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Abstract: A series of tin oxides were synthesized with polystyrene microspheres (250 nm) as the
template. It was shown that an increase in the template content led to increasing specific pore volume
and to the formation of bimodal pore structure with pores of 9 and 70 nm in diameter. Addition of
cetyltrimethylammonium bromide (CTAB) during synthesis led to the formation of friable structures
(SEM data), to an increase in the average pore diameter from 19 to 111 nm, and to the formation
of macropores of 80–400 nm in size. All materials had similar surface properties and cassiterite
structure with 5.9–10.8 nm coherent scattering region (XRD data). Flat-band potentials of the samples
were determined and their photoelectrocatalytic properties to oxidation of water and methanol were
studied in the potential range of 0.4–1.6 V RHE. It was shown that the sample obtained using CTAB
was characterized by lower flat-band potential value, but appeared significantly higher photocurrent
in methanol oxidation, which resulted from enhanced macro-meso-porous structure to facilitate
methanol pore diffusion.

Keywords: SnO2; band-gap; photoelectrocatalysis; template synthesis; XPS; Raman spectroscopy;
flat-band potential; photocurrent

1. Introduction

Tin oxide (TO) is a broad band gap semiconductor. There are a variety of application
areas of the material: noble-metal catalyst supports for fuel cells, sensors [1], supercapacitor
electrodes [2], clear conducting materials [3], photocatalysts [4], and electro- and photoelec-
trocatalysts for oxidation of organic substrates [5]. TO is widely used as a photocatalyst
due to its high stability, oxidation potential, corrosion resistance, and cost efficiency [4].
However, photocatalytic efficiency of conventional SnO2 is insufficient because of the
broad band gap (~3.6 eV) and difficulties in recombination of photogenerated electrons
and holes [6].

A number of approaches were used for broadening light absorption range and decreas-
ing recombination: doping with metals (including Sn) and nonmetals, increasing crystal
distortions, varying the phase composition (Sn3O4), design of photocatalyst composites
with heterojunctions, solid solutions of oxides, and morphology control [4]. The efficiency
may be improved by introducing new energy levels into the band gap through doping
and increasing crystal deficiency or narrowing band gap using solid solutions and tuning
phase composition.

However, changing the band gap by doping is not the only factor determining the
photocatalytic properties, and system productivity needs further studies [4].

One of the approaches to improve the material efficiency includes the control of the
morphology using hierarchical 3D structures of SnO2. The advantages of such macro-
meso-porous material were demonstrated with lithium-ion batteries [7–9], sensors [10–16],
catalysis [17], and photoelectrocatalysis [18,19].

Anodization of Sn foil in oxalic acid [20] allows nanochannel porous SnO2 to be
obtained. It was shown that the distinctive porous channel structure of the materials can

Catalysts 2023, 13, 168. https://doi.org/10.3390/catal13010168 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal13010168
https://doi.org/10.3390/catal13010168
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-4302-1763
https://doi.org/10.3390/catal13010168
https://www.mdpi.com/journal/catalysts
http://www.mdpi.com/2073-4344/13/1/168?type=check_update&version=2


Catalysts 2023, 13, 168 2 of 14

increase absorption efficiency and contribute to the transition of photogenerated electrons
to surface hydroxide species. The presence of defects in the porous material increases the
lifetime of photogenerated charges and photocatalytic activity. The porous structure of
the materials plays a key role in photocatalysis. The dependence of photocurrents on pore
diameter and oxide width was shown: the more pore diameter, the more photocurrent [21].
The properties could be enhanced due to enlargement of the specific surface area [22]
and pore structure optimization [23]. Furthermore, light scattering in mesoporous space
between nanoparticles favors better material light absorption [24].

One of the ways to achieve pore formation is the use of templates during the material
synthesis. It was shown [25] that CTAB addition during mechanochemical treatment of
SnCl2 and NH4HCO3 promotes the formation of complex SnO2/Sn6O4(OH)4, in which
heterojunctions makes better activity. Template-assisted materials were also used for the
photooxidation of dyes [26,27].

In the present work, template-assisted SnO2-based materials were obtained. CTAB
was used for the pore structure evolution. The obtained materials were studied using
spectroscopic, physicochemical, and electrochemical techniques. Their catalytic properties
were studied in photoelectrocatalytic oxidation of water and methanol. The important role
of porous structure was shown for the photoelectrochemical features of the materials.

