a
decrease in absorption in the native CF, which have led to the
poor performance of the higher concentration samples.

2.5. Femtosecond TAS Study. Femtosecond TAS spectra
of CF, CF/SnS (5:1) heterojunction, and SnS samples are
recorded using an excitation pulse at 325 nm. The femto-
second TAS profiles and the kinetics of pristine CF and CF/
SnS heterojunction samples are shown in Figure 3, whereas
those of the pristine SnS sample are shown in Figure S9. The
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TAS profiles of pristine CF and CF/SnS heterojunction
samples show photobleach (PB) bands at 504 and S00 nm,
respectively, due to the depletion of the lowest exciton
transition and photoinduced absorption (PIA) bands as wings
on both sides of the main PB band. The PB band shows
evolution, and the PIA band on the low-energy side shows
decay within the first two ps associated with the thermalization
of carriers. After thermalization subsides, recovery of PB and
PIA bands can be seen for the recorded spectra for up to 1 ns.
The transient kinetics of the PB bands show carrier relaxation
dynamics and underlying mechanistic differences between
pristine CF and the CF/SnS heterojunction samples. The
transient decay profiles of the PB bands of these two samples
show two decaying components: a faster picosecond decaying
component and a slower nanosecond decaying component.
The faster picosecond component with a time constant of 4 ps
in the pristine CF sample can be assigned to carrier trapping to
shallow trap states, whereas the nanosecond decaying
component can be assigned to radiative recombination, as
shown in the TCSPC decays. The faster decaying component
slowed to 28 ps in the heterojunction sample due to the
interfacial charge separation process and modulation in the
density of trap states at the interfaces due to heterojunction
formation. Further, the nanosecond component in the
heterojunction sample can also be assigned to radiative
recombination similar to the pristine CF sample. Additionally,
charge separation at the interface is probed by monitoring the
thermalization rates from their respective PIA band maxima at
517 and 515 nm for CF and CF/SnS heterojunction samples.
The heterojunction sample showed faster relaxation of hot
carriers due to carrier injection to SnS compared to the CF
sample with time constants of 250 and 350 fs, respectively, for
CF/SnS and CF samples, as shown in Figure S8. The faster
charge injection and slower recombination reveal both
interfacial dynamics and retarded recombination due to the
creation of defects in the heterostructure sample. The retarded
recombination via defects was shown to be beneficial for CO,
reduction in our earlier work.

The TAS profiles of SnS show a broad PIA band in the range
of 450—650 nm (Figure S9), which shows a rapid evolution
and decay within 100 ps. The PIA bands are assigned to
absorption from trap states of SnS nanocrystals.’””' The
transient kinetics of SnS also show double exponential decay,
similar to the other two samples discussed above. The faster
component decays within 1.3 ps, while the slower component
decays within 53 ps. The faster component can be assigned to
thermalization of carriers, whereas the slower component can
be assigned to trap-state-mediated recombination. The
observed TAS profiles and kinetics of SnS agree with the
published reports elsewhere.’”*" It is important to note that
the heterojunction sample produces signals only from CF
nanocrystals, despite SnS nanocrystals also being able to be
excited at this pump wavelength, indicating weaker absorption
due to a smaller concentration of SnS compared with pristine
CF in the measured composition. Thus, the measured transient
kinetics of the CF/SnS heterojunction sample can be safely
ignored for any interference from SnS excitation. Thus, the
TAS experiments clearly indicate heterojunction formation and
charge separation at the interfaces that are suitable for
photocatalytic experiments.

2.6. Photocatalytic Activity. The CO, photocatalytic
reduction experiments were conducted following the proce-
dures outlined in our earlier works.”>*>*” A brief experimental

procedure is provided in the Supporting Information. In these
experiments, CO, gas was passed through water before filling
the reactor, and the reactor was illuminated under 1 sun (1000
W m™2). The photoproducts obtained from the reaction were
analyzed every few hours using gas chromatography (GC). CF
and heterojunction samples show predominantly CO yields, as
shown in Figure 4. The yields of CO for pristine CF under
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Figure 4. (a) The photocatalytic yields of CO formation for CF, SnS,
and CF/SnS heterojunction samples in the ratios of 10:1, 5:1, 2:1, and
1:1. (b) Recycling effects on the photocatalytic yields of CO
formation for CF and CF/SnS (5:1) heterojunction samples.

