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Strong photoresponse, efficient charge separation, and high surface activity are three important requirements for
an ideal photocatalyst, while few photocatalysts can fully meet these requirements. Herein, we report such a
photocatalyst based on lead-free halide perovskite hollow nanospheres (H-Cs3SbaBrg) by a facile antisolvent-
assisted method. The hollow structure of H-Cs3SbyBrg improves the light-harvesting performance; The forma-
tion of surface shallow trap states contributes to promoting the excited-carrier separation; The ligand-free

termination surface of H-Cs3SbyBrg facilitates the exposure of Br vacancies and active sites, thus strengthens
the CO adsorption and accelerates surface reactivity dynamics. As a result, with a dinuclear Co(II) complex as
the co-catalyst, H-Cs3SboBrg exhibits a record-high photocatalytic activity for CO5 reduction, with a CO yield of
15,010.4 =+ 550.4 pmol g~ after 8 h of illumination under simulated solar light (100 mW cm~2). This research
presents a new way to develop cost-effective photocatalysts for CO reduction.

1. Introduction

Photocatalytic CO, reduction into fuels and value-added chemicals is
widely regarded as a highly promising approach to achieving carbon
neutralization [1]. The key to its success lies in the development of
cost-effective and highly efficient photocatalysts [2,3]. It is well-known
that ideal photocatalysts should generally possess three key features,
namely strong photoresponse, efficient charge separation, and high
surface activity. A series of semiconductor photocatalysts have been
designed based on these features and used for photocatalytic CO,
reduction [4-9]. Also, several strategies including regulation of crystal
plane, engineering of strain, construction of heterojunction, the intro-
duction of defect, etc. have been employed to improve the photo-
catalytic activity for CO5 reduction [10-17]. However, it was found that
all these efforts are placed on the improvement of one or two of the three
key features. It can be anticipated that the simultaneous presence of
these three key features in a photocatalyst would lead to a notable
breakthrough in enhancing the photocatalytic activity for COy
reduction.

* Corresponding authors.

Metal halide perovskites (MHPs), as a type of low-cost semi-
conductor material, exhibit great potential in photocatalytic CO5
reduction owing to their excellent light absorption ability, long photo-
generated carrier diffusion length, tunable bandgaps, among other ad-
vantages [18-20]. In particular, lead-free MHPs, friendly to the envi-
ronment and possessing good stability, have received more attention in
recent years [21-25]. However, lead-free MHPs usually have a low
structure and electronic dimensionality at the molecular level, which
increases the carrier mass and the exciton-phonon interaction, causing
the recombination of electron-hole and the reduction of carrier lifetime
[26-28]. Lead-free MHPs thus suffer from poor photoelectric properties
and low efficiency in photocatalytic CO, reduction [29,30]. In addition,
MHPs-based nanocrystal photocatalysts usually need to be protected by
end-capping long-chain organic ligands, to prevent them from aggre-
gation. Clearly, this will result in reduced exposure of catalytic active
sites on the surface of MHPs nanocrystals, consequently leading to a
decrease in the photocatalytic efficiency for CO, reduction. Based on the
above analyses, it is reasonably concluded that the preparation of MHPs
nanocrystals with porous nanostructures and without surface ligands
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would improve the photocatalytic CO, reduction activity. The porous
structure without surface ligands will endow the MHPs nanocrystals
with large surface area and rich exposed active sites. Meantime, without
surface ligands will lead to the possible formation of shallow traps on the
MHPs surface due to the halide vacancy, which contributes to capturing
photogenerated electrons, thus facilitating charge separation and
extending the excited state lifetime [31-33]. Along with this research
proposal, we devoted to developing porous MHPs nanocrystals without
surface ligands, aiming at obtaining efficient photocatalysts for COy
reduction.

In this work, we report a ligand-free MHPs hollow nanosphere with
extremely high efficiency for photocatalytic CO5 reduction. This MHPs
hollow nanosphere was obtained by injection of a DMSO solution con-
taining CsBr and SbBr3 into an anti-solvent of methyl acetate with stir-
ring. The afforded hollow Cs3SbyBrg nanosphere (H-Cs3SbyBrg)
possesses stronger light absorption, larger specific surface area, and
improved carrier separation compared with the Cs3SbyBrg nanocrystals
(N-Cs3SbyBro) traditionally prepared. Moreover, the ligand-free surface
with rich Br vacancies can enable the H-Cs3Sb,Brg to expose abundantly
accessible active sites and promote the electronic transfer among H-
Cs3SboBrg, CO2, and cocatalyst. As a result, H-Cs3SbyBrg demonstrates a
yield of 5059.7 + 169.6 pmol g~! for photocatalytic CO; reduction to
CO, almost 13 folds over that of N-Cs3SboBrg. With a dinuclear cobalt(II)
molecular complex as a cocatalyst, an unprecedented photocatalytic
CO4-to-CO conversion activity can be obtained, with the CO yield of
15,010.4 =+ 550.4 pmol g~ ! after being illuminated by simulated solar
light (100 mW cm 2 for 8 h, over 28 folds higher than that of traditional
N-C33Sb2Br9.

2. Experimental section
2.1. Materials

Cesium bromide (CsBr, 99.5%) and antimony (III) bromide (SbBrs3,
99.5%) were purchased from Xi’an Polymer Light Technology Corpo-
ration. Oleic acid (90%), methyl acetate (98%), cesium carbonate
(Cs2CO3, 99.99%), octanoic acid (98%), tetrabutylammonium chloride
(C16H36NCl), and dimethyl sulfoxide (DMSO, HPLC, >99.9%) were
purchased from Aladdin. Methanol (HPLC, 99.9%), 1-octadecene (90%),
oleylamine (80-90%), and !3CH;OH were purchased from Sigma-
Aldrich. Trichloromethane (CHCl3) was purchased from China Na-
tional Pharmaceutical Group Corporation. 13CO, and H3%0 were pur-
chased from Energy Chemical. All of the reagents were commercially
available and used without further purification.

