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Abstract: Titanium dioxide was synthesized via hydrolysis of titanium (IV) isopropoxide using a sol–
gel method, under neutral or basic conditions, and heated in the microwave-assisted solvothermal
reactor and/or high-temperature furnace. The phase composition of the prepared samples was
determined using the X-ray diffraction method. The specific surface area and pore volumes were
determined through low-temperature nitrogen adsorption/desorption studies. The photoactivity
of the samples was tested through photocatalytic reduction of carbon dioxide. The composition of
the gas phase was analyzed using gas chromatography, and hydrogen, carbon oxide, and methane
were identified. The influence of pH and heat treatment on the physicochemical properties of titania-
based materials during photoreduction of carbon dioxide have been studied. It was found that the
photocatalysts prepared in neutral environment were shown to result in a higher content of hydrogen,
carbon monoxide, and methane in the gas phase compared to photocatalysts obtained under basic
conditions. The highest amounts of hydrogen were detected in the processes using photocatalysts
heated in the microwave reactor, and double-heated photocatalysts.

Keywords: titanium dioxide; thermal treatment; microwaves; carbon dioxide; photocatalysis; hydrogen

1. Introduction

The use of fossil fuels, such as crude oil, natural gas, and hard coal, have increased the
amount of pollutants emitted in the air. This condition has a direct impact on human health.
Therefore, improving the quality of atmospheric air is one of the most serious challenges of
modern civilization. The predominant gaseous air pollutants are nitrogen oxides (NOx),
sulfur dioxide (SO2), volatile organic compounds (benzopyrenes), carbon monoxide (CO),
and carbon dioxide (CO2). The increasing concentration of CO2 primarily causes the
greenhouse effect to become stronger [1]. To reduce its emissions, CO2 capture from large
point sources is used, which involves compressing and transporting CO2 to the storage
site and storing it by permanently infusing it in rock formations (CCS, carbon capture
and storage) [2]. An alternative to CCS is CCU (carbon capture and utilization) [3], which
involves processing captured CO2, where carbon dioxide is used in various technological
processes and industries.

One of the promising processes for CO2 utilization is photocatalysis, which can result
in the production of various platform chemicals. Various types of compounds are used in
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the photocatalytic processes, including zinc or cadmium sulfide [4,5], cadmium selenide [6],
vanadium (III) oxide [7], zinc oxide [8,9], or titanium (IV) oxide [10,11].

TiO2 is one of the most frequently used photocatalysts due to its high activity and
physicochemical properties. It is cheap, non-toxic, chemically resistant, and relatively easy
to process. Using this material as a photocatalyst, in both unmodified and modified forms,
allows for reducing carbon dioxide to sustainable chemicals such as carbon monoxide
(CO) [12,13], methanol (CH3OH) [14,15], methane (CH4) [16,17], ethylene (C2H4) [18,19],
and formaldehyde (HCHO) [20,21], thereby also lowering the atmospheric CO2 concentra-
tion [22,23]. The selectivity and the amount of products obtained during the photocatalytic
process depends on the properties, composition, and structure of the used photocatalyst.
Since those parameters differ between titanium dioxide-based materials obtained via differ-
ent preparation methods, overall photoactivity of a material depends on optimalization of
the synthesis process.

Titanium dioxide-based photocatalysts can be prepared using different techniques,
including sol–gel, hydrothermal or solvothermal, chemical vapor deposition, and physical
vapor deposition [24,25]. One of the most popular methods is the sol–gel method, which
includes the following steps: preparation of the initial homogeneous solution, hydrolysis,
conversion of sol to gel, ageing, drying, and thermal treatment [11,26]. For the preparation
of solutions, different precursors of TiO2, e.g., Ti(OC2H5), Ti(OC3H7)4, and Ti(OC4H9)4 [27],
or TiOSO4 [28] and TiCl4 [29], are used, and different solvents, e.g., water, alcohol, and
organic solvent, or a combination of two solvents with a certain ratio, are applied [30]. The
addition of water initiates the hydrolysis process to a sol. Gelation involves condensation
of hydroxyl and/or alkoxy groups leading to the release of water or alcohol and then
polymerization [11]. To improve the strength of the links between particles, the ageing step,
which takes a few hours or several days, is necessary before the drying step. To improve
the structural stability, mechanical resistance, and to obtain the crystalline form of TiO2, a
thermal treatment at different temperatures, usually in the range of 400 ◦C to 600 ◦C [11],
is conducted.

Despite its advantages, the sol–gel method requires long post-heat treatments to
remove the impurities, long processing time, and multiple steps [31], therefore modified
versions of the sol–gel method have been developed. P. Reñones et al. [16], by combining
the sol–gel method with electrospinning, obtained hierarchical assemblies of mesoporous
TiO2 1-D nanofibers with enhanced photocatalytic activity as compared to the particles
obtained via the regular sol–gel method. Their hypothesis was that this change may be due
to the presence of large interconnected interfaces in the obtained materials, contrasted to
the random aggregation often found in TiO2 sol–gel samples.

To improve the physicochemical properties and photoactivity of photocatalysts, the
synthesis can be conducted above room temperature and at a pressure higher than 1 atm,
usually in autoclaves. When water is used as a solvent for the preparation of photocat-
alysts, these processes are defined as hydrothermal, while when organic solvents (e.g.,
n-butyl alcohol, ethanol, methanol, toluene) are applied, it is called the solvothermal
method. G. Ren et al. [32] synthesized F-doped TiO2 using a hydrothermal technique. The
results showed that these materials exhibit high activity for degrading Rose Bengal dye
organic pollutants under visible light irradiation. B. Gomathi Thanga Keerthana et al. [33]
successfully synthesized TiO2 with the hydrothermal method using NaOH and KOH as
solvents. A. H. Mamaghani et al. [34] prepared TiO2 by hydro-/solvothermal synthesis, at
relatively low temperature and above atmospheric pressure. These researches show that
hydrothermal/solvothermal techniques have great potential in controlling and engineering
properties of titanium dioxide-based photocatalysts.
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Other enhancements to the sol–gel method include introducing the microwave-assisted
solvothermal modification due to its superior mode of heating system [23,35]. This alter-
native is relatively novel method for producing photocatalysts, since microwave heating
is an in situ energy conversion mode and radically differs from traditional heating pro-
cesses [36,37]. M. Andrade-Guel et al. [38] synthesized titanium dioxide by microwave-
assisted sol–gel and investigated the effect of the acid type (hydrochloric or acetic acid)
used as catalyst on the phase transformation of TiO2. A single anatase phase was formed
after a reaction time of only 15 min, shorter than that required for the conventional sol–
gel method, when acetic acid was used as catalyst. When hydrochloric acid was used
as catalyst, three titania polymorphs were detected: anatase, rutile, and brookite. C. M.
Vladut et al. [39] studied the effect of thermal treatment on the structure and morphology
of vanadium-doped ZnO nanopowders obtained using the same method. It was found
that the temperature influenced the material morphology. The increase in the annealing
temperature led to the grain growth. UV–Vis spectra showed that the absorption band
intensity increased with the temperature of thermal treatment, and the sample that had
been annealed at 650 ◦C had the highest absorption in the ultraviolet domain.

