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a b s t r a c t

In this paper, several TiO2 materials doped with zirconia precursor (0.7, 1.4, 1.6 and 2.0 mol%) were
synthesized by an easy aqueous sol-gel synthesis at ambient temperature. This method consists in the
peptization of the TiO2 colloid in presence of HNO3. The corresponding pure TiO2 material was also
synthesized for comparison. The performances and the physico-chemical properties of these materials
were compared to the well-known Evonik P25 photocatalyst.

The physico-chemical characterizations showed that nano-crystalline anatase-brookite particles were
produced with the sol-gel process, with higher specific surface area than P25 (~200 m2 g-1 vs. 47 m2 g-1).
All samples presented a higher visible absorption than P25. The XPS spectra showed that all the samples
were doped with nitrogen and that mixed TiO2eZrO2 oxide materials were obtained when doping with
zirconia precursor.

Photoactivity was evaluated through the degradation of p-nitrophenol in water. On the one hand,
under UV/visible light, the ZrO2 doping increased the degradation efficiency of the pure TiO2 catalyst due
to a better charge separation in the mixed TiO2eZrO2 oxides. The activity of the sample with the highest
dopant content was even higher than the one of P25. On the other hand, under visible light, all samples
were much more efficient than P25. This activity shift towards visible range was due to the N-doping of
the catalysts, with a slight improvement for the doped ones.

Finally, the feasibility of producing films starting from an aqueous suspension of the photocatalyst was
assessed on P25, pure TiO2 and the best doped material. The photoactivity of these films, evaluated on
the degradation of methylene blue under UV-A light, showed that the sample with the highest dopant
concentration had an efficiency 4 times higher than pure TiO2 and 20 times higher than P25.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

During the 20th century, industrialization intensified in a
growing number of countries around the world, and in various
industries, particularly the chemical, pharmaceutical, cosmetics
and petroleum ones. This intense industrialization has resulted in
ngineering e Nanomaterials,
, Quartier Agora, All�ee du six

.

the emergence of Refractory Organic Compounds (ROCs) such as
dyes, aromatics, pesticides, solvents, EDCs (Endocrine Disrupting
Chemicals) and PPCPs (Pharmaceuticals and Personal Care Prod-
ucts) causing disturbances of aquatic life and risks to human health
[1]. These contaminants mostly escape conventional wastewater
treatments. For example, the issue of endocrine disruptors in
wastewater is today one of the priorities for most environmental
agencies in industrialized countries (e.g. Canada, the US, and the
EU) [2]. In order to limit the dispersion of these organic contami-
nants in the environment, waste water must be subjected to more
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advanced (and yet to be developed at an industrial scale) pollution
abatement treatments.

These past decades, Advanced Oxidation Processes (AOPs)
have also attracted increasing attention for water treatment, as
shown by the large number of fundamental and applied
research works [3]. These processes consist in treatments per-
formed at room temperature and normal pressure. They are
based on the in situ generation of a powerful oxidizing agent,
such as hydroxyl radicals (�OH), at a sufficient concentration to
efficiently decontaminate water [3]. Among AOPs, photocatalysis
is well established for the effective and sustainable removal of a
large range of organic pollutants [3]. This phenomenon consists
of a set of oxidation-reduction (redox) reactions between
organic compounds (i.e. pollutants) and active species formed
from an illuminated photocatalyst. The most widely used pho-
tocatalyst is TiO2 [4,5], which is a non-toxic and cheap semi-
conductor sensitive to UV radiation [5]. However, the use of
TiO2 as photocatalyst has two main limitations [6]: (i) the fast
charge recombination and (ii) the high band gap value which
needs UV light for activation. To prevent these limitations,
several studies have been conducted [4,7] (i) to increase the
recombination time and (ii) extend the activity towards the
visible range. Most works consisted in modifying TiO2 materials
by doping with different elements or molecules such as Ag [8],
P [9], N [6,10], Fe [11], and dye photosensitive molecules [12] as
porphyrin [13,14]. Titania has also been combined with other
semiconductor such as ZnO [15,16], SnO2 [17], CeO2 [18] or ZrO2

[19] in order to increase the specific surface, the photocatalytic
activity or decrease the formation of free radicals. Regarding the
ZrO2eTiO2 combination, it has been previously reported that
zirconia doping increases the specific surface area [20,21], the
surface acidity [22], the transition temperature between anatase
and rutile [21e23], the adsorption and the hydrophilic proper-
ties [20,24]. However, in most studies [19,21e23], the doped
materials require a calcination step to obtain crystalline
materials.

A TiO2 commercial product has been developed by the Degussa
Company (currently called Evonik), the Evonik P25. This material
has been used as a titania standard photocatalyst. Indeed, Evonik
P25 remains the most used and efficient photocatalyst under UV
light on a large range of molecules [25e28]. This material is pre-
pared by an aerosol process which involves high temperature
treatments (1000e1300 �C) [26]. This material is a powder
composed of anatase and rutile phase in 80/20 proportion [29,30].
In numerous researches [31], Evonik P25 is used alone or with
dopant to increase the photo efficiency of different systems
[32,33].

