
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 3
/5

/2
02

6 
3:

47
:0

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
2D-C3N4 encaps
aKey Laboratory of Applied Surface and Col

for Advanced Energy Technology, School

Shaanxi Normal University, Xi'an 710119, C
bDalian National Laboratory for Clean Ener

Chinese Academy of Sciences, Dalian 11602
cCollege of Science, Huazhong Agricultural U

† Electronic supplementary informa
10.1039/d1sc06131c

Cite this: Chem. Sci., 2022, 13, 1335

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 4th November 2021
Accepted 13th January 2022

DOI: 10.1039/d1sc06131c

rsc.li/chemical-science

© 2022 The Author(s). Published by
ulated perovskite nanocrystals for
efficient photo-assisted thermocatalytic CO2

reduction†

Hui Bian,a Deng Li,a Shengyao Wang, c Junqing Yan *a

and Shengzhong (Frank) Liu *ab

Very recently, halide perovskites, especially all-inorganic CsPbBr3, have received ever-increasing attention

in photocatalysis owing to their superior optoelectronic properties and thermal stability. However, there is

a lack of study on their application in thermocatalysis and photo-thermocatalysis. Herein, we rationally

designed a core–shell heterojunction formed by encapsulating CsPbBr3 nanoparticles with the 2D C3N4

(m-CN) layer via a solid-state reaction (denoted as m-CN@CsPbBr3). A series of experiments suggest

that abundant adsorption and active sites of CO2 molecules as well as polar surfaces were obtained by

utilizing m-CN-coated CsPbBr3, resulting in significant improvement in CO2 capture and charge

separation. It is found that the m-CN@CsPbBr3 effectively drives the thermocatalytic reduction of CO2 in

H2O vapor. By coupling light into the system, the activity for CO2-to-CO reduction is further improved

with a yield up to 42.8 mmol g�1 h�1 at 150 �C, which is 8.4 and 2.3 times those of pure photocatalysis

(5.1 mmol g�1 h�1) and thermocatalysis (18.7 mmol g�1 h�1), respectively. This work expands the

application of general halide perovskites and provides guidance for using perovskite-based catalysts for

photo-assisted thermocatalytic CO2 reduction.
The reduction of CO2 into valuable hydrocarbon fuels via
chemical catalytic processes to mitigate the greenhouse-effect
has received wide attention.1,2 Basically, the CO2 molecule has
a straight double-bonded non-polar structure, resulting in
a huge activation energy barrier for the CO2 reduction reaction
(CRR).3,4 Using a catalyst to adsorb and then activate the CO2

molecules with free electrons is thus imperative.5,6 Currently,
there are three main types of catalytic CO2 reduction reactions,
i.e. thermocatalysis,7 electrocatalysis8a,b and photocatalysis,4b,c,5c

where the catalysts used are referred to as thermocatalysts,
electrocatalysts and photocatalysts, respectively. Traditionally,
thermocatalysis is regarded as the conventional CRR process
where the CO2 molecules are well-activated and reduced by
thermocatalysts using heat and the reductant agent H2. Hence,
thermocatalysis usually shows a relatively higher CRR efficiency
compared to the other two cases.7a,b,9a However, as it is very
complex to safely transport and use H2 for this process, it is
more advantageous to use safe and free H2O as the reductant if
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high thermocatalytic CRR efficiency can be achieved. Photo-
catalysis is regarded as an effective approach for CO2 reduction
owing to the merits of utilizing solar energy directly and low
energy consumption. However, the efficiency of the photo-
catalytic CRR is still limited by the sluggish kinetics of CO2

activation and H2O dissolving.4c,9b Very recently, Xu and co-
workers reported a novel lead-free perovskite, Cs3Sb2I9, for
CO2 reduction to CO and CH4 via photothermal synergistic
catalysis without using any sacricial agents or cocatalysts.9c

Unfortunately, the perovskite is not stable enough in the
working solution. In addition, its activity is still limited. There is
still some room to develop a simple method for synthesizing
effective and stable photothermal catalysts.