2. Results

SEM analysis of the samples shows that the use of PS balls during synthesis leads to
the formation of additional pores of 100–150 nm in size (Figure 1).

Figure 1. SEM analysis of samples TO2 (a), TO3 (b), and TO4 (c).

There was no increase in the pore volume but monomodal pore size distribution with
average size 7 nm was characteristic of sample TO1 (Figure 2). An increase in the template
content in samples TO2 and TO3 led to development of pore structure and bimodal pore size
distribution with average sizes of 9 and 70 nm. The characteristic cavities from polystryrene
balls were seen in SEM images (Figure 1). The 60 days aging (sample TO3) caused a narrow
pore size distribution (Figure 2B). The structure of sample TO4 obtained with addition
of CTAB was more friable than other samples (Figure 1c). A considerable pore volume
in the range of 2 to 50 nm as well as macropores of 80–400 nm in size (Figure 2A) were
characteristic of its pore structure. The sample had polymodal structure with maxima
at 7, 14, 40 nm. BET specific surface area was practically independent of the amount of
introduced template (samples TO1 and TO2) but decreased in samples obtained by aging
(TO3) and CTAB addition (TO4) (Table 1). The maximal pore volume was observed in TO4
sample. We assume that the higher pore volume and the presence of macropores allow the
photoelectrooxidation of organic substrate efficiency to be enhanced due to reduction of
diffusion limitations.

According to Table 1, the conductivity of the samples increased with an increase in
the content of template introduced during synthesis, while it decreased more upon aging
during synthesis than upon CTAB addition.
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Figure 2. Mercury intrusion porosimetry data on pore volume (A) and pore size (B) distributions.

Table 1. Physicochemical properties of SnO2 samples obtained from SnCl4.

Sample SBET, m2/g Vpore, cm3/g Dpore, nm σ, mS/cm

TO1 47.7 0.093 12 0.27 ± 0.02
TO2 44.7 0.123 17 1.8 ± 0.4
TO3 30.6 0.099 19 0.8 ± 0.1
TO4 38.4 0.156 111 1.3 ± 0.2

SBET—BET specific surface area, Vpore—pore volume, Dpore—average, σ—conductivity was measured at pressure
1.1 MPa.

According to XRD data, all the samples consisted only of the cassiterite phase (Figure 3).
Rietveld refinement showed (Table 2, Figure S1) an increase in the average coherent scat-
tering region (CSR) sizes from 5.9 to 6.5 and 8.6 nm with increasing template content
and aging time, respectively. Again, CSR size increased (10.8 nm) when CTAB and large
template proportions were used. Another kind of dependence was characteristic of the
crystal structure defects (microstrain level): the wider CSR, the more crystal defects.

Figure 3. XRD data. Vertical lines are reflection positions of SnO2 cassiterite phase (PDF #41-1445).

XPS data show the presence of oxygen and tin on the surface (Figure 4). Sn3d binding
energies of the samples were 486.9/495.4 eV for TO1, 487.1/495.6 eV for TO2, 487.0/495.5 eV
for TO3, and 487.0/495.4 eV for TO4. Similar values were obtained for SnO2: 486.8 eV for
Sn3d5/2 and 495.4 eV for Sn3d3/2 [28]. Peaks difference is 8.5 eV, which corresponds to tin
oxide, SnO2 [28,29]. O1s binding energy was 530.9 eV for all the samples.
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Table 2. Accurate parameters of structure and microstructure of tin oxide phase samples under study.
Standard deviation in last sign pointed in brackets. The table shows data on the coherent scattering
region (CSR size), microstrains (ε), R-factor (Rwp) and the χ2 criterion.

Sample
Cell Parameters, Å

Cell Volume, Å3 CSR Size, nm Microstrains, ε Rwp, % χ2
a c

TO1 4.742 (1) 3.191 (1) 71.75 (5) 5.9 (3) 0.14 (3) 5.3 1.4

TO2 4.735 (1) 3.185 (1) 71.40 (5) 6.5 (3) 0.12 (2) 4.9 1.8

TO3 4.743 (1) 3.191 (1) 71.78 (5) 8.6 (1) 0.11 (1) 4.7 1.8

TO4 4.743 (1) 3.190 (1) 71.76 (5) 10.8 (3) 0.09 (1) 5.0 1.9

Figure 4. XPS data on Sn3d (left) and O1s (right).

