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A B S T R A C T

To investigate the influence of different CeO2 precursors and Ce:Ti ratios, we have synthesised 8 mesoporous Ti- 
Ce oxides via the evaporation-induced self-assembly (EISA) method with Ce:Ti ratios between 0.2 and 20 mol%. 
The materials exhibited type IV isotherms and a specific surface area of 140–180 m2⋅g− 1 with pore diameters in 
range of 3–20 nm. The crystalline phases of materials comprised predominantly anatase with a significant 
decrease in overall crystalline content with increasing Ce:Ti ratio. Materials with higher Ce:Ti ratio showed an 
increased light absorption in the visible region. Although crystalline CeO2 was not detected, the presence of Ce 
(IV) was confirmed by X-ray photoelectron spectroscopy. For the photocatalytic experiments, we compared these 
materials with the TiO2-CeO2 composites of our previously published syntheses to yield 16 samples synthesized 
via three synthesis approaches: (1) concurrent synthesis from titanium alkoxide and cerium salts in one pot, (2) 
synthesis of TiO2 in the presence of previously-synthesised CeO2 and (3) physical mixing of separately- 
synthesised TiO2 and CeO2. Samples produced by physically mixing the separately-synthesised TiO2 and CeO2 
showed the best photocatalytic activity towards gaseous isopropanol degradation, while the samples with TiO2 
synthesised in the presence of CeO2 showed the best photocatalytic stability.

1. Introduction

Photocatalysis is the process of using light to catalyse chemical re
actions. While much attention is given to the use of photocatalysts to 
produce energy-rich compounds, namely by reduction of CO2 to energy- 
rich hydrocarbons and water splitting to hydrogen and oxygen[1] under 
solar irradiation, other photocatalytically-driven reactions are also 
important from the environmental and sustainability viewpoint; 
namely, degradation of pollutants[2] and conversion of organic com
pounds into other value-added compounds[3]. TiO2 alone is a powerful 
photocatalyst under certain conditions, but possesses unfavourable 
properties, such as high recombination rate of photogenerated electrons 
and oxygen vacancies and negligible absorption of visible component of 
the solar irradiation[4]. Introduction of other photocatalysts[5], co
catalysts[1,6] and dopants improves its photocatalytic activity. TiO2-
CeO2 composite materials are one of such materials, which showed 
increased visible light absorption and photocatalytic activity compared 
to pure TiO2[7]. CeO2 is another photocatalyst with high stability, low 

toxicity[8] and the ability of cerium to shift between the Ce3+ and Ce4+

states[9].
Mesoporous materials are defined as porous materials with 2–50 nm 

pore size according to IUPAC. Their large specific surface area offers a 
large area where photocatalytic reactions can occur. One of the most 
common methods to synthesise mesoporous oxides is a sol-gel method 
using soft templating method. In contrast to the classical sol-gel syn
thesis, in the evaporation-induced self-assembly (EISA) method[10] of 
synthesis, the reactor temperature and relative humidity are controlled 
to slowly evaporate the volatile compounds, induce micelle formation of 
the template molecules (surfactants) and form a gel-like product. During 
the reaction, the metal precursors hydrolyse and condense to inorganic 
oxides around these micelles to yield a mesoporous structure[11–13]. 
EISA is a good choice for preparation of metal oxides from highly 
reactive alkoxides, such as titanium alkoxides, as was recently demon
strated by the synthesis of mesoporous TiO2 with a well-ordered hex
agonal (P6mm) pore arrangement[14].

