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Abstract Halide perovskite-based heterojunctions have
emerged as promising candidates for solar energy conver-
sion and storage due to their unique photophysical prop-
erties. However, the current bottleneck lies in the
insufficient separation of photogenerated carriers at the
interface, primarily due to challenges in the controllable
growth of perovskite on the substrate. Herein, we present a
growth strategy for depositing lead-free Cs;Sb,Brg per-
ovskite nanocrystals onto the surface of Co3;O4 with the
assistance of polyacrylic acid (PAA), generating a step-
scheme (S-scheme) heterojunction denoted as Co3;O4—
Cs;3SbyBry. The utilization of PAA as a template can
effectively regulate the nucleation and growth of
Cs;3SbyBry, thereby significantly enhancing the charge
separation efficiency of the Coz04—Cs;Sb,Brg heterojunc-
tion compared to its counterpart formed without PAA
assistance. Under simulated solar light irradiation (100
mW-cmfz), the cerium-doped Co304—Cs;Sb,Bry hetero-
junction exhibits excellent photocatalytic CO, reduction
activity without the need for any sacrificial agent.
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Specifically, the CO yield reaches up to 700.7 pmol-g~ "~

h™', marking a 2.8-fold increase over the sample synthe-
sized without PAA mediation. This polymer-assisted in-
situ growth strategy should open up a new avenue for
designing and developing more efficient photocatalytic
materials based on halide perovskites.

Keywords Charge transfer; Heterojunction; In-situ
growth; Lead-free perovskite; Photocatalytic CO,
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1 Introduction

Natural photosynthesis is an amazing process that can
convert CO, and water into energy-rich organic matter
while releasing oxygen solely by harnessing abundant solar
energy. This process not only sustains human activities but
also plays a pivotal role in maintaining the energy flow and
carbon—oxygen balance in nature over extended periods
[1, 2]. However, the rapid population and economic growth
of the past century have led to extensive fossil fuel con-
sumption, resulting in escalating CO, emissions and trig-
gering the climate crisis, which constrains sustainable
human development. In this context, artificial photosyn-
thesis technology, drawing inspiration from natural pho-
tosynthesis, has garnered increasing attention over the past
decade [3-10], which can convert CO, and water into
chemicals and oxygen by capturing sunlight through a
photocatalyst. Apart from robust sunlight responsiveness,
photocatalysts must possess potent redox capabilities to
drive both the half-reactions of CO, reduction and H,O
oxidation, thus ensuring efficient artificial photosynthesis
[11-14].
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In recent years, lead-free metal halide perovskites have
emerged as promising photocatalytic candidates among
various developed photocatalysts due to their cost-effec-
tiveness, eco-friendliness, superb light responsiveness and
adjustable band structures [15-18]. Notably, antimony-
based perovskites exhibit commendable stability and a
relatively prolonged carrier lifetime, with band structures
capable of concurrently driving CO, reduction and H,O
oxidation [19]. Nevertheless, their sluggish water oxidation
capability poses a significant challenge to enhancing the
photocatalytic activity of CO, reduction. Current research
primarily focuses on combining perovskites with other
semiconductors through electrostatic attraction or in-situ
growth to create step-scheme (S-scheme) heterojunctions,
aiming to augment the photocatalytic activity of CO,
reduction [20, 21]. Yet, S-scheme heterojunctions pro-
duced by existing methods still have some deficiencies. For
instance, electrostatic attraction may result in inadequate
contact between the two components, impeding charge
transfer. Additionally, the in-situ growth of antimony-
based perovskites on semiconductor surfaces may exacer-
bate non-radiative recombination due to the rapid crystal-
lization kinetics and low formation energy of perovskites,
making them prone to aggregation and crystalline defect
[22]. This undermines efforts to enhance the photocatalytic
activity of CO, reduction. As a result, the controlled syn-
thesis of antimony-based perovskite nanocrystals on
semiconductor substrates for constructing
S-scheme heterojunctions remains a challenge.

Herein, we employed porous hollow Co3;0,4 as a sub-
strate and elaborately introduced the polymer polyacrylic
acid (PAA) onto its surface to precisely control the
nucleation and growth processes of Cs3Sb,Brg perovskite
nanocrystals, ultimately achieving in-situ construction of a
Co0304—Cs3Sb,Brg S-scheme heterojunction. The strategy
is primarily based on the following important considera-
tions: (1) Co30y, a black crystalline oxide semiconductor,
is a common candidate for photocatalytic water oxidation
due to its deep valence band edge, high stability and wide
visible response [23, 24]. (2) Co30, is also a typical p-type
semiconductor, which exhibits a significant work function
difference from the n-type semiconductor Cs3Sb,Brg. This
enables the generation of a strong built-in electric field and
a large degree of band bending at the contact interface of
the Co304—Cs3Sb,Bry heterojunction, beneficial for the
formation of an S-scheme charge transfer pathway and the
rapid separation and transfer of photogenerated carriers
[25, 26]. (3) The introduction of PAA serves a dual pur-
pose: firstly, it forms intermediate complexes with the
Cs;3SbyBrg  precursor, redirecting random nucleation
towards thermodynamically favorable growth; secondly,
PAA confines the space for perovskite nanocrystal growth,
effectively preventing extensive aggregation and
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significantly enhancing the active surface area for photo-
catalytic reactions. As anticipated, the prepared Co304—
Cs3Sb,Bry composite exhibits a significant enhancement in
photocatalytic performance. The cerium-doped Co304—
Cs;3Sb,Brg photocatalyst achieves an impressive CO,
reduction to CO yield of up to 700.7 pmol-g~'-h~" without
the addition of any organic sacrificial agents. This not only
far surpasses the performance of the individual components
but also notably outperforms the counterpart synthesized
without PAA assistance.