The aim of this paper is the development of a TiO2-based pho-
tocatalyst with enhanced characteristics compared to Evonik P25: a
better photoactivity under both UV and visible light, a more
environmentally-friendly synthesis, and a more versatile use such
as, for example, coatings on various substrates. To reach these goals,
the TiO2-based materials were synthesized from titanium and zir-
conium alcoxides in water at ambient temperature, allowing to
produce crystalline TiO2 without any calcination step. The dried
materials were characterized by XRD, nitrogen adsorption-
desorption measurements, DR-UV-Vis, and XPS. The obtained
physicochemical properties were compared to the Evonik P25 ones.
The photoactivity of all materials were assessed, based on the
degradation of p-nitrophenol under both UV and visible light. The
feasibility of preparing stable aqueous suspensions from powders
of both Evonik P25 and the TiO2-based samples was explored, with
the aim of producing photoactive films. Photoactivity of the films
prepared by bar coating was assessed on the methylene blue (MB)
degradation under UV-A lamp.
2. Materials and methods

2.1. Pure TiO2 synthesis

Titanium (IV) tetraisopropoxide (TTIP, > 97%, Sigma-Aldrich),
nitric acid (HNO3, 65%, Merck), 2-Methoxyethanol (MEtOH, 99.8%,
Sigma-Aldrich), and distilled water are used as starting materials.

Firstly, 250 mL of distilled water is acidified with HNO3 to reach
a pH of 1. In a second vessel, 35 mL of TTIP is mixed with 15 mL of
MEtOH for 15 min. Then, the TTIP-MEtOH mixture is added to the
water under stirring at ambient temperature. After 24 h, a light blue
sol is obtained. Half of the volume is dried under ambient air to
obtain a white powder. The pure sample is denoted pure TiO2.

Evonik P25 TiO2 material is used as reference material and is
denoted P25.

2.2. Zr-doped TiO2 synthesis

Zr-doped samples are synthesized using Zirconium (IV) tert-
butoxide (98%, Sigma Aldrich) as zirconium precursor. The syn-
thesis steps are identical to pure TiO2 synthesis ones, where the
precursor is added to the TTIP-MEtOH mixture. After reaction at
ambient temperature for 24 h, similar light blue sols are obtained.
Again, half of the volume is dried under ambient air to obtain a
powder.

Four Zr-doping ratios are studied: 0.7, 1.4, 1.6 and 2.0 mol%.
Samples are denoted as TiO2/ZrX where X corresponds to the
dopant amount.

2.3. Material characterizations

The hydrodynamic aggregate sizes (DDLS) of the colloids are
measured by dynamic light scattering (DLS) with a device Zetasizer
from Malvern Panalytical. The experimental procedure is as fol-
lows: for each sample, 50 consecutive measurements are made and
a mean DDLS is calculated; this procedure is repeated 3 times.
Therefore the DDLS is calculated on 150 experiments over 25 min of
measurement time. Moreover, the stability has been assessed by
measuring DDLS after three months of storage with the same pro-
cedure as above and compared to the initial value.

The actual amount of zirconium in the Zr-doped TiO2 sample is
determined by inductively coupled plasmaeatomic emission
spectroscopy (ICPeAES), equipped with an ICAP 6500 THERMO
Scientific device. Solutions for analysis are prepared as follows [34]:
(i) 2 g of Na2O2, 1 g of NaOH and 0.1 g of sample are mixed in a
vitreous carbon crucible; (ii) the mixture is heated beyond the
melting point (up to 950 �C); (iii) after cooling and solidification,
the mixture is digested in 30 mL of HNO3 (65%); (iv) the solution is
then transferred into a 500 mL calibrated flask that is finally filled
with deionized water [34]. The solution is then analyzed using an
ICP-AES device.

The crystallographic properties are observed through the X-ray
diffraction (XRD) patterns recorded with a Bruker D8 Twin-Twin
powder diffractometer using Cu-Ka radiation. The Scherrer for-
mula (Eq. (1).) is used to determine the size of the TiO2 crystallites,
dXRD [35]:

dXRD ¼ 0:9
l

ðB cosðqÞÞ (1)

where dXRD is the crystallite size (nm), B the peak full-width at half
maximum after correction of the instrumental broadening (rad), l
the wavelength (nm), and q the Bragg angle (rad).

The repartition of the crystallographic phases is estimated with
the Rietveld method using “Profex” software [36]. The proportion of
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amorphous-crystalline phase is estimated with CaF2 (calcium
fluoride, Sigma-Aldrich, anhydrous powder, 99.99% trace metal
basis) internal standardmethods and then processing the datawith
“Profex” software [37].

The nanoparticle sizes are measured with transmission electron
microscopy (Phillips CM 100 device at an accelerating voltage of
200 kV). About one hundred particles are measured and an average
value is estimated.

The sample textural properties are characterized by nitrogen
adsorption-desorption isotherms in an ASAP 2420 multi-sampler
adsorption-desorption volumetric device from Micromeritics.
From these isotherms, the microporous volume is calculated using
the Dubinin-Radushkevich theory (VDR). The surface area is evalu-
ated using the Brunauer, Emmett, and Teller theory (SBET) [38]. An
average particle size, dBET, can be calculated from SBET values by
assuming spherical and non-porous TiO2 anatase nanoparticles
using the following formula [26]:

dBET
6

¼
1

ranatase

SBET
(2)

where ranatase is the apparent density of TiO2 anatase estimated to
be equal to 3.89 � 103 kg m�3 [3,8].

