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Nanoscale Janus Z-Scheme Heterojunction for Boosting

Artificial Photosynthesis

Ke Su, Su-Xian Yuan, Li-Yuan Wu, Zhao-Lei Liu, Min Zhang,* and Tong-Bu Lu*

Artificial photosynthesis for CO, reduction coupled with water oxidation cur-
rently suffers from low efficiency due to inadequate interfacial charge separa-
tion of conventional Z-scheme heterojunctions. Herein, an unprecedented
nanoscale Janus Z-scheme heterojunction of CsPbBr;/TiO, is constructed for
photocatalytic CO, reduction. Benefitting from the short carrier transport dis-
tance and direct contact interface, CsPbBr;/TiO, exhibits significantly acceler-
ated interfacial charge transfer between CsPbBr; and TiO, (8.90 X 108 s7')
compared with CsPbBr;:TiO, counterpart (4.87 X 107 s™') prepared by tradi-
tional electrostatic self-assembling. The electron consumption rate of cobalt
doped CsPbBr;/TiO, can reach as high as 405.2 £ 5.6 umol g=' h~' for photo-
catalytic CO, reduction to CO coupled with H,O oxidation to O, under AM1.5
sunlight (100 mW cm~?), over 11-fold higher than that of CsPbBr;:TiO,, and
surpassing the reported halide-perovskite-based photocatalysts under similar
conditions. This work provides a novel strategy to boost charge transfer of
photocatalysts for enhancing the performance of artificial photosynthesis.

of sacrificial reagents,P! owing to the diffi-
cult energy-uphill reaction of water oxida-
tion.l%! In fact, only a few semiconductors,
such as TiO,,” ZnO,® GaN,! InvO,,"%
Cu,0,M BiOBr!™ et. al can achieve photo-
catalytic CO, reduction using water as an
electron donor, while the photoconversion
efficiency is still far from satisfactory due
to the low visible-light-harvesting capacity
and/or fast photogenerated electron—hole
recombination.¥] Thereby, the exploita-
tion of photocatalyst with robust visible
light response and highly efficient carrier
separation is highly desired for artificial
photosynthesis.

The construction of semiconductor
heterojunctions is the most common
strategy to improve the separation of

1. Introduction

The emission of tremendous CO, from excessive consump-
tion of fossil energy has caused a series of climate and environ-
mental problems.[! Artificial photosynthesis is regarded as one
of promising strategies to realize CO, recycle,?! by directly uti-
lizing inexhaustible solar energy to convert CO, and H,O into
fuels or chemicals with the aid of photocatalysts,l’l as plants
doing every day. An ideal carbon neutrality photocatalyst should
simultaneously drive CO, reduction and water oxidation effi-
ciently to achieve highly efficient CO, conversion.! However,
most of the reported photocatalysts with visible light response
for CO, photoreduction are inseparable from the employment
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photogenerated carries, which can effec-
tively promote the performance of arti-
ficial photosynthesis. In particular,
Z-scheme heterojunctions can not only improve the photo-
generated carrier separation, but also retain the stronger oxi-
dative and reductive capabilities of carriers (Scheme 1a), which
have received widespread attention in the field of photocatalysis
in recent years.' At present, there are two typical structures of
Z-scheme heterojunctions. The most common one is composed
of small semiconductor nanoparticles (SC-2) on bulky semicon-
ductor substrate (SC-1) (Scheme 1b). In this type of Z-scheme
heterojunctions, the interfacial contact area between SC-1 and
SC-2 is very small, most of the photogenerated carriers in SC-1
recombine before reaching the interface of the heterojunc-
tion (Scheme 1b). The other one is consisted of two surface
ligand-protected semiconductor nanoparticles (SC-1 and SC-2)
assembled via electrostatic interactions. However, the surface-
adsorbed ligands hinder the direct contact of two semiconduc-
tors (Scheme 1c), which is detrimental to the interfacial charge
transfer and separation. Nanoscale Janus Z-scheme heterojunc-
tion has a short carrier transport distance and direct contact
interface (Scheme 1d), which is beneficial for efficient transport
and separation of photogenerated carriers. Moreover, compared
with the traditional Z-scheme heterojunctions (Scheme 1b),
nanoscale heterojunction has a larger light-harvesting area. As
a result, nanoscale Janus Z-scheme heterojunction are expected
to enhance the efficiency of CO, photoreduction. Nevertheless,
to our knowledge, no such Z-scheme heterojunction has been
investigated for photocatalytic CO, reduction thus far.
Herein, we report a metal-halide perovskite (MHP) based
nanoscale Janus Z-scheme heterojunction of CsPbBr;/TiO,
through a facile interfacial synthesis method, and employ
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Scheme 1. a) The energy band structure and charge transfer pathway of a Z-scheme heterojunction. b,c) Two typical Z-scheme heterojunctions com-
posed of b) small semiconductor nanoparticles (SC-2) on bulky semiconductor substrate (SC-1), and c) two surface ligand-protected semiconductor
nanoparticles assembled via electrostatic interactions. d) Unprecedented Z-scheme heterojunction composed of nanoparticle with Janus configuration.

