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Abstract: The present research reports the synthesis of ZrO2-doped TiO2 photocatalysts at different
ZrO2 contents (1, 3 and 5% wt.) synthesized by the sol–gel method. The samples were characterized
by transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction,
attenuated total reflectance-Fourier transform infrared, ultraviolet–visible, X-ray photoelectron
spectroscopy and N2 adsorption–desorption analysis. The photocatalytic activity of the ZrO2-doped
TiO2 was investigated against the dyes methyl orange and rhodamine B through mineralization
studies. The ZrO2-doped TiO2 samples presented a semiglobular-ovoid agglomerate shape around
500–800 nm. The samples presented high crystallinity of the TiO2 anatase phase, XPS suggested the
formation of Zr–O–Ti bonds and the samples were classified as mesoporous materials with slight
changes in the optical features in comparison with pure TiO2. Our study shows that the ZrO2-doped
TiO2 composites exhibited a higher photocatalytic activity than just utilizing the synthetized TiO2 and
a commercial P25. The different degradation behaviors are attributed to differences in the textural
properties, and to the different optical absorptions of the samples due to structural defects created by
the level of doping of Zr4+ ions into the TiO2 lattice. Reaction kinetics parameters were calculated by
the Langmuir–Hinshelwood model, and a third run cycle of the ZrO2-doped TiO2 at 1% wt. achieved
a photocatalytic degradation of 78.1 and 75.5% for RhB and MO, respectively.

Keywords: photocatalysis; mixed oxide; photodegradation; dyes; TiO2-ZrO2

1. Introduction

Currently, there is a special interest in the elimination of synthetic dyes from fabric
effluents that, in most of cases, have azo compounds [1,2]. The world manufacture of
dyes is close to 800,000 tons per year, and between 10% and 15% of synthetic dyes are lost
throughout the diverse processes of the fabric industry [3]. The release of dye effluents into
water bodies is dangerous due to the high impact on the photosynthesis of aquatic organ-
isms, as well as the carcinogenic nature and mutagenicity of dyes and their byproducts [4].
Therefore, the molecules that are a threat to the environmental balance and human health
should be completely removed before being released to the environment through effluents.

On one hand, TiO2 is classified as an n-type semiconductor due to oxygen deficiency,
and it is extensively used in the pharmaceutical and food industry, for hydrogen produc-
tion and as a photocatalyst due to its good physical and chemical stability, low cost, easy
preparation, reusability, optical electronic features and non-toxicity. In fact, its production
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and use are expected to increase by around 500% by the year 2025 [5]. However, due to its
relatively high band gap (3.2 eV for the anatase phase), it uses only a particular fraction
of the solar spectrum [6]. Furthermore, pure TiO2 presents a low quantum efficiency due
to the fast recombination of its photogenerated species (e−/h+) [7]. The photoactivity of
TiO2 is strongly delimited by factors such as the interaction between the active surface and
the chemical nature of the pollutants, efficiency to prevent the charge transfer recombi-
nation and the type of reactive oxygen species created by the e-/h+ pairs in the aqueous
medium [8,9]. TiO2 features can be improved by adding another metal oxide such as ZrO2,
SiO2, La2O3 and Al2O3 to produce new crystalline phases with different features than the
original oxides [10]. A diversity of surface modification approaches have been applied
to improve the photocatalytic activity of TiO2. These chemical modifications include hy-
bridization with other semiconductors through metal deposition, carbon material coating,
non-metal doping and anion absorption [11]. The modifications are aimed to modify
the band gap and/or extend the excitation wavelength, reduce the rate of charge carrier
recombination, increase the stability of the photoactive crystalline phase and increase the
quality and quantity of the surface-active sites [6].

On the other hand, zirconium oxide (ZrO2) is an n-type semiconductor, and it has
demonstrated interesting features such as its thermal stability, surface area, porosity, non-
toxicity, resistance to chemical corrosion and strong mechanical stability. These features
are comparable to those of TiO2, and both oxides could have a better performance in
photodegradation applications when formed as a composite [12–14]. Even though ZrO2 is
considered as an inefficient photocatalyst due to its wide bad gap value (~5 eV), doping
a small amount of ZrO2 into TiO2 has been reported to enhance the photoactivity of
the mixed oxides TiO2-ZrO2 [10]. Furthermore, the incorporation of ZrO2 in the TiO2
network can avoid the anatase-to-rutile phase transformation, prolong the lifetime of
photoinduced e-/h+ pairs, modify the surface acidity through OH groups, reduce the
dielectric constant and the crystal size of TiO2, improve the thermal stability and increase
the surface area, promoting photocatalytic activity [7,15,16]. TiO2 modified with ZrO2
can be prepared by methods such as coprecipitation, the sol–gel process, polymer gel
templating, homogeneous precipitation, evaporation-induced self-assembly, hydrothermal
methods and the microwave-assisted solution combustion method. Nevertheless, it is
believed that the sol–gel method has advantages such as good homogeneity in the size
and shape of particles, ease of composition control, reproducibility, a low temperature
of reaction, an inexpensive equipment cost and good electrical and optical features to
prepare nanomaterials in their mixed oxide form [16,17]. In the case of ZrO2-doped TiO2
used for photocatalytic applications, it has been thought that the photocatalytic activity
of this type of material depends on the morphology, surface area, band gap energy and
crystal size rearrangement. Nevertheless, a clear relationship between them has not been
established [18].

