&
4

Journal of Materials Chemistry C

Journal of

Materials Chemistry C

Materials Synthesis, Characterization and DFT Calculations
of the Visible-Light-Active Perovskite-like Barium
Bismuthate Ba1l.264(4)Bi1.971(4)04 Photocatalyst

Journal:

Journal of Materials Chemistry C

Manuscript ID

TC-ART-11-2019-006457.R1

Article Type:

Paper

Date Submitted by the
Author:

29-]Jan-2020

Complete List of Authors:

Shtarev, Dmitry; Far Eastern State Transport University

Shtareva, A.V.; Far Eastern State Transport University

Kevorkyants, Ruslan; St. Petersburg State University, Photonics
Rudakova, A.V.; Saint Petersburg State University

Molokeev, Maxim S. ; Kirensky Institute of Physics SB RAS,

Bakiev, T.V.; Saint Petersburg State University

Bulanin, Kirill; Saint-Petersburg State University, Physics

Ryabchuk, V.K.; Saint Petersburg State University

Serpone, Nick; Universita di Pavia, Dipartimento di Chimica Organica

SCHOLARONE™
Manuscripts




Page 1 of 20 Journal of Materials Chemistry C

ROYAL SOCIETY
OF CHEMISTRY

(3

Journal of

Materials Chemistry C

Materials for optical, magnetic and electronic devices

Guidelines for Reviewers

Thank you very much for agreeing to review this manuscript for Journal of Materials Chemistry C.

-y Journal of Materials Chemistry C is a weekly journal in the materials field. The journal is
Materials Chernistry C interdisciplinary, publishing work of international significance on all aspects of materials
; ; chemistry related to applications in optical, magnetic and electronic devices. Articles
cover the fabrication, properties and applications of materials.

Journal of Materials Chemistry C’s Impact Factor is 6.641 (2018 Journal Citation
Reports®)

The following manuscript has been submitted for consideration as a

FULL PAPER

For acceptance, a Full paper must report primary research that demonstrates significant novelty and advance, either
in the chemistry used to produce materials or in the properties/ applications of the materials produced. Work submitted
that is outside of these criteria will not usually be considered for publication. The materials should also be related to the
theme of optical, magnetic and electronic devices.

When preparing your report, please:

e Focus on the originality, importance, impact and reproducibility of the science.

o Referto the journal scope and expectations.

e State clearly whether you think the article should be accepted or rejected and give detailed comments
(with references) both to help the Editor to make a decision on the paper and the authors to improve it.

o Inform the Editor if there is a conflict of interest, a significant part of the work you cannot review with
confidence or if parts of the work have previously been published.

e Provide your report rapidly or inform the Editor if you are unable to do so.

Best regards,

Professor Peter Skabara Dr Sam Keltie Contact us
Editor-in-Chief Executive Editor

University of Glasgow, UK Royal Society of Chemistry

Please visit our reviewer hub for further details of our processes, policies and reviewer responsibilities as well as guidance on how to review,

or click the links below.
e
W#at to do Reviewer Process &
SR ot g responsibilities policies
review

(@)



https://www.rsc.org/journals-books-databases/about-journals/journal-of-materials-chemistry-c/
https://www.rsc.org/journals-books-databases/author-and-reviewer-hub/reviewer-information/
https://www.rsc.org/journals-books-databases/about-journals/journal-of-materials-chemistry-c/
mailto:materialsc@rsc.org
https://www.rsc.org/globalassets/05-journals-books-databases/journal-authors-reviewers/reviewer-responsibilities/how-to-review-guide.pdf
https://www.rsc.org/journals-books-databases/journal-authors-reviewers/reviewer-responsibilities/
https://www.rsc.org/journals-books-databases/journal-authors-reviewers/processes-policies/

Journal of Materials Chemistry C Page 2 of 20

Responses to Editorial request (ORCID) and reviewers’ comments

The ORCIDs of all the authors now appear on page 9 of the manuscript
Referee: 1

1) Regarding the synthesis, does it go 100% to completion? There was no purification carried out
and thus my question

During the preparation of samples, we performed an evaluation of that synthesis of barium
bismuthate was 100% completion. With shorter synthesis times, the formation of pure barium
bismuthate was not observed. To demonstrate this, relevant results were added to the article,
which are given in Section 3.1 and supplementary information.

2) The authors state for the XPS data that "The two Gaussians at 531 eV and 532 eV are
associated with the O—C=0 bonds of chemisorbed carbon dioxide molecules. The presence of
such chemisorbed species on the surface is characteristic of compounds containing alkaline earth
metals."  In order to truly verify this, the authors should carry out TGA/MS analysis and
monitor the m/z value of the evolved gas unless they have already verified it.

The proposed by the reviewer TGA studies were conducted. Figure 1 shows the DTG curve of
the studied sample during its annealing in vacuum. Even at high temperatures (higher 500°C),
there are no noticeable changes in the mass of the sample.
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Figure 1. TGA curve of barium bismuthate Ba; 5¢4(4)Bi.9714/O4 in vacuum.

The verification of chemisorbed carbon dioxide molecules was made by IR spectroscopy. Prior
to the gas-phase IR experiment, the sample was thermally treated at 350°C to reduce the amount
of physisorbed water molecules and chemisorbed carbon dioxide species on the bismuthate’s
surface. Nonetheless, even after such a treatment, the sample surface remained highly hydrated
and carbonated. Figure 2 shows the IR spectrum of such a treated barium bismuthate sample (this
spectrum is presented as spectrum 3 in Figure S3, in the Electronic Supplementary Information).
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Figure 2. IR spectrum of treated barium bismuthate Ba 5644)Bi 9714/O4 in vacuum at room temperature before the
CO; photoreduction experiment. The sample was preliminary thermo-treated at 350 °C.

The IR spectrum of such a treated barium bismuthate sample revealed a broad absorption of
molecular water at 3600—-2700 cm™!. The intense absorption with two maxima at 1363 cm™! and
1442 cm™! are caused by the C=0 stretching vibrations of surficial carbonates,[ F.A. Miller, C.H.
Wilkins, Analytical chemistry, 1952, 24, 1253-1294; G. Socrates, Infrared and Raman
characteristic group frequencies. Tables and Charts, Chichester: John Wiley & Sons, New York,
2001.] the presence of which was also detected by XPS spectroscopy. This can be explained by
the high affinity of carbon dioxide molecules for the surface of metal oxides containing alkaline-
earth metal ions.

It is also interesting that during the reaction, the spectral feature related to the COs* carbonates
(ca. 1442 cm') decreases in intensity, while the absorption at higher (1700-1500 cm!) and lower
(1300-1150 cm') wavenumbers increased. These spectral regions may be attributed to the
bicarbonate C=0 stretching vibrations (HCO3").