SC-1 and SC-2 denote two different semiconductors.

it as a photocatalyst for efficient CO, reduction coupled with
H,0 oxidation. MHP nanocrystals (NCs) have been utilized
in many fields such as photovoltaic’® and optoelectronic
devices!” due to their excellent visible-light-harvesting capa-
bility and long photogenerated carrier lifetime,® which endow
MHP NCs with a fascinating prospect for artificial photo-
synthesis.'”) CsPbBr; was in-situ formed from the transforma-
tion of Cs,PbBrg NCs at the hexane/water interface.? During
the transformation of Cs,PbBry to CsPbBrj3, the surface ligands
of CsPbBr; NC facing the water side will be removed, which
provide an opportunity for the deposition of titanium matrix
(TiO,) at the surface of CsPbBr; NC via in-situ hydrolysis of
titanium butoxide (TBO) at the hexane/water interface, and
TiO,, can only grow along one side of CsPbBr3,>?! resulting in
the formation of nanoscale Janus heterojunction of CsPbBr;/
TiO,. As expected, the as-prepared CsPbBr;/TiO, heterojunc-
tion exhibits swift interfacial charge transfer, which endows
CsPbBr3/TiO, with a significantly enhanced photocatalytic
activity for CO, reduction compared with CsPbBr3:TiO,, hetero-
junction prepared by traditional electrostatic self-assembling
approach. Without any organic sacrificial agents, the electron
consumption rate of cobalt doped CsPbBr;/TiO, reaches as
high as 405.2 £ 5.6 umol g~! h™! for photocatalysis CO, reduc-
tion coupled with water oxidation under 1 sun irradiation, far
surpassing the reported MHP-based photocatalysts under the
similar conditions (Table S1, Supporting Information). As
far as we know, it is the first MHP-based Z-scheme hetero-
junction with nanoscale Janus configuration toward artificial
photosynthesis.

2. Results and Discussion

2.1. Preparation and Characterization of CsPbBr;/TiO,
Heterojunction

The synthesis process of CsPbBr;/TiO, heterojunction is illus-
trated in Scheme S1, Supporting Information, and the detailed
recipes are described in the Experimental Section. Briefly,
monodispersed Cs,PbBry NCs (Figure S1, Supporting Informa-
tion) prepared by a hot-injection method were firstly dispersed
in hexane. Then, the colloidal Cs,PbBry hexane solution was
mixed with TBO under stirring, followed by quickly injecting
a small amount of deionized water into the mixture. After vig-
orous stirring for 5 min, the mixture was kept unperturbed
at room temperature for 12 h. During this process, the color
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of the solution changed from initial colorless to bright green,
and then gradually changed to yellow (Figure S2, Supporting
Information). This phenomenon indicates the occurrence of
chemical transformation from Cs,PbBrg to CsPbBr; through
stripping out CsBr from Cs,PbBry at the hexane/water inter-
face, owing to the high solubility of CsBr in water.2

The chemical transformation can be further demonstrated
by monitoring the absorption spectra. As depicted in Figure S3,
Supporting Information, in contrast to initial solution showing
three characteristic absorption peaks of Cs,PbBry NCs (206,
233, and 313 nm), the final yellow solution exhibits three new
absorption peaks at 216, 270, and 510 nm, suggesting the gener-
ation of CsPbBr; NCs. The sharp absorption peaks of Cs,PbBr,
NCs are not observed for the final solution, indicating the com-
plete transformation from Cs,PbBrs to CsPbBr;. Meanwhile,
the extraction of CsBr from Cs,PbBr, in the hexane/water inter-
face would be accompanied by the removal of surface ligands
on CsPbBr; NCs facing the water side, which allows the nuclea-
tion and growth of in-situ generated titanium matrix (TiO,)
at the interface through the hydrolysis of TBO to construct
nanoscale Janus CsPbBr;/TiO, heterojunction (Scheme S1,
Supporting Information).

