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Abstract: Synthesis and characterization of spherulite-like nanocrystalline titania with rutile structure
(r-TiO2) are described herein. The r-TiO2 particles were synthesized via the convenient and low-cost
hydrothermal treatment of TiO(C6H6O7) titanyl citrate. The r-TiO2 spherulites are micron-sized
agglomerates of rod-shaped nanocrystals with characteristic sizes of 7(±2) × 43(±10) nm, oriented
along (101) crystallographic direction, and separated by micropores, as revealed by SEM and TEM.
PXRD and Raman spectroscopy confirmed the nanocrystalline nature of r-TiO2 crystallites. BET
analysis showed a high specific surface area of 102.6 m2/g and a pore volume of 6.22 mm3/g.
Photocatalytic performances of the r-TiO2 spherulites were investigated for the processes of methyl
violet (MV) degradation in water and hydrogen evolution reaction (HER) in aqueous solutions of
ethanol. The (MV) degradation kinetics was found to be first-order and the degradation rate coefficient
is 2.38 × 10−2 min−1. The HER was performed using pure r-TiO2 spherulites and nanocomposite
r-TiO2 spherulites with platinum deposited on the surface (r-TiO2/Pt). It was discovered that the
r-TiO2/Pt nanocomposite has a 15-fold higher hydrogen evolution rate than pure r-TiO2; their rates
are 161 and 11 nmol/min, respectively. Thus, the facile synthesis route and the high photocatalytic
performances of the obtained nanomaterials make them promising for commercial use in such
photocatalytic processes as organic contamination degradation and hydrogen evolution.

Keywords: titania; rutile; spherulites; hydrothermal synthesis; photocatalysis; hydrogen evolution
reaction; methyl violet degradation

1. Introduction

With the development of technology and industry, a tendency toward fossil fuel
consumption is steadily observed. Moreover, the world is faced with pollutants caused by
toxic and harmful substance emissions, manufacturing waste, and a scarcity of resources
for renewable energy [1–3].

Nowadays, to reduce environmental pollution, photocatalysts effective for green
chemistry are being sought. The photocatalysts should meet demands to absorb visible
light and generate free radicals on their surface under photoexcitation in order to completely
decompose toxic substances into neutral ones. Solar energy is an important renewable
energy source, for now, that may be easily converted to electrical and chemical energy.
Thus, cutting-edge technologies using solar power should be rapidly developed to address
energy and environmental challenges. One of the best candidates for these challenges is
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titanium dioxide (TiO2), which has received great attention due to its potential application
in various fields [1–10]. The popularity of TiO2 is primarily associated with the diversity of
the functional properties that are provided by a variety of crystal structures, morphology,
and size [11–18]. TiO2 has a set of unique characteristics that allow it to occupy a special
place among transition metal oxides due to its high stability, chemical inertness, corrosion
resistance, good biocompatibility, low toxicity, and low cost. The ability of titanium dioxide
to generate effective electron–hole pairs under solar irradiation, in particular, broadens its
applications as a photocatalyst for water photolysis, CO2 conversion, hydrogen production,
contaminate decomposition, and other potentially green energy-saving technologies.

In this regard, anatase is the most known and widely used polymorphic modification
of titania due to the highest value of the band gap (3.2 eV) compared to the other modi-
fications [4]. Anatase, on the other hand, is known to belong to metastable polymorphic
modifications, whereas rutile is the only thermodynamically stable structure modifica-
tion [19], with a band gap of 3.0 eV for bulk samples [4]. Recently, it has been shown
that nano-sized rutile may compete with anatase as a photocatalytic material [20]. In light
of this, new approaches to synthesizing nanosized rutile and improving its functional
properties have begun to emerge.