Optical properties of TiO2-based materials in the range of
300e800 nm region are obtained with diffuse reflectance mea-
surements on a Varian Cary 500 UVeViseNIR spectrophotometer
equipped with an integrating sphere (Varian External DRA-2500),
and using BaSO4 as reference. The absorbance spectra are trans-
formed using the KubelkaeMunk function [26,40,41] to produce a
signal, normalized for comparison between samples, and so to
calculate the band gaps (Eg,direct and Eg,indirect). The details of this
treatment method are widely described elsewhere [4,10,42].

X-ray photoelectron spectra are obtained with a SSI-X-probe
(SSX-100/206) spectrometer equipped with a monochromatized
microfocused Al X-ray source (1486.6 eV), operating at 10 kV and
20 mA. Samples are placed in the analysis chamber where the re-
sidual pressure was about 10�6 Pa. The charging effect is adjusted
using flood gun energy at 8 eV and a fine-meshed nickel grid placed
3 mm above the sample surface [43]. The pass energy is 150 eV and
the spot size is 1.4 mm2. The angle between the normal to the
sample surface and the direction of electron collection is 55�. Under
these conditions, the mid-height width (FWHM) of the Au 4f7/2
peak photo-peak measured on a standard sample of cleaned gold is
about 1.6 eV. The following sequence of spectra is recorded: survey
spectrum, C 1s, O 1s, N 1s, Zr 3d and Ti 2p and again C 1s to check the
stability of charge compensation with time and absence of degra-
dation of the samples.

The C- (C, H) component of the carbon C 1s peak is fixed at
284.8 eV to calibrate the scale in binding energy. Three other
components of the carbon peak (C- (O, N), C ¼ O or OeCeO and
OeC]O) have been resolved, notably to determine the amount of
oxygen involved in the carbon contamination. Data processing is
carried out with the CasaXPS program (Casa Software Ltd, UK).
Some spectra are decomposed using the Gaussian and Lorentzian
function product model (least squares fitting) after subtraction of a
nonlinear Shirley baseline [44]. The molar fractions are calculated
using the normalized peak areas based on acquisition parameters
and sensitivity factors supplied by the manufacturer.
2.4. Photocatalytic experiments

The photocatalytic properties of the materials are estimated
through the degradation of a model pollutant, p-nitrophenol (PNP).
For each test, the degradation percentage of PNP, DPNPi, is calculated
by Eq. (3) [34]:

DPNPið%Þ¼
�
1� ½PNP�i

½PNP�0

�
*100 (3)

where [PNP]i represents the residual concentration of PNP at time
t¼ i h and [PNP]0 represents the initial concentration of PNP at time
t ¼ 0 h.

The experimental set-up is described in a previous study
[26,45]. The DPNP is evaluated after 8 h under UV/visible light,
thanks to a halogen lamp with a continuous spectrum from 300 to
800 nm (300 W, 220 V) measured with a Mini-Spectrometer TM-
UV/vis C10082MD from Hamamatsu. The PNP degradation under
visible light is evaluated after 24 h with the same halogen lamp
covered by an UV filter that removes wavelengths shorter than
390 nm. The residual concentration of PNP is measured by UV/Vis
spectroscopy (GENESYS 10S UVeVis from Thermo Scientific) at
318 nm. For each tested catalyst, three flasks containing the cata-
lytic powder are exposed to light to calculate the PNP degradation,
and one is kept in the dark to evaluate PNP adsorption on the
sample. One additional flask is exposed to light without catalyst to
evaluate PNP natural decomposition under UV/visible or visible
light only. In each flask, the initial concentrations of catalyst (if
present) and PNP are equal to 1 g/L and 10�4 M respectively. The
volume of each flask is 10 mL, and the flasks are agitated by a
magnetic stirrer. Experiments are conducted in test tubes closed
with a sealing cap. These tubes are placed in a cylindrical glass
reactor with the halogen lamp in the center. The reactor is main-
tained at constant temperature (20 �C) by a cooling system with
recirculating water. The lamp is also cooled by a similar system.
Aluminum foil covers the outer wall of the reactor to prevent any
interaction with the room lighting [4]. Each catalyst is tested under
UV/visible light and under visible light.

2.5. Thin film deposition, characterization and photoactivity

Films are produced on pre-painted steel substrate (Solano®,
ArcelorMittal, 7.5 cm � 5 cm x 0.2 cm) by bar-coating with an
Elcometer 4340 Automatic Film Applicator with a bar-speed of
1 cm/s. Films are dried at 100 �C for 30 s, washed with distilled
water, dried with compressed air, and finally dried again at 100 �C
for 30 s to get a perfectly clean surface and to remove non-adherent
TiO2 material.

Three suspensions are used for film application: pure TiO2, TiO2/
Zr2.0 and P25 suspension.

The P25 suspension is made by dispersing 3 g of Evonik P25
powder in 100 mL of acidic water (pH of 1 with HNO3) in order to
reach the same concentration as sol-gel colloids. The mixture is
placed in ultrasonic bath for 1 h.

