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Highlights 

 TiO2-CeO2/V2O5 catalysts were obtained by co-precipitation from individual 

oxides. 

 The catalysts were tested in the oxidation of styrene oxide via photochemical 

process 

 The reaction also took place without light application  

 Higher catalytic conversion was obtained when ultraviolet light was applied  

 The most considerable selectivity to 2-phenyl ethanol was obtained with light 

irradiation 

 

Abstract 

This work reports the preparation of the TiO2-CeO2 (TiCe) catalytic support of V2O5 

catalysts, which was tested in the oxidation process of styrene oxide via chemical and 

photochemical methods. The TiCe-V2O5 catalytic support was prepared by the co-

precipitated method from the individual metal oxides, varying the amount of vanadium 

oxide by 3, 6, and 10 % mol with respect to the support. The obtained catalysts were 

characterized by different spectroscopies, as well as by the N2 adsorption-desorption 

technique. The catalytic reaction test was carried out in the liquid phase during 120 min 

with/without ultraviolet light irradiation at 50 ºC. There was no V2O5 effect on the surface 

area, pore volume, and pore diameter since all catalysts had similar textural values.  In all 

samples the structures identified by X-ray diffraction were the Anatase phase and CeO2 in 

the cubic phase. XPS results revealed the formation of surface carbonate species, which 

were also identified by infrared spectroscopy. The conversion rate was better when 

employing ultraviolet light, and the rate increased as the V2O5 amount rose. The main 

reaction products were 2-phenylethanol and 1-phenylethanol. However, a low amount of 

benzaldehyde was detected. The selectivity to the desirable product (2-phenylethanol) 

increased when the reaction was irradiated with UV light and the catalyst contained a 

higher amount of vanadium . It was observed that the effect of UV radiation on the electric 

mobility produces an acceleration of the reaction to 2-phenylethanol, avoiding the 1-

phenylethanol formation. The bandgap value decreased as the vanadium oxide amount 

increased, boosting the electric mobility. 

Keywords. Styrene oxide; Photochemical; Chemical; Catalysts; Oxidation. 
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1. Introduction 

The heterogeneous photocatalysis applied to the chemical transformations in a liquid phase 

is a relatively novel technology for the synthesis of chemical products by selective 

oxidation [1-3]. Selective photo-oxidation is a new method to obtain partially oxidized 

organic molecules such as hydrocarbons and alcohols, aldehyde derivatives with full 

industrial chemical applications (flavor, confectionery, beverages, among others), and 

epoxies to be used in chemical and plastic industries [3-5]. In recent years selective 

photocatalytic processes have drawn researchers´ attention to changing from harmful to 

friendly and sustainable methods. Thus, it is of great importance to have the adequate 

reaction conditions, for which reason catalysts must have satisfactory oxidizing properties, 

and be capable in turn of absorbing UV-Vis light. For this work, CeO2 was selected as part 

of the catalytic support due to its stability, selectivity, and activity in various photocatalytic 

applications [6-8]. Several researchers have used the oxygen storage capacity of CeO2 and 

its ability to increase the catalytic activity and to reduce coke formation [9-12]. The oxygen 

storage capacity can be defined as a local source to store or release oxygen; in the 

reversible redox reaction of Ce3+ Ce4+, in which oxygen is released and reacts with other 

reagents, the role of cerium has been investigated. Also, the storage capacity of oxygen 

makes it suitable for use in the oxidation of CO to CO2 [13,14]. 

On the other hand, when TiO2 absorbs a photon of energy greater than or equal to its 

bandgap (hv≥Eg) it generates the promotion of an electron from the valence band (VB) to 

the conduction band (CB) promoting the formation of an electron-hole pair (𝑒-𝐶𝐵-ℎ+𝑉𝐵). 

These charge carriers can migrate to the catalyst surface to produce oxidation processes 

[15]. The photogenerated electrons could react with an electron acceptor such as O2 to form 

a radical anion O2•-. While the hole can initiate further interfacial electron transfer or other 

chemical reactions, it can itself diffuse into the bulk solvent with surface-bound OH- ions. 

