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Surface gallium oxide hydroxide species adsorbing
carbon dioxide to enhance the photocatalytic
activity of silver-loaded calcium titanate for carbon
dioxide reduction with watert

*

Hongxuan Qiu, ¥& Akira Yamamoto & and Hisao Yoshida

Photocatalytic conversion of carbon dioxide (CO,) has attracted considerable attention as a new method to
build a carbon cycle. Particularly, photocatalytic reduction of CO, using water as an electron and proton donor
to yield carbon monoxide (CO) is quite valuable but challenging, where enhancement of CO, adsorption on
the photocatalyst surface may contribute to increasing the photocatalytic reaction rate. In this viewpoint, the
surface modification was examined for an Ag/CTO photocatalyst that can promote CO, reduction with water
selectively, i.e., an Ag/GaOOH/CTO photocatalyst was prepared by a step-by-step loading method. As a result,
the GaOOH species deposited on CaTiOz with Ag NPs endowed the photocatalyst with enhanced CO,
adsorption properties to increase the CO yield more than 5 times. This short paper provides one of the
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1. Introduction

Carbon dioxide (CO,) is one of the main greenhouse gases.
Recently, the concept of carbon neutrality has been much recog-
nized, so effectively converting excess CO, in the air has become
a new research hotspot. Among the possible methodologies,
photocatalytic CO, reduction with water to CO is an anticipated
topic since CO can be easily separated from the reaction aqueous
media and reprocessed into some carbon-containing products.
However, artificial photosynthesis from CO, to CO in aqueous
solution is a challenging task because photoexcited electrons used
for photocatalytic CO, reduction can also be consumed for water
splitting as a competitive reaction. Meanwhile, silver nano-
particles (Ag NPs) deposited on the photocatalyst surface by
simple loading methods have been recognized as an excellent
cocatalyst for selective CO, reduction to yield CO.”

As a non-toxic and low-cost photocatalytic material, a CaTiO;
(CTO) photocatalyst has been extensively exploited with modi-
fication. Especially, an Ag/CTO photocatalyst was demonstrated
to promote CO, reduction with water to form CO selectively.**
So far, we have developed some modification strategies, for
example, modification of an Ag NP cocatalyst with other metal
oxides such as Coz0,° and addition of a PrsO,; layer,® where
they interacted with the CTO photocatalyst and Ag NPs and
contributed to the electron transfer or stabilization of Ag NPs,
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strategies to improve the photocatalytic properties of CO, reduction with water.

and modification with a Ga,0; photoabsorber to provide addi-
tional photoexcited carriers to the Ag/CTO photocatalyst.”

The adsorption of CO, on the photocatalytic surface is the
important first step of photocatalytic CO, reduction before the
successive surface reaction with protons and photoexcited
electrons to form CO and H,O. Some materials feasible for CO,
adsorption to increase the CO production rate have been re-
ported. For instance, Pr(OH); loaded on a Ga,0; photocatalyst
can absorb CO, to become Pr,0,CO; species in the reaction
media and supply CO, to the Ag cocatalyst beside.® A Cu/g-C3N,
composite material can increase the yield of CO by adsorbing
CO, on the g-C3N, surface and then being utilized by the sup-
ported Cu cocatalyst.” A composite of GaOOH and Ga,0O; has
been reported for the enhancement of the adsorption and the
photocatalytic activity for CO, reduction,*®** where it has been
proved that GaOOH has a certain ability to adsorb CO, for the
improvement of CO evolution. Therefore, the development of
a CO, adsorbent that is deposited on the photocatalyst surface
might be a promising strategy.

In this paper, GaOOH and Ag NPs were loaded by a step-by-
step method on the surface of a CTO photocatalyst. The surface
GaOOH species were confirmed to have good CO, adsorption
properties to enhance the photocatalytic activity of the Ag/CTO
photocatalyst for CO, reduction with water.

2. Experimental section
2.1 Sample preparation

The synthesis of calcium titanate (CaTiO3) samples was carried
out by a solid-state chemical reaction (SSR) method.”> The
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precursors CaCO; (rare metallic, 99.9%) and TiO, (rutile,
Kojundo, 99.9%) in a stoichiometric ratio (1:1) were physical
mixed in an aluminum mortar with 5 mL of ethanol for 10 min.
After that, the white powder mixture taken in an aluminum
crucible with a lid was heated in an electric muffle furnace at
arate of 200 K h™" up to 1473 K, maintained at this temperature
for 10 h, and then cooled down at a rate of 100 K h™* to 773 K,
followed by natural cooling down to room temperature. The
obtained pale pink powder is denoted as CTO.

