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Abstract
ZrO2–TiO2 heterostructure with 5 mol% of  ZrO2 was synthesized by the sol–gel method and calcined at different tem-
peratures (300–600 °C). The photocatalysts were characterized by thermal analysis, X-ray diffraction, physisorption of  N2, 
diffuse reflectance spectroscopy, scanning electron microscopy, and X-ray photoelectron spectroscopy. The photocatalytic 
activity was tested for the removal of 2,4-dichlorophenol under ultraviolet irradiation, being the materials exhibiting the 
best performance those calcined at 400 °C and 500 °C with 99% and 98% of degradation, respectively, after 150 min under 
irradiation. This behavior was related to a smaller crystallite size, higher surface area, and significant hydroxyl radicals 
produced. The (photo)electrochemical study showed that temperatures of 400 °C and 500 °C also generated an optimum 
amount of energetic states that act as electron traps and decrease the electron–hole pair recombination, favoring the oxida-
tion of 2,4-dichlorophenol. However, at 300 °C and 600 °C, these energetic states act as an energy barrier that reduces the 
effective charge transfer and therefore decreases the photocatalytic activity of the materials.

1 Introduction

TiO2 is a semiconductor widely used in photocatalysis due 
to its chemical stability, abundance, low cost, and versatility 
in oxidation and reduction reactions. However, it presents 
a rapid recombination of photogenerated charge carriers, 
which decreases its photoactivity [1–3]. Several studies have 
reported the enhancement of photocatalytic activity when 

 TiO2 is coupled with other metal oxides to form hetero-
structures [4, 5]. The efficiency of heterostructures depends 
on the oxide ratio, the band gap energy, and the relative 
conduction and valence bands positions [6–8]. It has been 
commonly reported that the photocatalytic performance in 
 MyOx–TiO2 heterostructures  (MyOx: metal oxide semicon-
ductor) is improved when the  MyOx content is between 5–7 
wt% [9–13].

In many cases, the photocatalytic activity has been attrib-
uted to parameters such as surface area, band gap energy, 
morphology, and/or crystallite size. However, although these 
parameters have high relevance, there is not always a clear 
relationship between them [14–16]. For example, Huang 
et al. related the improvement in the photocatalytic activity 
of  Cu2O/TiO2 to band gap energies [17]; Shang et al. associ-
ated the increase in photocatalytic activity of  Bi2WO6/TiO2 
with the surface area, grain size, and hierarchical hetero-
structure [18], while Strauss et al. showed that the smallest 
crystallite size of  TiO2 enhanced the oxidation of organic 
molecules due to a decrease in the recombination of pho-
togenerated charge carriers [19].

Thus, to explain the photocatalytic performance of the 
semiconductors, some studies have focused on determining 
the semiconducting properties and flat band potential (Efb, 
considered equivalent to Fermi level), as they determine 
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driving forces of the electron transfer process [20]. In a 
previous study,  ZrO2–TiO2 heterostructures, calcined at 
500 °C with different contents of  ZrO2, were characterized 
using (photo) electrochemical techniques and evaluated for 
removal of pollutants in photocatalytic assays. The results 
showed changes in semiconducting properties of  ZrO2–TiO2 
heterostructures dependent on the  ZrO2 content, where the 5 
wt% of  ZrO2 content proved to exhibit the best activity. This 
behavior was attributed to the formation of surface energy 
states between the grain boundaries of their components that 
act as electron traps favoring the charge carrier separation. 
However, during the photo-irradiation at higher  ZrO2 con-
tents, these states act as recombination centers [21].

On the other hand, it has been reported that calcination 
temperature modifies the performance of photocatalysts in 
the oxidation of pollutants. Siwinska-Stefanska et al. [22] 
found that  TiO2–ZnO calcined at 600 °C had the best per-
formance in the degradation of three organic dyes compared 
with pristine  TiO2, despite the decrease in its specific sur-
face area. The present work reports the effect of calcina-
tion temperature on  ZrO2–TiO2 photocatalyst with 5 wt% 
of  ZrO2 in photodegradation of 2,4-dichlorophenol. (Photo)
electrochemical studies were carried out to understand the 
effect of heat treatment on the semiconductor properties of 
the photocatalysts.

