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SPECIAL TOPIC: Advanced Photocatalytic Materials

Tungsten bronze Cs; 33WO; nanorods modified by
molybdenum for improved photocatalytic CO,

reduction directly from air

Lian Yi, Wenhui Zhao, Yanhong Huang, Xiaoyong Wu, Jinlong Wang™ and Gaoke Zhang

ABSTRACT Photocatalytic CO, reduction is thought to be a
promising strategy in mitigating the energy crisis and several
other environmental problems. Hence, modifying or devel-
oping suitable semiconductors with high efficiency of photo-
catalytic CO, reduction property has become a topic of
interest to scientists. In this study, a series of Mo-modified
Cso33WO; tungsten bronze were prepared using a “water-
controllable releasing” solvothermal method to produce ef-
fective photocatalytic CO, reduction performance. Interest-
ingly, Mo atoms replaced W partially within the hexagonal
crystal structure, leading to a significant increase in photo-
catalytic CO, reduction activity of Cs,3;;WO;. The 5% Mo-
doped compound displayed the best performance, with the
production yield rates of 7.5 umol g7l h' for CO and
3.0 umol g71 h™' for CH,OH under low concentration of CO,
under anaerobic conditions, which is greatly higher than those
Cs33WO; (3.2 pmol g_l h™" for CO and
1.2 pmol gfl h™" for CH,OH) and Mo-doped W40,
(1.5 umol g™ h™" for CO and 0 ymol g™ h™" for CH,0OH). More
importantly, the as-prepared Mo-doped Csy;;WO; series
could also induce the photocatalytic reduction of CO, directly
from the air in the presence of oxygen, which is beneficial for
practical applications. The superior photocatalytic perfor-
mance of Mo-doped Cs ;;WO; series over the popular reduced

of pure

WO; may be due to the increase in light absorption induced by
the localized surface plasmon resonance (LSPR) effect of Mo,
large improved charge separation ability, and the co-effect of
Mo and Cs in crystal. This study provides a simple strategy for
designing highly efficient photocatalysts in low concentration
of CO, reduction.

Keywords: CO, reduction, charge separation, Cs;3;;WOs, low
concentration, photocatalytic performance

INTRODUCTION
Over the past few decades, our consumption of fossil fuel
has grown significantly, playing an essential role in the
development of industrial economy. However, the over-
consumption of fossil fuels has led to resource depletion
and increasing atmospheric CO, concentration, destabi-
lizing the natural carbon cycle [1]. From the 1970s until
now, atmospheric CO, concentration increased from
280 ppm to ca. 410 ppm, leading to severe global en-
vironmental issues such as climate change [2]. Capturing
and converting atmospheric CO, as a renewable fuel
source is a promising strategy to mitigate the current
global energy crisis and simultaneously reduce the ad-
verse effects of greenhouse gas (GHG) accumulation in
our atmosphere [3,4]. Photocatalytic CO, reduction can
potentially be used as a method to achieve the above
objective. Under sustained solar irradiation, photo-
catalysts can reduce CO, into value-added products, such
as CO, HCOOH, HCHO, CH;0H, and CH,, which can
be further used as industrial raw materials and fuels [5-
8]. Nevertheless, atmospheric CO, is very stable and re-
quires a high energetic input (>750 k] mol ') to break the
C=0 bond during the reduction reaction [9,10]. Fur-
thermore, H, gas is produced during the CO, reduction
process, which is potentially problematic as H" reduction
is theoretically more favorable than CO, reduction
[11,12]. Hence, to overcome the two above obstacles,
developing a suitable photocatalyst with good CO, acti-
vation and poor H, reduction ability is essential to in-
crease the efficiency of the CO, reduction reaction.
Recently, the photocatalyst WO; has attracted increas-
ing attention from researchers studying CO, reduction.
Given its relatively narrow bandgap (2.4-2.8 eV), stable
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chemical properties, CO, adsorption ability, and relatively
low conduction band position, WO; prevents the build-
up of H, during the CO, reduction reaction [13-17].
However, the photocatalytic CO, reduction activity of
WO; is still low, due to the poor reductive capacity of the
conduction band, the high-charge recombination and the
limited number of active sites available for CO, activation
[18,19]. To improve the photocatalytic performance of
materials, scientists have started to use heterojunction
[20-23]. Shi et al. [24] reported that the photocatalytic
CO, reduction ability of WO; nanosheets was sig-
nificantly increased after coupling with Cu,O to form a Z-
scheme heterojuction, due to the promoted charge se-
paration and increased redox ability. Furthermore, re-
searchers have found that the introduction of oxygen
vacancies and reduced W’* in WO, can also significantly
improve its photocatalytic CO, reduction activity. The
creation of oxygen vacancies and W™ in WOj; increases
the surface negative charge density and the number of
active sites, which in turn increases CO, adsorption and
activation [18,25,26]. For example, Xi et al. [27] prepared
ultrathin W30, nanowires to investigate their photo-
catalytic CO, reduction property. They showed that the
catalytic performance of W3O, with abundant oxygen
vacancies and W”" was much higher than that of WO,
alone, which can be attributed to the enhanced light ab-
sorption, increased number of active sites, and decreased
CO, activation energy. Moreover, the studies [28-30]
also revealed that doping Mo in oxygen vacancy-rich
WO; could further improve its photocatalytic perfor-
mance. The addition of Mo to oxygen vacancy-rich WO,
can not only generate more oxygen vacancies, W', and
active sites, but also benefit for the CO, activation [28-
30]. More interestingly, our groups recently unveiled that
incorporating alkali metal ions into reduced WO, formed
unique hexagonal tungsten bronze (M, ;;WO;, M=K, Rb,
Cs), in which the alkali metal ions were found at the
hexagonal tunnel of crystal and formed weak chemical
bonds with W and O. Taking advantage of this peculiar
structure, M,;sWO; showed an outstanding photo-
catalytic CO, reduction activity, much higher than
W50y and WO; [31]. This superiority stems from the
enhanced light absorption, the additional number of ac-
tive sites, reduced charge recombination, and CO, acti-
vation energy [31]. Based on the above research, adding
more Mo into M;3;;WO; crystals is predicted to sig-
nificantly improve its photocatalytic CO, reduction per-
formance compared with solely alkali metals and Mo-
induced counterparts. However, this prediction has not
yet been verified by empirical research, nor have its
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practical applications been thoroughly investigated.

