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ABSTRACT: Environmental concerns demand efficient remov-
al of CO2, a major greenhouse gas. For this purpose, a
traditional chemical strategy implements a catalytic conversion
of CO2 to CO, with H2O as the sacrificial agent to generate O2.
Herein we report the first self-photocatalytic conversion of CO2
to generate CO and O2 in the absence of H2O, using co-cationic
perovskite nanocrystal Cs0.55FA0.45PbBr3. We obtained a record
production rate 105 μmol g−1 h−1 of CO, which is three times
that with CsPbBr3 as photocatalyst at the gas−solid interface.
During photocatalytic reaction, a phase transition occurred with
an enlarged crystal size through the effect of Ostwald ripening,
for which the CO yield approached 3.1 mmol g−1 within the
reaction period of ∼60 h. During this process, both FA and
oleylammonium cations were released to provide the proton source for the CO2 reduction to proceed and generate hydroxyl
species required for oxidation. A self-photocatalysis mechanism involving bound hydroxyls is proposed.

Greenhouse gases are responsible for climate change,
which includes melting of polar ice, rising sea levels,
raging fires and diminished biodiversity. Carbon

dioxide, the most important greenhouse gas, is rapidly
increasing as a result of various human activities, with the
burning of fossil fuels for energy being a major crisis in the
world. One promising solution of these problems is to convert
CO2 into valuable fuels through artificial photosynthesis.
Natural photosynthesis is an almost perfect reaction in the
world, evolving over millions of years, but its replication is
difficult. Global researchers have nonetheless proposed various
semiconductor materials to implement photocatalytic reduc-
tion of CO2.

1−3 Because of their defect-tolerant nature,
perovskite nanocrystals (PeNCs) have excellent optical
properties; their syntheses are feasible. For photocatalytic
reduction of CO2, both all-inorganic and organic−inorganic
PeNCs are reported.4,5 Due to its effective optical character-
istics, stability, and appropriate energy levels, CsPbBr3 PeNC
has served extensively for photocatalytic applications.6 Xu et
al.4 first reported CO2 reduction by CsPbBr3 PeNC; several
studies on CsPbBr3 PeNC have since improved the catalytic
yields, such as with ligand modification,7 heterojunction
formation,8,9 B-site doping,10 and halide mixing;11 the best
reported CO-production rate is 45 μmol g−1 h−1 based on
Cs3Bi2Br9 perovskite quantum-dot photocatalyst at the gas−

solid interface.12 Recently, many authors reported greater rates
of CO production based on experiments performed in liquid
media,6,13 in which the CO yields might be overestimated
because of photodecomposition of the solvent such as ethyl
acetate or due to photocatalytic organic transformation
involving the organic solvent and oxygen.14−16 The reaction
medium is a critical issue for CO2 reduction; because
perovskite is sensitive to moisture, water and polar solvents
cannot serve to dissolve CO2. We previously

14 conducted
photocatalytic CO2 reduction in a gas−solid system in which
CO2 gas bubbled through water saturated the surface of PeNC
with H2O and CO2. Water oxidation is an important counter-
reaction to provide extra protons for CO2 reduction, but small
amounts of water inside PeNC influence the crystallinity of
perovskite and degrade the nanocrystals to some extent,
preventing attainment of the best catalytic performance.
Because the yields of CO generated with PeNC photocatalysts
are degraded by moisture, we here report for the first time
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photocatalytic splitting of CO2 using a co-cationic PeNC as an
efficient catalyst without water. The CO production rate
attained 105 μmol g−1 h−1, which is three times that using
CsPbBr3 PeNC as a catalyst at the gas−solid interface. This
CO production rate is also more than 2.3 times the previous
record reported elsewhere.12 We discovered that CO2 was
involved in both reduction and oxidation channels�a process
of self-photocatalysis to split CO2 into CO and O2 that has not
been achieved previously.
According to a schematic demonstration in Figure 1, mixed

cationic PeNC, Cs1−xFAxPbBr3 (abbreviated as CF; FA

represents formamidinium), were synthesized using the hot
addition method.17,18 CsPbBr3 (abbreviated CS hereafter)
PeNC was also synthesized through the traditional hot
injection method for comparison.19 The co-cation FA inside
CF PeNC had an effect to tune the electronic properties and to
improve the stability of PeNC.17 We used dry CO2 instead of
moist CO2 to adsorb on the surface of PeNC fully covered
with organic ligands such as oleic acid (OA, major part) and
oleylamine (OLA, minor part) in their ionic forms.
The morphological features of the synthesized CS and CF