In a previous study [21], the facile route to synthesize nanocrystalline rutile with
the complicated morphology of agglomerated rod-like rutile nanocrystals in the shape of
micron-sized spherulite particles (r-TiO2) was proposed. It was shown that the spherulite-
like rutile particles possess high electrocatalytic activity, which has motivated the further
study of the properties of the spherulite rutile particles. The aim of the present study is
the synthesis of an effective photocatalyst for green chemistry, possessing a high specific
surface and generating free radicals on its surface under photoexcitation for the complete
decomposition of harmful substances into non-toxic ones, and hydrogen evolution reaction.
For this purpose, a thorough characterization of the spherulite-like rutile particles was
carried out. The photocatalytic activity of the r-TiO2 particles was evaluated for the model
reaction of methyl violet (MV) degradation and hydrogen evolution reaction (HER). The
nanocomposite photocatalyst based on the spherulite-like rutile particles with platinum
deposited on their surface (r-TiO2/Pt) was obtained and tested for photocatalytic activity
in the HER.

2. Results and Discussion

The PXRD pattern of the sample obtained by hydrothermal treatment of titanyl citrate
is shown in Figure 1a. According to the phase analysis, the obtained sample is crystalline
TiO2 with a rutile structure (r-TiO2) (sp.gr. P42/mnm). The general analysis of the shape of
the PXRD pattern showed that there is a distinctive broadening of the peaks, which argues
for the nanosized nature of the obtained r-TiO2 crystals. Moreover, as one can see from
Figure 1a, there is a varying broadening of peaks corresponding to different crystallographic
directions, which may be evidence for the morphology anisotropy of the crystallites. The
Scherrer equation was used to calculate the average crystallite size along crystallographic
directions, which were conditionally referred to two groups with noticeably different
broadening: 1—(110), (211), and (112); 2—(101), (111), and (002), yielding noticeably
different average values of 5 ± 1 nm for the first group and 15 ± 2 nm for the second,
confirming the nanosized nature of the r-TiO2. Despite the signs of asymmetric morphology
of the r-TiO2 nanocrystals, the effects caused by the texture of the crystals along any certain
direction were not found. That may both be due to the disordered arrangement of the
r-TiO2 nanocrystals in the studied powder or due to a more complex type of their ordering
compared to the texture along one direction. This question was illuminated by the results
of the SEM and TEM investigations described below.



Catalysts 2022, 12, 1546 3 of 13Catalysts 2022, 12, x FOR PEER REVIEW  3  of  13 
 

 

 

Figure 1. PXRD pattern of the rutile TiO2 nanocrystals, theoretical XRD pattern of rutile reference 

from ICSD (# 202241)—(a), Raman spectra of the r‐TiO2 nanocrystals synthesized in present work 

and bulk rutile TiO2 from RRUFF database (R110109)—(b). * Scattering bands found in nanosized 

rutile   

In the Raman spectrum of the rutile nanoparticles shown in Figure 1b one can see six 

peaks at about 100, 237, 444, 608, 680, and 804 cm−1. Conventional Raman spectra of bulk 

rutile are characterized by four first‐order modes: B1g (143), Eg (447), A1g (612), B2g (826), 

and secondary‐order multiply mode (SOE) with a maximum around 230–240 cm−1 [22]. 

However, it was shown that features of the Raman spectrum of rutile TiO2 are size‐de‐

pendent [23,24]. In particular, such modifications of the Raman spectrum as the appear‐

ance of new scattering bands at about 105 and 685 cm−1 (marked with an asterisk in Figure 

1b); shifts, asymmetric peak broadening, redistribution of intensities for Eg and A1g modes 

have been detected to be typical for nanocrystalline rutile [25]. In the case of r‐TiO2 syn‐

thesized here, the following typical features were found: new bands at about 100 and 685 

cm−1, low‐frequency peak broadening, changes in intensity maxima for Eg and A1g modes, 

and the impossibility to resolve B1g mode at about 143 cm−1 due to the appearance of a 

strong lower frequency band. There is a lack of unanimity in the literature about the origin 

of additional scattering bands; however, authors agree that they are specific features for 

Raman spectra of nanocrystalline rutile TiO2 [24,26]. Thus, Raman spectroscopy data con‐

firmed that the synthesized sample is rutile, and the specific features of the spectrum cor‐

respond to nanosized TiO2.   