Decomposition of peak Sn3d5/2 gave two bands at 485.0–485.2 eV and 487.0–487.1 eV
(Figure S2). The first band is close to literature data on binding energies in tin metal at
484.9 eV [30,31], 484.5–484.9 eV [32], and 484.4 eV [33]. The data are presented in Table 3.

Table 3. Surface composition according to XPS data.

Sample
Components Sn3d,% Components O1s, %

OΣ/SnΣ

RatioSn0

(485.1 эB)
Sn4+

(487.1 эB)
=O

(531.0 эB)
-OH

(532.4 эB)

TO1 1.4 98.6 84.9 15.1 1.19

TO2 2.4 97.6 83.1 16.9 1.20

TO3 2.4 97.6 83.9 16.1 1.20

TO4 2.1 97.9 82.3 17.7 1.19

In our case, the peak Sn3d5/2 is slightly shifted towards higher binding energies,
supposedly, due to the positive charge on Sn. The second band corresponds to Sn4+ which,
according to literature data, falls into the region of 487.2–487.5 [30,31], 484.5–484.9 eV [32],
and 484.4 eV [33]. Decomposition of O1s peak also gave two bands at 530.9 and 532.4 eV
assigned to lattice oxygen SnO2 [29,34,35] and to hydroxylated surface species, respectively.
According to literature data, binding energies of the species are 532.1–532.6 eV [30] and
532.7 eV [36]. The presence of reduced species could be accounted for by partial reduction
of Sn4+ during decomposition of template despite the presence of oxygen atmosphere. In
addition, Sn0 peaks were not identified in the XRD spectra that indicate the absence of the
Sn phase.

UV–Vis spectroscopy data (Figure 5B) show the maximum of absorption in all the
samples at ca. 250 nm with tail to 360 nm that is typical of tin oxide. Although tin oxide
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is a direct transition semiconductor, literature data also argue for indirect transitions [37].
Band gaps for indirect (n = 2, Figure 5C) and direct (n = 1/2, Figure 5D) transitions were
calculated by Formula (1):

(αhν)
1
n = A

(
hν− Eg

)
(1)

where α is absorption coefficient, h is the Planck constant, ν is frequency, A is parameter,
and Eg is band gap.

Figure 5. UV–Vis DRS data: DRS spectra (A); absorption spectra obtained by Kubelka–Munk convert-
ing (B); Tauc plot calculated for indirect transition (C); Tauc plot calculated for direct transition (D).

Eg values for indirect and direct transitions were 2.66 and 3.69 eV for TO1, 3.51 and
4.02 eV for TO2, 3.32 and 3.94 eV for TO3, and 3.33 and 3.97 eV for TO4. The values obtained
are typical of tin oxide [37,38]. Increasing the template content during synthesis increased
band gap (samples TO1 and TO2). Ageing during synthesis (sample TO3) decreased
considerably band gap for the indirect transitions and almost did not change it for the
direct transitions. An increase in the template content and CTAB addition during synthesis
(sample TO4) had no influence on the measured values.

Structure of the samples was studied by Raman spectroscopy (Figure 6).

Figure 6. Raman spectra of samples (A) and magnified region for range 100–250 cm−1 (B). Volume
(specified by arrows) and surface (specified by asterisks) modes correspond to SnO2. Vibration modes
of SnO are depicted in (B).
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Spectra of all the samples contain peaks typical of volume vibrations of SnO2: 625 cm−1

(A1g), 762 cm−1 (B2g), 472 cm−1 (Eg), and 132 cm−1 (B1g) [39–41]. Numbers of asterisks
marked peaks with low intensity correspond to phonon surface vibrations. Their detailed
analysis is presented in Table S1. Spectra (Figure 6B) showed the presence of a very small
contribution of SnO (peaks: 107 cm−1–B1g and 217 cm−1–A1g). The spectra include a broad
band with the maximum at 573 cm−1. According to literature data, the band is assigned to
surface defects [42–44].

From the obtained physicochemical results, it is reasonable to conclude that the
material structures and surface properties are similar; there are only minor differences
in nanoparticles and degree of crystal tension. The most differences are observed in
pore structures.

