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Abstract: The photocatalytic activity of TiO2 depends on numerous factors, such as the chemical
potential of electrons, charge transport properties, band-gap energy, and concentration of surface-
active sites. A lot of research has been dedicated to determining the properties that have the most
significant influence on the photocatalytic activity of semiconductors. Here, we demonstrated that
the activity of TiO2 in the gas-phase reduction of CO2 is governed mainly by the desorption rate
of the reaction intermediates and final products. This indicates that the specific surface area of
TiO2 and binding strength of reaction intermediates and products are the main factors affecting the
photocatalytic activity of TiO2 in the investigated process. Additionally, it was shown that rutile
exhibits higher photocatalytic activity than anatase/rutile mixtures mainly due to its high efficiency
in the visible portion of the electromagnetic spectrum.

Keywords: photocatalysis; CO2 reduction; TiO2; adsorption; deactivation; rutile; anatase

1. Introduction

Photocatalytic reactions, such as water splitting [1,2], oxidation of volatile organic com-
pounds [3,4], organic synthesis [5,6], and reductive fixation of carbon dioxide [7,8], are of
great importance from both fundamental and practical points of view. The typical heteroge-
neous photocatalysts used in these processes are metal-free organic compounds [9,10] and
semiconductor materials [11]. Upon the ultraviolet and visual light (UV–VIS irradiation,
these materials can generate electron-hole pairs which then are separated and transferred
to the surface where they participate in redox reactions (if not recombined) [12]. Among
various materials that have been studied for photocatalysis, titania (TiO2) is of great interest
due to its high photocatalytic activity, high physical and chemical stability, nontoxicity, and
low-cost [13–15]. However, there are two major challenges facing titania photocatalysts for
common applications: (i) a large band gap (3.3 eV) which limits its photoabsorption to the
ultraviolet (UV) light only, and (ii) fast recombination of electron-hole pairs that limits the
photocatalytic efficiency (typical for all semiconductors) [16,17].

Therefore, a great deal of research has been dedicated to improving the performance
of titania, such as surface modification [18], doping [19], coupling with other materials [20],
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as well as optimization of physicochemical properties via varying preparation [21] and
treatment conditions [22]. Various factors that affect the photocatalytic activity have
been reported, including crystal structure (anatase or rutile), particle size, surface area,
and the presence of surface hydroxyls [23–25]. These properties can be easily altered via
heat treatment of the TiO2 in various gas atmospheres. For instance, high-temperature
treatment in air was reported to intensify phase transformation from anatase to rutile and
to decrease specific surface area and concentration of surface hydroxyls [26–28].

In most of the studies, the attempt is made to correlate the photocatalytic activity with
only one or a few physical properties of the photocatalyst. Generally, it can be concluded
that the most prominent effect on the photocatalytic activity provides the coexistence of
several titania polymorphs. This effect is usually assigned to a lower energy gap of the
mixed phase TiO2 than that of pure phases [29]. However, it is also worth mentioning
that despite the lower band gap of pure rutile, anatase exhibits better photocatalytic
properties [30]. This effect indicates that other properties, apart from the band gap, also
effect the photocatalytic performance. Particularly, it was hypothesized that the good
photocatalytic activity of mixed-phase TiO2 is due to the transfer of photo-generated
electrons from anatase to a lower energy rutile electron-trapping site. This electron transfer
reduces the recombination rate of anatase by increasing the separation between the electron
and hole, resulting in greater photocatalytic reactivity [31–33]. More interestingly, T. Bak
et al. investigated the effect of several defect-related properties, including the concentration
of surface-active sites, the Fermi level, the charge transport, and the band gap of pure TiO2
on its photocatalytic performance in the oxidation of methylene blue [34]. The obtained
results indicated that the photocatalytic activity of TiO2 was influenced significantly by
the concentration of surface-active sites and Fermi level while the band gap and charge
transport had a minor impact [34]. The effect of specific surface on the photocatalytic
properties of TiO2 is also not as straightforward as it may seem. It can be hypothesized
that the high specific area is beneficial as it improves the adsorption of the target molecules
onto the surface of titania [25,35].