These findings were presented on page 6 of the manuscript and in the Supplementary
Information section.

Referee 2:

1. The first one is that Eq.1 is not introduced or explained. The reader would surely wonder
why Eq.1 can be applied in this case. Is it specific of phonons or is it valid for bonds in
general?

Equation 1 was taken from reference [F.D. Hardcastle and I.E. Wachs, The Molecular Structure
of Bismuth Oxide by Raman Spectroscopy, J. Solid State Chem. 1992, 97, 319-331.]. This work
was devoted to the study of molecular structure of different bismuth oxides by Raman
spectroscopy. As a result, the authors found the empirical bond length/bond strength/Raman
stretching frequency relationships and suggested the unique and effective method of interpreting
Raman spectra of bismuth oxide species.

Thus, Equation 1 is applicable in the analysis of Raman spectra of compounds containing Bi—O
bonds, as in the case of synthesized barium bismuthate Ba; 264(4)B11.971(4)O4.
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Accordingly, we have modified the text on page 3 to read:

“Using the empirical expression (eqn. 1) found for bismuth oxides that relates the Bi—O bond
lengths (R) to the Raman stretching frequencies in cm™! (0)*? makes it possible to calculate the
bond lengths for the Bi—O vibrations at 647 cm™! and 315 cm™! of studied sample.”

v =92760e ~511R (D)

2. The second one is about the DFT frequency estimates. Did the authors try alternative
methods to calculate them respect to the traditional one implemented in their suite of
code, such as DFPT or a finite difference approach accounting for the potential energy
surface curvature?

We apologize for rather not understanding the reviewer's point here. Suffices to say that in the
presented work, no (phonon) frequencies were computed.

3. Finally, I advise the authors to better explain how the flatband potential measurements
have been performed.

To the extent that flatband potentials are determined electrochemically/photoelectrochemically,
techniques that were not used in the present work, we have modified the relevant text to state
“energy or energies” of the VB and/or CB.

Page 4 of 20
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Materials Synthesis, Characterization and DFT Calculations of the
Visible-Light-Active Perovskite-like Barium Bismuthate
Baj.264(4)Bi1.971(4)04 Photocatalyst

D.S. Shtarev,>® A.V. Shtareva,® R. Kevorkyants,c A.V. Rudakova,© M.S. Molokeev,>%e T.V.
Bakiev,c K.M. Bulanin,*f V.K. Ryabchuk,*f and N. Serpone &*

A perovskite-like barium bismuthate of the BaBi,0, class, Baj ye44)Bi1.971(404, has been prepared by a solid-state synthesis
and subsequently characterized by a number of experimental techniques (XPS, DRS, SEM, EDX and Raman spectra), as well
as by a DFT computational approach using the GGA Perdew-Burke-Ernzerhof (PBE) density functional to determine the
energy band structure. XRD peaks were indexed to a rhombohedral cell (R-3m) with parameters close to Bag156Bio.84401.422
(i.e., to Bag39Biz 37404), which upon a Rietveld refinement gave Bay ;64(4)Bi1.971(4)04. Bi—O bond lengths determined from this
refinement (1.86 and 2.31 A) accorded with bond lengths estimated from Raman spectra (1.97 and 2.26 A). DFT
calculations revealed the bismuthate to display two bandgaps that correspond to lower-energy indirect (2.28 eV) and to
higher-energy direct (2.36 eV) electronic transitions in good agreement with the experimental bandgaps of 2.26 eV and
2.43 eV, respectively, from Tauc plots of DRS spectra. Relative to the indirect bandgap energy of 2.26 eV, the energies of
the valence band and of the conduction band were, respectively, +1.14 eV and -1.12 eV. The photoactivity of
Bayy64(4)Bi197140s was examined toward the photoreduction of the greenhouse gas CO, in aqueous media
photoelectrochemically yielding alcohols and alkanes, while in the gas phase in an infrared cell reactor the products were

carbon monoxide and alkanes.

1. Introduction

The search for novel visible-light-active (VLA) semiconductor
photocatalysts has been an active field of investigations for several
decades.®™ Such materials have typically found applications in a
number of significant areas: (i) purification of water and air
contaminated with organic/inorganic pollutants (ecology), (ii)
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# Scheme of the PEC cell system, chromatograms of the photoreduction of CO,,
EDX spectral results and XPS spectra data together with FTIR evidence of CO,
photoreduction products, and the time course of the (non)degradation of phenol
are given in the Electronic Supplementary Information (ESI):

See DOI: 10.1039/x0xx00000x

photocatalytic decomposition of water (more precisely, water
splitting to produce a solar fuel; energy), and (iii) environmental
reduction of the greenhouse gas CO, to produce a solar fuel such as
CH4 and/or CH30H among others (ecology and energy).

Within the present context, a number of experimental® and
theoretical®’ studies have reported an anomalous ratio in a series
of alkaline-earth bismuthates between bandgap width and the
energy of the conduction band. In particular, bismuthates of heavy
alkaline-earth metals (e.g., those of Sr and Ba) are expected to
demonstrate the lowest potentials of the conduction band together
with reasonable bandgap energies. In this regard, the photocatalytic
properties of some basic strontium bismuthates have been
reported.>® 13 Of these, only the barium bismuthate double
perovskite Ba,Bi3*Bi°*Og¢ (empirically, BaBiOs;) has been examined
systematically in a number of photocatalytic studies.’*'® For
instance, Lee and coworkers!* showed that this material is a p-type
semiconductor, which has been shown to act as a photocatalyst in a
number of reactions including photocatalytic water splitting.t5-8
However, determination of its bandgap has revealed a large
discrepancy between theory and experiment; theory predicted a
bandgap of 1.00-1.45 eV,'*?! whereas experiments placed the
bandgap substantially greater at 1.41-2.05 eV.5-1822.23 presumably,
this inconsistency is likely caused by the two oxidation states of
bismuth present in the structure (viz., Bi** and Bi**).

The critical intrinsic limitation on the wuse of novel
semiconducting photocatalysts is their bandgap energy. Visible light
photoactivation of such materials is possible only if their bandgaps
do not exceed 3.3 eV (see e.g., ref. [24] and refs. therein).
Depending on the particular application, additional limitations could
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be imposed on the fundamental properties of such materials as, for
instance, the redox potentials of the valence band (Eys) and the
conduction band (Ecg).

While the photocatalytic water splitting process is an
ecofriendly source of energy (H, as the fuel), reduction of CO, to
other more useful substrates is, in addition to energy generation, a
means to potentially reduce the controversial threat of global
warming by diminishing the atmospheric concentration of this
greenhouse gas. This is substantiated by the increasing number of
publications associated with the photoreduction of CO, vis-a-vis a
decreasing number of publications during the last two years with
regard to the water splitting process.?

