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Titanium-Immobilized Layered HUS-7 Silicate as a Catalyst
for Photocatalytic CO, Reduction

Rudolf Ricka,™ " Tareq W. M. Amen,” Nao Tsunoji,’ Martin Reli,”
Miroslava Filip Edelmannova,” Martin Kormunda, Michal Ritz,” and Kamila Ko¢i*®™ ©

Utilizing photocatalytic CO, reduction presents a promising
avenue for combating climate change and curbing greenhouse
gas emissions. However, maximizing its potential hinges on the
development of materials that not only enhance efficiency but
also ensure process stability. Here, we introduce Hiroshima
University Silicate-7 (HUS-7) with immobilized Ti species as a
standout contender. Our study demonstrates the remarkable
photocatalytic activity of HUS-7 in CO, reduction, yielding
substantially higher carbonaceous product yields compared to

1. Introduction

Global warming of the planet associated with climate change
represents the major environmental issue of the modern era.
The rapid growth of the world’s population and industrializa-
tion, beginning with the Industrial Revolution in the 19th
century, have led to massive consumption of fossil fuels and
thus to the simultaneous release of greenhouse gases, mainly
CO,, into the atmosphere."™ In view of these facts, it is clear
that new efficient strategies for CO, utilization must be
designed to mitigate its negative impact on the atmosphere.
Fortunately, the photocatalytic reduction of CO, represents
a promising approach to convert CO, molecules into other
useful chemical compounds (such as CH, or CH;0H).® Although
much progress has been achieved in the field of photocatalytic
CO, reduction, as evidenced by the increasing number of
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conventional titanium-based catalysts TS-1 and P25. Through
thorough characterization, we elucidate that their boosted
photocatalytic performance is attributed to the incorporation of
isolated Ti species within the silica-based precursor, serving as
potent photoinduced active sites. Moreover, our findings under-
score the crucial role of the Ligand-to-Metal Charge Transfer
(LMCT) process in facilitating the photoactivation of CO,
molecules, shedding new light on key mechanisms underlying
photocatalytic CO, reduction.

publications published in recent decades, the practical applica-
tion of this technology is very limited due to the low level of
CO, conversion. Since CO, is a very stable molecule (bond
energy of C=0: AH=750-800 kimol™"), a large amount of
energy must be supplied to the photocatalytic system to
disrupt the C=0 bonds present in the CO, molecule.”® Given
these facts, it can be summarized that the photocatalytic
reduction of CO, represents a very complicated process, and to
overcome the mentioned drawbacks and thus achieve an
increase in the efficiency of the photocatalytic CO, reduction, it
is necessary not only to develop new photocatalytic technolo-
gies, but also to design and synthesize efficient photocatalyti-
cally active materials."®™

The most investigated nanomaterial in photocatalysis is
titanium dioxide (TiO,). The application of this photocatalyst
offers many advantages, such as its high chemical and thermal
stability, high reactivity, corrosion resistance, low cost, and high
abundance.>™ Although TiO, is considered to be the most
promising photocatalyst, the high recombination rate of photo-
generated pairs and the large band gap energy (E;=3.2eV)
severely limit its photocatalytic properties and consequently its
applicability for photocatalytic reactions." In light of these
assertions, it is essential to persist in developing new photo-
catalytically active materials or enhancing the photocatalytic
properties of existing ones. This effort represents one of the
crucial steps in enhancing the efficiency of the photocatalytic
CO, reduction.

Silica-based materials with tetrahedrally coordinated tran-
sition metals, such as Ti, Cu, and V, immobilized within the silica
framework, demonstrate potential as promising candidates
applicable not only in various catalytic but also in photo-
catalytic reactions. The unique catalytic and photocatalytic
properties of these environmentally friendly materials primarily
stem from the functional features of active transition metal
active centers. Furthermore, their ligand to metal charge

© 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH
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transfer (LMCT) property significantly contributes to their
distinctive characteristics."®2"

In this work, layered silicate photocatalysts with immobi-
lized titanium complex (Ti-HUS) were prepared. Samples were
synthesized by the grafting of titanium (IV) acetylacetonate
(source of titanium atoms) onto the layered silicate HUS-7
precursor.’#%!  Although titanosilicate typically limits the
content of titanium incorporated (around 2 wt. %), this material
overcomes the compositional limitation. During the grafting
process of this layered titanosilicate material, abundant con-
nection points arranged by the crystallographic order (surface
silanol group on the silicate layer) cause successful immobiliza-
tion of a large number of isolated titanium species with uniform
coordination state.