In this context, Guerrero-Araque et al. [18] prepared ZrO2-TiO2 heterostructures
with 5 mol % of ZrO2 synthesized by the sol–gel route and annealed at four different
temperatures (300–600 ◦C) for the degradation of 2,4-dichlorophenol. They mentioned
that the materials calcined at 400 and 500 ◦C presented a better degradation due to the
optimum number of energetic states that act as electron traps and decrease the e-/h+ pair
recombination, whereas for materials annealed at 300 and 600 ◦C, these energetic states
act as an energy barrier that reduces the effective charge transfer. In other study, Yaacob
et al. [10] prepared hybrid ZrO2-TiO2 photocatalysts synthesized through the sol–gel
process and calcined at 500, 600 and 700 ◦C for their evaluation of phenol degradation.
The authors found that the photodegradation activity for phenol was in the following
order: ZrO2-TiO2 photocatalysts > pure TiO2 photocatalysts > pure ZrO2 photocatalysts.
The higher photoactivity of ZrO2-TiO2 was attributed to the duration of the excitation of
electrons from the hybrid photocatalysts, and most electrons from the conduction band of
ZrO2 easily transferred to the conduction band of TiO2 from thermodynamic considerations,
which inhibits the e-/h+ pair recombination. Both studies concluded that the modification
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of the textural properties such as the surface area, pore volume, pore diameter, crystallinity,
crystal size and shape of the nanostructure plays an important role in the band gap values,
which is related to photocatalytic activity of the photocatalyst. Precursors also play a role in
the features of the mixed oxides ZrO2-TiO2. For example, chloride precursors such as ZrCl4
and TiCl4 for the synthesis of TiO2-ZrO2 metal oxides are widely used due to their low cost
and availability. However, these precursors present disadvantages such as dimerization
behavior [19]. The use of alkoxides for metal oxide synthesis presents advantages such as
a high solubility, easy transformation into chemically reactive forms of hydrated oxides
on hydrolysis and a high chemical quality of the final products, as well as control of the
nanoparticle size [20–22]. It must be highlighted that the physicochemical properties are
strongly related to the chemical nature of the precursor, the synthesis method and the
thermal treatment.

In this work, we report the synthesis of TiO2-ZrO2 nanocomposites as photocatalysts
at different Zr4+ contents prepared by the sol–gel route for the photodegradation of RhB
and MO. Therefore, with the proposed contents of ZrO2 (1, 3 and 5% wt.) into the TiO2
lattice, we try to elucidate an optimum % wt. to determine the saturation limit by avoiding
deformation of the TiO2 lattice, and to obtain a better photodegradation percentage using,
as model molecules, the MO and RhB molecules with a high presence in wastewater from
the textile industry [23].

2. Results
2.1. X-ray Diffraction

Figure 1a shows the X-ray diffraction patterns of the samples. The X-ray pattern of
TiO2 shows well-defined signal characteristics of the anatase phase (JCPDS 04-002-2678)
at 25.3◦, 37.8◦, 48.06◦, 53.8◦, 55.07◦, 62.7◦ 68.8◦, 70.3◦ and 75◦. These signals are related
to the diffraction planes (Miller index) of (101), (004), (200), (105), (211), (204), (116), (220)
and (215), respectively [24]. The same diffraction signals were found for the ZrO2-doped
TiO2 photocatalysts prepared with different ZrO2 loads (1, 3 and 5% wt.). The shapes of
the well-defined peaks are an indication that the nanomaterials were well crystallized.
These results point out that the anatase phase was kept even after the addition of ZrO2.
When the TiO2 was doped with 1% wt. of ZrO2, no diffraction signals belonging to ZrO2
were observed. However, a very small diffraction signal was observed approximately at
30.05◦ corresponding to the (101) diffraction plane of the tetragonal phase of pure ZrO2
(JCPDS-80-0965) [15] at 3 and 5% wt. of the Zr4+ content. This small signal at 30.05◦

suggests that ZrO2 is dispersed on the TiO2 surface nanoparticle, forming a segregation
of polycrystalline structures for the TZ-3 and TZ-5 samples. In this sense, Thejaswini
et al. [25] prepared mesoporous worm-like ZrO2-doped (1, 2, 3, 4 and 5 molar % ratios)
TiO2 monolith materials for Naphthol Green B photodegradation, achieving ≥99% dye
dissipation under optimized experimental conditions, where the highest molar ratio did
not show any other crystallinity phase. Recently, Q. Li et al. [26] studied the photocatalytic
degradation of MO using mesoporous composite materials m-TiO2-ZrO2 with 1, 3 and
5 molar ratios of Zr. In their XRD, it was possible to observe that at the 5 molar ratios of
Zr, diffraction signals belonging to ZrO2 were present. However, at lower molar ratios, no
diffraction signals of ZrO2 were seen. In other study, Pirzada et al. [7] prepared TiO2/ZrO2
nanocomposite heterostructures via the sol–gel process from ZrOCl2 and titanium (IV)
isopropoxide, with Zr/Ti molar ratios of 3, 6, 9, 12 and 15%. In their study, the authors
mentioned that only the presence of the anatase phase with a substantial appearance of
tetragonal ZrO2 peaks was seen for the samples with 9, 12 and 15% Zr/Ti molar ratios.

On the other hand, Figure 1b shows a slight shift in the diffraction signal in comparison
with TiO2. This displacement is due to the incorporation of Zr4+ which causes an increase
in the lattice parameters of TiO2 anatase, thus slightly shifting the maximum of the peak to
a lower angle for the TiO2-ZrO2 samples [25,27]. However, for the TZ-3 and TZ-5 samples,
a segregation of the crystalline phases was seen due to the saturation of Zr4+ ions inside
the TiO2 structure, which generated the formation of ZrO2 crystals on the TiO2 anatase
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structural surface, creating polycrystalline phases. Results with a slight shift were reported
by Thejaswini et al. [25], where a slight peak deviation of 2θ was observed from 25.5 to 25.3
(101) for the TiO2-ZrO2 monoliths in comparison to pure TiO2 anatase.

Figure 1. XRD patterns of the nanocomposite samples. (a) shows the different ZrO2 contents, and (b)
shows the amplification of the strongest reflection at 2θ = 25.3◦.

The obtained values of the crystal size shown in Table 1 suggest that increasing the
Zr4+ amount reduces the crystal size of the photocatalysts. The reduction in the crys-
tal size with the increased amount of Zr4+ ions is attributed to several causes, mainly a
reduction in the nanoparticle nucleation during hydrolysis/condensation, a decrement
in the grain boundaries during the sintering process, dissimilar nuclei and the coordi-
nation geometry [7,15,28]. The approximate crystallite sizes of TiO2 and the TiO2-ZrO2
nanocomposite were calculated with Scherrer’s equation [29].