In this study, series of Mo-modified Cs,;;WO; hex-
agonal tungsten bronze were successfully prepared using
a “water-controllable releasing” solvothermal method, to
investigate its photocatalytic CO, reduction property in
normal conditions and under low atmospheric CO,
concentration. Interestingly, doping Cs,;;WO; with Mo
was found to further enhance its photocatalytic ability. As
expected, under full spectrum Xe irradiation, Mo-mod-
ified Csy33WO; series showed excellent photocatalytic
CO, reduction activity, much higher than that of
Csy33WO; and Mo-doped W30,9. The charge separation
ability of the samples was studied by photoluminescence
spectra and photoelectrochemical test. Finally, a possible
photocatalytic CO, reduction process over Mo-doped
Csy33WO; was proposed based on in-situ fourier trans-
form infrared reflection (FTIR) spectra.

EXPERIMENTAL SECTION

Materials

All reagents were of analytical grade, purchased from
Sinopharm Chemical Reagent Co. Ltd. and used without
further treatment.

Preparation of Mo-modified Cs,;;WO; series

The typical preparation process was as follows: 0.3 g of
WClg was dissolved in 40 mL of ethanol. Then, the fixed
amounts of MoCl; (0, 6.2, 10.33 and 20.67 mg) were
added to the solution and stirred vigorously for 30 min.
Next, 0.067 g of CsOH-H,0O and 10 mL of acetic acid were
added and stirred vigorously for another 30 min. The
mixed solution was then transferred into a 100 mL-Teflon
vessel and heat-treated at 220°C for 20 h. After being
cooled down to room temperature, the particles were
centrifuged, washed and dried in a vacuum oven over-
night. The samples with various MoCl; additions (0, 6.2,
10.33 and 20.67 mg) were designated as CsWO, 3% Mo-
CsWO, 5% Mo-CsWO, and 10% Mo-CsWO, respectively.
The percentages (3%, 5%, 10%) indicate the molar ratios
of Mo/W in the samples. The control Mo-doped W50,
was prepared in the same way, but without the addition of
CsOH-H,0.

