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ARTICLE INFO ABSTRACT

In this study, we explored the photocatalytic efficacy of Ti>*-doped TiOy-based photocatalysts for CO, reduction.
Tlgz ) The Ti3* self-doped photocatalysts were synthesized using a straightforward chemical reduction with sodium
Ti™ sites ) borohydride (NaBHy4). Our investigation aimed to elucidate the intricate interplay between the synthesis process
g:;ie:r::i?gis and the quantity of NaBH4 reductant on the physical-chemical and photocatalytic attributes of the defective
€O, reduction TiOy-based photocatalysts. We explored three different commercially available TiO, materials labeled P25, (S)
Photocatalysis TiO,, and KRONOClean7050, which were reduced (2 g of TiO3) with 0.75 and 1.5 g of NaBH4. The reduction

with 0.75 g of NaBH4 led to a significant decrease of photocatalytic activity in all three cases. It was caused by
clogging of the photocatalysts surface by sodium ions which resulted in the surface recombination of charge
carriers. Oppositely, the reduction with 1.5 g of NaBHy, led to an increase of the photocatalytic activity with
superior performance of KRONOClean7050. The comprehensive characterization of all the samples explained
this superior performance of KC7050_RED_1.5 sample. Importantly, it did not contain any amorphous phase and
the crystal size was two times higher compared to other 2 samples reduced by 1.5 g of NaBHj4. In the addition to
higher crystallinity, the formation of a disordered TiO,_y layer, enriched with Ti®* defects and oxygen vacancies,
was confirmed. These structural features enhance the light absorption and mitigate undesired recombination of
photogenerated charge carriers. These results would trigger farther investigation of defect engineering towards
enhancement of the efficiency of metal oxide photocatalysts.

Keywords:

1. Introduction

As a consequence of industrialization and rapid population growth in
recent years, global energy consumption has increased significantly [1].
According to data published by the United Nations in 2022, the world
population has grown by 5.41 billion in the last 62 years, and this trend
is expected to continue in the next decades [2,3]. Experts predict that the
consumption of energy resources will continue to increase rapidly along
with expected fast growing population. Thus, the complete depletion of

fossil fuel reserves is expected in the next 100 years [4,5]. In light of
these facts, it is essential to find new efficient approaches to provide
sustainable energy sources. The photocatalytic processes are considered
as one of the most promising technologies to achieve this goal.
Photocatalytic reduction of CO; represents an effective strategy to
reduce CO, molecules while producing valuable compounds such as
methane or methanol [6,7]. Since the realization of the first photo-
catalytic CO4 reduction experiment in 1979 by Inoue et al. [8], this re-
action has aroused enormous interest in the scientific community [9,10].
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Photocatalytic reduction of CO5 represents a very complex chemical
process, which can be significantly influenced by various factors [11].
These factors include the crystal structure of the photocatalysts, the
presence of defects (for example, oxygen vacancies), the reducing agent
used during a CO5 reduction process, the electronic structure of the
investigated photocatalyst samples, or the presence of impurities as
subsequently described in this study [12,13]. Although the effectiveness
of this process has been demonstrated, the conversion of CO, has
remained very low, and therefore. Thus, its industrial application is still
quite limited [14,15]. Based on these facts, it is very important to design
and synthesize new photoactive materials to improve the photocatalytic
CO; reduction process.

Titanium dioxide (TiO,) has been the most widely used photocatalyst
since the 1970 s. It is applied mainly for its low cost, high chemical
stability, and high availability [16-19]. Although this nanomaterial
appears to be ideal for photocatalysis, the high recombination rates of
the generated charge carriers restrict the photocatalytic efficiency and
applicability of TiO5 [20]. Additionally, this photocatalyst is unsuitable
for solar photocatalytic processes due to its wide band gap (E; = 3.2 eV)
[21]. Furthermore, it has been confirmed that TiO, can harvest less than
5% of solar light [22]. Based on these facts, it is necessary to enhance the
photocatalytic activity of this material.

One of the most effective ways to enhance the photocatalytic per-
formance of TiO is to reduce it towards highly defective so called “black
TiO5”. This material can be included among the most studied photo-
catalysts since its discovery by Chen et al. in 2011 [23-25]. It is a
defective material with a narrow band gap (2.4 - 2.8 eV) [26]. According
to the literature, defects play a key role in the adsorption and activation
of CO3 molecules as they become primary sites and thus have a notable
impact on the final selectivity of the photocatalytic CO, reduction
products [27]. The Ti®" sites and oxygen vacancies (V,) in the black
TiO5 structure make this material one of the best candidates for various
photocatalytic applications, such as photocatalytic reduction of COy
[28], photocatalytic hydrogen production [29,30], or photocatalytic
degradation of pollutants [31]. The structural defects are responsible not
only for the change in the material colour, but also for the enhanced
absorption of incident radiation, manifested by a more efficient sepa-
ration of photoinduced pairs and an increase in photocatalytic activity
[24,32-34]. The Ti" defects and oxygen vacancies, formed on the
surface of the black TiO2 photocatalyst, play a crucial role, especially in
averting undesired charge recombination and thus facilitating a more
efficient photocatalytic reaction by the formation of new energy levels
and the capture of electrons on the surface of the black TiOy photo-
catalyst [30,35]. Despite many published studies on this material there
are still many challenges, which have not yet been explored [36].