Here, the layered Ti-HUS photocatalysts, featuring varying
amounts of immobilized Ti species on the layered silicate HUS-7
precursor, were synthesized. Successful modulation of Ti species
was achieved through acid treatment. The photocatalysts were
then thoroughly characterized using various analytical techni-
ques to obtain a comprehensive understanding of their
physicochemical properties. The measured analytical data were
further correlated with the results from the photocatalytic
reduction of CO,. These correlations were conducted in the
presence of the synthesized layered Ti-HUS-based photocata-
lysts. The aim was to clarify how individual physico-chemical
properties influence the resulting photocatalytic performance
of the these photocatalyst samples during the photocatalytic
CO, reduction. Finally, the photocatalytic efficiency of the
investigated layered Ti-HUS photocatalysts was compared with
the photocatalytic performances of the reference samples of
the commercial TiO, photocatalyst P25 and TS-1.

Experimental Section

Synthesis of Ti-HUS Photocatalyst

The Ti-HUS photocatalyst was synthesized by the grafting of the Ti-
complex on the ion-exchanged layered silicate precursor according
to the previous method."’?>*¥ The preparation was carried out in
the following steps: first, a mixture of hexadecyltrimethylammo-
nium (C16TMA)-exchanged layered silicate C,,TMA HUS-7, titanium
(IV) acetylacetonate, Ti(acac),, and toluene was stirred for 24 hours.
Subsequently, the mixture was stirred for another 24 hours, but
with the addition of dodecylbenzenesulfonic acid (C,,BSO;H). After
stirring, the obtained solid was separated by filtration, washed with
toluene, and finally dried at 70 °C overnight in a drying oven.

Synthesis of HCI/Ti-HUS Photocatalyst

The HCI/Ti-HUS photocatalyst was synthesized by mixing 1.2 g of
the prepared Ti-HUS photocatalyst with 50 ml of aqueous HCI
solution. The prepared suspension was stirred for 24 hours. After
stirring, the solid obtained was separated by centrifugation, washed
with deionized water, and dried at 70 °C overnight. The same
procedure was repeated three times with three pre-selected
concentrations of aqueous HCl solutions (0.1, 3.0, and 6.0 moldm )
to obtain three different HCI/Ti-HUS-based photocatalysts. An
image of the prepared photocatalysts after chlorination treatment
is presented in Figure S1 in the Supplementary Materials. Overall,
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four Ti-HUS-based photocatalyst samples were synthesized (Ti-HUS,
0.1 M_HCI/Ti-HUS, 3.0 M_HCI/Ti-HUS, 6.0 M_HCI/Ti-HUS). Finally,
their photocatalytic activity for CO, reduction was compared with
the samples of Titanium Silicate material TS-1 and commercial TiO,
photocatalyst P25.

Photocatalytic Reduction of CO,

Photocatalytic CO, reduction experiments were performed in a
batch photoreactor (stainless steel, volume 357 cm?, Figure S2). A
detailed description of the photocatalytic experiment is provided in
the Supplementary Materials.

Characterization

The investigated photocatalyst samples were thoroughly charac-
terized by X-ray diffraction analysis (XRD), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy equipped with
energy dispersive spectroscopy (SEM-EDX), Fourier-transform infra-
red spectroscopy (FTIR), Raman spectroscopy, N,-adsorption, and
Ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis/DRS). A
description of the applied characterization methods is included in
the Supplementary Materials.

Calculation of Interlayer Spacing of Ti-HUS-Based
Photocatalyst Samples

The interlayer spacing of the crystal layers of the investigated Ti-
HUS layered photocatalysts was determined by Bragg's equation
(Eq. 1.):2¥

n-A=2d-sin(0) (1

where n (-) is the diffraction order, A (nm) is the wavelength of X-
ray irradiation, d (nm) is the interlayer spacing and sin(0) (°) is the
glancing angle.

Calculation of Selectivity for the CO, Reduction Process

The percentage selectivity for the photocatalytic CO, reduction
over the investigated photocatalyst samples was calculated using
Equation 2:®

Selectivity for CO, reduction =
[2r(CO) + 8r(CH,)]
[2r(CO) + 8r(CH,) + 2r(H,)]

-100%

2. Results and Discussion
2.1. Characterization of the Investigated Photocatalysts

The synthesized Ti-HUS-based photocatalyst samples were first
thoroughly characterized using a variety of analytical techni-
ques to obtain more details about their physicochemical
properties. Subsequently, the provided data were correlated
with the results of the photocatalytic reduction of CO, to
explain the differences in the photocatalytic activity of individ-
ual samples and to verify the suitability of applying the Ti-HUS-
based photocatalysts for the photocatalytic reduction of CO,
reaction.
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Figure 1. a) Wide-angle and b) low-angle XRD patterns of the synthesized Ti-HUS-based materials before and after hydrochloric acid treatment.

