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ABSTRACT

Lead halide perovskite (LHP) nanocrystals have been intensely studied as photocatalysts for artificial pho-
tosynthesis in recent years. However, the toxicity of lead in LHP seriously limits their potential for wide-
spread applications. Herein, we first present the synthesis of 2D lead-free halide perovskite (Cs3Bi;lg)
nanosheets with self-template-oriented method, in which BiOI/Bi,0, 7 nanosheets were used as the tem-
plate and Bi ion source simultaneously. Through facile electrostatic self-assembly strategy, a Z-scheme
heterojunction composed of Cs3Bi;lg nanosheets and CeO, nanosheets (Cs3Bizlo/Ce05-3:1) was con-
structed as photocatalyst for the photo-reduction of CO, coupled with the oxidation of H,0. Due to the
matching energy levels and the close interfacial contact between Cs3Bi,lg and CeO, nanosheets, the sep-
aration efficiency of the photogenerated carriers in Cs3Biylg/Ce0,-3:1 composite was significantly
improved. Consequently, the environment-friendly halide perovskite heterojunction Cs3Bi,lg/Ce0,-3:1
presents impressive photocatalytic activity for the reduction of CO, to CH4 and CO with an electron con-
sumption yield of 877.04 umol g~!, which is over 7 and 15 times higher than those of pristine Cs3Bi,lg and
Ce0O, nanosheets, exceeding the yield of other reported bismuth-based perovskite for photocatalytic CO,
reduction.

© 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.

1. Introduction

Direct utilization of solar energy to convert CO, into energy-rich
compounds is expected to provide a solution to alleviate climate
and energy crisis [1-6]. To push this ideal energy conversion tech-
nology toward practical applications, photocatalytic reduction of
CO, integrated with the oxidation of HO was considered as a
prospective approach to support the sustainable energy needs
[7-8]. In this context, many semiconductors (e.g., TiO, [9,10],
CsPbBr; [11], Cup0 [12,13], BiOBr [14] etc.) have been explored
as photoactive materials for artificial photosynthesis. Among them,
lead-based halide perovskite (LHP) nanocrystals are considered as
promising photocatalysts [11,15-20], due to their fascinating light-
harvesting performance, long photogenerated carrier lifetime and
low-cost characteristics [21-23]. However, the proverbial toxicity
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of lead to human life, because of its well solubility in water, limits
their future widespread applications.

As alternatives, nontoxic elements such as Sn, Sb, and Bi have
recently received extensive considerations in the preparation of
lead-free halide perovskites [24-27]. Nevertheless, compared to
the Pb-based perovskites, the homovalent Sn?*-based perovskites
were either unstable or less efficient [28]. While for the heterova-
lent Sb and Bi ions [29,30], these two elements have the same
stable +3 oxidation state and are less toxic in comparison with
Pb. Particularly, Bi** has the similar electron configuration and
ion radius with Pb?*, which may bring about analogous optoelec-
tronic characteristics as LHP. In this respect, the Bi-based per-
ovskites, especially Cs3BiXg (X = Cl, Br or I) perovskites, have
been widely employed in photocatalytic applications such as H,O
decomposition [31,32], organic reactions [33,34], pollutant degra-
dations [35], and CO, reduction [36-38].

Nevertheless, as photoactive catalysts, the primary concerns of
Cs3BiyXg perovskites are the defect characteristics of these materi-
als [39]. As the low formation energy, many deep energy defects
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exist in the band gap of Cs3Bi>Xg, which would become the recom-
bination centers of photogenerated carriers [39]. Besides, the high
exciton binding energy in Cs3Bi,Xo further hampers the separation
of the photogenerated electrons and holes in Cs3Bi;Xg. Aimed at
above problems, the structures and compositions of Bi-based
halide perovskite catalysts have been modulated with various
strategies over the past 3 year, such as doping Cs3Bi;Xg with ran-
dom morphologies on C3N,4 [40], TiO, [41] and Bi;WOg [38], or
adjusting the cations [42,43] or halide constitutes [36,44] of Bi-
based halide perovskite nanocrystals. Nonetheless, the perfor-
mance of Bi-based halide perovskites for CO, reduction is still far
from satisfactory. Previous reports have demonstrated that com-
pared with traditional metal halide perovskite nanocrystals, 2D
perovskite nanosheets possess prior stability [45], abundant active
sites [46], and shorter carriers transfer distance to the surface of
photocatalysts [47,48]. Therefore, it is highly anticipated to synthe-
sis 2D Bi-based halide perovskite nanostructure, which has not
been reported yet, and employed it as the photoactive material
for the construction of heterojunction catalysts to promote the per-
formance of Bi-based perovskite for CO, photo-reduction.