In this work, two sets of reduced TiO, photocatalysts were synthe-
sized using the NaBH4 reduction method, representing a cheap and
effective way to obtain defective TiOy-based photocatalysts [37]. As a
result, we proved the significant effect of the starting crystal structure of
the photocatalyst and the principal effect of the mutual concentration of
borohydride reductant and TiO, photocatalyst, which primarily affects
the degree of oxygen vacancies (Ti*" ions) and consequently, the effi-
ciency of photocatalytic reduction of COa.

2. Experimental section
2.1. Materials

Aeroxide® TiOy P25 (Evonik Industries AG, Germany), ((S)TiOo,
Grupa Azoty Zaklady Chemiczne “Police” S.A., Poland) and TiOy —
KRONOClean 7050 (KC7050, KRONOS International, Inc., USA) were
used as various types of TiO, photocatalysts. (S)TiO, was pre-treated to
remove the residual sulphur from post-production sulphur acid. This
procedure was described in detail in a previously published article [38].
Sodium borohydride (NaBH4) was purchased from Merck KGaA (Ger-
many), ethanol (CoHsOH) from P. P. H. “STANLAB” Sp. z o.0., Poland
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and methanol (CH3OH) from PENTA s.r.o0.

2.2. Synthesis of defective TiO2 photocatalysts

Defective, Ti®" self-doped TiO, photocatalysts were synthesized by
NaBH4 reduction treatment. First, the mixtures of 2.0 g of TiO, materials
(P25, (S)TiO2, and KC7050) with 0.75 and 1.5 g of NaBH, reductant
were ground for 30 min in an agate mortar. Subsequently, the powder
mixtures of these substances were transferred to a quartz crucible and
placed in a tubular furnace, where they were first subjected to 35-minute
heating up to 350 °C (temperature rate: 10 °C/min) and then calcined at
this temperature for 1 h. This step was carried out in an argon atmo-
sphere (purity 5.0, Messer Polska Sp. z o.0., Poland) with the flow rate of
10 ml/min before calcination started. After calcination, the photo-
catalysts were left in a tubular furnace and cooled to room temperature
under an argon atmosphere. Finally, the cooled samples were removed
from the furnace, washed with ethanol followed by washing with water,
and dried in an oven at 90 °C overnight. For clarity purposes, the list of
all photocatalyst samples investigated in this study is given in Table 1.

2.3. Photocatalytic COz reduction experiments

The photocatalytic reduction of CO, was carried out in a batch
photoreactor (stainless steel, volume 357 ml, Fig. S1). Individual steps of
the photocatalytic experiments are described in the Supplementary
Material.

2.4. Characterization of the synthesized photocatalysts

The samples were comprehensively characterized by X-ray diffrac-
tion analysis (XRD), Raman spectroscopy, electron paramagnetic reso-
nance (EPR), X-ray photoelectron spectroscopy (XPS), Ny adsorption-
desorption measurements, UV-Vis diffuse reflectance spectroscopy
(UV-Vis/DRS), and scanning electron microscopy with energy dispersive
spectroscopy (SEM-EDX). A detailed description of the characterization
techniques is given in Supplementary Materials.

3. Results and discussion
3.1. Characterization of the photocatalysts

Reference and synthesized TiO, photocatalysts were comprehen-
sively characterized using different analytical techniques, and then the
correlations between their physical-chemical properties and the photo-
catalytic activity for a CO4 reduction were discussed.

X-ray diffraction analysis was performed to define the phase and
crystallographic composition of the investigated nanomaterials. Based
on the data in Table 2, obtained from the XRD analysis, it was revealed
that all TiO5 samples exhibit the presence of the anatase phase. The
presence of this phase corresponds to the black-marked diffraction peaks

Table 1
List of the investigated photocatalyst samples.

Sample Precursor ~ Amount of NaBH, used for chemical
designation reduction (g)
P25 P25 0

P25 RED_0.75 0.75

P25 RED_1.5 1.5

(S)TiO, (S)TiO, 0
(S)TiO>_RED_0.75 0.75
(S)TiO,_RED_1.5 1.5

KC7050 KC7050 0
KC7050_RED_0.75 0.75
KC7050_RED_1.5 1.5

* All samples were prepared using 2.0 g of TiO,-based materials (P25, (S)TiOo,
KC7050).
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Table 2
Phase composition of the tested TiO, photocatalysts.
Sample name Phase composition
Anatase Rutile Tis 505 Amorphous phase
(wt%) (wt%) (wt%) (wt%)
P25 91 9 -
P25 RED_0.75 25 8 67 -
P25 RED_1.5 11 - 20 69
(S)TiO2 95 - .
((S)TiO, RED_0.75 41 12 - 47
(S)TiO, RED_1.5 3 - - 97

KC7050 29 - - 71
KC7050_RED_0.75 100 - -
KC7050_RED_1.5 100

shown in Fig. 1 (PDF-2 Card No. 00-021-1272). Furthermore, the XRD
patterns of the precursors P25 and (S)TiO5 with their samples in reduced
form (P25_RED_0.75, (S)TiO, RED_0.75) demonstrated the coexistence
of the rutile phase, as can be observed from the red-marked diffraction
peaks (PDF-2 Card No. 01-087-0710). Quantitative analysis confirmed a
minority content of this phase in the structure of these four photo-
catalyst samples (Table 2).

