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Abstract: Strontium titanates were prepared with different morphologies by varying the ratio of
solvents used during the synthesis. The effects of morphology and solvent (ethylene glycol to water)
ratio were investigated both on the structure and photocatalytic activity of the samples. Structural
properties were determined by X-ray diffraction, scanning electron microscopy, diffuse reflectance
spectroscopy, and nitrogen adsorption measurements. The photocatalytic activity of the samples was
evaluated by the photocatalytic oxidation of phenol and by the photocatalytic reduction of carbon
dioxide. The ratio of solvents notably influenced the morphology, strontium carbonate content,
primary crystallite size, and specific surface area of the samples. Samples prepared at low ethylene
glycol to water ratios were spherical, while the ones prepared at high ethylene glycol to water ratios
could be characterized predominantly by lamellar morphology. The former samples were found to
have the highest efficiency for phenol degradation, while the sample with the most well-defined
lamellar morphology proved to be the best for CO2 reduction.

Keywords: strontium titanate; morphology; water treatment; phenol; CO2 reduction; photocatalysis

1. Introduction

For photocatalytic applications, strontium titanate (SrTiO3) can have numerous bene-
fits in comparison with conventional binary oxides such as TiO2. The conduction band edge
of the former is approximately 200 mV more negative than that of the latter [1], making
it more suitable for photocatalytic reduction. Strontium ions in SrTiO3 can facilitate the
formation of superoxide radicals and inhibit the recombination of photogenerated charge
carriers which is conducive for photocatalytic oxidation [2]. Many attempts have been
made to increase the photocatalytic activity of SrTiO3 photocatalysts via methods such as
doping [3–6], metal deposition [7–10], and morphological modifications [9–12].

Morphological modifications include changing properties such as the size, specific
surface area (SSA), shape, and porosity of photocatalysts [1], all of which can influence pho-
tocatalytic activity. For example, small primary crystallite sizes usually result in large SSAs,
more accessible crystallographic planes, and reduced recombination of charge carriers in
the bulk [13]. Certain crystallographic planes within the same material can be photocatalyt-
ically more active than others. For instance, Chen et al. found that for BiVO4, the sample
possessing the highest relative intensity ratio of the (040) and (−121) crystallographic planes
proved to be the best for the degradation of methylene blue [14]. Kedves et al. found that
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the photocatalytic activity of α-MoO3 increased with increasing (040) facet ratio compared
with that of the (110) or (021) facets [15]. Bárdos et al. reported that the dominance of the
(102) crystallographic plane in BiOCl materials resulted in a redshift in the band gap energy,
thus, influencing photocatalytic activity [16]. Moreover, the preparation of shape-controlled
nanocrystals is a frequently applied approach to enhance photocatalytic activity. Balázs
et al. highlighted that in heterogeneous catalytic processes, catalytic activity and the density
of catalytically active sites are influenced by crystal faces, thus, by the shape of catalyst
crystals [17]. They reported that samples containing predominantly polyhedral crystals
possessed superior photocatalytic activity for phenol degradation compared with that
of samples containing spherical crystals. Conversely, when Wahi et al. investigated the
photocatalytic activity of nanospheres and nanorods for Congo red decomposition, they
found that nanospheres (nanodots) had better photoactivity [18]. They attributed the poor
photoactivity of nanorods to the non-dissociative adsorption of water to shapes with such
morphology, resulting in hindered •OH generation. Xu et al. prepared needle-, cube-,
granule-, and plate-like crystals and investigated the effect of morphology on the photoac-
tivity for methyl orange degradation [19]. They found that needle-shaped photocatalysts
had the best photocatalytic activity and attributed this to their highest SSA. Xiang et al.
compared the effect of various spherical morphologies (spheres, hollow spheres, porous
spheres, urchin-like spheres) on the photocatalytic activity in their review [20]. They high-
lighted porous spheres to be highly efficient due to the pores serving as a light-transfer
path, enabling the incident photon flux to reach the interior surface and more light waves
to be captured. On a similar note, in our earlier publication, we found TiO2 hollow spheres
to be highly efficient for the degradation of phenol [21]. We attributed this to the better
utilization of incident light waves due to them constructively interfering with each other.
As for SrTiO3-based photocatalysts, there are many publications in the literature where
they have been synthesized in cubic [12,22–24], spherical [9,11], star/flower-like [9], and
urchin-like [7,9] shapes. In publications where photocatalytic degradation efficiency was
investigated, organic dyes were used as pollutants in most cases [3,4,7,11,12,24].

