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A B S T R A C T   

Titanium dioxide and zinc oxide hollow spheres were synthesized using carbon spheres as templates. To 
investigate their practical applicability, they were immobilized on ceramic paper support using titanium(IV) 
isopropoxide as an adhesive. The immobilization process was successful, reinforced by X-ray diffraction, scan-
ning electron microscopy and infrared spectroscopy measurements. The photocatalytic activity of the samples 
was investigated by applying them in both suspended and immobilized forms. These measurements were per-
formed under UV-A irradiation using phenol as a pollutant. To investigate reusability and stability, the photo-
catalytic experiments were carried out consecutively three times. After immobilization, the photocatalytic 
activity order observed for hollow TiO2 and hollow ZnO was reversed. The formation of a heterojunction was 
deduced to be responsible for the observed photocatalytic activity. The immobilized catalysts were demonstrated 
to be highly reusable as they largely retained their photocatalytic activity during the repeated measurements, 
and no catalyst leaching was observed.   

1. Introduction 

Due to constant research, heterogeneous photocatalysis is gradually 
becoming a real alternative of conventional technologies for water pu-
rification. For this purpose, photocatalysts can be either suspended in 
the water to be treated or immobilized on a suitable surface. In the 
former case, higher photocatalytic efficiency can be reached because of 
more efficient mass transfer and larger contact area between catalysts 
and pollutants [1]. However, this approach has numerous drawbacks, 
such as light scattering, the formation of aggregates, and, most impor-
tantly, additional costs to recover catalyst particles [2]. The latter step is 
a crucial one to enable reusability, but it severely limits the industrial 
applicability of suspended catalysts. To overcome this problem, catalysts 
need to be immobilized on appropriate supports. 

The characteristics and durability of immobilized catalysts are 
largely dependent on the support material and the method of fixing. 
Numerous attempts have been made to use materials such as glass [1–6], 
aluminum [7,8], polymers [9–11], biopolymers [12], stone [13], zeolite 
[14] or even ceramic paper [15–17] as supports. Regarding the method 
of immobilization, it can be carried out in two main ways. Premade 
photocatalysts can be fixed on a surface with or without adhesive ma-
terials (e.g., polyvinyl alcohol [18], SiO2 glue [4], hydrolyzed titanium 
dioxide precursors [15–17]) via techniques such as dip coating, elec-
trophoretic deposition or embedding into polymers [5,9–11,17,19,20]. 
If adhesives are used, it is important that they should prevent catalyst 
leaching, resist degradation, and not poison the catalysts [16,21]. 
Another approach is to synthesize photocatalysts in situ in the presence 
of support materials by methods like sol–gel processes [22] or chemical 
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Contents lists available at ScienceDirect 

Journal of Photochemistry & Photobiology, A: Chemistry 

journal homepage: www.elsevier.com/locate/jphotochem 

https://doi.org/10.1016/j.jphotochem.2022.113791 
Received 25 October 2021; Received in revised form 17 December 2021; Accepted 6 January 2022   

mailto:gyulavarit@chem.u-szeged.hu
mailto:pzsolt@chem.u-szeged.hu
www.sciencedirect.com/science/journal/10106030
https://www.elsevier.com/locate/jphotochem
https://doi.org/10.1016/j.jphotochem.2022.113791
https://doi.org/10.1016/j.jphotochem.2022.113791
https://doi.org/10.1016/j.jphotochem.2022.113791
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jphotochem.2022.113791&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Photochemistry & Photobiology, A: Chemistry 427 (2022) 113791

2

vapor deposition [3]. However, the possibilities to control the properties 
of catalysts prepared in this way are limited. 

When using premade photocatalysts immobilized on a suitable sur-
face, it is essential that they should have a high initial photocatalytic 
activity. This is important both to compensate for the activity loss due to 
immobilization and to ensure that the photocatalysts are still efficient 
enough to degrade pollutants. Many attempts have been made to in-
crease the photocatalytic activity of catalysts via techniques such as 
doping [23,24], noble metal deposition [20,25,26], sensitization with 
dyes [27,28], preparation of composites [9,29,30], and morphological 
modifications [24,26,31,32]. Withing the latter group, a relatively novel 
way to increase efficiency is to prepare catalysts in the form of hollow 
spheres, since they possess increased light-harvesting capabilities 
compared to solid spheres [33,34]. 