PeNCs are viewed in the TEM images shown in Figure 2a,b,
respectively; both PeNCs have cubic unit cells and are highly
crystalline with average nanocrystal size ∼8 nm. XRD patterns
of CS and CF shown in Figure 2c,d are broad enough for the
PeNC to include both cubic and orthorhombic crystal phases.
Total pattern solution (TOPAS) analysis was performed to
identify the crystal phases for these PeNCs.20Figure S1 shows
the results of TOPAS fits for both PeNC samples, with the fit
parameters listed in Table S1. Based on TOPAS fits, both
PeNCs have mixed cubic and orthorhombic phases of varied
proportions. CF comprises of 7% cubic and 93% orthorhombic
phases; CS has 38% cubic and 62% orthorhombic phases. The
orthorhombic phase has a much larger unit cell than the cubic
phase (Table S1), implying that CF might have more space
than CS to adsorb CO2 molecules on the crystal surface to
enhance its photocatalytic performance. The CS PeNC
exhibits a small signal at 2θ ∼ 12.3° due to formation of a
zero-dimensional Cs4PbBr6 perovskite phase,

21 but for CF
PeNC such an impurity phase is insignificant. The interplanar
distance determined with TEM analysis indicates that lattice

spacing 0.291 nm for CS belongs to cubic crystal plane (002)
or orthorhombic crystal plane (040). Similarly, lattice spacing
of 0.285 nm for CF belongs to cubic crystal plane (002) or
orthorhombic crystal plane (212), both according to a TOPAS
analysis.
We performed XRD measurements after photocatalytic CO2

reduction to test the stability of PeNCs in the presence of CO2
after irradiation for 12 h (Figure 2c,d). These results show that
the diffraction signals become sharper after CO2 reduction,
indicating an increased crystal size as a result of removal of
surface ligands, a phenomenon similar to the effect of Ostwald
ripening in solution samples.22 The TOPAS fit of XRD after
CO2 reduction shows a cubic phase enhanced from 38% to
73% for CS and from 7% to 47% for CF (Table S1). The
aggregation and enhanced crystal size due to light-induced
ligand removal in CF PeNC are directly observed in TEM
images shown in Figure S2. By checking the color change of
the sample before and after the photocatalytic reaction, it is
possible to conclude the change in crystal size upon light
irradiation. Figure S3 shows the photo images of the reactor
before (green) and after CO2 reduction for 60 h (yellow).
According to the CF absorption spectra shown in Figure S4,
after CO2 reduction for 12 h, the band edge absorption
exhibits bathochromic shift, which is consistent with the
growth of the crystal size upon irradiation. Figure S5 panels a
and b show the TEM-EDX and SEM-EDX analysis results,
respectively. Because the TEM images were obtained by a
much greater electron energy than SEM, the sample might be
damaged via TEM-EDX measurements with prolonged
exposure to the electron beams. Therefore, the composition
of Cs1−xFAxPbBr3 PeNC was determined using the SEM-EDX
technique at three different areas, as shown in Figure S5b. The
TEM image is a transmission type, so its EDX analysis
determines the composition of the CF structure in the bulk
state. In contrast, for the SEM image it is a reflective type
(secondary electrons) so its EDX determines mostly the
chemical structure on the surface of CF. For the SEM-EDX
results, first, we found that all three SEM areas show a Br/Pb
ratio to be ∼3.5, indicating that the surface of CF is bromide
rich, which helps on coordination of Br to OLA to provide an
extra proton source for CO2 reduction. Second, the x value in
Cs1−xFAxPbBr3 can be determined by assigning the stoichio-
metric ratio of Pb/(Cs+FA) to be 1. Based on averaging of
three sets of the SEM-EDX data shown in Figure S5b, we
conclude that the proportions of Pb and Cs are 20% and 11%,
respectively. Therefore, we obtained the fraction of FA to be x
= 0.45 so that CF can be determined with the formulas
Cs0.55FA0.45PbBr3. 45% of FA on the surface of CF should have
the effect to provide more protons for CO2 reduction to
proceed.
We also investigated the optical properties and carrier

relaxation dynamics of both PeNCs for the pristine film in a
dark, pristine film photoactivated for 12 h and CO2 adsorbed
film photoactivated for 12 h, as the results reported
elsewhere.23 We found that photoactivation significantly
enhances the possibility of charge separation and retards the
charge recombination so that these photogenerated charge
carriers would have more chances to participate in the
following catalytic reaction. The comparison between CS and
CF samples shows that the CF samples had slower charge
recombination than the CS samples for all cases, indicating
that the CF sample is more suitable than the CS sample for
photocatalytic experiments.23