However, recently, we have shown that during the photocatalytic reduction of carbon
dioxide, the TiO2 deactivates reversibly due to the slow desorption and consequent accumu-
lation of reaction products on its surface [36]. This indicates that the high specific surface
area of TiO2 may, on the contrary, be a negative factor affecting its photocatalytic activity.
Therefore, great care is needed in drawing conclusions on the decisive factors of activity
in photocatalytic reactions and in rationalizing the correlations between photocatalytic
properties of a semiconductor and its physicochemical properties.

The work is aimed to evaluate separately the influence of each physicochemical prop-
erty of TiO2 on its photocatalytic performance in the gas-phase CO2 reduction. The prop-
erties of titania, such as phase composition, specific surface area, and band gap energy,
were tuned by adjusting calcination temperature. Special attention was given to the ini-
tial adsorption of carbon dioxide on the surface of titania and subsequent desorption of
photocatalytic products.

2. Results and Discussion
2.1. Physicochemical Properties of Pristine and Calcinated TiO2 Samples

The results of physicochemical characterization of TiO2 samples are summarized
in Table 1. According to the obtained results, the raw TiO2 had a specific surface area
(SSA BET) of about 57 m2. It contained mainly anatase phase (88%) with crystallite
size of 18 nm and possessed a band gap of 3.291 eV, which is close to that reported
elsewhere [37,38].
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Table 1. Physicochemical properties of TiO2 samples.

Sample BET SSA, m2/g

Phase Composition

Band Gap, eV
Anatase,% Average Crystallite

Size, nm Rutile,% Average Crystallite
Size, nm

TiO2-pristine 57 87.8 18 12.2 25 3.291

TiO2-C500 56 84.3 19 15.7 30 3.389

TiO2-C700 16 - - 100.0 85 3.071

TiO2-C1000 4 - - 100.0 156 3.036

The increase in calcination temperature up to 500 ◦C did not significantly alter the
properties of TiO2; only a slight increase in the size of titanium dioxide crystallites was
observed along with the broadening of band gap up to 3.389 eV. Similar results were
reported by H. Lin et al. [39] and K. Vajda et al. [40]. They observed the increase in
band gap of TiO2 with an increase in its particle size (for crystallites with a size of above
15 nm). Such a result was attributed to a higher amount of bulk defects which induce
delocalization of molecule orbitals and create shallow/deep traps in the semiconductor [39].
A further increase in calcination temperature up to 700 ◦C resulted in complete phase
transformation from metastable anatase to stable rutile and a decrease of the band gap
energy value. The process was accompanied by an increase in the size of the crystallites
(due to agglomeration) and a significant decrease in BET surface area down to 16 m2/g
(Figure 1, Table 1). With a further increase in temperature to 1000 ◦C, the size of titanium
dioxide particles increased from 85 to 156 nm while the SSA reduced to 4 m2/g.
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Figure 1. The SEM images of TiO2 samples calcinated at different temperatures.

The results of XPS measurements revealed that irrespective of calcination temperature,
the Ti remained mainly in its tetravalent state. The increase in calcination temperature
above 500 ◦C led to a prominent increase in hydroxyl groups on the surface of TiO2 and to a
decrease in oxygen content in titanium oxide lattice as evidenced by the decrease in O-Ti/Ti
ratio (Table 2). It can be hypothesized that the oxygen vacancy sites were formed upon
calcination at high temperatures and acted as adsorption sites for water vapor presented in
air, leading to the formation of hydroxyls [41,42].
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Table 2. Surface elemental composition of TiO2 samples.

Sample Total Ti2p Species
O1s (eV)

O-Ti/Ti Ratio
O-Ti (529.9) Ti-OH (531.5) Total

TiO2-pristine 29.28 63.09 7.64 70.73 2.15

TiO2-C500 30.37 64.82 4.81 69.63 2.13

TiO2-C700 31.03 57.83 11.13 68.96 1.86

TiO2-C1000 29.89 57.26 12.85 70.11 1.92

The results of XPS measurements are in good agreement with outcomes from TOF-
SIMS analysis. As can be seen in Figure 2, the emission of secondary TiO3H- ions increased
steadily with increase in the calcination temperature. Apart from it, the significant intensi-
fication of emission of TiO- and related ions was observed at 700 ◦C, which can be due to
change of orientation of surface crystallites as a result of anatase-to-rutile phase transition.
At 1000 ◦C, the intensity of these ions decreased due to substantial contraction of specific
surface area of the calcinated sample.
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Figure 2. Emission of negative secondary ions from the cleaned surface of TiO2 samples.