In this study, SrTiO3 photocatalysts were fabricated with different morphologies. The
influence of morphology on photocatalytic activity was investigated in detail. To the best
of our knowledge, the number of publications systematically investigating the dependence
of photooxidation activity on morphology is scarce, especially for pollutants other than
organic dyes. Consequently, phenol was used in this paper to study the photooxidation
activity of SrTiO3 photocatalysts. Their photoreduction activity was also investigated in
relation to morphology via the photocatalytic reduction of CO2.

2. Results and Discussion
2.1. Characterization
2.1.1. XRD, N2 Adsorption, and DRS Measurements

The X-ray diffraction (XRD) patterns at 22.7◦, 32.3◦, 39.9◦, 46.5◦, 57.7◦, and 67.7◦

2θ degrees (Figure 1) were attributed to the (100), (110), (111), (200), (211), and (220)
crystallographic planes of SrTiO3 (JCPDS 35-0734), respectively [25]. The reflections at
25.1◦, 25.7◦, 29.1◦, 36.5◦, and 44.1◦ could be ascribed to the (111), (021), (002), (130), and
(132) crystallographic planes of SrCO3 (JCPDS 05-0418), respectively [26]. In the following
paragraphs, we investigated those structural features that can influence the photocatalytic
activity according to the literature.

First, we investigated the effect of ethylene glycol to water (EG:H2O) ratio on the
primary crystallite size of the samples. The numbers in each sample name correspond to
the ratio of EG to H2O. The intensity of the XRD patterns decreased with increasing EG:H2O
ratios indicating that the crystallinities and primary crystallite sizes were decreased. The
latter was calculated using the Scherrer equation and the results are summarized in Table 1.
EG notably inhibited the growth of crystals until reaching the EG:H2O ratio of 2:1; however,
above this ratio only small changes were observed. Based on the publication of Xu et al.
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lower EG:H2O ratio (i.e., higher water content) can facilitate nucleation, but the adsorption
of EG inhibits the growth of crystal seeds at the same time [27].
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Figure 1. XRD patterns of SrTiO3 photocatalysts prepared at various EG:H2O ratios.

Table 1. Dependence of structural properties, optical properties, photocatalytic activity, and methane
production on the EG:H2O ratios applied during the synthesis of SrTiO3 photocatalysts.

Sample
Name

Size
(nm)

Specific
Surface Area

(m2·g−1)

SrCO3
Content

(%)
I(111)/(110)

Band
Gap
(eV)

r0,phenol
(10−9

M·s−1)

TORs,phenol

(µmol/m2/h)

r0,CO2
(10−11

mol·s−1)

TORs,CO2

(µmol/m2/h)

CH4
Selectivity

(%)

SrTiO3_0.25 30.6 26 1.23 0.22 3.29 1.46 2.0 × 10–2 9.35 1.3 × 10−2 1.99
SrTiO3_0.5 32.9 14 0.29 0.21 3.28 1.34 3.5 × 10–2 7.66 2.0 × 10−2 3.99
SrTiO3_1 17.2 55 0.18 0.24 3.34 0.99 6.5 × 10–3 10.17 6.7 × 10−3 3.52
SrTiO3_2 8.4 146 3.53 0.27 3.33 1.01 2.5 × 10–3 8.49 2.1 × 10−3 4.76
SrTiO3_4 9.8 123 4.62 0.25 3.34 1.20 3.5 × 10–3 8.86 2.6 × 10−3 4.64
SrTiO3_8 10.5 117 10.94 0.26 3.36 1.20 3.7 × 10–3 9.97 3.1 × 10−3 3.72

Second, we investigated the changes in the intensity ratios of the (111) and (110)
crystallographic planes (I(111)/(110)). Based on the publication of Zhao et al., the presence
of the former has a beneficial effect on the photocatalytic activity [28]. With the increase
of the EG:H2O ratio, the ratio of this crystallographic plane also increased predominantly
(Table 1).