2.1. Flat-Band Potentials Determination

In more than 95% of cases, the Mott–Schottky approach was used for flat-band deter-
mination of semiconductors [45]. A number of limitations for the method make a wide
range of determined values [45–47]. The use of several methods was suggested for accurate
analysis: (1) Mott–Schottky analysis, (2) Gartner–Butler analysis, (3) open circuit potential
measurements, and (4) photocurrent onset potential, as well as addition of sacrificial agents
for suppression of charge recombination [46,47]. We used all the methods for detailed
studies of flat-band potentials and methanol was chosen as the sacrificial agent. Since the
use of the Gartner–Butler method in our research led to unreliable consequences, we used
potential of photocurrent beginning. The obtained results are presented in Figures S4–S7
and Table 4.

Table 4. Flat-band potentials (V, RHE) determined by methods: Photocurrent beginning (C—cathodic,
A—anodic), Mott–Schottky, open circuit potential (OCP), photocurrent onset (C—cathodic, A—
anodic) at chopped illumination (3 s).

№ Sample
Photocurrent

Mott–Schottky OCP
Photocurrent Onset

Average
C A C A

1 TO1 0.18 0.43 1 0.37 0.35 0.27 0.25 0.28 ± 0.08

2 TO1 + MeOH 0.48 1 0.19 0.31 0.12 0.09 0.09 0.16 ± 0.09

3 TO2 0.19 0.32 0.41 1 0.35 0.2 0.21 0.25 ± 0.08

4 TO2 + MeOH 0.18 0.30 0.3 0.24 0.14 0.15 0.22 ± 0.07

5 TO3 0.4 1 0.19 0.21 0.39 0.24 0.23 0.25 ± 0.08

6 TO3 + MeOH 0.17 0.35 1 0.06 0.27 0.13 0.13 0.15 ± 0.08

7 TO4 0.13 0.17 −0.01 0.21 1 0.09 0.09 0.09 ± 0.07

8 TO4 + MeOH 0.13 0.12 0.02 −0.05 0.06 ± 0.09
1 Value was not used for estimation of average potential.

Detailed studies by a number of techniques will be the aim of the further research. Here
we analyze the determined average values. Close average flat-band potentials (0.25–0.29 V)
are characteristic of TO1, TO2, and TO3 in the absence of methanol. At the same time, a
lower flat-band potential of 0.09 V was determined with sample TO4. With methanol as the
sacrificial agent, the flat-band potentials decreased to 0.15–0.22 V for TO1, TO2, and TO3
and to 0.06 V for TO4. This was due to scavenging of photogenerated holes (recombination
suppression). The other data measured under identical conditions showed scattering of
values [45]. Detailed analysis of literature data on flat-band potential of tin oxides [45]
revealed the average value in the range of 0.342 ± 0.378 V RHE. Our data agree well with
the literature data.
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In electrochemical studies, the samples changed their colors to light brown after
scanning to negative potential field. Apparently, there was reversible reduction of tin
oxide during the measurements. It was noted [48] that partial reduction of oxide as well as
surface Faradaic processes may happen at scanning to cathodic potential field. Moreover,
the formation of surface hydroxylated species under certain potentials could increase O/Sn
ratio to 3 and change the measured capacity [49]. Scanning to anodic potential field could
increase the quantity of surface oxygen and deviation of linearity Mott–Schottky plot [48].
Thus, the change in the oxidation state of tin could influence the position of flat-band
potential. Reduction of samples also hinders measurements of onset potentials. For TO1
and especially for TO4, photocurrents in the presence of methanol did not fade scanning to
cathodic direction (Figure S7). Potentials of TO4 measured by other methods also point out
its reduction affinity.

2.2. Photoelectrocatalytic Properties

Figure 7 shows current density curves of samples TO1–TO4 (cell potentials: 0.4 V and
1.6 V RHE) at periodic illumination in the absence and in the presence of methanol.

Figure 7. Time dependence of current density in TO1–TO4 at periodical illumination: 0.4 V (left) and
1.6 V (right) without (upper plots) and with methanol addition (bottom plots).

