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Gas-Solid Phase Reaction Derived Silver Bismuth lodide
Rudorffite: Structural Insight and Exploring Photocatalytic

Potential of CO, Reduction

Jia-Mao Chang, Ting-Han Lin, Kai-Chi Hsiao, Kuo-Ping Chiang, Yin-Hsuan Chang,

and Ming-Chung Wu*

Photocatalytic reduction of CO, is a promising strategy to mitigate the effects
of global warming by converting CO, into valuable energy-dense products.
Silver bismuth iodide (SBI) is an attractive material owing to its tunable
bandgap and favorable band-edge positions for efficient CO, photoreduction.
In this study, SBI materials, including AgBi,|,, AgBil,, Ag,Bil, and Ag;Bil, are
first synthesized, through gas-solid reaction by controlling the stoichiometric
ratio of reactants. The X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) results revealed that the
distance between Ag-l is proportional to the degree of Ag ions delocalization,
which occupies the vacant sites. That greatly retards the charge recombination
at vacant sites. In addition, the surface potential via photo-assisted Kelvin
probe force measurements of various SBI catalysts shows that Ag;Bil,
exhibits the highest surface potential change due to the rich delocalized Ag
ions. This results in effective charge carrier transport and prevention of charge
recombination at vacant sites. Taking the above advantages, the averaged CO
and CH, production rates for Ag;Bil, achieved 0.23 and 0.10 umol g~ h~1,
respectively. The findings suggest that Ag;Bil, has a high potential as a novel
photocatalyst for CO, reduction and sheds light on the possibility of solving
environmental contamination and sustainable energy crises.

1. Introduction

promising answer to reach the counterbal-
ance between the emission of greenhouse
gas and the acquirement of energy.l' 3] A va-
riety of photocatalysts, such as nitrides, sul-
fides, phosphides, and metal oxides, have
been developed to facilitate this process.!*°]
However, a major challenge for efficient
CO, conversion is wide band gaps and a
short lifetime of photoinduced charges in
these materials. This not only limits their
visible-light absorption but also inhibits the
generation of electron-hole pairs for cat-
alytic reactions.[®l To overcome these lim-
itations, strategies have been developed,
such as finding new materials, enhancing
visible-light absorption, and improving the
charge separation properties of photocata-
lysts. These efforts include the construc-
tion of a 2D nanostructure, inducing sur-
face plasmonic effect at a photocatalyst, pat-
terning heterostructures, and doping tran-
sition metals in a photocatalyst.”3] The
goal of these strategies is to develop an ef-
ficient, visible-light-driven photocatalyst for
achieving sustainable CO, conversion and
reducing greenhouse gas emissions.**!

Among photocatalysts, perovskite and its derivatives, such as

In the last decades, researchers have been searching for a so-
lution to resolve the scenario of global warming and energy
shortage. Converting CO,, a notorious greenhouse gas, into a
carbon-based fuel through photocatalytic reduction becomes a

rudorffite and double perovskite materials that exhibit relatively
low energy bandgap, have raised a surge of application into pho-
tocatalytic applications.['>!®] Hou et al. first demonstrated the
application of colloidal quantum dots cesium lead tribromide
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perovskites (CsPbBr;-QD), which have tunable optoelectronic
properties within the visible spectral region, as photocatalysts
for the reduction of CO,. Different from organometal halide per-
ovskite materials, the CsPbBr;-QD exhibits astonishing chemical
stability in ethyl acetate and water co-solvents and shows a stable
photocatalytic CO, reduction for 12 h.['”] However, the soluble
lead-based materials raise a concern about the leakage of lead
when applying it to a photocatalytic reaction. Bismuth, holding
a stable oxidation state, has emerged as a promising candidate
for replacing lead. Ramachandran et al. demonstrated the syn-
thesis of lead-free Cs, AgBiBr, double perovskite nanocrystals via
a hot injection method. The Cs,AgBiBr, nanocrystals achieved
photoreduction of CO, to sustainable solar fuel (CO and CH,),
achieving a production rate of 14.1 and 9.6 umol g~' respectively,
under AM 1.5 G illumination for 6 h.["®! Top-down synthesis is
the other approach to synthesizing Bi-based perovskite nanocrys-
tals, namely Cs;Bi,ly, Rb;Bi,l, and MA;Bi,I,. All of them ex-
hibit photocatalytic activity at the gas-solid interface for the reduc-
tion of CO, to CO and CH,. Surprisingly, all Bi-based perovskite
derivatives exhibit superior activity to the commercial TiO,-P25
under the same experimental conditions.[**]

Despite the effective CO, conversion capabilities of double per-
ovskite materials, narrowing the energy bandgap of photocata-
lysts with appropriate energy levels is always the goal for devel-
oping much more effective photocatalysts. The performance of
Bi-based double perovskite photocatalysts is limited by their large
bandgap of ~2.0 eV.2%2!l Inheriting from the double perovskite
materials, silver bismuth iodide rudorffite materials (SBI) have
strong light absorption ability and low toxicity. Their relatively
low energy bandgap, being lower than 1.8 eV, allows them to
harvest and cover a broader wavelength of incident light.[22-26]
SBI materials are constructed with two main components, silver
iodide (Agl) and bismuth iodide (Bil;) octahedrons. By adjust-
ing the stoichiometric ratio of Agl and Bil;, a series of SBI ma-
terials can be synthesized, including AgBi,I,, AgBil,, Ag,Bil;,
and Ag,Bil;. Sharing similar chemical properties of double per-
ovskite photocatalysts, SBI rudorffites also hold good stability in
the air compared to conventional organometal halide perovskite
materials.[?73!] Ramachandran et al. first reported the photocat-
alytic activity study of Ag,Bil; under visible light for methylene
blue photodegradation. The Ag,Bil thin film was prepared by
thermal evaporation and its photodegradation rate reached 96%
after 120 min of illumination.®?] Also, the thermal evaporation
of SBI is also applied to prepare a freestanding film. The free-
standing SBI/cellulose nanofiber composite film demonstrated
good hydrophilicity and produced a stable CO, reduction rate
within 72 h.33] However, the lack of volume-confined reaction
conditions made it hard to control the stoichiometry and crystal
structure of SBI photocatalysts.3*3]