In this work, using BiOI/Bi,0,; nanosheets as both template
and Bi ion source, we first present a self-template-oriented method
for the synthesis of 2D lead-free halide perovskite (Cs3Biylg)
nanosheets. To further improve the carrier dissociation of 2D Css-
Biylg nanosheets, 2D CeO, nanosheets, which possess high oxida-
tion capacity, stability and low-cost properties, are committed to
constructing a Z-scheme heterojunction (Cs3Bizlg/Ce05-3:1)
through facile electrostatic self-assembly between Cs3Bilg and
CeO, nanosheets (Scheme 1). Specifically, the construction of 2D
Cs3Biylg nanosheets-based Z-scheme heterojunctions as photocata-
lysts is based on the following important considerations. Firstly,
2D/2D heterojunction has large contact area, rich charge transfer
channels, and shortened charge transfer distance, which is con-
ducive to the effective transfer and separation of photogenerated
carriers. Secondly, Z-scheme heterojunction could maintain the
redox capacity of each component [49]. Consequently, the
environment-friendly perovskite heterojunction CssBi,lg/Ce05-3:1
shows outstanding activity for the reduction of CO, coupled with

@O

Scheme 1. The preparation of Cs3Bizlg nanosheets and the self-assembly between Cs3Bizlg and CeO, nanosheets.
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the oxidation of H,0, demonstrating a record activity of
238.21 pmol g! and a highest electron consumption yield of
877.04 umol g~! among the reported bismuth-based perovskite
photocatalysts.

2. Experimental
2.1. Synthesis of Cs3Bi,lg nanosheets

Cs3Bilg nanosheets were synthesized by self-template-oriented
method using BiOI/Bi,0,; nanosheets, which have been synthe-
sized by solvothermal method according to the previous report
[50], as template and Bi ion source simultaneously. Firstly, Csl
(100 mg, 0.38 mmol) was added into the mixture solution of iso-
propyl alcohol (IPA, 10 mL), hydroiodic acid (HI, 0/60 pL) and ethyl
alcohol (1 mL) and stirred until evenly dispersed. Then, 50 mg BiOl/
Bi»0,.7 nanosheets were dispersed into above system at room tem-
perature and stirred for 12 h. The resulting Cs3Bilg nanosheets
were collected by centrifugation and washed with IPA to remove
residual ions.

2.2. Synthesis of Cs3Bi>lg/CeO, heterojunction photocatalysts

The Cs3Biylg/CeO, heterojunction was constructed via electro-
static assembly strategy. Specifically, the total mass of Cs3Bislg
and CeO, nanosheets was fixed at 20 mg, and the ratio of the
two nanosheets ranged from 2:1 to 6:1. Subsequently, the two
components were fully dispersed in n-hexane (5 mL) by ultrasonic
and continuous stirring. After the evaporation of n-hexane at 50 °C,
Cs3Biylg/Ce05-x:1 (x = 2-6) assembly can be obtained.

