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ARTICLE INFO ABSTRACT

Keywords: This study investigates the role of defect engineering in enhancing TiO2-based photocatalysts for CO5 photore-

TiO, duction through a systematically controlled synthesis. In contrast to previous reports focused on Ti>* doping of

D‘egff“. engineering commercial TiO,, here we combine sol-gel synthesis with post-synthetic chemical reduction using sodium

Fcr)lxygselrtlexsracancies borohydride (NaBH4) to obtain TiO, materials with tunable concentrations of surface defects, specifically oxygen

€O, reduction vacancies and Ti®* sites. By varying both the reduction temperature and NaBH, dosage, we introduce a new level

photocatalysis of control over defect formation. The materials were characterized by X-ray diffraction (XRD), Raman spec-
troscopy, transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), nitrogen phys-
isorption, and photoelectrochemical measurements. Photocatalytic performance was assessed via CO3
photoreduction under UV-vis irradiation. The sample reduced at 350 °C with 1.5 g NaBH4 showed the highest
activity and selectivity toward CH4 and CO, clearly surpassing the performance of commercial TiO5 (P25) and a
sol-gel reference without chemical reduction (W-TiO2_350 °C). The improved performance is attributed to a
synergistic balance of Ti®" sites, oxygen vacancies, and surface hydroxyls, which enhance charge separation and
CO» activation. This work introduces new synthesis—structure-activity relationships and demonstrates the po-
tential of defect-tuned TiO, materials for efficient and selective CO5 valorization.

1. Introduction

On the one hand, carbon dioxide is a colourless gas used in the
chemical and food industries [1-3]. On the other hand, it is one of the
major greenhouse gases, contributing to global warming and climate
change. As demonstrated by data published by NASA, the concentration
of CO5 in the atmosphere measured in July 2024 was 427 ppm, the
highest level in the last 60 years [4]. Moreover, given the ongoing
population growth and the development of industrialization, it appears
that the upward trend will not change in the future and the concentra-
tion of COy molecules in the atmosphere will continue to rise [5,6].
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Based on these insights, it is essential to develop novel CO; utilization
strategies, and photocatalytic CO, reduction could potentially be one of
them.

Photocatalytic CO5 reduction is a promising strategy in the fight
against the ongoing energy crisis, global warming, and climate change.
The key advantage of this technology lies in the direct conversion of CO,
molecules into high-density chemical energy through photochemical
reactions induced by the interaction between photocatalytically active
materials and light energy [7,8]. However, despite its great potential,
the path to practical application is still far. The main issue in this field is
related to the low level of CO5 conversion. Indeed, the CO; molecule is
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very stable, and disrupting the C = O bonds within this molecule is very
challenging [9-11]. Based on these insights, it is essential to find ways to
increase the currently low CO; conversion level, which could lead to
improved efficiency of the CO, photoreduction process. Fortunately, one
of the most effective ways to improve the level of CO5 conversion is
through the design and synthesis of efficient photocatalytically active
materials, such as the defect-based TiO, photocatalysts, which are the
primary photocatalysts studied in this research [12].

TiO, is one of the most studied materials in the field of photo-
catalysis. While it offers several advantages, including low cost and
excellent thermal and chemical stability, its wide band gap (3.2 eV) and
high charge carrier recombination rate significantly limit its photo-
catalytic applications [13-16]. To overcome these limitations, the
physico-chemical properties of this material must be modified to
enhance its potential for broader utilization in photocatalysis. Fortu-
nately, defect engineering represents one of the most promising ap-
proaches for modifying photocatalysts. The successful introduction of
surface defects into TiO9, such as oxygen vacancies and Ti3t states,
enhances its light absorption efficiency, facilitates charge carrier sepa-
ration, and consequently improves its performance in CO5 photoreduc-
tion [7,17-20]. These, defective states can be introduced using various
reduction methods, including direct hydrogenation or chemical reduc-
tion, which permit the controlled formation of these defective states
[21].

In recent years, defect-engineered and black TiO, photocatalysts
have attracted significant attention for photocatalytic CO2 conversion
due to their ability to extend light absorption into the visible region and
promote efficient charge separation. For example, hydrogenated or
chemically reduced TiO, with oxygen vacancies and Ti®" species has
exhibited enhanced CO to CO and CHj4 yields compared to pristine TiO5
[22]. Similarly, defect-rich TiO, prepared under controlled reduction
conditions showed that the concentration of oxygen vacancies and
Ti>*/Ti** ratio strongly influences the photocatalytic efficiency [23].
More recently, Katai et al. [24] demonstrated that optimizing both
defect density and crystal orientation can synergistically enhance CO5
adsorption and activation. Other works have also reported that black
TiO, with tailored the Ti>* and vacancy concentrations improves charge
separation and visible-light absorption, resulting in higher CO, con-
version rates [25].