2.2. Sample preparation

Preparation of Cs-oleate. CsoCO3 (162.9 mg), 1-octadecene (4.0 mL),
and oleic acid (0.5 mL) were mixed in a three-necked flask. The mixture
was degassed by vacuum and kept at 120 °C for 1 h. Then the reaction
was heated up to 150 °C under Ar flow and stirred vigorously for 3 h
until the solution was clarified. The resulting product was cooled to
room temperature for the next step.

Synthesis of Cs3SbyBrg nanocrystals (N-Cs3SbaBrg). SbBrs (36.1 mg),
1-octadecene (10.0 mL), oleylamine (0.4 mL), and octanoic acid (1.0
mL) were mixed in a three-neck flask, and degassed by vacuum at 80 °C
for 1 h. Then it was heated up to 180 °C under Ar flow, and the prepared
Cs-oleate solution (0.3 mL) was rapidly injected into the reaction solu-
tion. After 60 s, the reaction mixture was cooled down with liquid ni-
trogen. The final solution was centrifuged at 7800 rpm/min for 3 min to
extract the precipitates. The N-Cs3SboBrg powder can be obtained after
washing three times with hexane and drying for 6 h at 60 °C. In addition,
N-Cs3SbyBrg-220 can be prepared by changing the injection temperature
from 180 °C to 200 °C.

Synthesis of ligand-free Cs3SbyBrg hollow nanospheres (H-
Cs3SbyBrg). CsBr (46.9 mg) and SbBrs (53.1 mg) were added in DMSO
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(0.5 mL) followed by stirring for 20 min until the mixture completely
dissolved to gain the precursor solution. Subsequently, the prepared
precursor solution (500 pL) was rapidly injected into the anti-solvent
(methyl acetate, 25 mL) followed by stirring for 10 min. The resulting
solution was centrifuged and washed with toluene three times succes-
sively, and thereafter annealed in an oven at 150 °C for 6 h to obtain H-
Cs3SbyBrg nanospheres.

Synthesis of [Coz(OH)Ll](ClO4)3 (CooL). CooL was synthesized as
described in our previous work [34].

Synthesis of Co,L-H-Cs3SboBrg composite photocatalyst. 5 mg of as-
prepared H-Cs3SbyBrg nanospheres were added in 5 mL acetonitrile
solution and dispersed evenly by ultrasound. Then 320 mL of dinuclear
cobalt acetonitrile solution (6 mM) was added to the above solution, and
stirred under dark conditions for 2 h, followed by centrifuging with
5000 rpm/min for 5 min. The resulting precipitation was the composite
catalyst. Besides, the Co,L-N-Cs3SbeBrg composite was prepared in the
same way by using N-Cs3SbyBrg instead of H-Cs3SboBry.

2.3. In-situ irradiated X-ray photoelectron spectroscopy (ISI-XPS)

ISI-XPS measurements were performed with an ESCALAB250Xi X-
ray photoelectron spectrometer. A Xe-lamp (300 W) with a UVIR-
CUT400 filter was used as the bias light source. The bias light source was
set ~ 40 cm away from the sample stage.

2.4. In-situ Raman spectroscopy

In situ Raman spectroscopy was measured on a HORIBA Jobin
Yvon’s high-resolution laser confocal micro-Raman spectrometer which
is equipped with an aberration-corrected Czerny Turner total reflection
spectrometer (focal length 800 mm). Argon ion laser with an excitation
wavelength of 532 nm was used as the excitation source. Laser power
was set to 100%, and the test range was 600 — 1800 em L Oxygen was
used as the electron capture agent.

2.5. Photocatalytic experiments

All the CO5 reduction reactions were performed in a gas-solid reac-
tion system. 50 pL. HoO and 50 uL. CH3OH were injected into the reaction
system as the electron source. 2 mg of sample was added into the re-
action system as the photocatalyst. The reaction system was degassed to
remove O and import CO5 for 20 min. Solar illumination was simulated
using a 300 W Xenon lamp (Cell-HXF300, CEAULICHT) equipped with a
UVVISCUTA400 filter, and the light intensity was adjusted to 100 mW
cm~2 by NREL-calibrated silicon solar cell. The gas products were
analyzed by the SHIMADZU GC-2014 gas chromatograph instrument
equipped with TCD and FID dual detectors. The amount of formic acid
was measured by ion chromatography (IC) manufactured by Vantone
Inc.

3. Results and discussion
3.1. Preparation and structure of H-Cs3Sb,Brg

The H-Cs3SbyBrg nanospheres were constructed through a facile
antisolvent-assisted method (Fig. 1). Briefly, a precursor solution was
first prepared by dissolving a certain amount of CsBr and SbBrs in
dimethyl sulfoxide (DMSO). Then the precursor DMSO solution was
rapidly injected into an anti-solvent of methyl acetate with stirring. Due
to the effect of antisolvent, the H-Cs3SboBrg nanospheres can be ob-
tained by in-situ sequential crystallization of precursor droplets from
outside to inside. The scanning electron microscopy (SEM) measurement
demonstrated that H-Cs3SboBrg was an irregular nanosphere with an
average size of ~ 220 nm (Fig. 2a). The transmission electron micro-
scopy (TEM) image confirmed that H-Cs3SbyBrg exhibited a clear hollow
nanostructure (Fig. 2b). In the high-resolution TEM image of H-
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Fig. 2. (a—c) SEM, TEM, and HRTEM images of H-Cs3Sb,Bry. (d) XRD patterns of H-Cs3SbyBrg and N-Cs3SbyBrg. (e-i) TEM and corresponding EDS images of

H-Cs3Sb,Bro.