Third, we investigated the SSA of the samples via N2 adsorption using the Brunauer–
Emmett–Teller (BET) method. Similar to our findings on primary crystallite size vs solvent
ratio, no regular trend was observed in the change of SSAs (Table 1). However, it can be
ascertained that small EG:H2O ratios predominantly resulted in large primary crystallite
sizes and small SSAs, and vice versa. Consequently, the results of the N2 adsorption
measurements and Scherrer calculations were in good accordance with each other: with
increasing particle sizes the SSAs decreased.

Fourth, we investigated the dependence of SrCO3 content on the EG:H2O ratio. It was
established that with increasing EG:H2O ratio, SrCO3 content predominantly increased as
well (Table 1). The increase of SSA with EG:H2O ratio was deduced to be responsible for
this finding. The appearance of SrCO3 in the samples can be ascribed to the presence of
CO2 in the air [1]. This causes the appearance of CO3

2– ions in the synthesis mixture which
can react with Sr2+ ions, resulting in SrCO3 [24]. Another source of CO3

2– ions could be the
NaOH used during the synthesis. NaOH contains a small amount of Na2CO3 impurity,
and it can easily capture CO2 from the air. The presence of SrCO3 can be beneficial for
the photocatalytic activity [29,30]. It can enhance the separation of photogenerated charge
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carriers since the valence band of SrCO3 can accept electrons from the valence band of
SrTiO3 [31].

Fifth, the diffuse reflectance spectra (DRS) of the samples were recorded and consid-
ered. The results were shown by plotting both the absorbance (Figure 2a) and the first
order derivative of reflectance values (Figure 2b) as a function of wavelength. The band
gaps were between 3.28 and 3.36 eV, which are reasonably close to the most frequently
reported value of 3.2 eV [1]. However, based on the first derivative spectra, another set
of electron transition bands were also observed varying between 3.62 and 3.8 eV values.
Based on the literature, these can also be attributed to SrTiO3 in the form of thin films [32]
or single crystals [33]. However, considering that NaOH was used during the synthesis
of the samples, the formation of Na2TiO3 is also probable. This assumption is supported
both by our previous publication [34] and by the publication of Bastida et al. [35]. In both
studies, the formation of Na2TiO3 was observed in the same region as in the present work.
In summary, the samples prepared in this work had very similar band gaps; thus, variations
in their photocatalytic activities, presumably, will not be attributable to these differences.

Catalysts 2022, 12, x FOR PEER REVIEW 4 of 12 
 

 

Fourth, we investigated the dependence of SrCO3 content on the EG:H2O ratio. It was 

established that with increasing EG:H2O ratio, SrCO3 content predominantly increased as 

well (Table 1). The increase of SSA with EG:H2O ratio was deduced to be responsible for 

this finding. The appearance of SrCO3 in the samples can be ascribed to the presence of 

CO2 in the air [1]. This causes the appearance of CO32– ions in the synthesis mixture which 

can react with Sr2+ ions, resulting in SrCO3 [24]. Another source of CO32– ions could be the 

NaOH used during the synthesis. NaOH contains a small amount of Na2CO3 impurity, 

and it can easily capture CO2 from the air. The presence of SrCO3 can be beneficial for the 

photocatalytic activity [29,30]. It can enhance the separation of photogenerated charge car-

riers since the valence band of SrCO3 can accept electrons from the valence band of SrTiO3 

[31]. 

Fifth, the diffuse reflectance spectra (DRS) of the samples were recorded and consid-

ered. The results were shown by plotting both the absorbance (Figure 2a) and the first 

order derivative of reflectance values (Figure 2b) as a function of wavelength. The band 

gaps were between 3.28 and 3.36 eV, which are reasonably close to the most frequently 

reported value of 3.2 eV [1]. However, based on the first derivative spectra, another set of 

electron transition bands were also observed varying between 3.62 and 3.8 eV values. 