Besides defect formation, successful metal doping (for example Au,
Pd, Pt) and the formation of heterojunctions represent other effective
approaches to improve the photocatalytic efficiency of defective TiO5
for CO2 photoreduction. These strategies not only promote the separa-
tion and transfer of photogenerated charge carriers, but also form new
active sites and favourable band alignments, resulting in synergistic
effects and enhanced CO, photoreduction performance [26-31].

The growing interest in defect-based photocatalysts for COy photo-
reduction is also supported by several recently published studies that
have dealt not only with defective TiO2 photocatalysts, but also other
defect-based systems, such as defective ZnAl-LDH [32], g-C3N4/CeOy
[33], or NH-UiO-66-MOF materials [34]. Despite these advances, the
relationship between the type and concentration of surface defects, the
preparation parameters, and the resulting photocatalytic performance is
still not fully understood. Future research should focus, in particular, on
a thorough investigation of defect dynamics and their influence on CO2
photoreduction, as well as on the design and synthesis of new
multi-defective photocatalysts to explore potential synergistic effects
among different types of defects and their impact on CO, photoreduc-
tion performance [35].

In this study, we synthesized defect-based TiOy photocatalysts by
combining the sol-gel technique with NaBH,4 reduction. The prepared
TiO,-based samples underwent extensive characterization using various
analytical techniques to obtain detailed insights into their physico-
chemical properties. Subsequently, the photocatalytic performance of
the synthesized samples was evaluated for CO, reduction and compared
to the activity of the commercial TiO5 sample P25, which serves as a
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benchmark in the field of photocatalysis. Moreover, the photocatalytic
performance of the most active Black-TiOz-based (B-TiO3) photo-
catalyst, B-TiO2_350 °C_1.5, was compared with the additionally pre-
pared reference sample White-TiO5_350 °C_1.5 (W-TiO5), which lacks a
rich defect structure. This work establishes a systematic strategy for
defect tuning in TiO2 and focuses on evaluating the relationship between
the photocatalyst structure and CO, photoreduction activity as a func-
tion of defect concentration and photocatalytic performance. It provides
a deeper understanding of the coexistence and combined influence of
Ti* sites and oxygen vacancies on the CO, photoreduction process.
Furthermore, this work underscores the often-overlooked role of surface
hydroxyl (Oo—n) groups and their interplay with defects, which signif-
icantly influence charge transfer, reactant adsorption, and the final ef-
ficiency of CO2 photoreduction.

2. Experimental section
2.1. Materials

Titanium(IV) isopropoxide (TTIP) (>97 %, Sigma-Aldrich Co., Saint
Louis, MO, USA) was used as a TiOy precursor. Sodium borohydride
(NaBHy4), purchased from Merck KGaA (Germany), was used as the
reducing agent. Ethanol (CoHsOH), used for washing the photocatalyst
samples, was purchased from P. P. H. "STANLAB" Sp. z.0.0., (Poland).

2.2. Synthesis of B-TiO2 350 °C_0.75, B-TiO2 350 °C_1.5, and B-
TiO2 350 °C 2.0 samples

B-TiO2 photocatalysts with varying loading of the reducing agent
NaBH,4 were prepared using the sol-gel technique followed by the NaBH4
chemical reduction. The three synthesized photocatalyst samples,
labelled B-TiO»_350 °C_0.75, B-TiO2_350 °C_1.5, and B-TiO,_350 °C_2.0,
were prepared using 0.75 g, 1.5 g, and 2.0 g of NaBH4 as the reducing
agent, corresponding to NaBH,4/Ti molar ratios of (calculated from the
Ti content in the TTIP precursor) 0.3: 1, 0.6: 1, and 0.8: 1. In the first
step, 20 ml of TTIP and 5 ml of ethanol were mixed. Subsequently, 50 ml
of ultrapure water was added dropwise into the flasks containing the
mixtures prepared in the previous step. The resulting mixtures were then
stirred for 24 h and aged for another 24 h. The obtained gel was then
dried overnight at 90 °C in a drier. In the next step, 2 g of the obtained
TiO4 was ground with varying amounts of NaBH4 (0.75 g, 1.5 g, and 2.0
g) using an agate mortar and pestle. The mixtures were ground for 30
min. Afterwards, the mixtures were transferred to a tubular furnace,
where they were heated up to 350 °C (temperature rate = 10 °C/min)
and calcined at 350 °C under argon atmosphere (flow rate of Ar = 5 ml/
min) for 1 hour. After calcination, the reduced Ti-based samples were
cooled to room temperature and washed with ethanol and deionized
water. Finally, the samples were dried at 70 °C in a drying furnace.