Cs3SbaBrg (Fig. 2¢), the well-defined lattice spacings of Cs3gSbaBrg (0.28
nm) can be identified, corresponding to the (022) lattice planes of
hexagonal-phase Cs3SbyBrg. The X-ray diffraction (XRD) patterns
(Fig. 2d) further clarified that the as-prepared H-Cs3SboBrg can be
indexed to P-3m1(164) hexagonal space group (PDF card no.
04-009-0964), with high crystallinity characteristic of strong diffrac-
tion peaks at 22.4°, 27.5°, 31.9°, 39.3°, and 45.7°, matching well with
the (012), (201), (022), (212), and (204) facets, respectively. Addi-
tionally, further TEM (Fig. 2e) and corresponding energy-dispersive X-
ray spectroscopy (EDS) elemental mapping measurements (Fig. 2f-i)
demonstrated a homogeneous distribution for Cs, Sb, and Br elements in
H-Cs3SbyBrg. The presented light color interior cavity and dark color
shell further confirmed the hollow nanostructure of H-Cs3SbyBry. For

comparison, the traditional ligand-terminated Cs3SbyBrg nanocrystals
(N-Cs3SbyBrg) with an average size of 24 nm were also prepared by a
hot-injection method (Fig. S1) [35], which also exhibited
hexagonal-phase structure with high crystallinity (Fig. 2d).

To verify the formation mechanism of H-Cs3SbeBrg nanospheres,
control experiments have been performed at different growth stages of
Cs3SbyBrg. As presented in Fig. S2, when the growth was stopped in the
initial stage (10 s), the resulting Cs3Sb,Brg exhibited a solid nanosphere.
With the extension of growth time, the inner core gradually disappeared,
and the solid nanosphere finally transformed into a hollow nano-
structure. The corresponding X-ray diffraction (XRD) patterns of sam-
ples (Fig. S3) revealed that the crystallinity of Cs3SbyBrg became better
with the prolongation of growth time, showing gradually enhanced
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intensities of characteristic peaks. Overall, the precursor droplets un-
dergo an in-situ crystallization transformation process due to the effect
of antisolvent. As the precursor droplets were rapidly injected into the
anti-solvent, the outer layer of the Cs3SboBrg droplet nucleated and
crystallized rapidly to form an outer spherical shell due to the anti-
solvent effect ((II) in Fig. 1). The formation of the outer spherical shell
can slow down the mixing of DMSO in droplets and the anti-solvent
methyl acetate, which conduces to the formation of hollow nano-
structures. As visualized in Fig. 1 (IIl and IV), the inner precursor un-
derwent slow infiltration and crystallization, eventually forming hollow
nanostructures.

3.2. Thermodynamic and COg uptake properties

To explore the potential of H-Cs3SboBrg for photocatalytic COy
reduction, we first studied and compared the structure-dependent light-
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harvesting and thermodynamics properties of H-Cs3SboBrg and N-
Cs3SbyBrg, by combined UV—Vis diffuse reflectance spectra (UV—Vis
DRS) and ultraviolet photoelectron spectra (UPS). As depicted in Fig. 3a,
both H-Cs3SbyBrg and N-Cs3SboBrg exhibited strong light absorption in
the visible region with a similar photoresponse onset wavelength of ~
525 nm. It was noted that an appreciably enhanced light-harvesting was
obtained for H-Cs3SbyBrg compared with N-Cs3SboBry, due to the mul-
tiple reflections of incident light in the cavity of the hollow nano-
structure [36]. The band-gaps (Eg) of H-Cs3SbyBrg and N-Cs3SbyBrg can
be calculated via the Tauc plots (inset of Fig. 3a) derived from UV—Vis
DRS spectra, both being 2.46 eV. To determine the band structures of
H-Cs3SbyBrg and N-Cs3SbyBrg, we analyzed the onset edge (E;) and the
secondary electron cutoff (Ecytoff) positions of UPS spectra (Fig. 3b). The
valence band edge potential (Eyg) can be obtained according to the
equation Eyg = 21.22 — (Ecyeoff —Ej), being 2.07 and 1.97 V for
H-Cs3SbyBrg and N-CsgSboBrg, respectively, versus the standard

C
a b H-Cs;Sb,Bry H-Cs;Sb,Bry — A
_ E,=2.46 eV % -1
5 T — n —0.39v 049V
S, S > s 0l & CO,/CO
3 i S 17.42 eV ; o CO,/CH,
c DAY = ' = )
3 v[eV] @ i [\ 8 1 » ¥ H,0/0,
o —— H-Cs,Sb,Br, 2 \ c Q
? c (216 eV \ o) =
o N-Cs,Sb,Br, = \ 17.32eV B ol
< A o 207v 197V
400 450 500 550 600 650 2 46 8170 175 18.0
A [nm] Binding energy [eV]
d e f
—— H-Cs,Sb,Br, H-Cs;Sb,Brg Br3d| — 4

— N-Cs;Sb,Br, — | ‘o =9— H-Cs;Sb,Br,
5 e = | o N-Cs,Sb,Br,
p g =2.001 © I g 31
_— — 1 —
%‘ -%’ N-Cs,Sb,Bry :" Qo
5 5 ' g
= I 0.23eV /| S

! Q

1 o

T T T T T T T I T I T T T T T
3450 3500 3550 3600 3650 66 67 68 69 70 71 00 02 04 06 08 1.0
Magnetic field [G] Binding energy [eV] Relative pressure [p/pg]
g ——Css D‘ —— Cs-s ! ' . 0.02
% ——Csp % ——Csp . « @ '
= —— Sb-s — —— Sb-s
3 —Sbp| & ——Sbp -
E Br-s S Br-s r . 4 ¥
Z —Brp n —Br-p
S Sum © . Sum
3 f :
) o r vacancy
D ¥A—/¥ﬁ /\ /\Qé [m) ,A’\-A, ;‘A/\\_/*\(m - 2 " o
T T T T T T T T T J . 0.00
-4 =2 0 2 4 -4 -2 0 2 4
Energy [eV] Energy [eV]