As for the surface modification of the photocatalyst, the first
step is a deposition of GaOOH on the bare CTO surface. Then
1 mL ammonia solution of 28% (Nacalai) was added into
a beaker containing 100 mL of ion-exchanged solution, and the
pH value was set at about 12.0. And 725 pL of 0.1 M solution of
precursor Ga(NO;); (Wako) was added and stirring for 10 min,
and then the prepared CTO was added. The temperature of the
water bath was maintained at 353 K. After stirring it at 353 K for
3 h, the powder was filtered and dried at 353 K overnight, and
the obtained sample is referred to as GaOOH(x)/CTO, where x is
the added amount of GaOOH in wt%. In the same procedure,
a homemade GaOOH sample was prepared without adding
CTO.

The second step is loading Ag NPs by a chemical reduction
(CR) method. The obtained GaOOH(x)/CTO or bare CTO sample
was added to 100 mL of ion-exchanged solution, followed by
addition of 3.0 g of NaH,PO, (Nacalai) and 187 pL of 0.5 M
aqueous solution of AgNO; (Nacalai) into the solution. After
stirring in a water bath for 2 h at 353 K, the resulting powder was
filtered and washed twice with 100 mL ion-exchanged water at
room temperature. The final sample is referred to as Ag(y)/
GaOOH(x)/CTO or Ag(y)/CTO, where y is the loading amount of
Ag in wt%.

2.2 Characterization

X-ray diffraction pattern (XRD) was recorded using a Lab X XRD-
6000 (Shimadzu) with Cu Ka radiation (40 kv, 30 mA). Ag K-edge
and Ga K-edge XAFS measurements were performed in trans-
mission mode at NW-10A and BL-9A, respectively, of KEK-PF
(Tsukuba, Japan). Diffuse reflectance (DR) UV-vis spectra were
recorded using a V-570 UV/vis/NIR spectrophotometer (JASCO).
The morphologies and surface compositions of the samples
were observed by scanning electron microscopy (SEM, 3.0 kv,
a SU-8220, Hitachi) with energy dispersive X-ray spectroscopy
(EDS, 15.0 kV). The loading of elements was estimated using an
X-ray fluorescence equipment (XRF, an EDX-8000, Shimadzu).
FT-IR spectra were recorded on a FI/IR-4700 spectrometer
(JASCO) in diffuse reflectance mode for powder-type samples at
room temperature. The Brunauer-Emmett-Teller (BET) specific
surface area of several samples was evaluated by N, adsorption
at 77 K with a Monosorb MS-21 (Quantachrome).

2.3 Photocatalytic reaction test

Photocatalytic reaction test for CO, reduction with water was
conducted in an inner-irradiation reactor with a 100 W high-
pressure Hg lamp with 2.78 mW c¢m™? irradiation measured
at 360 & 10 nm. 0.3 g of the sample powder (0.28 g for the reuse)
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was dispersed in the reactor with 360 mL of ion-exchanged
water containing 1.0 M NaHCOj; as a buffer, and then magnet-
ically stirred with a 30 mL min~" bubbling flow of CO, under
dark conditions for 1.0 h and then the photoirradiation was
started, where the reaction temperature was controlled at 290 K
with a cooling water system. The amount of gas generated was
analyzed at each scheduled time with a gas chromatograph
(Shimadzu, a GC-8A, TCD, Shincarbon ST column, Ar carrier).
Since the detected gaseous products were limited to H,, O, and
CO, the main reaction equations should be as follows (eqn

(1)-)):

HQO + 21’1+ - %02 + 2HJr (1)
CO, +2H" +2¢~ — CO + H,0 (2)
2H* +2¢~ — H, (3)

The selectivity of CO (Sco) among the reduced products and
the ratio of the electrons and holes used for productions, R(e”/
h"), are defined as shown in eqn (4) and (5), respectively.