In this study, our goal was to fabricate TiO2 and ZnO hollow spheres 
and investigate their photocatalytic activity when used in either sus-
pended or immobilized form. Previously in our research group it has 
already been observed that the photocatalytic activities of hollow TiO2 
spheres were higher compared to those of solid spheres [26,35]. Veréb 
et al. also found that hydrolyzed titanium dioxide precursors can be used 
as adhesives, while ceramic paper can be used as a support to prepare 
immobilized photocatalysts in a facile way [17]. Accordingly, in this 
work, this method was applied to fix premade, highly efficient TiO2 and 
ZnO hollow spheres on ceramic paper via spray coating. Their coverage 
on the support was determined not only by calculations but experi-
mentally as well. The observed photocatalytic activities were correlated 
with the structural properties of the photocatalysts. 

2. Experimental section 

2.1. Materials 

Table sugar (Magyar Cukor Zrt., KoronásTM) was used as carbon 
source for the shape tailored synthesis. Sodium hydroxide (Molar 
Chemicals, a.r., 50%) was used to set the pH and acetone (Molar 
Chemicals, 99.96%) to purify the carbon spheres. Titanium(IV) butoxide 
(Sigma-Aldrich, reagent grade, 97%) and zinc acetylacetonate mono-
hydrate (Alfa Aesar, 99.99%) were used as TiO2 and ZnO precursors, 
respectively. Ethanol (Molar Chemicals, absolute ethanol) and ultrapure 
Millipore Milli-Q water were used as solvents. Ceramic paper produced 
by Cotronics Corporation (Al2O3-based, non-woven, 1.6 mm thickness, 
Catalog No.: 300-40-1) was used as a support. Titanium(IV) isoprop-
oxide (Sigma-Aldrich, 97%) was used as an adhesive to fix the catalysts 
to the support, ethanol (Molar Chemicals, absolute ethanol) to wet the 
ceramic papers, and isopropyl alcohol (VWR, Ph. Eur. grade) to prevent 
the hydrolysis of the adhesive. Phenol (Spektrum 3D, analytical grade) 
was used for the photocatalytic activity measurements. 

2.2. Synthesis 

The shape tailored syntheses were carried out using carbon spheres 
as templates to ensure the formation of hollow spheres [26]. First, to 
synthesize carbon spheres, a sucrose solution (0.15 M, 180.7 mL) was 
prepared, and its pH was set to 12 using a 2 M NaOH solution. Then, it 
was put in a Teflon®-lined stainless-steel autoclave (Vtotal = 623 mL; 
Vfill/Vtotal = 29%). This was followed by hydrothermal treatment at 
180 ◦C for 12 h. The resulting carbon spheres were then purified with 
acetone by centrifugation in three cycles. After drying at 40 ◦C, the solid 
product was collected and ground in an agate mortar. 

Second, for the preparation of hollow TiO2 spheres, 0.1 g of carbon 
spheres were added to 20 mL of absolute ethanol under vigorous stir-
ring. Then, 1 mL of titanium(IV) butoxide was added dropwise at a rate 
of 1 mL∙min− 1 to the suspension. After drying, the obtained powder 
(~400 mg) was placed in a ceramic boat to eliminate the templates via 
calcination in a Thermolyne 21,100 tube furnace at 500 ◦C for 3 h 
applying a heating rate of 5 ◦C∙min− 1 under constant air supply (~30 

L∙h− 1). Finally, the solid product was collected and ground in an agate 
mortar. A reference TiO2 sample was also synthesized the same way as 
described in this paragraph, just without the addition of carbon spheres. 