TiO2-CeO2 composites were synthesized and tested for degradation 
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of methylene blue and 4-chlorophenol[15]; TiO2-CeO2 and TiO2-
CeO2-ZrO2 were investigated for Rhodamine B photocatalytic degrada
tion[16]; ball-milled TiO2-CeO2-CuO for CO2 photoreduction to ethanol
[17]; TiO2-CeO2 composites for phenol[7] and 4-chlorophenol[18]
degradation, methanol steam reforming[19]; and Ce-doped TiO2 for 
Rhodamine B degradation[20]. Different sources of CeO2 are used dur
ing the sol-gel synthesis of TiO2-CeO2 composites: cerium nitrate is the 
most widely used[21–27], other CeO2 precursors, such as cerium 
ammonium nitrate[28], cerium acetate[29] and cerium alkoxides[30]
are less common. It is also possible to use previously-synthesised CeO2, 
either added to the sol-gel synthesis of TiO2 from titanium alkoxides
[31–33] or physically mixed with previously-synthesised TiO2[34,35]. 
We investigated both approaches recently[36]. Zaharescu et al.[29]
compared TiO2-CeO2 synthesized via sol-gel method with different 
CeO2:TiO2 ratios and two CeO2 precursors: cerium nitrate and cerium 
acetate. When cerium nitrate (soluble in the reaction mixture) was used, 
they observed incorporation of cerium ions in TiO2 at lower CeO2:TiO2 
ratios and unreacted cerium precursor still present at higher CeO2:TiO2 
ratios. On the other hand, cerium acetate (only partially soluble in the 
reaction mixture) reacted to form CeO2 only after precipitation of the 
titanium precursor. They used moderate ratios of CeO2:TiO2, namely 
20:80 and 50:50. To the best of our knowledge there have been no re
ports on the influence of precursors and Ce:Ti ratio on the synthesis of 
mesoporous Ti-Ce oxides using EISA method. If we understood the in
fluence of precursors and Ce:Ti ratio, we could design materials better 
suited for the intended application.

We have previously reported on TiO2-CeO2 composites synthesized 
via EISA and their use in photocatalytic CO2 reduction and H2 produc
tion[36]. In that report, we synthesized CeO2 separately and then used 
two approaches to form the composites: (i) synthesis of TiO2 in the 
presence of CeO2 and (ii) physical mixing of separately-synthesized TiO2 
and CeO2.

Herein, we report on the mesoporous Ti-Ce oxides synthesized 
concurrently from titanium alkoxide and two cerium salts with Ce:Ti 
molar ratios from 0 to 20 mol%. We compare the chemical properties 
and photocatalytic activity of isopropanol oxidation of these materials 
with the TiO2-CeO2 composites prepared by the two approaches stated 
above with the same Ce:Ti molar ratios.

2. Experimental

The following chemicals were used in the experiments: titanium 
butoxide (TBOT) (Merck Sigma-Aldrich), cerium acetate (Aldrich), 
cerium nitrate hexahydrate (Aldrich), Pluronic F127 (Sigma), 36 % 
hydrochloric acid (Merck Supelco), acetic acid (Honeywell Fluka), HPLC 
grade water (Honeywell Riedel-de Haën), isopropanol (Honeywell 
Riedel-de Haën), ethanol (Honeywell Riedel-de Haën) and butan-1-ol 
(Sigma-Aldrich).

2.1. Ti-Ce oxide synthesis

Ti-Ce oxides were synthesized using EISA method with four different 
amounts of cerium species (0.2, 1, 5 and 20 mol% as molar Ce:Ti ratio). 
Pure TiO2 was synthesized separately following the same procedure but 
without the cerium source. The synthesis consisted of three main steps. 
Two cerium salts (cerium(III) acetate or cerium(III) nitrate hexahydrate) 
were used as cerium sources. The cerium salt was dissolved in ethanol 
(34 mL), followed by addition of 36 % hydrochloric acid (2.5 mL), acetic 
acid (1.68 mL), water (up to the total amount of 10 equiv.) and Pluronic 
F127 (1.85 g) in a 100 mL round bottom flask and then stirred and 
heated at 40 ◦C for 1 hour. Afterwards, titanium(IV) butoxide (5 mL, 1 
equiv.) was slowly added to the solution and stirred for an additional 
hour at 40 ◦C. The reaction mixture was then transferred to petri dishes 
and placed in a chamber with a temperature of 40 ◦C and relative hu
midity (RH) of 33 % for 24 hours to evaporate the volatile compounds. 
Afterwards, the obtained gel was calcined for 4 hours at 400 ◦C with a 

heating ramp 1 K⋅min− 1. Finally, the material was crushed for 10 mi
nutes in an agate mortar.