Herein, we demonstrate a gas-solid synthesis reaction in a con-
fined reactor. The targeted crystal structures, including AgBi,I,,
AgBil,, Ag,Bil;, and Ag,Bil, can be regulated by controlling the
reactant ratio of Ag/Bi. The confinement of reactants in a closed
reactor makes the desired products easy to achieve through the
solid-gas reaction. Among the series of SBI catalysts, Ag,;Bil
with the silver-rich composition, exhibits low electron binding
energy and a high density of uncoordinated silver. Notably, as the
Ag/Bi ratio increases, more delocalized Ag ions occupy the va-
cant sites, facilitating the charge carrier migration in octahedron-
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stacked layer structure and preventing the recombination at va-
cant sites. The CO, reduction rate, Ag;Bil; > Ag,Bil; > AgBil,
> AgBi,I,, shows a significant correlation to the ratio of silver
in SBI catalysts. The same tendency of photocatalytic activity
and scenario of oxidation state, as well as coordination environ-
ments surrounding SBI materials, points out that the metallic
Ag in Ag,Bil, is the active site for CO, photoreduction. Among
these materials, Ag,Bil, produced the highest photocatalytic ac-
tivity, achieving average CO and CH, production rates of 0.23 and
0.10 umol g~ h~!. The results demonstrated that SBI holds sub-
stantial potential as an innovative photocatalytic material, offer-
ing a promising approach to address challenges related to envi-
ronmental pollution and sustainable energy production.

2. Results and Discussion

SBI catalysts are synthesized using a gas-solid phase reaction
technique, where the composition of the resulting product com-
position can be manipulated by the stoichiometry of reactants:
solid-phase Agl and gaseous Bil;. Figure 1a depicts the proce-
dure of the solid-gas reaction for SBI catalysts. The raw materials
Agl and Bil; crystals were mixed and ground finely and further
enclosed into an ampoule. Considering the specific melting and
evaporating temperature of Agl and Bil;, the reaction tempera-
ture of 550 °C was adopted for affordable tolerance, alleviating the
slight variation in temperature during the heating process. The
various SBI catalysts with distinct crystalline including hexago-
nal (Figure 1b) and cubic structures (Figure 1c) present black
color consistently. To further elucidate the stoichiometry influ-
ence of the reactants, the crystal structures of SBI catalysts were
investigated by an X-ray diffractometer (XRD). In Figure 1d, the
diffraction peaks at 22.3°, 23.7°, 39.2°, and 46.3° can be ascribed
to (100), (002), (110), and (112) planes of hexagonal Agl (PDF #
090374). In addition, the diffraction peaks at 12.8°, 26.9°, 35.3°,
42.1°, and 46.1° are assigned to the (003), (113), (116), (300),
and (113) planes of rhombohedral Bil; (PDF # 740457). A se-
ries of SBI catalysts are distinctly classified according to previ-
ous literature.!®] A stable structure of SBI crystal is constructed
by two edge-sharing units of Agl, and Bil; octahedrons. The van
der Waals force plays a crucial role in bonding each layer along
the c-axis direction.[3¢) Consequently, the stoichiometric ratio be-
tween Agl and Bil; impacts the constructed crystal structures,
from cubic Fd 3 m to hexagonal R 3 m.[?) In the case of Ag/Bi
ratio> 1, such as AgBil,, Ag,Bil;, and Ag,Bil, the SBI stacks in
ahexagonal R 3 m crystal structure. Also, the presence of the sec-
ondary phase of Agl can be simultaneously observed except for
the equal stoichiometric composition of AgBil,, which exhibits a
single phase. For Ag/Bi ratio < 1, AgBi, I, the crystal structure of
SBI turns to a cubic structure (Fd 3 m) with another pronounced
secondary phase of Bil;. Notably, in AgBil,, Ag,Bil, and Ag,Bil,
two diffraction peaks are observed within the 20 range from 41.0°
to 43.0°. These peaks correspond to the planes (110) and (108) of
hexagonal structure SBI with the space group of R 3 m as shown
in Figure le. Owing to the relatively low activation energy of Ag
migration (0.44 eV), the Ag ions are partially delocalized in the
lattice and further occupy the vacant tetrahedral sites between
Agl, and Bil, octahedrons with increasing Ag/Bi ratio. The Ag
ions from the over-stoichiometric reactant of Agl replace Bi ions
and occupy the Bi central site of the edge-share octahedron which
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Figure 1. a) lllustration of preparation for SBI catalysts and schematics of b) hexagonal with space group R 3 m and c) cubic structure with space group

Fd 3 m of SBI catalysts, and crystal structure analysis of SBI catalysts: d) full XRD diffraction patterns for 26 from 10.0° to 70.0°,

diffraction patterns for 20 from 41.0° to 43.0°.

is illustrated in Figure 1b. On the other hand, the crystal struc-
ture goes through a crystal structure evolution. The two peaks at
41.0° and 43.0° merge to one peak at 41.8°, which refers to the
plane (440) of the SBI cubic structure with the space group of
Fd 3 m, and a shoulder peak. In this case, the Ag central sites
of the edge-share octahedron are occupied by Bi ions. That re-
sults in fully eliminating vacancies at tetrahedral sites of octahe-
drons (Figure 1d). Briefly, the SBI catalysts with a Ag/Bi ratio >
1 exhibit a hexagonal lattice structure, whereas the bismuth-rich
component with a Ag/Bi ratio < 1, forms a cubic lattice structure.
Both structures are composed of cubic close-packed I-ion sublat-
tices: Agl and Bil;, and the change of Ag/Bi composition results
in different crystal structures.