2 Experimental

The materials, instrumentation and characterization details
are elaborated in the Supplementary Information. Zeolitic
Imidazolate Frameworks-67 (ZIF-67), Co30, and
Cs3Sb,Bry were synthesized following previously reported
methods with some modifications [27, 28] (further details
provided in the Supplementary Information).

Preparation of Co304-PAA composite: Initially, chlor-
oacetic acid (CA) was anchored onto the surface of porous
Co;30,4 nanocrystals, serving as an initiator for PAA poly-
merization. Specifically, a mixture consisting of Coz04
(50 mg) and CA (95 mg) was dispersed in deionized water
(10 mL) and magnetically stirred (200 rpm) at 60 °C in an
Ar atmosphere for 24 h. The resulting product, designated
as Co304-CA, underwent three washes with deionized
water to eliminate excess CA and was then redispersed in
deionized water (5 mL) for further utilization. Subse-
quently, PAA brushes were grafted onto the surface of
Co30,4 nanocages via activators regenerated by electron
transfer atom transfer radical polymerization (ARGET-
ATRP). The CuCly/1,1,4,7,7-pentamethyl diethylenetri-
amine (PMDETA) complex, comprised of CuCl,
(13.4 mg) and PMDETA (208 pL) dissolved in N,
N-dimethylformamide (DMF, 5 mL), catalyzed the
ARGET-ATRP reaction. Sequential addition of L-ascorbic
acid sodium (AAS, 30 mg), CuCl,/PMDETA (500 pL) and
Co304-CA dispersion (5 mL) were performed in an Ar
atmosphere. Then, sodium acrylate (NaAA, 100 mg) dis-
solved in ethanol was introduced into the system, and the
reaction proceeded for 12 h at 80 °C. The resulting Co;04-
PAA composite was washed three times with ethanol and
deionized water before being freeze-dried for further
application.

Preparation of Co304—Cs;Sb,Brg composite: Initially,
Co304-PAA (10 mg) was mixed with DMF (6.5 mL) for
24 h at room temperature to ensure uniform dispersion.
Subsequently, CsBr (44.7 mg) was added and stirred for an
additional 12 h until complete dissolution. Then SbBr;
(50.6 mg) was introduced to the solution containing
Co3;04-PAA and CsBr and stirred for another 24 h.
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Following this, a solution of DMF (1 mL) containing
Co304-PAA and Cs;Sb,Brg precursors was swiftly injected
into preheated toluene (10 mL) at 50 °C, with vigorous
stirring, to promptly form Coz04—Cs3Sb,Brg composites.
Finally, the Co304—Cs3Sb,Brg composite was washed three
times with isopropanol (IPA) and vacuum-dried at 60 °C.
The molar ratio between Coz0,4 and Cs3Sb,Bry is 1:10. By
adjusting the quantity of CsBr (19.1 and 83.0 mg) while
maintaining a molar ratio of CsBr:SbBr; = 3:2, other
compositions labeled as Co304—Cs;Sb,Bro-5 and Co304—
Cs3Sb,Bry-20 were obtained.

Preparation of Ce/Co3;04—Cs3Sb,Brg composite: Ini-
tially, Ce-doped ZIF-67 was synthesized following the
same procedure as pure ZIF-67, but with the addition of
Ce(NO3)3-6H,O (1%, relative to the molar amount of
Co(NO3),-6H,0) to the methanol solution of Co(N-
03),-6H,0. Subsequently, Ce-doped ZIF-67 served as the
precursor for synthesizing Ce-doped Co;04, Ce-doped
Co304-PAA and Ce-doped Co304—Cs3Sb,Bry in sequence.
The resulting composite was designated as Ce/Coz04—
Cs3Sb,Bry. The concentration of doped Ce can be adjusted
by varying the amount of Ce(NO3);-6H,0 (0.5% and 2%
relative to the molar amount of Co(NO3),-6H,0) added to
the methanol solution.

Preparation of Co0304:Cs3Sb,Brg composite: The syn-
thesis of C0304:Cs3Sb,Brg followed the same process as
Co0304—Cs3Sb,Brg, except that pure Co30,4 was utilized in
the reaction system instead of Co304-PAA.