Table 1. Physicochemical properties of TiO2, TZ-1, TZ-3 and TZ-5 samples.

Sample SBET (m2/g) Pore Size (nm) Pore Volume (cm3/g) Crystallite Size (nm)

TZ-5 73 10.9 0.51 10.1
TZ-3 69 10.5 0.64 10.6
TZ-1 67 9.9 0.63 10.9
TiO2 58 9.1 0.71 11.3
P25 42 16.5 0.22 -

2.2. TEM-SAED Images

Figure 2a,e show the HR-TEM for the TZ-1 and TZ-5 photocatalysts, which show an
interlayer spacing (d) value of 0.353 and 0.356 nm, respectively. These values also support
the existence of the anatase phase structure of TiO2 and correspond to the (101) lattice
planes of anatase [30]. The differences in the d-spacing between the TZ-1 sample (0.353 nm)
and pure TiO2 (0.348 nm) are a strong indication of the incorporation of Zr4+ into the TiO2
structure [31]. On the other hand, Figure 2b,f show the selected area of electron diffraction
of the TZ-1 and TZ-5 samples, where the rings and the similar diffraction patterns are
indicative of the TiO2 anatase phase. The rings belonging to the TZ-1 sample (Figure 2b)
present homogeneity in shape and agree with the XRD results. However, for the TZ-5
sample (Figure 2f), it is important to highlight that it shows discontinuous rings with
spots which suggest that the nanoparticles are formed of larger crystallites according to
the results found by Maurya and Bhatia et al. [32]. In addition, the values of d-spacing
found from the ring patterns agree, within acceptable limits, with the reported d-spacing
values for the anatase phase according to JCPDS (04-002-2678). Figure 2d,h present the
nanoparticle size distribution belonging to the TZ-1 and TZ-5 samples. The measured
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average nanoparticle size was 11.3 ± 2.8 and 11.25 ± 4 nm for TZ-1 and TZ-5, respectively.
In this sense, N. Yaacob et al. [33] mentioned that a TiO2 nanoparticle size under 14 nm
suggests that the anatase phase nanoparticles are highly stable. In addition, it has been
reported that the aggregation and crystallization of TiO2 are associated with the synthesis
route. Furthermore, the calcination temperature and the precursor concentration are other
factors that favor the agglomeration and crystallization of nanoparticles during synthesis
by the sol–gel method [34].

Figure 2. HR-TEM, SAED pattern, TEM and the size distribution of TZ-1 (a–d) and TZ-5 (e–h) samples.

2.3. SEM Studies

Figure 3 shows SEM micrographs of the synthesized nanomaterials. These point out
the formation of agglomerates with a semiglobular structure created during the thermal
treatment, which are in good agreement with similar works reported in the literature [35,36].
Moreover, a well-defined porous network design is also observed, especially in the TiO2
and TZ-1 samples. The micrographs from the TZ-3 and TZ-5 samples show a higher ag-
glomeration and poor nucleation of agglomerates in comparison with the TiO2 and TZ-1
micrographs, in which the surface roughness and a broad network of pores between the
agglomerates are observable. In addition, the micrograph of TZ-5 shows an increase in
irregular shapes in comparison to the other samples. This is probably due to the increasing
content of ZrO2 in the material. The agglomeration process in the synthesis of nanoma-
terials through the sol–gel method is probably due to the simultaneous hydrolysis and
polycondensation of the metal alkoxide precursors, thus leading to the formation of an
extended network, which is a typical feature in the sol–gel method [37,38]. Moreover,
different structures such as colloidal particles, precipitations or gels can be prepared de-
pending on the reaction conditions under which metal oxides are synthetized. Furthermore,
the final product is influenced by the kinetics of hydrolysis and the condensation process
of the alkoxide precursor [37].
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Figure 3. SEM micrographs of nanocomposites: (a) TiO2, (b) TZ-1, (c) TZ-3 and (d) TZ-5.

2.4. FTIR

Figure 4 shows the IR spectra of the samples in the range of 4000 to 500 cm−1. The
bands centered at 640 cm−1, 605 cm−1 and 550 cm−1 are typical for TiO2 (anatase phase)
and correspond to the stretching modes from the Ti–OH, Ti–O and O–Ti–O bonds, respec-
tively [39–42]. The bands located between 700 and 500 cm−1 are generally assigned to the
stretching vibration modes characteristic of Ti–OH and Ti–O–Ti bonds. The presence of the
peaks around 1630 cm−1 and between 3200 and 3500 cm–1 is attributed to the bending vibra-
tions of the adsorbed O–H groups belonging to the presence of adsorbed water [33,43,44].
The IR spectra from TiO2-ZrO2 show bands in a range from 2000 to 2300 cm−1 due to the
presence of CO2 in the atmosphere around the sample when it was manipulated to be
analyzed [25].

Figure 4. FTIR-ATR spectra for TiO2, TZ-1, TZ-3 and TZ-5 samples.

2.5. UV–Vis Absorption

To determine the Kubelka–Munk function, analysis of the diffused reflectance spectra
of the samples was carried out through Equation (1):

F(λ) = (1− R(λ))2/2R(λ) (1)