Adv. Sci. 2024, 2309526

e) expanded XRD

The morphology of SBI catalysts is another factor that in-
fluences their photocatalytic activity. To investigate the micro-
morphology of SBI catalysts, electron microscopes are used to
observe their morphology. Figure 2(a-1) demonstrates the micro-
morphology of SBI catalysts with various chemical composi-
tions. The bismuth-rich compositions of AgBi,I, are shown in
Figure 2(a-1). The morphology of such a SBI exhibits a larger
area of flake crystals. Figure 2(a-2) shows that the flakes stack
together. The high-resolution transmission electron microscope
(HRTEM) image in Figure 2(a-3) shows the preferred orientation
of the crystal plane (400) with a lattice spacing of 3.06 A. The
corresponding selected area diffraction pattern in Figure 2(a-4)
demonstrates that the crystals of AgBi,I, are constructed in a
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Figure 2. Morphology observation from electron microscopy: (a-1) Field emission scaning electron microscope images, (a-2) TEM images, (a-3) the
corresponding HRTEM images, and (a-4) the corresponding fast Fourier transformed patterns: a) AgBi, l;, b) AgBil4, c) Ag,Bils, and d) Ag;Bilg.
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Figure 3. Chemical composition analysis of SBI catalysts from XPS spectra: a) Survey XPS spectra, b) Ag 3d orbital, c) Bi 4f orbital, and d) | 3d orbital.

highly ordered way instead of a ring pattern for polycrystalline
materials. Additionally, The SBI catalysts with an Ag/Bi ratio>1,
including AgBil,, Ag,Bil;, and Ag;Bil,, exhibit a random shape
as shown in Figure 2(b-1),(c-1),(d-1). The TEM image shows an
intergrown crystallization. The SBI catalysts with am Ag/Bi ra-
tio>1 grow in a flake-like shape and merge together as shown
in Figure 2(b-2),(c-2),(d-2). The high-resolution TEM images in
Figure 2(b-3),(c-3),(d-3) show the preferred orientation of the
crystal plane (104) with a lattice spacing of 3.05 A, being con-
sistence with the as-mentioned XRD pattern. The corresponding
fast Fourier transformed pattern in Figure 2(b-4),(c-4),(d-4) also
demonstrate that the crystals of AgBil,, Ag,Bils, and Ag;Bil, are
constructed in a highly ordered way instead of anisotropic crys-
tallization.

The chemical composition and valence states of SBI catalysts
with various compositions are analyzed using X-ray photoelec-
tron spectroscopy (XPS). Figure 3a demonstrates the survey spec-
tra of SBI catalysts, which reveal the characteristic peaks of Ag
3d, Bi 4f, and I 3d. All of them confirm the presence of these
three elements in these SBI catalysts. The binding energy evolu-
tion in each element provides information about its neighboring
chemical environment. In terms of the photocatalytic activity of
SBI catalysts, we speculate that the oxidation states of silver, es-
pecially for metallic silver (Ag®) and monovalent (Ag*), correlate
with their photocatalytic activity, and help us determine the con-
dition of delocalized silver ions. Figure 3b shows Ag 3d orbitals of
AgBi,I,, AgBil,, Ag,Bil;, and Ag;Bil. The binding energies of
Ag3d;,, and Ag 3d; , of AgBil, are observed at 374.0 and 368.0eV.

Adv. Sci. 2024, 2309526

It indicates that the Ag* state exists in AgBil,. The calculated
compositions of various SBI catalysts are illustrated in Figure S1a
(Supporting Information). In the Ag 3d; , and Ag 3d;, orbitals of
AgBil,, the observed peaks can be deconvoluted to Ag’ at 373.4
and 367.5 eV, and divalent Ag ions at 374.4 and 368.4 eV, respec-
tively. Table S1 (Supporting Information) summarizes the atomic
ratios of different Ag oxidation states in various SBI catalysts.
When the Ag/Bi ratio is higher than 1 (Ag,Bil; and Ag;Bil), the
ratio of Ag* and Ag® increases. The Ag’ is thought to come from
the high electron density surrounding Ag* ions owing to the low
density of electron-attracting species, bismuth ions, in SBI cata-
lysts. Note that Ag® only exists when the stoichiometric ratio of
Ag/Bi > 1. It is reported that Ag* ions tend to delocalize within
crystal lattice and a portion of them prefers to occupy the vacant
tetrahedral sites between Agl, and Bil octahedrons. It leads to
the formation of Ag®. The other portions of Ag ions bond with
iodide ions in the vacant site and/or the replacement of Bi ion in
Bil, octahedrons units, presenting in the form of Ag*.

However, when the ratio of Ag/Bi is below 1 (AgBi,I,), the
peaks shift to higher binding energy. It can be attributed to the
high electronegativity of the bismuth ions compared to that of the
silver ions. Additionally, the abundant bismuth, under this stoi-
chiometric ratio, can lead to a crystal structure transformation,
altering the coordination of the silver ions. Owing to the coordi-
nation difference, it eventually influences the oxidation state of
silver ions. Figure 3c illustrates the Bi 4f orbital spectra for the
various SBI catalysts. The binding energies of Bi 4f; , and Bi 4f, ,
for AgBil, are observed at 164.6 and 159.3 eV, respectively, being
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consistent with the valence of Bi** in SBI. The calculated compo-
sitions of different SBIs are illustrated in Figure S1b and Table
S2 (Supporting Information), respectively. For Ag/Bi ratio < 1,
AgBi,I,, the binding energy of Bi 4f orbital shows a downshift
to low binding energy. It is attributed to the high electronegative
of Bi ions compared to Ag ions, which attract local electrons of I
ions, and further trigger its crystal structure evolution to cubic.
Figure 3d illustrates the I 3d orbital spectra for various SBI cata-
lysts. These two peaks can be split into Ag-I and Bi-I in SBI cat-
alysts according to different binding energies. The relevant split
ratio of I 3d between Ag-I and Bi-I is shown in Figure S1c (Sup-
porting Information) and summarized in Table S3 (Supporting
Information). When the Ag/Bi ratio > 1, the composition ratio of
Ag-I increases from 45.1% to 64.2%, while the composition ra-
tio of Bi-I decreases from 54.9% to 35.8%. When the Ag/Bi ratio
< 1, the composition ratio of Ag-I decreases to 40.2%, while the
composition ratio of Bi-I increases to 59.8%. This scenario comes
from the different electronegativity between silver and bismuth
ions. Owing to the high electronegativity of bismuth compared
to silver, the localized electrons on the orbital of iodide ions be-
come closer to bismuth ions in bismuth-rich composition. That
loosens the bonding between silver and iodide and reduces the
electron density around the silver ions.