Occurrence of the photocatalytic water splitting process
requires the redox potential of the conduction band to be negative
because E(H*/H,) = 0.00 V (versus the NHE scale) and for the
valence band to be >1.23 eV because E(0,/H,0) = 1.23 V at pH 7. By
contrast, the photoreduction of CO, may take place when Ecs < —
0.24 to —0.61 V as the relevant redox potentials of its half-reactions
are in this range. According to empirical models for a set of simple
oxides,?® the lowering of the conduction band level is accompanied
by an increase of the bandgap width, which drastically limits the
choice of materials suitable for a practical photoreduction of CO,.

Our current study reports (for the first time) a systematic
theoretical and experimental study of another promising
perovskite-like barium bismuthate of the BaBi,0, class, with regard
to its synthesis and characterization of the structure, electronic, and
optical properties, together with its visible-light-photoactivity
toward the photoinduced reduction of the greenhouse gas carbon
dioxide.

2. Results and discussion

2.1 Structure and composition of the as-synthesized barium
bismuthate

The structure and the unit cell composition of the as-
synthesized barium bismuthate were investigated by X-ray
diffraction methods.

Figure 1 displays the XRD pattern of the barium bismuthate and
the results of the Rietveld analysis.

All peaks were indexed to a rhombohedral cell (R-3m) with
parameters that were close to BagiseBipgasO142, (0Or, that is, to
Bap 439Bi2.37404).2°

7
2 61 los B3 2640 Bl o710, - 100%
§ i 0.6 i
™ 0.4
:;;3' 0.2
%f u 40 60 80, 100 120 140
= ()."‘—,J MM
20 40 60 80 100 150 140

20 , Degrees

Figure 1. Difference Rietveld plot of Bajea4)Bi1s7140s. Red dots depict the
experimental XRD powder pattern; the black solid line shows the pattern calculated
from the structure; the grey solid line below refers to the difference between
experimental and calculated patterns; the green vertical lines depict the Bragg peak

2 | J. Mater. Chem. C., 2019, xx, 1-10
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positions. The inset shows an enlarged view of the plot and the chemical formula of the
compound investigated.

Consequently, this crystal structure was taken as the starting model
for a Rietveld refinement. The occupation values of all ions were
refined with no restraints. The refinement was stable and gave low
R-factors (Table 1.,

Figure 2). Coordinates of the atoms and main bond lengths are
collected in Tables 2 and 3, respectively. The chemical formula
obtained from the refinement could thus be written as
Ba1.264(4)Bi1.971(4)04 (

Figure 1). The small sum of the charges (+0.44) implies that the
number of oxygen vacancies in the structure is overestimated,
which is often the case in such systems because of difficulties in
refining the occupancy of light ions in the presence of heavy metal
ions. Thus, it could be argued that the perovskite-like barium
bismuthate of the BaBi,0,-type was successfully synthesized.?”

Table 1. Main parameters from the processing and refinement of
the Bay.o64(4)Bi1.71(4)04 System.

Compound Bay 264(4)Bi1.971(4)04
Space group R-3m

a, A 4.0069 (3)
¢, A 28.534 (2)
Vv, A3 396.74 (5)
29-interval, degrees 15-140
Rwp, % 8.07

Rp, % 5.99

Rexp) % 2.22

X 3.64

Rs, % 3.39

This journal is © The Royal Society of Chemistry 2019

Please do not adjust margins
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Figure 2. The crystal structure of Bay ;64(4)Bi1971(4)04. Purple octahedra denote the BaOg
function; green trigonal pyramids refer to the BiO, functions with the green Bi atom
inside; red spheres denote the oxide ions. lons with the “i” label depict symmetrically
equivalent ions.

Table 2. Fractional atomic coordinates and isotropic displacement
parameters (A2) of BaBi,0,.

X y z Biso Occupancy
Ba 0 0 0 0.7 (2) 0.529 (2)
Bi 0 0 0.22227 (3) 0.3(2) 0.4121 (8)
o1 O 0 0.2874 (3) 2.0(5) 0.569 (5)
o(2) o 0 0.109 (1) 2.0(7) 0.268 (4)

Table 3. Main bond lengths (A) of BaBi,0, (Symmetry codes:
(i) -x-1/3, -x+y+1/3, -z+1/3).

Ba(1)—O(1) 2.660 (5)
Bi(1)—O(1) 1.86 (1)
Bi(1)—O(2) 2.3140(7)

Four main characteristic spectral ranges were identified in the
Raman spectrum of the synthesized barium bismuthate sample
(spectrum shown in Figure 3): (1) the broad peak at 215-300 cm™ is
assigned to Ba-O vibrations,?® (2) the noticeable high-frequency
shoulder in the 300-330 cm™ range is ascribed to Bi—O-Bi
asymmetric stretch vibrations,?® (3) the peak at 515 cm™ is due to
Ba—0 vibrations,?® while (4) the most intense and narrow peak at
647 cm™ corresponds to the Bi—O~ stretching modes.3031

Using the empirical expression (eqn. 1) found for bismuth
oxides that relates the Bi-O bond lengths (R) to the Raman
stretching frequencies in cm™ (v)32 makes it possible to calculate
the bond lengths for the Bi—O vibrations at 647 cm™ and 315 cm™
of studied sample.

v =92760e ~2>11R (1)

The bond lengths thus estimated are 1.97 A and 2.26 A,
respectively, which correspond to the lengths for the Bi(1)—O(1)
and Bi(1)—O(2)' bonds determined from the Rietveld refinement
for the Baj 264(4)Bi1.971(4)04 compound (Table 3 and Figure 2).

Figure 4 illustrates the scanning electron microscopy (SEM)
images of the synthesized barium bismuthate particle. Evidently,
the particles tend to be rather large (20 um) and possess a poorly
developed surface, albeit a layered structure. This is especially
noticeable in Figure 4b.

This journal is © The Royal Society of Chemistry 2019
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Figure 3. Raman spectrum of the as-synthesized barium bismuthate, Ba; 564(4)Bi1.071(4)Oa,
sample.

The particles are agglomerates of ‘scales’ that could be a result of
the powder pressing during the sample preparation procedure (see
Synthesis and characterization section).

g

SEM HV: 20.0 kV WD: 15.12 mm VEGA3 TESCAN
SEM MAG: 3.30 kx Det: SE

View field: 83.8 ym | Date(m/dly): 11/01/18 WTWr ABO PAH

SEM HV: 20.0 kV
SEM MAG: 16.0 kx

WD: 15.14 mm

L | VEGA3 TESCAN

Det: SE 5 pm
View field: 17.3um  Date(m/dly): 11/01/18

WTur B0 PAH

Figure 4. SEM images of barium bismuthate synthesized particles.