Figure 2a shows the XPS survey spectrum of the rutile nanoparticles. The photoelec‐

tron peak for Ti 2p appears at a binding energy (Eb) of 459.3 eV, O 1s at Eb = 530.5 eV, and 

C 1s at Eb = 285.1 eV. The OKLL, TiKLL, and TiLMM Auger peaks are at binding energies 

of 975 eV, 1074 eV, and 1106, respectively [27]. The survey spectrum indicates the presence 

of Ti, O, and C elements on the surface of the nanoparticles. The carbon probably came 

from the organic precursor, which was not completely removed from the surface of the 

nanoparticles, and the adsorbed carbon dioxide. 

20 30 40 50 60 70 80 0 200 400 600 800 1000

(3
20
)

(1
12
)

(3
01
)

(3
10
)

(0
02
)

(2
20
)

(2
11
)

(2
10
)

(1
11
)

(2
00
)

(1
01
)

2, deg.

(1
10
)

(a)

SOE

Eg

Raman shift, cm1

A1g

B2g

(b)

B1g

*

*

nano

bulk

Figure 1. PXRD pattern of the rutile TiO2 nanocrystals, theoretical XRD pattern of rutile reference
from ICSD (# 202241)—(a), Raman spectra of the r-TiO2 nanocrystals synthesized in present work and
bulk rutile TiO2 from RRUFF database (R110109)—(b). * Scattering bands found in nanosized rutile.

In the Raman spectrum of the rutile nanoparticles shown in Figure 1b one can
see six peaks at about 100, 237, 444, 608, 680, and 804 cm−1. Conventional Raman
spectra of bulk rutile are characterized by four first-order modes: B1g (143), Eg (447),
A1g (612), B2g (826), and secondary-order multiply mode (SOE) with a maximum around
230–240 cm−1 [22]. However, it was shown that features of the Raman spectrum of rutile
TiO2 are size-dependent [23,24]. In particular, such modifications of the Raman spectrum
as the appearance of new scattering bands at about 105 and 685 cm−1 (marked with an
asterisk in Figure 1b); shifts, asymmetric peak broadening, redistribution of intensities for
Eg and A1g modes have been detected to be typical for nanocrystalline rutile [25]. In the
case of r-TiO2 synthesized here, the following typical features were found: new bands at
about 100 and 685 cm−1, low-frequency peak broadening, changes in intensity maxima
for Eg and A1g modes, and the impossibility to resolve B1g mode at about 143 cm−1 due
to the appearance of a strong lower frequency band. There is a lack of unanimity in the
literature about the origin of additional scattering bands; however, authors agree that they
are specific features for Raman spectra of nanocrystalline rutile TiO2 [24,26]. Thus, Raman
spectroscopy data confirmed that the synthesized sample is rutile, and the specific features
of the spectrum correspond to nanosized TiO2.

Figure 2a shows the XPS survey spectrum of the rutile nanoparticles. The photoelec-
tron peak for Ti 2p appears at a binding energy (Eb) of 459.3 eV, O 1s at Eb = 530.5 eV, and
C 1s at Eb = 285.1 eV. The OKLL, TiKLL, and TiLMM Auger peaks are at binding energies
of 975 eV, 1074 eV, and 1106, respectively [27]. The survey spectrum indicates the presence
of Ti, O, and C elements on the surface of the nanoparticles. The carbon probably came
from the organic precursor, which was not completely removed from the surface of the
nanoparticles, and the adsorbed carbon dioxide.

The high-resolution Ti 2p spectrum of the rutile nanoparticles is shown in Figure 2b.
The Ti 2p3/2 photoelectron line at 459.3 eV, the spin-orbit separation of 5.8 eV, and a satellite
peak at 14 eV higher than the main peak are observed and are in good agreement with the
reported values [28]. The intensity ratio of Ti 2p1/2 and Ti 2p3/2 peaks is about 1:2.