3. Results and discussion
3.1. Self-template-oriented synthesis of Cs3Bi>lo nanosheets
Firstly, the structure and morphology of BiOI/Bi,0, 7 nanosheets

were characterized by powder X-ray diffraction (PXRD), transmis-
sion electron microscope (TEM), atomic force microscope (AFM)

Electrostatic
self-assembly

Cs3Bi219/CeO2



Y.-X. Feng, G.-X. Dong, K. Su et al.

and elemental mapping measurements (Fig. S1, Fig. S2, and Fig. 1).
The PXRD pattern in Fig. S1 shows that a mixture of two phases:
tetragonal BiOl (JCPDS: 10-0445) and tetragonal Bi,0,7 (JCPDS:
75-0993) coexist in the spectrum. Typical TEM and AFM measure-
ments (Fig. 1a and b) show that BiOI/Bi,0O,; nanosheets exhibit a
lateral dimension of 50-100 nm and a thickness of around
6.0 nm. As the template and Bi*" source, the BiOI/Bi,0,
nanosheets were subsequently added into the mixed solution of
isopropyl alcohol/ethyl alcohol (V:V, 10:1) together with Csl and
HI (see details in the Experimental Section). The transformation
of BiOI/Bi»0, to Cs3Bizlg was tracked by XRD spectra measure-
ments. As shown in Fig. 1(c), within the same reaction conditions,
the system with HI can convert BiOI/Bi»0, 7 to Cs3Bi>lg more thor-
oughly than the system without HI. Such phenomenon was specu-
lated to the gradually corrosion of HI to BiOI/Bi» 0,7, which would
promote the release of Bi*" ions source and act as the template
in situ for the formation of Cs3Bi,lg [51]. The UV-vis diffuse reflec-
tance spectra (DRS, Fig. S3) show that, in comparison with BiOI/
Bi»0, 7, Cs3Bizlg shows a red-shifted absorption band and displays
an excitonic transition centered at 495 nm [42].

In addition, the TEM image (Fig. 1d) shows that the obtained
Cs3Bizlg samples are also 2D nanosheets, and the thickness of Css-
Bi,lg nanosheets measured by AFM (Fig. S4) is 6-8 nm, which is
similar to that of BiOI/Bi,0,; nanosheets, suggesting that in the
transformation process of BiOI/Bi;0,; to Css3Bizlg, BiOI/Bi; 057
could act as both template and Bi ions source simultaneously
and the morphology of BiOI/Bi;0,; precursors was maintained.
In addition, the subtle nanostructure and composition of Cs3Bilg
nanosheets were further characterized by the high-resolution
TEM (HRTEM) and elemental mapping measurements. As shown
in Fig. 1(e), the lattice spacing of 0.42 nm corresponds to the
(110) crystal plane of Cs3Bi3lg, and the elemental mapping images
in Fig. 1(f-h) demonstrate the uniform distribution of Cs, Bi and I
elements. These results clearly suggest that Cs;Bi;lg nanosheets
were successfully synthesized with the self-template-oriented
strategy.
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3.2. The construction of Cs3Biylg/CeO, heterojunction via electrostatic
assembly

To construct 2D/2D heterojunction Cs3Biylg/Ce0,, 2D CeO,
nanosheets were synthesized using the modified procedures of
previous report (see supporting information file for detail) [52].
The PXRD measurement (Fig. S5) demonstrates the face-centered
cubic crystalline structure of CeO, (JCPDS 34-0394). The TEM test
shows that the transverse size of the prepared CeO, nanosheets
is 20-30 nm (Fig. 1i), and the thickness is estimated to be 1.5 nm
through AFM measurement (Fig. S6). Additionally, the elemental
mapping images of CeO, nanosheets demonstrate that the Cs and
O elements are uniformly dispersed in the nanosheets (Fig. S7).
All these results indicate the successful preparation of CeO,
nanosheets. Right after the synthesis of these two 2D materials,
the possibility of electrostatic assembly between Cs3Birlg and
CeO, nanosheets was evaluated. The Zeta potentials of as-
prepared Cs3Biylg and CeO, nanosheets were tested in isopropanol.
The results in Fig. 2(a) show that the Zeta potentials of Cs3Bi5lg and
CeO, nanosheets are measured as —59.87 and 25.37 mV, respec-
tively. The reversed polarity offers the potential of electrostatic
assembly between the negatively charged CssBizlg nanosheets
and the positively charged CeO, nanosheets.