2.3. Synthesis of B-TiO 350 °C.1.5, B-TiO2 500 °C_1.5, and B-
TiO2 650 °C_1.5 samples

The synthesis of B-TiO 350 °C_1.5, B-TiO 500 °C_1.5, and B-
TiO9 650 °C_1.5 photocatalysts follows the preparation procedure
described in the previous Section 2.2. The only differences were the
utilize of a 1.5 g NaBH,4 dosage, corresponding to the NaBH4/Ti molar
ratio of 0.6: 1, and the variation in temperature conditions during the
NaBHy reduction of Ti-based sols. Specifically, the obtained sols were
heated up to 350 °C, 500 °C, and 650 °C (temperature rate = 10 °C/min)
and calcined at these temperatures under an argon atmosphere (Argon
flow rate = 5 ml/min) in a tubular furnace for 1 hour.

2.4. Preparation of the reference W-TiO2 350 °c sample

The individual steps for the preparation of the W-TiO,_350 °C pho-
tocatalyst followed the synthesis procedure described in Section 2.2.
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However, in this case, the obtained sol after aging was not ground with
the NaBH4 reducing agent, but was directly transferred to a tubular
furnace, where it was heated to 350 °C, and calcined at this temperature
for 1 hour in a glass crucible. Finally, it was cooled to room temperature
and washed with ethanol and deionized water.

The list and images of the investigated TiOy-based photocatalyst
samples are shown in Table 1 and Figure S1.

2.5. Photocatalytic COz reduction experiments

Photocatalytic testing of the investigated photocatalysts for COy
reduction was performed in a batch-stirred photoreactor (Figure S2). A
detailed description of the performed CO5 photoreduction experiments
is provided in the Supplementary Materials.

2.6. Characterization of the prepared tioz-based photocatalyst samples

The prepared TiOg-based photocatalysts were characterized using
advanced analytical methods, such as X-ray diffraction (XRD), Raman
spectroscopy, transmission electron microscopy (TEM), X-ray photo-
electron spectroscopy (XPS), Ny-physisorption, and photoelectric mea-
surements (photocurrent). A detailed description of the performed
characterization methods is given in the Supplementary Materials.

3. Results and discussion
3.1. Photocatalytic performance of the investigated photocatalysts

To evaluate the effectiveness of the prepared defect-rich TiOy-based
photocatalysts, photocatalytic testing over the investigated samples was
performed. The data obtained from these experiments were further
analyzed and correlated with results from characteristic techniques,
revealing the physico-chemical properties of the samples. This analysis
aims to clarify the influence of the individual parameters of the inves-
tigated photocatalysts on CO5 photoreduction.

Photocatalytic COy reduction experiments were conducted in a
batch-stirred photoreactor (Figure S2). Carbon monoxide and methane,
as the primary products of CO, photoreduction (Eq. (1) and 2), and
hydrogen, as the main product of the competitive water splitting reac-
tion (Eq. (3)), were detected [36,37].

CO, + 2H" + 2e” ->CO + H,0 (€]
CO, + 8H" + 8¢"—CH, + 2H,0 (2)
2H" +2¢ —H, 3

In this study, as shown in Fig. 1, the efficiency of the photocatalyst
samples was evaluated as a function of two variables: the modulation in
the amount of the used reducing agent (NaBHy4) and the variation in the
reduction temperature during the NaBH4 chemical reduction.

The results, depicted in the plots in Fig. 1a — b and Figure S3a - f,
reveal the presence of two distinct trends. First, the photocatalytic ac-
tivity of the investigated TiOz-based samples increased with the
increasing amount of NaBH,4 reducing agent used. This trend corre-
sponds to the significant rise in the yields of detected products when
using 1.5 g of NaBH4 (B-TiO2_350 °C_1.5) compared to 0.75 g (B-

Table 1
The list of the synthesized TiO,-based photocatalyst samples.

Sample order Sample name

B-TiO,_350 °C_0.75
B-TiO,_350 °C_1.5
B-TiO,_350 °C_2.0
B-TiO,_500 °C_1.5
B-TiO,_650 °C_1.5
W-TiO2_350 °C

U A WN
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TiO9_350 °C_0.75), which are noticeably lower. However, the experi-
mental data also indicated that using 2.0 g of reducing agent during the
reduction process led to a marked decline in the yields of products,
resulting in lower photocatalytic activity. Second, the yields of carbo-
naceous products in the presence of defect-rich TiO,-based photo-
catalysts decreased dramatically as the temperature used during the
NaBH,4 reduction gradually increased. This trend is clearly apparent in
Fig. 1b, which illustrates a significant drop in CO and CHy yields at
reduction temperatures of 500 °C (B-TiO5 500 °C_1.5) and 650 °C (B-
TiO9_650 °C_1.5), compared to the B-TiO2_350 °C_1.5 sample, reduced
at the temperature of 350 °C.

