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The effective spatial separation of photogenerated charge carriers is essential for realizing efficient CO,
conversion. Herein, a new CsPbBrs—Cos0,4 heterostructure photocatalyst was rationally developed for
photocatalytic CO, reduction. A facile synthetic strategy based on electrostatic interactions was utilized.
The results revealed that the CsPbBrs—CozO4 hybrid exhibited a boosted evolution rate of 64.6 pmol g‘1
h= (CO: 35.40 pmol g~ h™% CHy4: 29.2 pmol g7 h™) with an electron consumption rate (Retectron) Of
304.4 pmol g~ h™, surpassing pristine CsPbBrs or CosQ,4. The high activity mainly arises from efficient
charge separation and the directional transfer of electrons from CsPbBrs to CozO4 via an intimately
coupled heterointerface. Notably, the surface features (derived from the unique morphology) expedited
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the CO, adsorption and accumulation of electrons at the CozO, site which ultimately facilitated the con-
version of CO, over the CsPbBr;—Coz04 composite. This approach provides a strategy to design and
modulate highly active metal oxide and perovskite-based photocatalysts and presents great potential for
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1. Introduction

The daily consumption of fossil fuels results in the emission
of CO,, causing universal environmental and energy issues."™
Fixation of CO, into value-added products such as CO, CHy,,
HCOOH, CH;0H, etc. via solar-driven catalysis, also known as
artificial photosynthesis, is a clean and sustainable
solution.>” However, it is challenging and suffers low conver-
sion efficiency due to the high thermodynamic stability of CO,
molecules and the need for multi-electron transfer.®’
Recently, instead of using single-component photocatalysts,
research efforts have been diverted to designing their low-cost
heterostructures. Many materials, such as C;N,,'*"" ZrO,,"
TiO,,"* Ta,0s,'* Nb,Os,"> metal sulfides,'® metal-organic
frameworks,”” metal complexes,” single-atom catalysts,'®
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constructing a heterointerface for CO, reduction.

MXenes,"””  conducting  polymers,”®  metal  halide
perovskites,**' etc., have been reported aiming at activity
enhancement via optimizing the light-harvesting and charge
carrier kinetics. However, the search for a more effective candi-
date photocatalyst has not stopped.

Among numerous materials, all inorganic metal halide
perovskites, particularly cesium lead-bromide perovskite
quantum dots (CsPbBr; QDs), are extremely competitive photo-
catalysts for CO, reduction.”®?*** This is owing to their suit-
able energy band structure, small size, defect tolerance, and
large carrier mobility as compared to other inorganic metal
halide family members, e.g. CsPbCl; and CsPbl,."%%* 3
However, pristine CsPbBr; QDs suffer from instability and
rapid recombination of electron-hole (e™-h") pairs, leading to
low activity. To address this issue, Xu et al. first utilized the
CsPbBr; QDs/graphene composite for the photocatalytic
reduction of CO,.** After that, several efforts were devoted to
enhance its performance. For instance, our group designed
CsPbBr; QDs/Bi,WO4*® and CsPbBr; QDs coupled with
covalent triazine frameworks,*® and both exhibited enhanced
charge separation and led to improved CO, photoreduction.
But the produced gas was mainly CO and only a minimum of
CH, was detected. This was possibly due to the lack of
sufficient accumulation of reductive electrons at catalytic sites.

Inorg. Chem. Front,, 2023,10, 3273-3283 | 3273


http://rsc.li/frontiers-inorganic
http://orcid.org/0000-0003-4740-4304
http://orcid.org/0000-0001-5350-1106
http://orcid.org/0000-0002-0084-5113
https://doi.org/10.1039/d3qi00527e
https://doi.org/10.1039/d3qi00527e
https://doi.org/10.1039/d3qi00527e
http://crossmark.crossref.org/dialog/?doi=10.1039/d3qi00527e&domain=pdf&date_stamp=2023-05-25
https://doi.org/10.1039/d3qi00527e
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI010011

Published on 18 April 2023. Downloaded on 4/2/2026 1:46:33 AM.

Research Article

So, we further our research to find some suitable materials
which can form an intimately coupled interface with CsPbBr;
QDs and enable efficient photocatalysis to generate both CO
and CH,, thereby overcoming the intrinsic issues of CsPbBr;
QDs.