The photogenerated electron (e-) is usually in the conduction band edge, and the hole (h+) is 

in the valence band edge. The catalyst deactivation by the electron-hole recombination may 

be difficult if there is a mismatch of energies of electron and hole. Unlike metals, 

semiconductors lack a continuum of inter-band states to assist the recombination of 

electron-hole pairs. This fact assures an electron-hole pair lifetime sufficiently long to 

allow these species to participate in interfacial electron transfer. 
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Vanadium quickly changes its oxidation state, and it is stable as V2+, V3+, V4+ and V5+. 

Therefore, it is an active catalyst, mainly in oxidation reactions due to the fact that it easily 

forms oxygen vacancies, adsorbs ultraviolet light, and is capable of creating reactive 

species such as O2•- and OH• radicals [16]. The V5+ state found in tetrahedral (VO4), 

pentahedral (VO5), and octahedral (VO6) forms tends to form poli-oxoanions. Surface V5+ 

sites are commonly present as isolated monomeric species from VO4; in all these forms, 

vanadium can function as an excellent catalyst [17]. 

CeO2-TiO2-V2O5 catalysts have been used to control the emission of highly harmful 

substances. The simultaneous removal of mercury and nitrogen oxide from a flue gas, by 

selective catalytic reduction or under oxidation conditions, has been reported [18]. The 

1%V2O5-10% CeO2/TiO2 catalyst showed the best removal efficiency of both mercury and 

NO; the efficiency was just over 80% at a temperature of 250 °C. In a recent work, it was 

reported that the CeO2 loaded on a V2O5-TiO2 support not only did it notably enhance 

selective catalytic reduction but it also enhanced Hg0 oxidation [19]. Recently, a V2O5-

CeO2-TiO2-SO4
2− catalyst was tested in the selective catalytic reduction of nitrogen oxide 

by NH3 [20].  In this case, V2O5-TiO2 was the catalytic support which showed a low 

conversion of NO. However, the CeO2 addition enhanced the NO conversion in a 220-400 

°C temperature interval. The sulfated catalyst showed a better conversion rate in 

comparison with the commercial catalyst.  

There is little literature on styrene oxide oxidation, and nothing yet regarding 

heterogeneous catalysts. Therefore, we are reporting in this paper the application of these 

catalysts in photocatalytic oxidation, compared to the reaction without light irradiation. The 

three oxides that make up our catalysts are semiconductors containing V2O5 dispersed on 

mixed CeO2/TiO2 supports, with a higher redox potential that promotes defect formation 

and oxygen transport within the catalyst lattice. Among the objectives of the research was 

to emphasize the importance of testing catalysts in the oxidation reaction of styrene oxide 

through the photochemical and chemical pathways, and to correlate the activity of catalysts 

to the band energy and the effect of the V2O5 amount addition. 

 

2. Experimental 

2.1 Catalysts preparation 
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2.1.1 Chemical substances 

Ammonium metavanadate (NH4VO3) (Sigma-Aldrich, 98 %) 

Cerium chloride III heptahydrate (CeCl2.7H2O) (Sigma-Aldrich, 99 %) 

Sodium hydroxide (NaOH) (Sigma-Aldrich, 98 %) 

Absolute ethanol (Sigma-Aldrich, 9 7%) 

Styrene oxide (Sigma-Aldrich, 97 %) 

Hydrogen peroxide solution (Sigma-Aldrich, 30 % (w/w) in H2O). 

TiO2 (P25-Degussa, Sigma-Aldrich, 98 %)  

 

2.1.2 Procedures 

We used the co-precipitation method for the synthesis of the catalysts from alkaline 

solutions of each precursor using a 1 M sodium hydroxide solution. Table 1 shows the 

amounts of the chemical substances used for the synthesis of the catalysts. The necessary 

quantities of V2O5 and CeO2 were calculated considering 5 g of TiO2 as 100 % and 

corresponding to 0.062 mol. The CeO2 amount was constant in all catalysts, and it 

corresponds to 10 mol %. The mol percentage of V2O5 was 3 %, 6 %, and 10 %, 

respectively. 