For pure TiO2 and TiO2/Zr2.0 materials, initial colloids are used
as well as a dispersion of its corresponding powder in acidic water
(3 g in 100 mL of acidic water). The powders are completely
redispersed in water giving similar colloids [46] as initial ones.

The film crystallinity is characterized by grazing incidence X-Ray
diffraction (GIXRD) in a Bruker D8 diffractometer using Cu radia-
tion and operating at 40 kV and 40mA. The incidence beam angle is
0.25�. The bare substrate is first measured to highlight the presence
of TiO2 in the white painting.

The photocatalytic activity of TiO2 films is evaluated by moni-
toring the degradation of methylene blue (MB) under ultraviolet
light (Osram Sylvania, Blacklight-Bleu Lamp, F 18W/BLB-T8) over
17 h. Indeed, PNP is not used in this case because the photocatalytic
installation is equipped with an ultraviolet light source which de-
grades PNP. The spectra of the lamps are measured with a Mini-
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Spectrometer TM-UV/vis C10082MD from Hamamatsu. UV-A light
can be considered as monochromatic with a wavelength
l ¼ 365 nm. Each film is placed in a Petri dish with 25 mL of
2� 10�5 M ofMB solution. The degradation of MB is evaluated from
absorbance measurements with a Genesys 10S UVeVis spectro-
photometer (Thermo Scientific) at l¼ 665 nm. Adsorption tests are
performed in the dark (dark tests) to showwhether MB is adsorbed
on the surface. A blank test, consisting in irradiating the pollutant
solution for 17 h in a Petri dish without any catalyst or support,
shows that MB concentration under UV-A illumination remains
constant. The Petri dishes with catalysts and pollutant are stirred
on orbital shakers and illuminated for 17 h. Aliquots of MB are
sampled at the beginning of the test and after 17 h. The photo-
catalytic degradation is equal to the total degradation of MB taking
the catalyst adsorption (dark test) into account. Each photocatalytic
measurement is triplicated to assess reproducibility of the data.
3. Results and discussion

3.1. Macroscopic observation

The pure and doped TiO2 sols have similar aspects: translucent
white bluish liquid. The pure TiO2 is cloudier than the doped ones.
This observation is in agreement with the aggregate size measured
with DLS, DDLS (Table 1). Indeed, the aggregate size is lower for
doped samples (i.e. around 30 nm) than for the pure TiO2 (i.e.
around 60 nm). This difference in size can result from a different
surface charge of the particles, leading to a better stability for the
doped samples [46]. All samples are stable over a three-month
period since the DDLS remains constant and no precipitate is
observed.

Sol-gel powders, obtained after drying of the sols, have a similar
white-yellow color for all samples (pure and doped). The P25
powder is white.

When the Evonik P25 sample is mixed with acidic water, it re-
sults in amilky unstable sol with a lot of precipitates. It is consistent
with the high aggregate size measured by DLS, DDLS (Table 1),
around 750 nm.

When the pure and doped TiO2 powders are mixed with acidic
water, suspensions have a similar aspect to initial colloids with
stability over time.
3.2. Sample crystallinity

The XRD patterns of all samples are represented in Fig. 1.
A similar pattern is obtained for each sample. The samples are

mainly composed of anatase with a small amount of brookite (peak
Table 1
Textural and optical properties of TiO2-based photocatalysts.

Samples Theoretical
dopant
content
(mol/mol %)

Actual
dopant
content
(mol/mol %)

Phase distribution
(%) ± 5

SBET
(m2g�1) ± 5

VDR

(cm3

P25 e e A[86%] þ R[14%] 50 0.03
Pure TiO2 e e Am[47%] þ A[48%] þ B[5%] 225 0.12
TiO2/Zr0.7 0.7 0.7 Am[25%] þ A[71%] þ B[4%] 215 0.12
TiO2/Zr1.4 1.4 1.4 Am[23%] þ A[73%] þ B[4%] 210 0.11
TiO2/Zr1.6 1.7 1.6 Am[20%] þ A[72%] þ B[8%] 210 0.11
TiO2/Zr2.0 2.0 2.0 Am[29%] þ A[64%] þ B[7%] 230 0.13

Am: amorphous TiO2 phase; A: Anatase TiO2 phase; B: Brookite TiO2 phase; R: Rutile T
micropore volume determined by DubinineRaduskevitch theory; dBET: mean diamete
crystallites measured by the Scherrer method; dTEM: mean diameter of TiO2 nanoparti
measured by DLS; Eg,direct: direct optical band-gap values calculated using the transform
using the transformed KubelkaeMunk function; a: measured for anatase peak; b: measu
at 30.8�). The crystallite sizes, dXRD, are calculated using the
Scherrer formula (Eq. (1)) and are displayed in Table 1. The crys-
tallite size increases slightly from 4 to 6 nm when the Zr content
increases from 0 to 2.0 mol%. This trend is related to the width of
the XRD peaks. In fact, the peaks become narrower when the Zr
content increases. This size of crystallite is typical of aqueous TiO2
material synthesized by precipitation-peptization method which
leads to the formation of small TiO2 particles well dispersed in
water [47e49]. No peak associated to ZrO2 species is observed.

