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Abstract: Photoelectrocatalytic oxidation of methanol, ethylene glycol, glycerol, and 5,6,7,8-tetrahydro-
2-naphthol on thin-film nanocrystalline hematite electrodes fabricated by electrochemical deposition
and promoted with spin-coated titanium has been studied. It is shown that the modification of
hematite transforms it into material exhibiting high activity in the photoelectrochemical process of
substrate oxidation upon illumination with light in the visible region of the spectrum. The highest
activity is observed in the reaction of photoelectrocatalytic oxidation of glycerol. Results of intensity-
modulated photocurrent spectroscopy (IMPS) suggest that the effect is due to an increased rate of
charge transfer in the process of photoelectro-oxidation and efficient suppression of the recombina-
tion of generated electron-hole pairs. Therefore, thin-film photoanodes based on modified hematite
are promising for practical application in the photooxidation of glycerol, a by-product of biofuel
production, as well as in the photoelectrochemical degradation of other organic pollutants, including
those formed during the production of pharmaceuticals.

Keywords: hematite photoanode titanium-promoted; electrochemical deposition; photoelectrocatalytic
oxidation; methanol; ethylene glycol; glycerol; 5,6,7,8-tetrahydro-2-naphthol

1. Introduction

Pollution of water resources with organic substances due to industrial and agricultural
activities is a serious environmental problem. Growing production of biodiesel leads to
massive formation of large amounts of glycerol, a by-product of this process [1,2]. In this
regard, transformation of glycerol into useful raw material is of considerable ecological
importance. Various value-added products are obtained from glycerol, including acrylic [3],
lactic [4,5], and glyceric acids, dihydroxyacetone, hydroxypyruvic and tartronic acids [6–8].
The decomposition of glycerol by pyrolysis and steam reforming requires thermal energy
with concomitant environmental pollution. An increasing problem is also the growing pol-
lution of the aquatic environment with difficult-to-oxidize products of the pharmaceutical
industry, in particular antibiotics, hormonal drugs, etc., which requires the development of
new methods for their degradation.

In recent decades, considerable efforts have been directed towards photoelectrochemi-
cal oxidation, i.e., transformation of organic substances using UV-Vis illumination [9–12].
As a rule, efficient photoelectrochemical oxidation using semiconductor electrodes requires
high chemical stability during reactions, appropriate position of the absorption band,
selectivity for substrate oxidation, and a low-cost photoanode [10].

As a promising alternative to traditional titanium dioxide photoanodes, zinc oxide
(ZnO), which is characterized by higher absorption coefficient, electron mobility, nontoxicity,
and low cost, is considered [11]. The possibility of photoelectrochemical oxidation of
glycerol with the generation of glyceric acid on a cobalt-modified zinc oxide photoanode
was shown in [13], where UV light was used.
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Hematite α-Fe2O3 is a semiconductor with a relatively small band gap (2.1–2.2 eV) and,
therefore, can be photoexcited by photons with energies in the visible region of the spec-
trum [14,15]. This material is also characterized by low cost, nontoxicity, and good chemical
stability in most aqueous solutions at pH > 3 [16,17], making it a promising material for
the photoelectrocatalytic decomposition of water and organic pollutants [18–22]. In [23]
the authors studied photoelectrochemical degradation of methanol in an aqueous solution
on a thin-film hematite photoelectrode obtained by the sol-gel method and modified with
titanium, cobalt, and bismuth. Illumination using photons from the visible part of the spec-
trum was employed. It was shown that simultaneous modification of Fe2O3 by titanium
and cobalt increases selectivity of the photoanode with respect to the photoelectrooxidation
of methanol from an aqueous solution.