2  Experimental

2.1  Synthesis of  ZrO2–TiO2

ZrO2–TiO2 photocatalyst (ZT) was prepared by the sol–gel 
method, as reported elsewhere [21]. For the synthesis, 
titanium n-butoxide, zirconium n-butoxide (5  mol% of 
 ZrO2), n-butanol, and nitric acid were mixed. Then, 8 mol 
of deionized water were added to the reaction system. The 
mixture was refluxed at 80 °C for 24 h. The resulting solid 
was washed with water, dried and calcined in air at 300 °C, 
400 °C, 500 °C, and 600 °C for 4 h.

2.2  Characterization

Thermogravimetric analysis was performed on a Shimadzu 
DT-30 analyzer. The material was heated until 800 °C in air 
atmosphere with a temperature ramp of 10 °C/min. All pho-
tocatalysts were characterized using a Bruker D2 Phaser dif-
fractometer with a source of CuKα radiation (λ = 0.154 nm); 
the crystallite sizes were calculated by Scherrer equation. 
The band gap values were estimated using a Varian Cary 
100 spectrophotometer, equipped with an integrating 
sphere using  BaSO4 as reference. The textural properties 
were obtained by a Micromeritics ASAP-2000 analyzer. A 
Jeol7600F microscope was employed for SEM analysis. XPS 

was carried out using a K-alpha Thermo Fisher Scientific 
spectrometer.

2.3  Photocatalytic activity

The degradation of 2,4-dichlorophenol (2,4-DCP) was 
evaluated in solutions of 200 mL, with an initial concentra-
tion of 40 ppm. The solutions were stirred in a home-made 
reactor for 30 min in the dark to allow adsorption–desorp-
tion equilibrium of the pollutant on the solid. Afterward, 
solutions were irradiated with UV light for 150 min using 
a Pen-Ray lamp of I = 7.6 mW/cm2. The progress of the 
reaction was monitored with a Cary 100 spectrophotom-
eter by following the main absorption band as a function 
of the irradiation time, at 284 nm. The total organic carbon 
(TOC) concentration of the samples was measured using a 
TOC–VCSN analyzer Shimadzu. Additionally, the production 
of hydroxyl radicals was determined through the fluores-
cence spectra of 2-hydroxyterephthalic acid in a SCINCO 
fluorescence spectrometer FS-2 as follows: terephthalic acid 
(TA) (5 × 10−4 M) was dissolved in a water/NaOH solution 
(2 × 10−3 M), then 100 mg of photocatalyst were added, and 
the suspension was stirred for 30 min under dark condition. 
Afterward, it was irradiated by a UV light Pen-Ray lamp, 
during 30 min, and aliquots were taken every 5 min.

2.4  Electrochemical characterization

Electrochemical measurements were carried out in a con-
ventional three-electrode cell using the films of calcined 
materials as working electrodes, graphite rod as a counter 
electrode, and an Ag/AgCl 3 M KCl as a reference electrode. 
The working electrodes were prepared as follows: 10 mg of 
the photocatalyst were dispersed into a solution of the etha-
nol–nafion mixture, after the mixture was maintained under 
sonication at room temperature during 30 min. Then, 5 µL 
of the mixture was coated onto ITO. The resulting electrodes 
were dried at room temperature during 24 h.

3  Results and discussion

To identify the transformation of ZT photocatalyst with the 
heating, simultaneous TGA/DTG were measured under air 
flow (5 °C/min) (Fig. 1). The weight loss measured by TGA 
corresponds to several peaks observed in the DTG. The first 
peak between 20–90 °C, with a weight loss of 4.5%, is asso-
ciated with the removal of physisorbed water on the surface 
of the photocatalyst. In the range of 90–310 °C, the peaks 
with maxima at 200 °C and 278 °C, and a combined weight 
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loss of 6.7% can be attributed to the combined loss of water 
and residual organics from the synthesis.

Moreover, a small peak was observed between 380 and 
450 °C, with a maximum at 410 °C, related to the crystal-
lization of the material. The total weight loss for the material 
heated up to 800 °C, as determined by TGA, was 13% and it 
mainly takes place below 400 °C. The remaining 1% weight 
loss above 400 °C is due to the elimination of chemisorbed 
hydroxyl groups that react to form additional M–O–M bonds 
through condensation and elimination of  H2O. These results 
are relevant since a specific crystalline phase, and a sig-
nificant density of hydroxyl groups have been recognized to 
improve photocatalytic activity [23].