Transmission electron microscopy (TEM) was employed
to investigate the morphology and composition of CsPbBr;/
TiO,. As presented in Figure la, nanoscale Janus CsPbBr;/
TiO, heterojunction can be clearly observed, and each CsPbBr;/
TiO, heterojunction is composed of two separated components.
CsPDbBr; displays a cubic morphology, which is different from
Cs,PbBrg with a quasi-spherical morphology (Figure S1, Sup-
porting Information). The average size of CsPbBr; NCs in
CsPbBr;3/TiO, is 13.5 nm (Figure S4, Supporting Information),
which is smaller than that of initial Cs,PbBrg NCs (15.5 nm,
Figure S1, Supporting Information). In addition, dynamic light
scattering (DLS) measurements of pure Cs,PbBrs and CsPbBr;
NCs also showed that the average particle size of CsPbBrj is
=~2 nm smaller than that of Cs,PbBr, (Figure S5, Supporting
Information). The size shrinkage of CsPbBr; NCs can be attrib-
uted to CsBrstripping during the transformation process.
The small black dots on the surface of CsPbBr; (Figure 1a)
should be Pb particles formed by high-energy electron irra-
diation during the TEM measurement, which has been com-
monly observed in previous reports.?2 High-resolution TEM
(HRTEM) image (Figure 1b) exhibits distinct lattice spacing
of 0.58 nm, which can be assigned to the (100) lattice plane of
cubic CsPbBr; in CsPbBr;/TiO,, being consistent with that of
CsPDbBr; obtained by identical condition without adding TBO

© 2023 Wiley-VCH GmbH

858017 SUOWIWOD SAEaID 3|(dedl dde 8Ly Aq peusenob ae Ss[oiie O ‘8sN JO SaInJ 10} ARIq1T8UIUO A8]1A UO (SUOIPLIOD-PUE-SWLB) W00’ A8 1M AReiq Ul |uo//Sdiy) SUORIPUOD pue swie | au18es *[£202/90/2T] uo Ariqiauliuo Ao |im ABojouyoe L JO AisieAlun ulftel L Aq Z6TTOEZ0Z 1IWS/Z00T OT/I0PAW0D" A8 | Aeiq iUl |uo//Sciy Wwolj pepeojumod ‘0 ‘62895 TIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

a

www.small-journal.com

Figure 1. a) TEM image of CsPbBr;/TiO,. b) HRTEM image labeling the lattice spacing of CsPbBr;/TiO,. c) HAADF-STEM image, and d—h) elemental

mapping images of CsPbBr;/TiO,: d) Cs; e) Pb; f) Br; g) Ti; h) overlap.

precursor (Figure S6, Supporting Information). There is no
unambiguous lattice spacing in the light part (=16 nm in size)
of CsPbBr;/TiO, heterojunction, indicating the in situ gener-
ated TiO, is amorphous, which is in accordance with previ-
ously reported TiO, based on the hydrolysis reaction of TBO
at room temperature.?!! High-angle annular dark-field scan-
ning TEM (HAADF-STEM) and energy-dispersive X-ray spec-
troscopy (EDS) mapping measurements were further carried
out to inspect the elemental distribution of CsPbBr;/TiO,. As
shown in Figure 1c-h, Cs, Pb, and Br are concentrated on the
one side, while titanium element mainly appears on the other
side, further conforming the formation of a nanoscale Janus
CsPbBr;3/TiO, heterojunction. It is worth noting that the mor-
phology of CsPbBr;/TiO, heterojunction is significantly dif-
ferent from that of CsPbBr;:TiO, heterojunction (made from
the mixture of CsPbBr; and TiO, nanocrystals, see details in
the Supporting Information), in which most of CsPbBr; and
TiO, nanoparticles have separated from each other (Figure S7,
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Supporting Information), owing to the hindrance of long alkyl
chain ligands on the surface of CsPbBr; nanocrystals.