Figure 1. Schematic representation showing synthesis of perovskite
nanocrystals (PeNCs) and photocatalytic splitting of CO2.
Abbreviations FABr, OA, and OLA indicate formamidinium
bromide, oleic acid, and oleylamine, respectively. The waves on
PeNCs represent the attached surface ligands OA and OLA. The
photographic image shows our actual moisture-free reactor.
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To implement photocatalytic CO2 reduction for CS and CF
PeNCs, we used a reaction setup similar to that previously
reported.14 First, we dispersed PeNC in toluene solution (∼0.3
mL) and evenly dropped the solution at the bottom of the
reactor. Second, we manually rotated the reactor to form a
uniform PeNC suspension inside the reactor. Third, we
completely evaporated the toluene solvent and then passed a
nitrogen flow to the reactor for 30 min to remove oxygen and
residual toluene. Care must be taken to remove residual
solvents as they might produce unexpected products as
reported elsewhere.15,16Figure S6 displays the GC-FID analysis
results, which confirm that there was no residual toluene left in
the reactor. Figure 3a shows the average yields of products CO
and O2 for both CS and CF catalysts after 1 sun irradiation for
12 h, for which CF produced CO 1.11 ± 0.08 and O2 0.61 ±
0.12 mmol g−1 (Table S2); in contrast, CS produced CO 0.35
± 0.04 and O2 0.19 mmol g−1. We summarize all product
yields in Table S2 for which a record rate of CO production,
with the best value of 105 μmol g−1 h−1 and an average value of
92 μmol g−1 h−1 obtained without water, which is more than
twice the previous record12 in the presence of water.
The CO yield of CF was three times that of CS, which might

arise for three reasons. First, CF has a proportion of the
orthorhombic phase much greater than that of CS, which
might provide more vacancies for CO2 adsorption. Second, the
hot-addition method produced a surface richer in halide (as

also shown by the SEM-EDX results) than the traditional hot-
injection method,17 indicating that the oleylammonium ion is
more abundant on the surface of CF than on CS to attach to
the bromide ligand, so that more protons can be supplied for
CF than for CS. Third, CF also contains a FA cation serving as
a base on the surface, which might attract an acidic CO2
molecule and provide an additional proton source for CO2
reduction. Note that after irradiation, the crystal size increases,
but the size of the unit cell decreases due to phase transition
from orthorhombic to cubic. For CF, it means that more FA
can be released upon photoreduction to proceed, and these FA
cations can release more protons to help CO2 reduction so as
to attain higher CO production yields than the CS sample. The
product yields of O2 are approximately half those of CO,
consistent with this overall reaction of CO2 to generate CO
and O2 in a self-catalysis reaction:

CO CO
1
2

O2 2+
(1)

In the presence of water, the half reactions of CO2 reduction
and H2O oxidation are expressed as

ECO 2H 2e CO H O 0.106 V2 2 red
0+ + + =+

(2)

Figure 2. Transmission electron-microscope (TEM) images and X-ray diffraction (XRD) patterns of PeNC films. (a) TEM of CsPbBr3. (b)
TEM of Cs0.55FA0.45PbBr3. (c) XRD of CsPbBr3. (d) XRD of Cs0.55FA0.45PbBr3. The red and blue traces in (c) and (d) were recorded before
and after one sun irradiation for 12 h in the presence of CO2, respectively.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.2c02342
ACS Energy Lett. 2023, 8, 280−288

282

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.2c02342/suppl_file/nz2c02342_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.2c02342/suppl_file/nz2c02342_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.2c02342/suppl_file/nz2c02342_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c02342?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c02342?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c02342?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c02342?fig=fig2&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.2c02342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


EH O
1
2

O 2H 2e 1.229 V2 2 ox
0+ + =+

(3)