3 Results and discussion

3.1 Preparation and characterization of Co304—
Cs3Sb,Brg composite

The synthesis process of the Co3;04—Cs3Sb,Brg composite
is schematically represented in Fig. 1a. Initially, the metal—
organic framework material, ZIF-67, is constructed and
serves as a precursor. This precursor undergoes a two-step
calcination process, yielding porous Co3;0,. Following this,
chloroacetic acids are grafted onto the surface of Co30,
where carbonyl groups coordinate with the cobalt atoms.
The subsequent in-situ growth of brush-like PAA on the
surface of Co;0,4, via the ARGET-ATRP reaction [29],
leads to the formation of the Co;04-PAA composite. This
treatment notably enhances the dispersion of Co3;0, parti-
cles in water, due to the hydrophilic property of PAA
(Fig. S1), thus affirming successful grafting of PAA onto
the Co30, surface. Next, the Cs;Sb,Bry precursor is
selectively introduced into the spaces occupied by the PAA
chains. This loading is achieved through prolonged stirring
at room temperature [30]. The process capitalizes on the
strong coordination interactions between the carboxylic
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acid groups in the PAA chains and the metal atoms present
in the lead-free perovskite Cs3Sb,Bry precursor. After this,
the Co3;04-PAA dispersion, now containing the Cs;Sb,Brgy
precursor, is rapidly injected into toluene maintained at
50 °C. Owing to the low solubility of Cs3Sb,Bryg in toluene,
Cs3Sb,Bry nanocrystals swiftly nucleate and grow within
the confines of the PAA chains. This ultimately results in
the creation of a composite where Cs;Sb,Brg nanocrystals
have grown in-situ on the Co30, surface, denoted as
CO304—CS3Sb2Br9.

The morphology and composition of Co304—Cs3Sb,Brg
were initially investigated through scanning electron
microscopy (SEM) measurements. Figure 1b clearly
illustrates that the as-prepared Co;0, particles exhibit a
distinct hollow structure while retaining the rhombic
dodecahedral morphology from the parent ZIF-67
(Fig. S2). Furthermore, a high-resolution SEM (HRSEM)
image reveals that these dodecahedral Co30, structures are
made up of numerous interconnected Co3;04 nanoparticles
(Fig. 1c). This unique porous and hollow structure of
Co30,4 endows a substantial specific surface area providing
ample space for the growth of Cs;Sb,Bry and numerous
active sites for photocatalytic reactions. The average size
of Co304 particles is approximately 300 nm (Fig. S3). It is
worth noting that the size of Co3z0, remains largely
unchanged after the growth of PAA (Fig. S4), maintaining
its characteristic hollow rhombic dodecahedron shape. The
SEM image presented in Fig. 1d showcases the composite
after PAA-mediated growth of Cs3Sb,Brg on the Coz04
surface. In contrast to the smooth edges of Co30,, the
surface of Co304—Cs3Sb,Brg is visibly adorned with pro-
truding particles. HRSEM image further highlights the
growth and infiltration of these nanoparticles on the sur-
face and within the pores of Co;0, (Fig. le). To further
investigate the elemental distribution of Co3;04—
Cs3Sb,Bry, energy dispersive X-ray spectroscopy (EDS)
mapping measurements were conducted. As demonstrated
in Fig. 1f=k, the elements of Cs, Sb, Br, Co and O are
evenly distributed within the composite material, affirming
the tight in-situ growth of Cs3Sb,Brg on the Co;0, sur-
face. The PAA chains coating the Co30, surface effec-
tively adsorb Cs3Sb,Brg precursors, enabling Cs3Sb,Brg to
crystallize on the Co30, surface, thus ensuring close
contact between them. Additionally, since Cs3;Sb,Brg
forms in-situ within the domain-limited space provided by
PAA, the formation of large-sized Cs3Sb,Bryg is prevented.
In comparison, the morphology of Co304—Cs;Sb,Brg
composite differs significantly from its Co30,4:Cs;Sb,Bry
counterpart (where Cs3Sb,Brg grows directly on the Co304
surface without PAA). In the latter case, Cs3Sb,Brg freely
grows on Co30y, resulting in bulk materials of uneven size
due to the absence of constraints imposed by PAA
(Fig. S5).
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Fig. 1 a Schematic illustration of formation process of Co304—Cs3Sb.Bry heterojunction; b SEM and ¢ HRSEM images of Co30y;
d SEM and e HRSEM images of Co304,—Cs3Sb,Brg; f SEM image of Co;04—Cs3Sb,Brg and corresponding elemental mapping images

forg Co, h O, i Cs, j Sb, and k Br

Powder X-ray diffraction (PXRD) measurements were
conducted to delve deeper into the crystal structure of the
samples. As presented in Fig. S6, XRD pattern of ZIF-67
concurs with the simulated results. The diffraction peaks of
the as-prepared Co;0,4 are situated at 19.0°, 31.3°, 36.9°,
44.8°, 59.3° and 65.3°, corresponding to the (111), (220),
(311), (400), (511) and (440) planes of the cubic phase
Co3;0, (JCPDS No. 76-1802), respectively. Notably, no
diffraction peaks associated with ZIF-67 are discernible in
the XRD pattern of Co3;0,4, suggesting complete conversion
of ZIF-67 to Coz0, after calcination at temperatures
exceeding 400 °C for 2 h. XRD diffraction signals of
Co30, after grafting PAA are consistent with those of the
initial Co30y, indicating the absence of Co3;0,4 decompo-
sition during PAA formation. Additionally, the Raman
spectrum of Co3;04-PAA aligns with that of Co3;04
(Fig. S7), where distinct E,, F,, and A, signals are
observable before and after PAA grafting, located at 477.2,
515.8 and 680.6 cm™ !, respectively [31, 32]. This further
validates that the growth of PAA did not compromise the
Co30y, structure.