The stability of the investigated photocatalyst samples was verified
by conducting repeated measurements of each sample at least four
times. Specifically, the same batch containing the tested photocatalyst
sample with a 0.2 M aqueous solution of sodium hydroxide was used
repeatedly, and the mixture was saturated with CO4 each time. The re-
sults were reproducible, confirming the stability of the photocatalyst
samples. The measurement errors remained within 5 %, as reflected by
the error bars highlighted in Fig. 1a - b.

3.2. Characterization of the investigated photocatalysts

As widely recognized, the photocatalytic efficiency of photocatalysts
is closely linked to their physico-chemical properties. Based on this
claim, it is essential to identify and clarify the potential influence of
individual photocatalyst parameters on the photocatalytic activity of
each sample, as summarized in the previous section. To achieve this, the
tested nanomaterials underwent complex characterization using various
analytical techniques.

As shown in Fig. 2a — ¢, XRD analysis confirms that the brookite
phase predominates in all investigated samples, except the B-TiO5_650
°C_1.5 sample. This observation aligns with the presence of the red-
marked circles, which indicate XRD peaks corresponding to the
brookite phase (PDF-2 card No 00-029-1360, Fig. 2a — c). In contrast,
only the B-TiO 650 °C_1.5 sample exhibits a mixed-phase structure
consisting of TiO (PDF-2 card No 00-009-0240, Fig. 2b), Ti3Os (PDF-2
card No 01-082-117, Fig. 2b), and Hongquiit phase (PDF-2 card No
01-073-9518, Fig. 2b). Additionally, XRD analysis revealed the for-
mation of a mixed phase in the samples B-TiO5 350 °C_0.75 and the
reference sample W-TiO_350 °C, both containing brookite and anatase
phases (PDF-2 card No 01-075-2544, Fig. 2a and c).

Upon closer examination of Fig. 2a, it is evident that increasing the
amount of NaBH,4 (from 0.75 g to 2.0 g) induces not only a transition of
the phase structure from a mixed anatase-brookite phase to predomi-
nantly brookite, but also the emergence of an amorphous phase. This
fact is primarily evidenced by the broadening of the detected XRD peaks.
Moreover, this finding is also supported by TEM analysis of the most
active sample B-TiO,_350 °C_1.5, which demonstrates the coexistence of
both crystalline TiO5 and amorphous phases within the sample (Fig. 2d).

Furthermore, XRD analysis of the investigated samples B-TiO3_350
°C_1.5, B-TiO5 500 °C_1.5, and B-TiO, 650 °C_1.5 reveals that
increasing the temperature during the NaBH,4 chemical reduction not
only leads to a slight increase in the crystallinity of the B-TiO»-based
samples, but also promotes the formation of multiphase crystalline
structures. This observation is evident from the higher number of sharp
XRD peaks in the patterns of the B-TiO sample reduced at temperature
650 °C (B-TiO2_650 °C_1.5 - green curve, Fig. 2b), compared to those
reduced at 350 °C and 500 °C (B-TiO5_350 °C_1.5 - blue curve; B-
Ti02_500 °C_1.5 - brown curve, Fig. 2b).

The defect-based sample B-TiO3_350 °C_1.5 exhibited the highest
photocatalytic activity among the prepared B-TiOs-based samples.
Considering this insight, it is crucial to compare its crystalline structure
with that of the reference samples W-TiO5_350 °C, which exhibited
lower photocatalytic performance. As depicted in Fig. 2c, the crystal
structures of both photocatalysts are distinctly different. While the B-
TiO9_350 °C_1.5 exhibits the presence of brookite, the reference sample
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Fig. 1. Yields of the obtained products (H,, CO, CHy) after 7 h of CO, photoreduction over the investigated B-TiO, samples synthesized with different amounts of the
reducing agent NaBH, (a) and reduced at different temperatures (b), with error bars indicating a measurement error within 5 %.

W-TiO2_350 °C shows a mixed phase consisting of anatase and brookite.
Raman spectroscopy results confirmed that NaBH4 reduction of the
investigated TiOp-based samples led to the successful formation of a
disordered structure. This finding is evidenced by the characteristic
hypsochromic shift of the main E; Raman peak, indicative of the pres-
ence of crystalline TiO», in B-TiO»-based samples to values ranging from
142 to 154 cm™, compared to the reference sample W-TiO,_350 °C,
which exhibited Eg peak with maximum at 139 cm’! (Fig. 3a - ¢) [29,
38]. The only exception is the B-TiO, sample calcined at 650 °C
(B-TiO2_650 °C), which exhibited negative shift to 134 em’l.