The high-resolution O 1s spectrum shows a main peak at 530.4 eV and a shoulder at
532.3 eV (Figure 2c). The peak at 530.4 eV is attributed to oxygen bound to Ti4+ in pure
oxide and the shoulder is attributed to surface OH− species.

Figure 2d shows the high-resolution XPS spectrum of the C 1s region. There are three
peaks at binding energies of 285.1, 286.8, and 289.18 eV, which correspond to C-C, C-O, and
COOH bonds [27]. The C element mainly comes from the itaconic acid that is the additive
product of TiO2 synthesis from the titanyl citrate precursor.
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Figure 2. XPS spectra of the rutile nanoparticles. (a) XPS survey spectrum; (b–d) are spectra from
Ti 2p, O 1s, and C 1s core levels.

Figure 3 shows SEM images of the synthesized r-TiO2. Analyzing the survey SEM
image (Figure 3a) one can see that the r-TiO2 particles have spherulite-like morphology.
The size of spherulite-like particles ranges from a few to tens of microns. The more detailed
picture (Figure 3b) demonstrates that the spherulite-like formations are mostly segmented
and are different parts of spherulite, such as spherical cones and caps. Their shapes vary
from almost a whole sphere to a spherical cone close to a needle-like shape. Examining
the separate part of spherulite (Figure 3b), one can see that it has a complex structure,
which consists of separate elements (r-TiO2 crystals) arranged from a spherulite center to
an external surface. Features of r-TiO2 crystal arrangement were studied by TEM.
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Figure 3. SEM images of rutile TiO2 spherulites at different magnifications: 20 µm (a), 10 µm (b).

In Figure 4 representative TEM images of the r-TiO2 spherulite cones are shown. Ac-
cording to the data, only small spherulite cones got onto the specimen grid for examination.
This is markedly evident when comparing the TEM image in Figure 4a with the SEM
image in Figure 2. At higher magnification, the crystal structure of the surface of one of the
spherulite cones is revealed, and one can see that it consists of specifically oriented r-TiO2
nanocrystals with rod-like morphology (Figure 4b).
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Due to the TEM data, the diameter of the rods was estimated to be 5–7 nm. This
value coincides with the average size of the crystallite domain along (110) crystallographic
direction calculated from PXRD data. The length of the rods was not possible to determine
precisely; however, the assessed value of the length can be considered in the range of
20–30 nm, which is comparable with the average size of the crystallite domain along (101)
crystallographic direction.

Comparing this data with the results of the SEM investigation, one can conclude that
the synthesized spherulites consist of oriented crystals of r-TiO2 with rod-like morphology
and a length considerably smaller than the spherulite radius. In other words, the spherulite-
like particles of titania are agglomerates of oriented crystal r-TiO2 nanorods. Analyzing the
crystal structure of the individual r-TiO2 nano-rod via TEM (Figure 4d) it was established
that it is oriented within a spherulite along (101) crystallographic direction, and the smallest
size which is the diameter of the nano-rod corresponds to (110) crystallographic direction.