The band gap values were acquired from the (F(R)·hv)n vs. hv plot, also known as
Tauc’s plot. The values of n = 1/2 apply for an indirect allowed transition [10]. Figure 5a
shows the UV–Vis spectra for the TiO2, TZ and P25 samples. All photocatalysts displayed
an optical absorption under 425 nm, which suggests the electron Ti–O transition of TiO2.
The insertion of cations (Zr4+) inside the crystal structure of TiO2 modifies the electronic
structure and thus the band gap, promoting a shift in the absorption spectra. The spectra
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of Figure 5a depict a bathochromic shift in TiO2 to higher wavelengths with the increased
ZrO2 content. The bathochromic effect probably occurs due to the charge transfer between
the electrons of the d orbitals of Zr and Ti atoms of the conduction band (Cb) or valence
band (Vb) between semiconductors. The shift is related to the modification of the band gaps
as a result of the lattice defects generated by the embedding of Zr4+ ions inside the TiO2
lattice, introducing new energy levels within the band gap of TiO2 [45]. The embedding
of Zr4+ ions in the TiO2 lattice is feasible, as reported in [25], due to the corresponding
electronegativity (1.54) and ionic radius (0.072 nm) of Zr4+ ions with the electronegativity
(1.54) and ionic radius (0.065) of Ti4+ ions [46]. The values of the band gap energies obtained
from Tauc’s plot (Figure 5b) for TiO2, TZ-1, TZ-3, TZ-5 and P25 were 3.05 eV, 3.1 eV, 3.01 eV,
2.96 eV and 3.0 eV, respectively. As there is not much difference in the optical properties
among samples, as seen in Figure 5, we suggest that the photocatalytic effect does not just
rely upon the optical properties of our samples, and that the textural properties can also
play an important role [47].

Figure 5. UV–Vis spectra of nanocomposites (a), and Tauc’s plot (b).

2.6. N2 Adsorption–Desorption

The porosity of the samples was examined by N2 adsorption–desorption studies.
Figure 6 shows the N2 adsorption–desorption isotherms, and Table 1 displays the textural
properties of the photocatalysts. On one hand, the isotherms of the photocatalysts were
identified as type IV and corresponded to mesoporous materials according to the IUPAC
classification [48]. The isotherms show that the presence of and an increment in Zr4+ ions
in the TiO2 lattice generated a modification of the isotherm shape. This is attributed to the
saturation of the TiO2 network due to the Zr4+ insertion and the formation of ZrO2 crystals
on the TiO2 surface. Similar results of isotherm shape changes due to the modification of
TiO2 with ZnO and MgO were previously reported by Anaya Esparza et al. [49]. Addi-
tionally, the samples had three different hysteresis types: H2 type for pure TiO2, H4 type
for TZ-1 and TZ-3 and H3 type for the TZ-5 samples [50]. The hysteresis loop related to
the isotherms is attributed to the secondary process of capillary condensation of N2 gas
carried out inside the pores, which confirms a mesoporous structure formation [51,52]. On
the other hand, at higher Zr4+ ion concentrations, the surface area and pore size increase,
but the pore volume decreases, as seen in Table 1. A higher surface area can be associated
with an increase in surface-active sites, and this could play an important role in the pho-
tocatalytic activity. These increases in the areas and pore sizes promote the diffusion of
pollutants during photocatalytic activity, which increases the photodegradation reaction
rate due to the higher contact area between the pollutant molecules and the powder struc-
ture [53]. Moreover, the smaller crystallite size generated a higher surface-to-volume ratio
that helped to improve the photoactivity.
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Figure 6. N2 gas adsorption–desorption isotherms of TiO2, TZ-1, TZ-3 and TZ-5 samples.

2.7. XPS Analysis

Figure 7 shows the XPS analysis for the TZ-1 sample with binding energy signals
agreeing with titanium (2p), oxygen (1s) and zirconium (3d) states. The peaks of Ti 2p
with binding energies at 464.6 eV and 458.8 eV correspond to the Ti 2p1/2 and Ti 2p3/2
chemical states (Ti–O bond), respectively [54]. The difference of 5.8 eV in the bonding
energy between Ti 2p1/2 and Ti 2p3/2 peaks indicates the existence of the Ti4+ chemical state
in the TZ-1 heterojunction photocatalyst [55]. The Zr 3d peaks suggest the existence of the
Zr4+ oxidation state in the TZ-1 photocatalyst at 182.2 eV and 184.6 eV that correspond to Zr
3d5/2 and Zr 3d3/2 chemical states, respectively. The Ti 2p and Zr 3d signals in Figure 7b,c
indicate that Ti and Zr are present as TiO2 and ZrO2, respectively [56]. Furthermore, the
presence of the peak at 459.2 eV in Figure 7b suggests Ti–Zr bonds in the TZ-1 sample [57].
On the other hand, the O1s binding energy peak at 530.1 eV is an indication that confirms
the existence of crystal lattice oxygen O−2 , Figure 7d. In addition, the small shoulder peak at
531.5 eV reveals the presence of surface hydroxyl oxygen (OH) groups, which demonstrates
the hydrophilic nature (hydroxyl groups) of the TZ photocatalysts. The XPS spectrum
suggests that ZrO2 was incorporated into the anatase structure to create the hybridized
ZrO2–TiO2 structure, and this supports the idea that the Zr4+ ions are surrounded by –O–Ti
bonds, creating a Zr–O–Ti bonding structure [54,58]. The incorporation of Zr4+ into TiO2 to
form TiO2–ZrO2 heterojunction photocatalysts is attributed to ZrO2 being hybridized with
TiO2 to form a TiO2–ZrO2 structure, and a hetero-condensation that promoted the Zr–O–Ti
bonding creation [33,54].
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Figure 7. XPS analysis for TZ-1 photocatalyst material. (a) Full survey spectra, (b) expanded spectra
of Ti2p, (c) expanded spectra of Zr3d and (d) expanded spectra of O1s.