The crystalline structure of the synthesized samples was
analyzed using powder XRD analysis. Based on the XRD patterns
obtained, as depicted in Figure 1 a, it can be stated that the
silicate layer of the HUS-7 was preserved in the structure of the
synthesized Ti-HUS-based photocatalyst samples, even though
the samples were subjected to the incorporation of titanium
atoms and subsequent acid treatment.”? This fact is demon-
strated by the presence of diffraction peaks at 26=10.5°,
corresponding to the in-plane (100) of the silicate layer of HUS-
7. As shown in the data in Table 1, the XRD analysis also
revealed a gradual drop in the interlayer spacing (dy,) of Ti-
HUS-based samples after acid treatment (0.1 M_HCI/Ti-HUS,
3.0 M_HCI/Ti-HUS, 6.0 M_HCI/Ti-HUS), which can be attributed
to the release of interlayer molecules (such as a titanium and
organic ligands).”? This observation is consistent with a gradual
decrease in the intensity of the diffraction peaks within the 20
range between 4.78 and 5.59, as illustrated in Figure 1b.

In order to obtain details about the surface chemical
composition of the synthesized layered photocatalyst samples,
XPS analysis was performed. Based on the XPS results, it can be
summarized that Si, O, and C are predominantly present on the
surface of Ti-HUS-based photocatalysts, while Ti is present in
low concentrations. A table presenting the surface chemical
composition of the Ti-HUS samples in relative percentages is
provided in the Supplementary Materials (Table S1).

Table 1. Calculated values of the interlayer spacings of the investigated Ti-
HUS-based photocatalysts.

Sample door (nmM) °
Ti-HUS 1.82
0.1 M_HCI/Ti-HUS 1.74
3.0 M_HCI/Ti-HUS 1.61
6.0 M_HCl/ Ti-HUS 1.62

@ Calculated using Bragg’s equation (Eq. 1.).
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XPS revealed that titanium species were successfully
immobilized on the surface of the silicate layer precursor. This
fact is supported by the presence of Ti 2p,,, and Ti 2p,/, peaks,
corresponding to Ti(IV).”” The presence of these peaks is
evident from the measured Ti 2p spectra of the Ti-HUS-based
samples shown in Figure 2, where a spin-split doublet is visible
for Ti 2p,,, at 459.2+0.2 eV with dE=5.8 eV to Ti 2p,,, closely
approximating the Ti(IV) value reported by Biesinger et al..*
There is no evidence of substoichimetric Ti oxides at lower
binding energies.”® The shift can be caused by non-homoge-
neous sample charge due to the limited conductivity of the
powder grains in direct contacts, and the sam effect is
responsible for an increase in full with half maxims.

According to the literature,”” the efficiency of the photo-
catalytic reduction of CO, can be significantly influenced by the
existence of oxygen within the surface hydroxyl groups (—OH).
To detect and quantify these groups, the XPSO 1 s spectra of
the synthesized Ti-HUS-based were measured and analysed. As
shown in Figure 3, all photocatalyst samples exhibit the
presence of a peak with a maximum at 532.4 eV, which can be
attributed to lattice oxygen (O lattice) in silica structure® rather
than the expected 529.9 eV in Ti0,.?® Since the Ti content is
low compared to other metals (such as Si), it is complicated to
accurately detect Ti—O in the O1 s spectra shown in Figure 3.
Furthermore, in the XPS O 1 s spectra of the untreated Ti-HUS
and the treated 0.1 M_HCI/Ti-HUS samples, additional peaks
were identified with maxima in the range of binding energy
values 534.0-534.7 eV, corresponding to the typical hydroxyl
groups.

Subsequent quantification of the XPS results demonstrated
the majority presence of lattice oxygen (Table 2). The highest
abundance of hydroxyl groups was determined on the surface
of the unmodified Ti-HUS sample. Based on the obtained data,
it is also possible to indicate that the quantity of hydroxyl
groups decreases with gradually with an increase in the
concentration of HCl used during acid treatment.
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Figure 2. Ti 2p XPS spectra of a) Ti-HUS, b) 0.1 M_HCI/Ti-HUS, ¢) 3.0 M_HCI/Ti-HUS, and d) 6.0 M_HCI/Ti-HUS.