TiO2-CeO2 (TiCe). In addition, an aqueous solution of TiO2 and CeCl2.7H2O was made. 

Both solutions were mixed, and a solution of NaOH (1 M) was added; then the mixture was 

heated at 70 °C for 2 h. Subsequently, the obtained precipitate was washed with water and 

dried at 70 ° C for 5 h. Finally, the catalysts was annealed at 400 °C for 4 h in an air flux. 

TiO2-CeO2-XV2O5 (TiCe-XV2O5) X= 3, 6, 10 %. Each of the oxides was prepared by 

mixing aqueous solutions of CeCl2.7H2O, TiO2, with NH4VO3 and adding a solution of 

NaOH (1M) as a precipitating agent. The co-precipitation was performed at pH=10. The 

solid precipitates were filtered and washed with deionized water, and then dried at 80 °C in 

air for 12 h. The dried samples were annealed at 400 ºC for 4 h in an air flux. 

Table 1. Amounts used of the precursor of titanium, cerium and vanadium oxides.  

Sample TiO2 (g) CeCl3.7H2O (g)  (NH4VO3) (g) 

TiCe 5 2.297 0 
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TiCe-3V2O5 5 2.297 0.72 

TiCe-6V2O5 5 2.297 1.08 

TiCe-10V2O5 5 2.297 2.2 

 

2.2 Catalysts Characterization  

The specific surface area, average pore diameter, and pore volume were determined from 

the N2 adsorption-desorption isotherms. The samples were previously thermally treated at 

80 °C under vacuum during 12 h. The N2 gas adsorption-desorption was carried out at 77.3 

K using a Belsorp II equipment. The specific surface areas were determined using the 

Brunauer-Emmet-Teller (BET) method, and the average pore size and pore volume values 

were determined from the desorption isotherm using the Barret-Joyner-Halenda (BJH) 

method. The FTIR spectra of all samples were acquired in an Affinity IR spectrometer 

equipped with an attenuated reflection (Shimadzu) module. All spectra were collected with 

an average of 100 measurements, a resolution of 8 cm-1 and an interval of 1400 to 400 cm-1. 

Raman spectroscopy was performed in a micro-Raman spectrometer (JobinYvonHR800 

model) at room temperature. Line laser excitation was 532 nm with a D3filter and an 

exposure time of 2 s. The sample powder was placed on a clean glass sample holder and the 

spectra were recorded in a wavenumber range from 100 cm-1 to 1100 cm-1. A THERMO 

Scientific K-Alpha spectrometer with an Al K X-ray source (1486.6 eV) and a 

hemispherical electron analyzer was used to determine the surface chemical composition 

and the valence band of the V2O5/CeO2-TiO2 catalysts. Experimental peaks were 

deconvoluted into their components using mixed Gaussian-Lorentzian functions and a non-

linear square fitting algorithm, then the Shirley background subtraction was applied. The d-

band centers were determined by the integrate of the first moment of the density of state 

equation 1 by XPS measurements [21]. 

μ
p
=∫N(ε) εpdε      (1) 
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Where µp is the moment order, and N (ε) is the DOS. Thus, d-band centers correspond to 

the gravity center when μ1/μ0 = 1, and it was integrated from the Fermi level energy to the 

d-band center energy.  

2.3 Catalysts evaluation of the styrene oxide oxidation 

2.3.1 Chemical method 

The catalytic reaction was carried out in liquid phase, using 1 g of catalyst, 150 ml of 

absolute ethanol, 2 mmol of styrene oxide, 0.067 mol of H2O2 and magnetic stirring. The 

reaction was carried out at 50 ° C for 2 h. 

The products were analyzed and quantified in a Varian Star 3600 CX gas chromatography 

with capillary column AT-1 of 30 m X 0.25 mm i.D. X 25 μm film.  

