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Evaluating the role of oxygen vacancies in CO, photothermal catalytic
reduction to methanol over 2D Bi,WOg

Hong-Xia Fan'’, Tao Liu', Liang-Fen Zhen', Antony Rajendran’ Jie Feng' and Wen-Ying Li"*

ABSTRACT Oxygen vacancies play a vital role in the ad-
sorption, activation, and subsequent reduction of CO, to
methanol. This work presents the preparation of two-dimen-
sional Bi,WOg nanosheets with different oxygen vacancy
concentrations (BWO-OV1, BWO-OV2, and BWO-OV3) and
the evaluation of their catalytic activity in the photothermal
catalytic reduction of CO, to methanol. The oxygen vacancy
concentration has played a decisive role in controlling the
methanol yield. The BWO-OV2 catalyst with the highest
oxygen vacancy concentration (13.9%) accomplishes the
maximum methanol yield (82.45 pmol/(g h)). This is because
the oxygen vacancies enhance the adsorption and activation of
CO, in the form of CO,", broaden the light adsorption range,
and promote light-induced charge carrier separation. Also,
BWO-OV2 exhibits 1.91 and 3.28 times higher catalytic ac-
tivity in CO, reduction while being used under photothermal
catalytic conditions than being employed under photocatalytic
and thermal catalytic conditions, respectively. In line with the
in-situ Fourier transform infrared spectroscopy and compu-
tational analysis, the external heat indiscriminately promotes
the adsorption and further conversion of all involved inter-
mediates but the light irradiation selectively enhances the
adsorption of CO, , HCOO%*, and CH;0* species. The find-
ings of the present work might provide key mechanistic in-
sights into understanding the role of thermal and light
irradiation in photothermal catalysis.

Keywords: Bi,WOQs catalysts, oxygen vacancy, photothermal
catalysis, CO, reduction, methanol

INTRODUCTION

CO, conversion into value-added products, such as CO, CH,,
CH;0H, HCOOH, and various C,, hydrocarbons, is a sustain-
able solution to alleviate the energy crisis and environmental
problems. Of particular importance, methanol (CH;OH) can be
substituted for oil and gas to generate a “methanol economy”
and play an indispensable role in the future [1,2]. However, the
thermodynamic and kinetic stability of CO, molecules with the
higher C=0 bond energy (750 kJ/mol) underlines the require-
ment of the enormous amount of energy input for their
reduction even in the presence of a catalyst. The coupling of
solar energy and thermal energy results in the effective regula-
tion of activity and selectivity during CO, reduction [3]. For
instance, Li et al. [4] prepared CuO and MgO composites by the

hydrothermal method with different mass ratios and employed
them as catalysts for the photothermal reduction of CO,. The
obtained methanol yield is 5.96 times higher than that of a
thermal catalytic process. Li et al. [5] attained a liquid alcohol
production rate of 7.45 pmol/(g h) during CO, reduction under
photothermal conditions using a novel Bi;TaOgCl/Bi hetero-
junction possessing oxygen vacancies (OVs). Intriguingly, pho-
tothermal catalysis not only combines the advantages of
photocatalysis and thermal catalysis but also benefits from the
synergistic effect of the two reactions to accelerate CO, reduc-
tion under mild conditions [6]. However, the success of pho-
tothermal CO, reduction lies in designing efficient stable
catalysts and investigating reaction mechanisms [7,8]. Those
catalysts should possess excellent light absorption capacity in
addition to efficient charge carrier transfer and separation.
Besides, they should demonstrate a better CO, adsorption and
activation capacity [9]. However, photocatalytic CO, reduction
to methanol remains challenging as it demands multiple elec-
trons and protons to break the C=0 bond and form new bonds.
This underlines the necessity of efficient and selective photo-
thermal catalysts for CO, reduction to methanol.