To gain insight into the microscopic information about each
element in SBI catalysts, X-ray absorption spectroscopy (XAS)
is utilized to investigate their electronic structures, valence state
variations, and atomic environments with various chemical com-
positions. Figure 4a demonstrates the X-ray absorption near edge
spectroscopy (XANES) of Ag K-edge for AgBi,I,, AgBil,, Ag,Bil;,
and Ag,Bil,. The detailed XAS spectra for Agl are presented in
Figure S2a—d (Supporting Information). To evaluate the oxidation
state of Ag in SBI catalysts, the absorption near edge spectra at a
normalized absorbance of 0.5 are analyzed, shown in Figure 4b.
AgBil, (Ag/Bi ratio equal to 1) was recognized as a critical com-
position for crystal phase transition from cubic to hexagonal and
is being discussed as a standard reference. With an Ag/Bi ratio
> 1, delocalized Ag ions started to occupy the vacant tetrahedral
sites and replace the Bi central site in the Bil, octahedral unit.
The delocalized Agions located at vacancy sites enrich the density
of valence electrons and contribute to the significant downshifts
of the absorption curve, implying the ratio increment causes Ag
ions to change into Ag®. On the contrary, when the Ag/Bi ratio is
less than 1, Bi ions occupy the central positions of shared edge
octahedral, resulting in an upshift of the absorption edge. It is in-
dicative of an increase in the Ag oxidation state. That is, the silver
ions prefer to exist in divalent form (Ag’*), and consistent with
the XPS analysis results. Furthermore, the edge region of XANES
presents significant differences for SBI catalysts (Figure 4c). It
indicates the change of continuum state and the multiple scatter-
ing resonances of low kinetic energy photoelectrons, speculating
the distinct fine structure of Ag atoms in various SBI catalysts.
Figure S3a,b (Supporting Information) represents the k space
and the fitting curves of various SBI catalysts. The k*-weighted
extended X-ray absorption fine structure (EXAFS) curves under-
went the Fourier-transformed (FT) into R space, as illustrated in
Figure 4d. The corresponding quantitative least-squares EXAFS
curve, fitted based on the AgBil, structure (as seen in the inset of
Figure 4a), is presented in Figure 4e, offering in-depth coordina-
tion information. In an AgBil, catalyst, where the Ag/Bi ratio is
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1, indicative of a typical AgBil, structure, the dominant peak in
R space reflects two paths associated with the Ag atom due to the
octahedral Ag-I configuration. This suggests Ag ions are tetra-
coordinated with I ions along the a, b-axes (labeled as Ag-1) with
a distance of ~2.89 A. Concurrently, Ag ions are in two-fold co-
ordination with I ion along with the c-axis (labeled as Ag-I"), and
the corresponding distance is ~3.09 A. The detailed bond dis-
tances for Ag atoms in various SBI catalysts are outlined in Table
S4 (Supporting Information). When the Ag/Bi ratio is lower than
1.0, AgBi, I, crystallizes in a cubic crystal structure. Ag ions are
hexacoordinated with I ions, and the Ag—I bond lengths across all
orientations demonstrate a negligible variation, with a distance
of 2.91 A. In addition, when the Ag/Bi ratio is larger than 1 as
in Ag,Bil; and Ag;Bil,, the distances between Ag-1 and Ag-1" are
slightly shortened. For the Ag,Bil. catalyst, the distances of Ag-
I and Ag-I* decreased as the Ag/Bi ratio increased, which is at-
tributed to the Bi atoms being replaced by Ag atoms in the central
sites of Bil; octahedral. As Bi ions are replaced by Ag ions, the
relatively low oxidation state of Ag ions regulates the attraction
force of negative I ions toward the bonded Bi ions. Subsequently,
the I ion with a consistent attraction might regulate the attraction
again toward the intrinsically bonded Ag, shortening the distance
between the Ag and the I. The distances of Ag,Bil; for Ag-I and
Ag-T" are reduced to 3.01 and 2.83 A, respectively. Identically, with
the Ag/Bi ratio increasing further up to Ag,Bil, the delocalized
Ag ions occupied the vacant sites and dominated the scattering
information in the fine structure. The distances of the Ag-1* path
in both the Agl, octahedron and the vacant site are narrowed. To
maintain lattice structure, the reduced Ag-I* path results in the
increasing distance of Ag-I paths for the delocalized Ag ions in
the vacant sites. At the same time, by the substantiated results
by Wavelet transform (Figure 4fi), we found that the Ag/Bi ratio
increased from 2.0 (Ag,Bil;) to 3.0 (Ag,Bily), with the Ag-I" do-
main intensely extended. Incorporating these observations, such
as the increased average distance of Ag-I paths and the expansion
of the Ag-I" domain, it is inferred that the rise in delocalized Ag
contributes to the transformation of the SBI crystal and shows a
preference for occupying vacant sites.

The electron oxidation state and coordination environment of
the Ag in SBI catalysts shows pronounced differences between
under and over stoichiometry composition. To realize the syn-
ergy effects on Biin SBI catalysts, Bi L3-edge XANES of AgBi,I,,
AgBil,, Ag,Bils, and Ag,Bil, are also conducted and shown in
Figures S4 and S5 (Supporting Information). The XAS spectra of
pristine Bil, are shown in Figure S6 (Supporting Information)
as a reference for the Bi-I distance. Undoubtedly, the distance
between Bi-I shows a reversed tendency compared to the Ag-I
bonding condition. When the Ag/Bi ratio exceeds 1, an absorp-
tion edge upshift is observed, with the main peak in R space com-
prising two paths. Like the Agl, octahedron, these peaks corre-
spond to 4-coordinate Bi and I ions along the a, b-axes (labeled
as Bi-I) at a distance of ~2.97 A and 2-coordinate along the c-
axis (labeled as Bi-I") at a distance of ~2.94 A. The changes in
bond lengths among various Ag/Bi ratios are minimal, suggest-
ing that the coordination environment surrounding Bi atoms re-
mains stable during the Ag substitution, even though changes in
the electron structure of Bi ions are observed from XANES.