The powder X-ray diffraction (PXRD) measurements were
further performed to inspect the structure of CsPbBr;/TiO,. As
depicted in Figure 2a, CsPbBr; exhibits distinct characteristic
diffraction peaks at 15.0°, 21.4°, 30.4°, and 37.6°, which can be
assigned to (100), (110), (200), and (211) facets of CsPbBr; with
cubic phase (JCPDS: 00-054—0752), respectively. The XRD pat-
tern of CsPbBr3/TiO, also contains the characteristic diffraction
peaks indexed to cubic phase CsPbBr;, and no typical signals of
Cs,PbBrg can be observed, further demonstrating the complete
chemical transformation from Cs,PbBrg to CsPbBr; during
the formation of CsPbBr;/TiO,. In addition, there are no TiO,
characteristic peaks in the XRD pattern of CsPbBr;/TiO, due to
the amorphous structure of TiO,, as confirmed by the result of
pure TiO, prepared by the same method (Figure S8, Supporting
Information). The presence of TiO, in CsPbBr;/TiO, com-
posite was demonstrated by Fourier transform infrared (FTIR)
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Figure 2. a) PXRD patterns of CsPbBr;, CsPbBr;/TiO,, and Cs,PbBrs. b) FTIR, and c) Raman spectra of TiO,, CsPbBr;, and CsPbBr;/TiO,. High-
resolution XPS spectra of d) Ti 2p in TiO,, CsPbBr; and CsPbBr3/TiO,, e) Br 3d and f) Pb 4f in CsPbBr; and CsPbBr;/TiO,.

spectroscopy, Raman spectroscopy, and X-ray photoelectron
spectroscopy (XPS) measurements. As shown in Figure 2b,
apart from the characteristic peaks of CsPbBr3;, the FTIR spec-
trum of CsPbBr;/TiO, shows strong Ti—O-Ti vibration peaks
at 780 and 610 cm™.12l In addition, both the Raman signals
for TiO,, (413 and 602 cm™)2* and CsPbBr; (306 cm™)?! can
be clearly observed in CsPbBr;/TiO, (Figure 2c). Moreover, in
contrast to pure CsPbBr;, two new peaks at 458.3 and 464.1 eV
assigned to Ti 2p;, and Ti 2p;;, for Ti*-O bondsl*®! can be
clearly observed in high-resolution XPS spectrum of CsPbBr;/
TiO, composite as shown in Figure 2d. Furthermore, there
are perceptible shifts of binding energies for Ti 2p (Figure 2d)
and Br 3d, Pb 4f, Cs 3d (Figure 2e, Figure 2f, and Figure S9,
Supporting Information) in CsPbBr;/TiO, in comparison
with those in individual TiO, and CsPbBr;, suggesting a
strong electronic coupling between CsPbBr; and TiO, due to
the tight contact between CsPbBr; and TiO, in CsPbBr;/TiO,
heterojunction.

2.2. Interfacial Charge Transfer Dynamics of CsPbBr;/TiO,
Heterojunction

Considering that the band alignment of the heterojunction plays
a crucial role in determining the interfacial electron transfer
and the thermodynamic feasibility of photocatalytic reaction,
we first resorted to the UV—visible diffuse reflectance spectros-
copy (UV-Vis DRS) and ultraviolet photoelectron spectroscopy
(UPS) measurements to obtain the electronic band alignments
of CsPbBr; and TiO,. As presented in Figure 3a, the absorption
edges of pure CsPbBr; and TiO, are =537 and 377 nm, respec-
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tively, which also can be clearly observed in CsPbBr;/TiO,, com-
posite. According to the corresponding Tauc plots (Figure S10,
Supporting Information), the optical bandgaps (Eg) of CsPbBr;
and TiO, can be determined to be 2.36 and 3.11 eV, respectively,
which are consistent with the reported values for CsPbBr;/?’!
and TiO,." Figure 3b—c display the UPS spectra of CsPbBr;
and TiO,, from which the valence band edge potentials (Eyg) of
CsPbBr; and TiO, can be calculated as 1.73 and 2.74 V versus
the standard hydrogen electrode (SHE), respectively. In combi-
nation with the values of E; and Eyg, we can deduce the con-
duction band potentials (Ecp) of CsPbBr; and TiO,, being —0.63
and —0.37 V versus SHE, respectively. Thereby, the CsPbBr;/
TiO, heterojunction should display a staggered band alignment
as illustrated in Figure 3d.

The dynamics of photogenerated carriers in CsPbBr;/TiO,
heterojunction was further scrutinized by steady-state and
transient photoluminescence (PL) measurements. The excita-
tion wavelength was selected at 450 nm to avoid the absorp-
tion of TiO,. As shown in Figure 3e, individual CsPbBr; pos-
sesses a strong PL emission with a characteristic peak at
517 nm. There is an insignificant reduced PL intensity in the
CsPbBr;:TiO, composite, indicating the sluggish electron
transfer between CsPbBr; and TiO, because of their separated
structure (Figure S7, Supporting Information). It is worth
noting that CsPbBr;/TiO, heterojunction exhibits dramat-
ical PL quenching, revealing the unique benefit of nanoscale
Janus heterojunction for interfacial charge transfer. The time-
resolved PL (TRPL) measurements further demonstrated that
the nanoscale Janus heterojunction is beneficial to interfacial
charge separation. As presented in Figure 3f, the TRPL trace
of pure CsPbBr; NCs denotes the dynamic process of exciton
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Figure 3. a) UV-Vis DRS spectra of TiO,, CsPbBr3;, and CsPbBr;/TiO,. UPS of as-prepared CsPbBr; and TiO, in the b) cutoff and c) onset energy regions.
d) Energy band diagrams of CsPbBr; and TiO, before contact. e) Steady-state PL of CsPbBr;, CsPbBr;:TiO, and CsPbBr;/TiO,. f) Time-correlated PL
decay traces of CsPbBr3;, CsPbBr;:TiO,, CsPbBr3/TiO,, CsPbBr3:TiO, and CsPbBr;:USGO:TiO,.