Third, for the preparation of hollow ZnO spheres, 0.3 g of carbon 
spheres and 3.4 g of zinc acetylacetonate were added to a mixture of 
194.6 mL of absolute ethanol and 1.372 mL of Milli-Q water and stirred 
for 1 h. Then, this was transferred to a Teflon®-lined stainless-steel 
autoclave (Vtotal = 280 mL; Vfill/Vtotal = 70%) and the solvothermal 
treatment was carried out at 180 ◦C for 12 h. The resulting product was 
purified via centrifugation three times using 4×50 mL centrifugation 
tubes and a mixture of ethanol and Milli-Q water (V/V% = 65, 45, 20% 
for the first, second and third cycles, respectively). After drying, the 
solid powder was put into a ceramic boat, and the carbon spheres were 
eliminated using the same parameters as described in the previous 
paragraph. For this purpose, approximately 400 mg of solid powder was 
used in this case as well, to ensure the complete elimination of the 
templates. Finally, the solid product was collected and ground in an 
agate mortar. 

Fourth, the immobilization of photocatalysts was carried out using 
ceramic papers (10×17 cm) that were wetted with ethanol. Then, the 
papers were dipped in a 1:2 (V/V) mixture of isopropyl alcohol and ti-
tanium(IV) isopropoxide. After that, they were spray coated with pho-
tocatalysts (m = 1 g) previously suspended in ethanol (V = 50 mL) via 
ultrasonication. The resulting sheets were dried for 24 h at room tem-
perature. The amorphous titanium oxide hydroxide formed as a result of 
these steps ensured the immobilization of the photocatalysts. Lastly, the 
coated ceramic papers were illuminated with UV light (λmax = 365 nm) 
for 24 h to eliminate any possible residual volatile compounds and 
organic matter. More details regarding these syntheses and immobili-
zation technique can be found in our previous publications [15–17,26]. 

The samples prepared in this work were denoted as follows: “CP” 
stands for “ceramic paper”, “ref” stands for “reference” (i.e., non-hollow 
solid spheres) and “HS” stands for “hollow sphere”. The “CP_blank” 
name refers to the ceramic paper containing titanium oxide hydroxide 
formed as a result of the hydrolysis of titanium(IV) isopropoxide 
adhesive. 

2.3. Characterization methods and instrumentation 

X-ray powder diffraction (XRD) measurements were carried out with 
a Rigaku Miniflex II diffractometer to determine the crystalline 
composition of the samples using the following parameters: λCu Kα =
0.15406 nm, 30 mA and 40 kV, 20–40 (2θ◦) region for TiO2 and ZnO and 
20–70 (2θ◦) for the ceramic paper-containing samples. Scanning elec-
tron microscopy (SEM) measurements were performed with a Hitachi S- 
4700 Type II microscope applying 10 kV acceleration voltage to inves-
tigate the general morphology of the samples. Transmission electron 
microscopy (TEM) measurements were carried out with a FEI Tecnai G2 

20 X-Twin microscope to investigate the hollow structure of the cata-
lysts. Fourier transform infrared spectroscopy (FTIR) measurements 
were taken with a Jasco 6200 spectrometer in the 400–4000 cm− 1 range 
applying 4 cm− 1 spectral resolution to identify the functional groups in 
the samples. Specific surface areas were determined with a BELCAT-A 
device via nitrogen adsorption at 77 K using the Brunauer-Emmett- 
Teller (BET) method. To investigate the stability of the photocatalysts, 
XRD and SEM measurements were repeated following the photocatalytic 
activity measurements. 

2.4. Photocatalytic activity, stability and reusability measurements 

The photocatalytic activities of both suspended and immobilized 
catalysts were evaluated by using phenol as a pollutant (c = 0.1 mM) 
under UV-A (λ = 365 nm) light irradiation. In the former case, the cat-
alysts (m = 100 mg) were suspended in 100 mL of phenol-containing 
water and placed in a glass vessel surrounded by six UV fluorescent 
tubes (Vilber-Lourmat T-6L, UV-A, 6 W). During these 4-hour-long 
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Fig. 1. XRD patterns of (a) non-immobilized and (b) immobilized photocatalysts.  