(see refs 24 and 25, respectively) to attain the total redox
potential −1.335 V for reaction 1. We performed experiments
also with CO2 bubbled through water; the corresponding
yields of CO and methane for both CF and CS are shown in
Figure S7 with the results listed in Table S2. These yields of
CO are only half that for CF in the presence of water relative
to the absence of water but are similar for CS in the presence
or absence of water. Furthermore, in the presence of water, the
CO yield for CF was only twice that for CS because some
active sites of PeNCs were occupied by water so that oxidation
through reaction 3 became a bottleneck for reaction 1 to
proceed. Reactions 2 and 3 are unsuitable to interpret our data
obtained in the absence of water, which will be discussed in the
later section regarding the reaction mechanism of the
Supporting Information.
The CO2 reduction using CF PeNC as a catalyst was traced

every 3 h. As shown in Figure 3b, formation of CO increases
linearly until irradiation for ∼30 h. Thereafter, the increase in
CO production slowed and approached an asymptotic point at
an irradiation duration over 60 h, at productions of CO and
methane of 3.1 and 0.037 mmol g−1, respectively. To our best
knowledge, no report of a total yield of CO production
attained such a high level (>3 mmol g−1) with an irradiation
period extended over 60 h, in particular, for experiments

carried out at the gas−solid interface. The stability and
recycling ability of the CF photocatalyst were performed by
repeating the reaction every 12 h for 6 runs; for each run, we
made a GC analysis, pumped out the gases from the reactor,
and refilled with fresh CO2 for the next run. Figure S8 displays
the results, which demonstrate a progressive decline in product
yields for each run as a consequence of an increase in the size
of perovskite nanocrystals and a change in their crystal
structure as a result of the loss of oleylammonium and
formamidinium throughout the reduction process. The
involvement of the ammonium cation in the reduction process
is explained in the later section discussing the recation
mechanism of the Supporting Information.
As control experiments, we irradiated both PeNC samples in

a sealed reactor with N2 rather than CO2 for 12 h; the CO
yields were 0.115 mmol g−1 for CF and 0.092 mmol g−1 for CS.
As nearly the same amount of CO was produced in these
control experiments, we concluded that CO was formed
through redox reaction of the ligands because both PeNC
samples had the same surface ligands. For the CF sample the
CO yield in the presence of CO2 was ten times that without
CO2 (Figure S9), which proves that CO was produced mostly
by reduction of CO2. For confirmation, we undertook an
isotopic experiment with 13CO2 gas passing through the
reactor under the vacuum conditions (Experimental Proce-
dure); the corresponding GC−MS results in Figure S10 and

Figure 3. Yields of CO and O2 and temporal evolution of CO. (a) Yields of CO and O2 in the presence of CO2 and of CO in the absence of
CO2 after photocatalytic reactions of Cs0.55FA0.45PbBr3 and CsPbBr3 PeNC for 12 h. (b) Yields of CO as a function of duration of irradiation
for Cs0.55FA0.45PbBr3 PeNC with yields of CH4 shown in the inset. (c) and (d) show the isotopic GC−MS data after photocatalytic reduction
of 13CO2 and photocatalytic reduction of C18O2, respectively. For (c) and (d), the isotopic gases were purged for less than 2 min, and the
reaction period was 12 h (GC−MS raw data are presented in Figure S11). All the photocatalytic reactions were carried out under one sun
irradiation using a calibrated solar simulator.
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Figure 3c show mass spectra from 12CO2 and 13CO2 reduction
reactions, respectively. The isotopic abundance of CO 29 m/z
was large in 13CO2 reduction (the intensity of CO 28 m/z is
still large because of a redox reaction of surface ligands and
short duration of 13CO2 loading which is less than 2 min) but
was scarcely observed in 12CO2 reduction, confirming the
production of CO from CO2.
Study of the oxidation pathway together with the reduction

pathway is crucial because it provides the electron and proton
sources needed for the reduction process to proceed. We
therefore performed the isotopic experiments with C18O2 gas
in order to determine whether the source of oxygen came from
the photocatalytic reaction of CO2. Figure 3d depicts the
formation of CO from the isotopic gases showing both the 28
m/z and 30 m/z peaks with similar abundance, confirming that
the source of CO is coming from CO2 reduction, similar to the
result obtained from the 13CO2 experiment. On the other
hand, a significant amount of adventitious oxygen that was
entering the GC−MS system during the injection procedure
and this gave a tiny amount of isotopic oxygen at mass 36 m/z.
Under such a condition, we chose to compare the mass ratio of