Bi,WO¢ (BWO) is one of the simplest Aurivillius oxides made
up of alternately stacked [Bi,0,)*" and octahedral [WO,]*
layers that facilitate the separation of photogenerated carriers.
Favorably, it is photoresponsive ranging from visible to ultra-
violet (UV) light, and stable under light irradiation and heat,
besides being environmentally benign [10,11]. These properties
of BWO underline its broad prospects in photothermal catalytic
CO, reduction. However, the limitations like a less photo-
generated carrier separation efficiency and the availability of
insufficient surface-active sites hamper the practical application
of BWO in CO, reduction. To tackle these issues, many strate-
gies have been attempted, such as designing heterojunction [12],
element doping [13], and introducing OVs [14]. The morphol-
ogy of BWO photocatalysts also plays a key role in enriching
surface active sites and reducing charge transfer pathways.
Importantly, OVs optimize the electronic structure to afford
higher charge mobility [15,16] in addition to increasing light
absorption and CO, activation, as evidenced by the literature
[17,18]. Hence, the catalysts having a special morphology and
OVs have become popular. Bi,MoOg, a similar catalyst to BWO,
exhibits a unique layered Aurivillius structure [19]. Huang et al.
[20] fabricated the atomically thin Bi,MoOg nanosheets with
OVs by wet chemical synthesis to reach the improved photo-
catalytic degradation of phenol with good cycling stability.
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Therefore, the combination of a two-dimensional (2D) structure
and OVs in BWO is expected to show a synergistic effect in the
photothermal CO, reduction. However, the insight into the role
of OVs in photothermal catalysis remains unclear.

Based on the above facts, 2D BWO has been prepared with
different OV concentrations and employed as catalysts in pho-
tothermal CO, reduction after being characterized. The possible
catalytic mechanism and the role of coupling light irradiation
with heat in photothermal CO, reduction to methanol have been
proposed using in-situ Fourier transform infrared (FT-IR)
spectroscopy and theoretical analysis.

EXPERIMENTAL SECTION

Catalyst preparation

2D BWO nanosheets with different OV concentrations were
prepared under hydrothermal conditions followed by heat
treatment in a hydrogen-argon atmosphere using Bi(NOs);:
5H,0, Na,WO,2H,0, hexadecyl trimethyl ammonium bromide
(CTAB), and ultrapure water. The detailed experimental pro-
cedure is provided in the Supplementary information. The
absence of CTAB is ensured in the final catalysts according to
the FT-IR spectra (Fig. S1).

CO, photothermal catalytic reduction

The photothermal catalytic CO, reduction to methanol was
carried out in a reactor (NSV-50-316 L, Anhui Kemi Instrument
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Co., Ltd.) under a 300 W xenon lamp (Beijing Zhongjiao
Jinyuan Technology Co., Ltd.), the light source, coupled with
300 nm cut off filter. The reaction products were analyzed by gas
chromatography (Agilent 8890). The experimental details are
provided in the Supplementary information.

In-situ FT-IR spectroscopy

In-situ FT-IR experiments were performed on a Bruker TEN-
SOR 27 infrared spectrometer. The details are discussed in the
Supplementary information.

RESULTS AND DISCUSSION

Catalyst characterization

The typical preparation of BWO with different OV concentra-
tions is schematically illustrated in Fig. 1a. The morphology and
textural properties of catalysts are characterized by scanning
electron microscopy (SEM) and transmission electron micro-
scopy (TEM). Fig. 1b and Fig. S2 indicate that the CTAB-assisted
synthesis of BWO leads to a 2D nanosheet morphology. The
ultrathin nature of nanosheets is confirmed by atomic force
microscopy (AFM) image of BWO. The corresponding height
cutaway view displays the thickness of BWO nanosheets is
approximately 1.58 nm (Fig. 1c). The lattice spacing (0.272 nm)
matches with the (020) planes of BWO and suggests the the
growth of 2D BWO nanosheet in the (001) direction (Fig. 1d, e)
[21].
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(a) Schematic showing the preparation of ultrathin BWO and BWO-OV nanosheets. (b) SEM image of BWO-OV2. (c) AFM image and height

profiles of BWO-OV2. (d, e) TEM images of BWO-OV2. (f) XRD patterns of different BWO samples. (g) Nitrogen adsorption-desorption isotherms of BWO

samples.
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The crystal structure of the BWO catalyst is characterized by
X-ray diffraction (XRD). Fig. 1f illustrates that all prepared
BWO samples show diffraction peaks at 28.3°, 32.8°, 47.1°, and
55.8° corresponding to (113), (020), (220) and (313) crystal
planes, respectively, according to the JCPDS data of BWO
(JCPDS No. 73-2020) [22]. The similarity between the XRD
patterns of the original BWO and BWO-OV indicates that the
heat treatment under a hydrogen atmosphere does not have a
significant impact on the crystal structure of BWO.