Table 2. Quantitative analysis of lattice oxygen and hydroxyl groups
detected on the surface of the prepared Ti-HUS-based materials.

Sample O1s
O lattice (at. %) —OH (at.%)
Ti-HUS 33 6
0.1 M_HCI/Ti-HUS 38 3
3.0 M_HCI/Ti-HUS 40 0
6.0 M_HCI/Ti-HUS 37 0

Since organic compounds were used in the synthesis of the
investigated Ti-HUS-based layered photocatalyst samples, it was
necessary to investigate the presence of hydrocarbons that
could potentially affect the photocatalytic reduction of CO,
process. This information was provided by both the XPS and
FTIR results. As shown in Table 3, the XPS analysis demonstrated
the presence of C—C, C—0, and C=0 bonds on the surface of the
synthesized samples. The relative percentages of the mentioned
C—C, C—0, and C=0 bonds are provided in Table 3.
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The presence of hydrocarbons in the structure of the
investigated Ti-HUS-based materials was also demonstrated by
FTIR analysis. This fact is evident from the measured FTIR
spectra in Figure 4, indicating the presence of aliphatic C—H
groups corresponding to peaks in the ranges of vavenumbers
1351-1468 and 2851-2961 cm<M~'231 Additionaly, the bonds
observed at in the range of 3415-3438 cm™' correspond to the
presence of hydroxyl groups from adsorbed molecules of
H,0.5%* Furthermore, the measured peaks (SiO,) LO, (Si0,) TO,
and (SiO,) at 1183-1184, 1074-1076, and 802-810 cm™" in the
FTIR spectra can be attributed to the presence of a silica-based
network¥ FTIR analysis also revealed the formation of a
Si—O-Ti bond, confirmed by a peaks at 941-943 cm™'.5*3¢ The
presence of the Si—O-Ti bond is associated with the successful
immobilization of isolated Ti centers into the structure of the
silicate layer precursor.

A detailed description of the detected bonds is given in
Table 4.

Based on EDX and XPS analyses, it was found that the acid
treatment of Ti-HUS resulted in the depletion of titanium

© 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH
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species, as evidenced by the increasing Si/Ti ratios shown in
Table 5. Additionally, the N,-adsorption technique, which
provided data on the textural parameters, demonstrated that
acid treatment of the Ti-HUS photocatalyst resulted in a slight
decrease in both surface area (Sge) and total volume values
(Vyorarr Table 6).

As shown in Figure S3, the morphology of the synthesized
photocatalyst samples was studied by scanning electron micro-
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Figure 4. FTIR spectra of the investigated samples. A detailed description of
the detected bonds is given in Table 4.
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Table 4. Types of detected bonds, their positions as a function of wavenumbers, and their designation in FTIR spectra, as depicted in Figure 4.

Type of bond Range of wavenumbers (cm™') Designation of the detected bond
(Si0,) 802-810 D
Si—O-Ti 941-943 .
(Si0,) TO 1074-1076 D
(Si0,) LO 1183-1184 D
C—H aliphatic bending group 1351-1468 D
C—H stretching aliphatic group 2851-2961 .
OH 3415-3438 D

Table 5. Si/Ti ratios of the synthesized photocatalyst samples.

Sample Si/Ti Si/Ti ®
Ti-HUS 9.08 14.80
0.1 M_HCI/Ti-HUS 9.84 27.88
3.0 M_HCI/Ti-HUS 12.30 41.17
6.0 M_HCI/Ti-HUS 15.50 3743

€ Determined by EDX techniques. ™ Calculated from measured XPS data.

Table 6. Specific surface areas (Sg) and total pore volumes (Vi) of the
synthesized Ti-HUS-based photocatalysts.

Sample Sger (mM? g’ Vioral (cm® g
Ti-HUS 14.3 0.098
0.1 M_HCI/Ti-HUS 14.0 0.095
3.0 M_HCI/Ti-HUS 11.8 0.040
6.0 M_HCI/Ti-HUS 13.2 0.037

scopy (SEM). The SEM images of all material samples before and
after acid treatment show a layered morphological structure
composed of disc-shaped plates. The size of the observed plates
ranges from approximately 2 to 3 um. Based on these facts, it
can be concluded that the acid treatment had no significant
effect on the morphology of the investigated samples, as there
was no significant change in the size and shape of the observed
plates.