36 m/z (18O2) with respect to 32 m/z (16O2) between the
blank and the C18O2 isotopic reaction. For the blank condition,
only pure CO2 gas was injected to the GC−MS system; for the
isotopic reaction, photocatalytic C18O2 reactions were
performed for 12 h and then the gas sample was injected to
the GC−MS system. The results of blank and isotopic
reactions are shown in Figure S12. It is apparent that the
18O2/16O2 mass ratio of the isotopic reaction was 1 order of
magnitude greater than that of the blank, confirming the
concept of self-photocatalysis for the oxygen to be generated
from splitting of CO2 in the absence of water, and the
corresponding mechanism will be discussed in what follows.
To investigate the paths of photocatalytic oxidation and

reduction for conversion of CO2 to CO and O2 in the absence
of water, we recorded diffuse-reflectance infrared Fourier-
transform (DRIFT) spectra in situ. Figure 4a shows these
spectra of CF using blank KBr as the reference; Figure 4b
shows DRIFT spectra of CF with PeNC/N2 as reference;
Figure 4c shows plausible assignments for chemical species in
these spectra with precise spectral assignments in Table S3.

Figure 4. Diffuse-reflectance mid-infrared spectra of Cs0.55FA0.45PbBr3 in the presence of CO2 and species involved. (a) Recorded from blank
KBr as reference. (b) Recorded from CF PeNC/N2 as reference. A set of spectra was collected in each case under illumination for varied
periods as indicated. (c) Chemical species labeled in (a) and (b) with assignments according to literature reports (refer to Table S3). R in
(i), (ii), and (vi) represents the oleyl species.
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The DRIFT spectra with KBr as a reference show changes
occurring in the surface capping ligand (Figure 4a), whereas by
using PeNC/N2 as a reference, the capping ligand vibrations
can be excluded to identify chemical species arising due to
CO2 reduction (Figure 4b). The black spectrum in Figure 4a
shows IR vibrational lines of surface-bound ligands and
chemisorbed CO2 molecules that underwent significant
changes subject to irradiation. After irradiation, an isosbestic
point ∼3220 cm−1 between the rising band (i) and decaying
band (ii) implies interconversion from ammonium (including
both oleylammonium and formamidinium) to form bound
hydroxyl, free oleylamine, and possibly a trace of water. Band
(iii) represents vibrational modes of bound OA and OLA
ligands that underwent decomposition upon irradiation. The
vibrational lines observed in the region 1400−1600 cm−1

labeled as (vi) correspond to bound oleate formed due to
interaction between OA and Pb.26,27 The intensities of these
lines decreased with time, indicating that bound oleate (vi)
might accept a hole from PeNC and detach from the surface in
the form of oleic acid radical, which might decompose to oleyl
radical and CO2, as shown in Figure 5a.

28,29 The production of
CO2 in this channel is responsible to form CO in the control
experiment in the absence of CO2 on PeNC; detachment of
the oleyl radical from PeNC would leave space for CO2
adsorption on PeNC. Another channel as oxidation path is
shown in Figure 5b. The surface-bound hydroxyls,30,31

generated from reduction channels to be discussed, can accept
two holes and release a proton to form a bound oxygen
cation.30 This cation can either take a water and release a
proton (not shown)30 or directly take a hydroxyl anion (either

Figure 5. Plausible mechanism for oxidation, reduction, and side channels of photocatalytic conversion of CO2 with Cs0.55FA0.45PbBr3 as
photocatalyst and without water. (a), (b) Oxidation channels. (c−e) Reduction channels. (f) Side channels. Label (a) as “CO2 channel from
ligands (minor)” and (b) as “O2 channel (major)”.
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free OH− or a bound OH nearby) to form a surface-bound
peroxide species;30 it eventually takes another two holes and
releases another proton to form an oxygen molecule, leaving a
vacancy for the PeNC to accept CO2 for further reduction.
For the reduction path, the formation of bound dioxycarbon

anion (Pb−OCO−) is expected as the first step to initiate CO2
reduction; evolution of two bands, indicated with dashed lines
(v), represents formation of the dioxycarbon anion32,33

through electron transfer from PeNC to CO2. As Figure 4b
shows, band (v) at 1680 cm−1 begins to appear after irradiation
and continues to grow for 20 min; three bands (iv) represent
the formate species34 formed after a dioxycarbon anion
accepted a proton from FA or OLA cation. Based on this
observation, we expect that CO and bound hydroxyls were
formed via electron rearrangement according to the scheme
shown in Figure 5c. Both Figure 4a,b show that three bands of
(vii) arose through formation of the monodentate carbonate
anion,33 which would accept a proton (from FA or OLA) to
form a bicarbonate species32,33 indicated as two bands (viii).
We hence propose a reduction channel involving formation of
monodentate and bicarbonate intermediates in Figure 5d, for
which bound hydroxyl, CO, and free OH− anion formed after
several electron rearrangements.
Both formate and bicarbonate channels (Figure 5c,d)