We found that the transition metal oxide photocatalyst
cobalt oxide (Co3;0,4) is an ideal non-precious catalyst for CO,
reduction as it exhibits suitable band alignment, efficient
charge-carrier flux capability, and chemical/thermodynamic
stability.**>> However, the typical single component Co;0,
may suffer limited preservation of reductive electrons as well
as hindered spatial separation of e”-h" pairs. Multiple mor-
phologies have been constructed to meet such limitations,
such as nanorods,> ultrathin nanosheets,® nanofibers,>®
hollow dodecahedra,*® porous structures,’® and mesoporous
two-dimensional (2D) hexagonal nanoplatelets (HPs) with
various facets and catalytically active sites.*”>” For example,
Gao et al. first developed [112] facet-rich Coz0, HPs,”* and
then later on Zhu et al. constructed the Co3;0./g-C3N, (2D/2D)
hybrid,>” both intended to facilitate the separation of charge
carriers for photocatalytic CO, conversion. Inspiringly, we
intend to develop a high-performance Co;0, heterostructure
catalyst by simultaneously promoting charge separation and
preserving the reductive electrons. It is widely accepted that
constructing a heterostructure is efficient for channelizing and
accelerating the separation and transfer of e -h" pairs via a
strongly coupled interface developed through proper band
alighment and work functions (®).*”** ! Therefore, construct-
ing a hybrid between CsPbBr; QDs and CO;0, HPs probably
can result in an improved photocatalytic performance toward
CO, reduction. To the best of our knowledge, there is no
report on the fabrication of CsPbBr; QDs on CO;0, HPs, and
it is desirable to design and construct a new heterostructure
based on CsPbBr; QDs and CO30, HPs for CO,
photoreduction.

Herein, a CsPbBr;—Co3;0, heterojunction photocatalyst is
developed via electrostatic self-assembly between CO30,
HPs and CsPbBr; QDs for photocatalytic CO, reduction.
Investigations confirmed the successful formation of the
CsPbBr;—Co;0, hybrid. Diverse physicochemical and opto-
electronic characterization studies revealed that: (i) CO;0, HPs
acted as a supporting matrix to collect electrons from CsPbBr3,
rendering electron localization; (ii) the CsPbBr;-Co;0, hybrid
exhibited compact heterointerfaces, facilitating robust charge
separation with hampered e™~h" pair recombination; (iii) the
Co3;0, side offers numerous mesopores and catalytic sites,
which facilitate the better capturing and activation of CO,
molecules. Consequently, CsPbBr;-Co;O, showed improved
activity for the generation of CO and CH,, with an evolving
rate of 35.40 and 29.2 pmol g~* h™", respectively, surpassing
their pristine counterparts i.e., CsPbBrz QDs and CO;0, HPs,
as well as recent state-of-the-art photocatalysts (Table S17).
This work highlights the rational design of new metal halide
perovskite-based photocatalysts and addresses the critical
issues regarding charge carrier kinetics to realize efficient
solar-driven CO, conversion.
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2. Experimental section
2.1. Synthesis of CsPbBr; QDs

To obtain CsPbBr; QDs, the reported method was followed
(see also in Fig. S11).°> Briefly, for the Cs-OA stock solution,
0.2 g of cesium carbonate (Cs,CO3), 10 mL of octadecene
(ODE, C;gH3¢), and 0.6 mL of oleic acid (OA, C;3H3,0,) were
loaded into a three-necked round bottom flask. Under Ar flow,
the temperature was increased to 120 °C and a clear light-
yellow solution was obtained. The temperature was increased
to 150 °C just before the hot injection. For the Pb stock solu-
tion, 0.1380 g of lead bromide (PbBr,) and 10 mL of ODE were
added into a 50 mL three-necked round bottom flask, under
Ar flow, the temperature was increased to 120 °C to get a white
turbid liquid and maintained it for 30 min. Next, the tempera-
ture was further increased to 165 °C, and 1.5 mL OA and
1.1 mL OAm were added to the Pb stocks. When a yellow
homogeneous solution was obtained, 0.8 mL of the Cs-stock
solution was swiftly injected into it. After 5 s, the mixture was
immediately cooled down using an ice-water bath. The original
solution was directly centrifuged at 8000 rpm for 5 min and
further washed with ethyl acetate and isopropanol to remove
the organic residue. Finally, the CsPbBr; QDs collected and
stored in n-hexane are added in an equal volume.