2.2. Characterization

The Ti-Ce oxides were characterized with scanning electron micro
scopy (SEM), X-ray powder diffraction, nitrogen sorption, X-ray photo
electron spectroscopy (XPS), inductively coupled plasma optical 
emission spectroscopy (ICP-OES) and photoluminescence spectroscopy 
(PL). The details of the used methods are described in the Supplemen
tary Materials.

2.2.1. Determination of photocatalytic activity
Appropriate mass of butan-1-ol was added to around 50 mg of a 

sample to prepare a 12 wt% suspension. The suspension was vigorously 
shaken and a portion of it (0.33–0.35 g) was evenly spread on the round 
glass holder (diameter 60 mm). After 2 hours of drying, a thin film of 
material was obtained. Sample was stored overnight in the dark at 33 % 
RH. The equipment for determination of photocatalytic activity in gas- 
solid system (Figure S6) consisted of a reactor system with a capaci
tive humidity and temperature sensor, UV-Vis Xe lamp (Newport) and 
Fourier-transform infrared spectroscopy (FTIR) spectrometer (Perkin 
Elmer Spectrum Two) with gas FTIR cell. Photocatalytic activity of 
samples was determined by oxidation of isopropanol (model pollutant) 
to acetone. Sample was placed in a reactor, hermetically sealed with a 
quartz glass, and covered to protect from light. The air in the reactor was 
dried and then humidified to 33 % RH. 8 μL of isopropanol were injected 
into the reactor, yielding approx. 800 ppm in the reactor. After 1 hour, 
the sample was irradiated with the UV-Vis Xe lamp (irradiance: approx. 
20 W⋅m− 2 in the range 300–400 nm) for 30 minutes. The decreasing 
concentration of isopropanol and increasing concentration of acetone 
were monitored using the FTIR spectrometer with the gas cell. The ac
tivity of the catalyst was calculated from the slope of the rising acetone 
concentration from 80 spectra collected in the first 6 minutes of irra
diation and given in ppm⋅h− 1. The method provides a good linear fit (R2 

> 0.99) in the specified time interval.

2.2.2. Determination of photocatalytic stability
The procedure for measuring the photocatalytic activity was 

repeated three times. After each measurement, the sample was placed in 
the fume hood to desorb any adsorbed compounds during the mea
surement and then placed in a chamber with 33 % RH up until the next 
measurement, constituting one cycle.

3. Results and discussion

We synthesized mesoporous Ti-Ce oxides using EISA method using 
two cerium precursors: cerium acetate and cerium nitrate labelled TCA- 
X and TCN-X, respectively, where X denotes percentile of Ce:Ti molar 
ratio (mol%) – 0.2, 1, 5 and 20 (1 mol% equals Ce:Ti ratio of 1:100). 
Pure TiO2 (label T-0) was synthesized separately following the same 
method but without the cerium salt.

We confirmed the Ce:Ti ratio using ICP-OES method. The obtained 
values match well the theoretical values with most of the samples within 
16 % relative deviation between the two values (Table 1).

Scanning electron microscopy (SEM) of the selected Ti-Ce oxides 
showed agglomerates without clear boundaries as presented in 
Figure S1. After the EISA synthesis, the products were in the form of a 
self-standing film (1–2 mm thick), thus a product in the form of an 
interconnected network is expected.