produce bound hydroxyl that is a key species in Figure 5b
for the oxidation channel to generate oxygen; the production
of free OH− anion in Figure 5d can supply the O2 channel in
Figure 5b. Formation of formate and bicarbonate species
requires accepting additional protons, which can be supplied
from either the oxygen channel (Figure 5b) or the ammonium
(FA or OLA) deprotonation channel aforementioned. The
intensity of line (ix), corresponding to a chelating bridge
carbonate species32,35 increased and remained constant after
60 min. We hence propose a bidentate channel to form bridge
carbonate and CO in Figure 5e. The bridge carbonate might
break the Pb−O bond to form monodentate carbonate and
then follow the reduction path via Figure 5d to form bound
hydroxyl, CO, and free OH− anion. The side reactions
including formation of oleyl dimer and water appear in Figure
5f. The formation of methane is a minor channel to be
considered, which can follow the reduction of formate via
formation of a methoxy intermediate reported elsewhere.14

For the reaction mechanism discussed in Figure 5, we
consider the half reactions for the reduction and oxidation
channels in eq 4 and eq 5, respectively:

CO H 2e CO OH (Figure 5c)2 + + ++
(4)

OH
1
2

O H 2e (Figure 5b)2 + ++
(5)

To evaluate the redox potentials for eq 4 and eq 5, we include
side reaction H2O → H+ + OH− in reaction 4 and H+ + OH−

→ H2O in reaction 5 to obtain the following redox reactions,

ECO H O 2e CO 2OH 0.934 V2 2 red
0+ + + =

(6)

E2OH
1
2

O H O 2e 0.401 V2 2 ox
0+ + =

(7)

(see refs 24 and 25, respectively) for which reaction 1 can be
produced via redox reactions 4 and 5 to give the overall
potential −1.335 V that is the same as that required for redox
reactions 2 and 3, consistent for the overall reaction 1 with a

standard Gibbs energy of reaction 257.2 kJ mol−1.25 In the
absence of water, OH− in reaction 5 is a bound hydroxyl that
can readily accept two holes to initiate the oxidation according
to the mechanism in Figure 5b. For twice reaction 5, one OH−

is a bound hydroxyl; the other is a free OH− produced via the
reduction channel (Figure 5d). The monodentate reduction
channel (Figure 5c) requires two electrons and one proton to
generate one CO and one bound hydroxyl; the bidentate
channels (Figure 5d,e) require four electrons and two protons
to generate two CO, one bound hydroxyl, and one free OH−

according to twice reaction 4. Water oxidation, reaction 3, is a
bottleneck for CO2 reduction with water present, but in its
absence the hydroxyl oxidation channel, reaction 5, has much
lower potential to generate protons required for CO2 reduction
to proceed.
In conclusion, lead-halide perovskite materials are sensitive

to moisture that limits their applications in a traditional
photocatalytic reduction of carbon dioxide with water as hole
scavenger. We here report the first example of self-photo-
catalytic CO2 reduction using mixed cationic perovskite
nanocrystals (PeNC), Cs0.55FA0.45PbBr3 (CF), as an efficient
photocatalyst at the gas−solid interface in the absence of
water. This redox reaction generates CO and O2 in ratio 2:1,
fulfilling the stoichiometric ratio for CO2 self-photocatalytic
decomposition. The best CO yield 1.26 mmol g−1 and average
yield 1.11 mmol g−1 within 12 h is three times that using
CsPbBr3 (CS) PeNC as a catalyst. The best rate of CO
production was 105 μmol g−1 h−1, which is more than 2.3
times that in any report at a gas−solid interface. Based on
time-dependent DRIFT results for the CF catalyst, bound
hydroxyl species OH− plays an important role in the oxidation
channel to generate O2 and leaves vacancies for CO2 to adsorb;
bound dioxycarbon anion −OCO− plays a key role in the
reduction channel to generate CO and both bound and free
OH− to replenish the oxidation channel. The yield of CO
without water was twice that with water present. The CO2
adsorbed on the surface of CF is reduced to CO, and the
remaining oxygen atom attached on CF is oxidized to form an
oxygen molecule. This is the first example of self-photocatalysis
that splits CO2 into CO and O2 in the absence of water, with
the highest yield of CO ever recorded. Our work thus provides
a new concept and an efficient method for photocatalytic
conversion of CO2 to decrease greenhouse gas and hopefully
to solve the important problems of global warming.
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