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ABSTRACT: We report here a series of nontoxic and stable
bismuth-based perovskite nanocrystals (PeNCs) with appli-
cations for photocatalytic reduction of carbon dioxide to
methane and carbon monoxide. Three bismuth-based PeNCs
of general chemical formulas A;Bi,I,, in which cation A* = Rb*
or Cs* or CH;NH;" (MA"), were synthesized with a novel
ultrasonication top-down method. PeNC of Cs;Bi,I, had the
best photocatalytic activity for the reduction of CO, at the
gas—solid interface with formation yields 14.9 ymol g~' of
methane and 77.6 umol g~! of CO, representing a much more
effective catalyst than TiO, (P25) under the same
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experimental conditions. The products of the photocatalytic reactions were analyzed using a gas chromatograph coupled
with a mass spectrometer. According to electron paramagnetic resonance and diffuse-reflectance infrared spectra, we propose a
reaction mechanism for photoreduction of CO, via Bi-based PeNC photocatalysts to form CO, CH,, and other possible side

products.

B INTRODUCTION

Because the demand for energy is strong, the rapidly increasing
consumption of limited fossil fuels causes depletion of these
traditional sources of energy and releases CO, into the
atmosphere, resulting in global warming. Among all solutions
to decrease the amount of CO, in the atmosphere, the
conversion of CO, into fuels through artificial photosynthesis
seems to be a promising approach. Much effort has been
exerted to develop effective, environmentally compatible, and
stable photocatalysts. Various semiconductors with varied
chemical and crystal structures have been investigated for the
photocatalytic reduction of CO,.' ™ The size and shape of the
catalyst particles are two key factors for the catalytic
performance, which have been widely studied. On decreasing
the size of the catalyst particle to a nanometer scale, new
catalytic function has appeared with great performance.*
Organic—inorganic hybrid perovskites are promising semi-
conductors with outstanding optical and electrical properties
that have been employed in applications such as solar cells,”™”
light-emitting diodes,® ™2 photon detectors,">'* and la-
sers,””'7 among others.'” The popularity of the use of
perovskites is attributed to their tunable optoelectronic
properties, cost effectiveness, and solution-based fabrication.
On decreasing the size of perovskite materials to form
perovskite nanocrystals (PeNCs), the photoluminescence
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quantum yield (PLQY) becomes enhanced with the
advantages of a large surface area and excellent stability.
Lead (Pb)-based PeNCs have been studied for photo-
catalysis."””" PeNCs of high quality can be fabricated with
hot injection,”" ligand-assisted reprecipitation (LARP),”* and
top-down methods.”> CsPbBrs;,>" a hybrid CsPbBry/GO"
composite, and a CsPbBr;/metal—organic framework
(MOF)** were utilized for the photocatalytic reduction of
CO,. Although these photocatalysts demonstrated effective
CO, conversion, the toxicity of lead to human life due its high
solubility in water limits their potential for widespread
application. An alternative option to replace of lead is tin
(Sn) in PeNCs, but tin-based PeNCs suffer instability and
small PLQY.”® In contrast, bismuth (Bi)-based PeNCs of
general chemical formula A;Bi,I; (cation A can be K*, Rb*,
Cs*, or methylammonium MA") provide a nontoxic and
chemically stable alternative for photocatalytic applications.*®
Bismuth perovskites have been applied as solar cells; the best
Cs;Bi,], device attained a power conversion efficiency (PCE)
of only 1.09%"" and for MA;Bi,ly 3.17%.”® These A;Bi,l,
compounds have structures of two types: K;Bi,I and Rb;Bi, ]
have 2D defect-perovskite structures with corrugated layers of

Received: October 15, 2019
Published: December 4, 2019

DOI: 10.1021/jacs.9b11089
J. Am. Chem. Soc. 2019, 141, 20434—20442


pubs.acs.org/JACS
http://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.9b11089
http://dx.doi.org/10.1021/jacs.9b11089

Journal of the American Chemical Society

Rb,Bijly  Cs;Biyly  (CHyNH;);Bil,

Figure 1. Schematic representation of the top-down method to fabricate bismuth-based perovskite nanocrystals and its application in the solid—gas

photocatalytic reduction of carbon dioxide.
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Figure 2. TEM images and size distribution of (a) Rb;Bi,Iy, (b) Cs;Bi,l,, and (c) MA;Bi,]; and X-ray diffraction patterns of (d) Rb;Bi, Iy, (e)
Cs;Bi,l,, and (f) MA;Bi)],. Symbol * denotes diffraction signals of the ITO substrate.

corner-connected Bi—I octahedra, whereas Cs;Bi,I; and
MA;Bi,]y possess a zero-dimensional structure with isolated
Bi,I,>” ions forming face-sharing Bi—I octahedra.”” Although
Bi-based PeNCs were synthesized with a LARP method®>*'
with satisfactory stability, the PLQY was still less than that of
their Pb-based analogues.