Sco (%) = Reo x 100/(Rco + Rur) (4)
R(e/h*) = (Rco + Ruw)2Ro, (5)

where Rco, Ry, and Ro, show the production rate of CO, H, and
0,, respectively.

Photocatalytic performance test for water splitting was
carried out in a similar way to the above experimental process
without the addition of NaHCO; in the solution with a 30
mL min~" bubbling flow of Ar instead of a CO, flow.

3. Results and discussion
3.1 Characterization of the samples

The actual loading amounts of Ag and Ga species in the
prepared samples were measured by XRF (Table S17}), showing
that they are deposited on the CTO almost as expected in the
present preparation method.

The XRD patterns of the samples are shown in Fig. 1. The
diffraction pattern of the bare CTO sample prepared by the SSR
method was identical to that of the standard CaTiO; pattern
and no impurity phase was found (Fig. 1a). As for the XRD
pattern of the GaOOH(5.0)/CTO sample (Fig. 1b), there was no
clear peak for GaOOH. In the Ag/GaOOH/CTO sample (Fig. 1c),
no peak assignable to GaOOH was found while the character-
istic peaks of Ag were observed at 38.2° and 44.6°."* Another
sample of the homemade GaOOH without CTO showed an XRD
pattern with four obvious diffraction peaks at 21.7°, 33.9°, 37.4°
and 54.2° (Fig. S1at), which are well matched with the standard
pattern, indicating that this sample contained the GaOOH
phase. However, the diffraction intensity of the GaOOH sample
was very small and the same as the background noise
(Fig. S1at), indicating that the crystallinity of the prepared
material is not very high. Thus, the Ga species deposited on the
CTO sample was suggested to be amorphous GaOOH species

This journal is © The Royal Society of Chemistry 2024
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Fig.1 XRD patterns of (a) the bare CTO sample, (b) the GaOOH(5.0)/
CTO sample, and (c) the Ag(5.0)/GaOOH(5.0)/CTO sample. The
standard patterns from the ICSD database are also shown for CaTiOs3
(ICSD#162909), Ag (ICSD#44387), and GaOOH (ICSD#409671).

and its low loading or low crystallinity would make it unclear in
the XRD pattern of the Ag/GaOOH/CTO sample.

The chemical states of the surface additives were analyzed by
X-ray absorption near-edge structure (XANES, Fig. 2). As for Ag
K-edge XANES (Fig. 24), the spectral shape for the Ag(1.0)/CTO
sample is similar to that for Ag foil, which proves that the Ag
species prepared by the CR method is close to metallic Ag
(Fig. 2Aa). Furthermore, the XANES spectrum of the Ag/GaOOH/
CTO sample is similar to that of Ag(1.0)/CTO (Fig. 2Ab),
meaning that the surface Ga species loaded in advance has no
effect on the chemical state of the successively added Ag
species. As for Ga K-edge XANES (Fig. 2B), the curves of the two
samples are similar to each other and similar to that of the
reference GaOOH sample, which indicates that these Ga species
have a similar local structure to that in the GaOOH phase. This
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revealed that no new chemical compound was generated from
Ag and Ga species and the reductant, NaH,PO,, also had no
influence on the chemical state of the Ga species on the CTO
surface.

The structures and morphologies of the samples were
investigated by SEM and the actual positions of metal elements
were monitored by SEM-EDS. The CTO prepared by the SSR
method consisted of polyhedral shaped particles with different
sizes (Fig. 3A). After loading Ag (Fig. 3B), very small white spots
with random loading positions can be seen, suggesting that Ag
species are deposited as NPs (6.5 nm in Fig. S2At). When single
GaOOH is loaded on the CTO (Fig. 3C), surface thin layer
species can be observed as the flocculent structure of GaOOH
species, which is consistent with the poor crystallinity of XRD
results (Fig. S11). By loading GaOOH and Ag in this sequence,
both thin layer species and fine Ag NPs (7.5 nm in Fig. S2B¥) are
uniformly loaded on the surface of the CTO crystals (Fig. 3D).
According to SEM-EDS observation (Fig. 3E), Ag NPs almost
covered the surface of CTO, and some positions of Ag over-
lapped with that of Ga, indicating that Ag NPs are loaded on
both the surface of GaOOH and the undecorated part of the CTO
surface.