The band gap of SBI catalysts determines their light-harvesting
ability. By ultraviolet-visible diffuse reflectance spectroscopy
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Figure 4. Band edge analysis of various SBI catalysts with XANES: a) Ag K-edge XANES spectra, b) magnified spectra at normalized absorbance ranged
from 0.48 to 0.52, c) magnified spectra at the rising edge d) Fourier transformation of EXAFS spectra in R (reciprocal) space, e) EXAFS fitting curves in
R space. Wavelet transform images for f) AgBi,|;, g) AgBily, h) Ag,Bils, and i) Ag;Bil.

(UV-vis DRS), we found all SBI catalysts show strong absorp-
tion in the visible region. The absorption increases as the Ag/Bi
ratio rises (Figure 5a), which is ascribed to the significant pres-
ence of delocalized Ag in SBI catalysts. The excess silver in silver-
rich composition tends to promote their optical properties. At the
same time, the Kubelka—-Munk equation is applied to calculate
the relationship between the photon energy (hv) and (F(R)hv)?
and to estimate the bandgap energy E, of various SBI cata-
lysts. The calculated band gaps of AgBi,I,, AgBil,, Ag,Bil;, and
Ag,Bil; are 1.74,1.72, 1.70, and 1.69 eV, respectively (Figure 5b).
It is worth noting that the information about band edge positions
is crucial to peer and frame a photocatalytic mechanism for a
composite photocatalyst. The positions of the conduction band
(CB) and valence band (VB) are determined from ultraviolet pho-

Adv. Sci. 2024, 2309526

Table 1. Detailed energy level of SBI band gap, valence band, and conduc-
tion band.

Sample Band gap [eV] Eyg [eV] Ecg [eV]
AgBi,l, 1.74 —5.41 —3.67
AgBil, 1.72 -5.38 -3.66
Ag, Bils 1.70 -5.29 -3.59
Ag; Bilg 1.69 -5.18 —3.49

toelectron spectroscopy (UPS) and summarized in Table 1 and
Figures S7 and S8 (Supporting Information). The corresponding
energy-level diagrams are also plotted in Figure 5c. All SBI cata-
lysts exhibit more negative conduction bands than the reduction
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Figure 5. Characterization of energy bandgap and energy level of various SBI catalysts: a) UV-vis DRS spectra, b) corresponding Tauc plot, and c) energy

diagram of the VB and CB of various SBI catalysts.

potential of CO,, which can provide a driving force for CO, pho-
toreduction. In addition, the conduction band edge of various SBI
catalysts shifted negatively when the concentration of silver in-
creased. It is worth noting that the oxidation states of Ag cations,
Bi cations, and I anions contribute differently to forming orbital
energy for either the valence band or the conduction band when
constructing SBI catalysts. To elucidate the band structure and
the elemental orbital contributions to the valence and conduction
bands, we further implemented computational simulations uti-
lizing density functional theory (DFT). As illustrated in Figures
S9-S11 (Supporting Information), the computed band gaps for
SBI catalysts were 1.570 eV for AgBil,, 1.548 eV for Ag,Bil;, and
1.336 eV for Ag;Bil,. These decreased values exhibit a consis-
tent trend with the experimental observations. Notably, the va-
lence band contributions were predominantly from the d orbitals
of Ag and the s orbitals of I, while the p orbitals of Bi primar-
ily contributed to the conduction band. This observation aligns
with the findings reported in the literature, which indicates that
the valence band of SBI catalysts is primarily composed of the 4d
orbital of silver and the 5p orbital of iodine. The 6p orbital of bis-
muth dominates the edge of the conduction band.[®! Increasing
the Ag composition leads to a higher concentration of delocal-
ized Ag ions, thereby enriching the electron density in the d or-
bital and further contributing to a noticeable shift in the valence

Adv. Sci. 2024, 2309526

band. Thus, it is proposed that adjusting the ratio of silver to bis-
muth offers a means to modulate both the energy level and the
bandgap of SBI catalysts.

Although the redox potentials of these SBI catalysts are suit-
able for photocatalytic CO, reduction from a thermodynamic
point of view, the kinetic is also an important factor in evaluat-
ing a photocatalyst from a practical point of view. To evaluate the
photocatalytic activity of various SBI catalysts, we conducted CO,
reduction under a simulated solar light source (AM 1.5). In short,
SBI catalysts were confined into a quartz reactor under anaerobic
conditions. The reactant of CO, gas was introduced into the re-
actor. The products were analyzed by gas chromatography (GC).
Due to the suitable energy levels of the SBI catalysts, all can fa-
cilitate the reduction of CO, to CO or even further to CH, with-
out the need for sacrificial reagents. The results are summarized
in Figures 6a and S12 (Supporting Information). Ag;Bil, stands
out from the series with the highest photocatalytic activity. Its
CO, photoreduction rate can achieve 0.23 and 0.10 pmol g=! h~!
for CO and CH,, respectively. The types of gaseous products
were also identified using gas chromatography-mass spectrom-
etry (GC-MS), as illustrated in Figure S13 (Supporting Informa-
tion). The analysis revealed that CO exhibited a mass-to-charge
ratio (m/z) of 28.1 with a retention time of 5.3 min. CH, dis-
played m/z values of 16.2, 15.2, and 14.1, corresponding to a re-
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Figure 6. Photocatalytic CO, reduction activities of SBI a) CO and CH,, production rate, b) the proposed mechanism of Ag; Bilg, c) recycling experiments
of Ag3Bilg, and d) XRD pattern before and after photocatalytic CO, reduction.