2.3.2 Photochemical method 

The catalytic photoreaction was also carried out in liquid phase, mixing 1 g of catalyst, 150 

ml of absolute ethanol, 2 mmol of styrene oxide, and 0.067 mol of H2O2 with magnetic 

stirring and irradiation during 2 h at 50 °C. A UVP Pen-Ray 90-0012-01 11SC-1 Mercury - 

UV Lamp (254 nm, 2.12 inches, illuminated length) was used, and water was recirculated 

to the lamp in order to keep its temperature constant at 20 °C and prevent overheating.  

The products were analyzed and quantified in a Varian Star 3600 CX gas chromatography 

with capillary column AT-1 of 30 m X 0.25 mm i.D. X 25 μm film. 

2.3.3 Determination of catalytic test parameters 

The catalytic conversion, the catalytic selectivity, and the reaction yield were determined 

from the obtained data of the gas chromatographic analysis and using the following criteria:  

o The conversion degree (Xa) is defined as the ratio between the area under the curve 

of transformed moles and the area under the curve of mole fed for a given 

compound: 

𝑋𝑎 =
AP0 − APT

AP0
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 Where AP0 is the area under the curve of the Styrene Oxide mole fed and the APT is 

the area under the curve of the transformed Styrene Oxide mole. 

o The selectivity (S) of a reaction to a given product (x) is represented by the ratio of 

the area under the curve of moles of the obtained product between the area under 

the curve of the mole of all the transformed products (x, y, z, etc.). So: 

𝑆𝑥 =
APx

APx + APy + APz
 

 

o The yield of a reaction, concerning some of its products, is calculated by the ratio of 

the area under the curve of mole of product x obtained (Apx) between the area 

under the curve of the reactant moles fed: 

𝑅𝑥 =
APx

AP0
 

 

3. Results and discussion 

3.1 Nitrogen adsorption-desorption   

The N2 adsorption-desorption isotherms of all catalysts fall within the IUPAC classification 

in a type III isotherm (Figure 1). All isotherms show a more significant amount of 

adsorption pressure region (P/P0 > 0.6), and a full hysteresis loop indicating the presence of 

large mesopores. This assumption is corroborated by the average pore diameter values, 

which vary between 17 and 19.38 nm (Table 2).   
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Figure 1. Adsorption (black)-desorption(red) isotherms of (a) TiCe-10V2O5, (b) TiCe-

6V2O5, (c) TiCe-3V2O5, and (d) TiCe catalysts.    

The Brunauer-Emmett-Teller (BET) surface area of the porous TiCe catalyst was found to 

be 94 m2/g, and this area decreased slightly with the addition of vanadium oxide.  Using the 

BJH method and the desorption branch of the nitrogen isotherm, the calculated pore-size 

distribution data indicated that the TiCe catalyst had an average pore size of 18.4 nm, while 

the average pore size of catalysts containing V2O5 also decreased a little (Table 2). 

Therefore we can say there is a substantial effect of the V2O5 addition on the textural 

properties since the values shown in Table 2 are very close. 

Table 2. Brunauer-Emmett-Teller surface area (SBET), pore diameter (DP), and pore volume 

(VP) of the TiCe and the different TiCe-V2O5 catalysts. 

Sample SBET (m2/g) DP (nm) VP (cc/g) 

TiCe 94 18.4 0.4310 

    

TiCe-3V2O5 90 17.026 0.3830 
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TiCe-6V2O5  91 17.732 0.4119 

    

TiCe-10V2O5 89 19.385 0.4348 

 

3.2 Infrared spectroscopy 

Figure 2 shows the FTIR spectra of TiCe-V2O5 catalysts in the wavenumber interval of 

1400-400 cm-1. A broad and incomplete band was observed around 420 cm-1, which 

belongs to the Ti-O-Ti stretching vibrations from structural bonds in the TiO2 network. The 

bands at 1055, 1035, and 1010 cm-1 are related to vibration modes of the Ti-O-C functional 

group due to carbonate species linked to the catalytic support [22-24]. No other peaks were 

observed, due to the CeO2 and V2O5 low content in relation to the TiO2 amount.   