In this work, we applied for the first time a top-down
method to synthesize three Bi-based PeNCs, namely, Rb;Bi,],,
Cs;Bi,lo, and MA;Bi,l,, for photoreduction of CO, to CO and
CH, at a gas—solid interface; the synthetic approach is
schematically demonstrated in Figure 1. We report here not
only a new approach to synthesize Bi-based PeNCs but also a
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detailed reaction mechanism of CO, reduction using halide
perovskite PeNCs as photocatalysts. CO, was reduced
photochemically to generate end products CO and CH,; the
photocatalytic activity of Bi-based photocatalysts shows a trend
Cs;BiJy > Rb;Bi)ly > MA;Bi,Iy > TiO,. Electron para-
magnetic resonance (EPR) and diffuse-reflectance infrared
spectra were recorded to explain the effect of the cation in the
photocatalytic reaction; on this basis we propose a mechanism
of CO, reduction with PeNCs. We further show that CO,
photoreduction follows one of two paths, identifiable through
either a formate or carbonate intermediate. The results show
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Figure 3. Steady-state absorption and PL spectra of PeNCs: (a) Rb;Bi,l,, (b) Cs;Bi,l,, and (c) MA,Bi,ly; (d) transient PL decay profiles of PeNCs

as indicated.

(a)
20 T T T T T
s -~ Rb,Bil,

—&- Cs;Bi,l,

Tod O [ = MA,Bi,L, 7

gm - == P25 (TiO,)

S

~

ol0
S 8

n

Meth

0
01 2 3 4 5 6 7 8 9 10
Time /h

0 B,
o

wn [} ~
(=) (=] [=]
1 1

w
(=}
1

Product Yield /umol g

(=1
1

(=}

Rb,Bi,I, Cs,Bi)l, MA,Bi,I, P25 (TiO,)

Figure 4. (a) Product yields of methane production with catalysts at each hour of reaction (detected with GC-FID); (b) comparison of production
of methane and carbon monoxide during photochemical reaction for 10 h (detected with GC-MS).

that the cation (in site A) and the crystal structure are
important factors affecting the catalytic activity.

B RESULTS AND DISCUSSION

Although the top-down method was reported for Pb-based
PeNC,” according to our knowledge this report is the first to
describe Bi-based PeNCs produced with an ultrasonic top-
down method. Moreover, we used these PeNCs as efficient
photocatalysts for CO, reduction. Bulk perovskite crystals were
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formed on simply grinding the precursors (Figure 1) in the
presence of dimethylformamide (DMF) (a few drops); the
bulk perovskites were fragmented with an ultrasonication
method. The obtained PeNCs were protected with oleic acid
(OA) and oleylamine (OLA) ligands present in the original
precursor solution. As the preparation of PeNC involves
irregular breaking of bulk perovskite crystals, the obtained
PeNCs have varied shapes and sizes on a nanometer scale. The
morphology, crystallinity, and size distribution of PeNCs for
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Figure S. Electron paramagnetic resonance (EPR) spectra of (a)
Rb;Bi,1,, (b) Cs;Bi,l,, and (c) MA;Bi,], under illumination for 1 h in
the absence (solid curves) or presence (dashed curves) of CO, and
H,0. The vertical dashed lines show the corresponding g-factor
values.