The specific surface area determined by the BET technique was ca.
0.5 m? g! that corresponds to a practically non-porous sample.
Data on surface morphology are consistent with the SEM micro-
images.

EDX spectra of the as-synthesized barium bismuthate particle
(reported in Figure S1 in the Electronic Supplementary Information;
ESI) shows that all chemical elements (Ba, Bi, O) in the compound

J. Mater. Chem. C., 2019, xx, 1-10 | 3



ournal of-Materials Chemistry €

ARTICLE

are regularly distributed over its volume. No impurity elements
were observed.

The elemental composition of the sample’s surface was
analyzed using XPS techniques (spectra illustrated in Figure S2). The
XPS data infer that barium and bismuth are present in single
oxidation states, namely Ba** and Bi**. The oxygen line
demonstrates a more complex structure and can be represented as
a sum of four Gaussians (see Figure S2c). The two Gaussians at 531
eV and 532 eV are associated with the O-C=0 bonds of
chemisorbed carbon dioxide molecules. The presence of such
chemisorbed species on the surface is characteristic of compounds
containing alkaline earth metals. The other two lower-energy
spectral lines correspond to oxygen in different oxidation states.
The binding energy (BE) peak at 529.4 eV is due to the oxygen
dianion 0%, whereas the peak at 530.6 eV can be assigned to the
oxide anion O, in agreement with that obtained from the Rietveld
refinement of the chemical formula in that the Baj y64(4)Bi1.971(4)04
compound is partially positively overcharged (+0.44) owing to the
presence of oxygen vacancies. Apparently, the presence of anion
vacancies is typical of alkaline earth metal bismuthates. In this
regard, various oxygen vacancies in strontium bismuthates have
been established by Shtarev and coworkers.>

2.2. Electronic band structure of the barium bismuthate

The electronic band structure includes the energy position of
the edges of the conduction (CB) and valence (VB) bands with
respect to the vacuum level. The positions of the conduction (Ecg)
and valence (Eyg) bands, together with the bandgap energies (Eg),
can be determined experimentally by measuring at least any two of
these three values (i.e., Ecg and E; or Eyz and Eg). Note that
knowledge of such an energy level diagram of the material under
examination facilitates placing the electrochemical potentials of
important redox reactions relative to CB and VB.

For the barium bismuthate BaBi,0,4, the valence band and the
bandgap energies were measured experimentally by X-ray
photoelectron spectroscopic (XPS) techniques and by Tauc plots,
respectively. The top of the valence band for the Bai ;64(4)Bi1.971(4)04
sample was determined using the low-energy edge of the XPS
spectrum in the O2p region (Figure 5), which gave +1.14 eV (relative
to NHE) as the energy position of the top of the valence band.33

The bandgap energy for the Baijes4)Bii971140s sample was
determined using DRS methods. The absorption spectrum displayed
in Figure 6a clearly demonstrates that the material absorbs light
well into the visible range. Moreover, the reflectance (> 0.8) near
the edge of the intrinsic absorption allows the use of the Kubelka—
Munk transformation and the application of the Tauc method in
determining the bandgap energy. Tauc plots for both direct (value
of the exponent is 2) and indirect (value of the exponent is 1/2)
allowed electronic transitions are reported in Figure 6b;
extrapolation of the linear regions of the plots yielded 2.43 eV for
the direct bandgap and 2.26 eV for an indirect bandgap.

In addition to spectroscopic studies, the electronic band
structure of Bajea()Biro71(40s was also modeled using DFT
calculations, results of which are presented in Figure 7 for the
computed electronic band structure and the density of states.
Results from these DFT calculations suggest that the bismuthate
displays two bandgaps that correspond to lower-energy indirect
(2.28 eV) and to higher-energy direct (2.36 eV) electronic
transitions. A comparison of the experimental and theoretical
bandgaps (compare Figure 6b with Figure 7a) reveals good

4 | J. Mater. Chem. C., 2019, xx, 1-10
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agreement between the experimental (2.26 eV) and the computed
(2.28 eV) indirect bandgap. The theoretically calculated direct

- Experimental

10 8 6 4 2 0 —2
Binding energy, eV
Figure 5. XPS spectrum of the synthesized Baj y64(4)Bi1.971(4/04 bismuthate sample in the
02p region. The horizontal black line is the XPS baseline, whereas the dashed red line is
the linear extrapolation of the low-energy edge of the spectrum. The binding energy
scale is presented relative to NHE in accordance with the methodology given in
reference [33].
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Figure 6. (a) Diffuse reflectance spectra displayed as absorptance A = (1 — R) spectra of
the barium bismuthate sample. (b) Tauc plot assuming direct (red) and indirect (blue)
electronic transitions.

This journal is © The Royal Society of Chemistry 2019
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Figure 7. Electronic band structure (a) and density of states (b), together with the
computed optical absorption spectrum (c) of the barium bismuthate system.

bandgap of 2.36 eV is also in fairly good accord with its
experimental counterpart (2.43 eV). To the extent that theoretical
calculations predict indirect allowed transitions, we used the
experimental bandgap of 2.26 eV to construct the band diagram of
the BaBi,04—type bismuthate.

The calculated density of states of the barium bismuthate
indicates that the valence band is formed only by oxygen-related
orbitals, while the conduction band is a mixture of bismuth and
oxygen orbitals (see Figure 7b). Figure 7c illustrates the calculated
optical absorption spectrum of the barium bismuthate; the lower-
energy indirect transition is seen as being less intense than the
higher-energy direct transition. Both peaks appear to be blue-
shifted by ~0.2 eV relative to the corresponding energies of the
electronic transitions displayed in Figure 7a.
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Usage of the energy for the valence band (Eyg = +1.14 eV vs.
NHE) and the bandgap energy E; (2.26 eV) made it possible to
determine the energy of the bottom of the conduction band: Ecg =
-1.22 eV. The relevant band structure of the BaBi,O,—type
bismuthate is presented in Figure 8, together with the redox
potentials of some important half-reactions.