Low photocurrents are characteristic of TO1–TO3 at cell potential 0.4 V but higher
photocurrent is characteristic of TO4. At high cell potential, 1.6 V photocurrents increase in
the series TO3 < TO4 < TO2 < TO1. Methanol addition causes a considerable rise of pho-
tocurrent in the sample TO4 at both potentials (0.4 and 1.6 V). In literature, photocurrents
were determined in borate buffer (pH = 7.5) at a potential of 600 V SCE (~0.8 V RHE). The
maximum photocurrents were estimated as ca. 0.5 µA/cm2 at the wavelength irradiation of
370 nm [50]. The photocurrents of 3.6 µA/cm2 were reported for SnO2 in 0.5 M Na2SO4 [51].
The photocurrents observed by us in the absence of methanol agree with the literature
data. There are practically no literature data on photoelectrocatalytic oxidation of methanol
on SnO2. Tin oxide is mainly used as the support for platinum catalysts for oxidation of
methanol in direct methanol fuel cells. Hydroxyl groups formed on the surface of tin oxide
during oxidation of methanol facilitates oxidation of CO on the surface of platinum [51,52].
Catalytic systems based on Pt/SnO2/C show higher onset potential of the electrochemical
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oxidation of methanol (0.6 V RHE) in 0.1 M HClO4 [52]. The onset potential of methanol
oxidation was −0.45 V Hg/HgO (about ~0.54 V RHE) with the Pt/SnO2-C(100) system in
the alkaline medium of 1 M NaOH [53] and 0.32 V vs. Ag/AgCl [54] with NiO-SnO2/SO4
in 1 M NaOH + 1 M CH3OH. XPS studies of the gas-phase oxidation of methanol on SnO2
showed that, depending on the degree of defectiveness and oxidation state of the surface,
there can be two ways to achieve the reaction: with the breaking of the OH bond on the
oxidized surface or with the breaking of the CO bond on the defective surface [55]. The
photoelectrochemical oxidation of methanol in the 0.1 M Na2SO4 + 1M CH3OH electrolyte
was studied using TiO2/ITO sample [56]. The observed currents were about 0.02 mA/cm2

in a wide potential range from −0.1 to 1.4 V rel. Ag/AgCl. These values are close to those
obtained in our work.

The dependence of photocurrent density on the potential applied in the range of
0.4–1.6 V was studied; the results are illustrated in Figure 8. The highest photocurrent was
observed with TO4 at potentials below 0.7 V, and with TO1 at above 0.7 V. The photocurrent
density of TO4 in the whole potential range under study upon addition of methanol. If
we compare TO1 and TO2 catalysts with flat-band potentials, TO1 is more efficient to
water and methanol oxidation. Evidently, despite more ramified pore structure and higher
electroconductivity (1.8 mS/cm for TO2 and 0.27 mS/cm for TO1), the band gap plays a
key role (3.69 eV for TO1 and 4.02 eV for TO2) and photocurrent is determined by a number
of absorbed photons. Aging during synthesis (comparing TO2 and TO3 catalysts) leads to
a decrease in the conductivity to 0.8 mS/cm, to narrowing of the band gap to 3.94 eV, and
to a decrease in the photocurrent. The TO4 catalyst has closest conductivity (0.8 mS/cm)
and band gap (3.97 eV) to those of TO2 and TO3 but more ramified pore and macropore
structures, and its flat-band potential shifts to 0.14 V in the cathodic region against that of
the other catalysts. TO4 shows higher photocurrent densities in the whole potential range
under study.

Figure 8. Photocurrent density dependence on potential without (upper plots) and with methanol
(bottom plots).

As seen in Figure S8, the photocurrents become higher at potentials of 0.9 V for TO1
and TO2 and of 0.7 V for TO3 in the absence of methanol than upon addition of methanol
to all of them except TO4. In the case of TO4, the photocurrent is higher in the presence of
methanol in the whole potential range.

The energy band positions were obtained for the samples using average values of flat-
band potentials and band gap of direct transitions are schematically presented in Figure S9.
The value of the valence band potential for different materials can determine their activi-
ties as photoelectrocatalysts: the higher the potential, the higher the oxidation efficiency,
provided that the recombination rates are similar. For samples characterized by developed



Catalysts 2023, 13, 168 9 of 14

porous structure and similar values of the band gap positions (TO2–TO4), the valence band
potentials (V RHE) decrease as follows: 4.25 (TO2) > 4.09 (TO3) > 4.03 (TO4), see Figure S9.
However, the methanol oxidation activity is highest for the TO4 sample, which has the low-
est valence band potential. The reasons for the higher activity may lie in the optimal pore
structure and in the lower recombination rate. For the TO1 sample, in which the valence
band potential is the lowest one (3.85 V RHE), high activities in the oxidation of water and
methanol can be associated with a higher degree of photon absorption (Figure 5B).