Fig. 1g shows the N, adsorption-desorption isotherms of
prepared catalysts. They follow type IV isotherm with type H3
hysteresis loops, indicating the formation of BWO with narrow
pores attributed to the flaky morphology [23]. Brunauer-
Emmett-Teller (BET)-specific surface areas of BWO, BWO-
OV1, BWO-0OV2, and BWO-OV3 are 28.3, 50.4, 48.6, and
40.5 m*/g, respectively.

OVs and their concentrations in the prepared BWO catalysts
are analyzed by X-ray photoelectron spectroscopy (XPS) and
electron paramagnetic resonance (EPR) spectra. The full XPS
spectrum displays the peaks of Bi, W, and O elements (Fig. S3).
Based on the high-resolution Bi 4f spectrum of BWO (Fig. 2a),
peaks at 164.52 and 159.20 eV are attributed to Bi 4f;, and
Bi 4f;), spin-orbit splitting photoelectron levels of Bi** chemical
state, respectively. Compared with the original BWO, the Bi 4f
peaks shift to the higher binding energy due to the heat treat-
ment done in the hydrogen atmosphere. This implies the gen-
eration of OV adjacent to Bi atoms, intriguingly, with a higher
electron-withdrawing ability [14]. In Fig. 2b, the distinctive
peaks of W 4f appear at 3548 eV (W 4f;,) and 37.65eV
(W 4f;),). These peaks are also shifted due to the heat treatment
carried in the hydrogen atmosphere, which is assigned to the
change in electron density after OV generation. The two O 1s
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peaks observed at 530.0 and 531.6 eV correspond to lattice and
surface-adsorbed oxygen, respectively (Fig. 2c) [24]. For the
original BWO, the OV's proportion in O 1s is 5.6% according to
the peak area. It is found to increase in the BWO-OV catalysts,
i.e., 10.3% (BWO-OV1), 13.9% (BWO-OV2), and 9.3% (BWO-
OV3). Thus, the order of OV concentration in the prepared
catalysts is BWO-OV2 > BWO-OV1 > BWO-OV3 > BWO.

The presence of OVs in all the prepared catalysts is also
confirmed by the appearance of a sharp EPR signal centered at g
= 2.003 due to the unpaired electrons trapped at OV sites
(Fig. 2d). The peak intensity of this EPR signal can be related to
the concentration of OVs in the sample [25,26]. Thus, according
to the peak intensity of the EPR signal, the order of OV con-
centration in the prepared catalysts follows the same trend as
supported by XPS analysis.

Photothermal catalytic reduction of CO, to methanol

The catalytic performance of the prepared catalysts is evaluated
by combining external heating (30-120°C) and UV light
(300 nm) in a stainless-steel reactor (Fig. S4) using gaseous CO,
and liquid H,O. Fig. 3a displays that the methanol yield is
directly proportional to the concentration of OVs available in
the catalysts. Accordingly, the methanol yield obtained with our
catalysts follows a trend as BWO-OV2 > BWO-OV1 > BWO-
OV3 > BWO. BWO-OV2 with a higher OV concentration
(13.9%) demonstrates the best catalytic activity with a methanol
yield of 82.45 umol/(g h).

To evaluate the effect of external heating temperature, an
infrared imager is used to test the temperature change. The
possible increase in temperature due to the light irradiation is
excluded (Fig. S5). The catalytic activity of BWO-OV2 increases
while increasing the external heating temperature up to 90°C but
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Figure 2 XPS spectra of the prepared catalysts. (a) Bi 4f, (b) W 4f, (c) O 1s, and (d) EPR spectra of the prepared catalysts.
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Figure 3 Catalytic performance under different experimental conditions. (a) Photothermal catalytic CO, reduction (light irradiation A = 300 nm, 90°C) using
the prepared catalysts. (b) Photothermal catalytic CO, reduction using BWO-OV2 at various external heating temperatures (30-90°C). (c) Photocatalytic (light
irradiation A = 300 nm, 25°C), thermal catalytic (90°C), and photothermal catalytic (light irradiation A = 300 nm, 90°C) conditions. The other reaction
conditions followed uniformly in the above reactions: initial CO, pressure of 1 MPa, 20 mL H,O, 300 W xenon lamp, irradiation time of 4 h. (d) Catalyst

reusability.