As was expected, the titanium oxide intrinsically exhibited strong absorption of electro-
magnetic radiation in the UV region (Figure 3). With an increase in calcination temperature,
the ability of TiO2 to adsorb UV light significantly deteriorated. Importantly, it can be seen
in the TiO2-C1000 sample that the UV reflectivity increased twofold in comparison to that
of pristine titanium dioxide. Such effect is related to the superficial morphology of TiO2
particles. As discussed previously, at high temperatures, TiO2 particles adhere together to
form large agglomerates (Table 1). These agglomerates have a smoother surface than small
particles resulting in higher reflection of incident photons [43,44]. The calcination treatment
did not significantly alter the adsorption of electromagnetic radiation in the entire visible
spectrum, i.e., only a slight red-shift was observed in the optical spectra of TiO2 calcinated
at 700 and 1000 ◦C, which was related to the anatase-to-rutile phase transition.
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2.2. Photocatalytic and Adsorption Properties of TiO2 Samples

The results of the photocatalytic measurements showed that the investigated samples
at ambient temperature easily underwent deactivation, as can be seen by the sharp decrease
of methanol formation rate with time on stream (Figure 4). The only exception was the
TiO2-C1000 sample which demonstrated relatively stable photocatalytic activity over the
5 h. As was discussed previously, the deactivation of the photocatalysts in this process
can be due to the accumulation of reaction products on the surface of the photocatalyst
hindering the adsorption of reagents [36]. The IR measurements indeed showed that the
formed methoxy groups (2819, 2897, and 2922 cm−1) hardly desorbed from the surface of
photocatalysts irrespective of their specific surface area (Figure 5B). For example, according
to the FTIR measurements, approximately only 35% of total adsorbed methanol desorbs
from the surface of pristine TiO2 when purged with inert gas for 1 h under UV–VIS
irradiation (Figure 6). In the case of TiO2-C700, about 45% of organic groups were removed
under the same conditions, while in the case of TiO2-C1000 it was above 65%. Nevertheless,
it is worth mentioning that the observed deactivation of photocatalysts is reversible as
they can be partially regenerated by heating at 300 ◦C in the flow of reaction mixture.
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For instance, the TiO2-C1000 regenerated for one hour (TiO2-C1000R) exhibited lower but
comparable photoactivity as that observed at the beginning of the photocatalytic process.
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Although the accumulation of reaction products on the surface of TiO2 samples did
influence the photocatalytic process, this effect alone cannot explain the differences in
photocatalytic activity of TiO2 samples as the differences in desorption rates among them
were rather small (Figure 6).
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The FTIR studies on the adsorption of CO2 on the surface of titania revealed also
that TiO2-C1000 was characterized by not only a lower amount of CO2 adsorbed but
also by a slower adsorption rate than that of the pristine sample. As can be seen from
Figure 5A, the adsorption of CO2 proceeds readily, as evidenced by the notable increase
in intensities of characteristic peaks for carbonate species (1358–1695 cm−1) immediately
after the beginning of the process. On the other hand, the adsorption on the surface of
TiO2-C1000 started only after half of a minute, as is evident from the appearance of weak
IR bands. Thus, it can be hypothesized that at room temperature the activity of TiO2 in
photocatalytic reduction of CO2 is governed by adsorption-desorption factors but not by
photocatalytic ones. More particularly, we believe that the lower CO2 adsorption rate along
with the slightly higher desorption rate of organic groups (Figure 6) is the reason for the
higher stability (but not activity) of TiO2-C1000 in the photocatalytic reduction of CO2
process when conducted at room temperature.

Therefore, to reveal the photocatalytic properties of investigated samples, the pho-
tocatalytic process was conducted at 100 ◦C. At this temperature, the desorption of both
reaction intermediates and products can be partially assured. As can be seen from the
obtained results (Figure 7) all samples exhibited no significant loss in photocatalytic activity
with time on stream indicating a sufficient level of desorption of reaction products from
the surface of the photocatalyst. It is worth mentioning that the thermal effect alone has a
small effect on the rate of methanol formation rate (about 12–15% of total photocatalytic
activity) and in all calculations was accounted for. When it is applied simultaneously with
electromagnetic radiation, the synergetic effect on the photocatalytic process was observed,
as evidenced by the prominent increase in the rate of methanol formation (in comparison
to that observed at room temperature, Figure 4). Such effect was due to a higher number of
electrons having enough energy to overcome the band gap and reach the conduction gap.
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reaction time on stream at 100 ◦C.