Rb;Bi,I, Cs3Bi,ls, and MA;Bi, ], were observed with a
transmission electron microscope (TEM), as shown in Figure
2a—c, respectively. The average crystal diameter was 12.6, 6.2,
and 7.6 nm for Rb;Bi,l,, Cs;Bi,I;, and MA;Bi,]; PeNCs,
respectively. TEM images in Figure S1, Supporting Informa-
tion (SI), were used to determine the size distribution.
Powder X-ray diffraction (XRD) patterns for A;Bi,ly (A =
Rb*, Cs*, and MA") PeNCs are shown in Figure 2d—f. XRD
patterns were matched with standard XRD data reported for
bulk structures.””** Cs;Bily and MA;Bi,Iy PeNCs adopt a
hexagonal structure of space group P63/mm;”’ Rb;Bi,l, has a
monoclinic structure of space group P21/n.** The broad
background originated from organic ligands; a slight shift and

peak broadening are attributed to the nanocrystalline nature of
the PeNC.?® The elemental composition was analyzed with X-
ray photoelectron spectra (Figure S2, SI); as shown in Figure
S2a—c, S, these data exhibit Bi 4f signals at 159 and 164 eV, C
1s at 185 eV, N 1s at 400 eV, and I 3d at 630 and 618 eV. For
the Cs;Bi,l; sample, Cs 3d signals at 726 eV and for the
Rb;Bi,]; sample Rb at 112 eV were detected. Carbon, nitrogen,
bismuth, and iodine were common to all samples; capping
organic ligands contribute to these signals of carbon and
nitrogen. As reported elsewhere,’’ for Bi-based PeNCs, the
surface composition of bismuth varies with particle size.

The optical properties of PeNCs in colloidal solutions and in
spin-coated films were analyzed. The absorption spectra of
PeNC solutions show excitonic transitions centered at 504,
498, and 506 nm for Rb;Bi,l,, Cs;Bily, and MA;Bil,,
respectively (Figure 3). The photoluminescence (PL) spectra
of Rb;Bi,I,, Cs;Bily, and MA;Bi,Iy PeNC solutions showed
maximum intensities at 558, 578, and 575 nm, respectively.
According to optical characterizations of PeNC solid films
(Figure S3, SI), their emission spectra show bathochromic
shifts from solution samples, indicating an aggregation of
PeNCs in thin-film samples, but the PL spectra of PeNCs have
two features that indicate the existence of both direct and
indirect band gaps near 298 K.** To understand the charge-
carrier kinetics, we measured transient PL decays; the PeNC
samples were excited at 375 nm. The PL decays were
monitored at the corresponding emission maxima of the PeNC
solutions.

All PL decays were fitted with a triexponential decay
function; the corresponding fitting parameters are listed in
Table S1, SI. The first decay components (7;) are limited to
almost the pulse duration for all three samples, but the
amplitudes show the order MA;Bi,I; > Cs;BiI; > Rb;Bi,l,.
This rapid decay component is attributed to trap-state
relaxation.’® The Rb;Bi,ly sample is hence expected to have
fewer bulk trap states inside the PeNC than the other samples
according to the trend of the amplitude of 7;. The second
decay component (7,) is assigned to recombination of surface
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Figure 6. Diffuse-reflectance infrared spectra of Rb;Bi,l, (blue), Cs;Bi,1, (red), and MA,Bi,l, (black) in the presence of CO, and H,O under
illumination for S h. Chemical species observed in these spectra are assigned as (a) free —=OH, (b) H-bonded —OH, (c and k) formate,*® (d) bridge
carbonate,*” (e) dioxycarbon anion,” (f and i) monodentate carbonate,*”**° (g and j) bidentate carbonate,®'~>* (h) bicarbonate, and (1)

methoxy.*
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Figure 7. Plausible mechanism of photoreduction of CO, via Bi-based PeNC catalysts.

defects.>" 7, showed the trend Rb;Bi,ly ~ Cs;Bi,l, > MA;Bi,l,
with the corresponding amplitudes showing the trend Rb;Bi, ],
> Cs;Bi,ly > MA;Bi,I,. The Rb;Bi,I, sample is hence expected
to undergo slower recombination of surface defects than the
others; the MA;Bi,I; sample might suffer from charge
recombination on the surface. The third component (7;)
might be assigned to the radiative charge recombination on a
scale of tens of nanoseconds, but its contribution (~0.04) was
small for all three samples because of significant contributions
from bulk trap-state relaxation (7;) and surface defect-state
recombination (7,). As a result, the overall average PL lifetimes
(7p) show the trend Rb;Bi)l; > Cs3Biyly > MA;Bi,L,.