All-inorganic perovskites, for example cesium lead tri-
bromide (CsPbBr3), have emerged as a promising type of pho-
tocatalyst for the CRR, owing to their long photogenerated
carrier diffusion length, tunable size, wide light-absorption
range, etc.5c,10 CsPbBr3 perovskites have been widely explored
in composites with other materials, such as g-C3N4,11 graphene
oxide5a,12 and TiO2 (ref. 13) to construct heterojunctions for
photocatalytic CO2 reduction. For example, Xu and his co-
workers mixed CsPbBr3 with NHx-rich g-C3N4 nanosheets to
construct a heterojunction with a fast carrier-transfer bridge for
improved charge separation and hence enhanced photo-
catalytic activity for CO2 reduction.14a Similarly, Lu's group re-
ported the coating of CsPbBr3 with graphdiyne as a physical
Chem. Sci., 2022, 13, 1335–1341 | 1335
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Fig. 1 (a) Illustration of the synthesis of m-CN@CsPbBr3; (b) XRD
patterns of m-CN@CsPbBr3, the reference m-CN and CsPbBr3; (c and
d) TEM image and the corresponding HRTEM result of m-
CN@CsPbBr3, where the yellow arrows mark the thin m-CN layers.
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protection layer to tackle the stability issue in photocatalytic
CO2 reduction in H2O vapor, given that the perovskite shows
a low tolerance towards water.14b It should be mentioned that
most of the reported halide perovskite nanocrystals (NCs) were
prepared by the solution method using organic solvents, which
is troublesome for large-scale production.15a,b Besides, consid-
ering that thermocatalysis usually outperforms photocatalysis
in CO2 reduction, it would be intriguing to explore the catalytic
activity of CsPbBr3 under coupled thermal and irradiation
effects. To the best of our knowledge, there are few reports of
water-stable CsPbBr3-based thermal CRR with H2O as
a reducing agent.

Herein, using a molten-salt method, we elaborately encap-
sulate CsPbBr3 with a 2D m-CN layer to construct a water-stable
heterojunction for photo-assisted thermal catalytic CO2 reduc-
tion. We found that under pure thermocatalysis conditions, m-
CN@CsPbBr3 showed the ability to drive the CRR reduction to
CO using the CO2 and H2O as reactants. Moreover, with the
introduction of simulated solar illumination, the correspond-
ing reduction yield rises to 42.8 mmol g�1 h�1, which is 2.3 and
8.4 times those of pure thermocatalysts and photocatalysts,
respectively. This is the rst report on the fabrication of
CsPbBr3 perovskite NCs by means of a solid-phase reaction.
This work expands the application of CsPbBr3 perovskite and
can help us better understand CO2 reduction by H2O.