To gain more characteristics about the crystalline structure of the r-TiO2 sample, elabo-
rate refinement of the PXRD pattern was conducted. Lattice parameters of r-TiO2 refined by
the Le Bail method are shown in Figure 5a. Assuming the rod-like morphology of the r-TiO2
nanocrystals revealed by TEM analysis, the average 3D morphology was reconstructed
from the Le Bail refinement and visualized with VESTA software (insert in Figure 5b).
The obtained 3D morphology is in agreement with the TEM data. Using the fundamental
parameters model for PXRD pattern refinement, the crystallite size distributions were
calculated for the crystallite domains along (110) and (101) crystallographic directions,
which correspond to the diameter and length of r-TiO2 nanorods (Figure 5b). As can be
seen, the shapes of the two distributions are greatly different and confirm the previous
findings. Thus, the crystallite distribution plotted in black has a narrow shape and a median
size of 6.2 nm, while the other one plotted in red demonstrates a greater spread of values
and has a median size of 12.7 nm, which is in good agreement with the average values of
the diameter and the length of r-TiO2 nanorods (Figure 5b).
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Analysis of the specific surface of the obtained r-TiO2 powder and its porosity was
carried out by the method of low-temperature nitrogen sorption-desorption. The initial
piece of the nitrogen absorption curve was analyzed up to the pressure value P/P0 = 0.25
(Figure 6a). The value of the specific surface was determined to be S = 102.6 m2/g by
processing this curve piece using the multipoint BET method and plotting the linear part of
the dependence 1/[Q(P0/P − 1)] = f(P/P0) (Figure 6a). It is a relatively high value for the
specific surface area. That may indicate the presence of pores between individual r-TiO2
nanocrystals within a spherulite-like particle, which makes the internal surface of these
rod-like nanocrystals accessible for reagents. In addition, the value of constant C = 343.7 in
the BET equation is significantly higher than the threshold value of 200, which characterizes
the effect on non-porous solids. Thus, it was found that the powder based on spherulites of
r-TiO2 nanocrystals has a developed porous structure.
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Figure 6. (a) Low-temperature nitrogen adsorption isotherms of the r-TiO2 spherulites. (b) Tauc plot,
insert: diffuse reflectance spectrum.

Analysis of the porous structure of the powder via the t-plot method allowed us to
determine the value of the volume of micropores, located in the intercrystalline space of
the r-TiO2, of 6.22 mm3/g. Smicro = 13.0 m2/g, or 12.7%, of the total specific surface area,
is contributed by this micropore area. The external surface area accounts for 89.6 m2/g,
or 87.3%. Thus, the pores between the r-TiO2 nanocrystals determine the microporous
structure of the synthesized spherulites and have a significant effect on their surface.

To determine the band gap of the r-TiO2 sample, UV DRS was used. The diffuse
reflectance spectrum is shown in Figure 6b. The data obtained showed that the r-TiO2
spherulites actively absorb light beginning around 400 nm and below; the absorption edge
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is 384 nm. The optical absorption edge has an almost linear shape and does not have
noticeable inflections or overlaps, which is associated with the high chemical and phase
purity of the r-TiO2 nanocrystals and their morphological homogeneity.

Using the Kubelka–Munk function, the diffuse reflectance spectrum was converted to
an absorbance mode [29]. Based on the assumption of allowed direct transitions, the optical
band gap was defined using the Tauc method [30]. The band gap value is 3.23 eV. The
perception that the different terminal facets may have different values for the band gaps
was confirmed by computations and measurements. Most profoundly, it was completed
for anatase faceted crystals; the rutile ones are much less studied [31–34]. In addition to
that, as r-TiO2 nanocrystals have a size of less than 10 nm in one of the dimensions, the
quantum size effect cannot be excluded. The influence of size and shape on the band
gap of different nanoscale semiconductors has been shown in the literature [35–37]. Thus,
the unusually wide band gap of the synthesized rutile nanocrystals, whose value is more
characteristic for titanium dioxide with the anatase structure (a-TiO2), is apparently related
to the morphological peculiarities of the r-TiO2 nanocrystals, which have an anisotropic
shape along the (101) crystallographic direction.

The photocatalytic activity of r-TiO2 spherulites was evaluated via the conventional
methyl violet (MV) degradation under UV light irradiation. With irradiation time increas-
ing, one can see that MV degradation increased as depicted by the Vis absorbance spectra
(Figure 7a). The decomposition of MV dye can be affected by direct photolysis and pho-
tocatalysis with photolysis. To evaluate the contributions of both effects and assess the
effect of solely r-TiO2, the kinetic dependencies of MV concentration were calculated and
linearized in accordance with the model of the pseudo-first reaction order via logarithmic
transformation (Figure 7b). As can be seen, direct photolysis has a minor effect on MV
decomposition, as only 40% of MV is degraded after 90 min of UV light irradiation, whereas
MV degradation reaches 90% after the same time in the presence of r-TiO2 spherulites.
Thus, r-TiO2 spherulites demonstrate considerable photocatalytic activity due to their
surficial and structural properties described above (Table 1). The rate constants estimated
for photolysis, photocatalysis, and photocatalysis plus photolysis are shown in Figure 7c.
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Figure 7. (a) Photodegradation of methyl violet aqueous solution in the presence of r-TiO2 spherulites.
(b) Normalized and logarithmic kinetics curves of MV photodegradation in the presence and absence
of r-TiO2 spherulites. (c,d) Hydrogen evolution rates for aqueous solutions of ethanol with concentra-
tions of 10, 20, and 30 vol% in the presence of r-TiO2 spherulites and r-TiO2/Pt nanocomposite.
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Table 1. Structural characteristics of different photocatalysts, their synthesis background, and photo-
catalytic properties.