Based on the literature, these can also be attributed to SrTiO3 in the form of thin films [32] 

or single crystals [33]. However, considering that NaOH was used during the synthesis of 

the samples, the formation of Na2TiO3 is also probable. This assumption is supported both 

by our previous publication [34] and by the publication of Bastida et al. [35]. In both stud-

ies, the formation of Na2TiO3 was observed in the same region as in the present work. In 

summary, the samples prepared in this work had very similar band gaps; thus, variations 

in their photocatalytic activities, presumably, will not be attributable to these differences. 

 

Figure 2. DR (a) absorbance and (b) first order derivative spectra of SrTiO3 photocatalysts prepared 

at various EG:H2O ratios. 

2.1.2. SEM Measurements 

The results of scanning electron microscopy (SEM) measurements are shown in Fig-

ure 3. SrTiO3_0.25 (Figure 3a) and SrTiO3_0.5 (Figure 3b) had spherical morphology (with 

average diameters of ~186 and 871 nm, respectively). It is well known that the shape of a 

sphere has the lowest possible surface area to volume ratio. This fact is in good accordance 

with our findings, as these two samples had the lowest SSA values and, accordingly, the 

highest surface-normalized photocatalytic activities (Section 2.2, Table 1). SrTiO3_1 (Fig-

ure 3c) had rather well-defined lamellar morphology (denoted as “star-like” morphology 

by Zhou et al. [9]). So far, these results were in good accordance with their publication. In 

contrast, SrTiO3_2, SrTiO3_4, and SrTiO3_8 (Figure 3d–f, respectively) could not be char-

acterized with well-defined morphologies. However, generally, increasing the EG:H2O 

ratio during the synthesis resulted in the formation of lamellar morphology (well observ-

able for SrTiO3_1 and SrTiO3_4 in particular), but the trend was not regular. It is known 

that EG can inhibit crystal growth, because it can adsorb on the surface of particles, thus, 

blocking possible growth directions. Moreover, EG can stabilize the newly formed crystals 

0

0.2

0.4

0.6

0.8

1

300 350 400 450 500 550 600 650 700 750 800

A
b

so
rb

a
n

ce

Wavelength (nm)

SrTiO₃_0.25

SrTiO₃_0.5

SrTiO₃_1

SrTiO₃_2

SrTiO₃_4

SrTiO₃_8

a

300 350 400 450

d
R

/d
λ

(a
.u

.)

Wavelength (nm)

SrTiO₃_0.25

SrTiO₃_0.5

SrTiO₃_1

SrTiO₃_2

SrTiO₃_4

SrTiO₃_8

b

Figure 2. DR (a) absorbance and (b) first order derivative spectra of SrTiO3 photocatalysts prepared
at various EG:H2O ratios.

2.1.2. SEM Measurements

The results of scanning electron microscopy (SEM) measurements are shown in
Figure 3. SrTiO3_0.25 (Figure 3a) and SrTiO3_0.5 (Figure 3b) had spherical morphology
(with average diameters of ~186 and 871 nm, respectively). It is well known that the
shape of a sphere has the lowest possible surface area to volume ratio. This fact is in
good accordance with our findings, as these two samples had the lowest SSA values and,
accordingly, the highest surface-normalized photocatalytic activities (Section 2.2, Table 1).
SrTiO3_1 (Figure 3c) had rather well-defined lamellar morphology (denoted as “star-like”
morphology by Zhou et al. [9]). So far, these results were in good accordance with their
publication. In contrast, SrTiO3_2, SrTiO3_4, and SrTiO3_8 (Figure 3d–f, respectively) could
not be characterized with well-defined morphologies. However, generally, increasing the
EG:H2O ratio during the synthesis resulted in the formation of lamellar morphology (well
observable for SrTiO3_1 and SrTiO3_4 in particular), but the trend was not regular. It is
known that EG can inhibit crystal growth, because it can adsorb on the surface of particles,
thus, blocking possible growth directions. Moreover, EG can stabilize the newly formed
crystals as well [36]. Consequently, EG can take a significant part in tailoring the mor-
phology of crystals, as it was observed in our case as well. Zhou et al. also attributed the
formation of various morphologies to the presence of EG [9]. They reported that a film was
formed on the surface of SrTiO3 nanoparticles due to hydrogen bonding and hydrophobic
interactions. This influenced crystal growth, resulting in various morphologies.
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2.2. Photocatalytic Activity Measurements
2.2.1. Photocatalytic Oxidation of Phenol