This technique, applied to the synthesis of titanium dioxide-based photocatalysts,
allows for engineering certain properties of a materials. M. Akram et al. [35] studied the
effect of the holding time of microwaves on the rate of the photodegradation reaction of
methylene blue dye using TiO2 with a high surface area as a photocatalyst. They found
that the increase in microwave holding time can enhance the degree of crystallinity and
particle size of TiO2. A red shift in the band-gap values (Eg) with an increase in the holding
time of the microwave was also revealed. P. Ehi Imoisili et al. [37] synthesized vanadium
and silver co-doped titanium oxide nanocatalysts through a microwave-assisted sol–gel
route. The obtained materials demonstrated the reduced band gap, the large surface area,
small particles with a narrow size distribution, and a significant photocatalytic ability
in the degradation of methyl orange and methylene blue. G. Divya et al. [40] fabricated
Zr-doped TiO2 mesoporous nanostructures using a microwave-assisted sol–gel approach,
which demonstrated reduced crystallite size, band gap, and surface area and efficient
photocatalytic activity on Bismark Brown red dye under visible light illumination. G. Divya
et al. [40] also developed a facile and fast microwave irradiation method to synthesize
uniform and well-defined nitrogen-doped TiO2 nanocatalysts through the microwave-
assisted sol–gel method. The materials with the smallest crystallite size and a reduced band
gap demonstrated the best photocatalytic ability under visible light, which enhanced the
rate of degradation of indigo carmine dye. The same material also exhibits antibacterial
and antifungal activity. L. Predoana et al. [41] used the microwave-assisted sol–gel method
for synthesis of Zn- and Cu-doped TiO2 nanoparticles. The photocatalytic activity of the
doped TiO2 nanopowders was tested for the degradation of methyl-orange dye. The
results indicate that Cu doping using the described non-standard method increases the
photoactivity of TiO2 in the visible-light range by narrowing the band-gap energy.

Materials prepared using a microwave-assisted process have also notably been used
in the photocatalytic air purification research. A. May-Masnou et al. [42] fabricated small
anatase titanium dioxide nanoparticles attached to larger anisotropic gold morphologies by
a very fast and simple two-step microwave-assisted synthesis. The photocatalyst activity
was evaluated in the photocatalytic production of hydrogen from water/ethanol mixtures
in gas-phase at ambient temperature. M. Li et al. [43] used composites based on carbon
quantum dots and TiO2 prepared using a facile microwave-assisted synthesis strategy for
CO2 photoreduction. The amounts of CH4 and CO generated over composites were higher
than those on pristine TiO2.
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A lot of publications dealing with carbon dioxide capture and utilization have recently
appeared, mainly dealing with photocatalysis at ambient conditions, but there are also some
works about absorption of carbon dioxide in organic media, followed by transformation
into useful products. Z.-Z. Yang et al. [44] developed an interesting and efficient binary
system for carbon dioxide absorption and activation, composed of polyethylene glycol
and an amidine or guanidine superbase. Activation of CO2 molecules led to the direct
conversion of the captured CO2 into value-added chemicals or fuels. Another binary
system was applied by A.-H. Liu et al. [45]; the system, composed of poly(ethylene glycol)
in which N-substituted amino acid salts were dissolved, enabled CO2 to be reversibly
absorbed at 1:1 stoichiometry. Carbamic acid was proposed as the absorbed form of CO2.
The captured CO2 could be converted into oxazolidinones. J. Kothandaraman et al. [46]
applied ruthenium and iron catalysts to convert carbon dioxide absorbed in amines in
aqueous media into formate with a very good yield, up to 95% yield. Formate and methanol
were products of carbon dioxide reduction reported by S. Kar et al. [47].

In this work, titanium dioxide was synthesized in a solvothermal reactor heated
with microwaves under neutral or basic conditions. For comparison, the microwaved
titanium dioxide materials were also prepared using a typical sol–gel technique under
neutral or basic conditions. The photoactivity of these materials was studied through the
photocatalytic reduction of carbon dioxide, resulting in carbon monoxide and methane as
CO2 reduction products, and hydrogen formation from photocatalytic water splitting. The
effect of changing pH during the preparation procedure and the mode of synthesis on the
physicochemical properties and photocatalytic activity of titanium dioxide were compared
and discussed.

2. Results and Discussion
2.1. Characteristics of the Obtained Materials

X-ray diffraction (XRD) is a powerful technique used to analyze the crystal structure
of materials, providing insights into their crystalline structure and phase composition. The
XRD patterns exhibit diffraction peaks corresponding to specific crystallographic planes.
For anatase, the peaks are typically observed around 25.3◦, 37.8◦, 48.0◦, and 54.0◦ (2θ) [48].
In rutile, characteristic peaks are found at around 27.4◦, 36.1◦, 41.2◦, and 54.3◦ (2θ) [48]. At
lower preparation temperatures, typically below 400 ◦C, TiO2 is often found in the anatase
phase, which has a tetragonal crystal structure. As the temperature increases, there might
be a phase transition to the rutile phase, which has a more compact tetragonal structure.
Analysis of the diffraction patterns of materials without ammonia water (Figure 1a) showed
the same phase composition. In all samples, diffraction peaks were detected at about 25◦,
38◦, 48◦, and 54◦, which were assigned to the anatase structure (ICDD 01-073-1764) [49].
In addition to anatase, the peaks corresponding to brookite (ICDD 01-076-1937) [50] were
identified in the samples. The presence of brookite is revealed by the peak at 30.8◦ [48,50].
At lower temperatures of TiO2 preparation, the XRD peaks may be broader, indicating
smaller crystallite sizes. The results of the average crystallite size analysis are shown in
Table 1. The anatase (101) peak was used to determine the crystallite size using Scherer’s
formula. The crystallite size of TiO2 in the obtained samples increases with increasing
preparation temperature. The titania sample obtained without heat treatment (T-TiO2)
characterized the smallest crystallite size as being about 5 nm. When the temperature of
preparation increased up to 250 ◦C, the crystallite size increased to 6.3 nm (T-TiO2-MW)
and 6.8 nm (T-TiO2-FHT-250), no matter where the sample was heated, whether in the
high-temperature furnace or microwave reactor. The largest crystallite sizes (8.8 nm and
9 nm) were observed for the samples heated at 400 ◦C in the high-temperature furnace (T-
TiO2-FHT-400) and the samples heated in the microwave reactor and subsequently in a tubular
furnace (T-TiO2-MW-FHT), respectively. The Williamson–Hall method [51,52] also confirmed
the trend observed with Scherer’s formula, showing an increase in crystallite size with increasing
preparation temperature (Table 1). The largest crystallite sizes observed indicated significant
growth at higher temperatures. T-TiO2 had the smallest crystallite size at about 4.9 nm. The
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sample heated in the microwave reactor and furnace (T-TiO2-MW-FHT) had a crystallite size
of about 9.6 nm. The lattice parameters a, b (≈3.79 Å), and c (≈9.49 Å) remained almost
identical across all samples, with only slight variations observed between different heating
methods and temperatures (Table 1). This suggests that the crystal structure of TiO2 is stable
and not significantly altered by the preparation conditions. These findings indicate that the
primary effect of increased preparation temperature is the growth of crystallite size, while the
fundamental lattice structure of TiO2 remains largely unchanged.
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Figure 1. Diffraction patterns of the TiO2 materials obtained (a) without ammonia water and
(b) with ammonia water. Reflections attributed to anatase are marked as •, and reflections attributed
to brookite are marked as o.