 

 

Figure 2. FT-IR spectra of the (a) TiCe, (b) TiCe-3V2O5, (c) TiCe-6V2O5, and (d) TiCe-

10V2O5 catalysts. 
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3.3 Raman spectroscopy 

The TiCe and TiCe-V2O5 catalysts characterized by Raman spectroscopy show the spectra 

of Figure 3. All the Raman spectra look very similar. The signals located at 1443, 196, 396, 

514, and 639 cm-1 are characteristic of the tetragonal anatase phase. No Raman bands 

corresponding to the rutile phase of TiO2 were detected. However, the signal close to 460 

cm-1 corresponds to the CeO2 cubic phase [25-27]. The spectra in the region of 1000 to 

2000 cm-1 show vast peaks between 1403 and 1549 cm-1, corresponding to carbon species. 

In these spectra, characteristic signals of CeO2 and V2O5 were not identified, so another 

region of the materials was analyzed. 

 

 

Figure 3. Raman spectra of the (a) TiCe-10V2O5, (b) TiCe-6V2O5, (c) TiCe-3V2O5, and (d) 

TiCe catalysts. 

Figure 4 belongs to the Raman spectrum of the TiCe-V2O5 catalysts, where small peaks are 

observed in the region of 100 to 600 cm-1. The peak located at 461 cm-1 is due to CeO2, 

while the peaks at 633, 514, and 201 cm-1 correspond to the anatase phase of titanium 

oxide. The peaks at 791 and 913 cm-1 correspond to vibrations from V2O5, and these peaks 

are greatly diminished due to the intensity of the peaks of TiO2 in its anatase phase, and the 

low amount of V2O5 in the catalysts. 
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Figure 4. Raman spectra of the different TiCe-V2O5 catalysts (a) 3V2O5, (b) 6V2O5, and (c) 

10V2O5 respectively. 

 

3.4 X-ray diffraction  

Figure 5 displays the X-ray diffraction patterns of the TiCe and TiCe-V2O5 catalysts. All 

diffractograms show very similar peaks. The signals at 2θ = 25, 37, 48, 54, 55, 62,68 71 

and 75 degrees characterize the tetragonal anatase phase of titanium oxide (indicated by 

letter A in Figure 5). Besides, the other two peaks seen at 2=28 and 33 degrees are related 

to the CeO2 in the cubic phase. The absence of signals from V2O5 suggests that the low 

amount of this compound did not allow the generation of any signal, due to the fact that it 

was profusely distributed in the material 
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Figure 5. X-ray diffractograms of the (a) TiCe-10V2O5, (b) TiCe-6V2O5, (c) TiCe-3V2O5, 

and (d) TiCe catalysts. Letter A indicates the anatase phase. 

 

3.5 X-ray photoelectron spectroscopy 

The XPS photoemission spectra of the Ti2p exhibits the characteristic peaks between 458-

459 eV intervals from Ti2p3/2 (Figure 6). Therefore, it can be inferred that titanium atoms 

are mainly limited by its highest oxidation state (IV). 
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Figure 6. XPS spectra of Ti atom in the catalysts 

a) TiCe, b) TiCe-3V2O5, c) TiCe-6 V2O5, and d) TiCe-10V2O5 

The TiO2 shows the Tip3/2 and Tip1/2 binding energies (BE) which correspond to BE of 

pure TiO2. The Ti2p1/2 peak appears at 464.2 eV. This value is slightly higher than that 

reported in the literature (458-459 eV) [11-15]. Sharp and intense peaks indicate that the 

TiO2 consists only of Ti+4 ions in the lattice. Other signals are observed at 459 eV and 

464.7 eV which are related to the doublet of the orbital Ti 2p and  are modified when: 1) 

the crystalline phase of Ti4+ is not only one, 2) symmetry and resolution effects occur, due 

to the passage of energy (CAE) in the acquisition of the spectrum, and 3) the presence of 

vacancies. The separation of the doublets of Ti2p is fixed for each oxidation state and each 

crystalline anatase phase of TiO2. The binding energies of Ti 2p3/2 for the anatase phase is 

458.70 eV.  
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Figure 7 shows peaks in the region centered between peaks 515.6 eV and 517.1 eV for the 

catalysts; these peaks are ascribed as the vanadium oxidations V4+ and V5+ respectively. 