2.2. Preparation of Co;0, HPs

To obtain Coz;O, HPs, the previously reported method was
modified (see also in Fig. $21).%* Firstly, p-Co(OH), precipitates
were prepared. 0.2379 g (5 mmol) of cobalt chloride hexa-
hydrate (CoCl,-6H,0), 1.6823 g (60 mmol) of cyclohexamethyl-
enetetramine (urotropine), 180 mL of deionized water and
20 mL of ethanol were added into a beaker under stirring. The
mixture was heated in an oil bath to 90 °C for 1 h to obtain a
pink solution. After cooling it to an ambient temperature, it
was centrifuged at 9000 rpm for 15 min to obtain a pink pre-
cipitate of B-Co(OH),. Subsequently, 50 mL of deionized water
and 50 mL of ethanol were added, and the -Co(OH), precipi-
tate was redispersed by ultrasonication. The sample was col-
lected by centrifuging at 9000 rpm for 15 min. This operation
was repeated 3 times. The obtained precipitate was freeze-
dried under vacuum for 6 hours. Finally, the precipitate was
transferred into a cuboid crucible and put into a muffle
furnace for calcination at 400 °C for 3 h to obtain a black
powder of Co30, HPs.

2.3. Synthesis of the CsPbBr;—-Co;0, heterostructure

The CsPbBr;-Co3;0, heterostructure was prepared using a solu-
tion-processed approach at room temperature. First, 0.5 mg of
the Co30, HP powder was dispersed into 250 puL of ethanol
under uninterrupted stirring. Second, 400 pL (2 mg) of
CsPbBr; QDs were dispersed into 5 mL of ethyl acetate. Third,
the CsPbBr; QD solution was swiftly added into the solution of
Co3;0, HPs and mechanically stirred at room temperature in
the dark for 30 min. Finally, the mixture was ultrasonicated for
another 30 min under ambient conditions. The obtained solu-
tion was centrifuged at 8000 rpm for 5 min, and the precipitate
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was vacuum dried overnight at 45 °C to obtain the CsPbBr;-
Co30, heterojunction. This synthesis was performed with an
optimum mass ratio (Co3;04 HPs: CsPbBr; QDs) i.e., 1:4, and
a similar method was followed to obtain various mass ratios
such as 1:1, 1:2, 1:8, and 1:16. Step by step addition of
Co3;0, HPs and CsPbBr; QDs as well as the formation process
of the CsPbBr;-Coz;0, heterojunction are also picturized and
described in Fig. S3.f The details of all materials and other
characterization studies for physicochemical and opto-
electronic properties are provided in the ESL.{

3. Results and discussion

3.1. Illustration of the synthesis process and verification of
the heterostructure formation

Firstly, CsPbBr; QDs (0D) was precisely prepared via a typical
hot-injection method (Fig. S11).®* Subsequently, CozO, HPs
(2D) holding rich facets [112] were synthesized through the cal-
cination of brucite-like cobalt hydroxide -Co(OH), precipitates
(Fig. S21).>* Finally, to obtain a 0D/2D CsPbBr;-Co;0, hetero-
junction, their mixture at an optimum mass ratio 4:1
(CsPbBr; QDs : Co;0, HPs) was exclusively stirred in a solution
of ethyl acetate and ethanol at room temperature (Scheme 1,
see details in Fig. S31). The tactic used here is based on the
Coulomb electrostatic assembly which enables the incorpor-
ation of CsPbBr; QDs and Coz;O, HPs. The zeta potentials of
pristine CsPbBr; QDs and CozO, HPs are 4.80 mV and
—3.10 mV, respectively (Fig. S41), which indicates oppositely
charged surfaces encounter electrostatic attractions, resulting
in the formation of CsPbBr;-Co;0,4. Such a kind of electro-
static self-assembly would possess a strong heterointerface,
beneficial for interfacial charge transfer.®?