The published data on the photoelectrocatalytic activity of modified hematite in aque-
ous solutions vary greatly. Furthermore, the photoconversion of hematite thin films is still
insufficient due to the short diffusion length of charge carriers, low absorption coefficient,
and high rate of electron-hole recombination. In the present work, we investigate the effect
of promotion of electrodeposited hematite films with small amounts of titanium on its
photoelectrocatalytic activity. Following [23], one may expect that such promotion will
positively affect both the efficiency of charge separation and the rate constant of transfer.
We report photoelectrocatalytic activity of Ti-modified hematite films upon visible light
illumination in the process of methanol, ethylene glycol, glycerol, and 5,6,7,8-tetrahydro-2-
naphthol oxidation. In addition, the effect of chemical structure of organic depolarizer on
recombination processes is investigated. To the best of our knowledge, systematic studies of
photoelectrochemical degradation of mono-, di-, and trihydric alcohols on semiconductor
photoanodes have not yet been performed. Presumably, the photoelectrochemical activity
of the latter will depend on the chemical structure of alcohols and on their competition
with water molecules on the surface of a film photoanode during photoelectrooxidation.
Similarly, there are no published studies of photoelectrochemical degradation of 5,6,7,8
tetrahydro-2-naphthol, a model compound for revealing reactivity of phenolic fragments
of steroid hormones upon their removal from an aqueous medium. It should be noted that
in this work, we did not intend to study the composition of the products of photoelectrocat-
alytic oxidation of substrates. This will be the subject of a subsequent separate study.

2. Results and Discussion
2.1. X-ray Diffraction (XRD), Raman and UV–Vis Spectroscopy

Figure 1 shows X-ray diffraction patterns of the conductive glass substrate and pre-
pared photoanode samples from the original and titanium-modified hematite. The diffrac-
tion pattern of the glass-ceramic substrate is dominated by tin oxide reflections. Peaks in
patterns of the samples unambiguously indicate the presence of rhombohedral α-Fe2O3
particles (ICDD card 33-0664). Sample-dependent intensity variations of corresponding
reflections can be attributed to texture effects (preferential alignment of grains in a given
crystallographic direction). Similar to results of [24], in the samples (2) and (3) the hematite
crystallites are preferentially oriented in the (110) direction, implying that, in a signifi-
cant fraction of crystallites, the (001) basal plane is perpendicular to the substrate. This
orientation facilitates the transfer of a photogenerated hole [25]. The size of hematite
crystallites was calculated by independent methods (Scherrer and Williamson-Hall) which
gave matching values. In both samples the grain size is 26–27 nm. Titanium compounds
were not detected.
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Figure 1. X-ray diffraction patterns of the samples: (1) conductive glass F:SnO2 (FTO); (2) 
Fe2O3/FTO; (3) Ti4+/Fe2O3/FTO. The curves are displaced vertically for clarity. Diffraction peaks of 
hematite (α-Fe2O3) are marked (ICDD card 33-0664). 

However, Raman spectra (Figure 2) clearly indicate the presence of anatase (a TiO2 
polymorph) manifested by characteristic peak at 144 cm−1 and some other features [23]. 
One can assume the formation of a heterojunction TiO2/Fe2O3. However, a shift of hema-
tite Raman peaks of the Ti4+/Fe2O3/FTO sample relative to α-Fe2O3 reference likely indi-
cates the formation of titanium solid solution. It is known that titanium oxide is readily 
soluble in iron oxide up to 20 mol.% [26]. The absence of the anatase X-ray reflections 
may be explained by their small volume fraction and/or poor crystallinity. 

 
Figure 2. Raman spectra of photoanode samples: (1) Fe2O3/FTO; (2) Ti4+/Fe2O3/FTO. The curves are 
displaced vertically for clarity. 

The absorption spectra of the Fe2O3/FTO and Ti4+/Fe2O3/FTO film samples are shown 
in Figure 3a. To maintain dependence on Tauс, in order to eliminate the contribution 
associated with the film thickness, the curves shown in Figure 3a were normalized to [0, 
1]. The direct band gap (Eg) was obtained by extrapolation of the linear part of the photon 

Figure 1. X-ray diffraction patterns of the samples: (1) conductive glass F:SnO2 (FTO); (2) Fe2O3/FTO;
(3) Ti4+/Fe2O3/FTO. The curves are displaced vertically for clarity. Diffraction peaks of hematite
(α-Fe2O3) are marked (ICDD card 33-0664).

However, Raman spectra (Figure 2) clearly indicate the presence of anatase (a TiO2
polymorph) manifested by characteristic peak at 144 cm−1 and some other features [23].
One can assume the formation of a heterojunction TiO2/Fe2O3. However, a shift of hematite
Raman peaks of the Ti4+/Fe2O3/FTO sample relative to α-Fe2O3 reference likely indicates
the formation of titanium solid solution. It is known that titanium oxide is readily soluble
in iron oxide up to 20 mol.% [26]. The absence of the anatase X-ray reflections may be
explained by their small volume fraction and/or poor crystallinity.
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Figure 2. Raman spectra of photoanode samples: (1) Fe2O3/FTO; (2) Ti4+/Fe2O3/FTO. The curves
are displaced vertically for clarity.