Fig. 2. SEM micrographs of (a) ceramic paper, (b) ceramic paper with hydrolyzed adhesive, (c) solid TiO2 spheres (inset: corresponding TEM image) used as a 
reference, (d) solid TiO2 spheres immobilized on ceramic paper, (e) hollow TiO2 spheres (inset: corresponding TEM image), (f) hollow TiO2 spheres immobilized on 
ceramic paper, (g) hollow ZnO spheres (inset: corresponding TEM image), and (h) hollow ZnO spheres immobilized on ceramic paper. 
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measurements constant magnetic stirring, temperature (25 ◦C) and air 
supply were provided. For the investigation of immobilized catalysts, 
the ceramic paper containing them was locked on the top of a fixed bed 
flow reactor. The top part of this reactor was tilted at an angle of 10◦. 
The water to be treated (V = 600 mL) containing phenol was constantly 
recirculated with a centrifugal pump (3.5 L∙min− 1). The excitation of 
immobilized catalysts was carried out with three UV fluorescent tubes 
(Lightech, UV-A, 40 W) placed above the reactor (irradiation height =
15 cm). To investigate the reusability of both suspended and immobi-
lized catalysts, the phenol degradation experiments were repeated two 
additional times for each sample. The concentration of phenol was 
measured by high performance liquid chromatography. The device 
applied was an Agilent 1290 Infinity II that consisted of a binary pump 
and a diode array detector (λdetection = 210 nm). A Poroshell 120 C18 
column was used as the stationary phase containing particles with a 
diameter of 2.7 µm. As eluent, an 80:20 (V/V) mixture of methanol and 
water was used with a flow rate of 1 mL∙min− 1. 

3. Results and discussion 

3.1. Characterization 

Before carrying out the immobilization of photocatalysts (m0 = 1 g), 
the weights of the following were measured: ceramic paper, ceramic 
paper containing the adhesive (i.e., hydrolyzed titanium oxide hydrox-
ide), and ceramic paper containing both the adhesive and photo-
catalysts. The purpose of this was to calculate the amount of 
immobilized catalysts and the coverage of the ceramic paper. Accord-
ingly, 1.14, 1.16 and 2.05 mg∙cm− 2 coverages were measured for 
CP_TiO2_ref, CP_TiO2_HS and CP_ZnO_HS (equivalent to mimmobilized =

0.194, 0.198 and 0.353 g weights), respectively. This result is in good 
agreement with the observation that a more stable suspension could be 
prepared from ZnO_HS than from TiO2_ref and TiO2_HS. During the 
immobilization process it was found that only those catalysts that were 
spray coated as a stable suspension attached well to the surface. Hence, 
during this process, the catalyst suspensions were subjected to constant 
ultrasonication. Due to the low relative ratio of catalyst weight to 
ceramic paper weight (mCP = 3.217 g), it was expected that the features 
of ceramic paper will dominate those of the catalysts during character-
ization. Therefore, the results will be presented both in the presence and 
absence of the support. Finally, the TiO2_ref and TiO2_HS samples have 
already been characterized in our previous publication in detail [26], 
but for the sake of easy comparability they will also be shown and 
summarized briefly. 

3.1.1. XRD measurements 
The XRD patterns are summarized in Fig. 1. Based on Fig. 1a it was 

ascertained that TiO2_ref and TiO2_HS consisted of predominantly 
anatase (24.7 2θ◦), but they contained some rutile (26.9 2θ◦) as well 
[36]. The primary crystallite size of the former was D = 35 nm, while 