The presence of PAA within the Co3;04-PAA composite
was subsequently determined through Fourier transform
infrared spectroscopy (FTIR), X-ray photoelectron spec-
troscopy (XPS) and thermogravimetric analysis (TG)
characterizations. As illustrated in Fig. S8, alongside the
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peaks at 660 and 570 cm™ ! attributed to Co—0, Co030,-
PAA manifests additional vibrational peaks corresponding
to bending vibration of hydroxyl (—OH) groups at
approximately 3381 cm™' and stretching vibration of car-
bonyl (C=0) groups at around 1631 cm™"', indicative of the
grafting of PAA brushes [28, 29]. Furthermore, Fig. S9
demonstrates that the XPS spectrum of Co3;04-PAA can be
deconvoluted into four peaks: Co—O, O—H, C—O and
C=0. The signals of O—H, C—O and C=0 signals can be
attributed to the abundant carboxyl groups present in PAA
[33]. In contrast, pure Co30,4 exhibits no C=0 signal, and
the O—H and C—O signals are relatively weak, possibly
due to adsorbed H,O and impurity carbon on the Co304
surface. Additionally, TG analysis reveals a weight loss of
approximately 30% for Co304-PAA between 200 and
450 °C (Fig. S10), further confirming the successful
grafting of PAA.

Figure 2a displays the XRD diffraction pattern of
Cs3SbyBry, showing peaks at 22.5°, 27.6°, 31.9°, 39.4°,
45.9° and 54.4°, which correspond to the (110), (201),
(022), (300), (220) and (223) planes of the hexagonal phase
standard pattern of Cs3;Sb,Brg (JCPDS No. 77-1055). In the
Co0304—Cs3Sb,Brg composite, characteristic diffraction
peaks indicating high crystallinity of Cs;Sb,Brg are dis-
tinctly visible. Additionally, a characteristic diffraction
peak at 36.9° corresponding to the (311) plane of Co30y is
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Fig. 2 a PXRD patterns and b their enlarged views of Cs3Sb,Brg, C0304:Cs3Sb,Brg, Co30,—Cs3Sb,Brg and Co304; ¢ FTIR spectra of
Cs3Sh,oBrg, C0304-PAA, C0304—Cs3SboBrg and Co304:Cs3Sb,Brg; d Raman spectra of CszSboBrg, C0304:Cs3zSboBrg, Coz04—
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observable in the enlarged XRD pattern in Fig. 2b. These
results signify the successful synthesis of the Co304—
Cs3Sb,Bry composite while maintaining the crystal struc-
tures. Analogous observations are noted for the
C0304:Cs3Sb,Brg composite. Figure 2¢ illustrates the
Fourier transform infrared spectra of Co3;0,4 and Co3z04—
Cs3Sb,Bry, revealing distinct characteristic peaks at 660
and 570 cm™', possibly attributed to the characteristic
vibration mode of Co—O. Moreover, vibration peaks
of —OH and C=0 belonging to PAA are evident in Co;04—
Cs3Sb,Brg but are less discernible in Co304:Cs3;Sb,Bro.
Pure Cs;Sb,Bry does not exhibit unique characteristic
infrared signals due to its ionic crystal nature. In Fig. 2d,
the Raman characteristic peaks of Cs3;Sb,Brg can be
observed at 72.4, 183.9 and 213.0 cm_l, attributed to the
strong E; and A, modes of the hexagonal phase of
Cs3SbyBrg [34]. In the Raman spectrum of Co304—
Cs3Sb,Bro, a noticeable blue shift of the E, and A;, modes
is apparent, suggesting that the introduction of Co3z0,4 and
PAA restricts the growth of Cs3Sb,Brg. This leads to the
formation of defects such as vacancies, resulting in lattice
expansion and mode softening [35]. This observation is
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corroborated by the slight low-angle shift of the diffraction
peak belonging to Cs;Sb,Bry (located at 35.9°) in Fig. 2b.
For Co304:Cs3Sb,Brg, this shift is less pronounced. Addi-
tionally, the characteristic peak at 680 cm™' observed in
both Co304—Cs3Sb,Bry and Co3;0,4:Cs3Sb,Bryg, is attributed
to the A;, mode of Co30,.