Subsequently, the Cs3Bi,lg/Ce0,-x:1 (x = 2-6) assemblies were
prepared by fully mixing Cs3Bilg nanosheets with different
amounts of CeO, nanosheets (mass ratio of Cs3Biylg:
CeO, = 2/3/4/5/6:1) under ultrasonic conditions. The structure
and morphology of Cs3Bizlg/Ce0,-x:1 were analyzed by the PXRD,
FTIR, UV-vis DRS and TEM measurements. The PXRD patterns in
Fig. 2(b) indicate that there are diffraction peaks of both Cs3Bislg
and CeO, in Cs3Bi,lg/Ce0,-x:1 composites. As the amount of Cs3Bi;-
Iy increases, the relative diffraction intensity of Cs3Bizlg gradually
increases, suggesting the successful assembly of Cs3Bilg and
CeO, nanosheets. Besides, the FTIR results in Fig. S8 show that
the characteristic peaks of CeO, (black line, 1629 cm~' and
551 cm™') and Cs3Biblg (red line, 1646 cm™!, 1406 cm™!,
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Fig. 1. (a) TEM and (b) AFM images of BiOI/Bi,0, 7 nanosheets. (c) XRD patterns of BiOI/Bi,0, 7 and samples transformed from BiOI/Bi,0, 7 to Cs3Bi5lg in the absence/presence
of HI. (d) TEM image of Cs3Bi,lg nanosheets. (e) HRTEM image and (f-h) elemental mapping images of Cs3Bi,lg nanosheets. (i) TEM image of CeO, nanosheets.
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Fig. 2. (a) Zeta potentials of Cs3Bi,lg and CeO,. (b) XRD patterns of Cs3Bilg, CeO, and Cs3Bizlg/CeO,-x:1 (x = 2-6) assemblies. (c) HRTEM image of Cs3Biylg/Ce0,-3:1 assembly.

(d-i) HAADF image and elemental mapping images of Cs3Bi,lg/Ce0,-3:1.

1283 cm™! and 1114 cm™') coexist in the Cs3Bi,le/Ce0,-3:1 com-
posite, indicating Cs3Bizlg nanosheets and CeO, nanosheets were
assembled together through electrostatic interactions. Further,
the UV-vis DRS of CeO,, Cs3Bizlg and Cs3Bizlg/CeO,-x:1 in Fig. S9
show that Cs3Bizlg/Ce0,-x:1 assemblies have wide visible light
absorption range (up to 670 nm) and enhanced light absorption
below 370 nm with the increase of CeO, contents, suggesting the
electrostatic assembly between Cs3Bi,lg and CeO, nanosheets can
retain their absorption ability to UV-vis light spectrum. To further
explore the subtle nanostructure of Cs3Biylg/CeO,-x:1, HRTEM
measurements were conducted on Cs3Biylg/Ce0,-3:1 sample. As
shown in Fig. 2(c), CeO, nanosheets stacked on the edge of Cs3Bi;-
Is nanosheets. The lattice spacings of 0.31 nm and 0.42 nm are
ascribed to the (111) crystalline plane of CeO, nanosheets and
the (110) crystalline plane of Cs3Bilg nanosheets, respectively.
Further, the assembly behavior of Cs3Bizlg and CeO, nanosheets
was also confirmed by the corresponding HAADF image and ele-
mental mapping images (Fig. 2d-i), demonstrating the close con-
tact of Cs3Bizlg and CeO, nanosheets in the CssBilg/Ce05-3:1
assembly.