that of the latter was D = 26.5 nm. The reflections at 31.7, 34.4 and 36.2 
2θ◦ in ZnO_HS were attributed to ZnO wurtzite structure [37] that had a 
primary crystallite size of D = 26.2 nm. Despite the relatively low 
crystallite sizes of the samples, their specific surface areas were very low 
(<6 m2∙g− 1 in all cases). Prior their immobilization on ceramic paper, 
the XRD pattern of CP_blank was recorded, which was rather complex 
(Fig. 1b). It was found that the support consisted of α-Al2O3, γ-Al2O3 and 
θ-Al2O3 based on the COD cards No. 1000032, 1,200,005 and 4002418, 
respectively. The most intense diffraction peaks of both TiO2 and ZnO 
overlap with those of Al2O3, making the detection of the formers chal-
lenging. However, the peak areas of these corresponding reflections in 
CP_TiO2_ref, CP_TiO2_HS and CP_ZnO_HS were always found to be 
significantly higher than those in CP_blank. This finding is also observ-
able in Fig. 1b based on the intensity or full width at half maximum 
values. These results give indirect evidence of the successfulness of the 
immobilization process. 

To further support the coverage values obtained from the weight 
measurements, the following steps were taken. The well-known TiO2 
reference, Aeroxide P25 was used as an internal standard. Accordingly, 
mixtures of known P25:CP weight ratios were prepared. These samples 
(together with CP_blank, CP_TiO2_ref, CP_TiO2_HS and CP_ZnO_HS) 
were calcined at 1000 ◦C for 5 h. This approach has numerous advan-
tages: i) the main component of ceramic paper, α-Al2O3 is resistant to 
structural changes at this temperature, therefore it remained un-
changed; ii) the TiO2 content of each sample transformed into thermo-
dynamically stable rutile, making the calculations simpler; iii) due to the 
high temperature, the crystallinity of the samples increased, enhancing 
the signal to noise ratio. As the next step, a calibration curve was pre-
pared (Fig. S1), based on which solely the immobilized TiO2 and ZnO 
contents could be determined. The coverage values obtained using this 
method (1.08, 1.01 and 2.29 mg∙cm− 2 coverages were calculated for 
CP_TiO2_ref, CP_TiO2_HS and CP_ZnO_HS, respectively) were in a 
reasonably good agreement with the ones obtained from the weight 
measurements. 

3.1.2. SEM and TEM measurements 
The results of morphological measurements are shown in Fig. 2. 

Based on Fig. 2a, the blank ceramic paper, which was used as a support, 
consisted of uncoated Al2O3 fibers. After the addition of titanium(IV) 
isopropoxide followed by its hydrolysis during drying, amorphous tita-
nium oxide hydroxide was formed (CP_blank; Fig. 2b). This is repre-
sented by the slabs surrounding the uncoated Al2O3 fibers. Fig. 2c shows 
a SEM image of the solid TiO2 spheres (TiO2_ref; dmean = 910 nm), while 
in the inset, the TEM image of the same sample reinforces that the 
spheres were indeed non-hollow. After spray coating, TiO2_ref partly 
covered and surrounded the fibers (CP_TiO2_ref; Fig. 2d) proving the 
successfulness of immobilization. Fig. 2e demonstrates that TiO2_HS 
(dmean = 1161 nm) consisted of well-defined spheres with regular hol-
low cavities (Fig. 2e inset). This sample was also fixed successfully on 
ceramic paper (CP_TiO2_HS; Fig. 2f). Similar conclusions were drawn for 

Fig. 3. FTIR spectra of TiO2 and ZnO samples (a) before and (b) after their immobilization on ceramic paper.  
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ZnO_HS (dmean = 800 nm; Fig. 2g) immobilized on the support 
(CP_ZnO_HS; Fig. 2h). 

3.1.3. IR measurements 
The results of FTIR measurements are shown in Fig. 3. In Fig. 3a the 

bands at ~3400 cm− 1 and 1630 cm− 1 in all of the non-immobilized 
samples were attributed to the stretching and bending vibrations of 
surface OH groups [38,39]. The broad band centered at ~615 cm− 1 in 
TiO2_ref and TiO2_HS could be ascribed to the transverse optical vibra-
tions of Ti–O bonds [40], while the one at 460 cm− 1 in ZnO_HS to the 
stretching vibrations of Zn–O bonds [41]. The FTIR spectra of these 
samples were also recorded after their immobilization on ceramic paper 
(Fig. 3b). The support was an alumina-based Si-containing ceramic 
paper, whose structure was linked by an epoxy resin [16]. Due to the 
former, bands at 1459 and 1382 cm− 1 could be detected representing 

