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A B S T R A C T   

Titanium dioxide hollow spheres (TiO2-HSs) were fabricated by applying carbon spheres (CSs) as templates, 
which were eliminated by calcination. The most suitable TiO2 was selected and an attempt was made to further 
increase its photocatalytic activity via noble metal (Au and Pt, at 0.25 wt%) deposition. The photocatalytic 
efficiency was determined by the decomposition of phenol and oxalic acid under both UV-A and visible light 
irradiation. It was established, that both the unique morphology and the presence of noble metals contributed to 
the photocatalytic activity gain compared to the solid spherical reference. For the elucidation of the observed 
phenol degradation performance under UV-A light irradiation, new insights were proposed: within the TiO2 

samples the ratio of HSs with enhanced light trapping properties were demonstrated, and the data was compared 
to the observed photocatalytic activities and a direct correlation was found.   

1. Introduction 

A large number of methods have been suggested to remedy the 
problem of wastewater treatment from which heterogeneous photo-
catalysis is a suitable candidate to be used as an alternative technique. 
Titanium dioxide remains to be one of the most appropriate semi-
conductors for photocatalytic applications due to its apparent beneficial 
properties (it is photo- and chemically stable, cheap, accessible in 
considerable amounts); however, its photocatalytic efficiency is un-
satisfactory in numerous cases, making the enhancement of it the main 
scope of numerous publications. There has been tremendous number of 
attempts to increase the photocatalytic activity and the excitability of 
TiO2, for example (i) preparing composites with other semiconductors  
[1–4], (ii) doping with various elements [5–9], (iii) sensitizing with 
dyes [10,11], (iv) modifying with noble metals [12–17] and (v) syn-
thesizing TiO2 with various morphologies [17–21]. 

Recently, the preparation of hollow structural semiconductors has 
attracted considerable attention due to their unique chemical, thermal, 
optical, electrical and optoelectronic properties [22]. Semiconductors 

possessing such morphology may have enhanced light harvesting cap-
ability due to the multiple reflections of incident light within the hollow 
cavity which can lead to the improved utilization of light source [23,24], 
yielding more photogenerated charge carriers, resulting in enhanced 
photocatalytic efficiency of the semiconductor. Based on the publication 
of Xiang and Zhao, in which methyl blue was applied as model con-
taminant, the (visible) light harvesting of the titania cannot be increased 
effectively only by controlling the morphology, but it is possible to en-
hance it by combining morphology control with noble metal deposition  
[19]. Accordingly, it is probable that combining morphology control with 
other photocatalytic activity enhancement techniques (such as noble 
metal deposition) will be of particular interest. 

It is well-known that noble metal deposition (using noble metals as 
co-catalysts) can increase the photocatalytic activity of titania because 
of the fast transfer of photogenerated electrons from TiO2 to noble 
metal nanoparticles resulting in decreased e-/h+ pair recombination 
and consequently, enhanced charge separation [25,26]. The deposition 
of noble metals can also enable the production of hydrogen, an alter-
nate green energy source [12,27]. 

https://doi.org/10.1016/j.apsusc.2020.147327 
Received 18 April 2020; Received in revised form 22 June 2020; Accepted 20 July 2020    

⁎ Corresponding authors at: Institute of Environmental Science and Technology, University of Szeged, H-6720 Szeged, Tisza Lajos krt. 103, Hungary (Z. Pap). 
Institute of Process Engineering, Faculty of Engineering, University of Szeged, H-6725 Szeged, Moszkvai krt. 9, Hungary (G. Veréb). 

E-mail addresses: verebg@mk.u-szeged.hu (G. Veréb), pzsolt@chem.u-szeged.hu (Z. Pap). 

Applied Surface Science 534 (2020) 147327

Available online 09 August 2020
0169-4332/ © 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).