The photocatalytic activity of the samples was evaluated via the photocatalytic oxida-
tion of phenol, and the results are summarized in Figure 4 and Table 1. The changes in the
concentration of phenol measured at the beginning and end of the adsorption/desorption
equilibrium tests were below 1%. This was within the range of error of our high-performance
liquid chromatograph (HPLC). To ensure the reliability of results, the tests were carried
out for SrTiO3_0.5 two additional times and the difference in conversion values were less
than 0.55% (Figure S1). In the absence of photocatalysts (“Blank”), no degradation oc-
curred. Commercial reference SrTiO3 (“SrTiO3_ref”) degraded only a negligible amount
of phenol (conversion: ~1.5%). Our samples proved to be significantly better (conversion:
~12–15%); however, the differences in conversion values were less than 3.5%. Hence, to
better evaluate the results, initial degradation rates and surface normalized turnover rates
(TORs) were calculated. These values were summarized and collated with the properties,
mentioned above, that influence photocatalytic activity (i.e., SSA, SrCO3 content, EG:H2O
ratio, I(111)/(110)/morphology).

It was found that spherical SrTiO3_0.25 and SrTiO3_0.5 had both the best absolute
and surface normalized photocatalytic activities. Since the degradation of phenol is a
radical-mediated process, the SSAs did not have a major effect on the conversion values,
as expected. Based on the publication of Fodor et al., commercial Sigma Aldrich anatase
and Aeroxide P25 titania have comparable photocatalytic activities for phenol degradation
despite the notable difference in their SSAs [37]. For the fact that SSA did not notably
influence photocatalytic activity, another explanation could be the following: after the
excitation of semiconductors, the charge carriers formed as a result (electron–hole pairs)
can be separated by interparticle charge transfer, as the electrons move within the bulk
crystal. The larger the particles, the higher the number is of those electrons that can travel
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across the bulk of the material [38]. This can result in enhanced charge separation (a
phenomenon which is exploited in the fabrication of photoanodes [39]) and, as such, en-
hanced photoactivity. There were notable differences in the SrCO3 content of the samples,
yet this property did not affect their photocatalytic activity. This was rather unexpected
since, based on the literature, the presence of SrCO3 is usually beneficial for both photocat-
alytic oxidation [31,40] and photocatalytic CO2 reduction [29,30]. Last, with the increase
of EG:H2O ratio, the dominance of the (111) crystallographic plane increased, but both
the absolute and surface normalized photocatalytic activities decreased predominantly,
contrary to expectations.
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Figure 4. Degradation curves of phenol for SrTiO3 photocatalysts prepared at various EG:H2O ratios.

2.2.2. Photocatalytic Reduction of CO2

The photocatalytic activity of the samples was evaluated via the photocatalytic reduc-
tion of CO2 as well, and the results are summarized in Figure 5 and Table 1. Same as for
phenol, the reliability of results was checked via carrying out the tests for SrTiO3_0.5 two
additional times, and the difference in conversion values were less than 0.2% (Figure S2).
No conversion occurred in the absence of photocatalysts, as was the case for phenol. A
conversion of ~13% was observed for SrTiO3_ref, which was poorer than that for any of
our own samples. The differences in conversion values were rather small once again (less
than 2.8%); therefore, the same steps were taken as in Section 2.2.1. It was found that
SrTiO3_1 and SrTiO3_8 had the best absolute photocatalytic activity; however, SrTiO3_0.25
and SrTiO3_0.5 still had the best surface normalized photoactivity due to their low SSAs.