A molten-salt method, where ion salts act as a high-
temperature liquid solvent to accelerate the dissolution of raw
materials, the transport of reactants, and the directional
assembly of basic units, was used to prepare perovskite catalysts
with a specic morphology.15c It is worth noting that melem can
be obtained by thermal condensation of urea below 450 �C,
while g-C3N4 can be acquired in the temperature range between
480 �C and 550 �C (Fig. S1a†).16a Therefore, the composition of
the coating layer may be assigned to an intermediate product
(named m-CN) possessing many edge NHx groups between
melem and g-C3N4, which is attributed to the higher local
temperature (>450 �C) caused by the molten salt. To conrm
this, a comparison study is performed at 420 �C and 470 �C for
the synthesis of m-CN@CsPbBr3 catalysts. As revealed in
Fig. S1b,† the best preparation temperature is 450 �C for m-
CN@CsPbBr3 catalysts, while the phase transition of CsPbBr3
occurs at 470 �C. During the heat treatment, CsPbBr3 was
changed into the solution state, i.e. molten salt (Fig. S2†).
Meanwhile the polymerized monomers of carbon nitride
adsorbed onto the surface of CsPbBr3, and then the micron-
sized CsPbBr3 was “cut” into nanoparticles by encapsulation
with m-CN coatings, as shown in Fig. 1a. To elucidate the
formation process of m-CN@CsPbBr3, different coatings with
CsPbBr3-to-urea mass ratios of 1 : 3, 1 : 5 and 1 : 10 were
synthesized and are denoted as m-CN@CsPbBr3-3, m-
CN@CsPbBr3-5 and m-CN@CsPbBr3-10, respectively. The cor-
responding XRD and FTIR results also suggest the encapsula-
tion of CsPbBr3 with m-CN in these samples, as shown in
Fig. S3a and b.† It should be noted that the m-CN@CsPbBr3-3
sample gives the typical peaks of g-C3N4 at 2-theta of 13 and 27�,
while the broad XRD peaks of m-CN@CsPbBr3-10 could be
ascribed to melem, suggesting that a certain content of molten
1336 | Chem. Sci., 2022, 13, 1335–1341
salt is required to improve the temperature prole for the
thermal polymerization of the CN coating layers.16b Fourier
transform infrared (FTIR) spectroscopy of m-CN@CsPbBr3-3
and m-CN@CsPbBr3-10 showed similar peaks, where the peaks
in the wide range from 1200 to 1700 cm�1 are attributed to the
skeleton signal of g-C3N4.16c The absorption bands from 3000 to
3500 cm�1 come from NHx and –OH groups.14a,16b In compar-
ison to m-CN@CsPbBr3-10, the normalized intensity of the
band from 3000 to 3500 cm�1 for m-CN@CsPbBr3-3 is evidently
decreased, which can be ascribed to the stronger interactions of
edge NHx groups and bromide anions of CsPbBr3.16 It is also
observed that the m-CN@CsPbBr3-3 peaks shied to lower
values compared with m-CN@CsPbBr3-10, as shown in the
magnied FTIR spectra of Fig. S3,† suggesting stronger inter-
actions occurred with the introduction of more bromide
anions.14a,16d When the relative mass ratio of urea to CsPbBr3 is
changed, either the amount of loaded CsPbBr3 particles is lower
and sporadic (Fig. S4a,† m-CN@CsPbBr3-10) or the CsPbBr3
particles are larger and exposed (Fig. S4b,† m-CN@CsPbBr3-3),
whereas the m-CN@CsPbBr3-5 sample displays completely
uniform and coated CsPbBr3 particles, suggesting that the
appropriate ratio of urea to CsPbBr3 is critical for optimal m-
CN@CsPbBr3 formation. Therefore, the m-CN@CsPbBr3-5
catalyst with an optimized coating ratio was chosen for further
study because it may be endowed with a more heterogeneous
interface and excellent stability. For the synthesis of pure
CsPbBr3 for further composition, vacuum was employed to
obtain less-defective CsPbBr3. We also attempted to treat the
mixture of CsPbBr3 and urea in air. However, very little poly-
merization of urea to carbon nitride occurred, and thus, the N2

condition was chosen for m-CN@CsPbBr3 preparation. There-
fore, we successfully encapsulated the perovskite CsPbBr3 with
a 2D m-CN layer by utilizing CsPbBr3 as a molten salt under N2

conditions. It is greatly emphasized that this is the rst report
on the fabrication of CsPbBr3 perovskite NCs by means of
a solid-phase reaction. Differing from the traditional synthesis
approaches such as ball milling and solution processing strat-
egies, this uniquemethod can avoid some difficulties, including
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc06131c


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 3
/5

/2
02

6 
3:

47
:0

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a complicated procedure and the formation of organic branches
and undesired phases, showing the attractive application of this
method for fabricating catalysts beyond perovskites.