For the Evonik P25, the XRD pattern is depicted in Fig. 2, anatase
and rutile phases are present as widely reported [30]. The crystal-
lite size is around 18 nm for the anatase phase and 8 nm for the
rutile phase.

The phase distributions are reported in Table 1. The amorphous
fraction is higher in the pure TiO2 than in the doped samples,
around 50% for the former compared to 20e30% for the latter. The
anatase represents around 50% for the pure TiO2 while it reaches
65e70% for the doped ones. The remaining phase is brookite, which
lies between 5 and 8%. The doping seems to promote the crystal-
lization, since the doped samples have a quite high crystallinity (i.e.
around 75%) without any calcination step.

Evonik P25 is composed of 86% of anatase and 14% of rutile, a
ratio widely reported in the literature [30].
3.3. TEM micrographs

TEM micrographs for pure TiO2, TiO2/Zr1.4 and TiO2/Zr2.0
samples are presented in Fig. 3. For all samples, TiO2 aggregates are
observed. These aggregates are composed of TiO2 nanoparticles
with spherical shapes [10]. The particles are not perfectly separated
from each other because the material was first dried and then
deposited on the TEM grid for measurement [10]. Additionally, the
TiO2 nanoparticles are not very clearly observable by TEM because
of their relatively low contrast in bright-field TEM conditions [10].
TiO2 nanoparticles have a size of about 7 nm (Table 1). As no
different morphology is observed between the pure and Zr-doped
samples, a hybrid TiO2eZrO2 structure can be assumed for the
doped samples.
3.4. Surface properties

The nitrogen adsorption-desorption isotherms are depicted in
Fig. 4 for pure TiO2 and TiO2/Zr2.0 samples. All other isotherms
present a similar shape. In both cases, a sharp increase at low
pressure is followed by a plateau which corresponds to a micro-
porous solid from the BDDTclassification (type I isotherm) [38]. The
corresponding specific surface area, SBET, and micropore volume,
g�1) ± 0.01
dBET
(nm) ± 1

dXRD
(nm) ± 1

dTEM
(nm) ± 1

DDLS

(nm) ± 10
Eg,direct
(eV) ± 0.01

Eg,indirect
(eV) ± 0.01

31 18a-8b e 750 3.51 3.12
7 4 5 60 3.35 2.97
7 4 5 33 3.39 2.98
7 5 5 30 3.37 3.00
7 6 6 32 3.36 2.98
7 6 7 35 3.37 2.99

iO2 phase; SBET: specific surface area determined by the BET method; VDR: specific
r of TiO2 nanoparticles calculated from SBET values; dXRD: mean diameter of TiO2

cles measured by TEM; DDLS: hydrodynamic diameter of TiO2 particles aggregates
ed KubelkaeMunk function; Eg,indirect: indirect optical band-gap values calculated
red for rutile peak.
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Fig. 1. X-ray diffraction (XRD) patterns of samples: (-) pure TiO2, (A) TiO2/Zr0.7, (:) TiO2/Zr1.4, (#) TiO2/Zr1.6 and (�) TiO2/Zr2.0. (A) reference pattern of anatase and (B)
reference pattern of brookite.

Fig. 2. X-ray diffraction (XRD) pattern of Evonik P25 sample. (A) reference pattern of
anatase and (R) reference pattern of rutile.
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VDR, are reported in Table 1. These two values are similar for all
samples, between 210 and 230 m2 g�1 for SBET and between 0.11
and 0.13 cm3 g�1 for VDR. These surface area properties are usually
found in samples prepared with the peptization-precipitation
method [26,39]. A model has been previously developed consid-
ering that these materials are made of spherical shape nano-
particles with small voids (i.e. < 2 nm, micropores) between the
particles [26,42]. Therefore, a particle size, dBET, can be estimated
with the SBET and Equation (2) assuming spherical shape for the
particles. The values are reported in Table 1. For all samples, the dBET
is around 7 nm. This value can be compared with the particle sizes
Fig. 3. TEM micrographs of samples: (a) pur
measured (i) by XRD, dXRD (Section 3.2.), and (ii) by TEM, dTEM
(Section 3.3.). The three values are in the same order of magnitude,
i.e. between 4 and 7 nm. It can be assumed that the material is
composed of spherical shape nanoparticles, each one correspond-
ing to one crystallite.

Evonik P25 sample has a different isotherm (Fig. 4), character-
istic of macroporous solid. At high pressure, the adsorbed volume
increases asymptotically like in type II isotherm (macroporous
solid) [38]. The SBET and VDR values are lower than pure and doped
TiO2 samples’ ones with values of 50 m2 g�1 and 0.03 cm3 g�1

respectively.
3.5. Optical properties

The normalized KubelkaeMunk function is represented in Fig. 5
for pure TiO2, TiO2/Zr2.0, and Evonik P25 samples. There is a clear
shift towards longer wavelengths for the samples of this study,
compared to Evonik P25. In fact, in Fig. 5, the absorption begins
around 350 nm for Evonik P25 while it begins around 360e365 nm
for other samples. The difference can be due to nitrogen insertion,
inherent to this type of aqueous synthesis. Indeed, it has been
previously shown that N doping happens when using nitric acid as
peptizing agent, even for pure TiO2 synthesis [10]. The N-doping is
confirmed by the XPS measurements (see Section 3.7, Fig. 6c).