In addition, the Raman spectra of B-TiOs-based samples reduced at
350 °C with 1.5 and 2.0 g of NaBH4 (B-TiO2_500 °C, B-TiO3_650 °C),
shown in Fig. 3a, confirm the presence of amorphous phase within these
samples, as also indicated by the TEM and XRD results. This observation
is further supported by the noticeable broadening of the detected Raman
peaks, indicating a lack of long-range order in the structure of the
samples [39,40].

Since the surface of photocatalysts plays a crucial role in the pho-
tocatalytic CO5 reduction process, understanding the chemical compo-
sition of the surface structure is essential. To obtain these insights, XPS
analysis was performed.

As shown in Figure S4, which displays the O 1 s XPS spectra of the
investigated samples, all prepared photocatalysts exhibit XPS peaks at
530.1 eV, 531.1 eV, and 532.9 eV. These peaks are characteristic for
lattice oxygen bonds (O7i.0), 0xygen vacancies (Oy), and O-H group (Og.
) [29,41,42]. Detailed quantitative analysis of detected oxygen species
is provided in Table S1. XPS also detected Ti(IV) 2p;,2 and Ti(IV) 2p3/2
peaks at 464.4 and 458.6 eV, corresponding to the presence of Ti*t
species on the surface of the investigated photocatalyst samples
(Figure S5) [43]. Additionally, as depicted in Figure S5, XPS measure-
ments demonstrated the successful reduction of Ti*" to Ti®" active sites,
confirmed by the Ti(III) 2p; /2 and Ti(Ill) 2p3/, peaks at 463.0 and 457.4
eV [43-45].

Textural parameters are another key factor likely influencing the
photocatalytic performance of the tested photocatalyst samples. At first
glance, significant variations in specific surface area (Sggr) and total
pore volume (TPV) across the investigated samples suggest that defect
incorporation impacts the porosity of the materials. Based on the shape
of the measured N2 adsorption-desorption isotherms, which correspond
to type IV as defined by the BDDT classification (Brunauer-Deming-
Deming-Teller), the mesoporous nature of the prepared photocatalysts

was revealed (Figure S6) [46]. This is also consistent with the calculated
mesopore volume presented in Table 2. Additionally, further analysis of
the measured data reveals two distinct trends. Namely, in the first trend,
it is observed that an increase in the dose of NaBH4 leads to a higher total
pore volume, which in turn results in an increased specific surface area
(Table 2). In the second trend, the data indicate that increasing the
reduction temperature decreases both specific surface area and total
pore volume (Table 2), induced by the annealing at higher temperatures,
as well as an increase in particle size and the agglomeration of the titania
samples [47].

Charge carrier separation is a critical step in the photocatalytic
process. To explore and describe this aspect in detail, photo-
electrochemical measurements were performed on the analyzed
samples.

As shown in Figure S7, the reference sample W-TiO5_350 °C gener-
ated the highest photocurrent response among all tested samples. In
contrast, all reduced TiO»-based photocatalysts (all B-TiO,-based pho-
tocatalysts) exhibited significantly lower photocurrent compared to the
reference sample (W-TiO2_350 °C). This phenomenon can be attributed
to the increased concentration of oxygen vacancies on the surface of the
B-TiOg-based photocatalyst samples.

The concentration of surface defects, such as oxygen vacancies, plays
a key role in evaluating the photocatalytic activity of the prepared
samples. The obtained XPS data (Table S1) and the photocurrent spectra
(Figures S7 and S8) clearly reveal an inverse correlation between the
generated photocurrent and the concentration of oxygen vacancies. A
high concentration of surface oxygen vacancies in the tested samples
appears to hinder transport of charge carriers, which is reflected in the
reduced photocurrent response [48,49]. Wang et al. [50] even charac-
terize these defects as energy bridges, which do not contribute to the
transfer of charge carriers, but instead increase charge recombination.

Based on these findings, one might expect that the photocatalytic
activity of the samples tested for CO, reduction should be diminished, as
evidenced by the low photocurrent generation (Figures S7 and S8).
However, while defects, such as oxygen vacancies, negatively impact
photocurrent measurements, they do not necessarily hinder the photo-
catalytic activity of the samples. Indeed, the generated electrons can still
be trapped by the introduced defects and subsequently interact with the
adsorbed CO5 during photocatalytic process to form products [29].
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Fig. 2. XRD spectra of the investigated samples B-TiO,-based samples under various reduction conditions: (a) samples reduced at 350 °C with varying amounts of
NaBH,4 reducing agent (0.75 g, 1.5 g, 2.0 g), (b) samples reduced with 1.5 g of NaBH, reducing agent at three pre-selected temperatures (350 °C, 500 °C, 650 °C), (c)
comparison between the XRD spectra of the most active B-TiO5-based sample B-TiO, 350 °C_1.5 and the reference sample W-TiO,_350 °C, calcined at 350 °C, (d)

coloured TEM image of the most active photocatalyst sample B-TiO»_350 °C_1.5.