2.8. Photodegradation Studies

On one hand, Figure 8a shows the degradation curves at 30 ppm of RhB for the
samples TiO2, TZ-1, TZ-3, TZ-5 and P25, where their corresponding degradation values
were 81.2%, 96.5%, 91%, 80.3% and 89.8%, respectively. The difference between TiO2
and TZ-1 was of 15.3%, whereas between TZ-1 and P25, it was of 6.7%. On the other
hand, Figure 8b shows the degradation curves at 30 ppm of MO for the samples TiO2,
TZ-1, TZ-3, TZ-5 and P25, where their corresponding degradation values were 75.5%,
99%, 96.3%, 84.6% and 90%, respectively. The difference in photodegradation between
TiO2 and TZ-1 was of 23.5%, whereas between TZ-1 and P25, it was of 9%. The slightly
higher increase in photodegradation found in MO solution for the TZ samples may be
due to the easy separation of the azo bond (chromophore breakup) of the MO dye in
comparison with the cyclic structure of RhB [59]. As it is possible to observe, the addition
of Zr in the TiO2 structure increased the photocatalytic effect over the dyes. However,
the higher ZrO2 content in the TiO2 lattice reduced the efficiency of the photocatalyst,
as shown for the TZ-5 sample in both dyes. Although the TZ-5 sample had a higher surface
area value than P25, its degradations were lower than those achieved by P25. The lower
values from TZ-5 can be attributed to the excess of defects present in the TZ-5 sample. For
their part, TiO2 and P25 probably had a higher recombination of e−/h+ pairs by affecting
the photodegradation, and hence their degradations were lower than those of TZ-1 and
TZ-3. In particular, P25 (composed of ~30% rutile and 70% anatase) presented a better
performance than TiO2 and TZ-5, attributed to the transfer of electrons from Cb of anatase
to those of rutile TiO2. Figure 8a,b also show the results without a photocatalyst to discard
the photolysis effect. The results of the photolysis do not show a significant reduction of
the dye. Therefore, the irradiation with UV light by itself is not capable of degrading the
dye, and the photodegradation results were obtained in a pure photocatalytic regime.

In order to know the performance of the TZ-1 sample under the effect of the pH,
the TZ-1 sample was evaluated on the removal of RhB and MO at different pH values.
The protonation and deprotonation of a photocatalyst surface are carried out at an acid or
alkaline medium, respectively. Moreover, the pH dictates the size of aggregates that are
formed. Hence, the pH solution is an important factor that affects the photocatalytic degra-
dation of a pollutant. According to the results displayed in Figure 9a, the acid conditions
were not favorable for degrading RhB. At acid pH values, the adsorption of the cationic
RhB molecule became restricted to the positively charged photocatalyst surface due to an
electrostatic repulsive force between positive charges. Therefore, the RhB dye presented an
improved degradation under alkaline conditions due to the attraction between the cationic
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-NH2-+ groups of the RhB molecule and the negatively charged surface of the photocatalyst
in the alkaline medium. Furthermore, possibly in the alkaline medium, the •OH radicals
were easier to produce by oxidizing a major amount of hydroxide ions disposable on the
TZ-1 sample surface; hence, the efficacy of the photoactivity was improved. On the other
hand, the degradations of MO were improved with decrements in pH values from 10 to 4,
Figure 9b. In fact, the total removal of MO was achieved at 120 min at pH 4, Figure 9b. The
enhancement of the photoactivity under the acid medium is attributed to the anionic nature
of the MO dye. Due to the protonated (positively charged) surface of photocatalyst in acid
conditions, an attractive electrostatic union is created between the photocatalyst surface
and the negatively charged sulfonated groups (–SO3–) of MO; hence, the dye adsorption
on the powder surface is enhanced as well as the photodegradation. This process eases the
faster and effective dissipation of the dye adsorption under light irradiation. Conversely,
in alkaline conditions, the deficient photodegradation of MO is attributed to the repulsion
between the negative TiO2 surface and the anionic groups of MO.

Figure 8. Degradation percentage of (a) RhB and (b) MO solutions.

Figure 9. Effect of solution pH on the photocatalytic degradation of (a) RhB and (b) MO molecules.

The presence of inorganic ions in contaminated water can affect a photocatalytic
process because these ions can be adsorbed on the surface of a photocatalyst and deactivate
it. For this reason, Figure 10 shows the photocatalytic degradations of MO and RhB
in the presence of Ca2+ and Mg2+ ions in the solution. According to the results, the
photodegradations of the dyes in the cations’ presence displayed a similar but lower trend
compared to the results shown in Figure 8. This behavior is attributed to the fact that both
cations are in their highest and most stable oxidation state, and it is not possible for them
to capture e−/h+ in solution. The slight inferior photodegradation in Ca2+ can be derived
from the presence of Cl− anions from CaCl2, which can react with the generated h+ and
•OH to form chlorine radicals. In addition, the cationic ions could have a shield effect over
some active sites of the surface photocatalyst.
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Figure 10. Effect of Ca2+ and Mg2+ ions on the photocatalytic degradation of (a) RhB and (b)
MO molecules.

Generally, the decolorization of dyes is not an indication that the dyes have been
completely oxidized into innocuous final products such as C2O and H2O. The oxidation
of dyes can lead to the generation of byproducts, which can be more dangerous than
the original pollutants. Due to this, it was necessary to evaluate the mineralization grade
achieved by the photocatalysts. The TOC removal achieved by the photocatalytic samples is
shown in Figure 11 for a concentration of 30 ppm of MO and RhB. The higher TOC content
in the RhB solution than in the MO solution can be attributed to the differences in the size of
the dye molecules, as well as differences in the molecular weight. The initial value of TOC
for the RhB solution was 30.8 mg/L, and the final TOC values for the TiO2, TZ-1, TZ-3, TZ-5
and P25 samples were 10.7, 7.9, 9.56, 10.9 and 10 mg/L, respectively. For the RhB solution,
the TZ-1 sample achieved a removal of TOC value of 74.3%. On the other hand, the initial
value of TOC for the MO solution was 23.56 mg/L, and the final TOC values achieved by
TiO2, TZ-1, TZ-3, TZ-5 and P25 were 8.7, 4.9, 6.64, 8.04 and 6.9 mg/L, respectively. The TOC
removal percentage of MO gradually increased with time and achieved a removal value of
79.2% for TZ-1, the sample with the best performance. Compared with the degradation
percentages of MO and RhB seen in Figure 8a,b, the removal percentage of TOC was lower
under the same conditions. This is attributed to the fact that the dye was fragmented into
smaller organic molecular substances such as carboxylic acids to be oxidized to simpler
inorganic compounds during the photodegradation reaction. The TZ-1 photocatalyst
achieved the highest TOC degradation in both dyes compared to the other TZ samples.

Figure 11. Profiles of TOC removal for (a) RhB and (b) MO by TiO2, TZ-1, TZ-3 and TZ-5.