The band gap values are calculated and reported in Table 1. The
doped samples present slightly higher values of the band gap than
the pure TiO2. This shift can be due to the use of ZrO2 [21,22], a
semiconductorwith a higher band gap than TiO2 (5.2 vs. 3.2 eV) [19].
e TiO2, (b) TiO2/Zr1.4 and (c) TiO2/Zr2.0.



Fig. 4. Nitrogen adsorption-desorption isotherms of samples: (A) pure TiO2, (:)
TiO2/Zr2.0 and (-) Evonik P25.

Fig. 5. Normalized KubelkaeMunk function F(R∞) calculated from DR-UVeVis spectra
for samples: (-) pure TiO2, (�) TiO2/Zr2.0 and (A) Evonik P25.
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The shift of the absorption towards the visible region enhances
the photocatalytic activity under visible light for the pure and
doped TiO2, in comparison with Evonik P25. This is confirmed by
the photocatalytic experiments of Section 3.7.

3.6. XPS analysis

Ti 2p, O 1s, N 1s, and Zr 3d spectra are presented in Fig. 6 for pure
TiO2 and TiO2/Zr2.0. For all doped samples, similar spectra are
obtained. On the Ti 2p spectrum (Fig. 6a), for both samples the Ti
2p1/2 and Ti 2p3/2 are observed at 464 and 459 eV respectively. They
are attributed to Ti4þ species [10,20,24] and thus TiO2. No differ-
ences between samples can be noticed in the Ti 2p area. For the O 1s
spectrum, both samples present a peak at 530 eV corresponding to
TieO in TiO2 [50]. The tail at higher binding energy in the O1s peak
is hardly exploitable because of the presence of a non-negligible
amount of oxygen involved in the carbonaceous contamination.
For the N 1s spectrum (Fig. 6c), two peaks are observed for TiO2/
Zr2.0, i.e. one centered on 400 eV, as for pure TiO2, and a small one
around 407 eV. In the literature, a N 1s peak around 400 eV may
correspond to interstitial TieOeN [51,52] leading to visible ab-
sorption. It is in accordance with the diffuse reflectance measure-
ments (Fig. 5). Indeed, the N-doping allows a higher visible
absorption than Evonik P25. The second peak at 407 eV is attributed
to residual nitrate due to the residual nitric acid from the synthesis
as shown in Ref. [10]. This contribution is not taken into account in
the latter quantification. For the Zr 3d spectrum (Fig. 6d), for Zr-
doped samples only, two peaks are observed at 182.4 eV and
185.0 eV and correspond to Zr 3d3/2 and Zr 3d5/2 electronic states
[24,53,54]. These peaks correspond to ZrO2 material and could be
indicative of the production of hybrid TiO2eZrO2 nanoparticles as
reported in Refs. [24,50,55]. Indeed, TEM micrographs do not show
a difference of morphology between pure and Zr-doped TiO2
samples, indicating that a TiO2eZrO2 mixed structure is very likely.
The atomic ratios N/Ti and Zr/Ti estimated with XPS measurements
are presented in Table 2. The N/Ti ratio is quite similar for each
sample, meaning that the nitrogen doping is identical. It is in
agreement with the absorption spectrum of the samples (Table 1
and Fig. 5), which is quite similar. Concerning the Zr/Ti ratio, it
increases logically with the dopant content. The ratio Zr/Ti is
calculated also from the ICP-AES measurements (Table 2), the
values are a bit lower than the ratios measured by XPS but stay in
the same range. So, the ZrO2 seems to be localized rather at the
surface of the samples.

3.7. Photocatalytic activity

3.7.1. Experiments under UVeVisible light
The photocatalytic degradation of PNP after 8 h under

UVevisible light is presented in Fig. 7. Without photocatalyst, no
degradation is observed, meaning there is no spontaneous
decomposition of PNP under illumination. For the samples of this
study, the degradation increases with the dopant content, starting
from 20% for the pure TiO2 to 96% for the highest doping (TiO2/
Zr2.0). In comparison, the commercial Evonik P25 sample degrades
84% of PNP.

The increase of activity under UVevisible light with ZrO2 doping
can be explained by: i) an increase of the crystallinity between the
pure and Zr-doped samples; ii) the decrease in aggregate size in
suspension and iii) the formation of mixed TiO2eZrO2 oxides. First,
regarding the crystallinity (Table 1), the phase distribution esti-
mated with Profex software shows that the amorphous fraction is
higher for the pure TiO2 sample. An increase in the amount of
crystalline material induces a better photoactivity. Furthermore,
when TiO2 is doped with zirconia, the increased phase fraction is
anatase. It is well-known that anatase is the most photoactive
phase of TiO2 materials [26].

Concerning the decrease in aggregate size, it is observed in
Table 1 that DDLS decreases when the materials are doped with
ZrO2. This size decrease in suspension can lead to less light scat-
tering and to the illumination of more catalyst particles. Indeed, the
particles are very small compared to the wavelength of light (max
60 nm vs. min 390 nm). Then the scattering can be described as
Rayleigh scattering, which scales as R4, with R the radius of the
particles. If the concentration of particles remains constant, then
the number of particles per volume scales with R�3, i.e. the smaller
the particles, the more particles per volume. Therefore, the scat-
tering power per volume scales with R: so the smaller the particles,
the less light scattering.