humid environments are consistent or slightly better than our
earlier works. The observed yields of CO for pristine CF, aged
CF, 10:1, 5:1, 2:1, 1:1, and SnS are 76.1 + 14, 21.5 + 2, 40.4 +
6,153.1 +7,31.5 £ 1,4.0 + 1.4,and 2.1 + 0.4 ymol g ' h™},
respectively. The yields of CO decrease for CF heterojunctions
compared to pristine CF, except for the S:1 ratio sample. The
decrease in the yields of CO for 10:1 can be due to the
formation of hexagonal phases, as shown in the XRD (Figure
S3), whereas 2:1 and 1:1 samples lose their crystallinity and
light-harvesting ability as shown in their XRD (Figure S3) and
absorption spectra (Figure 2). However, the 5:1 sample shows
enhanced crystallinity and suppressed hexagonal phases
compared to other ratios, leading to a better interface
formation with SnS. The increase in product yield for the
S:1 sample can also be assigned to an increase in the
availability of more protons due to the formation of the
hexagonal phase by the expulsion of FA cations, analogous to
the case of the cubic phase we proposed in our earlier work."
Further, photocurrent experiments of CF, SnS, and CF/SnS
(5:1) samples showed that the heterojunction sample showed
twice the magnitude of photocurrent compared to pristine CF
due to efficient charge separation at the interface, which led to
an enhancement in the photocatalytic activity (Figure S10).
The obtained yield of CO for the S:1 sample is the highest
reported so far for CF or CS heterojunction samples measured
under gas—solid interface reaction conditions. Furthermore,
the photocatalyst recycling tests also show that the CF/SnS
heterojunction is superior to pristine CF for the product yields
(Figure 4b) and the product yields show fair linearity for a
period of 80 h as shown in Figure S11. The stability of the
photocatalysts was monitored by measuring the TEM and
XRD of the recycled photocatalysts as shown in Figure S12.
The morphologies of the pristine CF sample showed the
growth of rod-like structures, while the CF/SnS 5:1 sample
retained its morphology. The XRD pattern of pristine CF
shows minor peaks of hexagonal phases after photocatalysis
experiments, whereas the CF/SnS sample showed further
suppression of hexagonal phases due to stabilization of the
orthorhombic phases at the heterojunction during irradiation.

2.7. Mechanism of Enhanced Photocatalytic Activity.
The mechanism behind the enhanced photocatalytic activity of
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the heterojunction sample can be understood based on the
type of heterojunction formed and charge separation at the
interfaces. The valence band (VB) and conduction band (CB)
levels with respect to vacuum were estimated by combining the
estimated valence band potentials (E,, = —E® — 4.44;°” E,,,, =

vacuum energy and E® = normal electrode potential) (Figure
S6) and band gaps estimated from the Tauc plots of CF and
SnS samples (Figure S13). The estimated VB levels for CF and
SnS are —5.74 eV and —4.84 eV, respectively, and the
estimated band gaps (Figure S13) are 2.41 and 1.53 eV,
respectively. Further, the calculated CB levels for CF and SnS
are —3.33 eV and —3.31 eV, respectively. The alignments of
VB and CB facilitate the formation of a Type-II heterojunction,
as shown in Scheme 2. Further, theoretical calculations also

Scheme 2. Mechanism of CO, Reduction in the CF/SnS
Heterojunction Facilitated by the Formation of a Type-II
Heterojunction

SnS
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suggest that cesium lead bromide nanocrystals form a Type-II
heterojunction with SnS nanoparticles.”® As the band gap of
CF is close to that of CS, a similar type of heterojunction can
be expected between CF and SnS nanoparticles. The reported
valence band offsets of similar type CF and SnS samples at
—6.1 and —S5.1 eV, respectively, also suggest that hole transfers
from CF to SnS upon photoexcitation are very much probable,
leading to charge separation at the interface.”* ™"’ At the same
time, the electron remains on the CF surface to be utilized in
the CO, reduction for the eflicient production of CO.

3. CONCLUSIONS

In summary, a nanocrystal—nanocrystal heterojunction photo-
catalyst between CF and SnS was synthesized using a simple
stirring approach at room temperature. The ratios between CF
and SnS were optimized to improve the crystal quality and
optical properties to attain higher photocatalytic activities than
pristine CF. The formation of heterojunction samples was
confirmed from HR-TEM, PL, XPS, TCPSC, and fs-TAS
experiments. The hexagonal phases of aged CF samples were
also suppressed in the S5:1 ratio CF/SnS heterojunction
sample, which demonstrated good crystallinity compared to
other heterojunction samples. Both TCSPC and fs-TAS
experiments confirmed the charge separation at the interfaces
for the heterojunction samples. The CF/SnS, 5:1 ratio sample

was shown to achieve an impressive CO vyield of 153.1 gmol
g ' h™! compared to the pristine CF giving 76.1 yumol g~ h™!
with good selectivity. The heterojunction sample was shown to
perform better than the CF sample under recycling tests. The
enhanced performance of CF/SnS heterojunctions can be
attributed to the formation of a Type-II heterojunction, which
led to efficient charge separation and utilization of conduction
band electrons for the CO, reduction reactions. This study,
therefore, presents an alternative approach to stabilize the aged
perovskite nanocrystals to produce much more efficient yields
of CO than perovskite-2D sheet heterojunctions. The
demonstrated nanocrystal—nanocrystal heterojunction offers
an alternative approach to design efficient perovskite nano-
crystal-based photocatalysts.
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