Thus, to establish the resulting crystalline phases in ZT 
calcined at different temperatures, XRD measurements were 
performed, Fig. S1. Calcined materials show the characteris-
tic diffraction peaks at 2θ = 25.3°, 37.8°, 47.9°, 53.9°, 62.6°, 
68.8°, and 75.6°, corresponding to anatase phase of  TiO2 
[24], while peaks corresponding to  ZrO2 were not observed. 
These results coincide with a previous study, where diffrac-
tion peaks were not seen in the material with 5wt% of  ZrO2 
content; nonetheless, the formation of  ZrO2–TiO2 hetero-
junctions was proved through TEM [21]. As has already 

Fig. 1  Thermogravimetric analysis TGA and derivative weight loss 
curves of ZT photocatalyst

Table 1  Structural, textural, 
and optical properties of the 
synthesized materials

* Estimated from FWMH peak in XRD patterns using the Scherrer equation
‡ Estimated by BET  N2 adsorption method
† Estimated by diffuse reflectance spectra

Materials D(101)
* (nm) SBET

‡  (m2/g) dpore
‡ (nm) Vpore

‡  (cm3/g) Eg
† (eV)

ZT-300 °C 11.73 170 7.7 0.3329 2.97
ZT-400 °C 8.86 173 7.7 0.3340 3.14
ZT-500 °C 8.92 150 7.8 0.3482 3.17
ZT-600 °C 9.66 152 7.8 0.3465 3.24
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been recognized, the  TiO2 undergoes a phase transforma-
tion from anatase to rutile, beginning at 500 °C [25, 26]. 
However, despite the increase in calcination temperature 
until 600 °C, the rutile phase was not observed since the 
inclusion of  ZrO2 is known to prevent the formation of rutile 
[27]. Additionally, the crystallite size slightly decreased until 
500 °C and subsequently, slightly increased at 600 °C, which 
may be attributed to a thermally promoted growth (Table 1) 
[28].

The specific surface area is considered as an important 
factor for photocatalytic materials; thus,  N2 adsorption 
measurements were carried out. Typical type IV isotherms 
were observed in all photocatalysts with  H2 type hystere-
sis loop which is a characteristic of mesoporous materials 
(Fig. 2). Higher specific surface area values than pristine 
materials  (TiO2 = 50  m2/g and  ZrO2 = 45  m2/g) (Table 1) 

were obtained for all the composites; however, the specific 
surface area decreased with the increase in calcination tem-
perature, which is explained by the collapse of some pores in 
the materials. Regarding to the pore size distributions of the 
as-synthesized materials, all possess very narrow distribu-
tions entirely located in the mesoporous region, as is most 
clearly seen in the inset in Fig. 2 [29, 30].

The impact of the final temperature in the calcination 
process on the optical properties of the materials was ana-
lyzed by determining the band gap energy through diffuse 
reflectance measurements (Fig. 3). The band gap values 
(estimated by UV–Vis) are close to the one of  TiO2 because 
it is the main component in the  ZrO2–TiO2 photocatalysts. 
Besides, other factors that may be related to the slight rise 
in optical band gap with increased heating include a varia-
tion in the particle size, crystal density due to the variation 
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of oxygen vacancies, and defects in the materials originated 
by calcination process [21, 31]. Kumar et al. mentioned that 
the quantity of oxygen vacancies is related to the calcination 
process, changing the electronic levels between the valence 
and conduction band of the semiconductor; these vacancies 
can also modify the recombination process [32].

On the other hand, Fig. S2 shows the SEM images of 
the ZT photocatalyst calcined at 400 °C. The photocatalyst 

consists of agglomerates of irregular shape created during 
the washing process and the thermal treatment. This aggre-
gation leads to the formation of a mesoporous structure in 
the as-synthesized materials as confirmed by BET measure-
ments. Also, the elemental composition showed a homoge-
neous distribution of Ti, O, and Zr in the material [33].

The surface chemical composition of the ZT photocatalyst 
calcined at 400 °C was established using X-ray photoelectron 
spectroscopy (Fig. 4). The signals of Ti  2p1/2 and Ti  2p3/2 are 
458.76 eV and 464.66 eV, respectively; the peak separation 
of 5.9 eV between the signals of Ti  2p1/2 and Ti  2p3/2 allows 
inferring that the oxidation state of titanium is  Ti4+ (Fig. 4a) 
[34, 35]. However, the Zr 3d signals for ZT photocatalyst 
show two peaks at 182.18 eV and 184.53 eV, corresponding 
to  3d5/2 and  3d3/2 of  Zr4+, respectively (Fig. 4b) [36, 37]. 
This result confirms the presence of zirconium oxide in the 

(a) (b)

(c) (d)