3.3. Correlation between physico-chemical properties and photocatalytic
activity of investigated samples

A detailed analysis of the obtained data clearly confirmed that
NaBH,4 dosage and reduction temperature are the key parameters pri-
marily influencing the physico-chemical properties of the investigated
photocatalysts, which in turn affect the efficiency of the CO2 photore-
duction process.

As shown in Fig. 1a, the variation in the amount of NaBH4 reductant
used during the chemical reduction significantly impacts the photo-
catalytic performance of the samples. Specifically, the photocatalytic
performance appears to be driven by the presence of oxygen vacancies,
which are an important part of the defect-rich structure of B-TiO,-based
samples.

The B-TiO4 sample reduced with 1.5 g of NaBH4 exhibited an optimal
concentration of introduced Ti®* sites and surface oxygen vacancies,
which positively influenced its photocatalytic activity. Indeed, these

defects can serve as active sites, facilitating the adsorption and activa-
tion of CO5 molecules [24,51].

In contrast, the B-TiOy samples reduced with 0.75 g (B-TiO2_350
°C_0.75) and 2.0 g (B-TiO2_350 °C_2.0) of NaBH,4 showed a significant
drop in photocatalytic activity compared to B-TiO2 350 °C_1.5. As
shown in Fig. 4, this behaviour is strongly connected to the variation in
the Ti3+/0V ratio (Fig. 4, Table 3). The B-Ti02_350 °C_0.75 sample
reduced with 0.75 g of reducing agent exhibited an insufficient degree of
NaBH4 reduction, resulting in a low Ti3*/0y ratio and, consequently,
reduced photocatalytic performance. On the other hand, the B-TiO5_350
°C_2.0 sample, reduced at the same temperature but with 2.0 g of
NaBHy4, also showed a decrease in the Ti3+/0V ratio (Fig. 4, Table 3) and,
consequently, a low photocatalytic performance. In this case, the NaBHy
reduction became too aggressive, causing undesirable stress on the TiO»
lattice and destabilization of the crystal structure [52,53]. This resulted
in a limited formation of effective defects and, therefore, a lower pho-
tocatalytic efficiency.
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Fig. 3. Raman spectra highlighting the main E; peak of the investigated samples: (a) B-TiO, reduced at 350 °C with 0.75, 1.5, and 2.0 g of NaBH, reductant, (b) B-
TiO, reduced at 350 °C, 500 °C, and 650 °C with 1.5 g of NaBH,4 reducing agent, (c) comparison between the most active B-TiO,-based sample, B-TiO5_350 °C_1.5,

and the prepared reference sample W-TiO5_350 °C.

Table 2
Textural parameters of the investigated photocatalyst samples.

Sample Sper M/ TPV (cm®/8)  Vimicero (€m?/8)  Vineso (cm®/
? a b ¢

B-TiO 350 134 0.159 0.052 0.107
°C.0.75

B-Ti05 350 153 0.170 0.059 0.111
°C_1.5

B-TiO 350 193 0.218 0.067 0.151
°C.2.0

B-TiO, 500 70 0.134 0.026 0.108
°C_1.5

B-Ti0 650 40 0.084 0.015 0.069
°C_1.5

W-TiO,_350 °C 142 0.317 0.050 0.267

2 ... Total pore volume.

b .. Volume of micropores (determined using the Dubinin-Radushkevich
equation).

¢ ... Volume of mesopores (calculated from the difference of TPV and Viicro)-

Samples calcined at higher temperatures (400 °C and above) also

exhibited reduced activity, likely due to defect deactivation and
increased surface hydroxylation, as discussed further in the following
discussion.

The crucial role of Ti" sites in enhancing photocatalytic activity
underscores is further supported by the corresponding Ti®*/Ti*" ratios
(Table 3). As illustrated in Fig. 5, an increasing concentration of surface
Ti* sites correlate with improved photocatalytic efficiency. These Ti**
centers, in combination with oxygen vacancies, promote the adsorption
and activation of CO2 molecules [29,31]. Furthermore, they introduce
localized electronic states that act as electron traps, effectively sup-
pressing the recombination of photogenerated charge carriers and sta-
bilizing electrons for subsequent CO: photoreduction [54].

The previous paragraphs clearly highlight the positive role of oxygen
vacancies and Ti>" active sites in the photocatalytic CO, reduction of the
prepared defect-rich TiO2-based samples. However, the crucial role of
Oo.u groups, detected on the surface of the investigated photocatalysts
by XPS analysis, should not be overlooked. In particular, Og.yy groups
may contribute to enhanced adsorption of CO, molecules [55] or
participate in proton transfer processes essential for the reduction of CO2
to hydrocarbons [56]. Nevertheless, an excessive concentration of Op.g
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Table 3

Determined ratios of crucial Ti®" and oxygen-based species obtained from
analysis of O 1 s and Ti 2p high-resolution XPS spectra and the total product
yields of photocatalytic products for the reduced photocatalysts.