The optical properties are investigated by DR UV-vis spec-
troscopy. The band gap of the CTO sample prepared by the SSR
method is estimated to be around 3.5 eV (Fig. 4a), which is
similar to a previous report.” The Ag(1.0)/CTO sample showed
the characteristic peaks of Ag NPs centered at around 540 nm
assignable to the localized surface plasmon resonance (LSPR)
(Fig. 4b)," which is good evidence for the presence of Ag NPs.
The spectrum of the GaOOH/CTO sample (Fig. 4c) has a very
small broad peak around 450-550 nm. As for the bare GaOOH,
there is a small peak around 400 nm (Fig. 4e)."* Besides, the
deposition of GaOOH has no large effect on the main photo-
absorption of the CTO crystal in the UV light region (Fig. 4a and
¢), which is consistent with the limited absorption of GaOOH in
the deep UV region (Fig. 4e). The combination of the Ag NPs and
GaOOH species provided a characteristic peak centered at
450 nm (Fig. 4d), showing that the Ag NPs interacted with the
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Fig. 2 [Al Ag K-edge XANES of the samples, (a) Ag(1.0)/CTO, and (b)
GaOOH(1.0)/CTO, and (b) Ag(1.0)/GaOOH(1.0)/CTO.
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Fig. 3 SEM images of the samples, [A] bare CTO, [B] Ag(1.0)/CTO, [C] GaOOH(1.0)/CTO, and [D] Ag(1.0)/GaOOH(1.0)/CTO. [E] SEM image and

EDS elemental mappings of the sample D.

GaOOH species on the CTO surface and a little affected the
properties of the formed Ag NPs.

GaOOH was reported to be an adsorptive material for
CO,."* To explore the CO, adsorption properties of the pho-
tocatalyst surface, the FT-IR spectra of some treated samples
were recorded and are shown in Fig. 5. Samples were treated in
a similar way to the reaction test as follows: they were photo-
irradiated under the reaction conditions, ie., in an aqueous
solution of NaHCO; with CO, bubbling, filtered, and dried at

1290 | Sustainable Energy Fuels, 2024, 8, 1287-1294

room temperature before the measurement (Fig. 5b-d).
Although the measurements were carried out under ambient
conditions, some differences in the spectra were observed as
follows.

For the untreated bare CTO (Fig. 5a), no obvious character-
istic peak related to the adsorbed CO, species was observed. The
treated CTO sample also showed a similar spectrum to the bare
CTO around 1500 cm ', but the peak around 3350 cm ™'
assignable to OH stretching vibration increased (Fig. 5b)."” The

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 The DR UV-vis spectra of the samples, (a) bare CaTiOs, (b)
Ag(1.0)/CTO, (c) GaOOH(1.0)/CTO, (d) Ag(1.0)/GaOOH(1.0)/CTO, and
(e) bare GaOOH.
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Fig. 5 FT-IR spectra of the treated and untreated samples, (a)
untreated bare CTO, (b) treated CTO, (c) treated GaOOH(1.0)/CTO, (d)
treated Ag(1.0)/GaOOH(1.0)/CTO, and (e) untreated bare GaOOH. As
the pretreatment, the samples (b—d) were photoirradiated in a 1.0 M
NaHCOs3 solution with a bubbling CO, flow, followed by filtering and
drying at room temperature.

treated GaOOH/CTO (Fig. 5¢) and Ag/GaOOH/CTO (Fig. 5d)
samples showed absorption bands around 2000 cm™', assail-
able to GaOOH."*"° The bands were observed for the untreated
bare GaOOH sample (Fig. 5e). In the treated GaOOH/CTO
sample (Fig. 5¢), the absorption bands at 1480 and 1370 cm ™"
could be derived from vibration modes of the CO; structures of
bicarbonate (HCO; )?° or carbonate (CO,;>) ions.”* Meanwhile,
the presence of the deposited Ag NPs reduced the absorption
intensity, suggesting that the bicarbonate/carbonate ions would
be consumed by the surface reaction accelerated by the Ag NP
cocatalyst. Surface CO;>~ ions were also proposed to be mainly
utilized for photocatalytic CO, reduction.”” Thus, the Ag NPs in
the Ag/GaOOH/CTO sample would cooperate with the

This journal is © The Royal Society of Chemistry 2024
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adsorption properties of GaOOH to increase CO production as
discussed later.