Catalysts 2021, 11, 1035 12 of 20

The Langmuir–Hinshelwood (L–H) model is the accepted mechanism to describe the
kinetics of the photodegradation of an organic compound on the surface of a metal oxide:

(−dC/dt) = (kKC)/(1 + KC) (2)

where k is the rate constant, K is the adsorption coefficient, and C is the dye concentration.
When C is millimolar, KC is negligible; thus, Equation (2) is simplified to an apparent
pseudo-first-order kinetics [60].

(−dC/dt) = kKC = kappC (3)

Alternatively,
ln(CO/Ct) = kaapt (4)

By plotting ln(Co/C) vs. time, the apparent pseudo-first-order rate constant kapp is
calculated from the slope of the obtained straight line. The half-life time (degradation of
pollutant to 50%) was calculated by the following equation:

t1/2 = (ln2)/kaap (5)

This L–H model was applied to these reactions due to the following presumptions:
(i) the reaction system is in dynamic balance, (ii) the reaction is carried out on the surface
of photocatalysts between a radical and an adsorbed molecule in solution, (iii) there are
no limits for the competition between byproducts, (iv) the e−/h+ pairs for the metal
oxide are active on the surface sites and (v) the reaction is carried out with species in
solution [61]. The obtained experimental data agree with a pseudo-first-order reaction
represented by the slope of the fitted line for the ln(Co/C) vs. irradiation time (t) graph,
Figure 12. The degradation percentage of RhB achieved by all samples was in the following
order: TZ-1 (96.5%) > TZ-3 (91%) > P25 (89.8%) > TiO2 (81.2%) > TZ-5 (80.3%), whereas
their corresponding kapp values were 0.02176 min−1 > 0.01698 min−1 > 0.01450 min−1

> 0.01279 min−1 > 0.01132 min−1, as shown in Table 2. For its part, the degradation
percentage of MO achieved by all samples was in the following order: TZ-1 (99%) > TZ-3
(96.3%) > P25 (90%) > TZ-5 (84.6%) > TiO2 (75.5%), whereas their corresponding kapp values
were 0.1172 min−1 > 0.01086 min−1 > 0.00969 cm−1 > 0.00925 min−1 > 0.0091 min−1,
as shown in Table 2. In addition, the half-life times also were calculated (Table 2) and agree
with the 50% of the dye concentration according to the values of the curves presented
in Figure 8a,b. Based on these previous results, the degradation rates of the dyes were
increased by adding a tiny quantity of ZrO2 in TiO2, and the highest degradation rate was
achieved at 1% of Zr content for both dyes. The improvement in photocatalytic activity
in the TZ samples in comparison with only TiO2 and P25 suggests the formation of a
heterojunction between ZrO2 and TiO2 which favored the photocatalytic activity of the
mixed oxide samples. With a particular addition of ZrO2 (1% wt.), there was the creation
of lattice defects which generated oxygen vacancies. These oxygen vacancies can trap the
photogenerated species and prolong their life which improves the photoactivity. However,
higher loads of ZrO2 in TiO2 produced a defect excess and the formation of polycrystals by
increasing the recombination of e−/h+ pairs, affecting the degradation of the dyes due to
the fewer active site.
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Figure 12. Kinetics profile of (a) RhB and (b) MO by TiO2, TZ-1, TZ-3 and TZ-5.

Table 2. Kinetic parameters of the different reactions presented by TiO2 and TZ samples.

Rhodamine B Methyl Orange

Sample Kaap (min−1) R2 t1/2 (min) Kaap (min−1) R2 t1/2 (min)

TiO2 0.01279 0.92 54.2 0.0091 0.98 76.0
TZ-1 0.02176 0.97 31.9 0.01172 0.96 59.1
TZ-3 0.01698 0.98 40.8 0.01086 0.97 63.8
TZ-5 0.01132 0.99 61.2 0.00925 0.98 75.0
P25 0.01450 0.98 47.8 0.00969 0.99 71.5

The increased photodegradation of MO and RhB caused by the TZ samples can be
attributed to the captures of electrons and is suggested as follows: it has been established
that the doping of metal atoms provokes the creation of new phases dispersed into TiO2,
trapping the photogenerated species (e−/h+) by avoiding the recombination of e−/h+

[25]. The created energy levels basically act as electron capture centers, helping in the
separation of the photogenerated e−/h+ pairs [56]. However, an excess of the defects
favors the recombination process, decreasing the photoactivity [33]. The e−/h+ separation
can be carried out between TiO2 and ZrO2 in the mixed oxide because the energy level of
TiO2 for Vb and Cb is contained inside the band gap of ZrO2. Therefore, under irradiation
of a photon that is energetically superior to the band gap energy of semiconductors, excited
electrons of ZrO2 and TiO2 migrate from their respective Vb to Cb, generating e−/h+ pairs.
After that, some of the photogenerated electrons (e−) of ZrO2 are captured by the Cb of
TiO2, whereas holes (h+) from TiO2 are trapped by the Vb of ZrO2 , helping to decrease
the recombination process by improving the charge separation [62]. Therefore, the oxygen,
as a strong electron acceptor, generates superoxide radicals O•−2 when it reacts with the
captured e- from ZrO2 located in Cb of TiO2. On the other hand, the h+ from TiO2 captured
by the Vb of ZrO2 is now totally available to carry out the oxidation reaction of H2O to
produce hydroxyl radicals (•OH) [63]. Finally, the superoxide (O•−2 ) and hydroxyl radicals
(•OH) degrade the organic molecules to simpler compounds by producing CO2 and H2O
as overall byproducts [25,45]. This process of migration and capture of photogenerated
charges due to the presence of dispersed impurities improved the e−/h+ pair separation
and reduced the recombination rate, as shown in the proposed mechanism, Figure 13. The
reaction process is expressed from Equation (6) to Equation (13).