Characterizations

Sample crystallinity was recorded by X-ray diffraction
(XRD) patterns using Cu-Ka radiation (D/MAX-RB).
The morphologies and structures of the samples were
measured using transmission electron microscopy
(TEM), high-resolution TEM (HRTEM) and element
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mapping (JEM2100F). The surface states of atoms in the
sample were collected using X-ray photoelectron spec-
troscopy (XPS) (ESCALAB II) and the corresponding
binding energy positions of the atoms were calibrated
according to 284.5 eV of C 1s. The light absorption of the
samples was plotted by UV-2550 (Shimadzu, Japan). The
photoluminescence (PL) spectra of the products were
obtained using a fluorescence spectrophotometer (RE-
5301PC). The in-situ FTIR spectra of the samples were
conducted using a Bruke Tensor II FTIR spectrometer.
The photoelectrochemical properties of the samples were
checked by a common three-electrode system (CHI-
660E). Pt and Ag/AgCl were separately used as counter
and reference electrodes [32,33].

Photocatalytic CO, reduction test

The photocatalytic CO, reduction activity of the prepared
samples was evaluated in a 500-mL home-made glass
vessel. First, 50 mg of sample particles were uniformly
dispersed in a Petri dish by ultrasonication and drying,
then put at the bottom of a glass vessel. In this reactor, the
fresh air was used as a CO, reduction atmosphere and
500 pL of deionized water was also injected. After the
300 W Xe lamp (850 mW cm °) was turned on, 200 pL of
gas were withdrawn to identify the products using gas
chromatography (GC) (7820, Zhongkehuifen China) at
determined time intervals.

The low concentration of CO, (ca. 1000 ppm) reduc-
tion under anaerobic conditions was produced by react-
ing concentrated H,SO, with NaHCO; in an N,
atmosphere instead of fresh air. The other procedures
were the same as those of fresh air condition.

RESULTS AND DISCUSSION
As shown in Fig. 1, the diffraction peaks of CsWO are
consistent with the pure hexagonal tungsten bronze phase
(JCPSD No. 831334) and no other impurities can be
observed. The peaks located at 14.2°, 23.5°, 27.5°, 34.1°,
36.4°, 44.8°, and 49.7° can be assigned to the crystal
planes of (100), (002), (200), (112), (202), (212) and (220)
in CsWO, respectively. Furthermore, the peak at (200)
exhibited the strongest intensity compared with the other
peaks, indicating that the CsWO crystal preferentially
grows in the [100] direction. When Mo-doped CsWO
was used, all the samples showed similar patterns as
CsWO and no other big difference was observed, possibly
because Mo and W have similar ionic radii, meaning that
doping with Mo did not change the structure of the
tungsten bronze.

To investigate the shapes and structures of the syn-
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Figure 1 XRD patterns of CsWO and Mo-doped samples with various
concentrations.

thesized particles, TEM, HTREM, and element mapping
analysis were carried out, the results of which are pre-
sented in Fig. 2. The sample displayed the nanorod
morphology and clear crystal plane fringes with the d-
spacing of 0.32 nm (Fig. 2a and b), which is well-indexed
to the (300) planes of CsWO. This means that the sample
crystal preferentially grew along the [100] axis, similarly
to the XRD results as presented above. From the element
mapping (Fig. 2c-g), the elements Mo, Cs, W, and O all
appear uniformly dispersed in the nanorods. Therefore,
the above results could confirm that the particles pre-
pared in this study were hexagonal tungsten bronze
Csy33WO; and Mo was successfully inserted into CsWO

w50 Nm Cs

= 50-Nm Mo
9

Figure 2 TEM (a), HRTEM (b) and element mapping (c-g) images of
the sample 5% Mo-CsWO.
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crystals.

The surface states of atoms in CsWO were studied by
XPS spectra, as shown in Fig. 3. Fig. 3a presents the
survey spectra of the samples, showing that the sample
atoms were all exhibited in the spectra, consistently with
the element mapping results. The high-resolution XPS
spectra of W 4f over samples could be fitted into two
pairs of peaks. The large pair of peaks located at ca. 37.7
and 35.6 eV could be attributed to the binding energies of
W*, while the small pair of peaks situated at ca. 36.8 and
34.7 eV should be ascribed to the corresponding energies
of W* [34]. These results show that within the CsWO
crystal, tungsten was mainly found as W' and partially as
W™, produced by the reduction of ethanol in the sol-
vothermal reaction of raw materials and very essential for
the near infrared (NIR) light absorption of CsWO
[35,36]. In the relevant O 1s spectra, the lines could be
deconvoluted into two main peaks at 530.5 and 531.4 eV,
caused by the binding energies of the lattice oxygen in
CsWO and surface OH groups, respectively. As for Mo
doped CsWO, its 3d XPS spectra also could be revealed
by two groups of peaks. The lower energies of the paired
peaks located at 229.1 and 234.2 eV were owing to the
Mo’*, while the higher ones situated at 232.8 and
235.9 eV originated from the Mo®". This suggests that Mo
was present in the crystal, with multi-valence replacing W