3.2 Interfacial charge transfer dynamics of CozO4—
Cs3Sb,Brg heterojunction

Given the crucial role of heterojunction energy band
alignment in determining interfacial charge transfer ori-
entation, ultraviolet—visible diffuse reflectance spec-
troscopy (UV-Vis DRS) and ultraviolet photoelectron
spectroscopy (UPS) measurements were conducted to
ascertain the thermodynamic properties of Coz;O, and
Cs3Sb,Brg. As depicted in Fig. 3a, individual Co304
demonstrates a relatively broad absorption in the visible
light region, with an absorption edge at approximately
850 nm. However, its absorption coefficient is limited. In
contrast, Cs3Sb,Brg exhibits excellent light absorption
capacity in the ultraviolet—visible light region below ~
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Fig. 3 a UV—Vis DRS spectra of Co304, C0304-PAA, Cs3Sb,Brg, Co304—Cs3SboBrg and Co304:Cs3Sb,Brg; Tauc plots of b Coz04
and ¢ Cs3Sb,Brg; UPS spectra of Co30,4 and Cs3SbaBrg in d cutoff and e onset energy regions; f energy band diagrams of Co30,4 and

Cs3Sb,Brg before contact

500 nm. Notably, the distinct absorption characteristics of

both Co30,4 and Cs3Sb,Brg are clearly discernible in the
Co030,4—Cs3Sb,Bry composite, further confirming success-
ful composite material synthesis. The converted Tauc plot
for Co304, shown in Fig. 3b, displays two intersections
with the abscissa, with E,; representing the 0°~-Co’**
excitation [36]. As a result, the optical bandgap (E,) of the
Co30, is determined to be 1.97 eV. Similarly, Fig. 3c
reveals that the E, of the Cs3SbyBrg is 2.59 eV. UPS
spectra of Co30,4 and Cs;Sb,Bry, presented in Fig. 3d, e,
facilitate the calculation of valence band edge potentials
(Eyg) of Co30,4 and Cs3Sb,Bry, which are 2.11 and 1.91 V,
respectively, relative to the standard hydrogen electrode
(SHE, Espg = — 4.09 — E scoum)- By combining the
values of E,, and Evyg, the conduction band potentials (Ecg)
of Co3;04; and Cs3Sb,Brg are deduced to be 0.14
and —0.68 V vs. SHE, respectively. Furthermore, the flat-
band potentials (Fig. S11) of Co304 and Cs3Sb;,Bro,
determined from Mott-Schottky curve measurements, are
2.11 and —0.68 V vs. SHE, respectively, which aligns with
the UPS measurements. Notably, staggered energy band
alignments are clearly visible in the Co3;04—Cs;Sb,Bry
composite, as illustrated in Fig. 3f.

The interaction and free electron migration between
Co30,4 and Cs3Sb,Brg upon their contact were investigated
using high-resolution XPS measurements. As shown in
Fig. 4a—c, the binding energies of Cs 3d, Sb 3d and Br 3d
in the Co3;04—Cs3Sb,Bry composite exhibit a perceptible
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shift toward higher energies, ranging from 0.11 to 0.16 eV
compared to pure Cs3Sb,Brg. Conversely, when compared
to pure Co;04, the binding energy of Co 2p in Coz04—
Cs;3SbyBry shifts toward lower energies, decreasing by
approximately 0.30 to 0.57 eV (Fig. 4d). These shifts in
elemental binding energies suggest that during the forma-
tion of the heterojunction, the electron density decreases on
Cs3Sb,yBry and increases on Co304. This finding implies
that upon the formation of the heterojunction, electrons
migrate from Cs;Sb,Brg to Coz0, across the interface,
which aligns with previous research [37]. Although
Co030,4:Cs3Sb,Brg exhibits a similar trend of charge transfer
as Co304—Cs;SbyBry, the magnitude of binding energy
shifts observed for individual elements is relatively smaller
(Fig. 4e, f). This difference suggests that in the Co3;04—
Cs3Sb,Bry heterojunction, the confined space provided by
the PAA allows Cs;Sb,Bry to densely populate the surface
and pores of Co30y,, enabling strong electron coupling and
facilitating rapid charge transfer at the interface.

The interfacial charge transfer and separation efficiency
of the samples were further characterized through transient
photocurrent response and electrochemical impedance
spectroscopy (EIS) measurements. As demonstrated in
Fig. S12, the Co3;04—Cs3Sb,Brg composite exhibits sig-
nificantly enhanced photocurrent density, surpassing that of
Co030,, Cs3Sb,Brg and Co30,4:Cs3Sb,Brg by approximately
10.9, 3.7 and 1.7 times, respectively. Additionally, Co3O04—
Cs3Sb,Brg demonstrates the smallest electrochemical

Rare Met.