Table 1. Average crystallite size, strain, and lattice parameter obtained for studied materials.
DS—crystallite size calculated using Scherer’s formula, DW-H—crystallite size calculated by the
Williamson–Hall method, ΣW-H—strain calculated by the Williamson–Hall method.

Ds DW-H ΣW-H Lattice Parameter

[nm] [nm] a = b [Å] c [Å]

Neutral conditions (without ammonia water)

T-TiO2 5.1 4.9 0.0021 3.795 9.487

T-TiO2-FHT-400 8.8 6.0 0.0022 3.794 9.478

T-TiO2-FHT-250 6.8 6.5 0.0010 3.793 9.475

T-TiO2-MW 6.3 6.8 0.0026 3.791 9.485

T-TiO2-MW-FHT 9.0 9.6 0.0042 3.788 9.493

Basic conditions (with ammonia water)

T-TiO2-NH3 - - - - -

T-TiO2-NH3-FHT-400 21.9 16.0 0.0022 3.781 9.489

T-TiO2-NH3-FHT-250 - - - - -

T-TiO2-NH3-MW 14.3 16.0 0.0021 3.785 9.489

T-TiO2-NH3-MW-FHT 13.5 16.2 0.0015 3.782 9.488

The XRD spectra of the samples with ammonia water are shown in Figure 1b. In the
case of samples not subjected to heating (T-TiO2-NH3) or heated at 250 ◦C in the tubular
furnace (T-TiO2-NH3-FHT-250), the analysis of the diffraction patterns indicated that only
an amorphous phase existed in the materials. Y.-H. Lin et al. observed that the anatase
phase on pure and N-doped TiO2 samples started to appear after calcination at 200 ◦C
and 300 ◦C, respectively [53]. The cited results and the results obtained in this work
imply that the addition of ammonia water during the preparation of TiO2 releases the
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phase transformation. In other samples, similar to materials prepared without ammonia
water, the presence of the anatase (ICDD 01-073-1764) phase was confirmed, whereas
no brookite phase was recorded in the studied materials. It is worth noting that, when
comparing the two samples obtained at the same temperature (250 ◦C), a crystalline phase
was not observed for the material prepared at high-temperature furnace (T-TiO2-NH3-
FHT-250), the sample synthesized at microwave rector (T-TiO2-NH3-MW). It was also
found that the addition of ammonia water led to an increase of average crystallite size
in the obtained samples (Table 1), and the calculated values were higher than those for
the samples prepared without ammonia water. However, the average crystallite size of
TiO2 increases with increasing temperature treatment as well (Table 1). For the material
heated at 400 ◦C in the tubular furnace (T-TiO2-NH3-FHT-400), the average crystallite size
equaled 21.9 nm, while the materials synthesized in the but was for microwave reactor
(T-TiO2-NH3-MW) possessed smaller crystallites and their size was about 14.3 nm. For the
sample that was first treated in the microwave reactor and then reheated in the furnace
(T-TiO2-NH3-MW-FHT), the average crystallite size equaled 13.5 nm. This value was more
similar to that obtained in the reactor than in the furnace, what indicates that the crystallites
were formed in the microwave reactor, and that the reheating did not change crystallite
size any further.

The results obtained by the Williamson–Hall method show that the crystallite size
in all samples with the addition of ammonia water are the same, approximately 16 nm
(Table 1). The strain in the materials also varies slightly with the preparation method. The
observed strain in samples T-TiO2-NH3-FHT-400 and T-TiO2-NH3-MW is 0.0021 and 0.0022,
except for the sample treated both in the microwave reactor and furnace, which exhibited a
slightly lower strain of 0.0015 (Table 1). The lattice parameters a, b = 3.78 Å, and c = 9.49 Å
are consistent across all samples, indicating minimal lattice distortion regardless of the
preparation method (Table 1). The consistent lattice parameters across samples indicate
stable crystal structure formation under the different treatment conditions.

Textural properties of the synthesized materials were also studied. Based on the
adsorption/desorption isotherms, the specific surface area (SBET) and pore volumes were
determined, and the calculated values are shown in Table 2.

Table 2. Textural properties of the obtained materials.

SBET
[m2/g]

TPV
[cm3/g]

Vmicro
[cm3/g]

Vmeso
[cm3/g]

Neutral conditions (without ammonia water)

T-TiO2 281 0.30 0.04 0.26

T-TiO2-FHT-400 117 0.22 0.01 0.21

T-TiO2-FHT-250 199 0.29 0.03 0.26

T-TiO2-MW 220 0.34 0.02 0.32

T-TiO2-MW-FHT 131 0.27 0.01 0.26

Basic conditions (with ammonia water)

T-TiO2-NH3 342 0.27 0.11 0.16

T-TiO2-NH3-FHT-400 16 0.05 0.00 0.05

T-TiO2-NH3-FHT-250 163 0.19 0.01 0.18

T-TiO2-NH3-MW 98 0.28 0.01 0.27

T-TiO2-NH3-MW-FHT 99 0.25 0.00 0.25

The adsorption/desorption isotherms obtained for the samples without the addition
of ammonia water are presented in Figure 2. According to IUPAC classification, they are a
combination of type II and IV isotherms, indicating the presence of macro- and mesopores
in the materials. In addition, the presence of a H2(b) hysteresis loop is characteristic
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for mesoporous materials and indicates a high distribution of pore neck size. For the
materials obtained at lower temperatures, namely T-TiO2, T-TiO2-MW, and T-TiO2-FHT-250,
a hysteresis loop occurs from 0.4 to 0.75 relative pressure. The increase of the preparation
temperature resulted in the shift of the hysteresis loop towards higher values of relative
pressure, from 0.6 to 0.85 for the materials obtained at 400 ◦C (T-TiO2-FHT-400 and T-TiO2-
MW-FHT), pointing to the presence of larger pores in these samples.
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The surface area of the samples prepared without adding ammonia water ranged
from 281 m2/g for T-TiO2 to 117 m2/g for T-TiO2-FHT-400. The higher the treatment
temperature, generally the lower the final surface area of the TiO2. The same tendency can
be noticed for the values of micropores. The samples prepared at the temperature ≤250 ◦C
express volume of micropores from 0.04 cm3/g for the sample T-TiO2 to 0.023 cm3/g for
T-TiO2-MW. In contrast, the volume of micropores for all samples prepared at 400 ◦C was
around 0.01 cm3/g.

For further investigation of the porosity of characterized materials, the DFT method
derived from N2 adsorption/desorption isotherms at −196 ◦C was used, and the results
are presented in Figure 3. For all materials, two ranges of pore sizes can be distinguished: 1
to 2 nm and 2.5 to 7 nm. The treatment of TiO2 at lower temperatures resulted in a higher
contribution of pores in the range from 1 to 2 nm and from 2 to 5 nm. Application of higher
temperatures during preparation resulted in the diminishment of the content of pores from
1 to 2 nm. Moreover, a considerable shift towards higher content of pores that are larger in
size has been noticed. The mean pore width of the mesopores for the samples prepared at
lower temperatures distributes from 4 nm for the sample T-TiO2 to 4.5 nm for the sample
T-TiO2-MW, whereas samples prepared at higher temperatures show larger pores (around
5 nm for T-TiO2-FHT-400 and T-TiO2-MW-FHT samples).