5% Mo-CsWO

Lo

Cs 3ds,
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positions. Additionally, according to the inductively
coupled plasma (ICP) measurement and XPS analysis, the
molar ratios of Mo/W in the 5% Mo-CsWO sample were
reported as 4.32% and 4.64%, respectively. The figures are
close to the theoretical values and further confirm that
Mo exists within the CsWO crystal. Furthermore, elec-
tron paramagnetic resonance (EPR) analysis was used to
prove the existence of oxygen vacancy in the samples.
From the results in Fig. S1 (Supplementary information),
no obvious signals at g=2.001 (indicating the presence of
oxygen vacancy) can be detected in the EPR spectra of
either sample. Therefore, there is no hard evidence for the
existence of oxygen vacancies in CsWO series, similarly
to the results from previous research [28,30,31]. While for
the Mo-doped CsWO sample, the strong signals with
parallel (g,=1.846) and perpendicular (g,=1.907) bands
were demonstrated, which should be due to the un-
saturated coordination of Mo " and beneficial for CO,
activation [28,30].

The optical property and band structure information of
each sample are shown in Fig. 4. From Fig. 4a, it is ex-
plicit that all samples exhibit light absorption in the UV
and partially-visible light ranges, which should be due to
the intrinsic band absorption of CsWO. Interestingly,
they also presented very strong NIR light from 680 to
2500 nm. This strong absorption may result from the
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Figure 3 XPS spectra of the samples CsWO and 5% Mo-CsWO: (a) survey, (b) Cs 3d, (c) W 4f, (d) O 1s, and (e) Mo 3d.

November 2020 | Vol.63 No. 11

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

2209



ARTICLES

SCIENCE CHINA Materials

a b 10% Mo-CsWO
—5% Mo-CsWO
P I A —— 3% Mo-CsWO
S — CsWO
< o
8 —
e 2
8 10% Mo-CsWO 3
g 5% Mo-CSWO
2 3% Mo-CsWO
< —CsWO
400 800 1200 1600 2000 15 20 25 30 35 40 45 50
Wavelength (nm) hv (eV)
QO
c [ o 5%Mo-Cswo Rl d_,._|
9 CsWO 2° _|----04V =04V __ co,co-053Vv)
: s ' - COJ/CH:OH (-0.38 V)
z 0— ' i
— %) 1 1 1
9 > 1 1
:I‘_’ > 91— E~284ev E=261eV
&) g -] i '
g ] 1
5 27 l :
o _|
3—] 244V .
Csp33WO; 5% Mo-CsWO

15 -10 -05 00

Potential (V) vs. Ag/AgCI

-2.0 0.5

Figure 4 Diffuse reflectance spectroscopy (a) and the corresponding Tauc plots (b) of the prepared four samples, and the Mott-Schottky lines (c) and
the proposed band structures (d) for the CsWO and 5% Mo-CsWO samples based on calculations.

localized surface plasmon resonance (LSPR) and polarons
effects induced by the presence of reduced W** in CsWO
crystal [25,31,35]. Furthermore, with increasing Mo-
doping in CsWO, the NIR absorption ability of the
samples also increased, given that in addition to W™,
some Mo’* was also induced in the CsWO crystal, which
could produce an LSPR effect as that of W* to further
increase the NIR light absorption [37]. From the lines
illustrated in Fig. 4b, it can be inferred that the bandgap
of CsWO is about 2.61 eV, while as Mo is incorporated,
the bandgaps of the samples shift to lower energies (about
2.84 eV for 5% Mo-doped specimen). Similar results were
observed in previous research [28,30]. To figure out the
samples’ bandgap structure, an electrochemical Mott-
Schottky examination was performed, as shown in Fig. 4c.
Both samples of CsWO and 5% Mo-CsWO exhibited
positive slopes (corresponding to n-type semiconductors)
and intercepted the same flat potential with about —0.5V
(vs. Ag/AgCl). It is well known that the conduction band
(CB) position of semiconductors should be ca. 0.1 V upon
the flat potential over n-type semiconductors. After re-
ferring the Ag/AgCl potential to a normal hydrogen
electrode, the CB position of the samples could be ob-
tained as —0.4 V for both samples. Based on the results
shown in Fig. 4b and c, the valence band (VB) positions
could be calculated as 2.44 and 2.21 V for CsWO and 5%
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Mo-CsWO, respectively. The corresponding band struc-
ture diagrams of these two samples are illustrated in
Fig. 4d. It is obvious that after Mo doping into the CsWO
crystal, the CB position of the semiconductor was not
changed but the VB position was moved into lower en-
ergy. Furthermore, the CB positions of the two samples
were higher than that of the CO,/CH;OH redox potential
but lower than that of the CO,/CO redox potential, in-
dicating that under suitable light irradiation, these two
samples can reduce CO, into CH;OH, but not into CO, at
least in theory. However, under some special circum-
stances, such as the presence of reduced W™ and other
defects in the particle surface, CO, can be reduced to CO
below the potential of —0.53 V as the activation energy of
CO, reduction to CO decreases in the presence of specific
ions and defects [23,24,26,31].