Upon closer examination of the XRD patterns of the P25-based
nanomaterials, new diffraction peaks were found in the XRD spectra
of the reduced samples P25 RED_0.75 and P25 RED_1.5. These new
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white-marked diffraction peaks identify the Tis 505 crystallite phase
Tis 505 (PDF-2 Card No. 01-071-6414). The mechanism of the formation
of this stable phase is not entirely unambiguous. There are different
views on the formation of this stable phase. One of them points to the
difference in the surface enthalpies of anatase and rutile in commercial
P25 and the subsequent transformation of these phases into a disordered
TiOy_y layer. The surface enthalpy of the rutile phase is higher than that
of anatase, and therefore, reduction from the original rutile to the final
disordered TiO,_y layer is facilitated [39]. In contrast, Rempel et al.
explained that the formation of this phase is related to the lack of oxygen
during the calcination process. Due to the lack of oxygen, complete
oxidation to TiO does not occur and therefore intermediate phases are
formed, among which the Ti4 505 phase can be included [40]. Based on
the mentioned facts, it is clear that the formation of this phase has not
been adequately investigated. Therefore, it is necessary to continue the
detailed analysis of this phase to elucidate its formation mechanism and
its influence on the photocatalytic properties of TiOj-based
photocatalysts.

In addition to anatase, rutile, and Tis 505, an amorphous phase was
detected in the structures of commercial KC7050 and reduced samples
based on P25 (P25_RED_1.5) and (S)TiOy ((S)TiO, _RED_0.75, (S)
TiO9_RED_1.5). This phase corresponds to broad peaks in the 20 range
between 7 and 15° (Fig. 1). Rietveld analysis of these samples subse-
quently confirmed the majority of this phase in the contents of these
tested photocatalysts. The origin of this phase is related to the synthesis

(b) — (S)TiO,

——(S)TiO, RED 0.75

* Anatase ——(S)TiO, RED 1.5
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Fig. 1. XRD patterns of photocatalysts based on a) P25, b) (S)TiO,, and c) KC7050.
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process and the formation of defects on the surface of the investigated
photocatalysts due to the release of hydrogen during the NaBH4
reduction [41,42]. The mechanism of this reaction can be briefly
described by Eq. 1 [43]:

NaBH, (s)—_solid;(Na, B,H)+»_gas,(B,H) €))
i J

In summary, it is clear that in the case of P25 and (S)TiO, samples,
the NaBH4 reduction led to a decrease in the anatase content and the
formation of a large amount of amorphous phase. Furthermore, for
commercial P25-based samples, the formation of an intermediate phase
Tis 505 was registered, whose appearance and influence on the photo-
catalytic properties have not been adequately studied. A different situ-
ation was observed for KC7050-based samples, where the NaBH4
reduction led to complete degradation of the amorphous phase and the
formation of pure anatase, even with lower amounts of NaBH, reductant
used.

From the XRD patterns of the tested materials shown in Fig. 1, the
relation between the amount of reductant NaBH4 used in synthesising
the photocatalysts and the broadening of the diffraction lanes of anatase
and rutile is evident. In particular, it is possible to observe a gradual
broadening of the anatase and rutile peaks with increasing amounts of
NaBH4 reductant used. This phenomenon corresponds to the decrease in
the crystallite size of the anatase and rutile contained in the TiO5 pho-
tocatalysts (Table 3) or also to the existence of oxygen vacancies and
Ti%" in the structure of the photocatalysts, the presence of which was
later demonstrated by Raman spectroscopy and electron paramagnetic
resonance (EPR) [44,45].

Raman spectroscopy represents one of the most efficient techniques
to obtain information about the defects caused by microstructural dis-
orders. Fig. 2(a-f) shows the full Raman spectra and their polymorphs for
untreated samples of TiOy nanomaterials P25, (S)TiO,, KC7050, and
their treated forms subjected to chemical reduction with different
amounts of NaBHy4 reductant (0.75 and 1.5 g). Based on the depicted
spectra of the individual samples, it can be summarized that the Raman
modes Eg, Eg, B1g, A1g+Big, and Eg are noticeable for all studied pho-
tocatalysts. These vibrations indicate the presence of the anatase phase
in the structure of these samples [46,47]. Furthermore, it is possible to
observe the broadening of the characteristic Raman peaks of the inves-
tigated samples depending on the gradual addition of the NaBH4
reductant during the synthesis of the photocatalyst, which is connected
with the lower crystallinity. In addition to these effects, a hypsochromic
shift of the most prominent peak from the initial 137 cm ! in the case of
the untreated P25 to the final 152 cm™! for its reduced sample
P25 _RED_1.5 was detected, as shown in Fig. 2a) and b). A similar trend is
also evident for the (S)TiO, RED_1.5 (Fig. 2¢), d)) and KC7050_RED_1.5
(Fig. 2e), f)) samples. These phenomena correspond to the disintegration
of the original TiO; lattice and the introduction of the disordered TiO2_
layer [48]. At the same time, this blue shift can be attributed to the
existence of oxygen vacancies and Ti®" sites in the structure of the
reduced TiO, samples, whose presence was partially confirmed by XRD

Table 3
The crystallite size of the investigated TiO, samples.

Sample name Crystallite size

Anatase Rutile Ti4 505

(nm) (nm) (nm)
P25 30 37 -
P25 RED_0.75 10 14 11
P25 RED_1.5 3 - 15
(S)TiO, 18 20 -
(S)TiO, RED_0.75 11 3 -
(S)TiO, RED_1.5 3 - -
KC7050 7 - -
KC7050_RED_0.75 22 - -
KC7050_RED_1.5 6 - -
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analysis [49].