Sample Phase
Composition

Ss,
m2/g

Morphology/
Crystallite Size, nm

Synthesis Procedure/
Precursor

k,
min−1 Reference

r-TiO2 Rutile 102.6 Spherulite agglomerates of
rod-like/5 × 15

HTT */
titanyl citrate 0.0238 this work

TiO2 Brookite 93.4 Sponge-like/30
HTT */

titanium (IV)
peroxocomlex

0.0234 [12]

TNS Anatase,
rutile 207 Sheet-like HTT *,

Degussa P25 0.01812 [38]

TiO2 Anatase ~36 12.3 Sol–gel, titanium(IV)
butoxide 0.00994 [39]

TiO2 Anatase 106.1 8.7
Sol–gel, titanium(IV)
butoxide, activated

carbone
0.03914 [7]

TiO2 Rutile - Agglomerated flakes/53 Sol–gel/
TiCl4

0.01156 [40]

FRT Rutile - Agglomerated flakes/39 Impregnation TiO2
with HF 0.02541 [40]

SRT Rutile, silver - Agglomerated flakes/48 Photoreduction of AgNO3
on TiO2

0.02827 [40]

*—Hydrothermal treatment.

The evolution of hydrogen from aqueous–alcoholic solutions at exposure to UV radia-
tion in the presence of a photocatalyst is a model process used to evaluate and compare
the activity of substances of different compositions and structures. In this work, the photo-
catalytic activity of spherulites based on r-TiO2 was measured in the process of hydrogen
evolution from an aqueous solution of ethanol with concentrations of 10, 20, and 30 vol%
under UV radiation with the wavelength of 380 nm. The general chemical equation describ-
ing the whole process and the reaction equation describing the first stage of the process can
be represented as follows [41]:

C2H5OH + 3H2O→ 2CO2 + 6H2

C2H5OH→ CH3CHO + H2↑
(1)

In Figure 7d, the results of photocatalytic tests for samples of spherulites based on
r-TiO2 before and after 1 wt% platinum (Pt) deposition are shown. According to the data,
initial r-TiO2 nanocrystals do not reveal noticeable photocatalytic activity, regardless of the
concentration of ethanol in the solution, and the hydrogen evolution rate does not exceed
11 nmol/min. However, after Pt deposition on the surface of the r-TiO2 spherulites, the
photocatalytic activity drastically increases, and the maximum released amount of hydro-
gen is 161 nmol/min, which is almost 15 times higher than for platinum-free spherulites.
The addition of platinum causes a significant change in the photocatalytic activity of r-TiO2
nanocrystals, which is associated with an increase in charge separation efficiency and, as a
result, a decrease in electron–hole pair recombination processes [42].