It is generally accepted that the photocatalytic activity of anatase is superior to that
of rutile. The lower activity of rutile is usually explained in terms of bulk charge carrier
transport properties [30] as well as adsorption properties [45]. The photocatalytic mea-
surements, however, showed that a TiO2-C700 (i.e., rutile) exhibited significantly higher
activity than the pristine sample containing 88% anatase (Figure 7).

The higher activity of rutile in this process was primarily due to high efficiency in the
visible portion of the electromagnetic spectrum. The experiments performed with the use of
cutoff filters demonstrated that both TiO2-pristine and TiO2-C700 had comparable photocat-
alytic activities in the UV spectrum which were in the range of 50–65 µmol/g·h (Figure 8).
Under visible light irradiation, on the other hand, the TiO2-C700 was the only photocatalyst
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demonstrating significant levels of activity, about 20–30 µmol/g·h. The secondary factors
which probably contributed to the higher photocatalytic activity of TiO2-C700 are lower
specific surface area (better desorption of reaction products) and higher concentration
of surface hydroxyl groups which inhibit the electron-hole recombination [46]. The low
number of OH functional groups can be also the reason for the low activity of TiO2-C500,
which otherwise has properties similar to the pristine sample (Figure 7). The least active
sample among the photocatalysts was TiO2-C1000, which was characterized by the biggest
particle size and consequently the lowest specific surface area. As discussed previously,
this negatively influences the adsorption of both reagents and electromagnetic irradiation.
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3. Experimental Part
3.1. Modification of TiO2

The TiO2 powder (P-25) was obtained from a commercial supplier (Chempur, Poland).
To modify the physicochemical properties of TiO2, it was placed in an oven and calcinated
at temperatures ranging from 500 ◦C to 1000 ◦C for 4 h. Next, the calcinated TiO2 samples
were ultrasonically dispersed in distilled water for 30–45 min. The obtained suspension
was carefully filtered in a way that achieved uniform deposition of TiO2 layer on the surface
of the woven filter. The obtained TiO2/woven filter samples were then placed in the oven
and dried overnight at 100 ◦C. The resultant sample was denoted as TiO2-C(x), where x
(500, 700, or 1000) represents the calcination temperature.

3.2. Physicochemical Characterization

The specific surface area of raw and calcinated TiO2 was estimated from nitrogen
adsorption/desorption measurements at −196 ◦C using a Sorptomatic 1900 instrument
(Carlo Erba, Milan, Italy). Before measurements, powder samples were outgassed under
vacuum at 300 ◦C.

The phase composition of photocatalysts was studied with a PANalytical X’Pert Pro
MPD diffractometer (Malvern Panalytical Ltd., Malvern, UK) using a CuKα radiation
source (λ = 1.5418 Å) in 2θ range of 5–90◦. The average size of TiO2 crystallites was
calculated using the Scherrer equation while the weight fraction of TiO2 polymorphs was
estimated using reference intensity ratio (RIR) method.

The secondary ions mass spectra were recorded with a TOF-SIMS IV mass spectrom-
eter (IONTOF, Münster, Germany) equipped with a Bi liquid metal ion gun and a high
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mass resolution time of flight mass analyser. For each sample, three surface spectra were
taken from approximately 100 × 100 µm area. The number of recorded counts of selected
ions was normalized based on the value of total counts. Prior to measurement, powder
specimens were pressed into pellets.