In order to obtain information on the defect structure in different
TiOs-based precursors and their corresponding reduced forms, an elec-
tron paramagnetic resonance measurement was carried out. Fig. 3a)
shows the EPR trace of the P25 sample where two characteristic regions
for TiOy-based nanomaterials, arising from different Ti®* defect sites,
can be recognized: (1) weak axial resonant line at g =1.997 corre-
sponding to lattice embedded Ti>* sites in anatase phase of TiO, and (2)
more pronounced peak at g = 1.967 which corresponds to Ti®* defects in
the crystalline structure of rutile phase, which is in line with previously
published work on P25 [50]. These observations point towards the
mixed-phase nature of P25 samples, where the majority of Ti>" defects
are located on the rutile phase in the sublayer below the surface of the
nanoparticles, which is reflected in the larger linewidth. The EPR
spectrum of (S)TiOy sample, shown in Fig. 3d), contains the axial EPR
signature corresponding to Ti>" sites in an anatase crystalline structure
with g, =1.997 and g||| = 1.977 [51]. Besides that, a small contribution
of the surface oxygen-based holes (e.g. Ti-O*) can be observed in the
region B < 325 mT, corresponding to the g-value of about 2.022. Similar
EPR fingerprints are observed in the EPR spectrum of the KC7050
sample shown in Fig. 3e), which points towards the very similar physical
nature of both samples from the EPR point of view. Fig. 3a) shows the
EPR spectrum of the reduced P25_RED _0.75 sample, which exhibits a
broad dispersion signal at g = 1.934, characteristic for Ti>" surface
exposed sites [52,53]. Besides the wide resonant line, a tiny modulation
can be observed at g = 1.967, which points towards a small fraction of
Ti* defects in the anatase crystalline structure. Although the EPR signal
intensity is not directly proportional to the number of spin-containing
defects in the material structure, it can be stated that sample
P25_RED_0.75 contains an enormous amount of defects compared to the
other two reduced samples (S)TiO, _RED_0.75 and KC7050_RED_0.75.
As was in the case of the starting materials, reduced samples (S)
TiO9 RED_0.75 and KC7050_RED_0.75 show very similar signatures in
the EPR spectra shown in Fig. 3d) and Fig. 3f). EPR spectrum of (S)
TiO,_RED_0.75 shows axial signal corresponding to Ti®" lattice
embedded defects in anatase phase with g, = 1.997 and g|= 1.977 and
broad unresolved component at g = 2.032 which is interpreted as
oxygen-based holes. Similarly, the EPR spectrum of KC7050_RED_0.75
(Fig. 3) exhibits an axial signal corresponding to Ti>" defects in
anatase crystalline structure with g, = 1.994 and g|| = 1.975 with small
contribution oxygen-based holes at g = 2.026. In addition, the spectrum
is modulated by a broad component that appears as a wide dispersion
tail belonging to the Ti®* surface exposed defects.

The EPR spectra of the samples reduced with 1.5g of NaBHy4
reductant indicate a significantly higher degree of reduction than in the
previous batch, which is reflected in higher EPR intensity. Nevertheless,
the sample P25_RED_1.5, shown in Fig. 3a), shows an almost identical
fingerprint as the sample P25 RED _0.75. The EPR envelope is charac-
terized by a broad resonant line positioned at g = 1.932, which is typical
for Ti®* surface exposed sites, and it is modulated by a weak resonant
line at g = 1.967, which witnesses a small fraction of Ti>" defects in the
anatase crystal lattice. EPR spectra of the samples (S)TiOy RED_1.5 and
KC7050_RED_1.5 shown in Fig. 3c), and e), respectively, show similar
features. In both EPR envelopes dominate a broad line around g = 1.935,
which is, as mentioned above, interpreted as a surface Ti%* defects.
Further, we observe a sharp resonant line at g = 1.995, which belongs to
Ti%* defects in the anatase crystalline structure. In both EPR envelopes
in Fig. 3c) and d) can be recognized another resonant line in the region
of B < 325 mT, which corresponds to the g-value of about 2.058, which
reflects a small contribution of the surface oxygen-based holes.

To summarize EPR results, it can be concluded that the P25 sample
contains a mixture of two phases, anatase and rutile, with rutile being
predominantly on the particle surface. The other two commercial sam-
ples, (S)TiO5 and KC7050, are very similar based on the EPR analysis.
These similarities are related to the application of sulphate technology,
which was utilized to synthesize both nanomaterials [38,54,55]. In both
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Fig. 2. Raman spectra of the original and reduced photocatalysts: a) full Raman spectra of P25-based photocatalysts, b) zoom of Raman spectra for P25-based
samples (Raman shift: 100-200 cm’l), c) full Raman spectra of (S)TiOy-based photocatalysts, d) zoom of Raman spectra for (S)TiO,-based samples (Raman shift:
100-200 cm’l), e) full Raman spectra of KC7050-based photocatalysts, and f) zoom of Raman spectra of KC7050-based samples (Raman shift: 100-200 cm™ ).
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Fig. 3. EPR spectra of the investigated photocatalyst samples: a) full EPR spectra of P25-based samples, b) zoom of EPR spectra for P25-based samples (range of dy"/
dB: —500 — 500), c) full EPR spectra of (S)TiO, -based photocatalysts, d) zoom of EPR spectra for (S)TiO»-based samples (range of dxH/dB: —500-500), e) full EPR

spectra of KC7050-based samples, and f) zoom of EPR spectra for KC7050-based

samples, the dominant signal corresponds to the anatase axial signal,
reflecting Ti>" defects in the crystal lattice or possibly in some sublayer
below the surface. The reduced P25 RED_0.75 sample shows a large
number of surface Ti" defects, which is also consistent with the black
colour of the sample. The other two samples reduced with 0.75 g of

samples (range of dxH/ dB: —1000-1000).