Polymer-assisted in-situ growth

a b c
Cs 3d 3ds, Sb 3d 3d,, Br 3d 3ds,
3dy, g 5 :C 0.-Cs.Sb.B 3dg, ¥
' 312 (oxidized) 1 CO! -Cs. I n ! b
5 4\ C030,-Cs;SbyBry /| 3 _— d . 3 m04 o502
g :‘ : 8 " S < 2
> py > : i > i |
= & . = ; : . ] 1 <C030,:Cs,Sb,Br,
2 y E \7C0304.CSSSDZBFQ ; 2 J‘/,,,,?\\£0304.CS3SbZBr9 2 /N 4°32 259
2 ' ; ] % 2 - "
£ } 1 E ‘ £ < \cs,50,8
£ H S I
4 \\ Cs;Sb,Br, _—-—-— Cs3Sb,Brg e
740 735 730 725 542 538 72 70 68 66
d Binding energy (eV) o Binding energy (eV) f Binding energy (eV)
Co2p  o,0,-Cs,SbBry  2pa <07 C040,-Cs,Sb,Br, s C0,0,-Cs,Sb,Br,
~ |2 came 212 204, uatey]. ° C0,40,:Cs;Sb,Br, 2-0.6 C0430,:Cs;3Sb,Bry
s ’ . Y 3
= C0,0,Cs;Sb,Bry e 204
= ; ; : 20.1 o
2 |l a,ﬁ\ > >
g ‘ i e £ £
£ : | Co,0 : £ 2-02
e oo : 3-4 o o
— < <
808 800 792 782 776 0 ot o ok ol ot o 00— ' ' '
o3 B 33 ad 3a K3 2% 9" ek e
Binding energy (eV) (G %‘0@4\“‘4&%‘0 <7 %‘(b Oo@a\e\\\e P C;o\,,a\*"\\\e (o

Fig. 4 High-resolution XPS spectra of a Cs 3d, b Sb 3d and ¢ Br 3d in Cs3Sb,Brg, Co304:Cs3Sb,Brg and Co3;0,—Cs3Sb,Brg; d high-
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C030,4:Cs3Sh,Bryg relating to e Cs3Sb,yBrg and f Co304, respectively

impedance diameter under illumination, indicating excel-
lent interfacial charge transport properties (Fig. S13 and
Table S1). This can be attributed to the tight and controlled
growth of Cs;Sb,Brg on the Co30, surface, reducing the
recombination rate of the photogenerated electron—hole
pairs and accelerating the photogenerated carrier migration
process. Furthermore, transient photoluminescence mea-
surements were conducted to elucidate the dynamics of
photogenerated carriers. As illustrated in Fig. S14, the
decay curves were precisely analyzed and found to align
perfectly with the biexponential fitting model, with the
corresponding fitting parameters listed in Table S2. The
results reveal that the photoluminescence lifetime of
C0304—Cs3Sb,Brg (1.52 ns) is perceivably shorter than that
of the pristine Cs3Sb,Brg nanocrystals (1.82 ns) and
C0304:Cs3Sb,yBrg (1.75 ns), indicating a higher photogen-
erated carrier separation efficiency of Co3;0,4—Cs;Sb,Bry.

3.3 Photocatalytic CO, reduction activity

In a gas—solid reaction equipment, H,O vapor served as the
reducing agent to evaluate the activity of several photo-
catalysts in CO, photoreduction. A Xe lamp simulator with
a light intensity of 100 mW-cm ™2 was employed to simu-
late visible light conditions. To underscore the advantages
of the PAA-mediated heterojunction in photocatalytic
reactions, a comparative study was conducted among pure
CO304, Cs3Sb2Br9, CO304ZCSng2BI‘9 and C03O4—
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Cs3Sb,Brg composites for photocatalytic CO, reduction
under identical conditions. Gas chromatography analysis
revealed CO as the primary gaseous product, with no other
significant reduction products across all the samples
(Fig. S15). Despite the Ecg value of Cs3Sb,Bry being more
negative than the reduction potential required for CO,-to-
CH, conversion (0.17 V vs. SHE), no appreciable CH, was
detected. This may be attributed to the complexity of the
CO,-to-CHy4 conversion, which necessitates an eight-elec-
tron transfer process. Here, the hydrogenation of the key
intermediate CO competes with its desorption. Figure 5a
provides a comprehensive visualization of the CO gener-
ation rates of various photocatalysts. The photocatalytic
CO; reduction using Co3;0, yields unsatisfactory results,
with a CO rate of 25.2 pmol-g~"-h™'. This should be
attributed to its limited thermodynamic driving force for
reduction reaction and its inadequate carrier separation
capability. Similarly, pure Cs3Sb,Bry, despite its ideal
energy band structure, also exhibits a low CO yield of
46.6 pmol-g~"-h™', primarily because of its poor water
oxidizing capacity.

In stark contrast, the PAA-mediated Co3;04—Cs3Sb,Brg
heterojunction, distinguished by its unique energy band
configuration and effective charge separation and transfer,
demonstrates remarkable performance in photoreduction
CO,. With the optimized composite ratio (where the actual
mass and molar ratios of Co3;0,4 to Cs;Sb,Bry are 1:0.71
and 1:0.13, respectively, Table S3), the average CO yield
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Fig. 5 a Yields of CO under irradiation for 4 h with Co304, Cs3SboBrg, C0304:Cs3zSboBrg, C0304,—~Cs3Sb,Brg and Ce/Co30,4—
Cs3Sb,Brg as photocatalysts at a light intensity of 100 mW-cm~2; b CO, reduction performance under various conditions; ¢ yields of
CO for 4 cycles with 1 h each using Co304—Cs3Sb.Brg as photocatalyst