As a representative material, m-CN@CsPbBr3-5 is selected to
investigate the inuence of encapsulating perovskite nano-
crystals with 2D m-CN for boosting photo-assisted thermoca-
talytic CO2 reduction. The XRD patterns in Fig. 1b show that the
intensity of the peaks ascribed to CsPbBr3 was obviously
decreased aer the m-CN encapsulation, suggesting that the
crystallinity of CsPbBr3 is reduced. Magnication of the
diffraction region from 21.2 to 22� suggests that the m-
CN@CsPbBr3 sample exhibits a larger full-width at half
maximum (FWHM) than bare CsPbBr3 (Fig. S5†), further indi-
cating that the particle size was decreased by the calcination
treatment. It should also be noted that the as-prepared CsPbBr3
formed in a vacuum also showed a crystal-lattice orientation,
given that the texture coefficient of the [200] peak is much
higher than the standard value of 1, while it is less than 1 for
CsPbBr3 prepared in N2 and air (Fig. S6a and b†). It is noted that
the texture coefficient of the [200] peak is in agreement with
CsPbBr3 prepared in N2 aer m-CN coating, which further
proved the melt-crystallization process of CsPbBr3. The FTIR
spectra of m-CN@CsPbBr3 and melem showed similar peaks
(Fig. S7†), and the normalized intensity of the band from 3000
to 3500 cm�1 of m-CN@CsPbBr3 is obviously decreased
compared to the reference m-CN. Furthermore, compared with
the pure m-CN layer, the peaks for m-CN@CsPbBr3 located at
1250 cm�1, corresponding to the typical stretching mode of
aromatic C–N and C]N heterocycles in m-CN, are systemati-
cally shied to lower values in the magnied FTIR spectra in
Fig. S7,† suggesting that the edge NHx groups interact with the
bromide anion of CsPbBr3 via ionic bonding.16,17a Fig. 1c
displays the transmission electron microscopy (TEM) image of
the m-CN@CsPbBr3 sample. Clearly, it shows that the CsPbBr3
nanoparticles were uniformly encapsulated by the m-CN layer.
The corresponding high-resolution transmission electron
microscopy (HRTEM) images further show clear lattice fringes
with a measured interplanar spacing of 0.3 nm, as shown in
Fig. 1d, which can be assigned to the (002) plane of cubic
CsPbBr3. Additionally, it shows that nano-sized (ca. 8 nm)
CsPbBr3 particles were encapsulated by the m-CN layer in the
m-CN@CsPbBr3 catalyst (Fig. S8†). In contrast, the reference
CsPbBr3, which was prepared without urea, is micron-sized
(Fig. S9†), further conrming that the particle size of CsPbBr3
was changed by the in situ encapsulation with the m-CN layer.
Fig. S10† displays the scanning transmission electron micros-
copy (STEM) image with the corresponding elemental mapping
results, which further conrm that the CsPbBr3 nanoparticles
are wrapped by the m-CN layer. The TEM images and the cor-
responding elemental mapping of the reference synthesized
melem are shown in Fig. S11 and S12,† respectively, and they
resemble those of m-CN@CsPbBr3, further conrming that the
coating layer can be attributed to m-CN.

X-ray photoelectron spectroscopy (XPS) was carried out to
study the chemical environment of the elements in the m-
CN@CsPbBr3 heterojunction. Fig. S13a† shows the C 1s XPS
results of m-CN@CsPbBr3 and reference m-CN samples. Two
© 2022 The Author(s). Published by the Royal Society of Chemistry
main peaks located at ca. 284.8 and 288.2 eV can be detected,
and the rst is assigned to the C–C in graphitic carbon, while
the second comes from the N–C]N coordination of triazine
rings.16,17b It should be noted that there is a slight shi of the
N–C]N signal of m-CN@CsPbBr3 to higher binding energy as
compared with the barem-CN, indicating there is an interaction
between CsPbBr3 and m-CN. For the corresponding N 1s XPS
curves, three main peaks centered at 398.7, 399.7 and 400.9 eV
can be detected (Fig. S13b†), and they can be assigned to C–N]
C, N–(C)3 and C–N–H of the carbon nitride skeleton, respec-
tively.17 However, the weak peak at ca. 404.4 eV is usually
regarded as coming from positive charge localization in heter-
ocycles.17c It almost disappears in m-CN@CsPbBr3 relative to
bare m-CN, further suggesting that there is some chemical
interaction between m-CN and CsPbBr3 for neutralizing the
positive charge.14a Fig. S14a† gives the Cs 3d XPS results of m-
CN@CsPbBr3 and bare CsPbBr3. Two main peaks at 724.5 and
738.4 eV can be detected and come from the Cs 3d5/2 and 3d3/2
signals.14,15 However, a slight shi to higher binding energy can
be detected for m-CN@CsPbBr3, further conrming the above
mutual interaction between m-CN and CsPbBr3. In the Pb 4f
XPS result in Fig. S14b,† there are two peaks at ca. 138.4 and
143.3 eV. Similarly, there is a shi to higher binding energy for
m-CN@CsPbBr3 compared with CsPbBr3. Fig. S14c† shows the
Br 3d XPS results. Clearly, there are two tted peaks located at
ca. 68.3 and 69.3 eV. The sample of m-CN@CsPbBr3 exhibits
a ca. 0.2 eV shi to higher binding energy compared with bare
CsPbBr3. Both the shis of Pb 4f and Br 3d in the XPS results
suggest that chemical bonds of N–Br have been formed during
the preparation process.11b,14a