3.2 Photocatalytic performance

The above discussion has confirmed the fact that the surface
GaOOH species can adsorb CO, in the reaction solution. Fig. 6
shows the results of the photocatalytic reaction test for CO,
reduction with water in the presence of the samples. The bare
CTO sample showed a low photocatalytic activity with a low CO
selectivity of only 13.1% (Fig. 6a), consistent with previous
results.”® The bare GaOOH sample did not exhibit photo-
catalytic activity (Fig. 6b)." The GaOOH/CTO sample shows
a similar activity to bare CTO (Fig. 6c¢), which means that the
addition of the GaOOH species on the surface could not
improve the photocatalytic activity of the bare CTO for CO,
reduction. In other words, the CO, adsorption properties of the
GaOOH layer are not solely helpful for enhancing the photo-
catalytic performance of the CTO photocatalyst, i.e., the CO,
adsorbed by the GaOOH cannot be converted to CO without the
Ag cocatalyst. As reported, the Ag/CTO photocatalyst exhibited
photocatalytic activity for CO, reduction to form CO with high
selectivity such as 95% (Fig. 6d).>* Further, it is noted that the
addition of the GaOOH species on the CTO surface before
loading Ag NPs significantly increased the CO yield by more
than five times (11.1 umol h™"), and the CO selectivity was also
improved (99.5%) (Fig. 6€). A study mentioned that the loading
of GaOOH on the Ga,0; photocatalyst can increase the specific
surface area for adsorbing more CO, for the enhancement of CO
evolution.™ However, in the present case, only 1.0 wt% GaOOH
cannot greatly increase the specific surface area of the bare CTO
(Table S27). Hence, it is suggested that the CO, adsorption
properties of the surface GaOOH layer can enhance the proba-
bility of CO, reduction by the aid of the Ag cocatalyst. This is
consistent with the FT-IR results, ie., the adsorbed CO;*~
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Fig. 6 Results of the photocatalytic reaction tests for CO, reduction
with water over the various samples, (a) bare CaTiOs, (b) bare GaOOH,
(c) GaOOH(1.0)/CTO, (d) Ag(1.0)/CTO, and (e) Ag(1.0)/GaOOH(1.0)/
CTO. Production rates of CO (white bar), H, (black bar), and O, (gray
bar) and the CO selectivity (Sco%, open circles) are shown for each
sample. The data were recorded at 3.5 h after the start of
photoirradiation.
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species on the GaOOH layer reacted and did not remain in the
presence of the Ag NP cocatalyst.

The effect of the GaOOH species deposited on the CTO
surface for photocatalytic water splitting was also tested in pure
water with the bubbling flow of Ar instead of CO, (Table S31).
Under these conditions, water splitting took place over the bare
CTO sample (Table S3t entry 1) although the production rates of
H, and O, were lower than that with the CO, bubbling flow
(Fig. 6a), which would be due to the different pH conditions.
The deposited GaOOH species slightly improved the activity of
the bare CTO sample for water splitting in pure water, but the

14 ) o 5 5 o o 100
S &
gl 480 2
T co 5
< 104 S
Ke) >
(O]
g 3 460 S
ﬂ) kel
= o
© 64 0] ©
= 2 {40 =
) 8
T 41 =
3 120 2
e 21 i3]
a H Q
2 bt
0 T .I\I T T T T T T o
0 1 2 3 4 5 6 7 8 9
Time (h)

Fig. 7 Time course of the production rates for CO (triangles), O,
(closed circles), and H; (squares), and Sco (open circles) in the pho-
tocatalytic reaction test for CO, reduction with water by using the
Ag(1.0)/GaOOH(1.0)/CTO sample.
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increment was limited (Table S37 entry 2), which was lower than
the yield of H, in the NaHCOj; solution with the bubbling flow of
CO, (Fig. 6¢). Even the Ag(1.0)/GaOOH(1.0)/CTO sample showed
a similarly low activity for water splitting (Table S3t entry). In
summary, Ag and GaOOH are not sufficient for water splitting
over the CTO in the pure water. These results clearly support
that these additives, Ag and GaOOH, contribute to the adsorp-
tion and conversion of CO, selectively.