Fig. 5  a UV–Vis absorbance spectra obtained during photocatalytic 
degradation of 2,4-DCP with ZT calcined at 400 °C under UV irra-
diation measured at different times; b Relative concentration of 2,4-

DCP employing ZT photocatalysts calcined at different temperatures; 
c Pseudo-zero order kinetics; and d Reusability of ZT photocatalyst 
calcined two times at 400 °C

Table 2  Rate constants of 
pseudo-zero order R2 in the 
degradation of 2,4-DCP

Materials k  (min−1) R2

ZT-300 °C − 0.003 0.972
ZT-400 °C − 0.00525 0.989
ZT-500 °C − 0.00492 0.977
ZT-600 °C − 0.004 0.989
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photocatalyst even though it was not observed by XRD (Fig. 
S1). The O 1s presents two contributions at 529.95 eV and 
532.0 eV, assigned to bulk oxide  (O2−) and hydroxyl  (OH−) 
species, respectively (Fig. 4c) [34]. Also, the distinct signal 
of hydroxyl groups observed is associated with the surface 
defects of the material [38].

3.1  Photocatalytic activity

The photocatalytic performance of ZT photocatalysts was 
evaluated by 2,4-dichlorophenol (2,4-DCP) degradation 
under UV irradiation. In brief, 100 mg of the photocatalyst 
were added to 2,4-DCP solution (40 ppm), and the mixture 

was stirred for 30 min in the dark to allow the adsorp-
tion–desorption equilibrium of organic compound on the 
solid. Figure 5a shows the evolution of degradation using 
the material calcined at 400 °C during 150 min of illumina-
tion, and Fig. 5b displays the results of the activity of the 
evaluated photocatalysts. The assays exhibit an improve-
ment in the photocatalytic activity when the temperature of 
calcination increases from 300 to 400 °C, but beyond this 
point, the photocatalytic degradation of 2,4-DCP declines. 
The activity of materials can be related to the crystallite 
size, surface area, and the content of surface defects that 
affect the separation of photogenerated carriers. It is known 
that an increase in the temperature of calcination provokes a 
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decrease in oxygen vacancies [39, 40]. However, it is impor-
tant to mention that the 2,4-DCP degradation by photoly-
sis was negligible and that all ZT photocatalysts showed a 
higher photoactivity than photolysis. On the other hand, total 
organic carbon (TOC) concentration of the samples taken 
in the assays showed the same tendency as UV–Vis meas-
urements (Fig. 5c). However, it is not possible to establish 

the kinetics behavior of 2,4-DCP degradation by UV–Vis 
spectroscopy as a function of time, due to the formation of 
intermediate products and to the complexity of the spectra. 
Thus, the degradation of 2,4-DCP was monitored by means 
of TOC measurements which determine the degree of miner-
alization of the molecule. The mineralization of 2,4-DCP has 
a pseudo-zero order kinetic indicating that the reaction rate 
is independent of the concentration of molecule in the solu-
tion. The kinetic parameters are summarized in Table 2. The 
stability of ZT photocatalyst calcined at 400 °C was stud-
ied by repeating the test two times. The results showed that 
the photocatalytic degradation remained almost unchanged 
implying that this material is stable and reusable (Fig. 5d). 

Hydroxyl radicals are considered as some of the most 
powerful oxidizing agents that react with organic pollut-
ants. Thus, to establish the formation of hydroxyl radicals 
during the illumination, terephthalic acid fluorescence tests 
were carried out [41]. In the assays, the hydroxyl radicals 
react with the terephthalic acid giving rise to 2-hydroxytere-
phthalic acid, which emits a single fluorescence signal at 
426 nm. Figure 6a shows the growth of fluorescence inten-
sity as a function of irradiation time employing the material 
calcined at 400 °C. The increase in signal is associated with 
a rise in the amount of hydroxyl radicals formed. At the 
same time, Fig. 6b shows the final intensity of all ZT photo-
catalysts, being the material calcined at 400 °C the one with 
the highest production of hydroxyl radicals. These results 
coincide with the tendency obtained in the degradation tests 
implying that the higher the number of hydroxyl radicals, the 
greater the degradation of 2,4-DCP [42].