tention time of 2.7 min. The control experiment was also car-
ried out as shown in Figure S14 (Supporting Information) to
confirm no products which can be produced without photocat-
alysts. The photocatalytic activity trended lower from Ag,Bil; to
Ag,Bil; to AgBil, to AgBi,I,, inferring the activity is highly re-
lated to delocalized Ag ions. In general, the vacant sites are oc-
cupied by delocalized Ag ions at a high Ag/Bi ratio, which fa-
cilitates the charge carrier migration in the c-axis. It is helpful
for the transport from layer structures that are stacked by Agl,
and Bil; octahedrons and preventing the recombination at va-
cant sites, illustrated in Figure 6b. Furthermore, the photolumi-
nescence (PL) spectra and the time-resolved PL spectra demon-
strated that Ag,Bil exhibits lower PL intensity and an extended
lifetime, as depicted in Figure S15 and Table S6 (Supporting In-
formation). Additionally, in the CO, adsorption and desorption
isotherms, Ag,Bil, exhibited the highest adsorption capacities
at 298.15 K, illustrated in Figure S16 (Supporting Information).
However, increasing the Ag composition to a ratio higher than
75% in the SBI catalyst leads to reduced photocatalytic perfor-
mance and a tendency to transition from the SBI phase to the
Agl phase, as depicted in Figure S17 (Supporting Information).
As a result, Ag,Bil; exhibits the highest photoreduction activ-
ity. Beyond the goal of pursuing a high photocatalytic activity,
the durability of photocatalysts is an important factor in evaluat-
ing their reliability. Figures 6c and S18 (Supporting Information)
reveals that Ag,Bil; and other SBI catalysts can maintain their
photocatalytic activity even after five iterative cycle tests. Crys-
tal structure analysis in Figure 6d points out that Ag,Bil; can

Adv. Sci. 2024, 2309526

maintain the same crystal structure after it was applied to a cycle
test.

Besides the photoreduction of CO,, the photodegradation of
brilliant green, an organic dye, was also conducted to further
validate the photocatalytic activity of the as-prepared SBI photo-
catalysts, as depicted in Figure S19a (Supporting Information).
Without a doubt, the same behavior was also observed in pho-
todegradation. Ag,Bil, shows the highest photodegradation ac-
tivity with a reaction rate constant of 0.0469 min~' as shown in
Figure S19b,c (Supporting Information). The reliability test for
photodegradation is presented in Figure S19d (Supporting Infor-
mation), which elucidates that the cycling degradation for organic
dye is highly reproduced. The reactive oxygen species test (ROS)
helps to gain insight into the mechanism of photocatalytic reac-
tion. Generally, in the ROS test, ammonium oxalate is used for
excited holes (h*) capturing, tert-butyl alcohol for hydroxyl radi-
cals (OHs), and p-benzoquinone for superoxide radicals («O,7),
where hydroxyl radicals come from the reaction of hydroxide
ions and excited holes and superoxide radicals come from the
reaction of surface-adsorbed oxygen molecules and excited elec-
trons. As shown in Figure S19e (Supporting Information), both
degradation tests with scavengers of p-benzoquinone and am-
monium oxalate show inferior photodegradation ability to those
with tert-butyl alcohol and no scavengers. That is, the reactive
species in the reaction are excited h* and «O,~. The mechanisms
of photodegradation are summarized in Figure S19f (Support-
ing Information). Impressively, after four months of storage, the
Ag,Bil, photocatalyst still retains the same crystal structure with-
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650-680 cm™! under the light irradiation.

out any degradation or corrosion as shown in Figure S20a (Sup-
porting Information). The photocatalytic activity test in Figure
S20b (Supporting Information) shows that the Ag,Bil, catalyst
can perform the same activity after four weeks of storage in
ambient air.

To insight photocatalytic reaction route of SBI catalysts, we car-
ried out the in situ diffuse reflectance infrared Fourier-transform
spectroscopy (DRIFTS) both with and without a halogen lamp,
to detect the chemisorption, activation, and mediator transition.
Figures 7 and S21 (Supporting Information) revealed the sur-
face chemistry of bare Ag;Bil; in the dark and under irradiation,
providing insights into the compounds adsorbed on the surface.
Upon initiating CO, flow into the chamber for 1 h in the dark,
various adsorbed species were identified on the surface of the
material. These include CO, in §(CO,) at 665 cm™" and v;(CO,)
at 2341, 2346, as well as in the range of 3550-3750 cm~!. Wa-
ter molecules were detected through §(OH) at 1609 and v(OH)
at #3500 cm™!. In addition, the mediators involving bicarbonate
(HCO;™, v,(CO;) at 1392 and 1455 cm™),1*”] bidentate carbon-
ate (b-CO5%, v,(CO;) at 1521 ecm™1),[*37] monodentate carbon-
ate (m-CO,%~, v,(CO,) at 1483, 1539, and 1552 cm™"),""%] car-
boxylate (COO~, v,(CO) at 1337 cm™'), methoxide (CH;0~ in the
range of 1685-1745 cm™!) and formaldehyde (HCHO™ at 1506
and 1769 cm™!) were observed. This suggests that CO, and water
molecules are effectively adsorbed on the catalyst, leading to the
formation of intermediary species. Furthermore, the intensity of
these adsorbed species increases as the purge time is extended.

Adv. Sci. 2024, 2309526 2309526

Upon initiating irradiation of the catalyst to trigger the CO, pho-
toreduction process, the formation of the #CO,” mediator at
1266 cm™! was observed, indicating the activation of CO, reduc-
tion through photo-electron interaction. Moreover, the intensities
of CO,, H,0, HCO,", b-CO,%, m-CO,%-, COO-, CH,0-, and
HCHO™ gradually decreased as reaction time increased, imply-
ing significant exhaustion of these adsorbed species. This trend
suggests that exhaustion prevents the overloading of adsorption
on the catalyst surface, which is beneficial for the preservation
of active sites. At the same time, an increase in the intensity of
methane signals at 2931 and 2961 cm™! was observed, indicating
the methane formation during the CO, photoreduction.