Fig. 3. (a) UV—Vis DRS spectra of H-Cs3Sb,Brg and N-Cs3Sb,Brg. The insert shows the corresponding Tauc plots. (b) UPS spectra of H-Cs3Sb,yBrg and N-Cs3SboBrg. (c)
Schematic illustration of H-Cs3SboBrg and N-Cs3SboBrg band structures derived from the UPS spectra and UV—Vis DRS spectra. (d) ESR spectra of H-Cs3Sb,Brg and N-
Cs3SboBrg. (e) High-resolution XPS spectra for Br 3d in H-Cs3Sb,Brg and N-Cs3SboBrg. (f) CO, uptake curve of H-Cs3SboBrg and N-Cs3Sb,Bro. (g, h) Partial density of
states (PDOS) for N-Cs3Sb,Brg and H-Cs3Sb,Bro. (i) Localized charge density distribution of H-Cs3Sb,Brg on (022) surface, plotted from 0 (blue) to 0.02 e A3 (red).
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hydrogen electrode (vs. SHE). Based on the values of E; and Eyg, the
corresponding conduction band edge potentials (Ecg) can be determined
to be — 0.39 and — 0.49 V (vs. SHE) for H-Cs3SbyBrg and N-Cs3SboBrg,
respectively. The band structures of H-Cs3gSbyBrg and N-Cs3SbyBrg have
been presented in Fig. 3c. It was revealed that the photogenerated
electrons in both H-Cs3SboBrg and N-Cs3SbyBrg possess sufficient driving
force for the photoreduction of CO; into value-added chemicals, such as
CO (—0.12 Vvs. SHE) and CH4 (0.17 V vs. SHE) et al. The Eyg and Ecg for
H-Cs3SbyBrg move positively relative to that of N-Cs3SbyBrg, probably
due to the absence of ligand passivation on H-Cs3SbyBrg generating
generous surface defects and changing the electronic structure [37]. The
positive shift of the Eyg position is conducive to the improvement of the
driving force for the oxidation reaction [38,39].

The electron spin resonance (ESR) spectra shown in Fig. 3d presented
a clear signal at g = 2.001, confirming that the surface defects for both
H-Cs3SbyBrg and N-Cs3SboBrg resulted from the Br vacancy [40]. It was
noted that H-Cs3Sb,Brg displayed an enhanced ESR signal with respect
to N-Cs3SbyBrg, suggesting a higher concentration of Br vacancies in
H-Cs3SbyBrg than N-CsgSbyBrg. This can be verified by the X-ray
photoelectron spectrum (XPS) measurements. As shown in Fig. 3e and
Fig. S4, the Br 3d and Sb 3d XPS peak of H-Cs3SbyBrg exhibited an
appreciable shift to the high-energy region (~ 0.23 eV) and low-energy
region (~ 0.20 eV) in comparison with that of N-Cs3SboBry, respectively,
which proved that H-Cs3SbyBrg really has a higher concentration of Br
vacancies induced by the absence of surface ligand [41]. In addition, an
additional shoulder peak near 532.00 eV can be recognized and attrib-
uted to adsorbed oxygen species XPS signal (Fig. S4) at the defect site,
with a higher ratio of adsorbed oxygen species XPS signal for
H-Cs3SbyBrg (38%) than that of N-Cs3SbeBrg (13%), also indicating the
higher concentration of Br vacancies for H-Cs3gSbyBrg. Furthermore, we
also obtained the atom percentage by analyzing EDS elemental peaks of
TEM, where the Sb/Br ratios in H-Cs3SboBrg and N-Cs3SboBrg can be
determined to be 1/4.01 and 1/4.39 (Fig. S5 and Table S1), respectively,
suggesting H-Cs3SboBrg has a high concentration of Br vacancies
compared with N-Cs3SboBrg. Generally, more anion vacancies
contribute to CO; adsorption and thus benefit photocatalytic COy
reduction [42,43]. This was verified by CO» sorption tests (Fig. 3f), in
which H-Cs3SbyBrg with more abundant Br vacancies exhibited higher
CO3 uptake than N-Cs3SbyBrg.

To further reveal the role of Br vacancy in affecting the electronic
structure of H-Cs3SbBry, the density of state (DOS) and partial density of
state (PDOS) were investigated using the Perdue—Burke—Ernzerhof
(PBE) of the Generalized Gradient Approximation (GGA) function. As
shown in Fig. 3g and h, the valence band maximum (VBM) of Cs3SboBrg
was contributed by a filled Br 4p state, and the conduction band mini-
mum (CBM) was mainly composed of empty Sb 5p states, which indi-
cated that the active sites of photocatalytic reduction and oxidation
reaction should be the Sb site and Br site, respectively. The generation of
Br vacancy could break the rigid octahedron of SbBrg ", and the unsat-
urated Sb would be fully exposed for CO5 adsorption and activation.
According to the in-situ irradiated-XPS (ISI-XPS) spectra, the charac-
teristic peaks of Sb 3d and Br 3d XPS in H-Cs3SboBry shifted to the lower
(~ 0.30 eV) and higher (~ 0.23 eV) energy direction after illumination
(Fig. S6), respectively. This further verified that Sb and Br could accu-
mulate photogenerated electrons and holes, respectively, and serve as
the catalytic sites for photocatalytic reduction and oxidation. Addi-
tionally, with the introduction of Br vacancies, the VB edge of H-
Cs3SbyBrg moves towards low energy which is consistent with the results
of UPS spectra (Fig. 3g, h, and Fig. S7). Besides, a shallow acceptor level
defect state is formed near the conduction band in the electronic
structure of H-Cs3SbyBrg. The acceptor-like defects originating from Br
vacancies could serve as trapping centers to capture photogenerated
electrons, and boost the charge separation [44]. As depicted in Fig. 3i,
the Sb site near Br vacancy possessed a higher localized charge density,
demonstrating that the Sb can act as the active site to promote charge
separation and transfer for the photocatalytic reaction [45].
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Undoubtedly, the large exposure of catalytic sites, the effective
adsorption of reactants, and the charge localization of catalytic sites
could effectively improve the electronic communication between pho-
tocatalysts and reactants, assisting to improve the catalytic activity.