To establish the relationship between the semiconducting 
properties of the materials and their photocatalytic activity, 
films of pristine  TiO2,  ZrO2, and ZT photocatalysts were 
characterized by EIS measurements and flat band potentials 
(Efb) were obtained from Mott–Schottky plots (Fig. 7). Flat 
band potential value is considered as an approximation of 
conduction band position, being in this case − 0.84 V for 

Scheme 1  Energy scheme of 
pristine  TiO2,  ZrO2, and ZT 
photocatalysts and their interac-
tion for spatial separation of 
photogenerated charge carriers
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 TiO2 and − 0.97 V for  ZrO2 (Fig. 7a). Subtracting the band 
gap energies from the Efb values, the valence band can be 
localized. In this sense, in ZT photocatalysts, the photogen-
erated electrons and holes will be transported from  ZrO2 
to  TiO2 [43]. The alignment of Fermi levels of  TiO2 and 
 ZrO2 in the photocatalysts provokes a change in Efb values 
compared with pristine materials, whereas the  Efb values of 
ZT photocatalysts vary from one to another with calcina-
tion temperature (Scheme 1). In the sample heat-treated at 
400 °C, a slight change towards a less negative value of flat 
band potential was observed, while at higher temperatures 
a change towards more negative values occurred (Fig. 7b) 
[44]. The shift in flat band potentials can be associated with 
a change of surface defects in the material, originated by 
the calcination process. However, to establish the cause of 
the best performance at 400 °C, number donors (Nd) were 
analyzed because of the relationship between energetic 
states and modification of free carrier density [45]. As is 
observed in Table 3, the photocatalyst calcined at 400 °C has 

the lowest Nd implying that in spite of the same composition 
of the photocatalyst, the calcination temperature provokes a 
decrease in the defect sites, and the optimum donor density 
is the factor that impacts the photocatalytic activity. In a 
previous study, the lowest Nd was observed to give rise to 
the highest activity [12, 46].  

Furthermore, to elucidate the behavior of photogenerated 
electrons under irradiation and dark conditions, open circuit 
potential (OCP) experiments were carried out in oxygen-
free solutions. Figure 8 shows that, under illumination, the 
OCP drops immediately towards more negative values; it is 
related to the accumulation of electrons in the conduction 
band reaching a balancing rate between creation and deletion 
of photogenerated electrons [47]. Moreover, as calcination 
temperature increases, the electrons occupy lower energy 
levels recognized as defects (or traps), which are originated 
by the heating process. However, it is important to note that 
in the photocatalyst calcined at 400 °C, the OCP values 
become less negative.

Scheme 2  Energy diagram 
illustrating the coupling of 
 ZrO2–TiO2 photocatalysts cal-
cined at different temperatures
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The previously discussed results suggest that thermal 
conditions fix the final characteristics of photocatalysts. 
Under the irradiation of UV light, photogenerated holes 
react with water molecules to produce ·OH radicals and 
simultaneously, the electrons captured in the surface states 
can react with dissolved oxygen molecules to generate 
 O2.− radical ions that could result in more ·OH radicals. 
In this case, the catalyst features as band gap, surface area, 
crystallite size, interfacial defects, and band alignment 
can be tuned by modifications upon heat treatment. The 
materials calcined at 400 °C and 500 °C were found to 
exhibit the highest activity due to their high specific sur-
face area, small crystallite size, and a significant hydroxyl 
radical production [48, 49]. The (photo)electrochemical 
measurements showed the presence of energetic states 
in the  ZrO2–TiO2 interface. These energy states can be 
created on the surface or at the grain boundaries of con-
tact between  TiO2 and  ZrO2 acting as electron traps that 
promote the separation of electron–hole pairs under irra-
diation, which remarkably improves the photocatalytic 
activity [50]. As illustrated in Scheme 2, calcination tem-
peratures of 400 °C and 500 °C favor the oxidation process 
due to optimum quantity of surface states, lower crystallite 
sizes, high surface area, and significant hydroxyl radical 
production, thus creating a higher number of active sites. 
However, in the photocatalysts calcined at 300 °C and 
600 °C, the energetic states generate an energy barrier 
that decreases the photocatalytic activity.

4  Conclusion

The synthesis of  ZrO2–TiO2 heterostructures is a good 
strategy for enhancing the activity of pristine  TiO2. The 
inclusion of  ZrO2 decreases the crystallite size of  TiO2 and 
delays the appearance of rutile phase despite the heating 
process. At the same time, the increase in surface area 
favors the creation of a higher number of active sites. The 
amount of energy states depends on the calcination tem-
perature. These states act as electron traps minimizing 
the charge recombination, resulting in increased photo-
catalytic removal of 2,4-dichlorophenol. At temperatures 
above 500 °C, the surface states act as an energy barrier 
that limits the photoactivity of ZT photocatalyst.
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