In this study, the samples’ photocatalytic activities were
evaluated through CO, reduction under the full spectrum
of 300 W Xe lamp. Interestingly, the photocatalytic re-
action worked under both anaerobic low CO, and normal
atmospheric conditions. Since tungsten bronze is an ef-
ficient photo-to-thermal conversion material [38], the
surface temperature of the catalyst should be considered
under light irradiation, as it probably impacts photo-
catalytic activity. In this study, the surface temperature of
the catalyst was ca. 60°C under Xe illumination, which

November 2020 | Vol.63 No.11
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allowed the generation of H,O vapor, creating a favorable
environment for the photocatalytic reaction. More de-
tailed information about the effect of temperature on the
photocatalytic CO, reduction has been investigated in a
previous study [31]. Fig. 5a and b present the CO and
CH;OH yields from a low concentration of CO, reduc-
tion under anaerobic conditions over various samples. It
can be observed that, under full Xe irradiation, pure
CsWO produced ca. 15 umol g ' of CO and 4 umol g ' of
CH,;OH during 4 h, while for Mo-doped W30, only ca.
7 umol g ' of CO and negligible amounts of CH;OH were
produced, indicating that Cs doping in reduced WO, is
more active for photocatalytic CO, reduction than that of
Mo doping one. Interestingly, as Mo doped into CsWO,
the photocatalytic activity significantly improved com-
pared with those of solely Cs and Mo-doped WO; com-
pounds. When Mo doping concentration was 5% in
CsWO, the sample showed the highest photocatalytic
activity with ca. 30 umol g ' of CO and 12 umol g ' of
CH,;OH yields. Further increasing Mo doping to 10%, the
activity decreased, probably as too much Mo doping
would make some of Mo sites become a trapping center
and detrimental for charge separation. To further ex-
amine their practical applications, Fig. 5c¢ exhibits the
photocatalytic CO, reduction performances of the pre-
pared samples directly from the air in the presence of O,.
Intriguingly, the CsWO and Mo-doped CsWO samples
all showed observable photocatalytic activity, implying
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that the presence of O, did not negatively contribute to
CO, reduction in this study. Similarly, the 5% Mo-CsWO
also presented the optimal photocatalytic reduction abil-
ity with the yield rates of ca. 3.4 umol g ' h' for CO and
ca. 1umol g 'h' for CH;OH. Fig. 5d shows the photo-
catalytic CO, reduction performance of 5% Mo-CsWO
under various conditions. Under dark conditions or
without a catalyst, no obvious activity was observed, but
in their presence, the sample displayed the apparent
photocatalytic CO, reduction performance and the ac-
tivity in the anaerobic status was twice higher than that
under fresh air. Meanwhile, under a pure N, atmosphere,
the trace of products was examined, due to the existence
of small amounts of carbon-related organic materials on
the surface of the sample after the solvothermal reaction.
The above results showed that the co-incorporation of
Mo and Cs in reduced WO; was effective at improving
photocatalytic CO, reduction performance compared
with solely modified ones. More importantly, the devel-
oped samples were able to effectively reduce CO, directly
from the air in the presence of O, rather than in the
commonly-used anaerobic atmosphere. It is well known
that the reduction potential of O, (+0.82V) is much
higher than that of CO,, suggesting that, in normal at-
mospheric conditions O, should be reduced before CO,.
However, in this study, O, did not negatively contribute
to CO, reduction. This unexpected result maybe because
the CsWO series preferentially adsorbed CO, on the
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Figure 5 CO (a) and CH;OH (b) yields from the anaerobic CO, reduction during 4 h irradiation, and the corresponding productions with reaction
rates from fresh air reduction (c) over the as-prepared samples; photocatalytic CO, reduction rate as a function of various conditions (d) as well as

photocatalytic stability (e) of the sample 5% Mo-CsWO.
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surface but rarely adsorbed O, from the atmosphere, such
that O, reduction was negligible compared with that of
CO, on the catalyst surface. Detailed information on this
process can be accessed from our previous work [31].