Based on all of these results, it was ascertained that the parameters associated with
morphology (and SrCO3 content) did not significantly influence photocatalytic activity for
these materials in these reactions. Thus, it was deduced that all of the crystallographic
planes must be accessible to the formation of charge carriers. It is also worth highlighting
that SrTiO3_1 had the best absolute photocatalytic activity and the most well-defined
lamellar morphology. If we only consider the samples prepared at higher EG:H2O ratios
(i.e., SrTiO3_1, SrTiO3_2, SrTiO3_4, SrTiO3_8) possessing lamellar morphology then, out of
these samples, SrTiO3_1 possessed the highest surface normalized photocatalytic activity as
well. Thus, the possible effects of lamellar morphology were investigated more thoroughly.
Nakagava et al. found lamellar titanate nanosheets to be significantly more efficient for
Rhodamine B degradation than commercial reference P25 TiO2 [41]. They attributed this
difference to the finding that lamellar structures could adsorb cationic organic compounds
better through cation exchange. They also highlighted that this morphology enables
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the intercalation of water molecules via hydrogen bonding, facilitating the separation
of electron–hole pairs, leading to better photoactivity. Yao et al. prepared lamellar β-
In2S3 photocatalysts and investigated their efficiency for methyl orange degradation in
comparison with non-lamellar β-In2S3 [42]. The sample possessing the most well-defined
lamellar morphology proved to be the best, and the authors attributed this to its highest
SSA. Chen et al. prepared a series of BiVO4 photocatalysts using EG and H2O as solvents,
and investigated the effect of solvent ratio on the properties of the samples [14]. They found
the solvent ratio to influence numerous properties of the photocatalysts, similar to our
findings in the present paper: intensity ratios of crystallographic planes, band gap values,
morphology, and photocatalytic activity. As in our case, solvent ratio did not significantly
influence band gap values; however, it had a profound effect on the morphology. They
found that the sample possessing lamellar morphology and the highest I(040)/(–121) ratio
to be the most efficient for methylene blue degradation in comparison with samples with
other morphologies. They attributed this to the lowest band gap and the more efficient
separation of electron–hole pairs. Similar to the findings in these publications, in the present
paper the sample with the most well-defined lamellar morphology (SrTiO3_1) had the
best photocatalytic activity for CO2 conversion This could be due to SrTiO3_1 having an
extended electron transition band at 335–350 nm, which is absent from the other samples.
This can result in the better excitation of SrTiO3_1 in this wavelength interval.
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Figure 5. Photocatalytic conversion of CO2 with SrTiO3 photocatalysts prepared at various EG:H2O ratios.

During the photocatalytic reduction of CO2 (in the presence of H2), two products were
identified: predominantly, carbon monoxide was produced, but the formation of 1.99–4.76%
methane was also observed (Table 1). After comparing the CH4 selectivities and surface
normalized CO2 conversion rates it was found that, in most cases, with the increase of the
former, the latter decreased. This may indicate that the formation of methane takes place
in multiple steps, or that more charge carriers are required for this process than for the
conversion of CO2 to CO. The latter assumption is supported by the following chemical
equations [43]:

CO2 + 8H+ + 8e− → CH4 + 2H2O

CO2 + 2H+ + 2e− → CO + H2O

Finally, photocatalytic activity results of the present study were compared with other
ones from the literature for reference, which were summarized in Table S1.
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3. Materials and Methods
3.1. Materials

Strontium nitrate (Molar Chemicals, Halásztelek, Hungary; 98.5%) and titanium (IV)
butoxide (Sigma-Aldrich, Schnelldorf, Germany; reagent grade, 97%) were used as SrTiO3
precursors. Ethylene glycol (VWR Chemicals, Debrecen, Hungary; Reag. Ph. Eur.) and
ultrapure Millipore Milli-Q water (Budapest, Hungary) were used as solvents. Sodium
hydroxide (Molar Chemicals, Halásztelek, Hungary; >97%) was used to set an alkaline
environment. Ethanol (Molar Chemicals, Halásztelek, Hungary; absolute ethanol) and
Milli-Q water were used to purify the samples via centrifugation. Phenol (Spektrum 3D,
Debrecen, Hungary; analytical grade) and a gas mixture of CO2:H2 = 1:2 ratio were used
for the photocatalytic activity measurements. Commercial SrTiO3 (Alfa Aesar, Kandel,
Germany; 99%) was used as a reference photocatalyst.