3. Experimental
3.1. Materials

The following materials were used in the work: SnCl4 (Reakhim, Moscow, Russia),
cetyltrimethylammonium bromide (C19H42NBr) (Sigma-Aldrich, Inc., St. Louis, MO, USA),
ethanol (Reakhim, Russia), ammonia solution (30 wt.%) (Baza №1 khimreactivov, Moscow,
Russia), Nafion (Sigma-Aldrich, Inc., St. Louis, MO, USA), methanol (Sigma-Aldrich, Inc.,
St. Louis, MO, USA), isopropanol (Reakhim, Russia), acetone (Reakhim, Russia), deionized
water (conductivity 18 MΩ) produced by deionizer D-301 (Akvilon, Voronezh Oblast,
Russia), and polystyrene (PS) microspheres (250 ± 30 nm in diameter) in the form of the
water suspension named Latex hereinafter. The Latex was synthesized before according to
work [57].

3.2. Synthesis of Tin Oxides

Synthesis of TO1: 20 mL of Latex (concentration 43.5 mg/mL) was mixed with 20 mL
of ethanol (96%). Then, 10 mL of chilled SnCl4 were poured in drops. In 20 min, tin oxide
was precipitated by adding 14 mL of NH3 solution. The precipitate was triply washed by
centrifuging and calcined successively in flowing oxygen at 100 ◦C for 30 min, at 200 ◦C for
30 min, at 300 ◦C for an hour, at 400 ◦C for an hour, at 450 ◦C for two hours.

Synthesis of TO2 and TO3: 20 mL of Latex (concentration 100 mg/mL) was added to
20 mL of ethanol (96%) containing 10 g of polystyrene. Then, 10 mL of chilled SnCl4 were
poured in drop during 3–5 min under stirring. In half an hour, 28.5 mL of ammonia solution
(30 wt.%) was dropped for precipitation of tin oxide. Then, the suspension was stirred for
1.5 h, centrifuged, and separated into two parts. One part (TO2 sample) was ultrasonically
suspended in water and then centrifuged. Another part (TO3 sample) was aged in water for
two months. Both precipitates were triply washed by ultrasonic dispersion and centrifuging
and calcined in oxygen atmosphere; TO2 was calcined at 100 ◦C for 30 min, at 200 ◦C for
30 min, at 300 ◦C for an hour, at 400 ◦C for an hour, at 450 ◦C for two hours; TO3 at 450 ◦C
for three hours, at 500 ◦C for three hours, at 530 ◦C for three hours.

Sample TO4: Suspension of 10 g PS and 1 g CTAB in 30 mL of ethanol (96%) was mixed
with 30 mL of Latex (concentration 43.5 mg/mL), and 10 mL of SnCl4 was dropped. In
30 min, the mixture was added to ammonia solution to achieve neutral pH. The precipitate
was triply washed by ultrasonic dispersion and centrifugation and calcined in oxygen
atmosphere at 450 ◦C for three hours, at 500 ◦C for three hours, at 530 ◦C for three hours.

Initial experiments showed that template oxidation is a difficult task for two reasons.
First, the melting point of polystyrene is 170 ◦C. When heated fast enough, polystyrene,
instead of being oxidized, can melt to cause distortion of the 3D structure. The second
reason is the large amount of the template. Rapid heating can produce carbon instead
of oxidizing it. Therefore, the stepwise heat treatment allowed certain times at each
temperature for more efficient oxidation of polystyrene.

3.3. Physicochemical Characterization

The porous structure was characterized using nitrogen adsorption at 77 K with an
ASAP 2400 specific surface analyzer (Micromeritics, Norcross, GA, USA). Oxide samples
were treated at 573 K until the residual pressure of 10−3 mmHg was reached. Scanning
electron microscopy (SEM) images were acquired using a JSM-6460LV microscope (JEOL
Ltd., Peabody, MA, USA) with an accelerating voltage of 15–20 kV. X-ray patterns were ac-
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quired using a STOE STADI MP diffractometer (STOE & Cie GmbH, Darmstadt, Germany)
with MoKα radiation (λ = 0.70926 Å). A position-sensitive detector DECTRIS MYTHEN
was used to register the signal. Scanning was carried out in the range of angles 2Θ 3–50◦,
the accumulation time was 10 s. Full-profile modeling by the Rietveld method was carried
out using the Topas V. 4.2 software package (Bruker, Bremen, Germany). The porous
macrostructure of the catalysts was studied by mercury porosimetry using an AutoPore
IV 9500 device (Micromeritics, Norcross, GA, USA) designed for measurements at the
mercury pressure from 0.1 MPa to 414 MPa, which corresponds to a pore radius range from
7430 nm to 1.8 nm. The relative measurement error was no more than 2%. XPS spectra
were acquired using a SPECS photoelectron spectrometer (SPECSGROUP, Berlin, Germany)
with non-monochromatized AlKα irradiation (hν = 1486.6 eV, 150 W). The elemental com-
position of impurities in the tin oxide samples was determined using a VARIO EL CUBE
CHNS–O analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany). The
data obtained were averaged upon at least three time analyses of each sample.