T

http://www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2020.147327
https://doi.org/10.1016/j.apsusc.2020.147327
mailto:verebg@mk.u-szeged.hu
mailto:pzsolt@chem.u-szeged.hu
https://doi.org/10.1016/j.apsusc.2020.147327
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2020.147327&domain=pdf


Although there are some publications in the literature where noble 
metal-deposited (Au, Ag, Pt, Pd) hollow spherical TiO2-s were synthe-
sized [17,19,28,29] their numbers are scarce. Thus, in this study these 
two techniques (morphology control and noble metal deposition) were 
combined to increase the photocatalytic activity of TiO2 photocatalysts. 
The photocatalytic efficiencies were determined by either using the 
poorly adsorbing phenol, or oxalic acid with good adsorption properties 
as model contaminants under UV-A and visible light irradiation. The 
nature of photocatalytic activity gain was described in detail via in- 
depth morpho-structural characterization and photocatalytic degrada-
tion tests using reference titania with or without noble metal co-cata-
lysts and/or hollow spherical morphology. Even though there are nu-
merous publications in the literature for the explanation of the 
photocatalytic enhancement caused by the deposition of noble metals, 
but in the case of photocatalytic activity gain caused by the unique 
hollow spherical morphology the enhanced light trapping properties 
are only implied in these publications to the best of our knowledge. 
Thus, in this paper an attempt was made to establish connection be-
tween the observed photocatalytic activity and the properties of the 
TiO2 hollow spheres based on calculations. 

2. Experimental 

2.1. Materials 

For the synthesis of TiO2-HSs, Ti(IV) butoxide (Sigma-Aldrich; reagent 
grade; 97%), was applied as precursor. For the fabrication of CS templates 
ordinary table sugar (sucrose, Magyar Cukor Zrt., KoronásTM) – as carbon 
source –, NaOH (Molar Chemicals; a.r.; 50%), and ultrapure Millipore 
Milli-Q (MQ) water were used. For their purification either ethanol 
(Molar Chemicals; 96%) or acetone (Molar Chemicals; 99.96%) were 
used. For the determination of photocatalytic activities oxalic acid 
(Sharlau; analytical grade) and phenol (Spektrum 3D; analytical grade) 
were used as model pollutants. For the deposition of gold and platinum 
nanoparticles HAuCl4∙4 H2O (Sigma-Aldrich; 99.9%) and H2PtCl6 (Sigma- 
Aldrich; 99.9%) were applied, respectively. Trisodium citrate (Sigma- 
Aldrich; > 99%) was utilized to stabilize the growth of the noble metal 
particles and for their reduction NaBH4 (Alfa Aesar; 98%) was used. 

2.2. Preparation of the carbon sphere templates 

The CS templates were synthesized based on our recent publication  
[30] as follows. In a Teflon®-lined stainless-steel autoclave 
(Vtotal = 623 mL) 180.7 mL 0.15 M sucrose solution was prepared (Vfill/ 
Vtotal = 29%) and the pH was set to 12 using a 2 M NaOH solution. The 
as-prepared solution was subjected to hydrothermal treatment in a 
drying oven at 180 °C for 12 h. The CSs were purified from the residual 
organic contaminants – which form during the synthesis under the 
applied conditions – by centrifugation using either ethanol or acetone 
as solvent. During this procedure the CSs were washed in three cycles at 
the rate of 13,400 rpm for 3 min using 80 mL solvent per 1 g of CSs. 
Then, the solid product was collected and dried in air at 40 °C, and 
finally, was ground in an agate mortar. 

2.3. Preparation of TiO2 hollow spheres and the deposition of noble metals 

The preparation of the TiO2 coating was based on the publication of 
Ao et al. [23]. 0.1 g CS was added to 20 mL absolute ethanol in a beaker 
under vigorous magnetic stirring, to which 1 mL Ti(IV) butoxide was 
added dropwise with a constant rate of 1 mL·min−1. Then, the beaker 
was covered with parafilm to prevent evaporation, and the suspension 
was stirred for 4 h. After the formation of the coating, the samples were 
dried, and ultimately the CSs were eliminated by calcination in a 
Thermolyne 21,100 type tube furnace with constant air supply (30 
L∙h−1) at either 500 or 800 °C for 3 h applying 5 °C∙min−1 heating rate, 
resulting in crystalline TiO2-HSs. 