The UV-vis absorption spectra of the pristine m-CN and
micro-sized CsPbBr3 in Fig. 2a exhibit the typical absorption
edges of CsPbBr3 and m-CN at ca. 553 and 430 nm, corre-
sponding to bandgaps of 2.24 and 2.88 eV, respectively. For the
sample of m-CN@CsPbBr3, two obvious edges were observed,
which correspond to the light absorption edges of CsPbBr3 and
m-CN, indicating the successful combination of the two mate-
rials. Fig. S15† displays the photoluminescence (PL) curves
from 375 nm excitation. Strong emission at ca. 450 nm was
marked for m-CN, and the peak at 524 nm is attributed to
CsPbBr3. There are two peaks in the PL curve of m-
CN@CsPbBr3, conrming the composition of the catalyst.
Moreover, compared with the bare m-CN and CsPbBr3, the PL
intensity of m-CN@CsPbBr3 is lower, which indicates sup-
pressed carrier recombination in m-CN@CsPbBr3. The time-
resolved PL spectrum was further obtained to explore the
carrier dynamics of m-CN@CsPbBr3. Fig. S16a and b† exhibit
the transient PL spectra at 440 and 523 nm, where the signals
can be considered as coming from m-CN and CsPbBr3
(Fig. S15†), respectively, and the corresponding tted results are
shown in Tables S1 and S2.† Obviously, compared with pure m-
CN at 440 nm (Fig. S16a†), m-CN@CsPbBr3 shows much faster
decay aer the introduction of CsPbBr3. Interestingly, with
respect to pure CsPbBr3 at 523 nm (Fig. S16b†), the opposite
trend could be observed. The results testify that the photo-
generated electrons of m-CN and holes of CsPbBr3 will migrate
towards each other under the effect of a built-in electric eld,
Chem. Sci., 2022, 13, 1335–1341 | 1337
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Fig. 2 (a) UV-Vis absorption spectra of m-CN@CsPbBr3, the reference
m-CN and CsPbBr3; (b) surface photovoltage plots of the m-CN,
CsPbBr3 and m-CN@CsPbBr3 samples; (c) transient absorption spec-
troscopy curves and lifetime fittings at 520 nm; (d) band structure of
the m-CN@CsPbBr3 heterojunction and the corresponding paths of
CO2 photo-reduction.
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and the photogenerated electrons may be transported from
CsPbBr3 to the m-CN layer. The steady-state photovoltages (SPV)
of the different samples were further compared to evidence the
promoted charge separation in the m-CN@CsPbBr3 hetero-
junction, as shown in Fig. 2b. Clearly, the samples of m-CN and
CsPbBr3 exhibited negligible SPV signals. Meanwhile, the m-
CN@CsPbBr3-5 sample demonstrated the highest positive
photovoltage response compared with the other catalysts with
coating layers (m-CN@CsPbBr3-10 and m-CN@CsPbBr3-3),
suggesting that its surface is populated by a concentration of
holes due to the high charge-separation efficiency
(Fig. S17a†).18a Transient photovoltage (TPV) analysis was
further carried out to study the migration dynamics of the
photogenerated carriers.18 Two obvious positive response peaks
(peaks 1 and 2) can be detected from the sample of m-
CN@CsPbBr3 under 400 nm illumination (Fig. S17b†). Peak 1
can be assigned to a fast process related to the migration of
photogenerated carriers in the built-in electric elds inside
particles,18b and thus the stronger intensity of peak 1 of m-
CN@CsPbBr3 suggests that more photogenerated carriers are
transported to the interface between m-CN and CsPbBr3. Peak 2
is thought to arise from carrier transport between particles.18 A
further step to study the carrier transfer dynamics was to
perform picosecond transient absorption spectroscopy (TA).
Both the samples of bare CsPbBr3 (Fig. S18a†) and m-
CN@CsPbBr3 (Fig. S18b†) exhibit obvious negative ground-state
bleaching. Fig. 2c shows the corresponding TA kinetic plots
monitored at 520 nm with a distinct difference in the delays. As
listed in Table S3,† the tted average lifetime of m-
CN@CsPbBr3 (197.7 ps) is much longer than that of bare
CsPbBr3 (77.2 ps), consistent with the above transient PL and
TPV results. It is concluded that the internal electric eld
1338 | Chem. Sci., 2022, 13, 1335–1341
between m-CN and CsPbBr3 would promote the carrier transfer
and separation in the m-CN@CsPbBr3 heterojunction.19

According to the direction of carrier transfer and the strong
built-in electric eld, it can be inferred that an S-scheme het-
erojunction is formed between m-CN and CsPbBr3.