The possible mechanism for this process is shown in Figure 8.
Under dark conditions, the surface MI, (M = Ag, Bi) acts as
a Lewis acid, and further interacts with oxygen atoms in CO,
and water molecules via chemisorption. The adsorbed water
molecules dissociate into H* and OH™~ and further reacts with
CO, to form HCO,, b-CO,27, and m-CO,2". Before irradia-
tion, the protonation occurred at m-CO, 2" site. As irradiated, two
protons are transferred to the protonated m-CO,2~ and coupled
with photo-generated electrons, producing HCOO™. This inter-
mediate then desorbs H,0 and CO molecules. A portion HCOO~
undergoes the proton coupled electron transfer, resulting in the
formation of CH,O, which ultimately leads to the desorption of
CH,.

Observing the surface potential difference of a photocata-
lyst under different light sources is a fast and straightforward

(10 Of14) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH

85U801 SUOWWID aAIIeaID 8|t (dde ayy Aq peusenob a1e ssolle VO ‘8sN JO s8N Joj AkeiqT8uljuO 3|1 LD (SUOTIPUOD-PUR-SWBIALI0D" A3 1M AeIq Ul UO//ShY) SUORIPUOD pue sWe 1 84} 88S *[202/#0/52] Uo AfeiqiTauliuo A8 |IM * ALISHIAINN DNND DONVHD Aq 92660£202 SAPR/Z00T 0T/I0p/AL0D" A8 IM"Aleiq Ul |uo//Sdny WOy pepeojumod ‘0 ‘v8E86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

i ;
l‘(x:/[\OZ u:/I\OZ
| N -H* sl r
—— [-M>I-M-1I —= [-M—[-M~-1 ——>
1N H 1N 7|
I I
I I I 1
{CO, b-CO

Desorption
H
H\|/H
C
o o i ?H
+ 2H +2e 7 N\
b R L M; —m-1 + CH
H,0 1N -H,0 | |
I I I I
Desorption
CH,0

Figure 8. Possible mechanism of CO, molecular adsorption and subsequent photocatalytic reduction pathways to CO and CH, on SBI catalysts.

method to evaluate the photoreduction activity under different
light sources. To mimic the surface condition of SBI catalysts dur-
ing the photocatalytic reaction in ambient conditions, the contact
potential difference (CPD), acquired from photo-assisted Kelvin
probe force analyzer, of SBI catalysts are examined under differ-
ent light irradiation (including ultraviolet (UV) LED at 365 nm,
blue LED at 470 nm, green LED at 530 nm, and red LED at
656 nm). The schematics of the photo-assisted Kelvin probe force
analyzer and its charge migration during the illumination are
presented in Figure 9a. The on/off illumination not only helps
to observe their surface potential evolution but also reveals the
relationship between the carrier and photoresponse in SBI cat-
alysts. Herein we recorded the CPD, and the results are shown
in Figures 9 and S22-S25 (Supporting Information). The CPD
change (ACPD) would be defined as follows:

ACPD = CPD — CPDyp (1)

illumination

The level of CPD change comes from the population of elec-
trons as SBI catalysts are irradiated by a light whose energy is
higher than its energy bandgap. The more photogenerated elec-
trons, the more the energy level shifting of the CPD can be ob-
served. Namely, the CPD change is highly correlated with the
photoresponse and generation of the electron. Figure 9b—e de-
picts the shift in CPD of SBI catalysts when exposed to UV LED
irradiation at a wavelength of 365 nm, with comprehensive de-
tails provided in Table 2. Notably, among the various SBI cata-
lysts studied, a substantial CPD shift is particularly pronounced
in Ag,Bil;. Furthermore, the CPD changes under different light
irradiation conditions for SBI catalysts are presented in Figures
S22-S25 (Supporting Information), with detailed information in
Table S7 (Supporting Information). It is noteworthy that the CPD
shifts observed under blue, green, and red LED irradiation exhibit
only minor discrepancies, suggesting that SBI catalysts can pop-
ulate a similar quantity of electrons under different visible lights

Adv. Sci. 2024, 2309526

Table 2. Contact potential differences of various SBI catalysts under UV
LED illumination.

Sample ACPD [mV]
AgBi,l, 12.48 + 2.26
AgBil, 39.60 + 3.80
Ag,Bils 56.35 + 3.74
Ag;Bilg 66.35 + 2.80

with the same intensity. Moreover, an increase in the silver con-
tent within SBI catalysts leads to a significantly enhanced CPD
change. As mentioned the increase in Ag amount in AgBil, re-
sults in the vacant sites occupied by Ag atoms gradually, which
assists in the migration of charge carriers via the channels of the
occupied Ag sites. Consequently, the population of electrons is
more easily retained on the surface and not recombined. Among
various SBI catalysts, Ag,;Bil; demonstrates the highest surface
potential change under all LED illumination, inferring its su-
perior activities in the photodegradation and photoreduction of
CO,. This suggests that Ag;Bil, exhibits a high degree of respon-
siveness to the entire visible light spectrum, positioning it as a
highly promising candidate for use as a visible light photocata-
lyst.

3. Conclusion

This study demonstrates the promising potential of SBI materi-
als as a highly efficient photocatalyst for CO, reduction, offering a
viable strategy to mitigate the effects of global warming. Through
the gas-solid reaction method, we successfully synthesized vari-
ous SBI materials, such as AgBi, I,, AgBil,, Ag,Bil;, and Ag,Bil,
by adjusting the stoichiometric ratio of Agl and Bil;. Notably,
with an Ag/Bi ratio increase, the delocalized Ag ions became rich
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Figure 9. a) The schematic diagram of the photo-assisted Kelvin probe force analyzer. Contact potential differences with light-on/off cycles under UV

LED (365 nm): b) AgBi, |, c) AgBil,, d) Ag,Bils, and e) Ag; Bilg.

and occupied the vacant sites. This facilitated the charge carrier
migration in an octahedron-stacked layer structure and prevented
the recombination at vacant sites. Hence, the Ag-rich Ag;Bil
catalyst exhibits the highest activity in converting CO, to valu-
able energy-dense products, including CO and CH,, with average
production rates of 0.23 and 0.10 umol g~! h~?, respectively. The
Ag,Bil, catalyst, with suitable bandgap, visible-light absorption
capacity, favorable band-edge positions, and long-term stability,
holds great potential for addressing both environmental contam-
ination and the challenges of sustainable energy. Our findings
highlight the significance of Ag,Bil, as a novel photocatalyst for
CO, reduction, paving a way for innovative solutions in tackling
climate change and energy-related issues.