Another set of samples was prepared using ammonia water, and the N2 sorption
isotherms for these samples are presented in Figure 4. The isotherms of samples T-TiO2-
NH3, T-TiO2-NH3-FHT-250, and T-TiO2-NH3-FHT-400 are a mixture of type I and II, indi-
cating the presence of micro- and mesopores. On the other hand, the isotherms recorded for
T-TiO2-NH3-MW and T-TiO2-NH3-MW-FHT are of type II characteristic for mesoporous
materials, with H3 hysteresis loop associated with the presence of macropores.



Molecules 2024, 29, 3646 8 of 24

Molecules 2022, 27, x FOR PEER REVIEW 8 of 24 
 

 

1 2 3 4 5 6 7 8 9 10

0.00

0.05

0.10

0.15

0.20

d
V

(d
) 

(c
m

3
n
m

-
1
g
-
1
)

Pore width [nm]

 T-TiO2

 T-TiO2-FHT-400

 T-TiO2-FHT-250

 T-TiO2-MW

 T-TiO2-MW-FHT

 

Figure 3. Pore size distributions of the materials prepared without ammonia water derived from the 

DFT calculation method. 

0.0 0.2 0.4 0.6 0.8 1.0

0

50

100

150

200

250

V
o

lu
m

e
 N

2
 S

T
P

 [
c
m

3
/g

]

Relative pressure [p/p0]

 T-TiO2-NH3

 T-TiO2-NH3-FHT-400

 T-TiO2-NH3-FHT-250

 T-TiO2-NH3-MW

 T-TiO2-NH3-MW-FHT

 

Figure 4. N2 sorption isotherms of the materials prepared with ammonia water. 

Although the tendency to diminish the surface area values with increased treatment 

temperature is the same as for samples without adding ammonia water, samples with 

NH3·H2O generally express lower SBET values. The specific surface area of the not thermally 

treated sample T-TiO2-NH3 was the highest and reached 342 m2/g. Treatment of TiO2 in the 

tubular furnace at 250 °C caused a reduction of SBET to 163 m2/g for T-TiO2-NH3-FHT-250. 

When the microwave reactor was applied, and the temperature of the process was also 

around 250 °C, the surface area of sample T-TiO2-NH3-MW was 98 m2/g. At the highest tem-

perature, 400 °C, the surface area of the obtained TiO2 was reduced to 16 m2/g for T-TiO2-

NH3-FHT-400. Together with the surface area, a considerable loss in micropore values was 

noticed, from 0.11 cm3/g for T-TiO2-NH3 to 0.002 cm3/g for T-TiO2-NH3-FHT-400 0.05 cm3/g. 

The DRIFT spectra presented in Figure 5 show the surface characterization of the 

photocatalysts. All the spectra present some characteristic peaks for pure TiO2 samples. A 

wide band from 3700 cm−1 to 2800 cm−1 corresponds to the stretching mode of surface −OH 

Figure 3. Pore size distributions of the materials prepared without ammonia water derived from the
DFT calculation method.

Molecules 2022, 27, x FOR PEER REVIEW 8 of 24 
 

 

1 2 3 4 5 6 7 8 9 10

0.00

0.05

0.10

0.15

0.20

d
V

(d
) 

(c
m

3
n
m

-
1
g
-
1
)

Pore width [nm]

 T-TiO2

 T-TiO2-FHT-400

 T-TiO2-FHT-250

 T-TiO2-MW

 T-TiO2-MW-FHT

 

Figure 3. Pore size distributions of the materials prepared without ammonia water derived from the 

DFT calculation method. 

0.0 0.2 0.4 0.6 0.8 1.0

0

50

100

150

200

250

V
o

lu
m

e
 N

2
 S

T
P

 [
c
m

3
/g

]

Relative pressure [p/p0]

 T-TiO2-NH3

 T-TiO2-NH3-FHT-400

 T-TiO2-NH3-FHT-250

 T-TiO2-NH3-MW

 T-TiO2-NH3-MW-FHT

 

Figure 4. N2 sorption isotherms of the materials prepared with ammonia water. 

Although the tendency to diminish the surface area values with increased treatment 

temperature is the same as for samples without adding ammonia water, samples with 

NH3·H2O generally express lower SBET values. The specific surface area of the not thermally 

treated sample T-TiO2-NH3 was the highest and reached 342 m2/g. Treatment of TiO2 in the 

tubular furnace at 250 °C caused a reduction of SBET to 163 m2/g for T-TiO2-NH3-FHT-250. 

When the microwave reactor was applied, and the temperature of the process was also 

around 250 °C, the surface area of sample T-TiO2-NH3-MW was 98 m2/g. At the highest tem-

perature, 400 °C, the surface area of the obtained TiO2 was reduced to 16 m2/g for T-TiO2-

NH3-FHT-400. Together with the surface area, a considerable loss in micropore values was 

noticed, from 0.11 cm3/g for T-TiO2-NH3 to 0.002 cm3/g for T-TiO2-NH3-FHT-400 0.05 cm3/g. 

The DRIFT spectra presented in Figure 5 show the surface characterization of the 

photocatalysts. All the spectra present some characteristic peaks for pure TiO2 samples. A 

wide band from 3700 cm−1 to 2800 cm−1 corresponds to the stretching mode of surface −OH 

Figure 4. N2 sorption isotherms of the materials prepared with ammonia water.

Although the tendency to diminish the surface area values with increased treatment
temperature is the same as for samples without adding ammonia water, samples with
NH3·H2O generally express lower SBET values. The specific surface area of the not thermally
treated sample T-TiO2-NH3 was the highest and reached 342 m2/g. Treatment of TiO2 in the
tubular furnace at 250 ◦C caused a reduction of SBET to 163 m2/g for T-TiO2-NH3-FHT-250.
When the microwave reactor was applied, and the temperature of the process was also around
250 ◦C, the surface area of sample T-TiO2-NH3-MW was 98 m2/g. At the highest temperature,
400 ◦C, the surface area of the obtained TiO2 was reduced to 16 m2/g for T-TiO2-NH3-FHT-400.
Together with the surface area, a considerable loss in micropore values was noticed, from
0.11 cm3/g for T-TiO2-NH3 to 0.002 cm3/g for T-TiO2-NH3-FHT-400 0.05 cm3/g.

The DRIFT spectra presented in Figure 5 show the surface characterization of the
photocatalysts. All the spectra present some characteristic peaks for pure TiO2 samples.
A wide band from 3700 cm−1 to 2800 cm−1 corresponds to the stretching mode of surface
−OH groups, while a narrow band located at 1620 cm−1 is characteristic of the molecular
water bending mode [54]. All materials also exhibit the intensive band at around 930 cm−1,
which corresponds to the self-absorption of titania [55]. The samples also have characteristic
bonds related to the vibrational modes of organic species, such as the methyl group located
at 1430 cm−1. This band is observed due to residual ethanol species during the sol–gel
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process [56]. The intensity of these bands is considerably enhanced for some TiO2 samples
obtained with ammonia water (T-TiO2-NH3, T-TiO2-NH3-FHT-250, and T-TiO2-NH3-MW)
because it overlaps with the characteristic peak of NH4

+ located at around 1460 cm−1 [57,58].
This phenomenon is not observed in the case of samples obtained with ammonia water and
annealed at 400 ◦C, indicating the desorption of ammonium species during heat treatment
at an elevated temperature. B. Tryba et al. [59] and L. Zhu et al. [60] noted a similar situation.
L. Zhu et al. [60] explained this with asymmetric and symmetric deformation vibration of
NH4

+, which are thermally unstable.
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Figure 5. DRIFT spectra of TiO2 prepared without (a) or with ammonia water (b). Figure 5. DRIFT spectra of TiO2 prepared without (a) or with ammonia water (b).