The V4+ and V5+ pair can transfer electrons to the Ce4+ by reducing it. The band at 529.7 eV 

is the O1s peak corresponding to the oxygen network, while the peak at 531.68 eV 

corresponds to the oxygen absorbed at the surface [28]. 

 

 

Figure 7. XPS spectra of vanadium in the catalysts a) oxygen in the samples and b) 

vanadium in all the samples. 

The complex spectrum of Ce was decomposed into eight components, which were assigned 

as is shown in Figure 8. In these figures the Ce3+/Ce4+ initial signals are extensive, 

corresponding to several overlapping signals. The large number of signals in the spectra are 

due to the electronic structure of the cation and the spin-orbit coupling of cerium. To carry 

out the experiment, it was necessary to excite electrons from layer d to move to layer f of 

valence, thus producing a series of possible electronic transitions. The sub-bands designated 

u' and v' represent the initial electronic state 3d104f1 corresponding to Ce3+, and the labels u, 

u', u'', v, v', and v'' represent the initial electronic state corresponding to Ce4+. The peaks 

labeled as u are due to spin-orbital 3d3/2 states, and those that are marked as v correspond to 

state 3d5/2. The doublet of u'''/v''' is due to the photoemission of Ce (IV)-O2. The peaks 

labeled as u/v and u''/v'' radically change their characteristics and they are the result of the 

transfer of one or two electrons from a full orbital of the O 2p to an empty orbital of the Ce 

4f. The bands designated as u'/v' are the result of the photoemission of Ce (III) cations 
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which denotes a mixture of the oxidation states of Ce3+/Ce4+ and an increase of the 

numerous peaks indicating that the surface of the sample is not completely oxidized. An 

additional peak centered at 880.9 eV is the result of the transfer of an electron from the O 

2p orbital to the Ce 4f orbital during the photoemission of Ce3+ cations [29]. 

 

Figure 8. XPS spectra of Ce atoms in the catalysts (a)TiCe, b) TiCe-3V2O5, c) TiCe-

6V2O5, and (d) TiCe-10V2O5. 
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than the energy interval of the visible spectrum (1.6-3.1 eV), thus hindering light 

absorption. Besides, these catalysts are chemically stable under atmospheric conditions, do 

not undergo oxidation, and their properties can be manipulated by doping with other cations 

or by controlling the concentration of oxygen vacancies.  

 

Figure 9. Valence band spectra and d-band center energies calculated for: 

(a) TiCe-10V2O5, (b) TiCe-6V2O5, (c) TiCe-3V2O5, and (d) TiCe catalysts. 

 

Table 3. Band energy values of the different catalysts. 

Sample Band energy (eV) 
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TiCe-10V2O5 1.8 

 

The band energy is undoubtedly essential for electronic mobility, the closer the gap 

between the valence band and the conduction band, the higher the electronic movement. 

The combination of CeO2 and TiO2 lowers the band gap values of both individual oxides 

from around 3-3.6 eV to 2.1 eV. In Table 3, it can be seen that the band energy decreases as 

the percentage of vanadium oxide increases, moving towards the visible region.  

The band energy is lower in materials containing vanadium oxide because when 

incorporated into the TiCe matrix, defects in the structure are generated, causing vacancies 

[30]. As a result, the prohibited band decreases, and the electron-hollow pair movement 

increases, increasing the formation of OH ° radicals, especially when hydrogen peroxide is 

added to the reaction medium. The creation of OH radicals is essential because they are 

potent oxidizing agents and an excellent source of free radicals, a necessary factor in 

oxidation reactions. 

 

3.7 Catalytic reaction tests 

It is difficult to establish a criterion to quantify and to properly identify reaction products. 