Before proceeding toward photocatalytic reduction of
carbon dioxide, we tested the stability of PeNC films in severe
conditions of humidity and illumination. We compared the
XRD patterns of fresh samples (Figure S4, SI) with the
patterns of samples kept for 7 days in ambient conditions, RH
= 70%. The same samples, after 7 days of aging, were
illuminated with a UV lamp (80.4 yW cm™) for 12 h. No
significant change was observed in the XRD patterns, especially

for PeNCs with inorganic cations. We thus conclude that the
PeNCs were stable during the period of photoreduction.
Bi-based materials such as as bismuth oxyhalides have been
extensively used in photocatalytic and electrocatalytic reduc-
tion of CO,.*>~*” The incorporation of defects in the material
to enhance the photocatalytic activity was observed such that
defects increased the adsorption of CO, and trapping of
excited electrons.””’ " The crystal structure of the catalyst is
another factor to be considered to improve its photocatalytic
activity.” According to this criterion Bi-based defect halide
perovskites (A;M,X,) that form zero-dimensional and
monoclinic crystals’> are excellent candidates for photo-
catalytic reduction of CO,. We applied Bi-based PeNCs as
photocatalysts to investigate the reduction of CO, at a gas—
solid interface, whereas a gas—liquid interface faces problems
of limited solubility of CO, and detrimental products produced
via photoreaction of the solvent molecules. For instance, the
most commonly used solvent, ethyl ethanoate, can be
decomposed into CO and CH, via its own photoreaction
with UV light.*' The ultraviolet photoelectron spectral data in
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Figure SS, SI, indicate that the ener§y levels of all three PeNCs
are suitable for CO, reduction.’®™ In our experiments, we
loaded the PeNCs, as prepared, at the bottom of a quartz
reactor. N, gas was passed for 60 min to remove air and to
ensure that the reaction system was under anaerobic
conditions. CO, (99.9%) was bubbled through water to
generate a mixture of CO, and H,O vapor. A lamp (32W UV
B, 305 nm) served as a light source with an intensity of 80.4
UW cm ™ to reduce CO, in a batch reactor (Figure S6, SI).
The gaseous products in the photoreactor were analyzed at 1 h
intervals with a gas chromatograph (GC). With a flame
ionization detector (FID), the detection of carbon monoxide
was impracticable; for this reason, only product yields of
methane were determined as a function of duration of
irradiation from 0 to 10 h; the results appear in Figure 4a.

Figures S7—S9, SI, show the GC-MS results of the three
PeNCs. The retention periods for the formation of methane
and CO are about 3.6 and 4.7 min, respectively. For the mass
spectra, the major signals at m/z 16.1 and 28.1 are assigned to
CH, and CO, respectively. Figure 4b shows the amounts of
methane and carbon monoxide produced via UV irradiation
for a period of 10 h and detected with GC-MS. The greatest
yield of methane, 17.0 + 1.6 umol g~', was observed for
Rb;Bi,l, PeNC, whereas 14.9 + 0.8 and 9.8 + 0.6 umol g™
were observed for Cs;Bi,I; and MA;Bi,I; PeNCs, respectively.
CO was detected in the reaction system via GC-MS; the
formation of CO attained the greatest level for Cs;Bi,Iy PeNC
(77.6 umol g™'); only 18.2 and 7.2 umol g~* were observed for
Rb;Bi,ly and MA;Bi,l,, respectively. It is remarkable to note
that the formation yield of CO using Cs;Bi)ly PeNC has
reached a new record as compared to those using the other
photocatalysts summarized in Table S2, SI.

We carried out GC-MS studies for the following two points.
First, the product yields were compared with those of P25
TiO,, which serves as a standard for the photoreduction of
CO, to form methane.” All Bi-based PeNCs acted as superior
photocatalysts, producing methane 10—20 times as great as
that of P2S. Second, we undertook three control experiments
to confirm that CH, and CO were produced from CO,
photoreduction: (i) reaction in the presence of catalyst, CO,,
and water in dark conditions; (ii) reaction with catalyst and
water under irradiation but in the absence of CO,; (iii)
reaction with CO, and water under irradiation but in the
absence of catalyst. No photoproducts were detected in these
three control experiments. For example, Figure S10a—c, SI,
show the GC-MS results under condition (ii) for catalysts
Rb;Bi,l,, Cs;Bi,lg, and MA;Bi,l,, respectively. In the absence
of CO,, no photoproduct was observed, indicating that no
photodegradation of the organic ligands surrounding the
PeNC catalysts occurred during the period of illumination.
Control experiments were also undertaken for CO, reduction
at a gas—liquid interface using ethyl ethanoate as sol-
vent.'””**® Our results indicated that large amounts of
methane and carbon monoxide for the system were produced
in the absence of CO, and photocatalyst PeNC under
illumination at 305 nm for 10 h. Figure S11, SI, shows the
GC-MS results for these control experiments, which show
clearly that ethyl ethanoate solvent can undergo photo-
degradation to form methane and carbon monoxide. Ethyl
ethanoate is hence unsuitable for use in the gas—liquid
reaction, whereas the gas—solid reaction is appropriate to study
photocatalytic reduction of CO,.