The absorption spectra of the Fe2O3/FTO and Ti4+/Fe2O3/FTO film samples are
shown in Figure 3a. To maintain dependence on Tauc, in order to eliminate the contribution
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associated with the film thickness, the curves shown in Figure 3a were normalized to [0, 1].
The direct band gap (Eg) was obtained by extrapolation of the linear part of the photon
energy dependence of the function (αhν)2 [27,28] to the energy axis (Figure 3b). As can be
seen from Figure 3b, the modification of Fe2O3 with titanium does not affect the band gap
energy, which is close to 2.2 eV for the studied samples.
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of the surface of titanium-doped hematite films (Figure 4) demonstrate that the films are 
homogeneous, dense and contain some defects. 

Figure 3. Absorption spectra of film photoanodes: (1) Fe2O3/FTO; (2) Ti4+/Fe2O3/FTO (a) and dependence
of (αhv)2 on photon energy hν for film photoanodes: (1) Fe2O3/FTO; (2) Ti4+/Fe2O3/FTO (b).
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The structure and morphology of the initial electrodeposited α-Fe2O3 films, as well
as their optical properties, correlate well with the literature data [29]. Microphotographs
of the surface of titanium-doped hematite films (Figure 4) demonstrate that the films are
homogeneous, dense and contain some defects.

Catalysts 2022, 12, x FOR PEER REVIEW 5 of 15 
 

 

 
Figure 4. Micrographs of titanium-promoted hematite film samples at different magnification. 

2.2. Influence of the Modifying Component on the Photoelectrocatalytic Oxidation of Water, 
Methanol, Ethylene Glycol and Glycerol 

Preliminary experiments showed that promotion of the synthesized hematite films 
with a small amount of titanium dioxide leads to ~8-fold increase in the water oxidation 
photocurrent at the potential 0.4 V vs. Ag (Figure 5). This can be explained by an increase 
in the density of surface states of the photoanode upon modification with titanium [26]. 
This improves the efficiency of charge transfer in the process of photoelectrocatalytic 
oxidation of water molecules. It was also of interest to study the photoelectro-oxidation 
of other depolarizers on this photoanode. 

 
Figure 5. Current-voltage characteristics of (1, 3) Ti4+/Fe2O3/FTO and (2) Fe2O3/FTO film pho-
toanodes in aqueous solutions of 0.1 M KOH obtained in: (1) dark conditions; (2, 3) under visible 
light illumination with a power density of 100 mW cm−2. 

The polarization curves of photoelectro-oxidation of methanol, ethylene glycol, and 
glycerol on a Ti4+/Fe2O3/FTO film photoanode are shown in Figure 6. For each of the 
three organic depolarizers, a well-pronounced wave of direct photoelectrochemical oxi-
dation is observed. It is shifted to the cathodic side compared to the curve in background 
solution. A significant dependence of the photocurrent on the chemical nature of the 
depolarizer is observed. At a photoanode potential of 0.4 V vs. Ag electrode, the photo-
current in solutions with the addition of 20% methanol, ethylene glycol, or glycerol in-
creases by factors of 2.4, 4.4, and 6, respectively, compared with the value in a 0.1 M 
KOH solution. An increase in the number of OH groups in an alcohol molecule is ac-

Figure 4. Micrographs of titanium-promoted hematite film samples at different magnification.

2.2. Influence of the Modifying Component on the Photoelectrocatalytic Oxidation of Water,
Methanol, Ethylene Glycol and Glycerol

Preliminary experiments showed that promotion of the synthesized hematite films
with a small amount of titanium dioxide leads to ~8-fold increase in the water oxidation
photocurrent at the potential 0.4 V vs. Ag (Figure 5). This can be explained by an increase in
the density of surface states of the photoanode upon modification with titanium [26]. This
improves the efficiency of charge transfer in the process of photoelectrocatalytic oxidation
of water molecules. It was also of interest to study the photoelectro-oxidation of other
depolarizers on this photoanode.
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Figure 5. Current-voltage characteristics of (1, 3) Ti4+/Fe2O3/FTO and (2) Fe2O3/FTO film photoan-
odes in aqueous solutions of 0.1 M KOH obtained in: (1) dark conditions; (2, 3) under visible light
illumination with a power density of 100 mW cm−2.