Subsequently, gold or platinum nanoparticles were deposited onto 
the surface of TiO2-HSs at 0.25 wt%. For this, 800 mg of the as-prepared 
sample was added to 87 mL MQ water, to which 12.5 mL trisodium 
citrate (c = 0.63∙10−4 M) was added. Then, either 1.6 mL HAuCl4 ∙ 4 
H2O (c = 2.54∙10−2 M) or 1.3 mL H2PtCl6 (c = 3.13∙10−2 M) were 
added to the system. For the chemical reduction of noble metals 2 mL 
precooled (T ~ 0 °C) NaBH4 (0.15 M) was applied, and the suspension 
was stirred for 30 min then purified via centrifugation 3 times using MQ 
water. Finally, the samples were dried in air at 40 °C and ground in an 
agate mortar. The synthesis parameters – applied during the prepara-
tion of the samples in this work – were summarized in Table 1. The as- 
prepared samples were named based on the following: TiO2_HSx

yz, 
where ‘HS’ stands for hollow spheres, ‘x’ is the solvent which was used 
for the purification of the carbon spheres (‘Ac’ for acetone and ‘EtOH’ 
for ethanol), and ‘y’ is the calcination temperature which was used for 
both the elimination of carbon spheres and the crystallization of TiO2, 
and ‘z’ is the deposited noble metal. 

For the evaluation of photocatalytic activity gain caused by the 
unique morphology multiple reference TiO2 samples were fabricated. 
The synthesis procedure was carried out almost similarly; the only 
difference was the absence of CSs. In other words, the solid spherical 
counterparts of those TiO2-HSs were synthesized, which were used for 
the evaluation of photocatalytic activities. The naming of these samples 
was similar compared to the hollow spherical samples, with the addi-
tion of ‘no’ (‘TiO2_no_HSx

yz’), which refers to the absence of CSs, thus the 
solid spherical morphology of the samples. 

2.4. Characterization methods and instrumentation 

A Rigaku Miniflex II type diffractometer was used for the XRD 
measurements. The following parameters were applied: 30 mA, 40 kV, 
λCuKα = 0.15406 nm. The 20–40 (2θ°) interval was recorded using 1 
(2θ°)∙min−1 scan speed. Mean primary crystallite sizes were calculated 
applying the Scherrer equation [31,32]. The rutile and anatase weight 
fractions were determined from their corresponding peak areas (27.5 
(2θ°) for rutile and 25.3 (2θ°) for anatase, respectively). 

The morphology of the samples was analyzed by a Hitachi S-4700 
Type II scanning electron microscope and a FEI TECNAI G2 20 X-Twin 
type transmission electron microscope. The former was used to examine 
the general morphology, while the latter to observe the hollow struc-
ture and the presence of noble metals on the surface of the TiO2 

Table 1 
Crystal phase compositions, mean diameters, circularities and specific surface areas of the TiO2-HSs samples.            

Sample name CS purification 
solvent 

Calcination temperature 
(°C) 

Anatase  
(wt%) 

Rutile (wt 
%) 

DA (nm) DR (nm) Median (nm) Circularity Specific surface area  
(m2∙g−1)  

TiO2_no_HSAc
500 acetone 500 97 3 35 66.9 1313 0.99 ~6 

TiO2_HSAc
500 acetone 500 87 13 26.5 30.1 1198 0.99 ~6 

TiO2_HSAc
800 acetone 800 – 100 – 28.3 1129 0.94 ~6 

TiO2_HSEtOH
500 ethanol 500 96.6 3.4 18.1 20.9 948 0.98 ~6 

TiO2_HSEtOH
800 ethanol 800 12.5 87.5 35.1 32.4 1122 0.93 ~6 

TiO2_HSAc
500-Au acetone 500 90.01 9.99 22.2 20.5 1635 0.98 ~6 

TiO2_HSAc
500-Pt acetone 500 91.93 8.07 22.9 29 1333 0.98 ~6 
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samples. The recorded micrographs were utilized to determine the 
diameter and calculate the circularity degree [33] of the spheres using 
the ImageJ software. During SEM measurements the electron beam was 
produced using a cold field emission gun applying 10 kV acceleration 
voltage, while in the case of TEM 100 kV was set. The circularity (C) of 
the spheres was calculated based on the following equation: 

=C A
P

4
2

where A is the area and P is the perimeter of the projection of the 
spheres [33]. 

The diffuse reflectance (λ = 220–800 nm region) of the samples 
was studied by a Jasco-V650 spectrophotometer, equipped with an ILV- 
724-type integration sphere. The band gap energies were evaluated 
from the derivative spectra of the samples. 

The surface of the TiO2 samples was studied by FT-IR measurements 
using a Jasco 6000 spectrometer. The 400–4000 cm−1 range was re-
corded applying 4 cm−1 spectral resolution. 