deactivation in CsPbBr; by combining radiative and nonradia-
tive pathways, and the PL average lifetime of CsPbBr; NCs can
be calculated to be 27.94 ns by fitting the corresponding TRPL
trace with a multiexponential function (see more details in
Table S2, Supporting Information). Compared to individual
CsPbBr; NCs, CsPbBr;:TiO, composite features a degree of
accelerated PL decay with a shortened PL average lifetime of
11.83 ns, which indicates the occurrence of interfacial charge
transfer in CsPbBr3TiO, owing to the energy off-set between
CsPbBr; and TiO,. In sharp contrast, the PL decay in CsPbBr;/
TiO, heterojunction was significantly accelerated, indicating
that swift charge transfer occurred at the interface of CsPbBr3/
TiO, heterojunction. The corresponding PL average life-
time is remarkably reduced to 1.08 ns, which is significantly
shorter than those of pristine CsPbBr; NCs and CsPbBr3:TiO,
composite. The corresponding interfacial charge transfer
rate constants in CsPbBr;/TiO, and CsPbBr;TiO, hetero-
junctions can be derived to be 8.90 x 10% and 4.87 x 107 s7,
respectively.

The surface photovoltage (SPV) measurements were further
carried out to substantiate the favorable impact of nanoscale
Janus heterojunction on the transport and separation of photo-
generated carriers. Upon light illumination, in general, the
more negative change of SPV signal means the more accumu-
lation of photogenerated electrons on the surface of semicon-
ductor.”® Pure TiO, shows negligible SPV response under light
irradiation (Figure S11, Supporting Information), owing to the
weak light-harvesting capacity and rapid electron—hole recom-
bination of TiO,.[?%) Benefiting from the strong light absorption
and long photogenerated carrier lifetime, sole CsPbBr; NCs
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exhibit obviously negative change of =50 mV (Figure 4). Notably,
CsPbBr;/TiO, nanoparticles display dramatic change of SPV
signal (=200 mV) as shown in Figure 4, which is also signifi-
cantly larger than that of CsPbBr;:TiO, composite (=60 mV,
Figure S12, Supporting Information). Apparently, CsPbBr;/
TiO, heterojunction with a close contact interface can facilitate
interfacial charge separation to achieve high concentration of
photogenerated carriers on the surface of semiconductor, which
can be further confirmed by the photoelectrochemical meas-
urements. As presented in Figure S13a, Supporting Informa-
tion, CsPbBr3/TiO, exhibits a significantly larger photocurrent
density with respect to individual CsPbBr; and CsPbBr;:TiO,
composite. In addition, the Nyquist semicircle diameter of
CsPbBr3/TiO, nanoparticles is also noticeably smaller than
those of CsPbBr; and CsPbBr;:TiO, composite (Figure S13b
and Table S3, Supporting Information).

2.3. Photocatalytic CO, Reduction Activity of CsPbBr;/TiO,
Heterojunction

The photoreduction CO, performance of CsPbBr;/TiO, was
evaluated in a gas—solid reaction apparatus in the presence
of H,0 vapor. A solar simulator with the light intensity of
100 mW cm™2 was employed to simulate AM1.5 sunlight. The
individual CsPbBr; and TiO, as well as CsPbBr;:TiO, com-
posite were also assessed to corroborate the merit of nanoscale
Janus configuration in photocatalytic activity under the same
condition. The major reduction product was identified as
CO by chromatographic analyses for all the samples, and no
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Figure 4. Height images of a) CsPbBr; and b) CsPbBr;/TiO,. The differential SPV images of c) CsPbBr; and d) CsPbBr;/TiO, between potential images
under illumination and in the dark. Contact potential difference changes (ACPD) of e) CsPbBr; and f) CsPbBr;/TiO, by subtracting the potential in the

dark conditions from that under illumination.