the asymmetric stretching vibrations of Al–OH bonds [42], while the 
one at 759 cm− 1 could be ascribed to Al–O stretching modes [43]. The 
bands at 1108, 798 and 779 cm− 1 could be associated with Si–O–Si 
asymmetric stretching bonds in quartz [44–46]. Due to the epoxy resin, 
bands at 2984, 2930 and 2870 cm− 1 were observed representing the 
stretching vibrations of CHn bonds; the ones at 1737, 1170 and 1031 
cm− 1 indicate the presence of organic C–O bonds, while the one at 825 
cm− 1 was attributed to C–O–C stretching vibrations [47,48]. An addi-
tional band was detected in CP_TiO2_HS at 1086 cm− 1 that was ascribed 
to C–O–H vibrations in sugar moiety [48], presumably originating from 
the sucrose used for the synthesis. The broad band between ~450–650 
cm− 1 could be associated with Ti–O bonds [40,49–51]. This band 
appeared not only in CP_blank but in each sample as well, due to the 
presence of amorphous titanium oxide hydroxide originating from the 
adhesive. Based on these results no clear evidence could be found 
regarding the formation of a chemical interaction between the support 
and catalysts. However, it is worth mentioning that the existence of one 
cannot be excluded solely based on the absence of notable shifts in the 
Al–O(H) and Ti–O band positions. 

3.2. Photocatalytic activity measurements 

The photocatalytic activity of the samples was evaluated via the 
photocatalytic oxidation of phenol. First, the catalysts were applied as a 
suspension (Fig. 4), ensuring the highest possible contact area between 
the catalysts and the pollutant. It was ascertained that compared to the 
reference catalyst containing non-hollow solid spheres, the hollow ones 
were notably more efficient. TiO2_ref reduced the concentration of 
phenol by 26%, while this value was 70% for TiO2_HS and 93% for 
ZnO_HS. In our previous publication this was attributed to the enhanced 
visible light harvesting capability of the hollow catalysts, due to the 
higher probability of incident light waves constructively interfering with 
each other [26]. During the degradation of phenol, the formation of 
hydroquinone was observed as a byproduct and no significant differ-
ences were observed in the amounts and evolution trends (Fig. S2). 

Second, the reusability and stability of the catalysts were 

Fig. 4. Decay curves of phenol under UV irradiation for suspended 
photocatalysts. 

Fig. 5. XRD patterns of photocatalysts before and after phenol degradation experiments for (a) TiO2_ref, (b) TiO2_HS and (c) ZnO_HS.  
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Fig. 6. SEM micrographs of photocatalysts before and after phenol degradation experiments for (a, b) TiO2_ref, (c, d) TiO2_HS and (e, f) ZnO_HS, respectively.  

Fig. 7. Decay curves of phenol obtained following reusability experiments for (a) TiO2_ref, (b) TiO2_HS and (c) ZnO_HS.  

T. Gyulavári et al.                                                                                                                                                                                                                              



Journal of Photochemistry & Photobiology, A: Chemistry 427 (2022) 113791

7

investigated. For the former, phenol degradation experiments were 
carried out three times, while for the latter, XRD and SEM measurements 
were repeated after the photoactivity measurements. The catalysts 
proved to be stable as they completely retained their crystal phase 
composition (Fig. 5) and morphology (Fig. 6) as well. The words 
“before” and “after” at the end of sample names indicate whether the 
measurements were carried out before or after the phenol degradation 
experiments, respectively. The catalysts were found to be remarkably 
reusable, as they largely retained their photocatalytic activity even after 
three consecutive phenol degradation measurements (Fig. 7). The 
number after each sample indicate in what order the consecutive phenol 
degradation experiments were carried out. 