UV–Vis diffuse reflectance spectra (DRS) were acquired using a Cary 300 UV–Vis
spectrophotometer from Agilent Technologies Inc. (Santa Clara, CA, USA) equipped with
a DRA-30I diffuse reflectance accessory and special pre-packed polytetrafluoroethylene
(PTFE) as the reflectance standard. Raman spectra were recorded using a Lab RAM HR
spectrometer (Horiba, Longjumeau, France) equipped with an Olympus BX41 optical
microscope, an argon laser (wavelength 488 nm) and a Symphony CCD detector (Artisan
Technology group, Champaign, IL, USA) in backscattering geometry.

3.4. Electrochemical Characterization

Electrical resistance of samples was studied by electrochemical impedance spec-
troscopy at room temperature in the frequency range of 10 to 5×105 Hz. A weighed
sample (~50 mg) was placed in a cell chamber between two metal electrodes, which were
subjected to different pressures. The impedance spectra were recorded at pressure varied
between 0.13 and 1.7 MPa. For comparison, the data are presented at the pressure of
1.1 MPa. Electrical conductivity was calculated by Formula (2):

σ =
l

(R·A)
(2)

where σ is the electrical conductivity, mS/cm, l is the distance between electrodes (cm), R is
the resistance (Ω), and A is the area of the site (cm2).

3.5. Photoelectrocatalytic Tests

Photoelectrochemical tests were carried out at 25 ◦C using a potentiostat Autolab
PGSTAT302N (Metrohm AG, Herisau, Switzerland) with a frequency response analyzer.
Electrolyte was 1 M Na2SO4, reference and counter electrodes were Hg/HgSO4 and Pt,
respectively. The working fluorinated tin oxide (FTO) glass electrode was coated with
photocatalysts. Before the experiment, catalyst suspensions were supported on FTO by
drop-casting followed by drying and thermal treatment (150 ◦C, 30 min). Catalyst sus-
pensions were obtained by ultrasonification of 10 mg catalyst and 0.01 mg of Nafion (as
ethanol solution) in 1 mL of deionized water. The source light was a UV light emitting
diode (LED) with a maximum irradiation at 370 nm. Before measurement, catalysts sup-
ported on FTO were treated under irradiation for 30 min to oxidize organic impurities. In
experiments where methanol was added to electrolyte, the concentration of methanol was
1 M. Photocurrent measurements were carried out in electrolyte as well as in the presence
of methanol at the potential range of 0.4–1.6 V RHE during alternating light irradiation
(3.3 mW/cm2) and dark for 30 s. Impedance measurements at different potentials of cell
were recorded for frequency range 1–10,000 Hz with amplitude 10 mV. The capacity was
calculated according to Equation (3):

C = (2πf Z′′ )−1 (3)
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where C is capacity, f is frequency, Z′′ is imaginary impedance.

3.6. Flat-Band Potential Determination

For detailed study of flat-band potentials, as previously reported [46,47], the ap-
proaches were used based on four independent methods. For the Mott–Schottky method,
Equation (4) was used:

C−2
sc = 2

(
Nde0ε0εsS2

)−1
(

V−Vfb −
kT
e0

)
(4)

where Csc is depletion layer capacity, Nd is charge carriers density, e0 is electron charge,
ε0 is vacuum permittivity, εs is dielectric constant of material, S is electrode surface area,
V is potential, Vfb is flat-band potential, k is the Boltzmann constant, and T is temperature.
According to Equation (4), the dependence of capacity on potential cell was plotted and
linear approximation was implemented. Corresponding frequencies were chosen to show
an insignificant influence on flat-band potential.