The light absorption ability is one of the crucial parameters
in the field of photocatalysis. To obtain details on this
parameter, the synthesized Ti-HUS photocatalyst samples were
analyzed using UV-Vis diffuse reflectance spectroscopy. The UV-
Vis DRS analysis performed demonstrated the high light
absorption ability of the synthesized layered photocatalyst
samples in the UV region of the light spectrum (Figure S4). This

ChemSusChem 2024, 17, €202400434 (6 of 13)

observation corresponds to an increase in absorbance in the
wavelength range between 200 and 400 nm. Furthermore, the
increase in absorbance within the wavelength range from
approximately 280 to 430 nm is associated with the n-m*
transition of the acetylacetonate ligand.®*¥ In addition, within
the wavelengths from 200 to 230 nm, a slight rise is observable,
which can be attributed to LMCT by the immobilized tetrahe-
drally coordinated Ti*" species.®**” Their successful immobiliza-
tion was demonstrated by Raman spectroscopy, whose spectra
(Figure 5a-b) show bands with maxima at 943-946 (green
marks) and 1121-1124 cm™" (blue marks). These vibrations are
characteristic for the presence of tetrahedrally coordinated Ti**
species.’™ The presence of these species was also confirmed
by a high-energy shift in the Ti 2p;, peak of the synthesized
samples, showing significant shifts to higher binding energy
values, ranging from 459.2 to 459.6 eV (Figure 5c—f), compared
to those of octahedrally coordinated Ti** species. These exhibit
a maximum of the Ti 2p;,, peak in the range of approximately
4585 to 458.6eV.* The prepared Ti-HUS-based samples
exhibit a slight extension into the visible region of the light
spectrum, which is consistent with high light absorption in the
range of wavelengths from 400 to 450 nm.

2.2. Photocatalytic Performance of the Investigated
Photocatalysts

The photocatalytic efficiency of the synthesized Ti-HUS-based
photocatalyst samples, containing different amounts of Ti
species, was evaluated by a 7-hour photocatalytic CO, reduction
process, using a UVC lamp (A.,=254 nm) as the light source.
The yields of the detected products (CO, CH,, and H,) obtained
by analyzing the gaseous phase samples taken at pre-selected
time intervals (0, 2, 4, 6, and 7 hours) during the photocatalytic
reduction of CO,, are presented in Figure S5.
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Figure 5. Raman spectra of the investigated samples (a), zoom of the Raman spectra with the marked bands and marks indicating the presence of
immobilized tetrahedrally Ti** species (b), the Ti 2p XPS spectra of Ti-HUS sample show the Ti 2p;,, peak with a maximum at 459.6 eV (c), the Ti 2p XPS
spectra of 0.1 M_HCI/Ti-HUS sample exhibit the Ti 2p,, peak with a maximum at 459.4 eV (d), the Ti 2p XPS spectra of 3.0 M_HCI/Ti-HUS sample display the
Ti 2p,/, peak with a maximum at 459.2 eV (e), and the Ti 2p XPS spectra of 6.0 M_HCI/Ti-HUS sample depict the Ti 2p,,, peak with a maximum at 459.3 eV (f).

Based on the yields of the detected gaseous products (CO,
CH,, H,) after 7-hour exposure to UVC light, as shown in
Figure 6, it is evident that the synthesized Ti-HUS-based
samples exhibit significantly higher photocatalytic activity for
the CO, reduction compared to the reference samples of the
titanosilicate TS-1 and the commercial TiO, P25, which serves as
a benchmark in photocatalysis. Their superior photocatalytic
efficiency for a CO, reduction is reflected primarily in the CO
and CH, yields (Figure 6a-b), which represent one of the main
products of the photocatalytic reduction of CO, process. The
mechanism of CO, conversion to CO and CH, during the
photocatalytic CO, reduction can be described by Equations 3.
and 4‘[47,48]

As shown in Figure 6 ¢, it is apparent that the photocatalytic
reduction of CO, reaction is not only linked to the formation of
CO and CH,, but also with the evolution of H,. The generation
of hydrogen is related to the water splitting reaction, which
competes with the photocatalytic CO, reduction.”” It should be
noted that water oxidation is a key step in the photocatalytic
reduction of CO,. Indeed, during this process, holes (h*) are
oxidized with water molecules, leading to the formation of H*
ions (Eqg. 5-6). Subsequently, these ions react with CO, mole-
cules and electrons to form valuable carbonaceous compounds
such as CO and CH, as shown in Equations 3 and 4.*" The
reaction mechanism for hydrogen formation is provided in
Equation 7.5

CO, + 2H" +2e~ — CO+ H,0 (3) 2H,0+4h" — O, + 4H" (5)
CO, + 8H" + 8¢~ — CH, + 2H,0 (4 H,O+h"— -OH+H" (6)
2H" +2e” — H, 7)

ChemSusChem 2024, 17, €202400434 (7 of 13)
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Figure 6. Yields of a) CO, b) CH,, and c) H, obtained from the photocatalytic reduction of CO, in the presence of investigated photocatalysts after 7 hours of

UVC irradiation.