In order to acquire stronger conrmation of the direction of
carrier transfer, ultraviolet photoelectron spectroscopy (UPS)
was performed to check the valence band (VB) potential and
conduction band (CB) potential of the m-CN and CsPbBr3
samples. The results and corresponding valence/conduction
band potentials (vs. vacuum level) are given in Fig. S19† and
Table S4.† The relative valence/conduction band positions of m-
CN and CsPbBr3 are shown in Fig. 2d, and they can be attributed
to an S-scheme heterojunction, agreeing well with the afore-
mentioned analysis. There is an offset of the bands of the m-CN
and CsPbBr3, and thus close contact between these two mate-
rials would cause band bending at the interface. Then, a built-in
electric eld will be formed making the m-CN and CsPbBr3
centers of positive and negative charges, respectively. Moreover,
the unique conduction/valence band structure of this hetero-
junction results in polar surfaces of m-CN (holes) and CsPbBr3
(electrons). This built-in electric eld would also facilitate the
separation of photogenerated charges and thus suppress charge
recombination.

Considering that the m-CN@CsPbBr3 catalyst possesses
excellent photogenerated carrier separation ability, its photo-
assisted thermocatalytic CO2 reduction activity was then inves-
tigated. We evaluated the catalytic CO2 reduction of the samples
in a ow reactor with CO2 and H2O vapor as the reactants, such
that the H2O would continuously pass through the catalyst bed.
During the ow reaction process, light and heat were applied to
the reactor. Thermogravimetric analysis (TGA) was performed
to check the temperature tolerance of the m-CN@CsPbBr3
catalyst in nitrogen, as shown in Fig. S20.† It indicates that the
thermocatalytic CRR can take place at less than 200 �C because
of the absence of any decomposition below this temperature.
The instability of CsPbBr3 to humidity has always been a huge
obstacle for applications. The m-CN@CsPbBr3 catalyst with the
protection of the m-CN layer was then treated in pure water to
check its chemical stability. As shown in Fig. S21a and b,† aer
soaking in water for�0.5 and 17 h, there is almost no change in
color; however, the bare CsPbBr3 turns white aer being in
water for less than 1 h. The corresponding XRD results show no
change from before to aer the water immersion for �0.5 and
17 h. Meanwhile, bare CsPbBr3 exhibited an obvious phase
transition. Additionally, the water-treated samples were
checked by TEM. As shown in Fig. S22,† there is almost no
change in morphology aer the treatment of �0.5 and 17 h, in
accordance with the above XRD results. Fig. S23† shows the XPS
results of the water-treated samples, and there are almost no
changes for all the studied elements. These results suggest that
m-CN@CsPbBr3 exhibited superior water stability due to the m-
CN encapsulation. Fig. 3a compares the CO2 reduction activities
of pristine m-CN, micro-sized CsPbBr3 and m-CN@CsPbBr3
under three different conditions, with our m-CN@CsPbBr3
catalyst beneting from superior durability. Under the pure
simulated sunlight condition (Fig. 3a), the sample of m-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) The CO2 reduction to CO performance under the three
conditions of photocatalysis, thermocatalysis and photo-thermoca-
talysis. For the latter two, the temperature is set to 150 �C; (b) mass
spectrometry (MS) result of 13CO produced over m-CN@CsPbBr3 from
the 13CO2 isotope experiment under thermocatalysis (m/z, mass/
charge ratio); (c) CO2-TPD results of the reference m-CN and the m-
CN@CsPbBr3 catalyst.
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CN@CsPbBr3 displays the highest CO2-to-CO yield of 8.15 mmol
g�1 h�1, followed by CsPbBr3 (4.5 mmol g�1 h�1) and m-CN (2.2
mmol g�1 h�1). For pure thermocatalysis at the temperature of
150 �C, the CO generation of m-CN@CsPbBr3 is 22.4 mmol g�1