decreases with further increase in temperature (Fig. 3b). The
obtained methanol yield under photothermal conditions at 90°C
is 1.91 and 3.28 times than that under photocatalytic and ther-
mal catalytic conditions, respectively (Fig. 3c). Moreover, the
activity of BWO-OV2 at room temperature (RT) is increased
20.69 times than that under UV irradiation (Fig. S6). These
results reveal that light irradiation makes a major contribution
to the photothermal catalytic reduction of CO, as compared to
external heating temperature. The stability of BWO-OV2 was
evaluated by performing the catalyst reusability experiment. The
CH;OH yield reaches 88.45% even during the 4th catalytic cycle,
indicating the good stability of BWO-OV2 (Fig. 3d).

No significant change is noticed in the structure and mor-
phology of spent BWO-OV2 in line with the XRD pattern and
SEM image. This underlines the structural integrity of the cat-
alyst under photothermal conditions (Figs S7 and S8).

Optical and optoelectronic properties

The optical and photoelectronic properties of the catalysts are
observed to determine the origin of the increase in catalytic
activity caused by OVs.

As shown in Fig. 4a, UV-Vis spectra of all the catalysts show
an obvious absorption band in the UV region. The bandgap
widths calculated for BWO, BWO-OV1, BWO-OV2, and BWO-
OV3 are 2.76, 1.24, 1.40, and 2.32 eV, respectively (Fig. S9). The
band gap of the BWO-OV catalysts is narrower than that of
BWO. The catalysts with more OVs broaden the optical
response range to the visible region, manifesting that OVs enable
a wide light response range. Hence, visible light with a low

February 2025 | Vol.68 No.2
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energy can also excite photogenerated carriers.

Photoluminescence (PL) spectra and the photoelectrochemical
response of prepared catalysts are studied to explore the electron
and hole migration and separation capacity. The weaker PL
intensity reflects the lower degree of electron-hole recombina-
tion. Increasing the concentration of OVs in BWO achieves a
better inhibition of the electron-hole recombination (Fig. 4b).
The transient photocurrent response tests under xenon lamp
irradiation further illustrate the behavior of charge carriers. The
spectra of BWO-OV catalysts display significantly increased
photocurrent density as compared to BWO (Fig. 4, Fig. S10),
indicating the effective separation of photogenerated carriers.

Fig. 4c reveals that the trend in the Nyquist arc radius is as
follows: BWO > BWO-OV3 > BWO-OV1 > BWO-OV2. The
increase in arc radius with the increase of OVs in the catalysts
enables the lower charge transfer resistance and thus facilitates
the charge separation [27].

Therefore, enriching OVs in the catalysts improves the light
adsorption and photogenerated electrons, which might be due to
the facile capture of photogenerated electrons by OVs [28]. As a
consequence, the possibility of photogenerated electrons and
hole recombination is reduced with the fact that OVs can offer
sufficient electrons for CO, activation.

In-situ FT-IR spectroscopy

To gain molecular-level insights into the increase of catalytic
superior activity due to the enrichment of OVs and to distin-
guish the impact of external heat and light irradiation, CO,
adsorption and subsequent reaction are examined by CO,-
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Figure 5 In-situ FT-IR spectra of (a) BWO-OV2 and (b) BWO under thermal and photothermal catalytic conditions. BWO and BWO-OV2 (c) under

thermal and (d) photothermal catalytic conditions.

temperature-programmed desorption (TPD) and in-situ FT-IR
under different conditions.

Under thermal catalytic conditions, the CO,-TPD of BWO
and BWO-OV2 catalysts are evaluated. The signals of CO,
desorption shift to high temperatures with increasing OV con-
centration (Fig. S11). This is assigned to the improvement of
interaction between CO, and BWO. In the in-situ FT-IR spec-
trum of BWO-OV2 (Fig. 5a), the intensity of the peak at
1640 cm™" decreases (the bending and stretching vibrations of
O-H bonds of absorbed H,0) [29]. In contrast, the intensity of
the characteristic peaks of intermediates (HCO;™ (1442 cm™h),
b-CO;*™ (1390 cm™), m-CO;*™ (1456 cm™), CO,™ (1683 cm™),
HCOO* (1558, 1361 and 1341 cm™"), and CH;0* (1749 cm™))
increase with temperature [30-33]. However, the peak intensity
barely changed over the prolonged time. A similar behavior is

468

© Science China Press 2025

also observed in BWO (Fig. 5b).