To confirm the successful formation of the CsPbBr;-Co;0,
hybrid, powder X-ray diffraction (XRD) was first conducted
(Fig. 1a). Pristine CsPbBr; QDs exhibit a typical cubic-phase
(JCPDS card, No. 75-0412). Meanwhile, pristine Co;O0, HPs
show diffraction patterns associated with the face-centred
cubic phase of the spinel Co;O, (JCPDS card No. 74-1657).
Notably, strong signals of all peaks emerged and co-existed in
the CsPbBr;—Coz;0, hybrid, illustrating the successful for-
mation of the heterojunction and the crystal phases were well
maintained. To confirm this claim, nitrogen adsorption-de-
sorption analysis was performed (Table S2t). It can be seen
that after the precise formation of the heterojunction, the pore
size and pore volume were reduced from 31.3 nm to 21.21 nm

Solution-processed stirring
and sonication at room-

@ + temperature Y
Electrostatic attractions

@ csPbBr,QDs  Co;0,HPs

CsPbBr;-Co;0,

Scheme 1 |Illustration for the formation of the CsPbBr;—Coz0O,4 hetero-
junction via electrostatic attraction.
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and 0.1325 cm® g™ to 0.0266 cm® g~ respectively. In addition,
the BET surface area also decreased from 16.9 m® g™ to
5.016 m”> g~'. This result indicates that the mesopores of
Co;0, were occupied by CsPbBr; QDs. Besides in the XRD, an
exclusive color transformation was observed from black
(Co304-HPs, Fig. 1b) and bright yellow (CsPbBr; QDs, Fig. 1c)
to dark grey (CsPbBr;—Co30,, Fig. 1d). In addition, under ultra-
violet irradiation, the CsPbBr;-Co;0, heterojunction demon-
strated a dark green fluorescence in comparison with the
bright green fluorescence of CsPbBr; QDs (Fig. S51). Such
color transformations further endorse that the heterojunction
was constructed successfully in a well-controlled manner via a
current facile strategy.

Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) analysis further confirmed the for-
mation of the heterojunction. CsPbBr; QDs exhibited an
average size of about 12 nm (Fig. 1e and inset), whereas Co;0,
exhibits a hexagonal platelet-like structure with lateral sizes of
~4 +1 pm, and a thickness of about ~50 + 10 nm, a dominant
facet (112), and mesopores (Fig. 1f and inset). Importantly,
after incorporating CsPbBr; QDs into Co;0, HPs, several facts
were noticed. (i) Both CsPbBr; QDs and Co;0, HPs co-existed
with well-defined morphologies, and their sizes were preserved
without any further ripening, verifying that the synthesis was
well-controlled (Fig. 1g). (ii) Besides electrostatic interactions,
the huge surface energy of CsPbBr; QDs could drive its face-to-
face attaching to CozO, HPs. (iii) CsPbBr; QDs were well dis-
persed (denoted by yellow circles) all over Co;0, HPs, both on
the inner side (Fig. 1g and inset) and on the boundary sides
(Fig. 1h) and this would facilitate the formation of a rich het-
erointerface. (iv) Even though most of the mesopores were
occupied by CsPbBr; QDs, still many mesopores could be
observed as denoted by the marked area in green (Fig. 1g, h,
and the inset).

Such accessible mesopores are not only beneficial for sup-
porting CO, adsorption but also facilitate the exposure of the
innermost lattice surfaces for the rapid transfer of photo-
induced e~ to the outermost active surface sites.’*®” More
clear evidence regarding the formation of the heterointerface
was collected via high-resolution TEM analysis (HRTEM,
Fig. 1i and j). The spacing in the lattice fringes was found to
match well with both constituents, that is, 0.58 nm and
0.285 nm being the corresponding planes of CsPbBr; and
Co;0, respectively (Fig. 1j). Accordingly, the HAADF and
energy dispersive X-ray (EDX) mapping analysis depicts the
precise incorporation and distribution of all elements includ-
ing Cs, Pb, Br, Co, and O in the CsPbBr;—Co;0, heterojunction
(Fig. 1k-p). The above results are in-line with the XRD and
TEM analysis, validating the formation of the heterojunction
with finely dispersed CsPbBr; QDs on the support matrix of
Co30,4 HPs.

Next, surface chemical states and interfacial interaction in
the CsPbBr;-Co;0, heterojunction were evaluated via high-
resolution X-ray photoelectron spectroscopy (XPS) of Cs 3d, Pb
4f, Br 3d, Co 2p, and O 1s. It is noteworthy that, in comparison
with CsPbBr; QDs, the binding energy of Cs 3d (Fig. 2a), Pb 4f