of Co30,~Cs3Sb,Bry soars to 541.9 pmol-g~"-h™'. This is
significantly higher than that the yields of Co3;0, and
Cs3Sb,Bry, by 21.5 and 11.6 times, respectively. It is worth
mentioning that the composite, where Cs3;Sb,Brg was
directly grown on the Co30, surface (Co3;04:Cs3Sb,Bry),
exhibits a comparatively lower CO production rate of
251.0 pmol-g~"-h™". This disparity can be traced back to
the absence of the confining effect provided by PAA,
leading to the growth of larger Cs3Sb,Bry particles on the
Co30, surface, resulting in increased photogenerated car-
rier recombination within these larger particles. Addition-
ally, the Ilimited contact area between Co304 and
Cs3Sb,Bryg may have hindered effective carrier separation.
Given that the slow water oxidation kinetics is the rate-
limiting factor in the photocatalytic CO, reduction process,
doping active metal ions into Co304 can further enhance
catalytic efficiency by improving charge separation effi-
ciency and increasing catalytic activity [38]. A cerium-
doped Co304—Cs3Sb,Bry composite was also synthesized,
designated as Ce/Co3;04—Cs3Sb,Brg. This composite
achieves an impressive average CO generation rate of
700.7 pmol-g~"-h™!, which is 27.8, 15.0 and 2.8 times
higher than that of Co3;04, Cs3SbyBrg and
C0304:Cs3Sb,Brg composite, respectively (Figs. 4a, S16,
S17). This performance significantly surpasses other
reported halide perovskite-based photocatalysts under
similar conditions (Table S4). Meanwhile, the oxidation
product O, of Co304—Cs3Sb,Brg and Ce/Co304—Cs3Sb,Brg
was quantified, averaging 281.2 and 359.6 pmol-g~'-h™!,
respectively, maintaining a nearly stoichiometric of 1:2
ratio with respect to the yield of CO (Fig. S18).

Using Co3;04—Cs3Sb,Bry as the photocatalyst, a series of
control experiments were further conducted to pinpoint the
sources of CO and O,. As shown in Fig. 5b, only a minimal
amount of CO was detected in the absence of CO, or water
vapor. This indicates that CO originated from the
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photoreduction of CO,, and electrons solely originated
from H,O oxidation. These deductions were further cor-
roborated by isotope-labeled experiments employing '*CO,
and H,'®0. Mass spectrometry analysis of the products
(Fig. S19) revealed m/z = 29 corresponding to '*CO and m/
z = 36 belonging to '80,, confirming that the CO and O,
products originated from CO, photoreduction and water
oxidation, respectively. Moreover, the stability of the
photocatalyst was estimated through cycling experiments.
As shown in Fig. 5c, the percentage decrease in CO pro-
duction rates after four cycles was less than 10%, indi-
cating the good stability of Co304—Cs3Sb,Bry in the gas—
solid reaction system. Furthermore, XRD analysis con-
ducted before and after photocatalysis confirmed that the
structure of Co304—Cs;3Sb,Brg remained well-preserved
after the photocatalytic reaction (Fig. S20).

3.4 S-scheme mode and photocatalytic
mechanism

The carrier migration mode within the Co304—~Cs3Sb,Brg
heterojunction was further investigated and analyzed.
Mott-Schottky measurements unveiled negative and posi-
tive slope curves for Co30,4 and Cs;Sb,Brg, respectively, at
varying frequencies. These curves indicate p-type and
n-type semiconductor behaviors for Co;04 and Cs3Sb,Bro,
respectively (Fig. S11). Consequently, their Fermi level
(Eg) positions are biased towards the corresponding
valence band and conduction band edges, as determined by
UPS measurements (Fig. 3d, e). These measurements
yielded Eg values of 1.53 and —0.17 eV vs. SHE for
Co3;0, and Cs;Sb,Bry, respectively (Fig. S21a). The
notably higher Er of Cs3Sb,Brg relative to Co30,4 prompts
the migration of free electrons from Cs3Sb,Brg to Co304
upon contact, establishing Er equilibrium within the space
charge region of Co3;04—Cs;Sb,Brg heterojunction. This
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observation is consistent with XPS results obtained in the
dark state (Fig. 4), creating an interfacial built-in electric
field directing from Cs;Sb,Bry to Co304. Concurrently, the
band edges of Cs3Sb,Brg bend upward due to electron loss,
while the band edges of Coz04 bend downward due to
electron accumulation (Fig. S21b) [39-42].