The polarization curves of photoelectro-oxidation of methanol, ethylene glycol, and
glycerol on a Ti4+/Fe2O3/FTO film photoanode are shown in Figure 6. For each of the three
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organic depolarizers, a well-pronounced wave of direct photoelectrochemical oxidation is
observed. It is shifted to the cathodic side compared to the curve in background solution.
A significant dependence of the photocurrent on the chemical nature of the depolarizer is
observed. At a photoanode potential of 0.4 V vs. Ag electrode, the photocurrent in solutions
with the addition of 20% methanol, ethylene glycol, or glycerol increases by factors of 2.4,
4.4, and 6, respectively, compared with the value in a 0.1 M KOH solution. An increase in
the number of OH groups in an alcohol molecule is accompanied by a shift in the currentless
potential and the entire polarization curve of the photocurrent towards the cathode side.
The results obtained indicate an increase in the rate of photoelectro-oxidation in the series
H2O < CH3OH < C2H4(OH)2 < C3H5(OH)3. This can be explained by the influence of the
chemical nature of the depolarizer both on the rate constant of photoelectro-oxidation and
on recombination processes on the surface states of the promoted hematite photoanode.
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Figure 6. Polarization curves of a Ti4+/Fe2O3/FTO film photoanode measured: (1) in dark conditions,
and (2–5) under visible light illumination with a power density of 100 mW cm−2 in aqueous solutions
of (2) 0.1 M KOH; (3) 0.1 M KOH + 20% CH3OH; (4) 0.1 M KOH + 20% C2H4(OH)2; and (5) 0.1 M
KOH + 20% C3H5(OH)3.

The presence of recombination losses is evidenced by the shape of the photocurrent
transients shown in Figure 7. It can be seen that in a 0.1 M KOH solution, switching
the light “on” and “off” leads to sharp jumps in the photocurrent, which, during the
photoelectrocatalytic oxidation of water molecules, quickly drops to a stationary value
(Figure 8, curve 1) due to partial recombination of photogenerated electron-hole pairs. The
indicated current jumps, and, consequently, the associated recombination losses, decrease
significantly when 20% CH3OH is added to the background solution (Figure 7, curve 2),
and practically disappear upon addition of 20% C3H5(OH)3 (Figure 7, curve 3). The main
contribution to recombination losses in the process of photoelectrocatalytic oxidation of
substrates on a Ti4+/Fe2O3/FTO film photoanode is made by surface states (SS), while the
role of bulk recombination is much smaller [26].
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KOH + 20% C3H5(OH)3.

2.3. Estimation of Recombination Losses during Photoelectro-Oxidation of Water, Methanol,
Ethylene Glycol and Glycerol

Dependence of the incident photon-to-current conversion efficiency (IPCE%) of a
Ti4+/Fe2O3/FTO film photoanode on the wavelength of monochromatic light in an aque-
ous solution of 0.1 M KOH + 20% C3H5(OH)3 is shown in Figure 8. It can be seen that
the photoactivity manifests itself in the wavelength range of 350–600 nm. Comparison of
Figures 8 and 3a shows a good correlation between the IPCE% spectrum and the absorp-
tion spectrum for this sample (Figure 3a, curve 2). To quantify the recombination losses
during the photoelectro-oxidation of water, methanol, ethylene glycol, and glycerol on
a titanium-promoted hematite electrode, the method of Intensity-modulated photocur-
rent spectroscopy (IMPS) was used [30–33]. To record the IMPS dependences, we used
monochromatic illumination with a wavelength of 452 nm in the visible region, which
provides a fairly high value of IPCE% (Figure 8).
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The IMPS spectra for a Ti4+/Fe2O3/FTO film photoanode measured during the
photoelectro-oxidation of water, methanol, and glycerol are presented in Figure 9.
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C2H4(OH)2; (4) 0.1 M KOH + 20% C3H5(OH)3.