Inorg. Chem. Front., 2023,10, 3273-3283 | 3275
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Fig. 1 (a) Comparison of the XRD pattern for the as-prepared products within the 2 theta range 10°-80°, where pink circles and blue diamonds
denote the corresponding peaks in the Coz04—CsPbBr3 heterojunction originating from pristine products. Exclusive color transformation of the as-
synthesized products where (b) Cos0,4 HPs black, (c) CsPbBrs QDs bright yellow, and (d) CsPbBrz—Coz0,4 dark grey. (e) The TEM image of pristine
CsPbBr; QDs and the corresponding inset with high magnification. (f) The SEM image with low magnification and the inset is the TEM image for a
single particle of Co30,4 HPs showing a hexagonal platelet-like morphology. (g) The TEM image of a Coz04—CsPbBr3 heterojunction and the corres-
ponding inset which was captured from the central side of a random particle and (h) the image taken from the boundary side. Finely dispersed
CsPbBr; QDs are denoted with yellow circles and the pores are denoted with green marked areas. (i) and (j) HRTEM images, and (k—p) HAADF and
EDX mapping results for the Co;04—CsPbBrz heterojunction.
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Fig. 2 Comparative representation of high-resolution XPS spectra for (a) Cs 3d, (b) Pb 4f, (c) Br 3d, (d) Co 2p, and (e) O 1s in all the synthesized pro-
ducts. (f) The XPS survey spectrum highlights the co-existence of CsPbBr; QDs and Co30,4 HPs in the CsPbBrz—Co304 heterojunction.
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(Fig. 2b), and Br 3d (Fig. 2c) faced a positive shift in the hetero-
junction. This result strongly endorsed the close interfacial
contact between QDs and HPs. Meanwhile, the XPS of Co 2p
spectra signals were comparatively examined for CsPbBr;-
Co;0, and Co;0, HPs (Fig. 2d), where two binding energy
values at 796 + 0.2 eV and 780 + 0.2 eV fit to Co 2p;,, and Co
2ps/p, respectively, which normally attributed to two main
regions i.e., Co>* and Co®".** As is known the theoretical value
for the atomic ratio Co®*/Co®" is 0.5 (i.e., perfect Co;0,), but
this value may increase in the presence of surface defects or
oxygen vacancies (OVs).** Herein, no signal corresponding to
defects in O 1s spectra (Fig. 2e) was found, which means that
Cos0, synthesized here is perfect and in an equally balanced
state. Notably, the absence of OVs also indicates that the high
crystallinity of Co;O, was maintained after forming the
CsPbBr;-Coz0, heterojunction. Meanwhile, a slight negative
shift towards the lower binding energy was observed, demon-
strating the interaction between Co;0, and CsPbBr; (Fig. 2d).
Moreover, relative O 1s spectra disclosed two main peaks that
fit with the hydroxyl species and Co-O bond respectively. In
addition, the obvious co-existence of CsPbBr; QDs and Co3;0,
HPs is supported through the XPS survey spectrum (Fig. 2f).
All the characteristic peaks are assigned to Cs, Pb, Br, Co, and
O (highlighted with bars), affirming the formation of the
CsPbBr;—-Cos0, heterojunction.

3.2. Investigation of the photocatalytic activity for CO, reduction

The activity of the as-synthesized CsPbBr;-Coz;0O, heterojunc-
tion for CO, photocatalytic reduction is evaluated under the
solid-gas environment using 50 pL of water as the proton
source (see details in the ESI section 1.31).>**%% In particular,
no sacrificial agent was used, and visible light was irradiated
during photocatalysis. As shown in Fig. 3a, the pristine com-
ponents only can produce limited CO and negligible CH,, cal-
culated to be 14.23 and 0.39 (for CsPbBr; QDs) and 9.52 and
0.46 (for Coz0, HPs) pmol g~ h™, respectively. Notably, the
CsPbBr;-Coz0, heterojunction delivered an enhanced per-
formance for the evolution of CO and CH,, which is 35.40 and
29.2 pmol g~' h™', respectively. The corresponding electron
consumption rate (Rejectron, S€€ the formula in Table S2t) was
found to be 304.4 ymol g~* h™', which is 9.51 and 13.4 fold
larger than that of pristine CsPbBr; QDs and CozO, HPs,
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respectively. The maximum cumulative production of CO and
CH, after a 6-hour reaction was 211.58 and 175.31 pmol g/,
respectively (Fig. S6t). The current performance of the
CsPbBr;-Coz0, heterojunction was found to be exceeding that
of the pristine counter components as well as recent state-of-
the-art photocatalysts (Table S1t). Moreover, altering the
dosage ratio of Coz0,:CsPbBr; in the heterojunction could
greatly influence the activity, for instance, the upper limit of
gases was only reached with an optimum mass ratio of 1:4
(Fig. S71).