As illustrated in Fig. 5e, after four tests, the 5% Mo-
CsWO sample still showed relatively good photocatalytic
stability, with only about 5% decrement. Meanwhile, the
corresponding structure and chemical composition of the
catalyst after the catalytic cycles were analyzed using XRD
and XPS, as shown in Figs S2 and S3. It is apparent that
after the photocatalytic reaction, no significant difference
was observed in the structure, surface property, and
composition of the sample compared with the fresh
sample without photocatalytic reaction, indicating that
the Mo-CsWO also has good structural stability.

To unveil the mechanism leading to the superior
photocatalytic performance of the Mo-CsWO series, PL
spectra and photoelectrochemical tests were conducted,
the results of which are illustrated in Fig. 6a—c. It can be
seen from Fig. 6a that under irradiation at 312 nm, all
samples showed an emission peak and 5% Mo-CsWO
exhibited the lowest emission intensity, indicating that
this sample had the best charge separation ability com-
pared with the other samples [39]. Similar results were
also revealed in photoelectrochemical characterization,
where 5% Mo-CsWO showed the highest photocurrent

signals and the lowest resistance ability among the sam-
ples, suggesting that photogenerated electrons in 5% Mo-
CsWO could transfer faster and accumulate on the sur-
face to produce photocatalysis. Hence, based on the above
findings, the superiority of photocatalytic CO, reduction
ability in Mo-CsWO series is thought to be mainly due to
its enhanced light-harvesting capacity, as well as its im-
proved charge transfer and separation ability. To explore
the CO, reduction process, in-situ FTIR analysis was
carried out under different conditions, as shown in
Fig. 6d. Before the light was turned on in the presence of
the catalysts (CO, and/or water), the surface of the Mo-
CsWO samples presented several groups of peaks with
weak intensities. Peaks located at around 2300 and
3720 cm ' should be assigned to the adsorbed levels of
CO, and H,O. Interestingly, as the light was turned on,
the relative intensities of these two groups increased
significantly, indicating light irradiation is beneficial for
CO, and H,O adsorption on the catalyst surface and
subsequently increases CO, reduction. Furthermore, one
group of peaks in the range of 1300-1600 cm ' (mainly
ascribed to the carbonate-related groups and CO) also
gradually appeared with light irradiation. After the light
was turned off, however, these peaks weakened, suggest-
ing that the photocatalytic CO, reduction occurred on the
surface of Mo-CsWO. Therefore, when considering the
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Figure 6 PL spectra (a), transient photocurrent response lines (b) and electrochemical impedance plots (c) of the samples, and the in-situ FTIR

spectra (d) of the sample 5% Mo-CsWO during the CO, reduction.
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in-situ FTIR results, the photocatalytic CO, reduction
reaction was proposed as follows. First, CO, and H,O
vapor are gradually adsorbed on the surface of Mo-CsWO
particles. Under the light irradiation, H,O reacts to form
hydroxyl groups and CO, is activated into carbonate
groups. Gradually, the activated H,0 and CO, each react
to produce COOH’, which plays an essential role in the
photoreduction of CO, into CO. Next, COOH" species
are protonated further into CO" molecules and CH,0H"
through multiple processes. Finally, the CO" and
CH,OH’ species on the catalyst surface desorb to produce
the final products.

CONCLUSIONS

In this study, a series of Mo-doped CsWO were suc-
cessfully prepared using a special solvothermal method.
The resulting sample was a unique hexagonal tungsten
bronze, with Mo uniformly but only partially replacing
the W positions in the crystal. After Mo doping, the
bandgap of CsWO was slightly narrowed, which in-
creased its light absorption capacity through the induc-
tion of reduced Mo’*, causing the LSPR effect
Interestingly, Mo-doped CsWO showed excellent photo-
catalytic CO, reduction ability under both aerobic and
anaerobic conditions, which was significantly higher
compared with those of Cs-doped WO; and Mo-doped
W 50,0. This difference is most likely due to the enhanced
light-harvesting capacity, as well as higher charge se-
paration and transfer. This study provides a simple
strategy to improve the photocatalytic performance to-
ward low-concentration CO, reduction.
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