The IMPS spectra cross the real axis in the low frequency (LF) region at a photocurrent
density I1 and in the medium frequency region at a photocurrent density I2. I1 is the steady-
state photocurrent, while I2 is the charge carrier generation current [34]. The generation
current expressed in electrical units is the flux of photoexcited minority charge carriers
from the bulk of the semiconductor to its surface (i.e., the photocurrent in the absence
of surface recombination of holes). Figure 9 shows the IMPS spectra normalized to I2.
The point of intersection of the normalized IMPS spectrum with the real axis in the LF
region corresponds to I1/I2 and shows the fraction of recombination losses during the
electrocatalytic oxidation of depolarizers. It is seen from Figure 9 that significant surface
recombination of photogenerated electron-hole pairs is observed in aqueous solution of
0.1 M KOH. At a potential of 0.4 V, the photocurrent makes 28% and the recombination loss
is 72% of the hole generation current. It can also be seen from Figure 9 that the introduction
of 20% CH3OH into 0.1 M KOH aqueous solution reduces the recombination losses at
the photoanode from 72 to 16%. This results from the principal role of photoinduced
holes in the process of photoelectro-oxidation of CH3OH molecules. The introduction of
20% C2H4(OH)2 or C3H5(OH)3 into the solution reduces the recombination losses in the
photoanode almost down to zero (Figure 9, curves 3 and 4). Thus, these depolarizers are
more efficiently oxidized by photogenerated holes than water and CH3OH molecules.

From the normalized IMPS data, the recombination rate constant Krec and charge
transfer rate constant Kct were calculated. The LF limit of the normalized IMPS in Figure 9,
equal to I1/I2, is related to the rate constants of recombination and charge transfer as
I1/I2 = Kct/(Krec + Kct). The light modulation frequency on the photoanode corresponding
to the maximum of the semicircle located in the first quadrant fmax allows one to find
the sum (Krec + Kct) using the equation: 2πfmax= (Krec + Kct). The values of Krec and
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Kct calculated from these two ratios for the processes of photoelectro-oxidation of water,
methanol, and glycerol are given in Table 1. It can be seen that the chemical nature of the
depolarizer affects both constants. A significant increase in Kct is observed in the series
H2O < CH3OH < C3H5(OH)3. The accelerated consumption of holes entering the surface
states of the photoanode in the photoelectro-oxidation of methanol and glycerol, in turn,
decreases Krec in the series H2O > CH3OH > C2H4(OH)2 ≈ C3H5(OH)3. A comparison
of Figures 6 and 9 shows that an increase in the photocurrent in the case of C2H4(OH)2
and C3H5(OH)3 substrates compared to CH3OH is associated not only with complete
suppression of the recombination due to the rapid transfer of holes to the depolarizer,
but also with an increase in the density of surface states of the photoanode due to the
adsorption of C2H4(OH)2 and C3H5(OH)3 at the electrode/solution interface.

Table 1. Charge transfer and recombination constants at E = 0.4 V vs. Ag on film photoanode
Ti4+/Fe2O3/FTO under monochromatic illumination at 452 nm, with a 14 mW cm−2 power density
in aqueous solutions of 0.1 M KOH, 0.1 M KOH + 20% CH3OH, and 0.1 M KOH + 20% C3H5(OH)3.

Kct, s−1 Krec, s−1

H2O 10.8 27.8

CH3OH 32.4 10.8

C2H4(OH)2 Ktr >> Krec -

C3H5(OH)3 Ktr >> Krec -

2.4. Photoelectrocatalytic Oxidation of 5,6,7,8-tetrahydro-2-naphthol

Estrone, 17β-estradiol, estriol, and 17α-ethinylestradiol, endocrine disruptors, are
major contributors to estrogenicity in aquatic systems. These compounds have been found
in broad range of natural and industrial waters [35]. Disinfection of drinking water requires
reduction of the estrogenic activity of 17α-ethinylestradiol, a hormonal contraceptive drug.
Ozone with an oxidation potential of 2.07 V was used for this purpose [36]. Photodegrada-
tion of estrogenic steroid hormones has also been described, and dispersed titanium dioxide
was shown to exhibit the highest photocatalytic activity under ultraviolet irradiation. Pho-
tocatalytic degradation generally eliminates or reduces estrogenic activity, although some
intermediates exhibit higher estrogenic activity than that of precursor steroid hormones.
The retention of estrogenic activity is mainly associated with the presence of a phenolic
fragment in the intermediates [37]. Here, 5,6,7,8-tetrahydro-2-naphthol is a model com-
pound for evaluating the possibility of degradation of the reactive phenolic moiety in
steroid hormones.