However, qualitative techniques granted us valuable information. In this work, the reaction 

products were identified by FTIR and 13C-NMR based on the previous methodology 

reported by Manríquez et. al [31], and then they were quantified by gas chromatography. 

The reaction products obtained by chemical oxidation reaction and analyzed by infrared 

spectroscopy are shown in Figure 10a. It is possible to observe that as the vanadium content 

increases, the OHs band increases. This band may be due to the formation of the expected 

alcohols (1-phenylethanol and 2-phenylethanol). However, benzaldehyde was also 

identified by the -CH3 (methyl ester) band which appeared at 2951 cm-1; the  C=O group 

became visible at 1725 cm-1, the asymmetric scissors deformation of -CH2 band around 

1442 cm-1, the stretching of C-O band around 1142 cm-1, the C-O-C band at  985 cm-1, and 

the skeleton CH2 band at 750 cm-1.  All infrared bands show a substantial intensity 

incremented by the catalyst with the highest amount of V2O5.  
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Figure 10b corresponds to the infrared spectra of the reaction products obtained by the 

photocatalytic process. The signals also correspond to the alcohols and the benzaldehyde 

previously identified. The only difference is that the OH band from the alcohols had the 

same intensity for all catalysts tested. This result suggests that the catalytic conversion was 

faster by irradiation with ultraviolet light. This fact may be due to the fact that the three 

oxides in the catalysts absorb UV radiation, thus accelerating the electronic mobility and 

the reaction velocity too. 

 

Figure 10. (a) Infrared spectra of reaction products obtained by chemical oxidation 

reaction using the (a) TiCe-10V2O5, (b) TiCe-6V2O5, (c) TiCe-3V2O5, (d) TiCe catalyst.    

(b) Infrared spectra of reaction products obtained by Photochemical reaction using            

(a) TiCe-10V2O5, (b) TiCe-6V2O5, (c) TiCe-3V2O5, and (d) TiCe catalysts.  

The 13C NMR spectra of the reaction products obtained by chemical oxidation displayed in 

Figure 11a show the characteristic peaks of 2-phenylethanol and 1-phenylethanol as a 

mixture, while the characteristic signals of benzaldehyde were not identified, maybe 

because the low amount obtained of this compound. The signals identified by 13C NMR at 

δ= 134.86 (C-1'), 125.09 (C-2' y 6'), 124.49 (C-3' y 5'), 122.34 (C-4'), and 128,36 (C-4'), 

126,51 (C-2' and 6'), 75,13 (C-2), 53.3( C-1') ppm correspond to 2-phenylethanol. The 

signals between 50 and 60 ppm observed as multiplets correspond to the C-OH group from 

the two alcohols registering the same signals. The 13C-NMR spectra revealed that the 

compounds structure matches with the 1-phenylethanol and 2-phenylethanol structures, 

while 2-phenylethanol was the most significant product when the reaction was carried out 

under ultraviolet radiation. The intensity of the peaks varies according to the catalyst used; 

and the most intense peaks appeared with the catalyst containing the higher V2O5 amount. 
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Figure 11. (a) Chemical structure of 2-phenylethanol and 1-phenylethanol, 13C-MNR 

spectra of the reaction products by (b) chemical oxidation using the (purple) TiCe-10V2O5, 

(cyan) TiCe-6V2O5, (green) TiCe-3V2O5 and (coffee) TiCe catalysts, and (c) photochemical 

oxidation reaction using the TiCe-10V2O5 (purple), TiCe-6V2O5 (cyan), TiCe-3V2O5 

(green) and TiCe (coffee) catalysts. 
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3.8 Conversion and catalytic selectivity 

Figure 12 shows the conversion via chemical and photochemical routes for each catalyst. 

The best conversions were obtained by the photochemical process, and the catalytic 

conversion rose when the vanadium oxide amount increased.  