Under light irradiation, electrons in both Co;O, and
Cs3Sb,Bry are excited, transitioning from the valence band
maximum (VB) to the conduction band minimum (CB).
The built-in electric field, coupled with band edge bending,
facilitates the recombination of excited electrons (e™) from
Co30, with holes (h™) from Cs3;Sb,Bro. This process pre-
vents the transfer of photogenerated electrons from
Cs3SbyBry to Coz0,4 (Fig. S21c¢). This suggests an inter-
facial charge transfer mechanism akin to the S-scheme op-
erating within the Co3;04—Cs3Sb,Bry heterojunction. This
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CSngzBrg
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mechanism is further supported by in-situ photo-excited
XPS measurements (Figs. S22, S23). The photoinduced
variation values of elemental binding energies for Co3;04-
Cs3Sb,Brg and Co304:Cs3Sb,Brg are summarized in
Fig. 6a. Notably, light irradiation leads to an increase in the
binding energy of the associated elements of Coz0,, while
the binding energy of the associated element of Cs3;Sb,Brg
decreases. This signifies the respective consumption of
photogenerated electrons in Co3;0,4 and holes in Cs3Sb,Brg.
Although this S-scheme charge transfer mechanism con-
sumes some e~ and h', it preserves the electrons in the
conduction band of Cs3;Sb,Brg and the holes in the valence
band of Co30,4. These retained charge carriers possess
stronger reduction and oxidation capabilities.

In addition, the adsorption and activation mechanisms
during the CO, reduction process were analyzed by con-
ducting in-situ FTIR measurements. Based on the ther-
modynamic and kinetic properties of photogenerated
carriers in the Co304—Cs3Sb,Brg composite, it is specu-
lated that the photoreduction process of CO, is primarily
facilitated by the Cs3;Sb,Brg component. To validate this
hypothesis, in-situ FTIR spectral data were collected for
both Cs;Sb,Brg and Co3;0,4~Cs3Sb,Brg, as detailed in
Fig. 6b, c. Prior to conducting the light experiment, argon
gas was utilized to purge any air from the test system and
eliminate other potential interfering factors, thereby
ensuring accurate experimental results. No characteristic
signals of the intermediates were detected during this
purging process. However, upon exposure to light and the
continuous introduction of moist CO, into the test system,
characteristic signals of intermediates gradually emerged.
With increasing exposure to light, both Cs;Sb,Brg and
Co030,4—Cs3Sb,Bry exhibited similar signal peaks in the
spectral region of 1200-2100 cm™'. This suggests that
within the Co3;04—Cs3Sb,Brg heterojunction, Cs3;Sb,Brg
serves as the active component for CO, reduction.
Specifically, the signal peaks located at 1339 and
1458 cm™"' correspond to the characteristic vibrational
mode of bidentate carbonate (b-CO327) [43, 44]. Peaks at
1472 and 1507 cm™" are attributed to the characteristic
vibration of monodentate carbonate (m-CO;>7) [43, 45).
The peak at 1684 cm ™' represents the vibrational mode of
*HCOj; [46]. A unique set of signal peaks was observed at
1539, 1558, 1637, and 1647 cm™ ", indicating the charac-
teristic vibrations of *COOH [47]. This intermediate plays
a crucial role in the conversion of CO, to CO, and its
emergence is linked to the adsorption of *CO (with signals
located at 2077 cmfl) on the catalyst surface [48]. Com-
paratively, for Co304—Cs;Sb,Bry, the peak at 1667 cm™!
belongs to the *CO, group, as depicted in Fig. 6¢c. The
intensity of this peak increases with the prolonged illumi-
nation, suggesting that the introduction of Co3;0, aids in
charge separation and significantly boosts CO, reduction
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activity [35, 48]. Drawing from the aforementioned
experimental findings, we deduced the reaction pathway of
photocatalytic CO, reduction on the Co304—~Cs3Sb,Brg
composite. Upon photon absorption by the Co3;04—
Cs;Sb,Bry, photogenerated electrons and holes are rapidly
generated and separated. Notably, electrons primarily
accumulate in the Cs;Sb,Brg component, and the holes
predominantly concentrate in the Co3;O4 component. Fol-
lowing this, CO, molecules undergo adsorbed, activated
and a proton-coupled electron transfer process. This
sequence  leads to the  formation of the
(Cs3Sb,Brg)---COOH intermediate and the cleavage of the
C-OH bond, ultimately resulting in the reduction to CO.
Simultaneously, holes and protons oxidize H,O to O, on
the Co30, surface, supplying electrons for CO, reduction
[49].

4 Conclusion

In summary, a lead-free halide perovskite-based
S-scheme heterojunction of Co0304-Cs3Sb,Brg was suc-
cessfully constructed via PAA-assisted in-situ growth of
Cs3Sb,Brg on Co304. This heterojunction demonstrates
remarkable performance in CO, photoreduction, achieving
a CO yield of 700.7 pmol-g~"-h™' using water as an
electron source. Microstructure characterization revealed
that the employment of PAA facilitates controlled nucle-
ation and growth of Cs3Sb,Brg by adsorbing its precursor
within a confined space. This approach inhibits the for-
mation of large-sized Cs;Sb,Brg crystals, fostering close
contact between Co3;0,4 and Cs;Sb,Bry. This close contact
is conducive to photogenerated carrier separation via an
S-scheme pathway, as evidenced by electrochemical,
photophysical and in-situ photoexcited XPS measurements.
This work provides an effective strategy for the controlled
growth of halide perovskite nanocrystals on a semicon-
ductor substrate, ensuring a tight interface. This break-
through paves a new avenue for enhancing energy
conversion performance with halide perovskite-based
photocatalysts.
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