The optimal amounts of Ag and Ga have been confirmed and
shown in Fig. S3.1 With increasing the Ga content, the product
yields increased to attain the maximum at 1.0 wt%, followed by
gradual decrease, indicating that the suitable number of the
GaOOH layers improved the photocatalytic activity for CO,
reduction. To confirm the properties of the surface GaOOH
species for CO, adsorption, FT-IR spectra of the samples con-
taining 0.5 and 1.0 wt% GaOOH were recorded (Fig. S41). The
characteristic peak assignable to CO, adsorption species
increases with the surface GaOOH species increasing, showing
the CO, adsorption properties of the GaOOH species that would
promote the photocatalytic CO, reduction to form COj; on the
other hand, excessive GaOOH may limit the reaction field on the
CTO surface to decrease the photocatalytic activity (Fig. S3A7). It
could be seen from Fig. 3E that the GaOOH species of only
1 wt% almost covered the CTO.

Similarly, with the variation of the Ag loading, the CO and O,
yields showed a typical volcanic shape (Fig. S3Bf). The Ag
cocatalyst is important for photocatalytic CO, reduction while
its excess loading may lead to metal aggregation, thereby
reducing the utilization rate of Ag NPs.* These results showed
that the loading amounts of both GaOOH and Ag NPs are
1.0 wt%.

CO, H,0

1 0,, 2H*

Fig. 8 The scheme of photocatalytic CO, reduction with the Ag(1.0)/GaOOH(1.0)/CTO photocatalyst.
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A long-term reaction test was carried out to confirm the
stability of the photocatalyst, which is shown in Fig. 7. The
slight decrease of the CO production rate in the initial period
may be due to the LSPR characteristics of Ag NPs,* i.e., the LSPR
would change the state and properties of the Ag NPs. After that,
it becomes stable from 3.5 h, and the R(e /h") is around 1.0.
Therefore, it is proved that no other carbon-containing
substances interfered with the photocatalytic reaction and no
other products were formed, and the CaTiO; photocatalyst
loaded with Ag NPs and GaOOH function with a good stability.

The SEM images of the used sample revealed that the
GaOOH and Ag still covered the CTO surface at the same posi-
tions (Fig. S51), suggesting that the structure of the material is
stable. The sample after use was examined for the second use in
the photocatalytic reaction test (Table S47). The activity of the
reused sample was slightly weakened but it kept the high
selectivity for photocatalytic CO, reduction.

3.3 Mechanism

The above discussion proposed the reaction mechanism on
the CTO photocatalyst loaded with the Ag NPs and GaOOH
layers as follows. The adsorbed CO, on the GaOOH layer is
transported to small Ag NPs on the CTO surface where CO,
was reduced by the photoexcited electrons and protons to
form CO as a reduced product (Fig. 8). Because GaOOH has
a conduction band bottom with a more negative potential (E,
= 4.49 eV and CB = —1.66 eV)** than that of CTO (E; = 3.5 eV
and CB = —0.8 eV),”” the photogenerated electrons produced
by CTO cannot transfer to the GaOOH species, and thus the Ag
NPs on the GaOOH layers cannot work as cocatalyst. Although
the Ag/CTO photocatalyst originally has a good photocatalytic
activity for the selective CO, reduction with water,*® the CO,
adsorption properties of the surface GaOOH species further
improve the photocatalytic activity such as by more than 5
times. In summary, the GaOOH layer on the CTO photo-
catalyst is an excellent CO, adsorbing material, and the
adsorbed CO, could be efficiently reduced on the Ag NP
cocatalyst deposited nearby on the CTO crystal, resulting in
the increase of the yield and selectivity of CO. This work also
suggests that the enhancement of CO, adsorption is also one
of the most important factors to improve the heterogeneous
photocatalytic CO, reduction in aqueous solution with CO,
bubbling.

4. Conclusion

In this study, we illustrated a simple step-by-step procedure
method to produce an Ag/GaOOH/CTO photocatalyst. The
GaOOH sample loaded on the CaTiO; photocatalyst is a good
CO, adsorber to provide some adsorbed CO, species. Above all,
the presence of both the GaOOH layer and small Ag NPs on the
CTO photocatalyst cooperatively enhanced photocatalytic CO,
reduction with water to form CO selectively. This work identifies
the function of GaOOH with Ag/CTO, which opens more
possibilities for future research.

This journal is © The Royal Society of Chemistry 2024
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