Third, the catalysts were immobilized on ceramic paper to investi-
gate their practical applicability, and the results of phenol degradation 
are shown in Fig. 8. Titanium(IV) isopropoxide was used as an adhesive 
that interacted with the moisture in air during drying, resulting in 
amorphous titanium oxide hydroxide on the support (CP_blank). 
Amorphous TiO2 is known to be rather inactive due to the facilitated 
recombination of photogenerated electron–hole pairs [52,53]. Still, the 
photocatalytic activity of CP_blank was also investigated, which was 
found to be very low (~5% degraded phenol), as expected. Then, it was 
ascertained that the observed photocatalytic activity order was reversed 
as follows. The efficiency of ZnO_HS was higher than that of TiO2_HS, 
but after immobilization, despite the smaller coverage of CP_TiO2_HS 
compared to that of CP_ZnO_HS, it was still more efficient. A plausible 
explanation for this could be the following. On the ceramic paper, the 
catalysts and the adhesive came into close contact due to the immobi-
lization process. The presence of crystalline TiO2 on amorphous TiO2 
could result in seed induced crystallization [54]. Consequently, between 
the adhesive (i.e., amorphous TiO2 underway to be crystallized) and the 
samples a heterojunction was formed. The distance in energy between 
the conduction bands of TiO2 from the adhesive and crystalline TiO2 
hollow spheres is significantly lower [34] than that between TiO2 from 
the adhesive and ZnO [55]. This means that the occurrence of electron 
transfer between the corresponding conduction bands are much more 
probable in the former case than that in the latter case. As a result, 
CP_TiO2_HS could be excited more efficiently than CP_ZnO_HS, pre-
sumably leading to more efficient free radical generation and ultimately, 
higher photocatalytic activity. It is also plausible that crystalline TiO2 
hollow spheres are more likely to initiate the crystallization of amor-
phous TiO2 (due to them having similar crystallographic parameters; 
tetragonal structure) than crystalline ZnO hollow spheres (wurtzite-like 
hexagonal structure). 

Fourth, the reusability of immobilized catalysts was also investi-
gated. These results for CP_blank, CP_TiO2_ref, CP_TiO2_HS and 

Fig. 8. Decay curves of phenol under UV irradiation for immobilized 
photocatalysts. 

Fig. 9. Decay curves of phenol under UV irradiation measured during reusability and stability experiments for (a) ceramic paper with adhesive (b) solid TiO2 
spheres, (c) hollow TiO2 spheres, and (d) hollow ZnO spheres. 

T. Gyulavári et al.                                                                                                                                                                                                                              



Journal of Photochemistry & Photobiology, A: Chemistry 427 (2022) 113791

8

CP_ZnO_HS are shown in Fig. 9a–d, respectively. All of the samples were 
found to be reasonably reusable: the maximum difference observed in 
degraded phenol amount was 6% (for CP_TiO2_HS) after three mea-
surements. During this period no photocatalyst leaching was observed, 
demonstrating that the samples were remarkably stable, and that the 
immobilization process was successful. 

4. Conclusions 

TiO2 and ZnO photocatalysts of hollow sphere morphology were 
successfully prepared (together with a solid TiO2 sphere reference), 
which was reinforced by SEM and TEM measurements. Following their 
immobilization on ceramic paper, 1.14, 1.16 and 2.05 mg∙cm− 2 cov-
erages were calculated for CP_TiO2_ref, CP_TiO2_HS and CP_ZnO_HS, 
respectively. The presence of catalysts on the support was supported not 
only by SEM, but by XRD and IR measurements as well. Suspended 
TiO2_ref, TiO2_HS and ZnO_HS reduced the concentrations of phenol by 
26, 70 and 93%, which values were higher than those calculated for 
their immobilized counterparts. After immobilization, the efficiency of 
CP_TiO2_HS was higher than that of CP_ZnO_HS, although this order was 
reversed when they were applied as suspensions. This was explained by 
the formation of a heterojunction, resulting in the more efficient exci-
tation of CP_TiO2_HS. The immobilized catalysts were proved to be 
remarkably stable, as they largely retained their photocatalytic activity 
after three consecutive phenol degradation measurements. 
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