NaBH4 reductant ((S)TiOo_RED_0.75 and KC7050_RED_0.75) show very
similar signals to their precursors, and apart from very small changes,
we observe only an increase in EPR signal intensity, indicating an in-
crease in Ti>" defects during thermal annealing. However, this increase
in defect number and subsequent EPR signal is not as strong as in the
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previous case, which is also confirmed by the lighter colour of the
powder materials. The TiOg-based samples annealed with 1.5g of
NaBH4 reductant show different characteristics than the photocatalysts
reduced with the lower amount of NaBH4 (0.75 g). Only the sample
P25 RED_1.5 (Fig. 3a)) shows almost identical EPR fingerprints as the
sample P25 RED 0.75 (Fig. 3a)). The remaining two reduced samples (S)
TiO5 RED_1.5 (Fig. 3c)) and KC7050_RED_1.5 (Fig. 3e)) show almost
identical EPR fingerprints, suggesting their very similar electronic
structure. However, compared to the previous reduced samples ((S)
TiO5 RED_0.75 and KC7050_RED_0.75), they show a much larger rep-
resentation of surface defects relative to defects localized in the crystal
lattice as well as in the total number of defects. As suggested earlier, this
also corresponds to much darker shades of grey to black (Fig. S2) than
was the case in the previous series.

XPS study of the surface composition of the catalysts treated with the
reduction agent (NaBH4) revealed the presence of titanium, oxygen,
boron and sodium. Based on the intensities of the photoelectron lines of
Ti2p,01s,B1sandNal s, and taking into account the corresponding
sensitivity factors, the fractions of each element were calculated, and
expressed in atomic percentage (Table 4). The ratio of oxygen to tita-
nium for all tested samples is about 3, a value typically observed for
titanium oxide surfaces [56]. Due to the large ionic radius of the Na™
ions, the sodium content on the surface is relatively high, reaching a
maximum of 10% at. Together with the presence of boron atoms, they
confirm the presence of the residual reduction agent in the tested
materials.

Analysis of Ti 2p photoelectron lines coming from all analysed ma-
terials indicates changes in the electron structure of titanium atoms in
titanium oxide subjected to the reduction process (Fig. 4). The maximum
of the Ti 2ps,2 component for pure P25 is located at a binding energy of
458.9 eV, which is typical for pure titanium oxide TiO5 [57]. Regardless
of the concentration of the reducing agent to which this starting material
was treated, the Ti 2ps3/2 component shifts toward lower binding en-
ergies to a value of 458.6 eV (Fig. 4a)). In addition, a rather significant
broadening of the Ti 2p3,, line profile in the low binding energy region
(of about 456-457 eV) can be observed. In the case of pure titanium
oxide (S)TiO, the maximum of the Ti 2p3,2 component is located at a
binding energy of 458.8 eV (Fig. 4b)), which is within the measurement
error range and suggests the presence of a material with a surface
structure very close to pure P25. Subjecting this original material to a
lower concentration of reducing agent generally does not lead to any
changes in its surface structure. On the other hand, treatment of this
material with the reducing agent of higher concentration leads to sur-
face chemical changes manifested by a slight shift in the maximum of the
Ti 2p3/2 component to a binding energy of 458.5 eV. The maximum of
the Ti 2p3,» component for pure KC7050 material lies at a binding en-
ergy of 459.2 eV (Fig. 4c)). This value differs slightly from the binding
energies observed for pure P25 and (S)TiO, samples, indicating minor
differences in the surface structure of these materials. Treating the
KC7050 with the reducing agent, a gradual shift of the maximum of the
Ti 2p3/ component to a binding energy value of 458.8 eV is observed,
and at high concentrations of the reducing agent the value of the binding
energy reaches 458.5 eV.

Table 4
Surface concentrations of elements identified on the surface of TiO,-based
nanomaterials subjected to NaBH,4 reduction treatment.

Sample name Boron Oxygen Titanium Sodium
(% at.) (% at.) (% at.) (% at.)
P25 RED_0.75 5 66 20 9
P25 RED_1.5 8 65 19 8
(S)TiO, RED_0.75 2 66 22 10
(S)TiO, RED_1.5 4 69 20 7
KC7050_RED_0.75 1 68 22 9
KC7050_RED_1.5 4 67 21 8
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The shift of the Ti 2p3/» line observed in all cases of materials by
approximately 0.3 eV with respect to the position of the line for the
starting materials corresponds to the formation of defects in the struc-
ture of titanium oxide on its surface due to the exposure to the reducing
agent. The shift in the position of the Ti 2p3,; line toward lower binding
energy values may account for the partial reduction of Ti*" ions.