The optical absorbance spectra of TiO2 obtained with ammonia water or without am-
monia water are presented in Figure 6. All of the tested samples show a strong absorption
at wavelengths shorter than 400 nm, typical for the intrinsic interband absorption of titania.
Additionally, a broad absorption band in the range from 400 nm to 800 nm was observed
for both obtained samples without ammonia water (T-TiO2-MW-FHT and T-TiO2-FHT-400),
as well as with ammonia water (T-TiO2-NH3-MW-FHT) and T-TiO2-NH3-F-400). Further
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calcination of the samples at 400 ◦C caused the color change of photocatalysts. In case of
samples obtained without ammonia water, the color changed from white to greyish due to
the presence of residual ethanol species used for preparation, while for materials prepared
with ammonia water, the color changed to yellowish due to the presence of nitrogen. H.
Suda et al. [61] concluded that this phenomenon is related to the concentration rate of
nitrogen atoms in TiO2-xNx particles. Furthermore, a redshift of absorption edges into the
visible region is observed for T-TiO2-NH3-MW-FHT and T-TiO2-NH3-FHT-400 samples.
The Eg values for these materials were 3.18 and 3.19 eV, respectively, compared to pure
TiO2 (3.27 eV). The noticeable shift to the visible light region can be ascribed to either the ni-
trogen doping and/or sensitization by a surface-anchored group [62,63]. Considering that
nitrogen groups for these photocatalysts are not observed on DRIFT spectra, the redshift
can be attributed to the substitutional N-doping, for example, for not visible on FT-IR/DRS
more thermally stable coordinated NH3 molecules. Based on this phenomenon, the tested
photocatalyst could be active under visible light irradiation.
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Figure 6. UV–Vis/DR spectra of TiO2 prepared without (a) or with ammonia water (b).

All the prepared samples were tested in the photocatalytic carbon dioxide reduction
process. Hydrogen, methane, and carbon monoxide were detected in the gas phase. Al-
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though hydrogen is not a direct product of CO2 photoreduction, but a result of the water
splitting process, it is a valuable product and an essential component for CO2 conversion.

2.2. CO2 Photoreduction Processes Involving Titanium Dioxide Samples Obtained under Neutral
and Basic Conditions

The samples of titanium dioxide without the addition of ammonia water during the
preparation process were tested in the photocatalytic carbon dioxide reduction process, and
the amounts of hydrogen, methane, and carbon monoxide in the gas phase were analyzed.

The hydrogen contents in the gas phase during the 6 h of the process are presented in
Figure 7.
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Figure 7. Comparison of hydrogen content obtained by photocatalysis of samples prepared without
ammonia water.

Comparing the graphs of hydrogen content in the gas phase of the tested system, the
samples can be divided into two groups differing in photocatalytic activity. The first group
includes samples prepared in the microwave reactor (T-TiO2-MW, T-TiO2-MW-FHT) and
the sample heated in the tubular furnace at 400 ◦C (T-TiO2-FHT-400). The second group
includes those that did not undergo any of these modifications.

Among the samples prepared without the addition of ammonia water, the highest hydro-
gen content in the gas phase was also obtained using the doubly heated (in the reactor and
then in the tubular furnace) T-TiO2-MW-FHT sample, and it was 391 µmol/gmaterial/dm3. The
sample obtained by heating only with the microwave reactor and the sample obtained
by annealing only in an oven at 400 ◦C had a similar initial increase in hydrogen content,
but reached only 288 µmol/gmaterial/dm3 and 317 µmol/gmaterial/dm3, respectively. They
reached a plateau after just over an hour of running the process. The plateau for these
samples occurred at a value representing about 80% of the maximum hydrogen content
reached with the doubly annealed sample.

The position of samples T-TiO2-MW (288 µmol/gmaterial/dm3) and T-TiO2-FHT-250
(102 µmol/gmaterial/dm3) allows us to conclude that the differences in photocatalytic
activity of the catalysts modified in the microwave reactor again are not due to temperature
differences, but due to the influence of the microwaves used in the reactor. For the unheated
sample (T-TiO2), only 99 µmol/gmaterial/dm3 of hydrogen was obtained.

The graph concerning methane production is shown in Figure 8. Methane was ob-
tained in the smallest concentration out of all conversion products.
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Figure 8. Comparison of methane content obtained by photocatalysis of samples prepared without
ammonia water.

The highest amount of methane was also obtained for the sample annealed twice (in
the microwave reactor and then in the tubular furnace), reaching 59 µmol/gmaterial/dm3.
The amount of methane obtained with this sample is nearly three times higher than that of
T-TiO2-MW (22 µmol/gmaterial/dm3). The remaining samples showed comparable photo-
catalytic activities, yielding between 11 µmol/gmaterial/dm3 and 20 µmol/gmaterial/dm3 of
methane after 6 h.

A graph of carbon monoxide production is shown in Figure 9. As can be seen, the
trends in the product yield curves are similar to those for methane production.

The highest amount of CO was obtained in the process using a doubly annealed
sample (T-TiO2-MW-FHT), and it reached 223 µmol/gmaterial/dm3. For the other samples,
the CO content in the gas phase after 6 h of the process ranged from 32 µmol/gmaterial/dm3

to 82 µmol/gmaterial/dm3.
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Figure 9. Comparison of carbon monoxide content obtained by photocatalysis of samples prepared
without ammonia water.

The hydrogen contents in the gas phase during the 6 h of the process, using titanium
dioxide with the addition of ammonia water, are presented in Figure 10. Comparing them,
the samples can be divided into two groups differing in photocatalytic activity. The first
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group, with much higher hydrogen production rate, includes samples modified using
the microwave reactor (T-TiO2-NH3-MW and T-TiO2-NH3-MW-FHT), which is similar to
the samples without addition of ammonia water. The second group comprises those that
have not undergone such modification and were heated in the high-temperature furnace
(T-TiO2-NH3-FHT-250, T-TiO2-NH3-FHT-400) or were not heated at all (T-TiO2-NH3).
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Figure 10. Comparison of hydrogen content obtained during photocatalytic carbon dioxide reduction
using titanium dioxide prepared with the addition of ammonia water.

Among the samples prepared with the addition of ammonia water, the highest hydro-
gen content in the gas phase was achieved for the sample heated first in the microwave reac-
tor and then in the tubular furnace, T-TiO2-NH3-MW-FHT, and it was
283 µmol/gmaterial/dm3. This sample was calculated to have the smallest average crys-
tallite size among the whole group of samples prepared with the addition of ammonia
water, which may be one of the reasons why the observed photocatalytic activity was the
highest. This suggestion is supported by the fact that the sample obtained by heating only
in the microwave reactor (having both the second lowest size of crystallites among the
“NH3-samples” and very comparable BET surface value to the T-TiO2-NH3-MW-FHT) also
had similarly higher photoactivity relative to the samples prepared without the use of
microwave reactor [64]. After just the first hour of running the process, the amount of hydro-
gen obtained in the process catalyzed by T-TiO2-NH3-MW was more than two times higher
than the amount of hydrogen obtained in the process catalyzed by T-TiO2-NH3-FHT-400
(the catalyst heated using only using the tubular furnace).