2.3. Photoactivity of the Ba y64(2)Bi1.971(4)04 bismuthate toward CO,
reduction

The relative arrangement of energy bands and half-reaction
potentials displayed in Figure 8 suggest that the bismuthate is a
suitable material for carrying out the reduction of carbon dioxide
and the formation of superoxide radical anions. The potentials
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Figure 8. Positions of the energy bands of the BaBi,O,~type barium bismuthate,
Bay 264(4)Bi1.971(4)04, With respect to vacuum and with the electrochemical NHE scale. The
positions of the top of the valence band (VB) and the bottom of the conduction band
(CB) are manifested by solid red and blue lines, respectively. Dashed lines denote some
electrochemical potentials of some important oxidation (red) and reduction (blue) half-
reactions.

of most oxidation reactions (production of oxygen or hydrogen
peroxide from water, and/or formation of ¢OH radicals) lie below
the top of the valence band of the Baj 64(4)Bi1.971(4)04 bismuthate so
that these reactions are not expected to occur. However, under
acidic conditions and in the presence of oxygen, reverse reactions
may occur that might lead to corrosion of the bismuthate.
Accordingly, confirmation of such an inference was obtained by
carrying out the photoreduction of CO, chosen to explore the
photocatalytic activity of the as-synthesized barium bismuthate
sample assessed photoelectro-chemically in agueous media in the
PEC cell, and spectroscopically by IR techniques in the gas phase
using an IR cell reactor.

The PEC cell used in the photoelectrochemical experiment
consisted of two-compartment cathode-anode tandem system
comprised of the (Bay.y64(4)Bi1.071(2)04/Ag)—(TiO,/FTO) tandem where
Ba1.264(4)Bi1.971(4)04/Ag Was the photocathode and the TiO,/FTO was
the photoanode. The preparations of the electrodes and the
experimental details have been described elsewhere (see
Experimental). The photocathode compartment was filled with an
oxygen-free KHCO; aqueous solution, while the photoanode
compartment contained an (NH,4),C,04 aqueous solution.

The successful course of the photoreduction of CO, in the
photoelectrochemical cell was observed both visually and then
confirmed by a chromatographic analysis. Gas evolution was seen
both in the photocathode and in the photoanode compartments of
the photoelectrochemical cell. Relevant chromatograms of the
liquid samples collected from the photocathode compartment
before and during the photoprocess are illustrated in Figure 9.

The principal changes in the chromatograms occur in the
retention time regions of 300, 500 and 600 sec. Additional detailed
chromatograms covering these time intervals are also reported in
Figure S4. Reaction products were identified using predefined
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retention times of various substances that were suspected as
possible products (Figure S5). During the search procedure for
products, the confidence interval of the occurrence of the
chromatographic peaks of the tested possible products could be
superimposed on the analyzed experimental peaks.

Results of chromatographic analyses showed that methanol and
ethanol were the principal products that appeared after the first 2
hrs of irradiation of the photocathode compartment (Figure S6).
Over the subsequent 2 hrs of irradiation, the quantity of these two
products decreased significantly, while ethane formed and
increased at the same time. The concentrations of reaction
products (Table 4) were determined using calibration curves of the
tested substrates.
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Figure 9. Chromatograms of liquid samples from the cathode compartment of the PEC
cell before and during the photoelectrochemical reaction: before irradiation (black) and
after 1 hr of irradiation (red), green after 2 hrs, and blue after 4 hrs.

Table 4. Concentrations of the main reaction products from the
photocathode compartment of the photoelectrochemical cell.

Irradiation time, Concentration of reduction products, mM

hrs Methanol Ethanol Ethane
0 0 0 0

1 0.67 3.86 0

2 0.47 2.63 0

4 0.035 0.38 2.64

Based on the results of the chromatographic analyses, a
tentative mechanism of the photoprocesses occurring in such a
tandem system can thus be described; it is schematically illustrated
in Figure 10. When the photocathode and photoanode are both
irradiated with light from the xenon lamp, photoexcitation of the
barium bismuthate and the titanium dioxide led to the generation
of electron/hole pairs. The photoelectrons at the photocathode
participate in the photoreduction of carbon dioxide (present on the
photocathode surface as carbonate ions) to alcohols and
hydrocarbons, while the photoholes at the photoanode
compartment are mainly spent in the oxidation of oxalate ions with
formation of carbon dioxide. The membrane separating the two
compartments of the PEC cell is permeable to migration of protons
into the photocathode compartment, so that released protons are
consumed in the reductive half-reactions. In turn, the photoholes
accumulated on the silver substrate of the photocathode
recombine with the photoelectrons on the FTO substrate of the
photoanode. The initial photocurrent was 450 uA, which dropped
to 300 pA throughout the photoreaction.
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In order to exclude the possibility that the contact of the
HCO; -containing electrolyte with the silver in the photocathode
compartment might lead to the possible photoreduction of carbon
dioxide, a blank experiment was carried out under otherwise
identical experimental conditions in the (Ag)—(TiO,/FTO) tandem
system but without the barium bismuthate, where Ag and TiO,/FTO
were the photocathode and photoanode, respectively. No products
were detected by gas chromatography in the liquid samples
collected from the photocathode compartment of the PEC cell after
irradiation of the system for 5 hrs.

CB
y—
CO,, HCO,
CH0,
E, m—
Ag N
1
VB :
BaBi,0, !
| C.0*
BaBi,O /Ag cathode : h /(‘
: / “co,
"
VB
Tio,

T10,/FTO anode

Figure 10. Proposed scheme of the processes occurring in the photoelectrochemical
cell in the Bayga)Bire710s/Ag photocathode compartment and in the TiO,/FTO
photoanode compartment.

The photoreduction of CO, gas in the gas/solid system was also
carried out in the IR cell. Prior to the gas-phase experiment, the
sample was thermally treated at 350 °C to reduce the amount of
physisorbed water molecules and chemisorbed carbon dioxide
species on the bismuthate’s surface. Nonetheless, even after such a
treatment, the sample surface remained highly hydrated and
carbonated.

After introduction of CO, gas (10 Torr in equilibrium) into the IR
cell reactor, the sample was irradiated by the Xe lamp at ambient
temperature. The IR spectrum of such a treated barium bismuthate
sample (Figure S3, spectrum 3) revealed a broad absorption of
molecular water at 3600-2700 cm™. The intense absorption with
two maxima at 1363 cm™ and 1442 cm™ are caused by the C=0
stretching vibrations of surficial carbonates,3#3> the presence of
which was also detected by XPS spectroscopy. This can be explained
by the high affinity of carbon dioxide molecules for the surface of
metal oxides containing alkaline-earth metal ions.