3.2. Synthesis

The synthesis procedure was based on the publication of Zhou et al. [9]. SrTiO3
photocatalysts with different morphologies were synthesized solvothermally by varying
the volume ratios of the solvents (Table 2). Accordingly, titanium (IV) butoxide was added
to EG under vigorous magnetic stirring. After 10 min, 5 M sodium hydroxide solution was
added, which was followed by the dropwise addition of 0.5 M strontium nitrate solution.
The mixture was stirred for 1 h, transferred to a Teflon®-lined stainless steel autoclave
(Toption, Xi’an, China; Vtotal = 150 mL), and heat treated at 180 ◦C for 24 h. Then, it was
allowed to cool down to room temperature. After collecting the samples, we purified
them by centrifugation in four cycles (two times with absolute ethanol and two times with
Milli-Q water for 5 min per cycle at 4400 rpm). Finally, the samples were dried overnight
and ground in an agate mortar. The names of the samples and the volumes of the reactants
used during the synthesis are summarized in Table 2.

Table 2. Volumes of reactants and EG:H2O ratios applied during the synthesis of SrTiO3 photocatalysts.

Sample Name EG (mL) Ti(IV) Butoxide (mL) NaOH (mL) Sr(NO3)2 (mL) H2O (mL) EG:H2O Ratio

SrTiO3_0.25 18.3 8.3 24.5 48.9 73.4 0.25
SrTiO3_0.5 30.0 6.8 20.0 40.0 60.0 0.5
SrTiO3_1 47.1 5.3 15.7 31.4 47.1 1.0
SrTiO3_2 63.0 3.6 10.5 21.0 31.5 2.0
SrTiO3_4 78.0 2.2 6.5 13.0 19.5 4.0
SrTiO3_8 87.6 1.2 3.7 7.3 11.0 8.0

3.3. Characterization Methods and Instrumentation

To determine the crystalline composition of the samples, we carried out XRD mea-
surements with a Rigaku Miniflex II diffractometer (Rigaku, Neu-Isenburg, Germany)
using the following parameters: λCu Kα = 0.15406 nm, 30 mA and 40 kV, 20–70 (2θ◦) re-
gion. SrCO3 content of the samples was calculated by dividing the peak area of the most
intense diffraction corresponding to SrCO3 by the peak area of the most intense diffraction
corresponding to SrTiO3. To investigate the morphology of the samples, we took SEM
measurements with a Hitachi S-4700 Type II microscope (Hitachi, Tokyo, Japan) applying
10 kV acceleration voltage. To calculate the SSA of the samples, we performed nitrogen
adsorption measurements with a BELCAT-A device (Microtrac MRB, Osaka, Japan) and
used the BET method. To investigate optical properties, we recorded the DR spectra of
the samples with a Jasco-V650 spectrophotometer (Jasco, Tokyo, Japan) equipped with an
ILV-724-type integration sphere. The band gap energies were calculated from the first order
derivative spectra of the samples.
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3.4. Photocatalytic Activity Measurements

The photooxidation activity of the samples was evaluated by using phenol as a pol-
lutant (c = 0.1 mM). The catalysts (m = 100 mg) were put in beakers and suspended in
100 mL of phenol-containing water. The photocatalyst suspensions were stirred in the dark
for 30 min to reach adsorption/desorption equilibrium. The samples were excited with
three UV fluorescent tubes (Lighttech, Dunakeszi, Hungary; UV-A, λmax = 355 nm, 40 W)
that were placed above the beakers (irradiation height = 15 cm). During these 4-hour-long
measurements, constant magnetic stirring was provided. The concentration of phenol was
measured with a high-performance liquid chromatograph (HPLC). The device applied was
an Agilent 1290 Infinity II (Santa Clara, CA, USA) that consisted of a binary pump and a
diode array detector (λdetection = 210 nm). A Poroshell 120 C18 column was used as the
stationary phase, containing particles with a diameter of 2.7 µm. As eluent, an 80:20 (v/v)
mixture of methanol and water was used with a flow rate of 1 mL·min–1.