The phase structure of Ti-Ce oxides was determined with XRD 
analysis. The diffractograms presented in Fig. 1 exhibit reflections at 
25.5◦, 37.9◦, 48.0◦, 54.5◦, 62.8◦ and 75.0◦, which can be attributed to 
anatase TiO2 (ICDD No. 21–1272) and reflections at 27.7◦, 36.1◦ and 
41.3◦, which can be attributed to rutile TiO2 (ICDD No. 21–1276). 
Crystalline phases for TCA and TCN samples comprised predominantly 
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anatase and a small amount of rutile (up to 13 %); the exact numbers are 
given in the supplementary information (Table S1). The XRD analysis 
did not reveal crystalline CeO2 in any samples. The diffractograms 
presented in Fig. 1 show considerable peak broadening and decrease in 
intensity for higher Ce:Ti ratios, which suggest high amount of amor
phous phases. This is especially evident in samples with the highest Ce: 
Ti ratio (TCA-20 and TCN-20), which exhibit too broad peaks for reliable 
identification of crystalline phases. Of these two, TCA-20 exhibits broad 
peaks that could be identified as a reflection of anatase, but the presence 
of crystalline cerium species could not be detected. These results are 
similar to those obtained by Zaharescu[29], who obtained predomi
nantly amorphous powder after sol-gel synthesis of TiO2-CeO2 (TiO2: 
CeO2 ratio 80:20) from titanium isopropoxide and cerium nitrate. 
However, when they used cerium acetate as CeO2 source, they obtained 
sufficiently crystallized material for the determination of the phases 
(anatase and cerianite). Due to the significant mismatch between the 
sizes of Ce3+/Ce4+ (0.103 nm/0.102 nm) and Ti4+ (0.068 nm) it is not 
expected for Ce3+ or Ce4+ cations to be able to replace Ti4+ cations in the 
lattice of TiO2[37–39]. Thus, it is more likely that cerium species are 
dispersed on the surface of TiO2 and can form Ti-O-Ce bonds[26]. The 
absence of CeO2 reflections in similar syntheses with n(Ce:Ti) = 0.05 
was noticed before[15]. They concluded that CeO2 species were highly 
dispersed in the TiO2 network. Similarly, Xiao et al.[20] reported on 
diffraction peaks broadening for Ce-doped TiO2 via hydrothermal 
synthesis.

Nitrogen sorption analysis was performed to investigate the 

mesoporous structure. The isotherms (Fig. 2A) exhibit type IV according 
to IUPAC with a hysteresis loop of types H1 and H2. Thermal treatment 
is often expected to partially collapse the mesoporous structure above a 
certain temperature or duration (depending on the material). Here, TCA- 
20 exhibits H1 hysteresis loop in a relatively narrow p/p0 range with 
steep isotherm slopes in that region, which can indicate well-ordered 
mesoporous structure. Other TCA and TCN samples exhibit hysteresis 
loop spanning a larger range of p/p0 with less steep slopes. Pore width 
distributions (Fig. 2B) show predominantly pores in the 3–20 nm range. 
Pore size distribution peaks are located at 17 nm and 9 nm for TCA-20 
and TCN-20, respectively, while the peaks are in the 7–8 nm range for 
other samples.

The pore volumes range from 0.30 to approx. 0.45 cm3⋅g− 1 (Fig. 2C). 
In general, an increase of pore volume is observed for TCA samples with 
an increase of Ce:Ti ratio. In contrast, a decrease is observed for TCN 
from 1 to 5 mol%. BET specific surface area (SBET) values given in 
Fig. 2C show values for SBET of the materials in the range 140–180 
m2⋅g− 1. These two sample groups show an increase of SBET with 
increasing Ce:Ti ratio up to 5 mol% and then a decrease for 20 mol%. 
Xiao et al.[20] ascribed increased SBET of Ce-doped TiO2 to prevention of 
mesopores collapse and anatase-to-rutile phase transition. Pure CeO2 
synthesised using the same method has much lower SBET (14 m2⋅g− 1)
[36]. This effect, however, cannot produce even higher SBET at the 
highest Ce:Ti ratios (20 mol%), where the effect of lower TiO2 content, 
responsible for the mesoporous structure, dominates. The crystallite 
sizes of anatase were calculated using Scherrer equation. The plot in 
Fig. 2D shows strong decrease with increasing Ce:Ti ratio. In these 
samples, the addition of cerium salts evidently inhibits the growth of 
anatase crystallites as well as the transition from amorphous to crys
talline phase as shown above. Smaller crystallite sizes with increasing 
Ce:Ti ratio coincide well with the increase of SBET.