The XPS spectra were measured using a VG ESCALAB HP photoelectron spectrometer
(Thermo Electron North America LLC, Waltham, MA, USA) with a non-monochromated
primary radiation source (MgKα line of hν = 1253.6 eV) with a power 150 W. Sample pow-
ders were pressed into pills (7 × 15 mm, 2 mm). Before the experiments, the spectrometer
binding energy (BE) scale was calibrated based on the energy position of metallic gold
Au4f7/2 (84.0 eV) and copper Cu2p3/2 (932.7 eV) lines. A titanium Ti2p3/2 line with a
maximum at a binding energy 458.6 eV was used as an internal standard [47]. To analyze
the quantitative composition of the samples and the chemical state of the elements on the
surface, the core-level spectra of the elements (Ti2p, C1, O1s) were recorded. The mea-
surement accuracy of XPS binding energy was 0.1 eV. The spectra were fitted with the
individual components using the Gauss and Lorentz functions after Shirley background
subtraction. The spectra were processed using XPS-Calc software (Thermo Electron North
America LLC, Waltham, MA, USA) tested previously on model catalytic systems [48] and
dispersed powder catalysts [49].

The diffuse reflectance spectra of the powder samples were measured using Cary
5000 UV–VIS–NIR spectrophotometer with an integrating sphere (Agilent, Santa Clara,
CA, USA) in the 200–800 nm wavelength range. Reflectance spectra were recorded with a
spectral resolution of 1 nm.

The adsorption-desorption measurements were performed using IR Tracer-100 FTIR
spectrometer (Shimadzu, Kyoto, Japan) equipped with an MCT detector. During the
experiments, the 5% CO2-95% Ar and 5% CH3OH-95% Ar mixtures were used. The gas
flow rate was 10 mL/min. The desorption rate of adsorbed methanol was calculated as
a change or area of corresponding IR peaks during the purging with an inert gas under
UV-VIS irradiation. All measurements were performed at 30 ◦C.

The surface morphology of the investigated samples was studied by HITACHI scan-
ning electron microscope (Hitachi High-Tech, Tokyo, Japan), equipped with EDS energy
dispersive spectrometer (Thermo Noran, Worona Road Madison, WI, USA).

3.3. Photocatalytic Activity Measurement

A detailed description of a photocatalytic reactor has been given elsewhere [36].
Briefly, the photocatalytic reduction of CO2 was performed in a flow reactor equipped
with a cooling jacket, a heater, and a quartz window. Two paired, high-pressure mercury
lamps (POLAMP LRF 400W) were used as a source of UV-VIS light. The area of TiO2
surface exposed to UV-vis irradiation was 10.18 cm2. For performing the photocatalytic
tests under either UV or visible light irradiation alone, special cutoff filters were applied.
The surface area exposed to the irradiation, in this case, was equal to 2.01 cm2. The process
conditions were as follows: the temperature of the semiconductors—30 and 100 ◦C; the re-
action mixture—5% vol. H2O/95% vol. CO2; and total gas flow—0.8 mL/min. The first
measurements were taken after at least 2 h on stream. The analysis of reaction products
was carried out by an on-line gas chromatograph equipped with a flame ionization detector
and a capillary HP PLOT/Q column. The yield of an organic compound was calculated
according to the following equation:

Ycompound (µmol/g·h) = Molar flow rate compound / gcatalyst × 60 (1)

4. Conclusions

The physical properties of titanium oxide, such as the surface morphology and com-
position and the adsorption of electromagnetic radiation and reaction reagents, can be
controlled to some extent by varying the temperature of the calcination process. The in-
crease in calcination temperature resulted in an increase in particle size (decrease of specific
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surface area), a higher concentration of surface hydroxyls, and a lower band-gap energy
(at 700 ◦C due to anatase–rutile phase transformation). The activity of TiO2 samples in the
process of photocatalytic reduction of CO2 at room temperature was found to be dependent
primarily on the rate of desorption of reaction products from the surface of TiO2. The sam-
ples with a high specific surface area (above 16 m2/g) easily underwent deactivation with
time on stream due to the accumulation of reaction products, while the sample with a
low specific area (4 m2/g) demonstrated relatively stable photocatalytic activity over the
5 h. On the other hand, when the process was performed at 100 ◦C (the adsorption factor
is partially suppressed) the low specific surface was found to be negatively impacting
the photocatalytic activity of the investigated samples. The most important factor, un-
der such conditions, was improved utilization of visible light irradiation. This was the
main reason for the enhanced photocatalytic activity of rutile in comparison to that of
anatase/rutile mixture. To summarize, one of the most essential factors that should be
considered while developing highly active photocatalysts for gas-phase reduction of carbon
dioxide is finding the optimal trade-off between its adsorption and desorption properties.
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