Difference IR spectra of barium bismuthate after irradiating the
sample for 30 min (spectrum 1), and 100 min (spectrum 2) are also
displayed in Figure S3. Irradiation led to the removal of carbonates
and water molecules adsorbed on the surface. In addition, the
spectral feature at ca. 1442 cm™ related to the carbonates (CO3%)
decreased in intensity, while the absorption at higher (1700-1500
cm™) and lower (1300-1150 cm™1) wavenumbers increased. These
spectral regions are attributed to the bicarbonate C=0 stretching
vibrations of HCO; ,3*3% which may be the result of bicarbonate
formation during carbonate protonation. The IR band of the
asymmetric vibration of physisorbed CO, near 2350 cm™ grows
slightly during irradiation; concomitantly, a very weak peak of
adsorbed carbon monoxide (2148 cm™) appears. All these observed
spectral changes are amplified with irradiation time. However,
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alterations in the spectral region of the C-H stretching vibration
(3000-2800 cm™) differ during the photoprocess (Figure 10): first,
C—H stretching bands appear after 30 min of irradiation (spectrum
1), followed by their disappearance after a longer irradiation time
(spectrum 2), likely due to the formation of new CH-containing
reaction products (probably hydrocarbons) that readily desorb
owing to weak binding to the surface.

Evidently, some of the products formed are weakly adsorbed on
the surface and so are mainly released and detected in the gas
phase. Accordingly, it was imperative to examine the hydrophilicity
of the surface of the barium bismuthate photocatalyst and possible
photoinduced changes to the surface energy behavior during the
heterogeneous photoreaction.

The initial hydrophilic state of the barium bismuthate was
characterized by the water contact angle technique (WCA); initially
the WCA was 35.0 + 0.5 degrees. WCAs less than 40 degrees are
typical of high-energy surfaces in air, as occurs on a metal-oxide
surface. Note that IR and XPS spectroscopic results of the surface
composition indicated the presence of strongly bound surface
water and carbonate species. Undoubtedly, the presence of such
surface species may reduce the WCA, and consequently the surface
free energy (SFE).

The mean WCA for the irradiated bismuthate surface decreased
to 26.0 £ 0.5 degrees subsequent to irradiation of the bismuthate
sample for 2 hrs, which infers that band-to-band photoexcitation of
the barium bismuthate leads to an increase of surface hydrophilicity
(decrease in WCA) and hence to an increase of surface free energy.
Recall that IR spectra of the sample showed that upon irradiation
the physisorbed water molecules and carbonate species are
removed from the surface, and thus contribute to the increase in
SFE. Evidently, adsorption of substances having polar groups and
high surface tension (e.g., water®) reduces the excess surface
energy, and thus facilitates the supply of polar reagent molecules
during the photoreduction of CO, in the liquid and gaseous phases,
and the displacement of less polar molecules (e.g., reaction
products such as alkanes) from the surface as observed when
carrying out the photoreduction of CO, on the barium bismuthate
surface. Such occurrences are of great practical importance for
solving the problem of isolating reaction products from the reaction
mixture, especially when carrying out liquid-phase photocatalytic
processes.

Summarizing all the experimental data presented above
suggests additional details into the mechanism of the photocatalytic
reduction of carbon dioxide on the surface of the Baj ;64(4)Bi1.971(2)04
photocatalyst in the IR cell. At first, carbon dioxide molecules from
the gas phase are readily adsorbed on the surface, mostly in the
form of carbonate functions (Figure S3). Photoexcitation of the
sample in its intrinsic absorption region then leads to the formation
of electron/hole photocarrier pairs (Figure 8). Photoelectrons are
subsequently consumed (Figure 10) by the photoreduction of
surface carbonates with formation of such products as carbon
monoxide and hydrocarbons. Owing to the photoinduced increase
in surface free energy (increased hydrophilicity of the surface), the
non-polar alkanes formed are then easily removed from the surface
of the barium bismuthate.

Although experimental results on the photoelectrochemical
reduction of CO, over the Baj ;64(4)Bi1.971(4)04 surface obtained in the
liquid phase and in the gaseous phase reactions show some
differences in the nature of the reaction products, they do share
some common events. Moreover, results confirm the relative
location of the energy bands of the barium bismuthate
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Bay.264(4)Bi1.971(2)04 With respect to the redox potentials of the half-
reactions implicating reduction of CO, (Figure 8).

As an additional test to assess the activity (or lack thereof) of
the barium bismuthate, the photodegradation of phenol was also
investigated in an aqueous suspension of the as-synthesized metal-
oxide photocatalyst sample in a batch-type reactor, as phenol is
often used as an ideal substrate to examine the photoactivity of
potential metal-oxide photocatalysts. The time course of the
concentration of phenol in the aqueous suspension under
irradiation for more than 6 hrs is displayed in Figure S7. Within
experimental error, the Baj 264(4)Bi1.971(4)04 bismuthate had no effect
on the oxidative decomposition of phenol when photoexcited in its
intrinsic absorption region (ca. 550 nm) in the batch reactor with
light at A > 300 nm.

3. Experimental

3.1. Synthesis and characterization of the barium bismuthates

The novel barium bismuthate was prepared via a solid-state
synthesis. For this purpose, two precursors, barium nitrate BaNOs (>
99.5 % purity; ACROS Chemicals) and bismuth(lll) oxide (Bi,03, 2
99.5 % purity; ACROS Chemicals) were mixed in a ratio
corresponding to 15.0 mol.% on a phase diagram. The mixture was
then carefully ground in an agate mortar for 10 min in the presence
of absolute ethanol (purity = 99.8 % (GC), Vekton). The mixture was
subsequently heated in two stages: during the first stage, barium
nitrate was converted to barium oxide on heating at 650 °C for 12
hrs in air; in the second stage, formation of the single-phase barium
bismuthate was achieved upon heating at 750 °C for at least 72 hrs
also in air, followed by intermediate grinding and pressing of the
reaction mixture every 10-12 hrs. For more detailed stages of the
formation of barium bismuthate are given in the Supplementary
Information and the corresponding text.

The phase composition of the bismuthate was examined by X-
ray diffraction (XRD) and by Raman spectroscopy. Powdered
diffraction data of the BayBi,O(x3y)/2 Were collected at ambient
temperature using a Bruker D8 ADVANCE powder diffractometer
with CuKa radiation and linear VANTEC detector, following which
the data were refined by the Rietveld method. The 26 data
collecting interval was 0.016 degrees and the collecting time was 1
s. Rietveld refinement was performed using the program TOPAS
4.2.37 Raman spectra were recorded in the 80-1525 cm™ spectral
regions at ambient temperature using a SENTERRA Raman
spectrophotometer (Bruker; resolution, 2 cm™; laser excitation
wavelength, 785 nm; laser beam power, 1 mW).

The morphology of the sample was determined by Scanning
Electron Microscopy (SEM; TESCAN, Czech Republic; acceleration
voltage, 20 kV). The elemental composition and its distribution in
the as-synthesized barium bismuthate sample were established by
Energy Dispersive X-ray spectroscopy (EDX; X-MaxN, Oxford
Instruments, UK). The specific surface area of the sample
pretreated at 350 °C for 6 hrs was determined by the BET method
using a Quadrasorb Sl surface area analyzer (N, adsorption).