3.3. Band structures of Cs3Bi»lg/CeO, heterojunction

To further obtain the redox thermodynamic data of Cs3Bi,lg and
CeO, nanosheets, we calculated the band gaps of Cs3Bi5lg and CeO,
from their Tauc plots (Fig. S10a-S10b). Additionally, the conduc-
tion band (CB) potentials of Cs3Bilg and CeO, nanosheets were
determined by Mott-Schottky plots measurements (Fig. S10c-
S$10d). As shown in Fig. S10, the band gaps of Cs3Biylg and CeO,
nanosheets were measured as 1.90 eV and 2.82 eV, respectively.
As the Mott-Schottky plots of both Cs3Bi,lg and CeO, have positive
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slopes, confirming the n-type semiconductor behavior of Cs3Bislg
and CeO,. The CB potentials of Cs3Biylg and CeO, nanosheets were
valued as —0.97 V and —0.69 V (vs NHE), respectively. Accordingly,
the valence band (VB) potentials of Cs3Bizlg and CeO, nanosheets
can be calculated as 0.93 V and 2.13 V (vs NHE) respectively. In
combination with above results, the relative energy-band align-
ments of Cs3Biylg and CeO, nanosheets can be illustrated in Fig. 3
(a), demonstrating a staggered band structure configuration.

It is well known that, for heterojunction catalysts, interfacial
charge transfer direction plays an important role for their photoac-
tivities. Therefore, the X-ray photoelectron spectroscopy (XPS)
measurements of Cs3Bi,lg, CeO,, and Cs3Bizlg/Ce0,-3:1 assembly
were carried out. As displayed in Fig. 3(b), the Ce 3d peak of
CeO, displays eight peaks at 916.70, 907.60, 902.70, 900.80,
898.30, 888.90, 884.60 and 882.15 eV, which can be attributed to
Ce 3ds;, and Ce 3dsp, respectively [53]. In comparison with the
pristine CeO, sample, the binding energies of Ce 3d peaks in Cs3Bi,-
Io/Ce0,-3:1 present obvious negative shifts (0.15 eV ~ 0.30 eV).
Similarly, the bonding energies of O 1s peaks (531.30 eV and
529.10 eV) in Cs3Bizlg/Ce0,-3:1 also show significant negative
shifts (0.33 eV ~ 0.39 eV) with respect to those of pure CeO,
(Fig. 3c), indicating the increase of electron density on CeO, after
being assembled with Cs3Bilg. On the other hand, the binding
energy of Bi 4f shows two characteristic peaks at 158.90 eV and
164.20 eV, assigning to the Bi 4f7,, and Bi 4fs,, respectively. Com-
pared with individual Cs3Bi,lg, the binding energies of Bi 4f peaks
in Cs3Bizlg/Ce0,-3:1 assembly display obvious shifts to higher
energy by ~0.2 eV (Fig. 3d) [54]. These significant binding energy
shifts of Ce, O and Bi demonstrate that the electrostatic assembly
between Cs3Bizlg and CeO, could bring about the interfacial elec-
tron transfer from Cs3Biylg to CeO,, leading to an internal electric
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Fig. 3. (a) Band structures of Cs3Bi,lg and CeO,. High-resolution XPS spectra of (b) Ce 3d and (c) O 1s for CeO, and Cs3Bilg/Ce0,-3:1, (d) Bi 4f for Cs3Bi,lg and Cs3Bizlg/CeO,-

3:1.

field with the orientation from Cs3Bi5lg to CeO,, which would facil-
itate the transfer of the photogenerated electrons from CeO, to Css-
Bislg [55]. Combining with the staggered band structure of Cs3Bislg
and CeO, in Fig. 3(a), the transfer of photogenerated carriers in Css-
Bilg/Ce0,-3:1 assembly tends to comply with the type of Z-
scheme heterojunction.