h�1, and those of the bare CsPbBr3 andm-CN are 8.8 and 0 mmol
g�1 h�1, respectively. More impressively, when the light and
heat were coupled to drive photo-assisted thermocatalysis, the
CO2-to-CO yield of m-CN@CsPbBr3 was increased to 42.8 mmol
g�1 h�1, which is much higher than those of bare m-CN (5.1
mmol g�1 h�1) and CsPbBr3 (18.7 mmol g�1 h�1). It is suggested
that the light excitation would generate electrons and holes and
these electrons and holes would migrate to the surfaces of
CsPbBr3 and m-CN, facilitating the thermocatalytic CRR
process. Under all three conditions, i.e., photocatalysis, ther-
mocatalysis and photo-thermocatalysis, the sample of bare
CsPbBr3 gives the lowest activity, further suggesting the signif-
icance of the heterojunction for promoting the CRR perfor-
mance. The photo-thermocatalytic performance of the sample
of m-CN@CsPbBr3 is also comparable to those of the other
systems, but exceeds those of most reported CsPbBr3-based
photocatalysts (Table S5†). Moreover, we checked the impact of
coating content on the catalytic activity of m-CN@CsPbBr3 at
150 �C and 3 suns. As depicted in Fig. S24,† in comparison with
m-CN@CsPbBr3-3 and m-CN@CsPbBr3-10, m-CN@CsPbBr3-5
delivers the highest CO2-to-CO yield, possibly due to the exis-
tence of the enriched heterogeneous interface and strong built-
in electric eld. Meanwhile, the catalytic stability of m-
CN@CsPbBr3-5 was also tested during the 6 h period of opera-
tion (Fig. S25†), and the result reveals that its reduction ability
at the end is comparable to its original performance. Further,
the XPS spectra before and aer testing m-CN@CsPbBr3-5
© 2022 The Author(s). Published by the Royal Society of Chemistry
manifest that all elements are almost unchanged (Fig. S26†),
once again verifying its excellent catalytic stability, which is
promising for practical application.

In addition, a small amount of H2 was also measured as the
reductive by-product from m-CN@CsPbBr3 samples at different
temperatures (Fig. S27†). These results indicate that the
coupling of photo and thermal effects profoundly promotes CO2

reduction. Fig. 3b shows the result of an isotopic 13CO2 labeling
experiment under the thermocatalytic conditions. A clear peak
at m/z ¼ 29 (13CO) is observed, conrming that the generated
CO originates from the thermocatalytic reduction of 13CO2

rather than from contaminants. The corresponding screen
shots of the raw mass spectra data are displayed in Fig. S28.†

To understand the promoted performance of m-
CN@CsPbBr3, the adsorption abilities of CO2 and CO on m-CN
and m-CN@CsPbBr3 were studied. Fig. 3c exhibits the CO2

temperature-programmed desorption (TPD) curves of m-CN
and m-CN@CsPbBr3, which yield the adsorbed amounts of
CO2 according to the integrated areas of the curves. It is found
that m-CN@CsPbBr3 has a higher adsorbed amount and thus
more sites for CO2 adsorption and activation compared to m-
CM, which could be attributed to the polar surfaces of m-CN
and CsPbBr3. Moreover, the desorption peak of the m-
CN@CsPbBr3 catalyst is situated at higher temperature, sug-
gesting that the corresponding adsorption sites can facilitate
the CO2 reduction due to a stronger interaction with the CO2

molecules. In the CO2-TPD curve of CsPbBr3 in Fig. S29,†
a higher desorption temperature of �320 �C is observed
compared with that of m-CN, which can be responsible for the
enhancement of desorption for the m-CN@CsPbBr3 catalyst.
CO-TPD was also performed, and the results are shown in
Fig. S30.† Clearly, both the m-CN and m-CN@CsPbBr3 samples
showed weak CO adsorption, which is thought to benet CO
evolution. Measurements were further performed at two other
temperatures (100 and 200 �C) to determine the effect of heating
on the CRR efficiency. As shown in Fig. S31† (100 �C) and
Fig. S32† (200 �C), the yields of CO2-to-CO were lower than at
150 �C, which may be ascribed to the difference of CO2 and CO
adsorption at different temperatures. The result suggests that
there is an optimal reaction temperature for suitable balance of
adsorption/desorption of CO2 and CO to obtain the highest
performance of CO2 reduction.