The elemental composition of the surface and the position of
the valence band (VB) were determined by X-ray Photoelectron
Spectroscopy (XPS) using a Thermo Fisher Scientific Escalab 250Xi
spectrophotometer (Al Ka radiation, 1486.6 eV; spectral resolution,
0.5 eV); the reference carbon line Cs of a C—C bond was taken at a
binding energy (BE) of 284.8 eV.328

Diffuse reflectance spectra, as R(A), were recorded in the 375—
775 nm spectral range under ambient conditions on a Cary 5000
UV/Vis/NIR spectrophotometer equipped with a DRA 2500 external
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diffuse reflectance accessory; optical grade BaSO,4 powder was the
reference standard.

The hydrophilic properties of barium bismuthate were
ascertained in the dark and under irradiation. The powdered
sample was pressed into a self-supported pellet with dimensions
40/40/2 mm (width/height/thickness) using a hydraulic press.
Surface hydrophilicity was characterized by determining the water
contact angles (WCA) using a Theta Lite Optical Tensiometer (Biolin
Scientific, Finland). To obtain greater reproducibility, the water
contact angles were measured no less than six times after each
manipulation; the average WCA value is reported. The
photoinduced surface hydrophilicity of the barium bismuthate
sample was ascertained by irradiating with light of various spectral
compositions under stationary ambient conditions (temperature:
+20 °C, relative humidity: ca. 50 %). For this purpose, a 150-W
Xenon lamp (OSRAM, light irradiance, 7.3 mW cm) was used; total
exposure time was 2 hrs.

3.2. Photoactivity of the BaBi,0,-type bismuthate

3.2.1. Photoelectrochemical CO, reduction from aqueous
solutions. The photocatalytic activity of the as-synthesized barium
bismuthate was evaluated via the photoelectrochemical reduction
of CO,, which was carried out in a 100-mL, two compartment
photoelectrochemical (PEC) cell used in the wired configuration
with anatase TiO, as the photoanode and barium bismuthate as the
photocathode separated by a proton-permeable membrane
(DuPont™ Nafion® N-424). The electrical connection between the
photoanode and phootcathode was established by a copper wire.
Both electrodes were irradiated by light from the 150-W Xenon
lamp; the applied potential between the electrodes was 100 mV. A
schematic of the photoelectrochemical (PEC) cell is illustrated in
Figure S6.

Photoreduction of CO, occurred in the photocathode
compartment enclosed by a quartz window. The compartment was
first filled with a 0.5 M KHCOs; aqueous solution, followed by
purging the solution with gaseous carbon dioxide for 1 hr to
saturate the solution with CO, and to remove oxygen from the
electrolyte prior to irradiation. The photoanode compartment was
also enclosed by a quartz window. Photooxidation of ammonium
oxalate, (NH4),C,04, was chosen as the counter reaction occurring
in the photoanode compartment; the electrolyte consisted of an
equimolar aqueous solution of 0.2 M K,SO,4 and 0.2 M (NH,),C,04.

Preparation of the photocathode with the as-synthesized
barium bismuthate consisted of compressing the powder using a
hydraulic press into a pellet with dimensions of 21/31/2 mm
(width/height/thickness). A silver-based conductive paste was
applied to one side of this pellet, following which a copper wire was
soldered to it and then coated with epoxy for electrical insulation.
The photocathode so prepared provided only contact between the
barium bismuthate pellet and the electrolyte.

The photoanode consisted of a thin film of anatase TiO,
deposited on an FTO glass (25 x 25 mm, industrial glass; sheet
resistance, < 100 Q sq™?) using a sol-gel method and a two-step dip-
coating technique (KSV Nima dip coater). The TiO, sol was prepared
by mixing titanium isopropoxide (9 ml, 97 %, Sigma Aldrich),
isopropyl alcohol (100 ml, 2 99.0 %, Vekton), and citric acid (18 g,
chemical grade, Vekton) as the starting material, as the solvent, and
as the stabilizer, respectively. In the first stage, a dense thin film
was formed by a 5-fold immersion at a withdrawal velocity of 10
mm min~! with a 5-min dry air between each immersion, after
which the FTO substrate was immersed into the same sol at a
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withdrawal velocity of 50 mm min~! five more times. Subsequently,
the coating was annealed at 500 °C for 6 hrs in air at a
heating/cooling rate of 1 deg min™. To further develop the
electrode surface, a rough film was formed on top of the dense film
by 5-fold immersions at withdrawal velocities of 50 mm min~! and
100 mm min~t with heating to 200 °C in air between immersions.
Finally, the coating was annealed at 500 °C for 6 hrs in air at a
heating/cooling rate of 1 deg min~%. The uncoated corner of the
substrate was connected with a copper wire, which was isolated
from the solution with sealing rings (Figure S1).

Liquid samples from the photocathode compartment of the PEC
cell were analyzed chromatographically using a Chromatec Crystal
5000 gas chromatograph equipped with a 3 m x 2 mm HayeSep R
80/100 column and a methanator; helium was the carrier gas. The
gas flow rate was 25 mL min~. The temperatures of the evaporator,
methanator, and flame-ionization detector were 200 °C, 325 °C, and
200 °C, respectively. The temperature of the starting column (40 °C)
was increased to 200 °C at a heating rate of 20 degrees min.
Before analyzing the reaction probes, chromatograms of some
known alcohols and hydrocarbons were obtained to determine
possible reaction products (Figure S2). The retention times of these
products from the chromatographic column were determined
under otherwise identical experimental conditions. Calibration
curves for all the substances tested were used to determine the
respective concentrations of products.

3.2.2. FTIR spectroscopic study of photoreduction of CO; in the gas
phase. The stainless-steel cell used to examine the infrared spectra
of the adsorbed species in the transmission mode was also used in
carrying out the spectroscopic study of the photocatalytic reduction
of CO, gas over barium bismuthate. The cell’s construction and
operating mode have been described in detail elsewhere by Bulanin
and coworkers.3?

Prior to the photoinduced experiment, a powdered barium
bismuthate sample was pressed into a thin self-supported pellet
(thickness, 0.1 mm; specific weight, 9.4 g cm=3), which was then
annealed at 350 °C (620 K) in vacuum (107 Torr) for 2 hrs and then
in oxygen for 2 hrs followed by cooling to ambient temperature and
thorough evacuation of the sample. Subsequently, gaseous carbon
dioxide (10 Torr in equilibrium) was introduced on the barium
bismuthate sample at ambient temperature, followed by irradiating
the sample with the 150-W Xenon lamp (irradiance, 7.3 mW cm™32)
for 100 min.