other unignorable reduction product can be detected. The CO
generation rates for all the photocatalysts were visualized in
Figure 5a. TiO,, alone displays very inferior activity for photocat-
alytic CO, reduction due to its weak visible light capture ability,
with a CO generation rate of only 4.1+ 1.4 umol g™' h™.. Despite
CsPDbBr; possesses good visible light response, pristine CsPbBr;
also exhibits very low CO generation rate (8.0 1.3 umol gt h™),
which can be ascribed to the lack of activity sites and the
weak water oxidation ability. Combining CsPbBr; and TiO,
through electrostatic self-assembly (CsPbBr;:TiO,) only slightly
improves the performance of photoreduction CO,, exhibiting a
marginally higher CO generation rate of 18.2 £ 1.7 umol g h™%
This result should be attributed to the fact that the presence
of long alkyl chain ligands on the surface of CsPbBr; hindered
the direct contact between the CsPbBr; and TiO, (Figure S7,
Supporting Information), resulting in insufficient separation of
photogenerated carriers."!
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In sharp contrast, nanoscale Janus CsPbBr;/TiO, hetero-
junction possesses swift interfacial electron transfer and thus
efficient charge separation, which endows CsPbBr;/TiO,
with a remarkably enhanced performance for CO, photore-
duction. The average CO generation rate of CsPbBr;/TiO, is
108.5 £+ 2.4 umol g h! (Figure 5a), which is =14, 26, and 6
times higher than those of CsPbBr3, TiO,, and CsPbBr;:TiO,,
respectively. To evaluate the superiority of nanoscale Janus
Z-scheme heterojunction in photocatalytic activity, the cur-
rently developed MHP-based heterostructures, including direct
Z-scheme heterojunction CsPbBr;:TiO, (loading CsPbBr;
nanoparticles on large-size TiO, substrate), and all-solid-
state Z-scheme heterojunction CsPbBr;:USGO:TiO, (loading
CsPbBr; nanocrystals and TiO, nanofibers on the ultrathin
small-size graphene oxide (USGO) electron mediator), were
also prepared as references. As shown in Figure 5a, The CO
generation rates of CsPbBryTiO, and CsPbBr;:USGO:TiO,
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Figure 5. a) Yields of CO and corresponding total electron consump-
tion rates (Rejectron), With TiO,, CsPbBr;, CsPbBr;:TiO,, CsPbBr3:TiO,,
CsPbBr;:USGO:TiO,, CsPbBr;/TiO, and Co@CsPbBr;/TiO, as photo-
catalysts, under solar simulator irradiation with the light intensity of
100 mW cm™2. b) Yields of reduced and oxidized products with CsPbBr;/
TiO, as the photocatalyst. The error bars are also included in the photo-
catalytic results from three parallel tests. ) Yields of CO for five consecu-
tive cycles with 3 h each, using CsPbBr;/TiO, as the photocatalyst.

are 32.4 + 1.6 and 55.2 £ 1.5 pmol g h7}, which are manifestly
lower than that of CsPbBr3/TiO, with nanoscale Janus configu-
ration. Transient PL measurements (Figure 3f) revealed that
the PL average lifetimes (Table S2, Supporting Information) of
CsPbBr3:TiO, (12.67 ns) and CsPbBr;:USGO:TiO, (9.14 ns) are
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noticeably longer compared with that of CsPbBr3/TiO, (1.08 ns),
indicating that the interfacial electron transfer in CsPbBr;/TiO,
is significantly more rapid than those in CsPbBr;:TiO, and
CsPbBr;:USGO:TiO,. Meanwhile, the oxidation product O,
of CsPbBr;/TiO, can also be detected with an average yield of
53.5 + 3.5 umol g! h™! (Figure 5b), which is almost stoichio-
metric ratio of 1:2 with respect to the yield of CO. In addition,
the photocatalytic stability of CsPbBr;/TiO, was also estimated
by cycling tests (see details in the Supporting Information). As
shown in Figure 5c, the drop percentage of CO generation rate
is <10% after five cycles, indicating a good stability of CsPbBr3/
TiO, in the gas—solid reaction system. Further XRD, TEM, and
XPS measurement confirmed that the crystal structure, mor-
phology, and chemical state of the perovskite of CsPbBr;/TiO,
remained well after the photocatalytic reaction (Figures S14-S16,
Supporting Information). Moreover, considering that doping
active metal ion in halide perovskite nanocrystals can promote
the catalytic activity for CO, reduction by improving charge sep-
aration efficiency and increasing the catalytic sites,*!l we also
synthesized a cobalt doped CsPbBr;/TiO, nanoparticle (coded
as Co@CsPbBr;/TiO,, see details in the Supporting Informa-
tion, Figure S17, Supporting Information). The photocurrent
response and EIS measurements (Figure S13, Supporting
Information) concurrently indicated that the doping of cobalt
can further improve the separation efficicecy of photogenerated
carriers. The average CO generation rate of Co@CsPbBr;/
TiO,, can reach up to 202.6 £ 2.8 umol g™ h7!, which is more
than an order of magnitude higher than those of individual
CsPbBr; and TiO, as well as CsPbBr;:TiO, composite, and
the external quantum efficiency (EQE) up to 0.22% at 365 nm
(Table S4, Supporting Information). At the same time, the oxi-
dation product O, with stoichiometric ratio can also be detected
(Figure S18). The corresponding electron consumption rate
(Relectron) €an be calculated as high as 405.2 + 5.6 umol g! h™,
far surpassing the reported halide perovskite-based photocata-
lysts without organic sacrificial agents using the light intensity
of 100 mW cm™2 (Table S1, Supporting Information).