The dependence on the ethanol concentration provides another important piece of
information about the activity of spherulites based on r-TiO2 (Figure 7d). As a rule, the
concentration of ethanol in biomass processing products does not exceed 30 vol% [43,44].
Therefore, the study of photocatalytic activity was carried out in aqueous solutions of
ethanol with concentrations of 10, 20, and 30 vol%. The dependence of the hydrogen
evolution rate on the concentration of ethanol has a maximum concentration value of
20 vol%, which is observed both for the initial spherulites based on r-TiO2, and for
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spherulites with platinum. The maximum hydrogen evolution rate is 161 nmol/min,
or in other words, 193 µmol of hydrogen per gram of photocatalyst per hour. The presence
of an extremum in the concentration dependence can indicate the governing influence of
ethanol sorption processes and desorption processes of the intermediate reaction product,
acetaldehyde, on the photocatalyst surface. At low ethanol concentrations (10 vol%), the
process of photocatalytic hydrogen evolution is apparently limited by the rate of ethanol
diffusion on the surface of spherulites based on r-TiO2. In the case of high ethanol concen-
trations (30 vol%), the rate of the entire process is limited by the removal of the product of
photocatalytic interaction, liquid acetaldehyde, which is hindered by the excess of ethanol
in the solution. At an ethanol concentration of 20 vol%, there is observed some semblance of
an optimum equilibrium between the rates of sorption of the reagent (ethanol), desorption
of the product (acetaldehyde), and the photocatalytic reaction, simultaneously occurring
on the surface of r-TiO2 spherulites.

3. Materials and Methods
3.1. Synthesis Procedure

To obtain r-TiO2 catalyst, titanyl citrate TiO(C6H6O7) was dissolved in distilled water
to form a 5 mM reaction solution. Additional ultrasonic treatment for 15 min was used to
obtain a stable suspension of titanyl citrate. The suspension was hydrothermally treated in
a stainless steel autoclave with a Teflon liner at 225 ◦C and 3 MPa within 4 h. The precipitate
obtained was washed 5 times with distilled water. After drying at 70 ◦C until complete
evaporation of the solvent, a white disperse powder was analyzed.

The r-TiO2/Pt catalyst was prepared by the method [45,46] of the r-TiO2 powder
impregnation in an aqueous solution of H2PtCl6 hexachloroplatinic acid followed by
treatment with an aqueous solution of NaBH4 sodium borohydride. The following chem-
ical reaction occurred, during which the metallic Pt was deposited on the surface of the
r-TiO2 particles:

H2PtCl6 + NaBH4 + H2O = Pt↓ + HBO3 + HCl + NaCl (2)

As a result, as previously demonstrated in [47], platinum is deposited on the TiO2
surface in the form of well-crystallized metallic nanoparticles distributed uniformly across
the surface. Thus, the r-TiO2/Pt nanocomposite obtained by the same procedure in this
work is assumed to have the same nature of platinum particle distribution on the surface.

3.2. Physico-Chemical Characterization

Powder X-ray diffraction (PXRD) patterns were recorded using a diffractometer Rigaku
SmartLab 3 (Tokyo, Japan) with Cu Kα radiation (λ = 154.056 pm). The average crystallite
size was determined using the SmartLab Studio IV software package from Rigaku. The
structure was refined using the decomposition method (Le Bail) [48]. The calculation of the
crystallite size distribution was carried out using the method of fundamental parameters
in lognormal distribution approximation. The reconstruction of the model of crystallite of
r-TiO2 was performed in VESTA [49]. The Raman spectra were obtained with a dispersive
confocal Raman spectrometer (Senterra Bruker Optik GmbH, Ettlingen, Germany). A con-
tinuous laser beam was focused down to a µm size spot (spatial resolution) on the sample
through a microscope (Olympus BX51, Tokio, Japan objective 50×) with an excitation of
785 nm (laser power 100 mW). The confocal instrument set-up was set to 50 × 1000 µm
and the spectral resolution is 2 cm−1. XPS spectra were obtained on an «ESCALAB 250Xi»
X-ray spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with Al Kα radiation.
Scanning electron microscopy (SEM) investigation was performed on a Carl Zeiss EVO 40
(Oberkochen, Germany) using a secondary electron detector. Transmission electron mi-
croscopy (TEM) investigation was performed on JEM-2010 (JEOL, Tokyo, Japan) with
an accelerating voltage of 200 kV. The Brunauer–Emmett–Teller (BET) surface area was
determined by nitrogen adsorption isotherm measurements at 77 K on a Micromeritics
ASAP 2020 nitrogen adsorption apparatus (Unterschleißheim, Germany). Micropore vol-
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ume and specific surface area of the sample were calculated by the t-plot approach using
adsorption isotherm data. Diffuse reflectance spectroscopy (DRS) was performed on a
spectrophotometer Specord 200 equipped with an integrating sphere. The spectrum was
obtained relative to an optical reference (MgO) in the wavelength range from 350 to 420 nm.
The band gap was determined from the position of the edge of the absorption band of the
spectrum according to the method described in the work [30].