Figure 10 shows the polarization curve of the photoelectrochemical process occurring
on a Ti4+/Fe2O3/FTO film photoanode in a background 0.1 M KOH electrolyte containing
5,6,7,8-tetrahydro-2-naphthol (curve 3). A well-pronounced wave of direct photoelectro-
chemical oxidation of 5,6,7,8-tetrahydro-2-naphthol is observed in the potential range
0–0.7 V vs. Ag. It can be assumed that at higher potentials this substance will also be
subject to oxidation by the OH• radicals formed during the photoelectro-oxidation of water,
the potential of which (2.06 V) [38] is also sufficient to oxidize the substrate. Composition
of the degradation products is very complex and is the subject of ongoing research.



Catalysts 2022, 12, 1243 10 of 15

Catalysts 2022, 12, x FOR PEER REVIEW 10 of 15 
 

 

 
Figure 10. Polarization curves of a Ti4+/Fe2O3/FTO film photoanode measured: (1) in dark condi-
tions, and (2, 3) under visible light illumination with a power density of 100 mW cm−2 in aqueous 
solutions of 0.1 M KOH and 0.1 M KOH + 0.01 mM 5,6,7,8-tetrahydro-2-naphthol, respectively. 

2.5. Estimation of Recombination Losses during Photoelectro-Oxidation of 
5,6,7,8-tetrahydro-2-naphthol 

Comparison of Figures 6 and 10 shows that the electro-oxidation photocurrent den-
sity in the presence of 5,6,7,8-tetrahydro-2-naphthol is higher than in 0.1 M KOH solu-
tion, but it is approximately two times lower than the photocurrent density of methanol 
electro-oxidation from 0.1 M KOH + 20% CH3OH solution. Together with the data from 
Figure 9 this indicates the presence of significant recombination losses during the photo-
electrocatalytic oxidation of 5,6,7,8-tetrahydro-2-naphthol at a photoanode potential of 
0.4 V vs. Ag. The same is also evidenced by the shape of the photocurrent transients 
shown in Figure 11. 

 
Figure 11. Photocurrent transients of a Ti4+/Fe2O3/FTO film photoanode measured in an aqueous 
solution of 0.1 M KOH + 0.01 mM 5,6,7,8-tetrahydro-2-naphthol at E = 0.4 V in dark conditions and 
under visible light illumination with a power density of 100 mW cm−2. 

It can be seen that turning the light “on” and “off” at a potential of 0.4 V leads to 
sharp jumps in the photocurrent, which rapidly drop to a stationary value due to the 

Figure 10. Polarization curves of a Ti4+/Fe2O3/FTO film photoanode measured: (1) in dark condi-
tions, and (2, 3) under visible light illumination with a power density of 100 mW cm−2 in aqueous
solutions of 0.1 M KOH and 0.1 M KOH + 0.01 mM 5,6,7,8-tetrahydro-2-naphthol, respectively.

2.5. Estimation of Recombination Losses during Photoelectro-Oxidation of
5,6,7,8-tetrahydro-2-naphthol

Comparison of Figures 6 and 10 shows that the electro-oxidation photocurrent density
in the presence of 5,6,7,8-tetrahydro-2-naphthol is higher than in 0.1 M KOH solution, but
it is approximately two times lower than the photocurrent density of methanol electro-
oxidation from 0.1 M KOH + 20% CH3OH solution. Together with the data from Figure 9
this indicates the presence of significant recombination losses during the photoelectrocat-
alytic oxidation of 5,6,7,8-tetrahydro-2-naphthol at a photoanode potential of 0.4 V vs. Ag.
The same is also evidenced by the shape of the photocurrent transients shown in Figure 11.
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Figure 11. Photocurrent transients of a Ti4+/Fe2O3/FTO film photoanode measured in an aqueous
solution of 0.1 M KOH + 0.01 mM 5,6,7,8-tetrahydro-2-naphthol at E = 0.4 V in dark conditions and
under visible light illumination with a power density of 100 mW cm−2.