In situ FTIR spectroscopy was further carried out to investi-
gate the possible reaction pathways of the CRR under photo-
assisted thermocatalysis conditions. It is evident that
increased IR peaks emerge with increasing irradiation time
from 0 to 30 minutes (Fig. 4a and b), in which the peaks at
1457 cm�1 and 1646 cm�1 could be assigned to b-HCO3

�, while
the peaks at 1248 and 1695 cm�1 came from the vibration of the
carboxylate (CO2

�), and the peak at 1337 cm�1 can be attributed
to the bidentate carbonate (b-CO3

2�). Also, the peaks located at
1379 and 1507 cm�1 matched well with monodentate carbonate
groups (m-CO3

2�).20 Meanwhile, for the photo-assisted ther-
mocatalysis in Fig. 4b, almost the same peaks were observed
except with relatively stronger peak intensities, corresponding
to the improved CRR efficiency under the coupled photo-
thermal effect. Note that the peak at 1695 increased in
Chem. Sci., 2022, 13, 1335–1341 | 1339
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Fig. 4 In situ FTIR spectra of m-CN@CsPbBr3 under (a) bare ther-
mocatalytic and (b) photo-thermal conditions at ten-minute incre-
ments from0 to 30min (from top to bottom). (c) Schematic diagramof
the possible reaction pathways of the CRR for the sample of m-
CN@CsPbBr3 under photo-thermal conditions.
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intensity and the peaks at 1457 cm�1 and 1646 cm�1 dis-
appeared compared with the spectrum under bare thermoca-
talytic conditions, indicating that b-HCO3

� ions on the surface
are transformed to surface CO2

� species instead with the
assistance of light.

In addition, the m-CO3
2� signals at 1507 cm�1 were more

obvious compared to those under bare thermocatalytic condi-
tions, suggesting that the adsorption of the reaction interme-
diates was adjusted by light irradiation. This can be attributed
to the strong light absorption of CsPbBr3 according to the FTIR
curves of the bare CsPbBr3 sample under the above two condi-
tions (Fig. S33a and b†). This nding indicates the importance
of encapsulating CsPbBr3 for altering the formation of inter-
mediates and improving CRR activity under photo-assisted
thermocatalysis conditions. Moreover, the FTIR curves of the
reference m-CN sample are similar to those of m-CN@CsPbBr3
under bare thermocatalytic conditions (Fig. S34†). Thus, the
possible CRR pathways can be summarized as follows (Fig. 4c):
(a) the H2O molecules are rst dissociated into Hads and OHads

groups when meeting hot carriers, i.e., holes generated from
thermal or photo excitation; (b) the adsorbed CO2 encounters
OHads to generate HCO3

� and m-CO3
2� (step i); (c) then the

conversion from surface m-CO3
2� (step i) to CO2

� species in the
presence of H2O is proposed, and the surface HCO3

� (step i)
species can be converted conveniently into CO2

� under photo-
assisted thermocatalysis conditions (step ii); for (c), the CO2

�

nally releases CO gas when it encounters Hads and free elec-
trons (step iii).

Herein, a water-stable m-CN@CsPbBr3 heterojunction was
synthesized via a solid-state reaction, where bulk CsPbBr3
micro-sized particles were melted and converted to nano-
particles with encapsulation by an m-CN coating during the
calcination. The intimate contact between m-CN and CsPbBr3
would induce band bending at the interface and form a built-in
electric eld, which would separate holes and electrons to m-CN
and CsPbBr3, respectively. As such a heterojunction with two
1340 | Chem. Sci., 2022, 13, 1335–1341
charge poles, m-CN@CsPbBr3 exhibited an excellent thermo-
catalytic CO2-to-CO yield of 42.8 mmol g�1 h�1 under the assis-
tance of irradiation, higher than that of pure photocatalysis (5.1
mmol g�1 h�1) or thermocatalysis (18.7 mmol g�1 h�1). This is
the rst report of photo-assisted thermocatalysis using CsPbBr3-
based materials. Our work thus expands the application of
halide perovskites in CO2 reduction.
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