Regarding the mixed TiO2eZrO2 oxide formation, the XPS
spectrum (Fig. 6d) shows that ZrO2 doping is well present in the
samples with an increased content through the samples. The TEM
micrographs (Fig. 3) shows no difference in the morphology of the
samples, with the formation of spherical shape nanoparticles
around 6e7 nm. Therefore, a mixed oxide between TiO2 and ZrO2 is
formed. This mixed oxide can increase the photoactivity by
increasing the recombination time between the charges (e� and
hþ). The mechanism is described in Fig. 8. Indeed, it is possible to
calculate the conduction and valence band potentials [55e57] of
TiO2 and ZrO2 with the estimated band gap (Table 1 and Fig. 5) for
TiO2 and the value of 5.2 eV for the ZrO2 as reported inmany studies



Fig. 6. XPS spectra of pure TiO2 and TiO2/Zr2.0: (a) Ti 2p region, (b) O 1s region, (c) N 1s region and (d) Zr 3d region.

Table 2
Molar ratios from XPS measurements and comparison with ICP-AES measurements.

Sample N/TiXPS Zr/TiXPS Zr/TiICP

Pure TiO₂ 0.035 0.000 0.000
TiO₂/Zr0.7 0.029 0.011 0.007
TiO₂/Zr1.4 0.035 0.022 0.014
TiO₂/Zr1.6 0.033 0.023 0.016
TiO₂/Zr2.0 0.033 0.028 0.020

N/TiXPS: molar ratio of nitrogen to titanium from XPSmeasurements; Zr/TiXPS: molar
ratio of zirconium to titanium from XPS measurements; Zr/TiICP: molar ratio of
zirconium to titanium from ICP-AES measurements.

Fig. 7. PNP degradation (%) without catalyst and for all the samples under UV/visible
light after 8 h of illumination.
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[19,55,58]. The calculated energy levels for both oxides are repre-
sented in Fig. 8. Themechanism in themixed oxide is interpreted as
follows: when the samples are illuminated with UVevisible light,
the TiO2 materials are excited producing photogenerated electrons
(e�) and holes (hþ). Zirconia, with a larger band gap (5.2 eV), is
poorly activated but electrons from its valence band can be trans-
ferred to the valence band of TiO2 as the energy levels are close
(DE ~ 1.1 eV) [55]. A part of the photogenerated hþ can be trans-
ferred to the valence band of zirconia. Therefore, the separation
between the e� and hþ is larger, leading to a more efficient pho-
toactivity than pure TiO2. In our samples (Fig. 7), when the doping
content is low (TiO2/Zr0.7), the efficiency of charge separation is
quite low due to the low amount of zirconia. The increase of
efficiency is thus moderate. In our samples (Fig. 7), the photo-
catalytic efficiency increases with the amount of zirconia, which is
particularly outstanding for 1.6 and 2.0 mol% Zr samples with an
activity 5 times higher than the pure TiO2 sample. The assumption
is that the efficiency of charge separation becomes more efficient
for higher zirconia contents.



Fig. 8. Mechanism of charge transfer in mixed TiO2eZrO2 sample. e� and hþ corre-
spond to the photogenerated electron and hole, ECB and ECV stand for potentials of
conduction and valence band, Eg,indirect corresponds to the indirect band gap.
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3.7.2. Experiments under visible light
Under visible light (l > 390 nm) and after 24 h of reaction

(Fig. 9), the PNP degradation reaches 25% for the pure TiO2 sample.
The doped samples have slightly better activities, reaching a
maximum degradation of 38% for the TiO2/Zr2.0 sample. The Evo-
nik P25 degrades only 12% of PNP. Degradation under visible light is
less efficient than under UV/Visible light.

The activity under visible light is probably due to the N-doping
of the samples with the use of nitric acid for the synthesis [10].
Indeed, Fig. 6c shows that TieOeN bonds are most likely present in
all samples (pure and doped ones). The photoactivity (Fig. 9) is then
greater than that of Evonik P25 which does not contain any trace of
nitrogen [59]. Nevertheless, Zr-doping allows an increase of the
degradation with the dopant content. This improvement of pho-
toactivity can be explained by the same mechanism (Fig. 8) as
explained above for experiments under UV/visible light. Indeed,
this mechanism allows a better charge separation and thus a better
efficiency. The visible light being less energetic than the UV light,
the probability of transfer of photo-generated species could be
lower leading to a proportionally lower increase of activity for the
doped samples.
3.8. Film characterizations

In order to complete our comparison with Evonik P25 photo-
catalyst, films are deposited on pre-painted steel starting from P25,
pure TiO2 and TiO2/Zr2.0 samples.
Fig. 9. PNP degradation (%) without catalyst and for all the samples under visible light
(l > 390 nm) after 24 h of illumination.
As detailed in Section 2.5, the suspensions are deposited on a
pre-painted steel substrate by bar-coating. The films are washed
withwater and dried before characterization in order to ensure that
the coating adheres to the substrate. For the sol-gel samples, films
are realized with the initial colloids and with the powder dispersed
in acidic water. Results are presented only for the dispersed pow-
ders, since similar results are obtained with initial colloids.