Control experiments were further performed to identify
the sources of CO and O, with CsPbBr;/TiO, as photocata-
lyst. As illustrated in Figure S19, there are no products can be
detected in the absence of light irradiation or photocatalyst,
indicating the reduction reaction of CO, is triggered by light
over the photocatalyst. Control experiment in the absence of
water vapor also shows negligible generation of CO, indicating
the electron source of CO, photoreduction comes from water
oxidation. These inferences can be confirmed by further iso-
topically labeled *CO, and H,"®0O experiments. The results of
mass spectrometry analyses on the products (Figure S20, Sup-
porting Information) show the distinct signals at m/z = 29 cor-
responded to ¥CO and m/z = 36 belonged to ®0,, proving that
the CO and O, products were exactly derived from CO, photo-
reduction and water oxidation, respectively.

2.4. Photocatalytic Mechanism of Z-Scheme Mode
Considering the staggered band structure configuration

between CsPbBr; and TiO, (Figure 3d), there are two pos-
sibilities for the interfacial charge transfer pathway between
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CsPbBr; and TiO, under the irradiation, which are commonly
referred as double-charge transfer (Figure S21, Supporting
Information) and direct Z-scheme (Scheme 1a) mechanisms.
To ascertain which of these two modes is preferred for the
photogenerated carriers in CsPbBr;/TiO,, the semiconductor
properties of as-prepared CsPbBr; and TiO, were first investi-
gated by constructing their Mott—Schottky plots. As presented
in Figure S22, Supporting Information, both CsPbBr; and
TiO, have positive slopes at different frequencies, indicating
that both CsPbBr; and TiO, possess n-type semiconductor
behavior. Therefore, their Fermi level (Eg) positions are biased
toward the edges of the corresponding conduction bands,
which can be determined by the UPS spectrum measurements
(Figure 3b—c), locating at —0.04 and 0.75 eV referred to SHE
for CsPbBr; and TiO,, respectively, as illustrated in Figure 3d.
The large difference of Eg and close contact between CsPbBr;
and TiO, for CsPbBr;/TiO, heterojunction would bring forth
interface-free electron transfer from CsPbBr; to TiO, to realize
the Fermi level equilibration of the system, leading to the for-
mation of built-in electric field at the interface of the CsPbBr;/
TiO,, heterojunction associated with band bendingst®? as illus-
trated in Figure 6a. Apparently, the resultant built-in electric
field and band bending will hinder the photogenerated electron
transfer from CsPbBr; to TiO,, while facilitate the transfer of
photoexcited electron in the conduction band of TiO, to the
valence band of CsPbBr;, implying that the direct Z-scheme
mechanism could be preferred for the photoinduced interfacial
charge transfer in CsPbBr;/TiO, heterojunction as depicted in
Figure 6a.