The results obtained from the implemented N, adsorption-
desorption measurements showed that the unmodified photocatalysts,
except the commercial TiO, P25-based nanomaterials, possessed a
higher specific surface area compared to the reduced samples. The
highest specific surface area was determined for the sample of the un-
treated nanomaterial KC7050 (Sger = 262 m2/ g) and the lowest for the
unmodified commercial P25 sample (Sggr = 54 mz/g). As shown in
Fig. S3, the shape of the N3 adsorption-desorption isotherms of the tested
samples corresponds to type IV according to the BDDT classification
(Brunauer-Deming-Deming-Teller), indicating the mesoporous nature of
the photocatalysts [58]. According to the data in Table 5, the depen-
dence of the specific surface area and pore volume of the investigated
photocatalysts on the amount of NaBH, reductant used in the reduction
process is evident. Specifically, from the measured values, it is possible
to observe three different trends. The original and reduced samples of
P25 show an increase in the specific surface area with the increasing
amounts of NaBH4 reductant used. In particular, the specific surface area
of the P25 _RED_1.5 sample is almost double that of the original com-
mercial P25 photocatalyst. This increase can be attributed to the for-
mation of pores during the decomposition of the NaBH4 reductant [59],
which corresponds to the data in Table 4. In contrast, KC7050-based
samples exhibit a different trend. From the measured values, it is
possible to observe a decrease in textural parameters (specific surface
area, pore volume) with an increasing amount of added NaBH4 reduc-
tant. The (S)TiOz-based samples show a similar trend, respectively a
decrease in the textural parameters with increasing amount of NaBH,4
reductant, but the (S)TiO2_RED_1.5 sample also has a negligibly higher
specific surface area compared to the reduced sample (S)TiO,_RED_0.75.

The light absorption and band gap energies of the tested TiOz-based
photocatalysts were determined by UV-Vis diffuse reflectance spec-
troscopy. Detailed analysis of UV-Vis absorbance spectra (Fig. 5)
revealed that all investigated TiO, samples exhibited high internal ab-
sorption of the crystalline anatase phase, corresponding to large ab-
sorption peaks in the range of wavelengths 250-400 nm. Furthermore,
treated TiOy nanomaterials show a higher absorption ability in the
visible region of light spectra than unmodified TiO5 photocatalysts. This
hypothesis was manifested by a striking increase in absorbance in the
wavelength range of 400 — 800 nm (Fig. 5). In particular, modified TiO,
materials based on commercial P25 exhibit the highest absorption of
visible light. The extended absorbance of the reduced photocatalysts
from the UV to the visible region of the light spectra corresponds to the
colour changes of the materials studied (Fig. S2). Specifically, the
reduced P25-based samples, (S)TiO2_RED_1.5, and KC7050_RED_1.5 are
significantly darker compared to the photocatalysts in the original state
(P25, (S)TiO5, KC7050), which have retained their white colour. The
enhanced absorption of the reduced photocatalysts can be attributed to
the effect of blackening of the nanomaterials, associated with the
introduction of oxygen vacancies and Ti " sites on the surface of the
synthesized samples and the formation of an amorphous shell over the
TiOs-based crystalline core [60]. The band gap energies of the investi-
gated photocatalysts were calculated using the Kubelka-Munk function
(Table 5). The constructed Tauc plots of the studied materials are shown
in Fig. S4 in the Supplementary Materials [61]. As expected, all un-
modified TiO, samples have band gap energy values in the range of
binding energies between 3.24 and 3.34 eV, consistent with the band
gap energy of pure TiOz [62]. The most significant extension of the band
gap is particularly evident for the reduced P25 samples. The lowest band
gap energy value of 3.21 eV was determined for the reduced sample (S)
TiO2 RED_0.75. In contrast, all reduced samples of photocatalysts,
except the mentioned sample (S)TiO2_RED_0.75, possess higher band
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Fig. 4. XPS Ti 2p spectra of photocatalysts based on a) P25, b) (S)TiO,, and ¢) KC7050.

Table 5
Specific surface area, pore volumes, and band gap energies of the tested TiO,
photocatalysts.

Sample name SpET Veotal * Vinicro Vineso Eg
(M*8ear)  (em*/gear)  (em®/gear)  (em*/gear)  (eV)
P25 54 0.40 0.02 0.38 3.24
P25_RED_0.75 85 0.28 0.03 0.25 3.48
P25_RED_1.5 90 0.79 0.03 0.76 3.54
(S)TiO, 224 0.33 0.07 0.26 3.34
(S)TiO, RED.0.75 162 0.32 0.06 0.26 3.21
(S)TiO, RED1.5 172 0.24 0.06 0.18 3.48
KC7050 262 0.29 0.09 0.20 3.29
KC7050_RED_0.75 196 0.27 0.07 0.20 3.32
KC7050_RED_1.5 165 0.21 0.06 0.15 3.42

* Total pore volume determined by the single point from the N, adsorption
isotherms at relative pressures p/po = 0.95.

** Volume of micropores calculated using the Dubinin-Radushkevich equation.
*** Volume of mesopores estimated from the difference between Vi, and

Vmicro-

gap energy values compared to the TiO»-based samples in the original
state. This increase can be attributed to the decrease in the size of the
anatase and rutile crystallites, as demonstrated by the XRD data in

Table 3.