More and/or less dosage of CsPbBr; than the optimum
value in the heterojunction is not conducive to producing CO
and CH, in high yields, maybe due to the insufficient amount
and/or blockage of active sites respectively, and this phenom-
enon was found to be consistent with the literature.*®
Additionally, control experiments were performed to confirm
the origin of CO, and CH, during photocatalysis (Fig. 3b).
First, under an argon atmosphere, traces of CO or CH, was
found, which shows that feed-stock CO, is necessary to run the
photocatalytic reduction reaction.>***®* Second, nothing was
detected under the dark conditions, which again confirms
light irradiation is required to obtain CO and CH, from the
reduction of CO,. Finally, the optimum result could only be
achieved using the CsPbBr;-Co;0, heterojunction with a mass
ratio of 1:4 as the photocatalyst, CO, gas as the feedstock, and
solar light illumination (4 > 400 nm). To further verify the
origin of the carbon source of the photo-generated CO and
CH,, CO, isotope labelling was performed and the GC-MS
result is displayed in Fig. S8.1 Evidently, the signals belonging
to *CO (m/z 29) and "*CH, (m/z 17) are derived from '*CO,,
validating that CO, feedstock is the actual carbon source.
Likewise, the oxidation of water to oxygen further validates
the continuous supply of protons during CO, conversion
(Fig. S9f). Furthermore, the CsPbBr;-Co;0, heterojunction
can remain stable during the consecutive 5 cycles (Fig. 3c).
The morphological and structural characteristics of the
CsPbBr;-Coz0, heterojunction are well-maintained after
photocatalysis (Fig. S10a and S10bt).

3.3. Unveiling of the origins for improved activity

The origins of the possible enhanced activity were investigated
and have been described systematically. The CO, adsorption

a 40 b 40 c
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T % = @Q
o2 ] N
g 20 2 20 &
§ g §
=15 =15 &
g g &
8 gl 8 @ <
L] G5l 8 5 S
5 = = 5S¢
) N
o = © 7 14 21 28 35
CsPbBr. Co;0, CsPbBr;-Cos0, Ar, Light CO,,Dark CO,, Light

Photocatalyst

Controlled experiments
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Fig. 3 (a) A comparative depiction of the catalytic activity in terms of the produced gases CO and CH,4 using the as-synthesized CsPbBrz QDs,
Co304 HPs, and CsPbBr3;—Co30,4 heterojunction. (b) Controlled experiments were performed under different reaction conditions to produce CO and
CH, to examine the origin of the evolved gases. (c) Stability test of the CsPbBr;—Co304 heterojunction for 5 consecutive cycles.
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on the surface of the photocatalyst is a primary step that
would further govern its activation and conversion. And it is
well-known that CsPbBr; QDs have a large surface area and are
capable of adsorbing more CO, on their surface.**** As veri-
fied by the TEM analysis, the size of CsPbBr; QDs remained
unchanged after forming a hybrid with Co;0, HPs, indicating
that it would exhibit similar CO, adsorption activity on its
surface. Likewise, Co;0, HPs also possess numerous adsorp-
tions sites derived from their structural mesopores. Although
most of the mesopores are occupied by CsPbBr; QDs (Fig. S11
and Table S2t), additional porosities are still accessible in the
heterojunction (as shown in the green marked area in Fig. 1g
and h). These porosities would actively endure the CO,
adsorption.**?®”

As the light absorption range is a key factor in solar-driven
catalysis, to investigate the light-harvesting ability of the
as-prepared components, diffuse reflectance spectra (DRS)
were recorded. Both CsPbBr; QDs and Co;O, HPs show a
strong visible light response within the wavelength range of
400-600 nm, and their corresponding energy band gaps (E,),
determined to be 2.36 eV and 2.31 eV, respectively, are well-
consistent with the literature (Fig. 4a and b and corresponding
insets).’®>> Where; E, is estimated through Tauc plots using
the equation ahw = A(hv — E,)" (see details in section 1.5 of the
ESIT). It is to be noted that Eyg = 1.83 eV is attributed to the
0®” — Co®" excitation and is not a real energy bandgap of
Co;0, HPs.’>%*"% The enhanced light absorption ability of
both components in the CsPbBr;-Co;0, heterojunction sup-
ports its higher catalytic activity. Moreover, the valence and
conduction band positions (Eyg and Ecg) strongly define the
thermodynamic feasibility of CO, reduction reactions.
According to the reported results, the Ecg of Co;0, and
CsPbBr; are —0.64 eV > and —0.99 eV,>® respectively, and cor-

View Article Online

Inorganic Chemistry Frontiers

respondingly, the calculated Eyg for Co;0, HPs and CsPbBr;
QDs are 1.67 eV and 1.37 eV, respectively. Hence, the conse-
quent CsPbBr;-Co;0, heterojunction possess efficient light
harvesting ability with staggered band alignment as depicted
in Fig. 5a, further endorsing an uninterrupted CO, conversion.