Comparison of T-TiO2-NH3-MW with the T-TiO2-NH3-FHT-250 sample (heated in the
high-temperature furnace but at a temperature close to the inside of the microwave reactor)
allows us also to conclude that the differences in photocatalytic activity of the two catalysts
are not due to temperature differences, but to the influence of the microwaves used in the
reactor [65], which helped to nucleate small crystallites with relatively high surface area.
The hydrogen amounts in the gas phase after 6 h of the process for those samples were
152 µmol/gmaterial/dm3 and 67 µmol/gmaterial/dm3, respectively.

The three samples, which were not prepared in the microwave reactor, showed pho-
tocatalytic activity toward hydrogen at a similar level without characteristic differences.
In this case, the range of hydrogen amounts was 62–73 µmol/gmaterial/dm3. Taking X-
ray diffraction results into account, it can be stated that the crystallization degree of the
samples did not significantly impact their photoactivity because only the sample T-TiO2-
NH3-FHT-400 was crystallite, but the remaining two titania samples, denoted T-TiO2-NH3
and T-TiO2-NH3-FHT-250, consist of an amorphous phase.

Another identified product of the process was methane. The graph concerning this
compound is shown in Figure 11. As with the samples prepared without ammonia water,
methane was produced at the lowest yield out of the three products.
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Figure 11. Comparison of methane content obtained by photocatalysis of samples prepared with
ammonia water.

The effect of microwaves on increasing the photocatalytic activity of the material can
also be seen by measuring the amount of methane in the process. The highest amount of
methane was obtained for the sample heated twice (T-TiO2-NH3-MW-FHT). After 6 h of
the process, it was 38 µmol/gmaterial/dm3, which was much more as for the second-best
sample T-TiO2-NH3-MW, for which 12 µmol/gmaterial/dm3 of methane was obtained.

While measuring the photoactivity of titania in the process of CO2 reduction to-
wards methane, the samples heated only in the tubular furnace obtained a similar amount
of methane, in the range of 9.3–10.9 µmol/gmaterial/dm3. At the same time, it can be
seen that the sample T-TiO2-NH3 (not heated) exhibited similar activity and yielded
9.9 µmol/gmaterial/dm3 of methane during the process.

CO is basically the first product of CO2 photoreduction. It can also further convert
toward CH4. However, due to the much lower energy requirements for obtaining CO
compared to methane, its amount is much higher in the gas phase after 6 h of irradiation.
The graphs concerning carbon monoxide content in the gas phase in the processes using
“NH3-samples” are presented in Figure 12.
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Figure 12. Comparison of carbon monoxide content obtained by photocatalysis of samples prepared
with ammonia water.

The strong impact of treatment procedure on enhancing the photocatalytic properties
of titanium dioxide can be seen in the process of photoreduction of carbon dioxide to carbon
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monoxide. Analysis of Figure 12 shows that samples annealed in a microwave reactor
and next in the high-temperature furnace at 400 ◦C (T-TiO2-NH3-MW-FHT) obtained more
than twice the amount of carbon monoxide in the gas phase as compared to the others,
and it was 207 µmol/gmaterial/dm3. For the other materials, the amounts were between
56 µmol/gmaterial/dm3 and 120 µmol/gmaterial/dm3.

It should be noted that at a certain point in the process, CO production stabilizes and
sometimes even decreases. This may be related to either faster kinetics of a subsequent
reaction between CO and H2, or the occupation of active sites by products or unreacted
CO2, which prevents the reaction from proceeding further [66]. Only in the case of the
sample annealed in the tube furnace (T-TiO2-NH3-FHT-400) did the CO content continu-
ously increase, suggesting that saturation of the active sites in the T-TiO2-NH3-FHT-400
photocatalyst occurs slower than for the other samples.

Generally, for all samples (obtained under neutral and basic conditions), the highest
increase of products occurs after the first hour of the process. Considering the course of the
photocatalytic reaction, produced samples can be divided into two sets. In one way, after the
first hour of the process, the reaction reaches equilibrium, and no or very small increment
of products can be noticed. Another set of samples is characterized by a steady increase of
products over time, indicating that these samples are less active and require more time to
stabilize. As the processing time increases, the increment of products decreases, suggesting
the formation of products that were unfortunately not investigated in this research. The
decreases, and thus the change in the kinetics of carbon monoxide, methane, and hydrogen
generation observed in the final hours of the process, can be generally explained by the
poisoning mechanism of the photocatalysts’ surface by intermediates and byproducts of
the reaction, as examined and described by H. Li et al. [67] and P. Haghighi et al. [68]. In
our case (as shown in Figures 7–9), the formation of CO, CH4, and H2 (as a side reaction
of photocatalytic water splitting) occurs with different intensities, depending on the type
and composition of the photocatalyst. This generally results from the reaction mechanism:
CO (formed during the CO2 photoreduction) accumulates on the photocatalyst surface
through chemical binding to the active sites. Next, the reduction intermediates may be
various forms of carbon deposits, forming agglomerates and blocking the active surface of
the photocatalyst, thus suppressing the efficiency of CO2 photoreduction and H2 evolution.
As a result, the hydrogenation of carbon deposits to methane slows down, and the primary
reaction of photocatalytic water splitting is inhibited. Moreover, in a closed circulation
system, the amount of oxygen from water splitting increases to 1%, which may result in the
undesirable oxidation of hydrogen, methane, and carbon monoxide.

2.3. Selectivity of Titanium Dioxide Samples Obtained under Neutral and Basic Conditions in the
Carbon Dioxide Photoreduction Process

During the overall photocatalytic process, reactions (1) and (2) are often attributed to
the formation of carbon monoxide and methane in the gas phase [17]:

CO2 + 2H+ + 2e− → CO + H2O (1)

CO2 + 8H+ + 8e− → CH4 + 2H2O (2)

The hydrogen evolution is associated with a side reaction of photocatalytic water
splitting as presented in reaction (3) [69]:

2H+ + 2e− → H2 (3)

Using these reactions as possible parallel pathways for CO2 conversion, the selectivity
of process can be calculated for each of the described photocatalysts (Table 3).
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Table 3. Calculated selectivity of the photocatalytic process for the obtained samples.

Selectivity [%]

of CO2 Conversion Relative to the Total Amount of H2 in the Gas Phase

Material CO CH4 H2 CO CH4

Neutral conditions (without ammonia water)

T-TiO2 70.3 29.7 53.6 17.3 29.1

T-TiO2-FHT-400 80.0 20.0 65.8 17.1 17.1

T-TiO2-FHT-250 83.2 16.8 50.8 27.2 22.0

T-TiO2-MW 68.2 31.8 68.1 11.1 20.8

T-TiO2-MW-FHT-400 78.9 21.1 45.9 26.1 28.0

Basic conditions (with ammonia water)

T-TiO2-NH3 91.2 8.8 34.1 47.5 18.4

T-TiO2-NH3-FHT-400 92.8 7.2 28.2 54.9 16.9

T-TiO2-NH3-FHT-250 88.5 11.5 34.7 42.9 22.4

T-TiO2-NH3-MW 82.6 17.4 59.6 21.9 18.5

T-TiO2-NH3-MW-FHT 84.4 15.6 44.0 32.2 23.8

Samples obtained in the basic conditions all represent significantly higher selectivity
values towards carbon monoxide than those prepared using neutral conditions when com-
paring selectivity values of carbon dioxide conversion. This difference may be attributed to
the difference in the probability of surface chemisorption shown by both sample groups.
The addition of ammonia water during the preparation step reduced the BET surface area
of samples as compared to their counterparts prepared in the neutral conditions, which
generally lowers carbon dioxide binding capabilities of the samples of those samples,
thereby favoring the occurrence of less complex (requiring less electrons) reaction pathway.
This hypothesis is further confirmed by the overall worse photocatalytic activity of the
samples prepared using ammonia water.