It can be seen that turning the light “on” and “off” at a potential of 0.4 V leads to sharp
jumps in the photocurrent, which rapidly drop to a stationary value due to the recombi-
nation of photogenerated electron-hole pairs during simultaneous photoelectrocatalytic
oxidation of 5,6,7,8-tetrahydro-2-naphthol and water molecules. Figure 12 compares the
normalized IMPS spectra for a Ti4+/Fe2O3/FTO film photoanode in the background solu-
tion and in the presence of 5,6,7,8-tetrahydro-2-naphthol. It can be seen that the addition of
0.01 mM 5,6,7,8-tetrahydro-2-naphthol to 0.1 M KOH leads to a decrease in recombination
losses from 72 to 59 %. The values of Kct and Krec calculated from the IMPS data are
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15.8 s−1 and 22.8 s−1, respectively. The results obtained, together with the data in Table 1
imply the dominant role of photoinduced holes in the process of photoelectro-oxidation of
5,6,7,8-tetrahydro-2-naphthol molecules compared to water molecules.
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Figure 12. Normalized IMPS spectra for a Ti4+/Fe2O3/FTO film photoanode illuminated with
monochromatic light 452 nm at illumination power density 14 mW cm−2 obtained at a potential of 0.4
V in aqueous solutions of (1) 0.1 M KOH and (2) 0.1 M KOH + 0.01 mM 5,6,7,8-tetrahydro-2-naphthol.

3. Experimental Section
3.1. Materials

Chemically pure (>99%) ferric chloride (FeCl3·6H2O), potassium fluoride (KF ·2H2O),
and potassium chloride (KCl), titanium tetra n-butoxide (Ti(OBu)4), 35% hydrogen peroxide
(H2O2), purchased from Aldrich (Burlington, MA, USA) and used in the film coating
fabrication without further purification. To manufacture the photoanodes, glass with an
electrically conductive coating (specific resistance ≈ 7 Ω cm−2) of fluorine-stabilized tin
dioxide (F: SnO2, FTO) (Aldrich) was used.

3.2. Preparation of Hematite and Doped Hematite Films

Polycrystalline α-Fe2O3 photoanodes were formed on FTO-coated glass substrates.
The substrate was preliminarily cleaned by ultrasonication in acetone, isopropanol, and
distilled water baths (15 min in each one). The cleaned glass substrate was fixed in a Teflon
frame so that the surface to be coated was 1 cm2, the uncoated part of the sample was fixed
in a titanium current lead, and a three-electrode system was assembled on a Teflon cover. A
Pt–Ir alloy plate (Ir content 10%) with 8 cm2 area was used as an anode, and a silver plate
served as a reference electrode. The assembled block of electrodes was placed in a 100 mL
thermostated cell equipped with a water jacket. The distance between the anode and the
cathode was 3 cm. The electrochemical cell was filled with an electrolyte solution (12.5 mM
FeCl3, 50 mM KF, 0.1 M KCl and 1 M H2O2) immediately before α-Fe2O3 deposition. The
hematite film was electrodeposited for 5 min under potentiostatic conditions at a potential
of −0.35 V vs. Ag and a temperature of 70 ◦C. The chronoamperometric curve was
recorded using a PAR 273 potentiostat (Princeton Applied Research, Oak Ridge, TN, USA).
The amount of electricity consumed during the deposition was 1.6–2.0 C. The reactions
proceeding during electrodeposition are described in several works [39,40]:

F− + Fe3+ → FeF2+ (1)
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H2O2 + 2e→ 2OH− (2)

FeF 2+ + 3OH− → FeOOH + F− + H2O, (3)

and the overall reaction can be represented by the equation:

3H2O2 + 2FeF2+ + 6e− → 2 FeOOH + 2F− + 2H2O (4)

As a result of the electrodeposition, a yellow FeOOH film was obtained on the glass
substrate. It was thoroughly washed with distilled water, dried at room temperature,
and then annealed in air in a tube furnace at 500 ◦C for 2 h. Then the temperature in the
furnace was raised to 750 ◦C for additional treatment for 10 min. After cooling in the
furnace for 12 h, the resulting samples with a uniform red α-Fe2O3 film ~600–800 nm thick
were obtained.