The rapid radiative recombination of photoinduced e -h"
pairs in pristine CsPbBr; QDs can lead to low CO, conversion
efficiency.”® This was exclusively observed, where the intense
photoluminescence (PL) spectra signal for pristine CsPbBr;
(Fig. 4c) confirmed its low catalytic activity. However, after
immobilizing CsPbBr; QDs on Co;0, HPs, the results dramati-
cally changed towards low PL intensity, identifying the signifi-
cantly hindered recombination of e -h" pairs over the
CsPbBr;-Co;0, heterojunction (Fig. 4c and Fig. S12f). This
finding matched well with the enhanced photocatalytic per-
formance. This also means, combining such photocatalysts
can substantially quench the radiative recombination of the
metal halide perovskite, thereby exhibiting high activity.
Likewise, to investigate the charge transfer kinetics, PL decay
was also inquired via time-resolved photoluminescence spec-
troscopy (TRPL, curves were fitted with a bi-exponential func-
tion, Table S3} and Fig. 4d). The CsPbBr;-Co;0, heterojunc-
tion demonstrated a shorter lifetime (z,yz = 45.04 ns) in com-
parison with pristine CsPbBr; QDS (za, = 47.43 ns). This
outcome further verified the restrained recombination of e -
h* pairs and their efficient separation in the CsPbBr;—Co;0,4
hybrid. Besides charge recombination, charge transfer kinetics
and their directional transfer are decisive to realize an
improved CO, conversion.®"*”°® Therefore, these were investi-
gated for the CsPbBr;-Co;0, heterojunction through electro-
chemical impedance spectroscopy (EIS) and transient photo-
current responses (TPR). The smallest arc radius was seen for
the CsPbBr;-Cos;0, heterojunction followed by CsPbBr; QDs
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Fig. 4 Tauc plots for energy bands and their corresponding insets depicting the diffuse reflectance spectra curves for (a) CsPbBr; QDs and (b)
Co304 HPs. (c) Steady-state photoluminescence spectra, and (d) time-resolved photoluminescence spectroscopy of CsPbBr; QDs and the CsPbBrs—
Co304 heterojunction. (e) Electrochemical impedance spectra and (f) transient photocurrent spectra of all the as-prepared products.
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Co 2p, and (f) O 1s, showing the electron-rich and electron-deficient sides in the CsPbBrz—Coz0,4 heterojunction.

and Co;0,4 HPs (Fig. 4e). The markedly inhibited resistance in
CsPbBr;-Coz;0, would promote charge transfer. Likewise, the
CsPbBr;-Coz0, shows the highest photocurrent with high
repeatability (Fig. 4f). This result further supports the acceler-
ated separation of e"-h" pairs as well as highlights that an
accessible route builds up (i.e., heterointerface) by decorating
CsPbBr; QDs on Co;0, HPs.

3.4. Uncovering charge redistribution on the intimately
coupled heterointerface and the corresponding catalytic
mechanism

To further shed light on the interfacial charge-carrier flux, and
their transfer route, particularly the accumulation of reductive
electrons, the in situ XPS spectra were conducted under dark
and visible light irradiation, respectively. As can be seen, the
binding energies corresponding to Cs 3d, Pb 4f, and Br 3d
exclusively underwent a positive shift (Fig. 5a-c) under light,
which demonstrates a decrease of the electron density in the
CsPbBr; side. In the meantime, the peak attributed to Co 2p
and O 1s shifted to lower binding energy, suggesting an
increased electron density at the Co;0, side (Fig. 5e and f).
Such patterns verify the continuous transfer of photoinduced
electrons from CsPbBr; to Co30,. In other words, Coz;0, plays
a role as a supporting matrix to evoke and gather electrons
from CsPbBr; QDs, allowing electron localization on the active
surface of Co;0,. At the same time, an uninterrupted separ-
ation of e™-h" pairs occurs in CsPbBr; owing to the signifi-
cantly improved light harvesting ability and abundant exposed
surface. Therefore, the electron-rich and electron-deficient
phenomena occur simultaneously to balance the electron
redistribution in the CsPbBr;—-Co;0, heterojunction. Notably,
except for the negative shift in O 1s spectra (Fig. 5f), no new
peak belonging to OVs appeared, validating the structural per-
manence of Coz0, in the heterojunction.