The investigated photocatalyst samples were measured at
least 3 times, which means that the same batch (0.1 g of the
photocatalyst sample with 100 ml of 0.2 MNaOH) was used
each time and saturated with CO, again. The stability of the
tested samples was verified by obtaining reproducible results in
measurements of the photocatalytic reduction of CO,. The
measurement errors, as illustrated by the error bars in Figure 6,
fell within a range of 5%.

Since it was suspected that the initial aqueous solution of
0.2 MNaOH etched the prepared photocatalyst samples, as is
generally the case with titanosilicate-based photocatalysts, it

ChemSusChem 2024, 17, 202400434 (8 of 13)

should also be noted that CO, saturation of the reaction
mixture at the beginning of the photocatalytic process leads to
a rapid drop in pH from 12 to 7. In other words, as a result of
CO, saturation, the conditions change from alkaline (pH=12) to
neutral (pH=7), under which the stability of the photocatalysts
is retained."®

Blank reactions were performed to ensure that the hydro-
carbon was produced solely through the photoreduction of CO,
and to eliminate any surrounding interference. The first blank
(Blank test_1) was performed under UV illumination with the
catalyst, an aqueous solution of NaOH without CO, saturation.

© 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH
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The second blank (Blank test_2) was carried out with the
catalyst, an aqueous solution of NaOH without CO, saturation
and without UV illumination (under dark conditions), and the
third (Blank test_3) was UV illuminated with the catalyst,
deionized water without CO, saturation (Figure S6). In all cases,
only CO, naturally absorbed from the air was present.?” The
obtained results confirmed that CO and CH, products arise from
the photocatalytic reduction of CO, carried out in the presence
of the Ti-HUS photocatalyst.

Since the photocatalytic reduction of CO, to CH, and CO
represents a competitive reaction against the water splitting
associated with hydrogen formation, the selectivity for the
photocatalytic CO, reduction was calculated using Equation 2.

The calculated percentual proportions of the CH, and CO
yields along with the selectivity values after 7 hours of
irradiation over the investigated photocatalyst samples are
illustrated and compared in Figure 7.

The results depicted in Figure 7 indicate that the synthe-
sized Ti-HUS-based materials exhibit higher selectivity for CO,
reduction than the reference samples of titanosilicate TS-1 and
commercial TiO, P25. Their selectivity to CO and CH, molecules
was even the lowest among all the photocatalyst samples
tested. However, these samples exhibit high H, yields because
the majority of the generated electrons participate in the
competitive water splitting reaction, as described in Equation 7.
Consequently, this result in lower selectivity for the photo-
catalytic CO, reduction.

Detailed analysis of the results revealed a strong depend-
ence of the efficiency of the photocatalytic CO, reduction
process on the modulation of surface Ti amounts in the
investigated Ti-HUS-based photocatalyst samples. This depend-

2] ¢,

CO —@- Sclectivity (%)

100 100

80 |1 80

60 +

F60

40+ L 40

Proportions of CO and CH, (%)
Selectivity for CO, reduction (%)

20

& & & & T
& &
@ 2 @ s @ 7
Photocatalyst

Figure 7. Proportions of CO and CH, yields (after 7 hours of UVC irradiation)
and calculated percentage selectivity for the photocatalytic reduction of CO,
over the investigated photocatalyst samples.
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ence was demonstrated by finding correlations between the
yields of the CO and CH, molecules evolved during the
photocatalytic reduction of CO, and the calculated Si/Ti ratios.
These ratios are crucial for understanding how surface structure
influences photocatalytic performance. They were determined
using EDX and XPS, which are preferred due to their
effectiveness in revealing such structural details. As shown in
Figure 8a-b, the yields of the detected CO and CH, products of
the investigated photocatalyst samples decrease with increas-
ing Si/Ti ratios, corresponding to the enhanced photocatalytic
performance of the synthesized Ti-HUS-based photocatalyst
samples. This observation underscores the suitability of apply-
ing Ti-HUS layered photocatalysts for the photocatalytic CO,
reduction reaction compared to the sample of titanium silicate
TS-1, whose CO and CH, yields were significantly lower.
Nadeem et al.®" also highlighted a strong dependence of Si/Ti
ratio on the photocatalytic reduction of CO, process. In their
work, they pointed out an increase in photocatalytic activity for
CO, reduction, as indicated by rising methanol yields, with a
decreasing Si/Ti ratio in Ti-MCM-48 materials.