TiO2 + λ→ TiO2 +
(
e−/h+) (6)

ZrO2 + λ→ ZrO2 +
(
e−/h+) (7)

TiO2 + e− + O2 → TiO2 + O•−2 (8)

TiO2 + h+ + H2O → TiO2 +
•OH + H+ (9)
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TiO2 + h+ + OH− → TiO2 +
•OH (10)

ZrO2 + e− + O2 → ZrO2 + O•−2 (11)

ZrO2 + h+ + H2O → ZrO2 +
•OH + H+ (12)

ZrO2 + h+ + OH− → ZrO2 +
•OH (13)

Figure 13. Diagram of e−/h+ pair separation and the possible reaction mechanism for the TZ-1
photocatalysts under UV irradiation with dye sensitization.

On the other hand, the dye can be excited by light. Under illumination, the dyes ad-
sorbed into the powder structure produce a photosensitizing effect and create free electrons
to enter the photocatalyst internal structure. This mechanism is known as dye sensitization.
Here, the dye molecules adsorbed on the surface of the photocatalyst are irradiated with
photons and are photoexcited from the highest occupied molecular orbital (HOMO) to
lowest unoccupied molecular orbital (LUMO) [64]. After, photoexcited electrons from the
LUMO are captured by Cb of the photocatalyst, and the dye turns into a cationic radical.
This radical is now susceptible to the photodegradation to produce less harmful products.
The e− in the Cb of the photocatalyst is trapped by oxygen to generate O•−2 and thus the
photodegradation of the dye. Generally, when dye molecules are adsorbed on the catalyst
structure, the dye sensitization mechanism is carried out.

An important economic aspect of any photocatalyst is its reutilization. The reuse of
the TZ-1 sample was tested in a solution of RhB and MO at 30 ppm, as shown in Figure 14.
The photocatalyst was recovered after each cycle by centrifugation, and it was washed
with distilled water and ethanol to be dried for 2 h at 80 ◦C. The results show that the
photoactivity after three procedures achieved 78.1% when it was evaluated in the RhB
solution at 3 h of the reaction, whereas for a solution of MO under the same conditions, it
achieved 75.5% in dye removal. The decrease in photoactivity is attributed to the loss of
surface area and to the deposition of byproducts at the surface of the photocatalyst. This
probably led to a loss of active sites, agglomeration of nanoparticles and a decrease in the
samples’ crystallinity, as other studies have suggested [33].
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Figure 14. Photocatalytic degradations by the TZ-1 sample after 3 cycles for RhB and MO.

3. Discussion

Through the XRD studies, the particle size values were found to be similar to those
found in the TEM images, whereas the rings in the SAED patterns corresponded to their
respective XRD diffraction patterns. For its part, the absorption edge of TiO2 presented
a shift to a higher wavelength as the ZrO2 load was increased. This bathochromic shift
is attributed to the modification of the band gap from the lattice defects as a result of the
substitution of Zr into the TiO2 lattice. These results agree with those of XRD, which show
differences in the crystal sizes as the ZrO2 load changes, and the presence of a shift to
a lower angle of the principal signal diffraction, as it was seen. According to the result
from N2 adsorption–desorption, the samples displayed a type IV isotherm as a result of
a strong interaction between nanoparticles by generating mesoporous internal cavities.
This finding is supported by the TEM analysis in Figure 2c,g, where the nanoparticles
present high agglomeration with well-defined free volumes among them. Additionally,
in the TEM images, the nanoparticles are below 12 nm in size, and the results seem to be
consistent with the creation of inter-particulate pores. In FTIR analysis, the presence of a
broad band between 3200 and 3500 cm−1 attributed to OH groups was observed. In this
sense, the existence of hydroxyl groups on the photocatalyst surfaces helps to improve
the e−/h+ pair separation under UV irradiation, by trapping the Cb electrons to favor the
formation of surface (•OH) to promote dye degradation [25]. The TZ-1 and TZ-3 samples
presented the highest photodegradations, but their bands attributed to OH groups were
less intense in comparison with those of TiO2. Nevertheless, TiO2 and P25 probably had
a higher recombination rate. It must be highlighted that the TZ-5 sample presented a
higher surface area but not a better photodegradation in comparison with the TZ-1 and
P25 samples, which had a lower surface area. In this sense, some authors have proposed
that an excess of the defects created at a high Zr content in the TiO2 structure favors
the recombination process, decreasing the photoactivity [7,33,56]. Recently, N. Yaacbo
et al. [33] investigated the photodegradation performance of the ZrO2-TiO2 heterojunction
on oily wastewater. The authors mentioned that a determinate quantity of ZrO2 into
TiO2 affects the crystallinity of ZrO2-TiO2 heterojunction photocatalysts through anatase
phase stabilization which can be more favorable for photocatalytic applications. In their
study, they concluded that a higher ZrO2 content, decreasing the separation of the e–/h+

pairs, modified the creation of surface radicals, affecting the photocatalytic activity, and
that the incorporation of Zr4+ into TiO2 provokes dissimilar defects depending upon the
ZrO2 content. In our study, the TZ-1 sample presented a Zr4+ substitution by Ti4+ in
the TiO2 anatase structure; the same result was found in the TZ-3 and TZ-5 samples.
However, for the samples with 3 and 5% wt. of Zr4+, the presence of polycrystals in
both samples was observed. This segregation of crystals can be attributed to the fact that
contents above 1% of Zr4+ in TiO2-ZrO2 saturate the anatase phase structure, favoring the
formation of ZrO2-independent crystals. These ZrO2-independent crystals did not form a
heterojunction with TiO2, which directly decreased the photoactivity of the TZ3 and TZ-5
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samples compared to TZ-1. According to the aforementioned result, the insertion of Zr4+

ions into the TiO2 structure and the lack of formation of ZrO2 crystals according to X-ray
analysis in the TZ-1 sample improved the photocatalytic degradation of the dyes, probably
due to an unsaturated TiO2 anatase structure, which produced a higher inhibition of the
recombination process.