The surface of the samples was analysed using XPS. Ce 3d XPS 
spectra of TCA-20 and TCN-20 has been deconvoluted into eight peaks 
attributed to the spin-orbit splitting of different 3d levels and presented 
in the Figs. 3B and 3D (spectra of other samples are provided in 
Figure S2). These peaks illustrate the co-existence of Ce3+ and Ce4+ in 
the solids[40,41]. The binding energies (BE) at 881.3, 882.9, 885.3, 
898.9 eV and the peaks at 900.9, 903.9, 908.1, 916.7 eV represent the 
Ce 3d5/2 and Ce 3d3/2, respectively. Similar peaks are observed in 
TCA-20 and TCN-20 representing that both precursors lead to similar 
interactions with the adjacent metal Ti. The surface concentration of 
Ce3+ is calculated according to the previous literature[42], u/// at 
916.7 eV representing the Ce4+ peak does not overlap with any other 
peaks, so it is convenient one to use to measure the ratio c(Ce4+) / (c 
(Ce3+) + c(Ce4+)). The ratio is calculated by using the integral area of 
u/// (Au

///) divided by the total area of Ce 3d (ACe 3d). Here, the values of 
Au

////ACe 3d are 0.06744 and 0.05999 for TCA-20 and TCN-20, respec
tively, meaning 6–7 % surface Ce is present in oxidation state + 4. At 
lower Ce:Ti ratios the majority of cerium is present in Ce3+ form. This 
indicates only partial transformation of cerium salt to CeO2 at high Ce:Ti 
ratios and presumably no transformation to CeO2 at lower Ce:Ti ratios. 
The same synthesis method without TiO2 precursors, however, yielded 
crystalline CeO2. Ti 2p XPS spectra of TCA-20 and TCN-20 are presented 
in the Figs. 3A and 3C (spectra of other samples are provided in 
Figure S3). The peaks at 458.2 and 464.0 eV are attributed to Ti 2p3/2 
and Ti 2p1/2, respectively. According to the literature[43], the pure TiO2 
(i.e., Ti4+) shows a peak at 459.4 eV, and the Ce addition leads to 
shifting the BE value to 457.9 eV. This phenomenon indicates genera
tion of an intermediate oxidation state of Ti, i.e., the presence of Ti3+ in 
the material. In accordance with the above study, Ce addition leads to a 
decrease in the Ti 2p3/2 peak to a value of 458.2 eV, representing the 
presence of a lower oxidation state of Ti (Ti3+). This phenomenon is 
observed in both, TCA-20 and TCN-20. It was shown[43] that the 
addition of Ce produces a noticeable shift from 534 to 529 eV in O 1 s 
XPS spectra, indicating that both metal interactions with the oxygen 
increase with an increase of Ce content. Here, the same O 1 s peak 

Table 1 
List of synthesised materials with theoretical Ce:Ti ratio and ratio determined 
with ICP-OES. a Relative deviation calculated using 
meas. (Ce : Ti) − theor. (Ce : Ti)

theor. (Ce : Ti)
.

Sample name Theoretical Ce:Ti Measured Ce:Ti Relative deviationa

​ [mol%] [mol%] [%]
T-0 0.0 0.00 0
TCA-0.2 0.2 0.17 − 16
TCA-1 1.0 0.90 − 10
TCA-5 5.0 5.78 16
TCA-20 20.0 22.37 12
TCN-0.2 0.2 0.19 − 6
TCN-1 1.0 0.96 − 4
TCN-5 5.0 5.97 19
TCN-20 20.0 23.14 16

Fig. 1. Diffractograms of the samples TCA, TCN and pure TiO2 (T-0) as a 
reference (curves are offset on the y-axis).
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(Figure S4) showing at BE 529 eV corresponds to the lattice O of Ti-Ce 
oxides indicating high interactions of both metal oxides and possible 
formation of Ti-O-Ce bonds. The two large humps in spectra presented in 
Figure S4 for samples TCA-0.2, TCA-5 and TCA-20 can be deconvoluted 
into two peaks at 531.9 and 533.5 eV, which can be attributed to the 
loosely-bound adsorbed oxygen or water adsorbed on the vacant lattice 
sites[42]. In the TCN materials, these peaks appear with low intensity, 
indicating that the loosely-bound adsorbed oxygen is negligible 
compared to the TCA materials.