3.3. Photocatalytic Experiments

The photocatalytic methyl violet (MV) degradation was studied in aqueous solutions
of pure MV and in the presence of the r-TiO2 catalyst under a UV radiation source—an
ozone lamp with a power of 20 W and a wavelength of λ ≤ 400 nm. The volume of
the studying solution was 25 mL, and the concentrations of the catalyst and dye were
0.5 g/L and 0.0232 g/L, respectively. The solutions were placed in an experimental setup,
which was an insulated box with a magnetic stirrer and a UV radiation source. Before
starting the photocatalytic experiment, the solutions were kept in the dark for 20 min with
continuous stirring to establish adsorption equilibrium. After this time, the solutions were
irradiated with UV light with a sampling of 5 mL every 10 min to determine the change in
the concentration of the dye and plot kinetic curves. The dye concentration was measured
using an AvaSphere-30-Refl spectrometer (Apeldoorn, Netherlands) with an AvaLight-XE
light source. The total exposure time was 90 min.

The photocatalytic hydrogen evolution was studied in aqueous solutions of ethanol
with concentrations of 10, 20, and 30 vol%. Deionized water and sodium hydroxide (with
a concentration of 0.1 mol/L) were used for solution preparation. As the photocatalysts,
initial r-TiO2 spherulites and r-TiO2 spherulites with deposited platinum (r-TiO2/Pt) were
used in the amount of 0.5 g/L. The temperature of 25 ◦C was maintained during the
120 min experiment. A LED lamp with an emission maximum of 380 nm was employed
as an excitation source. Platinum was deposited from an aqueous solution of H2PtCl6 on
the surface of the r-TiO2 according to the procedure described in detail elsewhere [50]. The
calculated metal loading was 1 wt%.

4. Conclusions

In this work, the synthesis of spherulites based on titanium dioxide nanocrystals by
the facile hydrothermal treatment of titanyl citrate was carried out. It was found that
the nanocrystals have a rutile structure and are rod-like crystal nanoparticles with an
average diameter and length of 5 and 15 nm, respectively. These nanocrystals form micron
spherical aggregates in which they are oriented from a common center to the surface of
the sphere, thereby forming spherulite-like structures. It is shown that there are pores
between crystallites in spherulites, and the resulting substance has a highly developed
surface area of 102.6 m2/g. The band gap of spherulites based on r-TiO2 is 3.20 eV, which
determines their photocatalytic activity under ultraviolet radiation. The photocatalytic
activity of the r-TiO2 spherulites in the MV degradation reaction, characterized by the
rate constant of 2.38 × 10−2 min−1, is decent and, according to the literature, is equal
to or even higher than one of the other TiO2 photocatalysts. The photocatalytic activity
of the obtained spherulites, studied in the reaction of hydrogen evolution from ethanol,
increases when metallic platinum is deposited on their surface, which is due to an increase
in the efficiency of charge separation. An analysis of the concentration dependence of
the hydrogen evolution rate indicates the presence of kinetic difficulties in the sorption of
ethanol and the desorption of acetaldehyde in the considered photocatalytic process. Based
on these results, an ethanol concentration of 20 vol% can be recommended as optimal for
photocatalytic hydrogen evolution from an aqueous ethanol solution in the presence of
spherulites based on r-TiO2/Pt. The rate of hydrogen evolution, in this case, is maximum
and amounts to 161 nmol/min.
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