4. Materials and Methods
4.1. Synthesis of Nanocomposites

The TiO2-ZrO2 nanocomposites were prepared through the sol–gel method with tita-
nium (IV) butoxide (C16H36O4Ti, Sigma-Aldrich 97%, St. Louis, MO, USA) and zirconium
(IV) butoxide (C16H36O4Zr, Aldrich 90%) as precursors. The reactions began by mixing
44 mL of ethanol (Aldrich 99.4%), 18 mL of distilled water and the adequate amounts
of C16H36O4Zr to obtain solids with 1, 3 and 5% wt. of ZrO2 at room temperature. Sub-
sequently, the solutions were heated under reflux at 70 ◦C, and 44 mL C16H36O4Ti was
added slowly to the reactors. The solutions were kept under stirring for 24 h. Afterwards,
the formed gels were recovered and dried at 70 ◦C for 24 h. The obtained solids were
ground into fine powders and annealed at 400 ◦C for 5 h. A TiO2 sample was prepared in
the same way but without zirconium (IV) butoxide addition. The synthesized TiO2 and
TiO2-ZrO2 photocatalysts with 1, 3 and 5% wt. of Zr4+ were labeled as TiO2, TZ-1, TZ-3
and TZ-5, respectively.

4.2. Characterization Techniques

Diffraction patterns were obtained by using an X-ray diffractometer (Panalytical
Empyrean, Almelo, Netherlands) equipped with Cu Kα radiation (λ = 0.154 nm) in a
2θ range of 10◦–80◦ to identify the crystalline phases. SEM images were obtained with
scanning electron microscopy operating at 20 kV (Tescan, Brno, Czech Republic). TEM
images were obtained using an HRTEM instrument (Jeol, Peabody, MA, USA) operated at
200 kV. The FTIR-ATR spectrum of the samples was recorded with an FTIR-ATR (Perkin
Elmer, Waltham, MA, USA) spectrometer. The IR spectrum from 4000 to 400 cm−1 was
recorded in attenuated diffuse reflectance mode with 10 scans and 4 cm−1 resolution.
Mid-IR measurements were carried out with ATR technique. The UV–Vis DRS absorption
spectra were acquired using a UV–Vis spectrophotometer (Shimadzu UV-2600, Kyoto,
Japan) using an integration sphere. The equipment was previously calibrated with BaSO4
as reference. Textural properties of supports were determined by N2 adsorption–desorption
with a Micromeritics, ASAP 2010 (Norcross, GA, USA). The samples were treated at 200 ◦C
for 3 h in vacuum. N2 adsorption isotherms were measured at liquid N2 temperature
(77 K), ranging from 10-6 to 1.0 P/P0, the N2 pressures. The Brunauer–Emmett–Teller and
Barret–Joyner–Halenda methods were used to calculate the surface areas and the pore size
distributions, respectively. Finally, TOC analysis was conducted using a TOC-L analyzer,
(Shimadzu, SC, MD, USA).

4.3. Photocatalytic Studies

Photocatalytic studies were carried out at 298 K inside a cylindrical glass batch reactor.
The reactor was prepared with an aqueous solution of 350 mL of the pollutant solution
at 30 ppm and 200 mg of the photocatalyst. The solution was irradiated with a UV lamp
(low-pressure mercury lamp) placed in an axial position within the reactor and protected
by a quartz tube. At the beginning, the solution was maintained in the dark for 30 min
to achieve the adsorption equilibrium between the photocatalyst and pollutant solution.
After that, the light was turned on and water samples were taken every 30 min for 2.5 h and
analyzed with an UV–Vis spectrophotometer. The dye concentration was calculated from
the corresponding maximum absorption wavelength. The absorbance was proportional
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to the Beer–Lambert law in the range of the studied dye concentrations. The degradation
percentages of the dyes were calculated by the following equation (Equation (1)):

Degradation % = (1− (Ct/CO)) ∗ 100 (14)

where Co is the initial concentration of pollutant, and Ct corresponds to its concentration at
time t. Furthermore, the photocatalytic experiments were carried out three times to verify
the reproducibility. As additional experiments, the catalysts were evaluated under different
pH values of the dye solutions and in the presence of Ca2+ and Mg2+ ions from CaCl2 and
Mg(NO3)2 at 10 mg/L.

5. Conclusions

The materials synthesized in this study presented the anatase phase of TiO2, the
crystalline arrangement with more photoactivity of TiO2. This anatase phase of TiO2
was slightly modified by the insertion of Zr4+ ions in its structure according to XRD and
XPS analysis. Through SEM analysis, it was observed that the samples presented a high
agglomeration grade and a semiglobular morphology, which was modified with the Zr
increments in the TZ samples. TEM studies showed a nanoparticle size under 14 nm, which
is favorable because it suggests that the anatase phase nanoparticles are highly stable.
A decrease in the crystal size was seen as the Zr content increased. This performance is
attributed to the presence of a Zr–O–Ti bond in the nanocomposite, impeding the growth
of anatase crystals by creating the formation of dissimilar boundaries. Moreover, the
formation of a heterojunction was created through direct heterogeneous nucleation and
growth of ZrO2 within TiO2 throughout the thermal stage in the synthesis route. Through
the UV–Vis studies, it was demonstrated that the doped zirconium creates new energy
levels in the TiO2 structure due to the bathochromic shift, trapping the photogenerated
species (e−/h+) by helping to avoid the recombination of the e−/h+ pairs. In the N2
adsorption–desorption analysis, it was seen that the TiO2 surface modification created a
change in the isotherm shape. The values of the surface area, pore size and pore volume
were also modified regarding TiO2. Our study shows that ZrO2–doped TiO2 composites
exhibited a higher photocatalytic activity than just utilizing TiO2 or the commercial P25.
Under acidic or basic conditions, the degradation of a dye in solution is determined by
electrostatic interactions between the photocatalyst surface and the charge of the groups
composing the dye molecule. The Zr-doped TiO2 photocatalyst at 1% wt. achieved the
highest TOC removal in both dyes compared to the other photocatalysts. Finally, a third
run cycle of the TZ-1 sample achieved a photocatalytic degradation of 78.1 and 75.5% for
RhB and MO, respectively.
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