3.3. Modification of Hematite Films

To prepare photoanodes with modified hematite, first a hematite film was obtained
according to the method described in the previous subsection. Then 0.05 mL tetra-
butoxytitanium (Ti(OBu)4) was applied to the formed α-Fe2O3 film coating by spin-coating
with the sample rotating at 2000 rpm. After drying, the sample was calcined at 500 ◦C for
2 h and then at 750 ◦C for 10 min (ramp rate 10 deg/min).

3.4. Characterization of the Samples

The phase composition of the photoelectrocatalytic film coatings was studied by X-ray
diffraction (XRD) analysis on an Empyrean X-ray diffractometer (Panalytical BV, Almelo,
Netherlands). Ni-filtered Cu-Kα radiation was used; the samples were studied in the
Bragg–Brentano geometry. Experimental diffraction patterns were processed using the
Highscore program; the phase composition was identified using the ICDD PDF-2 diffraction
database. The average size of crystallites of the identified phase was determined from
the broadening of the observed diffraction peaks using Williamson–Hall and Scherrer
methods. The spectral characteristics of the obtained films were studied in a range of
300–1100 nm at room temperature using a Lambda35 Perkin Elmer spectrometer. Raman
spectra were recorded using an inVia “Reflex” Raman spectrometer (Renishaw, New Mills
Wotton-under-Edge UK) with 633 nm excitation wavelength and laser power on the sample
less than 0.2 mW; 20× objective.

3.5. Photoelectrochemical Measurements

For photoelectrochemical studies a setup consisting of a PECC-2 photoelectrochemical
three-electrode cell (Zahner Elektrik, Kronach, Germany), a solar spectrum simulator 96000
(Newport, Irvine NV, USA) with an AM1.5G filter and a power of 150 W, and an IPC-Pro
MF potentiostat (IPCE RAS, Moscow, Russia) was used. The working electrode in the
cell was a photoanode made of hematite or hematite doped with titanium in the form
of a film coating with a surface area of 1 cm2. A platinum wire with a surface area of
≈3 cm2 served as the auxiliary electrode. A silver wire was used as a reference electrode,
relative to which all potentials are given in this work. Illumination was carried out from the
reverse side of the photoanode, and the illumination power at different distances from the
light source was determined using a Nova instrument (OPHIR-SPIRICON Inc., Jerusalem,
Israel). Photoelectrochemical oxidation of organic substrates on prepared photoanodes was
carried out under visible light illumination (1 sun) at a power density of 100 mW cm−2. The
IMPS spectra of the photocurrent were recorded on a computerized photoelectrochemical
station Zahner PP 211 CIMPS (Zahner-Elektrik) Gmbh & Co.KG, Kronach, Germany)
in the frequency range from 1000 to 0.02 Hz. The station was equipped with a TLS03
monochromatic light source with a set of LEDs with wavelengths from 320 to 1020 nm
and the CIMPS-QE/IPCE software package. The IMPS spectra were recorded under the
illumination of a photoanode with monochromatic light with a wavelength of λ = 452 nm
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and a fixed intensity of 14 mW cm−2. A sinusoidal disturbance (~10% of stationary
illumination) was superimposed on a constant base light intensity.

4. Conclusions

The results of the study show that modification of the surface of an electrodeposited
thin-film hematite photoelectrode with a small amount of titanium leads to a significant
intensification of the processes of photoelectrocatalytic degradation of alcohols with various
structures. This modification of the hematite surface increases the efficiency of charge trans-
fer through the photoanode/solution interface upon illumination with a sunlight simulator.
Since alcohol substrate molecules in a 0.1 M KOH solution are more effective acceptors of
photoinduced holes compared to water molecules, they suppress recombination processes
on the surface of modified photoanodes. The increase in the photoelectro-oxidation rate in
the series H2O < CH3OH < C2H4(OH)2 < C3H5(OH)3 can be explained by the influence
of the chemical nature of the depolarizer on both the photoelectro-oxidation rate constant
transfer of holes to the depolarizer and the recombination processes on the surface states of
the titanium-promoted hematite photoanode.

Thus, it has been shown that the chemical nature of the depolarizer plays an important
role in increasing the efficiency of charge separation and the charge transfer rate constant
during the photoelectrocatalytic oxidation of some alcohols. It has also been shown that
the modification of α-Fe2O3 with titanium provides maximum activity of the photoanode
with respect to the reaction of photoelectro-oxidation of glycerol from an aqueous solution.
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