3.3. Photogenerated carrier dynamics

In general, the photogenerated carrier dynamics properties of pho-
tocatalysts could play a pivotal role in determining photocatalytic per-
formance [46-48]. To elucidate the structure-related photogenerated
carrier behavior of Cs3SbyBrg nanomaterials, we first resorted to the
steady-state and transient-state photoluminescence (PL) spectra to
monitor the evolution processes of excited carries in H-Cs3SbaBrg. As
depicted in Fig. S8a, the PL spectra of N-Cs3SbyBrg exhibited a strong
broad-spectrum emission signal at ca. 520 nm, originating from the
intrinsic radiative recombination. While this PL signal in H-Cs3SbyBrg
was perceptibly weakened concerning that of N-Cs3SbyBrg, which
should result from the effective inhibition of exciton recombination by
the abundant surface Br vacancy. With the inhibition of exciton
recombination, a large number of free carriers would be energetic to
participate in the subsequent redox reaction. The transient PL curves of
H-Cs3SbyBrg demonstrated an accelerated PL decay in comparison with
N-Cs3SbyBrg as presented in Fig. S8b. Additionally, the corresponding
fitting parameters listed in Table S2 showed that for H-Cs3SbyBrg, the
proportion (A;) of 71 representing charge trapping increased from 34.6%
to 77.1%, while the proportion (Ay) of 75 representing radiative
recombination decreased from 42.0% to 19.8% compared with that of
N-Cs3SbyBry. These results indicate the effective charge extraction by
the abundant Br vacancy on the surface of H-Cs3SboBrg. The carrier
dynamics were further explored with transient absorption spectroscopy.
As demonstrated in nanosecond transient absorption (ns-TA) spectra
(Fig. 4a and b), obvious negative signals near 435 nm can be observed
upon the excitation of 410 nm laser, which can be attributed to the
ground-state bleaching (GSB) signals of Cs3SbyBrg. The bleach signals
mean that the state fillings occurred at which the electrons were on the
CB of H-Cs3SboBrg and N-Cs3SboBrg, respectively. Compared with
N-Cs3SbyBrg, the annihilation of excited states in H-Cs3SbyBrg takes
longer. Meanwhile, the kinetic recovery traces at GSB peaks were
monitored to evaluate the deactivation process of the photogenerated
excitons in the H-Cs3SbyBrg and N-Cs3SbyBrg materials (Fig. 4c). For
H-Cs3SboBrg, a prolonged delayed GSB recovery process can be ach-
ieved, with an averaged lifetime of 9.11 + 0.16 ns compared with that
of N-Cs3SbyBrg (1.63 + 0.04 ns) (Table S3). This phenomenon should be
attributed to the shallow trap levels generated by Br vacancies, which
can capture photogenerated electrons, suppress charge recombination,
and then meliorate charge separation of H-Cs3gSboBrg. Thus the carriers
in H-Cs3SbyBrg would have a higher probability to transfer to the surface
to participate in the redox reaction [49].

The favorable charge separation benefitting from the Br vacancies
can be further validated by measuring the open-circuit photovoltage
decay (OCVD) curves of H-Cs3SbyBrg and N-Cs3SboBrg (Fig. S9). Thanks
to excellent space charge separation induced by Br vacancy, H-
Cs3SbyBrg exhibited higher open-circuit photovoltage over N-Cs3SboBrg.
The corresponding photoinduced non-equilibrium carrier lifetime (z,)
plots can be obtained according to the equation 7, = — kgT/e(dVoc/
dt)’l, where kg, T, and e denote Boltzmann constant, temperature, and
electron charge, respectively [50]. As presented in Fig. 4d, H-Cs3SbyBrg
displays a prolonged electron lifetime in contrast to N-Cs3SbyBrg, indi-
cating that the photogenerated electrons in H-Cs3SbyBrg have more
opportunities to migrate to the catalytic sites to participate in the cat-
alytic reaction. In addition, the non-equilibrium carrier concentrations
of H-Cs3SbyBrg and N-Cs3SbyBrg can be derived from the corresponding
Mott—Schottky curves according to the Mott—Schottky equation
(Table S4, see the Supporting Information). As illustrated in Fig. 4e,
H-Cs3SboBrg exhibited a decreased curve slope compared with
N-Cs3SbyBrg, implying the higher non-equilibrium carrier concentration
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Fig. 4. Nanosecond transient absorption (ns-TA) spectra at indicated delay time after 410 nm optical excitation of (a) H-Cs3SboBrg and (b) N-Cs3Sb,Brg. (¢) ns-TA
kinetic plots of H-Cs3SbyBrg and N-Cs3Sb,Brg monitored at respective GSB peaks. (d) The non-equilibrium carrier lifetime plots of H-Cs3SboBrg and N-Cs3SboBrg
converted from the corresponding OCVD decay curves. (e) The Mott—Schottky plots for H-Cs3Sb,Brg and N-Cs3Sb,Brg under light irradiation. (f) I-t curves of H-

Cs3Sb,yBrg and N-Cs3Sb,Brg.

in H-Cs3SbyBrg. The specific carrier concentration values of H-Cs3SboBrg
and N-Cs3SbyBrg could be calculated at 6.82 x 10'? and 2.27 x 10*°
cm 3, respectively (Table S4). Moreover, transient photocurrent re-
sponses (I— t) were performed to throw light on the transfer and sepa-
ration capability of the photogenerated carriers in H-Cs3SbyBrg. As
shown in Fig. 4f, it is clear to see that H-Cs3SbyBrg displays distinctly
enhanced photocurrent intensity compared to N-Cs3SbyBrg, implying a
more efficient photogenerated carrier separation of H-CsgSboBrg over
N-Cs3SbyBrg. The more non-equilibrium carriers that participate in the
redox reactions should be in favor of the enhancement of photocatalytic
activity [51,52].