EPR spectra were recorded for samples in toluene solution
at 77 K for each catalyst under illumination in the presence or
absence of CO, and H,0 vapors to examine charge trapping
and interfacial charge transfer. Figure 5 shows the EPR data in
vacuum (solid curves) and in the presence of CO, and H,0
(dashed curves). As suitable EPR references were unavailable
for lead-free perovskites, we compared the derivative signals of
Bi perovskite EPR spectra with those of lead halide and organic
lead halide perovskites.*> According to the EPR spectra of a
lead halide, electrons and holes are trapped by lead cations; the
Pb*" cation can stabilize holes to become EPR-active. Electrons
are trapped in an EPR-inactive species. In an organic lead
halide perovskite, electrons are trapped by the Pb*" species to
become EPR-inactive, whereas the EPR-active holes are
trapped by the Pb* species and the organic cations.*”
Accordingly, the EPR results shown in Figure 5 indicate the
amounts of EPR-active holes under illumination with the trend
Cs;Bi,I; > Rb;Bi,]; > MA;Bi,]; in the absence of CO, and
H,0. When CO, and H,O vapor was added to the system, the
reduction of CO, in the presence of H,O proceeded to quench
the EPR-active holes with the same trend of photoactivity as
that of EPR activity shown in Figure 5. As a control
experiment, Figure S12, SI, shows the enhanced EPR activity
when the three PeNC catalysts were exposed to light compared
to their dark conditions. Our results indicate that Cs;Bil,
exhibits a superior ability to generate electron and hole pairs
relative to the other PeNCs. In general, Bi-based perovskites
are expected to accept defect-tolerant electronic structures in
which the conduction and valence bands are formed with
antibonding orbitals.”* Similar to the effect of lead perovskites,
we expect that Bi-based perovskites can stabilize excited
electrons with Bi** and holes with Bi*" as in the cases of AgX
and PbX, crystals (X represents a halide).*

EPR spectra were recorded also in the absence of ligands to
clarify that the EPR signals are generated from the active holes
upon irradiation. Figure S13a—d, SI, show no EPR signal from
bulk perovskites and Bil; other than MA;Bi,l, (Figure S13c),
indicating that quenching is more rapid in the absence of
ligands for bulk Rb;Bi,1,, Cs;Bi,L, and Bil;.*" In contrast, bulk
MA;Bi, 1, displays intense EPR signals attributed to *CH,NH;"
radicals that represent trapping of holes by this organic
cation.” In Figure 5, a g-factor of 2.002 indicates that the holes
can be stabilized by Bi*'; the presence of hyperfine splitting in
the EPR signals was due to the unpaired electrons located on
oxygen ions of the oleic acid."> According to our observation of
Rb;Bi Iy and Cs;Bi,l,, holes are efficiently stabilized by Bi*"
and oxygen ions, but, for MA;Bi,1,, holes are stabilized by Bi*,
*CH,NH;" radical cations, and oxygen anions. The transfer of
the holes into water (the oxidation channel) is hence
inefficient for MA-based PeNC, which results in decreased
quenching of the EPR signal shown in Figure Sc. This effect
has made MA;Bi,], a poorer photocatalyst than the other two
PeNC catalysts, consistent with the results shown in Figure 4.
In addition, Cs;Bi 1y PeNC exhibits the greatest photocatalytic
activity because of its superior charge generation and efficient
charge transfer in the presence of CO, and H,O. The crystal
structure of Cs;Bi,]y can also support its high catalytic activity.
Rb;Bi,I, adopts a crystal structure of distorted-defect variant
perovskite type (A;M,X,), for which every third M layer of the
perovskite in facet [001] is depleted.*” As bismuth constitutes
the active site of the catalyst, the depletion of bismuth in
Rb;Bi,]y thus decreases the photocatalytic activity relative to
Cs;Bi, L.
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We recorded diftuse-reflectance infrared spectra to under-
stand the reaction mechanism for CO, reduction using PeNC
in this series as photocatalysts. These spectra were recorded
under diffuse-reflection conditions; the surface-adsorbed
chemical species were analyzed through examination of the
infrared signals following illumination. The illumination time
was varied to study intermediate steps in the catalytic process,
with results shown in Figure S14, SL Figure 6 shows spectra
after illumination for 300 min for the three catalysts with
various steady-state intermediate species labeled as indicated in
the caption.