Figure 13 shows that the dominant reaction products (by both methods) were 1-

phenylethanol and 2-phenylethanol; however, a low amount of benzaldehyde was identified 

when the catalytic support was tested without light irradiation (Figure 13a). The 

photochemical process yields better selectivity to 2-phenylethanol. The 1-phenylethanol 

and benzaldehyde production decreases as V2O5 increases due to its better selectivity to the 

2- phenylethanol. Figure 13b shows that the selectivity to 2-phenylethanol is almost 100% 

in the catalyst that has the greater amount of vanadium oxide, and that traces of 

benzaldehyde can be observed. However, the selectivity increases to 2-phenylethanol when 

the reaction is irradiated with ultraviolet light. 

 

Figure 12. Conversion catalytic of styrene oxide via a chemical and photochemical process 

using TiCe-V2O5 catalysts.  

The oxidation reaction occurs more slowly without ultraviolet light irradiation leading to a 

slower reaction path and allowing the possibility of the mixture of alcohols and 

phenylacetaldehyde formation. This latter is formed by a nucleophilic attack of H2O2 on 
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styrene oxide through a styrene hydroxy peroxide intermediate, as a result of direct 

oxidation. However, in both of the employed methods the production of 

phenylacetaldehyde was minimal [32]. 

In the case of alcohol production, vanadium (V) reacts with H2O2 to form an oxometal route 

in oxidation to alcohol. The simple monovanadate VO3 efficiently catalyzes oxidations, and 

it has been shown that the mechanism of this process involves the formation of HO• and 

HOO • radicals [33]. The first highly reactive radical extracts hydrogen from alcohol to 

supply the radical RO•, which when reacting with O2 produces the corresponding alkyl 

hydroperoxide, ROO •. It is not a very stable species and can easily be transformed into 

alcohol.

 

Figure 13. Selectivity catalytic of styrene oxide via (a) chemical and (b) photochemical 

process using TiCe-V2O5 catalysts.  

 

However, it becomes more selective under irradiation. It is remarkable that this type of 

reaction reported by other authors starts from styrene, passing to epoxide and from there to 

alcohol and, subsequently, to the corresponding aldehyde [34, 35]. In this work, the 

irradiation modifies the selectivity. It should be noted that to obtain 2-phenylethanol many 

reactions are carried out by styrene oxide hydrogenation reactions using metals such as Pt 

and Pd as hydrogenation catalysts [34-36], which turn out to be expensive, hence the 

importance of this oxidation method to obtain similar products.  

0

20

40

60

80

100

 

 

TiCe-10V2O
5

TiCe-6V2O5TiCe-3V2O5TiCe

S
e

le
c

ti
v
it

y
 (

%
)

 2-Phenylethanol

 1-Phenylethanol

 Benzaldehyde

Catalyst

(a)

0

20

40

60

80

100

 

 

 2-Phenylethanol

 1-Phenylethanol

 Benzaldehyde
S

e
le

c
ti

v
it

y
 (

%
)

TiCe-10V2O5TiCe-6V2O5TiCe-3V2O5TiCe

Catalyst

(b)

Jo
ur

na
l P

re
-p

ro
of



4. Conclusions 

1. TiCe-V2O5 catalysts were successfully obtained by the co-precipitation method. 

2. No effect of the content of the vanadium oxide on the textural properties of the catalysts 

was observed. The surface area, pore volume, and diameter values were similar for all 

catalysts. 

3. The bandgap energy value for the combined TiO2-CeO2 catalytic support decreases from 

around 3-3.6 to 2.1 eV. 

4. The catalytic activity increases as the V2O5 amount rises, and with ultraviolet light 

radiation. 

5. The most significant reaction products were 2-phenylethanol and 1- phenylethanol; 

however, a small amount of phenylacetaldehyde was identified and quantified.  

6. The selectivity to 2-phenylethanol increased with the ultraviolet light irradiation. 

7. 2-Phenylethanol is mainly obtained from styrene oxide hydrogenation reactions using, as 

hydrogenation catalysts, expensive metals such as Pt and Pd. Hence the importance of the 

method reported in this work that consists of the oxidation process of styrene oxide using 

more selective and inexpensive catalysts to obtain the same products obtained here. 
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