3.2. Photocatalytic activity of the investigated photocatalysts

The photocatalytic activity of TiOs-based samples was evaluated by
measurements of the photocatalytic reduction of CO3 carried out in the
presence of a UVC pen-ray lamp (Apax = 254 nm). Individual time de-
pendences of UVC irradiation on product yields during photocatalytic
reduction of CO5 are shown in the Supplementary Materials (Fig. S5 and
S6).

Based on the product yields after 7 h of UVC irradiation depicted in
Fig. 6, the relation between the photocatalytic activity of the investi-
gated samples and the amount of NaBH4 reductant (degree of TiO,
reduction) used during the synthesis of the photocatalysts is evident. In
particular, it is possible to observe an enhanced photocatalytic perfor-
mance of reduced TiO,-based photocatalysts with higher amount (1.5 g)
of the NaBH4 reductant. As shown in Fig. 6, all P25, (S)TiO,, and
KC7050 nanomaterials reduced with a lower amount of NaBH,4 reduc-
tant (0.75 g) exhibit significantly lower photocatalytic activity than the
original samples. In contrast, TiOy-based photocatalysts reduced with
1.5 g of NaBH4 show an opposite trend. The photocatalytic activity of
these samples is significantly higher compared to the TiOy-based
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Fig. 5. UV-Vis absorption patterns of the investigated samples based on a) P25, b) (S)TiO,, and c) KC7050.

samples reduced with the lower amount of NaBH,4 (0.75 g). Sample
KC7050, reduced with 1.5 g of NaBH4 reducing agent, exhibited the
highest product yields, demonstrating its superior photocatalytic activ-
ity among all the investigated photocatalysts.

Regarding the photocatalytic activity for a CO, reduction, the focus
should be on the carbon monoxide and methane yields formed as the
main products of the photocatalytic reduction of COy reaction. The
formation of these products can be described by Eqgs. 2 and 3.

CO, +2H* +2¢ —>CO+ H,0 ()

CO,+8H"' +8¢ —>CH, +2H,0 3

According to the data shown in Fig. 6a) and b), it can be stated that
the highest photocatalytic activity for a COy reduction exhibits the
treated sample KC7050_RED_1.5, while the modified sample
KC7050_RED_0.75 shows the lowest photocatalytic performance.

In addition to CH4 and CO, high Hy yields were also observed
(Fig. 6¢). However, the evolution of Hj is linked to a side reaction of
water splitting, which is associated with the oxidation of water and,

therefore, the hydrogen formation (Eq. 4).
2H" +2¢ —H, )

All investigated TiO2-based photocatalyst samples were measured at

least 3 times, implying that the same batch (0.1 g of photocatalyst with
100 ml of 0.2 M NaOH) was used each time and again was saturated
with CO,. Therefore, based on the photocatalytic experiments per-
formed, it can be summarized that the results obtained were reproduc-
ible and thus the stability of the tested photocatalyst samples was
verified. Measurement errors were in the range of 5% (Fig. 6).

Based on the photocatalytic reduction of CO5 results, it is remarkable
that the prepared samples of all TiO»-based photocatalysts reduced with
0.75 g of NaBH4 (P25_RED_0.75, (S)TiO2_RED_0.75, KC7050_RED_0.75)
exhibit much lower photocatalytic activity for a CO reduction than the
samples of untreated TiO, nanomaterials. The low photocatalytic ac-
tivity could be explained by two factors. First, samples (S)
TiO9 RED_0.75 and KC7050_RED_0.75 show obvious signs of insuffi-
cient NaBH4 reduction, which was reflected by the light colour of these
samples and thus the presence of just minor amount of introduced de-
fects. Second, the SEM-EDX maps demonstrate that all TiOj-based
samples reduced with 0.75 g of the NaBH4 reductant possess a high
sodium content embedded on the surface of these photocatalysts. Thus,
the positive effect of Ti>* defects and oxygen vacancies on the photo-
catalytic activity was suppressed due to undesirable surface recombi-
nation induced by sodium ions, which act as recombination centers and
thereby impair the photocatalytic activity of these photocatalyst sam-
ples [13,63-65]. The SEM-EDX images of the P25_RED_0.75, (S)
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Fig. 6. Yields of a) CHy, b) CO, and c) H, with the marked error bars after 7 h of UVC irradiation (Amax, = 254 nm) in the presence of the investigated photocatalysts.

TiO9 RED_0.75, and KC7050_RED _0.75 are shown in Fig. S7 in the
Supplementary Materials.

In contrast, the investigated samples of TiOy-based nanomaterials
treated with a higher amount of NaBH,4 reductant (1.5 g) showed the
opposite trend, an increase in the photocatalytic activity for a CO5
reduction compared to the set of samples reduced with 0.75 g of NaBH4
reductant.

Based on the results obtained from the photocatalytic experiments
performed with the treated samples P25 _RED_1.5 and (S)TiO2_RED_1.5,
it was surprising that the P25 RED_1.5 exhibited only negligibly higher
photocatalytic efficiency compared to the original sample P25 and the
photocatalyst (S)TiO2_RED_1.5 showed even lower photocatalytic ac-
tivity than the original sample (S)TiO,. However, a more thorough
investigation of the XRD, EPR, and Raman spectra of the mentioned
samples will help to clarify these trends in photocatalytic activity.