Adv. Sci. 2024, 2309526

4. Experimental Section

Preparation of Silver Bismuth lodide Photocatalysts: ~ SBI catalysts with
distinct chemical compositions were produced by controlling the molar
ratio of silver iodide (Alfa Aesar, 99.999%) and bismuth iodide (Alfa Ae-
sar, 99.999%). Initially, Agl and Bil; were combined in molar ratios of
Ag/Bi = 0.5, 1.0, 2.0, and 3.0, followed by thorough grinding. The result-
ing mixtures were then transferred into ampoules and hermetically sealed.
Subsequently, the prepared samples underwent a calcination process at
550 °C for 6 h before being allowed to cool down to room temperature.
Upon completion of this process, a series of SBI compositions, AgBi, |5,
AgBily, Ag,Bils, and Ag;Bilg, were successfully synthesized, manifesting
as black powders.

Characterization of Silver Bismuth lodide Catalysts: Various SBls with
different chemical compositions were studied using a range of analytical

2309526 (12 of 14) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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techniques. X-ray diffraction analysis of crystal structures was performed
using a Rigaku SmartLab SE X-ray diffractometer with Cu Ka radiation, with
XRD patterns recorded from 260 between 10° and 70° with a 0.01° step at
5.0° min~'. Morphology was investigated using a Hitachi SU8010 field-
emission scanning electron microscope at 10.0 kV. Microstructure was
observed via a spherical-aberration Corrected Field Emission Transmis-
sion Electron Microscope (JEOL JEM-ARM200FTH). Chemical composi-
tion analysis was performed using X-ray Photoelectron Spectroscopy with
an X-ray source of Al Ka from Thermo Fisher Scientific in the United States
of America. X-ray absorption spectroscopy (XAS) and their extended X-ray
absorption fine structure (EXAFS) were revealed on beamlines 01C1 and
17C1 at the National Synchrotron Radiation Research Center (NSRRC) in
Taiwan. UV-vis diffuse reflectance spectra were measured using a JASCO
V-650 UV-vis spectrophotometer in Japan. The Sigma Probe from Thermo
VG-Scientific, equipped with Hel (21.2 eV) light source, was applied to
investigate the energy level of various SBIs. The charge transfer dynam-
ics were measured by photoluminescence spectroscopy with a 375 nm
diode laser (LDH-PC-375, PicoQuant) and time-resolved photolumines-
cence spectrum (TR-PL, UniDRON-plus, UniNano Tech) at room temper-
ature. For the charge-decay kinetics calculation, the decay curves were ana-
lyzed using a biexponential decay kinetics method. Equations 2 and 3 were
employed to perform the biexponential kinetic analysis and determine the

average lifetime (z,,,).
F () =Ajexp <—i> +Agexp(— ) )
T T,
2 AT
= ;I\AI 3)

where A; is the pre-exponential factor and z; is the decay time.

To investigate the activation route of CO, photoreduction, in situ dif-
fuse reflectance infrared Fourier-transform spectroscopy (DRIFTS) were
recorded in a range of 650 to 4000 cm™' on FTIR spectrometer (Nico-
let iS50, Thermo Fisher Scientific) both with and without a halogen lamp
(80 W, OSRAM) irradiation. The CO, adsorption/desorption isotherms of
the samples were measured using a surface area and porosity analyzer
(ASAP2020, Micromeritics Instrument Corporation). The surface poten-
tial evaluation with and/or without light irradiation was measured using an
ambient scanning Kelvin probe system (SKP5050, KP technology, United
Kingdom).

Computational Simulation:  The prediction of the band structure, den-
sity of states, and electron density for each element in the samples was
conducted using Biovia Materials Studio software. Density functional the-
ory (DFT) calculations employing the Generalized Gradient Approxima-
tion Perdew—Burke—Ernzerhof (GGA-PBE) functional were conducted in
CASTEP using a plane-wave basis set. Norm-conserving pseudopotentials
and reciprocal space representation were adopted for the pseudopotential
treatment. The information on models for SBI catalyst are illustrated in
Figure S26 and Tables S8-S10 (Supporting Information). After performing
geometry optimization on the constructed models, specific parameters
were established: an energy cutoff of 350 eV and a k-point set of 6 X 6 X 7
for AgBily; an energy cutoff of 400 eV and a k-point set of 5 x 5 x 3 for
Ag,Bils; and an energy cutoff of 400 eV with a k-point set of 9 x 9 x 6 for
Ag;Bilg.

Photocatalytic Performance of Silver Bismuth lodide photocatalyst: To
evaluate the photocatalytic CO, reduction, all four SBI photocatalysts,
AgBi,l;, AgBil,, Ag,Bils, and Ag;Bilg were evaluated. In each experiment,
50.0 mg of a photocatalyst was loaded into a quartz reactor with a vol-
ume of ~420.0 ml. The reactor system was purged with N, gas for 30 min
to achieve anaerobic conditions. A mixture of CO, and H,O vapor was
generated by introducing CO, gas into water, and the mixture was fed
into the reactor system. Photocatalytic CO, reduction was then conducted
under simulated solar illumination (Enlitech, SS-X, Taiwan) for 8 h. Sam-
ples of the gas-phase product were taken at various time intervals. The
reduction products were analyzed using gas chromatography (Shimazhu,
Nexis GC-2030, Japan) to quantify the gaseous products including CO

Adv. Sci. 2024, 2309526
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and CH,. The mass spectrum of gasous products were indentified by
gas chromatography-mass spectrometry (1ISQ7610 GC-MS, Thermo Fisher
Scientific)

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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