We analysed the spectroscopic characteristics of the materials also 
using diffuse reflectance spectroscopy (DRS). TCA and TCN samples 
with the lowest Ce content have spectra similar to the pure TiO2[36] as 
depicted in Fig. 4A and C. Higher Ce:Ti ratios, particularly 20 mol%, 
exhibit a decrease at 510 nm and below. Lower absorption in 
350–400 nm region was also reported for amorphous TiO2 compared to 
rutile[44] and anatase[45]. Lower reflectance in 400–500 nm range can 
be attributed to the formation of amorphous CeO2 or Ti-O-Ce bonds. 
Since a similar trend is observed in the case of cerium nitrate (TCN) and 
cerium acetate (TCA) and since the acetic acid is also present as a 
reactant, we postulate that the main effect is caused by the presence of 
Ce3+/Ce4+ ions, not the anion of the reactant. Liu et al.[46] reported a 

similar increase of absorption in the 400–500 nm range for Ce-doped 
TiO2. The Tauc plots presented in Fig. 4B and D were constructed to 
calculate the band gaps. These values were derived from the intercept of 
the linear fit to the linear slope of the curve with the x-axis. The values 
show a decrease with increasing Ce:Ti ratio: 3.00, 2.81, 2.33 and 
2.17 eV for TCA-0.2 through TCA-20 and 2.97, 2.86, 2.38 and 2.27 eV 
for TCN-0.2 through TCN-20. The increased absorption of visible light 
can be seen even at moderate Ce:Ti ratios, such as 5 mol%.

Photoluminescence spectra presented in Figure S5 were collected at 
the excitation wavelength of 365 nm. T-0 exhibits two peaks at 419 nm 
and 437 nm. As the Ce:Ti ratio increases, the peak at 437 nm increases 
compared to the peak at 419 nm. No apparent differences are observed 
between the TCA and TCN samples of the same Ce:Ti ratios.

The photocatalytic activity was measured for degradation of iso
propanol into acetone and expressed as acetone formation rate in 
ppm⋅h− 1. For this test, we included also previously-reported mesoporous 
TiO2-CeO2 composites[36] synthesized via EISA method. The compos
ites were synthesized by introducing separately-synthesized CeO2 into: 
(i) a reaction mixture during TiO2 synthesis (TCO samples) and (ii) a 
physical mixture with synthesized TiO2 (PM samples). These materials 
had the same Ce:Ti ratios as TCA and TCN materials: 0.2–20 mol%. TCO 

Fig. 2. (A) Nitrogen sorption isotherms (curves are offset by 60 cm3⋅g− 1) and (B) distribution of pore diameters (curves are offset by 0.022 cm3⋅g− 1⋅nm− 1) for Ti-Ce 
oxides. (C) Specific surface area determined by BET (left axis) and pore volume (right axis) of the synthesized materials and (D) crystallite size for anatase calculated 
with Scherrer equation from diffractograms.
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and PM composites had type IV isotherms with a comparable pore size 
distribution, lower BET specific surface area compared to TCA and TCN 
(up to 150 m2⋅g− 1) and comparable pore volume. The crystallinity of 
TCO and PM did not decrease with increasing Ce:Ti ratio and anatase, 
the major phase, had crystallite size in the range of 8–9 nm for all Ce:Ti 
ratios. Crystalline CeO2 (cerianite) was detected at higher Ce:Ti ratios. 
Contrary to TCA and TCN, the absorption of visible light did not increase 
with increasing Ce:Ti ratio in TCO and PM. To evaluate the stability of 
the photocatalysts, we measured each sample consecutively three times. 
TCA and TCN materials exhibited comparable activity for the same 
amount of cerium species used in the synthesis as presented in Fig. 5. 
Activity significantly diminished with higher Ce:Ti ratios, which can be 
attributed to significant decrease of crystallinity from 5 to 20 mol% 
materials. TCO samples had higher activity, roughly comparable to TiO2 
alone (T-0 and PM-0 (pure TiO2 prepared according to the procedure for 
PM samples but without the cerium compounds)) and P25. Higher 
crystallinity of TCO compared to TCA and TCN could be responsible for 
higher activity at the same Ce:Ti ratios. We can observe that very small 
amounts of added CeO2 (particularly, 0.2 mol%) produced material with 
at least 10 % higher activity compared to pure TiO2. Pure CeO2 had 
negligible activity (data not shown). An important distinction is, how
ever, higher stability – smaller diminishing of activity in subsequent 
measurements compared to P25. TiO2 alone (calcined once or twice) 
retains approx. 100 % of its initial activity, while TCO samples retain 
more than 90 %. P25, on the other hand, showed a higher decrease – to 
around 80 % of initial activity. The PM samples exhibited by far the 
highest activity of all sample groups, however, their activity diminished 
considerably after the first measurement and partially also after the 
second measurement (to approx. 75–85 % and 70–82 % of the initial 
value for the second and the third measurements, respectively). Both 
pure TiO2 (T-0 and PM-0) show negligible differences, therefore any 