Sample Tit/ Ti*t/ Ti*t/ Sum of detected products
oy Ti** Oo—n (umol/gcat.)
B-TiO5_350 0.04 0.01 0.11 7.46
°C.0.75
B-TiO,_350 0.20 0.05 0.36 76.39
°C_1.5
B-TiO,_350 0.04 0.01 0.05 9.18
°C2.0
B-TiO5_500 0.14 0.04 0.20 19.82
°C_1.5
B-TiO,_650 0.04 0.01 0.04 5.91
°C1.5
~ 100
=
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Fig. 5. Correlations between the sum of the yields of all products and deter-
mined Ti**/Ti*" ratios.

groups can also inhibit the photocatalytic process by trapping photo-
generated electrons or by blocking active sites. This phenomenon is
observable for the B-TiO2 sample reduced at 650 °C, where the photo-
catalytic activity declined due to the highest proportion of hydroxyl
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groups relative to surface oxygen vacancies, while the amount of lattice
oxygen decreased (Table 4). This may indicate excessive surface hy-
droxylation. In other words, most of the oxygen vacancies become
saturated with hydroxyl groups, which led to their passivation and a loss
of active centres for the photocatalytic process. Notably, only the B-TiO4
sample reduced at the lowest preselected temperature (350 °C) exhibi-
ted the highest photocatalytic activity for CO, reduction. This suggests
that a favourable balance between introduced surface oxygen vacancies
and hydroxyl groups was achieved only in this photocatalyst
(B-Ti02_350 °C_1.5).

As depicted in Fig. 6, the photocatalytic performance during CO»
photoreduction of the investigated defect-rich B-TiO, samples was
strongly influenced by the ratio of introduced Ti3* active sites to hy-
droxyl groups. Specifically, the B-TiOz sample reduced at 350 °C with
1.5 g of NaBH, exhibited the highest ratio of Ti>" sites to Og.i groups
and, consequently, the highest COy photoreduction performance.
Conversely, the photocatalysts synthesized with 0.75 g and 2.0 g of
NaBH, showed the opposite trend. A significant decrease in the Ti>*/Og.
u ratio was observed along with a drop in photocatalytic activity for CO
photoreduction. A similar trend was observed with increasing reduction
temperature to 500 °C and 650 °C, which also led to a decline in both
Ti®*/0o—p ratio and the overall photocatalytic activity. Based on these
insights, it should be underscored that achieving a balanced concen-
tration not only between oxygen vacancies and Op.y groups, but also
between Ti®* active sites and Oq. groups, is crucial for optimizing
photocatalytic performance.

Furthermore, a detailed analysis of the obtained data revealed sig-
nificant differences in the photoactivity for COy photoreduction and
selectivity, which was calculated using Eqs. (4) and 5. As shown in
Fig. 7a, within the B-TiO5 series of samples prepared with different
amounts of reducing agent, the sample B-TiO3_350 °C reduced with 1.5 g
NaBH,4 exhibited the highest selectivity towards CH4. This can be
attributed to the optimal combination of defects (Ti** and 0Oy) and
partial hydroxylation. At a lower load (0.75 g), the reduction was
insufficient and fewer effective defects are formed, which led to lower
selectivity towards CH,4 and simultaneously higher CO production. In
contrast, 2.0 g of NaBH4 caused excessive reduction and a decrease in
the number of active sites (defects), which reflected in a decrease in
selectivity towards CH4 and, conversely, an increase in selectivity to-
wards CO.

Based on the available data, it was also confirmed, that increase in
surface hydroxylation occurred mainly in B-TiO5_500 °C and B-TiO2_650
°C samples. Hydroxyl groups promote protonation and thus CH4 for-
mation, which explains their slightly higher selectivity for this product.
However, at higher degrees of hydroxylation, partial passivation of the
surface and a reduction in CO5 adsorption may occur, resulting in a
decrease in photocatalytic performance. A balance between defect sites
and hydroxyl surface groups is therefore critical for high photoactivity
(Fig. 7b).

Table 4
Detailed analysis of surface oxygen species and the Op—p/Oy, ratio in reduced B-
TiO, samples based on O 1 s high-resolution XPS spectra.