According to the Gartner–Butler method, the dependence of photocurrent (jphoto) on
potential can be described by Equation (5):

j2photo = (I0α)
2 2e0ε0εs

Nd
(V−Vfb) (5)

Cyclic voltammograms (CV) were recorded (10 mV/s). Flat-band potential for anodic
and cathodic curves can be estimated from linear dependence of jphoto

2 on potential applied.
Photocurrent onset potentials were determined from chopped illumination (3 s) when

recording CV (1 mV/s). Flat-band potential was fixed when photocurrents fade.
For the open circuit potential (OCP) method, the cell potential was measured when cat-

alysts were light irradiated (370 nm) with different power density from 3.3 to 190 mW/cm2.
Flat-band potentials were estimated by extrapolation of measured potentials data to infinite
light power density.

4. Conclusions

A series of tin oxides were synthesized using different content of polystyrene balls
(250 nm) as the template and CTAB for development of pore structure. The materials
are studied by a number of physicochemical and photoelectrochemical methods, and
their electroconductivities were determined. Mercury intrusion porosimetry and low-
temperature nitrogen adsorption studies show that an increase in the template content
leads to increasing in the specific pore volume and to the formation of bimodal structure
of pores of 9 and 70 nm in size. According to the mercury intrusion porosimetry data,
addition of CTAB and increasing template content results in the formation of trimodal
mesopores structure with maximum sizes of 7, 14, and 40 nm as well as macropores of
80–400 nm in size. According to the low-temperature nitrogen adsorption data, the average
pore sizes increased from 19 to 111 nm. All materials are cassiterite phase with coherent
scattering region (CSR) of 5.9–10.8 nm. XPS studies reveal the presence of little quantities
of reduced Sn (1.4–2.4%) and hydroxylated (15.1–17.7%) species on the surface of SnO2.
Raman spectroscopic studies showed the possible presence of small quantities of SnO. The
Mott–Schottky method, chopped-illumination method, open circuit potential dependence
from light irradiation and potential of photocurrent appearance were used to estimate the
flat-band potentials of the materials in the absence and in the presence of sacrificial agent
(methanol). It was shown that addition of methanol leads to a decrease in the potential
to 0.1–0.03 V due to decreasing recombination rate. Flat-band potentials measured in the
methanol added electrolyte were similar in all the samples except TO4, prepared at high
template content with CTAB addition, and fell into the range of 0.15–0.22 V RHE. The
lower flat-band potential of TO4 sample (0.06 V RHE) was presumably due to the porous
structure effect.



Catalysts 2023, 13, 168 12 of 14

Photoelectrocatalytic properties of the samples to oxidation of water and methanol
were studied at potential range 0.4–1.6 V RHE. It was shown that the catalyst obtained by
addition of CTAB exhibited higher photocurrents in the methanol oxidation. The higher
current could be the result of a ramified macro-meso-porous structure that facilitated
diffusion of methanol in the pores of material.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13010168/s1. Figure S1: XRD data for samples TO1 (1), TO2
(2), TO3 (3), and TO4 (4). Figure S2: XPS data of samples TO1 (1), TO2 (2), TO3 (3), and TO4 (4)
with peak decompositions for Sn3d5/2 and O1s. Figure S3: Raman spectra of samples in the region
440–600 cm−1. Table S1: Comparison of bands in Raman spectra with literature data. Figure S4:
Current curves of CV (scan rate—10 mV/s) in dark (black) and under irradiation (red) for the samples
TO1 (1), TO2 (2), TO3 (3), and TO4 (4) in electrolyte (upper plots) and with methanol addition (lower
plots). Figure S5: Mott–Schottky plots for dark capacity measurements of samples: TO1 (1), TO2
(2), TO3 (3), and TO4 (4) in electrolyte (A) and with methanol addition (B). Figure S6: Open circuit
potential dependence from light irradiation intensity for samples TO1 (1), TO2 (2), TO3 (3), and TO4
(4) in electrolyte (black points) and with methanol addition (red points). Figure S7: Current curves of
CV (scan rate—1 mV/s) at chopped illumination for the samples TO1 (1), TO2 (2), TO3 (3), and TO4
(4) in electrolyte (a) and with methanol addition (b). Figure S8: Dependence of photocurrent density
from potential in electrolyte (black) and with methanol addition (red) for the samples TO1–TO4.
Figure S9: Energy band diagram of samples based on average flat-band potentials and band gaps for
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