In both sets of samples, it can be observed that samples that have undergone the
microwave treatment (MW) are characterized by a higher selectivity of conversion towards
methane than their counterparts heated only using the high-temperature furnace (FHT).
Coupling this with the previous observation that microwave-assisted treatment allows for
obtaining more porous samples (as compared to the samples annealed in the same temperature,
but in tube furnace) and the fact that kinetic diameter of methane molecule (380 pm) is over 15%
bigger than kinetic diameter of carbon dioxide molecule (330 pm) [70–72], it can be suggested
that higher porosity of the sample positively affects its selectivity of CO2 conversion
towards methane. This claim can be confirmed by the fact that the highest selectivity
towards methane was exhibited by the samples T-TiO2-MW and T-TiO2-NH3-MW (31.8%
and 17.4%, respectively), which had the highest total porosity value (TPV) among their
respected groups.

Overall profiles of the selectivity towards measured products are similar for all the
samples; in all cases, H2 has the highest calculated selectivity value, most commonly
followed by CH4 and then by CO. Exceptions to this trend are presented by the samples
annealed in the furnace; however, these changes are small and do not affect the trend that
all of the samples are most conducive for photocatalytic water decomposition processes
as compared to alternative reactions (1) and (2). Out of all of them, T-TiO2-MW is the best
tailored to obtain mainly H2 during the process (selectivity of 68.1% towards H2).

Incidentally, the sample that obtained the highest amount of hydrogen during the
process (T-TiO2-MW-FHT) had the lowest relative selectivity among the compared group
of samples. This sample was also simultaneously characterized by the highest value of
calculated strain and highest average crystallite size diameter (based on Table 1). Coupling
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that fact with the decrease in a parameter and increase in c parameter of a unit cell (as
compared to the other samples in this group), it may be concluded that achieving a more
elongated shape of an unit cell is beneficial for both the overall photocatalytic process and
the enhanced selectivity towards all measured products, due to the presence of a shape
more prone to creating active sites. It means therefore that doubly treated material is the
best multipurpose photocatalyst in this group of samples.

Contrary to the selectivity profiles represented by the samples prepared in the neutral
conditions, the distribution of selectivity for “NH3-type samples” show two distinct types
of profiles for the selectivity towards measured products. The first type of selectivity
distribution profile (with the highest selectivity toward CO) can be found in the samples
treated only in the high-temperature furnace and the non-treated one, while the second
type (with the highest selectivity towards H2) is characteristic of the samples that have
undergone treatment in the microwave-assisted reactor.

The first type of selectivity profile is characteristic for samples that obtain larger
quantities of carbon monoxide in the gas phase during the process, while simultaneously
reducing the amount of both hydrogen and methane being produced. Therefore, this type
of profile suggests that adding ammonia water in conjunction with the annealing treatment
leads to obtaining photocatalyst tailored slightly better toward obtaining carbon monoxide
via the CO2 conversion and not hydrogen via water-splitting.

However, the sample that obtained the highest amount of CO (as well as both H2 and
CH4) during the process was T-TiO2-NH3-MW-FHT, representing the second type of the
selectivity profile, which again proves that the material, which underwent both microwave
high-pressure treatment as well as annealing (double treatment), is the best photocatalyst
overall in this group of samples.

3. Materials and Methods
3.1. Materials Preparation

Two series of titanium dioxide samples were obtained via hydrolysis of titanium (IV)
isopropoxide using a sol–gel method.

In the case of the first series, 50 mL of distilled water was added dropwise to the glass
beaker containing 20 mL of titanium (IV) isopropoxide (TTIP) and 5 mL of 99.9% ethanol.
To change pH, ammonia water (25% NH3·H2O) was added until the pH value was equal to
10. Regardless of whether ammonia water was added or not, the whole was continuously
stirred for 24 hand next was left to age for another 24 h. Finally, the material was dried in
a forced-air dryer at 80 ◦C and ground in an agate mortar to a uniform consistency. The
obtained samples, without or with ammonia water, were denoted as T-TiO2 and T-TiO2-
NH3, respectively. Optionally, after the ageing process, T-TiO2 or T-TiO2-NH3 samples
were placed into a Teflon vessel and transferred to a microwave reactor (ERTEC MAGNUM
II, Wrocław, Poland). The process was conducted for 15 min under a pressure of 40 bar.
Finally, the material was dried in a forced-air dryer at 80 ◦C and grounded in an agate
mortar to a uniform consistency. The obtained sample was denoted as T-TiO2-MW or
T-TiO2-NH3-MW.

T-TiO2 or T-TiO2-NH3 samples were also subjected to a heat treatment. For this
purpose, the obtained powder was transferred into a quartz boat and placed in a high-
temperature furnace with argon flow. Air was replaced through a 30 min argon flush
(10 L/h) before the process was started: the annealing of the sample lasted for 60 min at
250 ◦C or 400 ◦C, with an initial heating rate of 10 ◦C/min. Afterwards, the samples were
cooled to room temperature in argon atmosphere. The obtained materials were washed
in a vacuum filtration set, which was performed until the pH achieved a value of about
7. Then, the sample was re-dried, ground in an agate mortar to a uniform consistency,
and transferred into a suitable container. Depending on the heating temperature, 250
◦C or 400 ◦C, the samples were denoted as T-TiO2-FHT-250 and T-TiO2-NH3-FHT-250 or
T-TiO2-FHT-400 and T-TiO2-NH3-FHT-400, respectively.
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In addition to the treatment in the high-temperature furnace, the samples obtained
using a microwave reactor, denoted as T-TiO2-MW or T-TiO2-NH3-MW, were also subjected
to the procedure described above. Samples that were heated at 400 ◦C were denoted as
T-TiO2-MW-FHT or T-TiO2-NH3-MW-FHT.

In Table 4 summarizes all samples and basic experimental conditions.

Table 4. Experimental conditions for titanium dioxide heat treatment.

Heat Treatment Temperature [◦C]

Neutral conditions (without ammonia water)

T-TiO2 - -

T-TiO2-FHT-400 High-temperature furnace 400

T-TiO2-FHT-250 High-temperature furnace 250

T-TiO2-MW Microwave reactor ~250

T-TiO2-MW-FHT Microwave reactor; high-temperature furnace ~250, 400

Basic conditions (with ammonia water)

T-TiO2-NH3 - -

T-TiO2-NH3-FHT-400 High-temperature furnace 400

T-TiO2-NH3-FHT-250 High-temperature furnace 250

T-TiO2-NH3-MW Microwave reactor ~250

T-TiO2-NH3-MW-FHT Microwave reactor; high-temperature furnace ~250, 400

3.2. Material Characteristics

The phase composition of the prepared samples was determined with X-ray diffraction
using Cu Kα radiation (λCu Kα = 0.1540 nm) on an Empyrean (Panalytical, Malvern, UK).
The identification of the crystalline phases was performed using HighScore+ and the ICDD
PDF-4+ 2015 database. The crystallite size was calculated according to the Scherrer equation
based on the X-ray powder diffraction patterns:

D =
kλ

βcosθ

where D is the average crystallite size in the direction perpendicular to the (hkl) reflection
plane; k is a constant close to unity, dependent on the shape of the crystallite; λ is the X-ray
wavelength; β is the peak broadening; and θ is the XRD peak position.