The specific surface areas of the TiO2 samples were determined with 
a BELCAT-A device via N2 adsorption at 77 K using the BET method. 

2.5. Evaluation of the photocatalytic efficiencies 

The photocatalytic activities were evaluated by the photocatalytic 
decomposition of phenol (c0,phenol = 0.1 mM) and oxalic acid (c0,oxalic 

acid = 1 mM) both under UV-A (λmax = 365 nm) and visible light ir-
radiation (λ  >  400 nm). For the visible light experiments 4 conven-
tional energy-saving lamps (Düwi 25920/R7S-24 W), while for the UV 
experiments 6 fluorescent tubes (Vilber-Lourmat T-6L UV-A, 6 W) were 
applied. The emission spectra of the applied lamps can be seen in Fig. 
S1. The TiO2 suspensions were added to a glass vessel which was placed 
on a magnetic stirrer. During the visible light illumination 1 M NaNO2 

solution was circulated in the thermostating jacket of the glass vessel, to 
cut off UV photons. Constant temperature (25 °C) was assured during 
the experiments via the NaNO2 solution (Vis) or water (UV) using an 
ultrathermostat. Constant dissolved oxygen level was maintained by 
supplying air into the photoreactor during the 4-hour-long measure-
ments. The concentration of phenol and oxalic acid was measured with 
high performance liquid chromatography (HPLC) and the device con-
sisted of a Merck Hitachi L-7100 low-pressure gradient pump equipped 
with a Merck-Hitachi L-4250 UV–Vis detector. For phenol as eluent 
50–50% methanol/water mixture (λdetection = 210 nm), and for oxalic 
acid 19.3 mM H2SO4 eluent (λdetection = 206 nm) were applied. 

3. Results and discussion 

3.1. Characterization of TiO2-HSs 

The CSs – which were used as templates for the shape-controlled 
synthesis – were characterized in detail in our previous publications  
[20,21,30]. For the purification of CSs various solvents (acetone or 
ethanol) were used, because – based on our previous results and the 
publication of Mahyar and Amani-Ghadim [34] – applying solvents of 
different polarity can result in the formation of titanium dioxides with 
different crystal phase compositions and characteristics. By the utili-
zation of these CSs TiO2-HSs were prepared (Table 1) applying different 
calcination temperatures (500, 800 °C), which were characterized by 
XRD, SEM and TEM in order to determine which TiO2-HS possesses the 
best characteristics to be used as the base material for the deposition of 
noble metals. 

The SEM and TEM micrographs of the TiO2-HSs are shown in Fig. 1. 
Based on the SEM measurements it was found that the samples syn-
thesized at similar conditions (Fig. 1a with Fig. 1b and Fig. 1c with  
Fig. 1d), i.e. same solvent and calcination temperature, similar char-
acteristics could be observed (similar morphology and diameter/cir-
cularity values) (Table 1). Based on our previous work [20] the most 

critical step during the synthesis of HSs via template removal is the 
elimination of CSs by calcination. In the case of samples calcined at 
500 °C (Figs. 1a and b) well-defined spheres were observed possessing 
near perfect morphology, which were not damaged during calcination. 
The circularity values, medians and the diameter distribution histo-
grams are summarized in Table 1 and Fig. S2, respectively. The TEM 
images of the samples calcined at 500 °C (Fig. 1e and f) confirmed that 
they had regular hollow cavities, as intended. The theoretical thickness 
of the TiO2 shell – evaluated from the quantities of the reactants – was 
calculated to be 70 nm from the relative weight fractions of CS and TiO2 

coating (determined from the volume and density of these species). This 
value is in reasonably good accordance with the one obtained from the 
TEM micrographs, which was measured to be ~60 nm. By increasing 
the calcination temperature to 800 °C (Fig. 1c and d), it was found that 
hollow structures with raspberry-like surface were formed, in contrast 
with the smooth surfaces detected in the previous cases. It was also 
observed that the high temperature also caused the inner diameter of 
the hollow cavity to be smaller (Fig. 1g and h), which could be ex-
plained as the result of the sintering of the nanoparticles [35]. 