difference between the samples cannot be attributed to the effect of 
different number of calcination steps on TiO2 (one for TCA, TCN and 
TCO; two for PM). High photocatalytic activity of PM in the first cycle 
could be produced by the effect of two calcination processes on CeO2. 
Decrease of activity in subsequent cycles was only observed in the 
presence of CeO2, but not in the control without CeO2 (PM-0) nor in TCO 
samples. This initial high activity and subsequent decrease could 
therefore stem from cerium ability to shift between Ce3+ and Ce4+.

4. Conclusions

We have synthesised 8 mesoporous Ti-Ce oxides using two cerium 
salts and with Ce:Ti molar ratios between 0.2 and 20 mol%. The mate
rials exhibited high specific surface area (up to 180 m2⋅g− 1) and pore 
sizes in the 3–20 nm range. Ce:Ti ratio had a significant effect on the 
structural and chemical properties of the products. An increase of Ce:Ti 
ratio decreased crystallinity and photocatalytic performance, deter
mined as oxidation of isopropanol into acetone, even at relatively low 
ratios (5 mol%), even though these materials had comparable BET 
specific surface area and pore volume to materials with lower Ce con
tent. On the contrary, TiO2-CeO2 composites (TiO2 synthesised in the 
presence of CeO2 (TCO) and physical mixture of CeO2 and TiO2 (PM)) 
showed an improved photocatalytic activity compared to pure TiO2. 
While TCO composites had lower activity, they exhibited higher stability 
of their activity over three consecutive cycles compared to physical 
mixtures and P25. Presumably, the lower crystallinity of TCA and TCN 
materials with a high Ce:Ti ratio is responsible for their lower photo
catalytic activity. We postulate that the possible formation of Ce-O-Ti 
species or Ce-oxide layer on TiO2 in TCA and TCN samples compro
mised crystallisation during calcination process. Such interaction be
tween Ti and Ce species was not possible in TCO and PM composites, 

Fig. 3. XPS spectra of TCA-20 (A: Ti 2p, B: Ce 3d) and TCN-20 (C: Ti 2p, D: Ce 3d).
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where CeO2 was already formed before the introduction of Ti precursor 
and TiO2, respectively.
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Fig. 5. Photocatalytic activity of the synthesized Ti-Ce oxides: TCA and TCN (this article), TCO and PM (synthesis and structural characterization in ref.[36]). T-0 
and PM-0 are pure TiO2, calcined once and twice, respectively. P25 is a commercial sample of photocatalytic TiO2.
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Edelmannová, Kamila Kočí, Peter Nadrah, submitted, DOI 10.5281/ 
zenodo.13740586.

[37] G. Xiao, X. Huang, X. Liao, B. Shi, J. Phys. Chem. C. 117 (2013) 9739–9746.
[38] M. Myilsamy, V. Murugesan, M. Mahalakshmi, Appl. Catal. A: Gen. 492 (2015) 

212–222.
[39] Q. Tang, J. He, L. Jiang, Y. Yang, J. Wang, Colloids Surf. A: Physicochem. Eng. Asp. 

699 (2024) 134646.
[40] T.V. Sagar, N. Sreelatha, G. Hanmant, M. Surendar, N. Lingaiah, K.S.R. Rao, C.V. 

V. Satyanarayana, I. a K. Reddy, P.S.S. Prasad, RSC Adv. 4 (2014) 50226–50232.
[41] T.V. Sagar, N. Sreelatha, G. Hanmant, K. Upendar, N. Lingaiah, K.S.R. Rao, C.V. 

V. Satyanarayana, I. a K. Reddy, P.S.S. Prasad, Indian J. Chem. Sect. A (2014).
[42] T.V. Sagar, P. Kumar, M.F. Edelmannová, R. Ricka, M. Reli, K. Kočí, P. Nadrah, 
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