10

Although at first glance it is obvious that both photocatalyst samples
contained a significant amount of Ti>" sites and oxygen vacancies, as
demonstrated by the results of the EPR analysis and Raman spectros-
copy, their positive effect on the photocatalytic activity was largely
suppressed by the presence of a significant amount of amorphous phase
formed as a result of NaBH4 reduction with 1.5 g of NaBH,4 reductant. In
addition, both photocatalysts P25 RED_1.5 and (S)TiO5 RED_1.5 show
not only the low representation of the crystalline phase in the form of
anatase and Ti4 505 in the case of sample P25_RED_1.5, but also very low
crystallinity of the crystalline anatase phase. Based on the obtained XRD
results of these samples, it can be stated that the crystallite size of the
crystalline anatase phase dramatically decreased from the original
30.3 nm to 3.0 nm in the case of reduced sample of P25 (P25 RED_1.5)
and from the initial 18.4 nm to 3.0 nm for the reduced sample (S)
TiO9 RED_1.5. This factor can significantly affects the resulting
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photocatalytic activity of these tested nanomaterial samples [66]. The
negative effect of the low crystallinity of TiO, photocatalysts on their
photocatalytic properties was observed, for example, by Xie et al. [67],
who confirmed the increasing photocatalytic activity with a gradual
increase in the crystallite size of the prepared TiO, photocatalysts. The
same claim was indirectly supported by Liu et al. [68], who reported
that the high crystallinity of Ti®" self-doped TiO, photocatalysts
considerably enhances their photocatalytic activity.

The highest photocatalytic activity for a CO5 reduction exhibited the
sample KC7050_RED_1.5. The enhanced photocatalytic efficiency of this
sample can be elucidated by detailed analysis of the XRD, EPR, and
Raman spectroscopy results, which confirmed not only the successful
transformation of the original mixed anatase/amorphous phase into a
pure anatase as a result of the NaBHy4 reduction with 1.5 g of NaBH4
reductant, but also the formation of a disordered surface layer consisting
of Ti®* defects and oxygen vacancies. The positive effect of the
embedded Ti®* sites and oxygen vacancies is mainly due to the intro-
duction of disordered surface states into the photocatalyst band gap,
which is reflected in improved irradiation absorption and also sup-
pression of undesired charge recombination due to the trapping of
generated electrons in defects states [44,69]. The positive effect of ox-
ygen vacancies and Ti>" sites is also highlighted by Sorcar et al. [70] and
Xu et al. [71], who emphasize in their studies the effectiveness of NaBH4
reduction, associated with the decomposition of the original sodium
borohydrate and the release of Hy, in successfully forming the oxygen
vacancies and Ti®" sites, the presence of which even resulted in an
enhanced charge separation ability, ultimately contributing to the
elevated yields of CO and CHj4 as the main products of the photocatalytic
reduction of CO2. The plausible mechanism of the photocatalytic
reduction of COy over the KC7050_RED_1.5 photocatalyst sample illus-
trates the Fig. 7.

4. Conclusions

In this work, the photocatalytic activity of Ti®" self-doped TiOo-
based photocatalysts was assessed by the photocatalytic reduction of
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CO,. The investigated photocatalyst samples were synthesized by a
simple NaBH4 reduction method that included mixing and grinding
commercial TiO, powders with NaBH,4 reductant, followed by calcina-
tion in an argon atmosphere at 350 °C. As titania sources, three different
commercial TiO,-based nanomaterials (P25, (S)TiO5, and KC7050) were
used. In order to study the effect of the amount of NaBH,4 reductant on
the changes in the physical-chemical and photocatalytic properties of
the synthesized TiOs-based photocatalysts, selected commercial TiO;
samples (2 g) were reduced with 0.75 and 1.5 g of NaBH4 reducing
agent.

Based on the obtained results, the strong dependence of the photo-
catalytic activity for a CO2 reduction of the tested photocatalyst samples
on the phase composition, the defect structure, and the presence of Na
ions was observed. The performed photocatalytic experiments demon-
strated that the resulting photocatalytic activity of the set of TiO-based
samples reduced with a lower amount (0.75 g) of NaBHy is significantly
lower compared to the original non-reduced samples. This is due to a
low degree of reduction with NaBH4, which was reflected by the low
abundance of Ti®" sites and oxygen vacancies on the surface of the
prepared photocatalysts and incorporation of sodium ions into the low-
defective structure of TiO-.

In contrast, samples reduced with 1.5 g of NaBH,4 reductant (namely
P25 RED_1.5 and KC7050_RED_1.5) show an opposite trend compared
to those reduced with 0.75 g of NaBH4 reductant. From the results ob-
tained, it can be summarized that the photocatalytic performance of
these samples is mainly affected by their crystallinity (content of
amorphous/crystalline phases) and contents of Ti>" defects and oxygen
vacancies.

The highest photocatalytic efficiency for a CO, reduction exhibited
the reduced sample KC7050_ RED_1. The enhanced photocatalytic ac-
tivity of this sample is assigned to its preserved crystalline structure after
NaBH,4 reduction, and the presence of the disordered TiO, x layer
containing a large number of Ti>* defects and oxygen vacancies, which
are responsible for the introduction of disordered surface states and thus
contribute to the improvement of light absorption and suppression of
charge recombination.

Fig. 7. Plausible mechanism of the photocatalytic reduction of CO, over the KC7050_RED_1.5 sample.
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In conclusion, our research provides an important insight into the
efficiency of TiO, photocatalysts in COy reduction highlighting the
importance of suitable combination of catalyst crystallinity and defect
engineering (Ti®" self-doping).
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