The above facts are also consistent with the detailed XPS
analysis of the investigated samples, which reveals the exact
amounts of Ti and Si elements on the surface of the Ti-HUS
samples. Based on the results, it can be concluded that the
higher yields of carbonaceous products (CO, CH,) are linked to
the elevated immobilized Ti (Figure 8c), whose atoms participat-
ing in the photocatalytic CO, reduction process. This claim is
also supported by Wenhui etal,®® who highlighted the
enhanced photocatalytic reduction of CO, due to the increasing
Ti content in the Ti-MCM-41 materials.

Conversely, the gradual increase in silicon content led to a
decrease in photocatalytic efficiency, corresponding to a
decrease in the yields of CO and CH, products (Figure 8d).

Additionally, as demonstrated by UV-Vis DRS analysis, the
limited light absorption ability in the UV region of the light
spectra associated with a gradual decrease in absorbance in the
wavelength range between 200 and 370 nm (Figure S7), along
with the low distribution of Ti active sites on the surface of the
TS-1 sample (Figure 9 a), should not be overlooked. These
factors play a vital role in the low photocatalytic performance of
the reference TS-1 sample.”*>* On the other hand, as shown in
Figure 9b, the distribution of immobilized Ti active sites on the
surface of the layered Ti-HUS sample is significantly higher
compared to that of the TS-1 sample. This observation plays
another crucial role in the superior photocatalytic performance
of the Ti-HUS sample, as the photocatalytic process primarily
occurs on the surface of photocatalysts.

The photocatalytic activity for a CO, reduction of the
synthesized Ti-HUS material samples was compared not only
with the photocatalytic efficiency of the reference sample TS-1,
but also with the commercial TiO, photocatalyst P25, which
represents a benchmark in the heterogeneous photocatalysis.™
As shown in Figures 6a-b and 7, it can be summarized that
both the photocatalytic activity and selectivity for the photo-
catalytic CO, reduction of the commercial TiO, P25 were
significantly lower compared to the synthesized Ti-HUS sam-
ples. The primary factor contributing to the low photocatalytic

© 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Figure 8. Correlations between the Si/Ti ratios determined by a) EDX, b) XPS, c) the amount of Ti, and d) Si and the resulting yields of CO and CH, as the

primary products of the photocatalytic reduction of CO,.

efficiency of the commercial TiO, P25 is probably the rapid
charge carrier recombination, leading to a diminished efficiency
of utilizing light energy for the photocatalytic process. This
phenomenon represents one of the well-known drawbacks of
the commercial TiO, P25.579

In order to propose a potential mechanism for the photo-
catalytic CO, reduction over Ti-HUS-based photocatalyst sam-
ples, it was crucial to elucidate the formation of H, during the
experiments conducted. As stated previously, hydrogen repre-
sents the major product in the water splitting reaction (Eq. 7),
which competes against CO, reduction. This finding is also
consistent with the insights reported in the study by Edelman-
nova et al.?” These facts contribute to understanding the origin
of hydrogen produced during the photocatalytic CO, reduction
tests. However, these observations do not provide any insight
into the generation of H, over the Ti-HUS photocatalysts
investigated in this work.

Subsequent analysis of the obtained results revealed a
strong correlation between the rising yields of evolved H, and

ChemSusChem 2024, 17, €202400434 (10 of 13)

the decreasing amount of surface lattice oxygen species in the
investigated photocatalysts (Figure 10a). The gradual decrease
in the amount of surface lattice oxygen species can be
attributed to the successful immobilization of gradually increas-
ing amounts of isolated Ti species into the structure of the HUS-
7 precursor, correlating with the rising yields of H,, as shown in
Figure 10b. This fact aligns with the findings of Dubnova
et al.”™ who demonstrated increased vyields of H, with decreas-
ing content of surface oxygen species resulting from doping of
photocatalyst.