3.4. Photocatalytic CO, reduction

Encouraged by the positive results above, the photocatalytic
performance of Cs3Biylg/Ce0O,-x:1 for CO, reduction coupled with
H,0 oxidation was assessed. Here, we conducted the photoreaction
in a gas-solid reactor, in which CO, gas and water vapor were
injected simultaneously as reactants and irradiated with 300 W
Xe lamp. The results in Fig. 4(a) and Fig. S11 show that for pure
Cs3Bizlg and CeO, catalytic systems, the main product in the gas
phase is CO, with the yield of 62.43 pumol g~! and 28.22 pmol g/,
respectively. The corresponding electron reduction yields in these
systems are only 124.86 pmol g~! and 56.44 pmol g~!, respec-
tively. Under the same reaction conditions, the Cs3Bilg/CeO5-x:1
assemblies present significantly elevated performance for CO,
reduction. As shown in Fig. 4(a), the product yields of Cs3Bi,lg/
Ce0,-x:1 with various compositions are all higher than those of
independent components. Meanwhile, the ratio between Cs3Bislg
and CeO, nanosheets has a significant impact on the photocatalytic
performance of the assembly. The highest reaction activity is
achieved by Cs3Biylg/Ce0,-3:1 assembly. The total yield of reduc-
tion products, including CO and CH,, reaches 238.21 pmol g!
and the electron consumption yield is calculated as
877.04 umol g~', which is over 7 and 15 times higher than those
of pristine Cs3Biylg and CeO, nanosheets, demonstrating a record
yield among the reported bismuth-based perovskite for photocat-
alytic CO, reduction (Table S1, Fig. 4b). Here, the catalytic activity

352

of the assembly decreases obviously when the ratio of Cs3Bi;lg to
CeO, is larger than 3:1, indicating that the appropriate ratio of Css-
Bixlg to CeO, is critical to improve the catalytic activity of the
assembly. Additionally, the evolution of O, has also been quanti-
fied. As shown in Fig. S12, the amount of oxygen generated using
Cs3Biylg/Ce0,-3:1 is 208.86 pumol g~ ', thus the ratio of electron
and hole consumption in this photoredox reaction is close to 1.
This result suggests that the reduction and oxidation reactions
are basically in balance. In order to explore the advantages of
self-template-oriented method for the synthesis of Cs3Bislg
nanosheets as photocatalysts, Cs3Bislg nanocrystals (Cs3Bizlg NCs)
were prepared by hot injection method [56] and characterized by
XRD and TEM measurements (Fig. S13). Additionally, the prepared
Cs3Bizlg NCs and Cs3Bizlg NCs/CeO, samples were tested as photo-
catalysts for the reduction of CO,. The results in Fig. S14 show that
in comparison with the samples synthesized by self-template-
oriented method, Cs3Bizlg NCs and Cs3Biylg NCs/CeO, demonstrate
only one-eighth and one-eighteenth production of Cs3Bislg
nanosheets and Cs3Biylg/Ce0,-3:1, respectively. These results
demonstrate that the 2D Cs3Bizlg nanosheets synthesized by self-
template-oriented method have obvious advantages as photocata-
lysts. Further control experiments in Fig. S15 demonstrate that in
the absence of CO,, H;0, light source, or Cs3Bi,lg/Ce0,-3:1 assem-
bly, few reduction products can be detected, suggesting all these
elements are indispensable for the significant generation of CO
and CHy4. Notably, the origin of a small amount of CO produced in
Ar/H,0 and CO;/catalyst conditions was speculated to the partial
decomposition of surface ligands (polyvinylpyrrolidone and alco-
hols), which were confirmed by the characteristic stretching vibra-
tions signal of C-N and C-0O on the infrared spectrum (Fig. S8).
To further illustrate the origin of CO and CH4 products, the iso-
tope tracking experiment using '3CO, as carbon resource was car-
ried out. The result in Fig. 4(c) (bottom) shows that the m/z value of
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17 and 29, belonging to the peak of >*CH,4 and '3CO, can be clearly
detected, confirming that CO and CH,4 products are mainly gener-
ated from the reduction of CO, instead of the decomposition of
other organic substrates. In addition, the oxidation of H,O was also
investigated by the isotope trace experiment using HA20 instead of
H,0. The mass spectrometry result (Fig. 4c, top) indicates that oxi-
dation product 80, can be obtained, demonstrating that water
oxidation supplied the electrons in this photocatalytic system. In
addition, the stability of Cs3Biylg/Ce0,-3:1 photocatalyst was eval-
uated by recycling experiments. As shown in Fig. 4(d), after three
consecutive cycles, there is no obvious deactivation of CO and
CH, production. While after the fourth and the fifth recycling
experiments, the activity of Cs3Bizlg/Ce0O,-3:1 reduced to 71% and
55% of the initial state, respectively, suggesting that in a certain
period of time (12 h), the catalyst can maintain relative stability.
Moreover, the comparative PXRD and XPS measurements of Cs3Bi;-
Io/Ce0,-3:1 before and after photoreaction (12 h, Fig. S16, Fig. S17)
indicate that no significant crystalline changes were observed for
both Cs3Bi3lg and CeO,. In addition, we conducted a photocatalytic
CO, conversion tracking experiment on Cs3Bizlg/Ce0,-3:1 assem-
bly (Fig. S18). The evolution of CO and CH,4 shows a linear increase
within 12 h of illumination. These results together indicate that
Cs3Biylg/Ce0,-3:1 assembly is relatively stable during this photore-
dox experiment.