The analysis of the XRD diffractograms by the Williamson–Hall method [52] have
been carried out:

βhklcosθ =
kλ

D
+ 4Σsinθ

where D is grain size as determined from the Williamson–Hall plot; k is a constant close to
unity, dependent on the shape of the crystallite; λ is the X-ray wavelength; β is the peak
broadening; and θ is the XRD peak position.

The lattice parameters (a and c) were calculated from the XRD data using Bragg’s law
applied for the tetragonal crystal symmetry [73]:

1
d2 =

h2 + k2

a2 +
l2

c2

where h, k, and l are Miller indices and d is the inter planar spacing of the crystal lattice.
To perform the low-temperature nitrogen adsorption/desorption studies, a QUADRA-

SORB evoTM gas sorption automatic system (Quantachrome Instruments, Anton Paar, Graz,
Austria) was used, together with a MasterPrep multi-zone flow/vacuum outgassing system
under a vacuum of 1 × 10−5 mbar from Quantachrome Instruments (Boynton Beach, FL,
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USA). On the basis of the obtained adsorption/desorption isotherms, the specific surface
area (SBET) and pore volumes of the materials were determined. Prior to analysis, 150 mg
of the material was weighed and pre-dried at 90 ◦C in a laboratory dryer. The dried sam-
ples were transferred into measuring cells and degassed using MasterPrep (Quantachrome
Instruments, Boynton Beach, FL, USA) at 100 ◦C for 12 h. The Brunauer–Emmett–Teller (BET)
equation was used to determine the surface area (SBET) in the relative pressure range of 0.05–0.2.
The total pore volume (Vtotal) was calculated from the volume of nitrogen held at the highest
relative pressure (p/p0 = 0.99). The volume of micropores (Vmicro < 2 nm) with dimensions
smaller than 2 nm was calculated as a result of integrating the pore volume distribu-
tion function using the DFT method; mesopore volume (Vmeso) with dimensions from
2 to 50 nm was calculated from the difference of the total pore volume (Vtotal) and the
volume of micropores (Vmicro < 2 nm).

The surface functional groups of tested photocatalysts were determined using DRIFT
analysis. Spectra were recorded with FT/IR-4200 spectrometer (JASCO International Co.,
Ltd., Tokyo, Japan) equipped with a DiffuseIR accessory (PIKE Technologies, Fitchburg,
WI, USA). Light absorption properties of the samples were studied using UV–Vis spec-
troscopy. The diffuse reflection absorption spectra at 200-800 nm were recorded on a V-650
spectrophotometer (JASCO International Co., Tokyo, Japan) equipped with an integrating
sphere accessory PIV-756 (JASCO International Co., Tokyo, Japan). Barium sulphate (BaSO4,
pure p.a., Avantor Performance Materials Poland S.A., Gliwice, Poland) was used as the
standard in the absorption spectroscopic experiments. The band-gap energy was studied
by combining Tauc’s relationship and the Kubelka–Munk function. The method in detail is
described in the literature [74].

3.3. Photocatalytic Process

The experiments were conducted in the gas phase in a reactor with a volume of
766 cm3. The processes utilized a medium-pressure mercury lamp TQ150 Z3 (Heraeus,
Germany) with a power of 150 W, characterized by a broad range of radiation in both UV
and visible light (250–600 nm, maximum at 365 nm). The lamp was placed in a quartz cooler
and constantly supplied with water at 18 ◦C (Minichiller 280 OLÉ, Offenburg, Germany).
The apparatus set was enclosed in a thermostat chamber to eliminate other light sources
and maintain a stable process temperature of 20 ◦C.

For each experiment, the photocatalyst was applied to a glass fiber cut in strips (FF
45 VLIES 50; 40 g/m2). The reactor was then filled with 10 cm3 of distilled water, and the
photocatalyst was placed in it. Subsequently, the reactor’s interior was purged with pure
CO2 (Messer, Chorzów, Poland) for 16 h. After this time, the system was sealed, and the
lamp was turned on. During the process, the gas was mixed using a pump with a flow rate
of 1.6 dm3/h. The process was conducted for 6 h, and samples for analysis were collected
every 1 h. The reactor scheme used in a photocatalytic process has been presented in [75].
The composition of the gas phase after the process was analyzed with a Master GC gas
chromatograph (DANI Instruments S.p.A., Milan, Italy) equipped with a 4 m Shincarbon
ST 100/120 micropacked column. The detectors used were TCD and FID with a methanizer.
The carrier gas was argon. The gas pressure on the column was 6 bars. The volume of the
tested gas sample was 1 cm3. The content of individual components in the gas phase in
subsequent measurements was calculated based on the calibration curve.

3.4. Selectivity of the Obtained Materials in the Carbon Dioxide Photoreduction Process

Based on the obtained results, selectivity was calculated and defined as the total ratio
between an amount of reactant used to form a certain product per the total amount of this
reactant consumed during the process [76], which can be expressed using a formula:
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SA[%] =
nA

nS0 − nSe
·100%

where:
SA—selectivity of the substance conversion towards the product A,
nA—the amount of the product A moles measured at the end of the process,
nSo—the amount of the substrate moles before the process,
nSe—the amount of the substrate moles after the process.
This formula has been used to calculate the selectivity values of carbon dioxide

conversion process.
Since the H2 molecules may be also considered a product of the overall photocatalytic

process (due to the parallel water-splitting process), the selectivity of the process towards
all products measured in the gas phase (H2, CO, and CH4) was additionally calculated
concerning the total H2 present and/or spent during alternative pathways of reaction.
To approximate how many moles of H2 have been used in the formation of CO or CH4
(conversion of CO2), (2H+ + 2e−) was considered as a molar equivalent of a H2 molecule,
and allowed to quantify the total amount of H2 produced and used during the process.

4. Conclusions

In this work, the influence of pH and heat treatment on the physicochemical properties
of titania-based materials during photoreduction of carbon dioxide have been studied.
Titanium dioxide was synthesized via hydrolysis of titanium (IV) isopropoxide using a
sol–gel method, under neutral or basic pH conditions, and heated in the microwave reactor
or/and in the high-temperature furnace. Generally, the materials obtained under neutral
conditions indicated higher photoactivity than those prepared under basic conditions,
probably due to smaller crystallite size of anatase phase. Higher content of hydrogen was
detected in the processes using double-heated photocatalysts and photocatalysts heated
in the microwave reactor or tubular furnace, prepared in the neutral environment. This
shows that the microwave treatment alone is sufficient to synthesize materials with about
the same photoactivity as materials that were heated to 400 ◦C in the tubular furnace. For
the materials obtained in alkaline conditions, only double-heated materials and materials
heated using microwaves demonstrated higher photoactivity towards the production of
hydrogen. Higher contents of methane and carbon monoxide were detected only using
double-heated material. For other photocatalysts, the content of these compounds in the gas
phase was at a similar level and significant differences were not observed. Higher porosity
of the sample positively affected its selectivity of CO2 conversion towards methane.
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