Bands (a) and (b) in the spectra show free OH and H-
bonded OH vibrations, respectively, but only Rb;Bi,I, displays
the free OH vibrational feature because of its layer-defect
crystal structure. Upon photoreduction of CO,, the surfaces of
these PeNC catalysts became covered with the hydroxyl group,
thus exhibiting a hydrophilic property. The intermediate
species shown in Figure 6 provide crucial evidence for the
photocatalytic reaction. First, the pronounced formation of
lines (e) and (c) in Rb;Bi,], indicates that dioxycarbon anion
and formate might be the most significant intermediates for
CO, reduction and that the mechanism occurs via the
monodentate channel shown in Figure 7a. In contrast, for
Cs;Bi,l,, spectral lines (d), (f), and (j) corresponded to the
formation of bridge carbonate, monodentate carbonate, and
bidentate carbonate, respectively. The CO, reduction with a
Cs;Bi,Io PeNC catalyst might hence follow a bidentate channel
shown in Figure 7b. Second, in both monodentate and
bidentate channels, formate is the key intermediate for the
photoreduction of CO, to form both CO and methane. The
formation of methane is an eight-electron process from CO,;
the reaction mechanism to form methane from formate is
shown in Figure 7c. As a result, the infrared intensity of
formate shows the trend Rb;Bil; > Cs;Bi ], > MA;Bi],,
which is consistent with the trend of the methane product
yields shown in Figure 4. Third, the side reactions for the
formation of formic acid (a two-electron process), form-
aldehyde (a four-electron process), and methanol (a six-
electron process) are shown in Figure 7d. As we observed no
side product in our GC-MS system, these side reactions were
dark; the formation of only CO and methane was observed, as
discussed above.

Our Bi-based PeNCs were composed of corner-sharing Bilg
octahedra; these octahedra are situated at the surface of PeNC
to facilitate the attachment of ligands OA and OLA.*”*' Bil,
acts as a Lewis acid and forms a donor—acceptor complex with
CO,, which results in chemisorption of CO, from the oxygen
side. CO is the primary product, which requires only two
electrons to form via either a monodentate or a bidentate
channel shown in Figure 7. We emphasize that Cs;Bi,lg
exhibited the best photocatalytic activity (Figure 6), which is
consistent with the greatest product yield of CO formation
(Figure 4b) for this catalyst. As the major path for formation of
CO and methane is via the bidentate channel for Cs;Bi,,, the
large amount of CO might be produced via the monodentate
channel through the dioxycarbon radical bypass channel shown
in Figure 7a. This inference is based on the appearance of the
dioxycarbon anion intensity, which is smaller for Cs;Bi,I, than
for Rb;Bi,],. Both monodentate and bidentate channels
contribute to the formation of CO for Cs;Bi,l,, as rationalized
for its large yield of CO mentioned above.

B CONCLUSION

We demonstrated a novel top-down synthetic method via
ultrasonication to make three bismuth-based PeNC materials
and have shown their potential application in the photo-
reduction of carbon dioxide at the gas—solid interface to
generate carbon monoxide and methane as products. We
analyzed the photoproducts and conducted control experi-
ments with a gas chromatograph and a mass spectrometer. The
yields of product CO exhibit the trend Cs;Bi,I > Rb;Bi)l, >
MA;Bi,I; > TiO,, whereas those of methane show the trend
Rb;BjI; > Cs;Bi,I; > MA;Bi)I; > TiO,. EPR and diffuse-
reflectance infrared spectra were recorded to explain the varied
photocatalytic activity of these three PeNC photocatalysts. A
superior charge transfer in Cs;Bi,]o and restricted charge
transport in MA;Bi,I; were deduced from the EPR results.
From a careful analysis of the infrared spectra we propose a
complete reaction mechanism for the reduction of CO, using
Bi-based PeNC catalysts to rationalize the observed trends of
the yields of both CO and methane. These Bi-based PeNCs
have large band gaps in the visible region with great binding
energies so that they may have the potential to serve in other
optoelectronic applications.
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