For both sol-gel samples, the film remains unchanged after
washing; a slight iridescence of the surface is observed. On the
contrary, the P25 coating is not well anchored to the substrate as
determined visually. After the washing step, only some traces
(“white zone”) of the coating are observed.

The samples are thenmeasured by GIXRD to assess the presence
of the TiO2 coatings. A measurement of the bare substrate is real-
ized because the white painting on the substrate could contain
TiO2. The patterns are presented in Fig. 10.

As expected, the bare substrate contains rutile TiO2 particles
(Fig. 10) with well-distinguished peaks. For the P25 film, no dif-
ference with the bare substrate is observed, the amount of
remaining P25 is probably too low to be detected. Contrarily, for
both sol-gel samples, pure TiO2 and TiO2/Zr2.0, anatase broad peak
at 25� is clearly observed. The shape of this peak is similar to the
one obtained with the powder (Fig. 1). Indeed, as the crystallites are
very small (around 4e6 nm, Table 1), the peaks are broad.

As the GIXDR highlighted the presence of a TiO2 film, especially
for the sol-gel samples of this study, their potential photoactivity is
assessed on the degradation of MB under UV-A illumination. The
results are presented in Fig. 11.

Dark tests are performed on each type of coating. They show a
MB adsorption of maximum 4% (the one illustrated in Fig. 11),
which has to be subtracted from the measured percentage in order
to obtain the correct MB degradation values. For the P25 film, a
slight activity is observed with an absolute degradation around 5%
after dark test correction. This weak activity is in agreement with
the bad quality of the film produced with the aqueous suspension
of Evonik P25. The formation of a more photoactive film with P25
suspension probably needs a more complex protocol of dispersion
using dispersing agents [60e64] or surface charging with metallic
ions [65].

Contrarily, both pure TiO2 and TiO2/Zr2.0 samples show high
photoactivities for MB degradation (Fig. 11). Again, the zirconia
doping enhances the photoactivity of TiO2 by a factor of 3e4. The
easy formation of stable colloids by a simple redispersion of the
corresponding powder in acidic water highlights another advan-
tage of our materials compared to Evonik P25.
Fig. 10. Grazing Incidence X-Ray diffraction (GIXRD) patterns of films: (�) bare sub-
strate (-) Evonik P25, (:) pure TiO2 and (A) TiO2/Zr0.2. (A) reference pattern of
anatase and (R) reference pattern of rutile.



Fig. 11. MB degradation (%) for Evonik P25, pure TiO2, TiO2/Zr2.0 and without catalyst
under UV-A light (l ¼ 365 nm) after 17 h of illumination. The adsorption during the
dark test is also presented (dark test) and needs to be subtracted from other mea-
surements to evaluate the real MB degradation.
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4. Conclusion

In this work, several TiO2 materials doped with zirconia were
synthesized by an easy aqueous sol-gel synthesis at ambient tem-
perature. This method consists in the peptization of the TiO2 pre-
cursor in presence of HNO3. Four doping concentrations were
prepared: 0.7, 1.4, 1.6 and 2.0 mol%. The corresponding pure TiO2
material was also synthesized for comparison. The physico-
chemical properties and the photoactivity of these materials were
compared to the well-known Evonik P25 photocatalyst throughout
this study.

The physico-chemical characterizations showed that nano-
crystalline anatase-brookite particles were produced with sol-gel
process. An amorphous fraction is present in each sample
decreasing from 50 wt% in pure TiO2 sample to 20e30 wt% in the
doped ones. Higher specific surface areas than P25 were measured
for all samples (i.e. around 200 m2 g�1 vs. 47 m2 g�1). All the
samples present visible adsorption compared to P25.

As determined by XPS, all the samples were doped with nitro-
gen and mixed TiO2eZrO2 oxide materials were obtained when
doping with zirconia precursor.

The photoactivity on the powder samples was assessed both
under UV/visible and visible illumination. Under UV/visible light,
the presence of zirconia improved the efficiency of the PNP
degradation. This improvement is suggested to be due to a better
charge separation in the mixed semi-conductors TiO2 and ZrO2
oxides. In the present experimental conditions, an activity higher
than P25 was reached for the highest doping content (i.e. 84% for
P25 vs. 96% for TiO2/Zr2.0). Under visible light, all samples were
much better than P25, mainly due to the N-doping allowing pho-
toactivity in visible range. The zirconia also increased the efficiency
of the process.

Finally, the possibility to produce films easily with the aqueous
suspension of the photocatalyst was assessed on the pure and the
most dopedmaterial. P25 was also tested as referencematerial. The
results showed that crystalline films were produced with the sol-
gel materials, while P25 film had bad adherence. The photo-
activity was evaluated on the degradation of methylene blue under
UV-A light. The most doped sample highlighted very good MB
degradation, i.e. 4 times higher than the pure one and 20 times
higher than P25 even if a very low amount of P25 was deposited.

The best sample of this study presented a better activity than
P25 in the form of powder as well as film under the three different
sources of illumination used. This sample is prepared with an
environmentally-friendly synthesis with a limited use of organic
reagents, water as solvent, at ambient temperature and pressure,
and without the calcination step usually required for crystalliza-
tion, whereas P25 is produced by an aerosol process.
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