The photoreduction activity of the samples was investigated via the photocatalytic
hydrogenation of CO2. For this purpose, a flow microreactor was assembled that consisted
of an inner (dinner = 6.4 cm, h = 25 cm) and an outer glass cylinder (dinner = 10.2 cm,
h = 25 cm). The smaller glass cylinder contained a 500 W mercury vapor lamp (Heraeus
Noblelight TQ 718, Hanau, Germany; λmax = 254 nm) as a light source that was operated
under constant water cooling. First, 250 mg of catalyst was suspended in 10 mL of absolute
ethanol via ultrasonication, which was then immobilized on the outer surface of the smaller
glass cylinder. Second, the inner cylinder was heated to 250 ◦C, with a heating rod, while
various gases were introduced into the space between the cylinders (Ar for 20 min, O2 for
30 min, Ar for 10 min, and H2 for 60 min in this order) to pretreat the immobilized catalysts.
Third, the gas mixture containing CO2:H2 at a ratio of 1:2 was introduced into the space
between the cylinders with an Aalborg mass flow controller (Hazel Park, MI, USA). A pump
was used to recirculate the fixed amount of CO2/H2 gas mixture between the reactor and
gas chromatograph (GC). During the measurements, a constant (room) temperature was set
by recirculating cooling water through the system. Fourth, the products were introduced
into a HP 5890 Series II GC for analysis. The separation of the reactants and products was
carried out via a 2-meter-long (d = 0.635 cm) capillary column packed with a Porapak
QS polymer (Bellefonte, PA, USA). The gases were detected with a thermal conductivity
detector and a flame ionization detector.

Photocatalytic activity data was expressed as surface normalized turnover rate (TORs),
as well for better comparability based on the publication of Wachs et al. [44].

4. Conclusions

SrTiO3 photocatalysts with different morphologies were successfully prepared by
varying the EG:H2O ratio applied during the synthesis. Primary crystallite sizes increased
with the EG content until the 2:1 ratio, then no significant change occurred. SrCO3 content
and the dominance of the (111) crystallographic plane increased with increasing EG content
in most cases. Overall, small EG:H2O ratios predominantly resulted in large primary
crystallite sizes, small SSAs, and spherical morphology, while large EG:H2O ratios resulted
in small primary crystallite sizes, high SSAs, and predominantly lamellar morphology.

The samples prepared in this work proved to be significantly better both for phenol
degradation and CO2 conversion than commercial reference SrTiO3. The SrCO3 content
of the samples did not notably affect their photoactivity. Their SSAs did not significantly
influence phenol degradation efficiency since it is a radical-mediated process. As the
dominance of the (111) crystallographic plane increased, the rate of phenol degradation
decreased. The SrTiO3 sample possessing the most well-defined lamellar morphology
was found to be the best for CO2 conversion (both in terms of absolute and relative
photoactivity). This was mainly attributed to this sample having an extended electron
transition band at 335–350 nm that could result in its better excitability in this wavelength
interval. CO was the main product of CO2 reduction, but methane was also generated to
a lesser extent (1.99–4.76%). With the increase of CH4 selectivity, the surface normalized
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CO2 conversion rates decreased. This finding was attributed to the different number of
electrons required to convert CO2 either to CO or to CH4.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12050523/s1, Figure S1: Degradation curves of phenol
repeated two times using SrTiO3_0.5, Figure S2: Photocatalytic conversion of CO2 repeated two times
using SrTiO3_0.5. Table S1: Comparison of photocatalytic activity results of the present study with
other ones from the literature [44–49].
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