During the experiment, IR spectra of the sample and of the gas
phase in the sample-containing volume were recorded in the
1000-3800 cm™ spectral region at ambient temperature using a
Thermo Scientific Nicolet iS50 FTIR spectrophotometer equipped
with a DTGS detector; between 600 and 2000 scans were collected
to obtain the IR spectra at a spectral resolution of 6 cm™.

3.2.3. Liquid-phase photodegradation of phenol. To assess the
photocatalytic visible-light-activity (or lack thereof) of the
bismuthate sample we used the photodecomposition of phenol in
an aqueous suspension in a batch-type reactor equipped with a
quartz window for UV irradiation under ambient conditions. Before
irradiation, the aqueous suspension (photocatalyst loading, 1.0 g L~
1: pH, 7.0; volume, 300 mL) was treated in an ultrasonic processor
for 10 min followed by addition of 100 ppm of phenol (Aldrich;
purity, 99.5 %; 1.06 mM) and then magnetically stirred for 1 hr
under dark conditions to achieve an adsorption-desorption
equilibrium. The selected initial concentration of phenol ensured
that the reaction rate was independent of concentration. The light
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source was the 150-W Xenon lamp (OSRAM); an optical cutoff filter
removed UV wavelengths below 300 nm (light irradiance, 7 mW
cm™) so as to prevent direct photolysis of phenol through light
absorption by the substrate.

To determine the time course of the concentration of phenol,
aliquot samples were collected at given intervals and then analyzed
by HPLC analysis performed using a 1260 Infinity liquid
chromatograph equipped with a UV/Vis detector and a C18 column
(Agilent Technologies). Prior to the chromatographic analysis,
samples were filtered through a 0.2 pm Minisart filter to remove
any solid particles. The mobile phase was a 50/50 v/v mixture of
methanol/water; the detection wavelength was 210 nm and the
bandwidth was 4 nm.

The initial rate of the photocatalytic reaction, often taken as a
characteristic of the activity of a photocatalyst, in the present case
the as-synthesized barium bismuthate, was determined from the
kinetic approximation:

C(t) = Coexp(— kt) (2)
so that
dC/dt(t_)O) = —kCO (3)

where k is the apparent quasi-first-order rate constant.

4. Computational specifics

Periodic DFT calculations were performed using the GGA
Perdew-Burke-Ernzerhof ~ (PBE)  density  functional®®*!  as
implemented in the ABINIT 6.8.3 program.*? A basis set in the form
of the Troullier-Martins norm-conserving pseudopotentials®® was
employed with a kinetic energy cutoff of 30 Hartree. The R-3m
symmetry of the material's crystal lattice determined from the XRD
analysis was enforced in all calculations. The Brillouin Zone (BZ) was
sampled over the automatically generated l-point-centered 8 x 8 x
8 Monkhorst—Pack grid of k-points.** The electronic band structure
was computed at 81 k-points along the I-F-L-L1-Z high symmetry
path of the trigonal BZ. The default total energy convergence
criterion of 1.0 x 10°8 Hartree was applied. The electronic band
structure and density of states were plotted using the Gnuplot 5.2
software package.*> Optical absorption spectra were computed
based on the Bethe-Salpeter Equation.*®

5. Concluding remarks

This study reports on the synthesis and comprehensive
characterization of a most promising semiconductor photocatalyst
of the BaBi,04 class, which following the Rietveld refinement can be
described as Baj ga(4)Bi1.971(4)04. Various experimental techniques
(XPS, DRS, SEM, and EDX) were brought to bear on its
characterization, and together with a computational approach (DFT)
the relevant energy band structure of this novel material was
determined. The energies of the valence band and the conduction
band were +1.14 eV and -1.12 eV, respectively; the indirect
bandgap of this bismuthate semiconductor was E; = 2.26 eV
(absorption edge = 550 nm). Accordingly, this bismuthate system is
a potentially viable visible-light-active photocatalyst. Both energies
are rather high in comparison to those for most known
photocatalysts. However, such an anomalous energy arrangement
of the conduction band opens up unique possibilities for using this
bismuthate for the photocatalytic reduction of a currently
controversial greenhouse gas, carbon dioxide, while oxidative half-
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reactions appear rather unlikely as attested by the lack of
photoinduced oxidation of phenol. The photoreduction of CO, over
the Baj2ga(4)Bi1.971()04 surface was examined photoelectrochemi-
cally in a PEC cell in aqueous media and spectroscopically using an
IR cell reactor for the photoreduction in the gas phase.
Chromatographic analyses of the reaction products revealed the
main products differed somewhat: a mixture of carbon monoxide
and alkanes from adsorbed CO, in the gas/solid system versus a
mixture of alcohols and alkanes from the liquid/solid system. No
attempts were made in the present study to optimize the
experimental conditions.
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Figure S1. EDX spectrum and mapping of the elements of the barium bismuthate particle.
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Figure S2. XPS spectra and deconvolution results of the synthesized barium bismuthate Baq zs4(4)Bi1.971(4)04

sample in the Ba3d

(A), Bi4f (B), and O7s (C) regions.
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Figure S3. FTIR spectroscopic results of the photocatalytic reduction of CO, on the Bajzss)Bi1.g9714)04
bismuthate particle surface in the gas/solid system: 1 (blue line) — difference spectrum of the sample irradiated
for 30 min; 2 (black line) — difference spectrum of the sample irradiated for 100 min; 3 (red dotted line) — original
spectrum of the barium bismuthate sample before the photo-experiment, as a reference. Difference spectra were
obtained by subtraction of the spectrum of the sample after introduction of CO, from the current spectrum. The
inset shows an enlarged view of difference spectra 1 and 2 in the 2450-2050 cm~"' spectral regions.
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Figure S4. Results of chromatographic analyses from liquid aliquots taken from the photocathode compartment
of the PEC cell before and during the photoelectrochemical reaction. (a) Overall view of the chromatograms of
the liquid samples from the photocathode compartment of the PEC cell before irradiation (black) and after
irradiation for 1 (red), 2 (green), and 4 (blue) hrs; (b)-(d) enlarged chromatograms in the retention areas of
methanol (460—495 sec), ethanol (550-608 sec) and ethane (266—308 sec).
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Figure S5. Chromatograms of possible products from the photoreduction of CO, (red solid line); vertical blue
dashed lines define the confidence intervals used for product identification within +5 % of the retention time
required for maximum product generation.
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Figure S6. Scheme of the PEC cell for the photoelectrochemical reduction of CO,; AO is ammonium oxalate,
and C,H,O; denotes various products of the CO, reduction.
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Figure S7. Time course of the concentration of phenol in aqueous media in the presence of Baq zs4(4)Bi1.971(4)04
as a function of irradiation time.