To further confirm the direct Z-scheme mode is opera-
tive for the photogenerated carrier transfer in CsPbBr;/TiO,
heterojunction, the electron paramagnetic resonance (EPR)
measurements were performed to monitor the production of
spin reactive -OH and -O,” species. 5,5-Dimethyl-1-pyrroline
N-oxide (DMPO) was employed as trapping agent.33l As pre-
sented in Figure 6b, both TiO, and CsPbBr;/TiO, display
strong characteristic signals of DMPO--OH under light irradi-
ation, whereas no distinct signal can be observed in the case of
individual CsPbBr3, owing to the insufficient energy of photo-
generated holes in the valance band of CsPbBr; (Eyg = 1.73 V
versus SHE) for the oxidation of H,O to -OH (2.40 V versus
SHE). Meanwhile, it is noted that the signal corresponded to
DMPO--OH in the CsPbBr;/TiO, is obviously stronger than
pristine TiO,, indicating that the photogenerated holes in the
TiO, component of CsPbBr;/TiO, are retained rather than
transferred to CsPbBr;, and photoinduced electron—hole pairs
are effective separated through the electron transfer from the
conduction band of TiO, to the valence band of CsPbBr;. This
phenomenon reveals that the as-prepared CsPbBr;/TiO, com-
plies with the direct Z-scheme mode rather than the common
double-charge transfer mechanism. If CsPbBr;/TiO, follows
the double-charge transfer pathway (Figure S21, Supporting
Information), the photogenerated holes in the valence band
of TiO, will be transferred to the valence band of CsPbBr;,
and the DMPO--OH signal will not be observed because the
holes in the valence band of CsPbBr; do not have the ability
to trigger the oxidation of H,0 to -OH. The efficient photoin-
duced electron—hole separation in CsPbBr;/TiO, can be further
confirmed by detecting the DMPO--0O,~ characteristic peaks
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Figure 6. a) Energy band structure and schematic illustration of the
Z-scheme reaction mechanism of CsPbBr;/TiO, heterojunction for photo-
catalysis of CO, reduction coupled with water oxidation. EPR spectra of
b) DMPO—--OH and ¢) DMPO—O; of TiO,, CsPbBr;, and CsPbBr;/TiO,
under light irradiation.

of CsPbBr3, TiO,, and CsPbBr;/TiO,. As depicted in Figure 6c,
the DMPO--0," signal generated in the CsPbBr;/TiO, are also
evidently stronger than those of single CsPbBr; and TiO,. In
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addition, no DMPO--OH and DMPO--O," signals can be
detected without light irradiation (Figure S23, Supporting Infor-
mation) for all the samples, confirming that the reactive -OH
and - O, species were generated by photogenerated carriers.

Based on the above results, we can propose the Z-scheme
mechanism of CsPbBr;/TiO, for photocatalytic CO, reduction
integrated with H,O oxidation as depicted in Figure 6a. Light
irradiation induces the generation of electron—hole pairs in
both CsPbBr; and TiO,. Thereafter, the photogenerated elec-
trons in the conduction band of TiO, were swiftly transferred
to the valence band of CsPbBr; due to the close contact and the
formation of built-in electric field between CsPbBr; and TiO,,
achieving effective spatial separation of photoinduced electron—
hole pairs. The retained photogenerated holes in TiO, with
strong oxidation capability (Eyg = 2.74 V versus SHE) are able
to oxidize H,O to generate O, and H* (4h* + 2H,0 — O, + 4H*,
1.23 V versus SHE).}¥ Meanwhile, CsPbBr; with strongly
reductive electrons (Ecg = —0.63 V versus SHE) will trigger
the CO, reduction to CO following the two-electron and two-
proton process (CO, + 2e” + 2H* — CO + H,0, —0.12 V versus
SHE).34 Thereby, the effective separation of photogenerated
carriers and preserved strong reduction and oxidation capaci-
ties in CsPbBr;/TiO, are mainly responsible for the signifi-
cantly enhanced photocatalytic performance for CO, reduction
coupled with H,0 oxidation.

3. Conclusion

In summary, a MHP-based nanoscale Janus Z-scheme hetero-
junction of CsPbBr;/TiO, has been controllably synthesized
by a facile interfacial synthesis strategy, which shows out-
standing photocatalytic activity for overall reaction of artificial
photosynthesis. The short carrier transport distance and direct
contact between CsPbBr; and TiO, NCs endows CsPbBrs/
TiO, heterojunction with swift interfacial charge transfer fol-
lowing a Z-scheme mode, as demonstrated by steady-state
and transient PL, SPV, photoelectrochemical, UPS and EPR
measurements. Benefitting from the efficient spatial separa-
tion at the nanoscale and preserved strong redox potentials
of photogenerated carriers, the photocatalytic CO, reduction
performance of CsPbBr;/TiO, significantly transcends those
of CsPbBr; and CsPbBr3TiO,. The strategy presented here
for the construction of isolated Z-scheme heterojunction at
the nanoscale with swift interfacial charge transfer could be
extended to other semiconductor-based photocatalysts, pro-
viding a new avenue for the development of efficient artificial
photosynthesis photocatalysts.
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