Sample Oxygen Oxygen Hydroxyl Oo—n/
lattice ( %) vacancies ( %) groups ( %) Oy

B-TiO,_350 68 23 9 0.39
°C.0.75

B-TiO,_350 61 25 14 0.56
°C_1.5

B-TiO,_350 57 24 19 0.79
°C2.0

B-Ti0,_500 52 28 20 0.71
°C_1.5

B-TiO,_650 46 26 28 1.08

°C_1.5
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Where r(H,), r(CHy4) and r(CO) are formation rates of Hy, CH4 and CO.

Notably, the defect-based B-TiO4 sample, reduced at 350 °C with 1.5
g of NaBH4 reductant (B-TiO5_350 °C_1.5), exhibits not only a signifi-
cantly higher photocatalytic performance for CO; photoreduction
(Fig. 8a, Figure S9a - c), but also higher selectivity compared to the
prepared reference sample W-TiO5_350 °C and the commercially avail-
able TiO5 — P25 (Fig. 8b).

The selectivity for CO2 photoreduction was calculated by using the
following formula (Eq. (6)) [37,57]:

7

(252 CH, =@ - Selectivity for CO

—@—Sclectivity for CH,

100

80 1

60 +

40

Selectivity (%)

204

Proportions of CO and CH, (%)

(a)

Photocatalyst
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[2r(CO) + 8r(CH,)]

Selectivity for CO, reduction =
electivity for €O reduction =5 ©0) + 8r(CH,) + 2r(H)]

100%

©

The results of the photocatalytic tests clearly emphasize the benefi-
cial effect of a defective structure on CO; photoconversion. This finding
is supported by the data presented in Fig. 8. These indicate that the
defect-rich TiO sample, B-TiO5_350 °C_1.5, exhibits significantly higher
photocatalytic activity than both the prepared reference TiO5 sample,
W-TiO5_350 °C, and the commercial TiO5 — P25, both of which lack a
high concentration of surface defects.

This superior performance can be primarily attributed to the syner-
gistic effect of Ti>" active sites and oxygen vacancies, along with their
balanced concentration towards the hydroxyl groups. Based on these
observations, it is clear that the presence of these defects (Ti®* active
sites and oxygen vacancies) in B-TiO2_350 °C_1.5 sample enhances the
activation and conversion of CO, molecules into other products. This
distinction significantly sets it apart from the counterparts with a non-
defect-rich structure, such as W-TiO5_350 °C and P25 in this case,
thereby highlighting the importance of defect engineering in the field of
photocatalysis (Fig. 8).

Based on experimental results, only CO and CH4 were detected as
carbonaceous products of COy photoreduction. This observation sug-
gests that the reaction most likely proceeds via a direct multi-electron
reduction pathway, corresponding to two-electron (CO formation) and
eight-electron (CH4 formation) reduction processes. Although the pres-
ence of surface-bound intermediates such as formate (HCOO)* or
carboxyl-(COOH)* species cannot be completely ruled out [58-60], but
no experimental evidence for these species was obtained in this study.
Therefore, the photoreduction of CO; on defective TiO, can be attrib-
uted to a direct multi-electron mechanism facilitated by defects (Ti3*
sites and Oy) that promote the adsorption, activation, and subsequent
CO;, photoreduction.

4. Conclusions

This work highlights the pivotal role of defect engineering in tuning
the photocatalytic performance of TiOy-based materials for CO, reduc-
tion. The sol-gel synthesis combined with NaBH4 reduction successfully
introduced a controlled amounts of surface defects, particularly oxygen
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Fig. 7. Carbon-based product distribution (CO and CH4) and corresponding selectivities during CO, photoreduction over B-TiO, photocatalysts: (a) photocatalysts
prepared at 350 °C using different amounts of NaBH,4 reducing agent and (b) samples prepared with 1.5 g NaBH,, but at different reduction temperatures.
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Fig. 8. a) Yields of the obtained H, CO, CH,4 and b) proportions of CO and CH, yields after 7 h of CO, photoreduction in the presence of the most active B-TiO-based
sample, B-TiO5_350 °C_1.5, compared to the reference samples W-TiO5_350 °C and commercial TiO, — P25.

vacancies and Ti®" species. Among the tested photocatalysts, the sample
reduced at 350 °C with 1.5 g NaBH4 demonstrated superior COy
photoreduction efficiency and selectivity toward CH4 and CO, out-
performing both a reference defect-poor TiO, and commercial
TiOo-P25. The enhanced activity is attributed to the synergistic effect of
oxygen vacancies and Ti>*centers, coupled with an optimal concentra-
tion of surface hydroxyl groups that facilitate CO5 adsorption and
electron transfer. The study reveals that both the amount of reductant
and the reduction temperature are key parameters that dictate defect
formation and stability. Importantly, an excessive number of defects or
thermal treatment can lead to structural destabilization or recombina-
tion losses. Thus, achieving a balance between Ti3*, oxygen vacancies,
and hydroxyl groups is crucial for maximizing photocatalytic
performance.
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