Through an understanding of the previously mentioned
facts, along with finding a correlation between the increased
yields of H, with the growing amount of immobilized Ti (as
shown in Figure 10b), it is evident that the presence of Ti-based
centers within the HUS-7 structure plays a crucial role in the
formation of H, during the photocatalytic experiments. As
further detailed, within these centers, transformations from the
(Ti**—0%") state to the (Ti**—0")* photoinduced state occur due
to UVC irradiation, which promotes the water splitting reaction

© 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Figure 9. SEM-EDS images with the depicted Si and Ti maps for a) TS-1 and b) Ti-HUS samples.
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Figure 10. Correlations between H, yields evolved during the photocatalytic CO, reduction experiments and a) the quantity of lattice oxygen, and b) the
amount of Ti species immobilized into the precursor HUS-7.

and leads to the generation of H,.*" Based on these findings, it
can be concluded that an increase in the amount of immobi-
lized Ti sites results in the formation of more photoinduced
centers, thereby contributing to the improved photocatalytic

ChemSusChem 2024, 17, €202400434 (11 of 13)

water splitting reaction and enhancing yields of H, as the
primary product of this reaction.

The concentration of adsorbed OH groups emerges as
another vital factor in assessing the photocatalytic performance
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of Ti-HUS photocatalysts in the photocatalytic CO, reduction.
This aspect is particularly relevant for the investigated Ti-HUS
photocatalysts, where their presence and quantity were verified
not only by FTIR, but also by XPS analysis. Indeed, in this case,
the surface OH groups, along with the immobilized Ti species,
likely acted as the active centers for the adsorption of reactants,
thus influencing the selectivity in favor of higher yields of
carbonaceous products.®® Understanding these important facts
also greatly facilitated the conception of the proposed mecha-
nism described below.

As outlined in the previous paragraph, based on the
reviewed literature and the obtained results, a possible
mechanism has been formulated to elucidate the complex
processes involved in the photocatalytic CO, reduction using
the Ti-HUS-based photocatalysts. In the initial step, influenced
by light irradiation, CO, and H,O molecules react with the
tetrahedrally coordinated Ti active centers. Subsequently, the
so-called ligand to metal charge transfer (LMCT) process occurs,
involving the transfer from the original (Ti*'—0?") to the (Ti**
—0")* photoexcited states.®” The transfer of electrons from (Ti**
—07)* to CO, leads to the fragmentation of the CO, molecule
and the generation of intermediate products, particularly CO,
which serves as both an intermediate and also a product of the
photoreduction of CO,. Moreover, hydrogen atoms and
hydroxyl radicals, generated from the concurrent competitive
water splitting reaction of H,O molecules, engage in further
reactions with carbon-based species derived from the reduction
of CO, molecules and form valuable carbonaceous compounds,
such as methane in this case.®363-¢

Hussain et al.”®” even successfully achieved the evolution of
methanol (CH;0H) by the photocatalytic CO, reduction over Ti-
incorporated KIT-6 materials (Korea Advanced Institute of
Science and Technology-6 silica) by a similar mechanism based
on the carbene pathway.”"

The above-mentioned facts also explain the lower photo-
catalytic activity of commercial TiO, P25 observed during the
photocatalytic CO, reduction compared to the layered Ti-HUS-
based samples, which demonstrate higher photocatalytic per-
formance. Indeed, this photocatalyst not only suffers from well-
known drawbacks related to its wide band gap (3.2 eV) and
rapid charge carrier recombination, but also maintains stability
upon exposure to UVC irradiation. However, in the case of the
investigated layered samples based on Ti-HUS, UVC radiation
induces a transition of immobilized Ti species from the original
states (Ti*™—0%") to photoexcited Ti*"-based states (Ti**—07)¥,
thereby significantly increasing the photocatalytic efficiency
during photocatalytic reduction CO..

3. Conclusions

In conclusion, we have successfully synthesized titanium-
immobilized layered HUS silicate (Ti-HUS) photocatalyst samples
using a combined precipitation method. By subjecting the
samples to acid treatment with varying concentrations of HCI
(0.1, 3.0, and 6.0 moldm™), we modulated the amount of
immobilized isolated Ti species. Our investigation demonstrated

ChemSusChem 2024, 17, €202400434 (12 of 13)

the efficacy of these Ti-HUS-based samples in the photocatalytic
CO, reduction process, showcasing superior activity and
selectivity compared to widely studied reference samples, TS-1
and commercial TiO, P25. Analysis revealed a direct relationship
between increased carbonaceous product yields, elevated Ti
species immobilization, and decreased Si content. Additionally,
we observed the competitive formation of H, during photo-
catalytic water splitting, correlated with decreasing surface
lattice oxygen concentration and increasing isolated Ti species
content. Furthermore, we propose a mechanism elucidating the
role of isolated Ti species and surface OH groups in enhancing
selectivity and yield of carbonaceous products during CO,
reduction. Our findings underscore the potential of HUS-7-
based materials as promising candidates for CO, photoreduc-
tion, suggesting avenues for future research in this field.
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