This journal is © the Partner Organisations 2023

Furthermore, the work function (&) is another pivotal factor
for charge carrier kinetics, particularly at the heterointerfaces.
The & for CsPbBr; QDs and Co;O, HPs are 4.39 eV and 5.74 eV
respectively.**”* So, a larger @ value of CozO, refers to its
lower Fermi level (E¢) than that of CsPbBr;, implying that the
flow of electrons is from CsPbBr; to Co;0, which is consistent
with the outcomes of in situ XPS. This would hasten the extrac-
tion of reductive electrons from CsPbBr; to Coz0,, thus sup-
pressing the recombination of e”~h" pairs. In a word, CsPbBr;
facilitated the rapid and continuous electron transfer via
shorter diffusion pathways due to the size effect, and Coz;0,
spontaneously accepted the electrons and accumulated on its
active surface to exclusively participate in CO, reduction under
the irradiation of solar light.

Based on the above results, the proposed CO, photoreduc-
tion mechanism over the CsPbBr;—Co;O, hybrid has been
described. As illustrated in Fig. 6a, CsPbBr; and Coz;0, in the
heterojunction have a staggered band alignment (type-II). In
addition, the CsPbBr;—-Coz;0, heterojunction holds enough
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Fig. 6 (a) Photoexcited charge separation and their transfer route over
the CsPbBr;—CozO,4 heterojunction under visible light irradiation. (b)
Schematic diagram depicting the continuous flow of electrons from
CsPbBr3 towards CozO4 enabling the photocatalytic conversion of CO..
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negative CB and positive VB potentials to reduce CO, and
oxidize water, respectively. Under light irradiation, electrons
and holes can be generated in both CsPbBr; and Co30,.
Subsequently, the photoinduced electrons are transferred from
CB of CsPbBr; to CB of CO;0, (Fig. 6b), causing electron local-
ization at the CO30, side, making it suitable to conduct the
CO, reduction reaction (as mentioned earlier in the in situ XPS
analysis section). In the meantime, holes are transported in
opposite directions i.e., from VB of CO;0, to VB of CsPbBr3,
building a hole-rich CsPbBr; side, favourable for oxidizing
H,O0 to O, and H". Accordingly, the breaking of C=0 bonds in
CO, occurred at the electron-rich Co;0, side, where the coup-
ling of electron and protons took place, for instance, 2e” and
8e~ get coupled with 2H" and 8H" to produce CO and CH,,
respectively, as presented in eqn (1) and (2). Thus, the effective
charge separation enables the uninterrupted electron-proton
integrative reaction to realize highly efficient CO, photo-
catalytic reduction over the CsPbBr;-Co;0, heterojunction.

CO, +2H" +2e~ — CO + H,O (1)

CO, + 8H" + 8¢~ — CH,4 + 2H,0 (2)

4. Conclusions

In conclusion, a facile solution-processed room-temperature
method was developed to fabricate a new CsPbBr;—Coz;0, het-
erojunction photocatalyst for visible-light-driven CO, conver-
sion. The successful formation of the CsPbBr;-Co;0, hybrid
was confirmed by XRD, TEM, HRTEM and XPS analysis. The
enhanced generation of CO (35.40 pmol g~ h™") and CH,
(29.2 pmol g h™") with a high Rejecron Tate (304.4 pmol g™*
h™") was realized on the CsPbBr;—Co;0, hybrid, which outper-
formed the counter products and some state-of-the-art photo-
catalysts. The formation of staggered band alignment and an
intimately contacted heterointerface led to robust separation
and directional transfer of charge carriers. Because of the
uninterrupted flow of reductive e”, an electron enrichment
zone was obtained at the active site of Co;0,4, which ensured
the efficient conversion of CO,. This work describes the poten-
tial of designing a new perovskite-based heterojunction that
could enable efficient charge separation to achieve better
solar-driven CO, conversion.
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