3.5. Photocatalytic mechanism analysis

To better understand the photocatalytic mechanism of Cs3Bi,lg/
Ce0,-3:1 assembly, the in situ irradiated XPS measurements were
conducted. As shown in Fig. 5(a and b), in the dark conditions, the
Ce 3d spectrum of Cs3Bi,lg/Ce0,-3:1 displays eight typical peaks at
916.40, 907.60, 901.50, 900.60 eV and 898.00, 888.80, 884.4,
882.30 eV, assigning to the Ce 3ds, and Ce 3dsj,, respectively.
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Besides, O 1 s spectrum of Cs3Bi,lg/Ce0,-3:1 exhibits two charac-
teristic peaks at 531.30 eV, and 529.10 eV (Fig. 5b). Under light
irradiation, the binding energies of Ce 3d and O 1s exhibit distinct
positive shifts (0.1-0.29 eV), suggesting a decrease of electron den-
sity around Ce and O atoms. Meanwhile, two peaks at 158.87 eV
and 164.17 eV for the Bi 4f (Fig. 5¢) can be clearly identified in Css-
Biylo/Ce0,-3:1 under dark. Upon light irradiation, two new peaks
at the lower binding energies (156.80 eV and 162.10 eV) appeared,
which may be related to the formation of metallic Bi (Bi°) [57].
Such results indicate that under the irradiation of light, the photo-
generated electrons transfer from CeO; to Cs3Bizlg and accumulate
around Bi atoms, which is in accordance with the Z-scheme hetero-
junction mechanism mentioned above.

Furthermore, the photogenerated electron transfer pathway in
Cs3Biylg/Ce0,-3:1 assembly was further estimated by electron spin
resonance (ESR) detection. Here, 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) was used as a radical trap, which can form stable adducts
with hydroxyl radical (eOH). The results in Fig. 5(d) show that
under light conditions, the characteristic peaks of DMPO-eOH were
detected in the presence of CeO, or Cs3Bilg/Ce0,-3:1, while Css-
Biylg alone could not produce hydroxyl radicals. The reason is
ascribed to the less positive VB potential of Cs3Bizlg (0.93 V vs.
NHE), which is higher than the oxidation potential of H,O/.OH
(1.99 V vs. NHE) [58]. This result suggests that the oxidation of
H,0 can only occur on CeO,, and in comparison with the individual
Ce0,, Cs3Biylg/Ce0,-3:1 assembly displays much higher intensity
of DMPO-.0H, indicating the higher activity of Cs;Biylg/Ce05-3:1
for H,O oxidation. In combination with the ISI-XPS results that
the photogenerated electron can transfer from CeO, to Cs3Biylg in
Cs3Biylg/Ce0,-3:1 assembly, the Z-scheme heterojunction mecha-
nism can be further documented. That is, under light conditions,
photogenerated carriers are generated in Cs3Bislg/Ce0,-3:1 assem-
bly; on the one hand, the photogenerated electrons transfer from
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Fig. 5. High-resolution XPS spectra of (a) Ce 3d, (b) O 1s and (c) Bi 4f for Cs3Bi,lg/Ce0,-3:1 under dark and light conditions. (d) ESR spectra of Cs3Bi,lg, CeO, and Cs3Bizlg/CeO,-
3:1 using DMPO as a radical trap. (e) KPFM measurements of Cs3Biylg, CeO, and Cs3Biylg/Ce0,-3:1. (f) EIS Nyquist plots of Cs3Bi,lg, CeO, and Cs3Biylg/Ce05-x:1 (x = 2-6).