After applying light irradiation (A = 200-400 nm), the peak
intensity of CO,, HCOO¥*, and CH;0* is remarkably increased
(Fig. 5a). These results reveal that the external heat indis-
criminately promotes the adsorption of all involved inter-
mediates but light irradiation selectively enhances the
adsorption of CO, , HCOO*, and CH;0* species.

Moreover, the intensity of the above-mentioned intermediates
is compared for BWO and BWO-OV2 to determine the role of
OVs in CO, photothermal catalytic reduction. As shown in
Fig. 5¢, d, in both the thermal and photothermal catalytic con-
ditions, BWO-OV2 exhibits a higher intensity for CO,,
HCOO*, and CH;0* as compared to BWO. The corresponding
peaks of these three species are remarkably strengthened over a
prolonged time. Thus, it is obvious that the existence of OVs

February 2025 | Vol.68 No.2
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improves the adsorption of CO,”, HCOO¥*, and CH;0%,
regardless of the thermal or photothermal catalytic process. The
light irradiation provides more electrons for the surface reaction
and gaseous CO, is mainly adsorbed on the catalysts surface in
the form of CO,~, which is then hydrogenated to HCOO*, and
further to CH;0%*.

To further confirm the mechanism, first-principles density
functional theory (DFT) calculation is performed on the BWO
(001) surface with OVs to observe the CO, adsorption and
subsequent hydrogenation. The calculation models are created
(Fig. 6a, b) based on TEM images. Fig. 6¢, d exhibit the favorable
adsorption configuration of CO,, i.e., the insertion of one of the
O atoms into the OV site of BWO (001) and the formation of
bent CO,™ species with the electron donation from the OV site
[34,35]. The adsorbed CO, is kinetically and thermodynamically
hydrogenated to HCOO* than to HOCO* with a lower activa-
tion barrier of 0.55 eV and exothermicity of 0.72 eV (Fig. 6e).

Based on the above results, a possible mechanism for the
photothermal catalytic CO, reduction to methanol is proposed
(Scheme 1). The CO, molecule is initially adsorbed on the cat-
alyst surface to form CO, . Then, the photogenerated holes
oxidize the H,O molecules, providing the necessary proton to

February 2025 | Vol.68 No.2
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Reaction pathway for CO, reduction to CH;OH by the photothermal catalytic process.

react with CO,” to form HCOO¥*, i.e., the so-called formate
pathway. This intermediate is converted to CH;0* intermediate
due to photogenerated electrons and H protons, and finally,
methanol is generated.

CONCLUSIONS

2D BWO nanosheets with different OV concentrations have
been fabricated by a facile hydrothermal method followed by
hydrogen-assisted heat treatment for photothermal catalytic CO,
reduction to methanol. Owing to the abundant actives, BWO-
OV2 nanosheets have shown the highest methanol vyield
(82.45 umol/(gh)) in CO, reduction, as compared to other
BWO catalysts. The ultrathin morphology and the presence of
OVs in higher concentrations play a crucial role in the enhanced
catalytic performance. XPS analysis, transient photocurrent
response, and EIS Nyquist plots suggest that the concentration
of OVs and the effective separation of photogenerated carriers
(holes and electrons) are the reasons behind the improved cat-
alytic activity. Additionally, in-situ FT-IR combined with DFT
calculations reveal that the adsorbed CO, molecule is initially
converted to CO,” and then transferred to HCOO*. Thermal
energy increases the transfer rate of reactants and thus enhances
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the reaction kinetics. Light irradiation does not alter the reaction
pathways but significantly promotes the activation and conver-
sion of HCOO* intermediates, thereby facilitating methanol
production. The OVs in BWO can optimize the photothermal
catalytic CO, reduction and open new possibilities for CO,
reduction driven by high-performance solar energy.
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