3.4. Interfacial interaction and charge transfer

Benefiting from the larger specific surface area, excellent light har-
vesting, abundant surface sites, and remarkable excited carrier proper-
ties, H-Cs3SbyBrg should be an ideal photocatalyst, and can be suitable
for combining with cocatalysts to construct efficient photocatalytic
systems. Considering the potential matching of H-Cs3SbaBrg and co-
catalysts (Fig. S10), we selected a dinuclear cobalt molecular catalyst
(CoslL) as the co-catalyst [34]. As the zeta potential of CosL was reversed
with that of H-Cs3SbyBrg in the same condition (Fig. S11), the combi-
nation of CoyL with H-Cs3SbyBrg (CosL-H-Cs3SboBrg) can be driven by
electrostatic interactions. As a reference, the CoyL-N-Cs3SbyBrg com-
posite was also prepared and evaluated under identical conditions. The
TEM and corresponding EDS mapping images (Figs. S12 and S13)
verified the homogeneous distribution of CosL on the surface of
H-Cs3SbyBrg and N-Cs3SbyBrg. Furthermore, the XRD patterns of the
composite photocatalysts demonstrated that there was no structure
change for Cs3SbyBrg after compositing with CosL (Fig. S14). It is worth
noting that a significant displacement occurred for element binding
energy in XPS spectra of CoyL-H-Cs3SboBrg with respect to individual
H-Cs3SbyBrg and CoyL. In contrast, a tiny displacement for element

binding energy of CoL-N-Cs3SboBrg with respect to individual
N-Cs3SbyBrg and CooL (Fig. 5). These results indicate a much stronger
electronic coupling between H-Cs3SbyBrg and Co,L, which endows the
interface between Co,L. and H-Cs3SboBrg with excellent electronic
communication capability. In addition, according to the ISI-XPS spectra,
the characteristic peaks of Co 2p XPS in Co,L-H-Cs3SboBry shifted to the
lower binding energy under illumination (Fig. S15), indicating that Co
can accept excited electrons and act as the activity site for the CO5
photoreduction.

The charge transfer characteristics of CoaL-H-Cs3SbyBrg and CoaL-N-
Cs3SbyBrg were further evaluated by PL spectra. As shown in Fig. S16,
the PL intensity of H-Cs3SbaBrg quenched much greater (88%) compared
with that of N-Cs3SboBrg (15%) after combining with Co,L, indicating
highly effective interface charge transfer from H-Cs3SbeBrg to CosL.
Furthermore, more obvious transient PL decay was observed for Co,L-H-
Cs3SbyBrg than CoyL-N-Cs3SboBrg, which firmly confirmed the effect of
the ligand-free H-Cs3SbyBrg on boosting electronic communication ef-
ficiency (Fig. S17 and Table S5). The efficient electronic communication
between H-Cs3SbyBrg and CosL would generate more photogenerated
charges, as further evidenced by the Mott-Schottky plots and photo-
current curves (Figs. S18 and S19, and Table S6), and accordingly,
enhance the electronic conduction capability (Fig. S20 and Table S7). In
all, these above results demonstrate that the ligand-free H-Cs3SbyBrg can
effectively accelerate the interfacial electronic transfer between H-
Cs3SbyBrg and CosL, which should be beneficial to the enhancement of
photocatalytic activity.

3.5. Photocatalytic activity

The photocatalytic CO5 reduction experiments of CooL-H-Cs3SbyBrg
and referenced photocatalysts were performed in a gas—solid reaction
system filled with CO, as well as H,O and CH30H vapor (Fig. S21, the
details were described in the Methods section). As depicted in Fig. S22,
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Fig. 5. High-resolution XPS of H-Cs3SbyBrg, N-Cs3Sb,Brg, Co,L, CosL-H-Cs3SbyBrg, and Co,L-N-Cs3SboBro: (a, d) Sb 3d, (b, €) Br 3d, and (c, f) Co 2p.

H-Cs3SbyBrg can efficiently reduce CO, to CO, with almost no Hy and
hydrocarbon products detected under visible light irradiation. The time-
dependent CO production curves (Fig. 6a) of H-Cs3SbyBrg demonstrated
the significantly superior photocatalytic CO, reduction activity to N-
Cs3SbyBrg. The CO production of H-CsgSbyBrg reached up to 5059.7

+ 169.6 pmol g ! after 8 h of photocatalytic reaction, almost 13 folds
over that of N-Cs3SbyBrg (400.0 +35.2 pmol g~!). The activity
improvement should be attributed to the fact discussed above, that is,
ligand-free H-Cs3SbyBrg hollow nanospheres possess enhanced light-
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Fig. 6. The CO production (Yco) (a), CO generation rate (b) as well as electron (Yejectron) and hole (Y1) consumption (c) of photocatalytic CO» reduction coupled
with CH30H oxidation (Yejeetron = 2 X Yco and Yiole = 4 X Yhcoomn). (d) The MS spectra of the gas products generated from the photocatalytic *CO, reduction
reaction. The *C NMR spectra for the products obtained from the reaction with 13€0,/CH30H (e) and CO,/*>CH50H (f) as feedstocks by using Co,L-H-Cs3Sb,Brg as
the photocatalyst.
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harvesting, more exposed catalytic sites, more effective charge separa-
tion and transfer, as well as more active surface reactivity over N-
Cs3SbyBrg nanocrystals. For comparison, we also prepared N-Cs3SboBrg-
220 with a size of 220 nm, with similar light absorption to N-Cs3SbyBrg
(Fig. S23a and b). N-Cs3SbyBrg-220 obtained 75.0 + 3.2 pmol g‘1 of CO
production, much lower than that of H-Cs3SbyBrg and N-Cs3SbyBrg
(Fig. S23c), which can be ascribed to the decrease in catalytic sites due
to the decrease of specific surface area. In addition, we optimized the
synthesis process of Br-rich vacancy H-Cs3SbyBrg by controlling the ratio
between CsBr and SbBr3 (3/1.5, 3/2, and 3/2.5) in the precursor. Three
types of H-Cs3SbyBrg with low, middle, and high concentrations of Br
vacancies (note as H-Cs3SbyBro-L, H-Cs3SboBrg, and H-Cs3SbyBrg-H) can
be obtained (Fig. S24a). The photocatalytic results show that the con-
centration of Br vacancies on H-Cs3SbyBrg has an important influence on
photocatalytic performance. Increasing the concentration of Br vacancy
brings forth a volcanic tendency of Rejectron (Fig. S24b), which should be
due to the increase of active sites and the decrease of carrier mobility.