CeO, to Cs3Bi5lg to drive the reduction of CO,; on the other hand,
the photogenerated holes accumulate on CeO, to undertake water
oxidation. In this case, the assembly of Cs3Bily and CeO,
nanosheets into Z-scheme heterojunction can significantly pro-
mote the separation of photogenerated carriers and enhance the
redox capabilities of the photocatalysts simultaneously.

On the basis of clarifying the charge transfer mechanism, we
also explore the transfer kinetics of the photogenerated carriers
in CeO,, Cs3Bizlg and Cs3Bilg/CeO,-x:1 assembly. First, steady-
state photoluminescence (PL) spectra of a series of samples were
monitored. As shown in Fig. S19, pure Cs3Biylg exhibits a strong
characteristic peak at 679 nm. After the introduction of CeO,, the
fluorescence intensity of Css3Biylg/CeO, is significantly decreased,
especially for Cs3Bizlg/Ce0,-3:1 sample, indicating that the assem-
bly of CeO, and Cs3Bi,lg can promote the charge transfer at the
interface intersection of Cs3Bizlg/Ce0,-x:1 assembly. In addition,
the charge transfer and separation abilities of CeO,, Cs3Bizlg and
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Cs3Bizlg/CeO, were evaluated using photo-assisted Kelvin probe
force microscopy (KPFM). As shown in Fig. 5(e), in comparison with
CeO, and Cs3Bijlg, Cs3Bislg/Ce0,-3:1 assembly demonstrates the
strongest photovoltage response, suggesting that the separation
efficiency of the photogenerated electrons and holes in Cs3Biylg/
Ce0,-3:1 are significantly enhanced by the construction of hetero-
junction. To further investigate the kinetics of photogenerated
charge transfer in catalysts, electrochemical impedance spec-
troscopy (EIS) measurements were performed under light irradia-
tion. As shown in Fig. 5(f), both CeO, and Cs;Biylg nanosheets
have larger arc radius than Cs3Bi,lg/Ce0,-3:1 sample, which means
Ce0; and Cs3Bislg nanosheets display larger charge transfer resis-
tance than Cs3Biylg/Ce0,-3:1. Additionally, the time-resolved PL
spectra of Cs3Bi,lg and Cs3Biylg/Ce0,-3:1 (Fig. S20, Table S2) show
that, in the presence of CeO,, the emission lifetime of Cs3Bislg
decreased from 2.74 to 2.08 ns. These results indicate that Cs3Bi;-
Io/Ce0,-3:1 has the optimal charge transfer efficiency, and the
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facile electrostatic assembly between Cs3Bizlg and CeO,
nanosheets can effectively promote the separation efficiency of
the photogenerated charges.

4. Conclusions

In summary, we have developed a facile self-template-oriented
method to synthesize 2D lead-free halide perovskite Css3Bislg
nanosheets for the first time. Through simple electrostatic self-
assembly strategy, Cs3Biylg and CeO, nanosheets were employed
into the construction of a Z-scheme heterojunction as demon-
strated by ISI-XPS and ESR measurements. Consequently, the
matching energy levels and tight interfacial contact between Css-
Bi,lg and CeO, nanosheets can significantly accelerate the charge
transfer between Cs3Bily and CeO,. Furthermore, the
environment-friendly halide perovskite composite Cs3Biylg/CeO,-
3:1 shows outstanding activity for the reduction of CO, coupled
with the oxidation of H,0, displaying a record production of
238.21 pumol g~ ! for CH4 and CO and a highest electron consump-
tion yield of 877.04 umol g~! among the reported bismuth-based
perovskite photocatalysts. This study enriches the nanostructure
of lead-free halide perovskite and boosts their practical applica-
tions in the field of artificial photosynthesis.
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