Encouraged by the excellent photocatalytic activity of H-Cs3SbyBrg,
the performance of Co,L-H-Cs3gSbyBrg was further investigated. As
shown in Fig. 6a and b, a remarkable improvement was achieved with
Co,L-H-Cs3SbyBrg for photocatalytic COy reduction with respect to
Co3L-N-Cs3SbyBrg. Specifically, CooL-H-Cs3SboBrg exhibited an unprec-
edented CO production of 15,010.4 + 550.4 pmol g~ ! (selectivity nearly
to 100%) in 8 h, 28 folds than that of Co,L-N-Cs3SboBrg (544.0 4 41.6
pmol g~ 1). The corresponding CO generation rate of CoL-H-Cs3SboBry is
1876.3 + 68.8 pmol g~ h™!, which is over 38, 28, and 3 folds than those
of pure N-Cs3SbyBrg (50.0 + 4.4 pmol g’1 h ™, Co,L-N-Cs3SboBrg (68.1
+ 5.2 pmol g~! h™), and pure H-Cs3SboBrg (632.5 + 31.2 pmol g~*
h™1), respectively. Moreover, the photocatalytic activity of CooL-H-
Cs3SbyBrg is also the highest among reported MHPs-based photo-
catalysts; The electron consumption rate of CoyL-H-Cs3SbeBrg (3752.6
pmol g~! h™) for CO, photoreduction is much higher than those of
reported MHPs-based photocatalysts (Table S8). The corresponding
turnover frequency (TOF) based on the CoyL can be calculated to be
157.82 h™!, and the apparent quantum yield (AQY) reaches 2.65% at
400 nm. Obviously, the excellent photocatalytic activity of CoyL-H-
Cs3SbyBrg can be ascribed to unique semiconductor features, that is,
strong light adsorption, fast charge separation and transfer, as well as
high surface reactivity, which is closely related to the ligand-free hollow
nano-spherical structure.

We have also examined the oxidation products during the photo-
catalytic CO5 reduction with CoL-H-Cs3SboBrg by ion chromatography.
It was found that there were no liquid products detected in the absence
of CH3OH, while formic acid could be distinctly detected in the presence
of CH3OH (Fig. S25). These observations implied that the detected for-
mic acid may come from the oxidation of CH30H by the holes of Co,L-H-
Cs3SbyBrg generated from the CO, reduction. As shown in Fig. 526, the
generation rate of formic acid for H-Cs3SboBrg is 298.1 + 12.2 pmol g~}
h~!, which is 12 folds higher than that of N-Cs3SbyBro. It is more exciting
that the photocatalytic activity of CopL-H-Cs3SbyBrg improved to an
unprecedented level, with the yield of formic acid reaching as high as
910.6 + 33.8 pmol g’l h~!, much higher than that of CosL-N-Cs3SbyBrg
(33.1 + 3.3 pmol g1 h™1). The excellent photocatalytic activity of CooL-
H-Cs3SbyBrg should also be attributed to its ligand-free hollow nano-
spherical structure, which enables close interfacial contact between H-
Cs3SbyBrg and CosL, and thus fast electronic transfer from H-Cs3SboBrg
to CoL. The remaining large number of holes then fast oxidize CH3OH
to formic acid. Based on the above discussion, the whole photocatalytic
reactions containing CO» reduction and CH3OH oxidation by CoyL-H-
Cs3SbyBrg can be described as 2CO5 + CH30H — 2CO + HCOOH + H50.
According to the formula of Yejectron = 2 X Yo and Yhole = 4 X Yucoowu,
the consumed amount of electrons for the convention of CO, to CO and
the consumed amount of holes for CH3OH oxidation to formic acid were
calculated. The results in Fig. 6¢ clearly show that the amount of
consumed electrons is equal to that of holes, demonstrating an effective
utilization of the photogenerated electrons and holes. In addition, after
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the photocatalytic reaction, it can be seen that no obvious change
occurred in XRD patterns (Fig. S27), XPS (Fig. S28), SEM and TEM im-
ages (Fig. S29) for CoyL-H-Cs3SboBry, indicating its good stability in the
photocatalytic reaction.

To explore the origin of CO and HCOOH during the photocatalytic
CO9 reduction and CH3OH oxidation, a series of controlled photo-
catalytic experiments were performed with CogL-H-Cs3SboBrg as a
photocatalyst (Fig. S30). The results of GC show that there is no gas
product detected under the conditions of no CosL-H-Cs3SbyBrg, no light,
or no CO,, implying that the CO was produced over the light-driven
reduction of COy by CooL-H-Cs3SboBrg. This was further confirmed by
the 13CO, isotope labeling experiment, where an obvious °CO (m/
z = 29) signal can be detected during the photocatalytic CO, reduction
by CosL-H-Cs3SbyBrg when using 13C0o, instead of '2CO, (Fig. 6d). In
addition, the '3C NMR spectra of the liquid products of the photo-
catalytic COy reduction reaction with CoyL-H-Cs3SboBrg by using
CH30H and '3CO, as well as '®CH;OH and CO, as feedstocks were
measured, respectively. As presented in Fig. 6e, besides the character-
istic peaks identified for the solvent and '%CO, (117.91 ppm and
0.90 ppm for CD3CN, 125.36 ppm for 2C0O5), no peak can be detected in
the '3C NMR spectrum of the photocatalytic reaction system with 3CO,
and CH3O0H as feedstocks, ruling out the occurrence of CO5 reduction to
formic acid. On the contrary, when using CO, and 13CH30H as the
feedstocks, a clear characteristic peak at 163.57 ppm corresponding to
the H'3COO~ can be identified (Fig. 6f) in the 13¢ NMR spectrum,
confirming that the liquid product formic acid indeed originated from
the CH3OH oxidation.

3.6. The mechanisms of CO photoreduction coupled with CH30H
oxidation

Based on the above results, the mechanisms of CO, photoreduction
coupled with CH3OH oxidation could be proposed. For H-Cs3SboBry, the
Sb and Br would be simultaneously served as the reduction and oxida-
tion sites, respectively (Fig. 7a). Under illumination, H-Cs3SbaBrg was
excited by light to generate electrons and holes. Thanks to the excellent
charge separation of H-Cs3SbyBrg, photogenerated electrons were
accumulated at the Sb site, and to reduce the adsorbed CO5 to CO
through the proton-coupled electron transfer (PCET) process. As shown
in the free-energy pathways (Fig. 7b), the following steps were mainly
undergone during photocatalytic CO, reduction with H-Cs3SboBrg (CO2
+2e” + 2H" = CO + Hy0) [53]: 1) The adsorbed CO5 on the Sb site
was first activated to form CO5 * species. 2) With the protonation of
CO2* species, COOH* species can be generated. 3) The CO* can be ob-
tained with the successively protonating and dehydrating of COOH* -
species. 4) The obtained CO* was desorbed from the H-Cs3SboBrg to
generate CO product. It should be mentioned that a competitive reaction
of CO* desorption, that is, further protonation of the obtained CO* to
form CHO* may occur (Fig. 7b). However, this step was endothermic,
and the free energy change (AG) is much higher than that for
CO* desorption. This explained that H-Cs3SbyBrg possesses high selec-
tivity to CO (nearly 100%) in the photocatalytic CO; reduction reaction.
For the CoyL-H-Cs3SboBrg, the Co™ within Co,L would be acted as the
reduction sites. Benefiting from excellent electronic communication
between H-Cs3SbyBrg and CoyL, photogenerated electrons transferred
from H-Cs3SbyBrg to CooL rapidly, and also reduce the CO, to CO
through PCET processes (Fig. 7¢). Specifically, the absorbed CO, formed
a carbonate-bridged complex with CosL, and then underwent a PCET
process to generate *COsH . The *COsH™  was protonated and then
dehydrated to form *CO,. Next, the *CO5 underwent 2e” reduction to
form *CO%", and subsequently went through a PCET process again to
generate *COOH. Finally, the CO can be obtained following the cleavage
of the C—OH bond and the release of *CO [34].

To explore the CH3OH oxidation process, in-situ Raman spectroscopy
was measured to monitor the evolution of surface species on photo-
catalysts. As shown in Fig. 7d, due to the adsorption of CH3OH
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Fig. 7. (a) The structural model of H-Cs3SboBrg exposed unsaturated Sb for photocatalytic CO, reduction. (b) Free-energy pathways of H-Cs3SboBrg with Sb as
activity sites for photocatalytic CO5 reduction. (c) The reaction mechanism of photocatalytic CO, reduction coupled with CH3OH oxidation by Co,L-H-Cs3SbyBry. (d)
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molecules, two absorption peaks appeared at 1014 and 1540 cm™!

before illumination [54]. While as the continuous illumination went on,
another peak at 1060 cm™' was generated and identified as *OCHs,
which was mainly caused by the dehydrogenation of —OH in CH;OH
molecules [55]. Meanwhile, the peaks at 1214 and 1353 em~! were
identified as the *OCHy and *OCHO, respectively. Based on the above
results, the reaction process of photocatalytic CH3OH oxidation to for-
mic acid could be described in Fig. 7c. Specifically, the photogenerated
holes were accumulated at the Br site, and oxidized the CH30H to
HCOOH by a continuous multi-step deprotonation and hydroxylation
process [56,57]. First, the —OH group of CH3OH underwent a dehy-
drogenation step to generate *OCHs3, and then followed by two
consecutive C—H bond breaking, generating two key intermediates of
*QCH; and *OCH. The obtained *OCH would bond with an O atom from
OH group to generate *OCHO. Finally, the *OCHO followed by
desorbing and forming the liquid product HCOOH.

4. Conclusions

In summary, a lead-free Cs3SboBrg hollow nanosphere was success-
fully constructed by a facile antisolvent-assistant method. The obtained
lead-free Cs3SbyBrg hollow nanosphere shows high photocatalytic ac-
tivity for CO; reduction coupled with CH3OH oxidation. Under visible-
light irradiation, a record electron consumption rate of 3752.6
4+ 137.6 pmol g~! h™! can be achieved for CO, photoreduction, while
simultaneously generating nearly stoichiometric amounts of value-
added formic acid. The excellent photocatalytic activity can be attrib-
uted to the ligand-free hollow structure of H-Cs3SboBry. These structural
features endow H-Cs3SbyBrg with enhanced light-absorption ability,
effective charge separation and transfer, as well as high surface reac-
tivity. This work provides an efficacious scheme for the development of
efficient halide perovskite-based photocatalysts for CO5 reduction.
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