Subsequently, XRD and nitrogen adsorption measurements were 
carried out and the results (crystal phase composition, primary crys-
tallite sizes, specific surface areas) are summarized in Table 1. As ex-
pected, the samples calcined at lower temperature (500 °C, TiO2_HSAc

500 

and TiO2_HSEtOH
500 ) mainly consisted of anatase, while samples calcined 

at the higher temperature (800 °C, TiO2_HSAc
800 and TiO2_HSEtOH

800 ) con-
tained predominantly rutile phase and larger crystallites. As for the N2 

adsorption measurements, despite having relatively low crystallite sizes 
(18–35 nm), the corresponding specific surface areas were surprisingly 
low (~6 m2∙g−1 in all cases). 

Summarizing these results, it was established, that sample 
TiO2_HSAc

500 possessed the best characteristics to be used as base mate-
rial for the determination of photocatalytic activity gain caused by the 
unique morphology (highest circularity value, regular hollow cavity). 
Additionally, it was also the most appropriate from the economic point 
of view, since for the synthesis of this sample the CSs were purified by 
acetone, which is cheaper than ethanol, and for the elimination of the 
CSs only 500 °C temperature was applied making its production more 
cost-effective. Therefore, later on, for the deposition of noble metals 
this sample was selected as base material. Lastly, after the TiO2_HSAc

500 

sample was chosen as base material, a reference sample was also syn-
thesized in the same way just without the application of CS templates 
(denoted as ‘TiO2_no_HSAc

500′), to investigate the possible effects of the 
hollow structure. This sample was also examined via SEM and TEM 
measurements (Fig. 2). Based on the SEM micrographs (Fig. 2a) it was 
observed that it also contained well-defined spheres with relatively 
high diameter (~1300 nm), comparable to prior samples. Then, this 
sample was investigated by TEM measurements as well (Fig. 2b) and it 
was found that it contained solely solid spheres, which, most im-
portantly, makes it most suitable for the investigation of the effects 
caused by the hollow morphology in the case of our other samples. For 
the formation of spherical morphology (in the absence of CS templates 
in the case of sample TiO2_no_HSAc

500), a plausible explanation can be 
that – according to the Ostwald ripening phenomenon – the formation 
of larger structures is thermodynamically favored as there are less 
molecules on the surface in an energetically less stable position, making 
the development of the spherical shape (with the smallest specific 
surface area) favored [36]. The reason for the relatively high diameter 
(low specific surface area) could be – as it was already observed in our 
previous work – that applying a precursor containing relatively long 
alkyl chains can result in slower hydrolysis making the formation of 
larger structures favored [37]. 

3.2. Further characterization of reference TiO2-s and TiO2-HSs modified 
with noble metals 

Following the deposition of gold and platinum noble metals at 
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0.25 wt% on the TiO2_HSAc
500 sample TEM images were recorded (Fig. 3a 

and c, respectively). It was observed, that even after the deposition 
process the regular hollow spherical morphology remained intact, the 

noble metals were evenly distributed on the surface and no aggregation 
occurred. Additionally, HRTEM images were utilized to measure the d- 
spacing of the TiO2 shell, the gold (Fig. 3b) and platinum (Fig. 3d) 

Fig. 1. SEM micrographs of samples TiO2_HSAc
500 (a), TiO2_HSEtOH

500 (b), TiO2_HSAc
800 (c) TiO2_HSEtOH

800 (d) and their corresponding TEM figures (e-h, respectively).  
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nanoparticles to confirm their presence. Accordingly, the measured 
3.4 Å value was attributed to the TiO2 (101) crystallographic plane, 
2.4 Å to the Au (111) plane and 2.0 Å to the Pt (200) plane. 

Then, XRD measurements were carried out to determine the influ-
ence of the chemical deposition process on the properties of the 
TiO2_HSAc

500 base material (Fig. S3, Table 1). It was found that after the 
deposition process the noble metal-containing samples largely retained 
their crystal phase composition as expected. The rutile crystal phase 
content of ~8–13 wt% of the base material and noble metal-containing 
samples could be beneficial in terms of the photocatalytic activity of 

these samples similarly to the well-known commercial reference pho-
tocatalyst P25 [38]. The non-hollow TiO2_no_HSAc

500 sample also con-
tained rutile crystal phase in 3 wt%. Regarding the crystal phase 
compositions, it is well known that anatase – due to its large band gap 
(3.2 eV) – does not absorb visible light, whereas rutile has a narrower 
band gap (3.02 eV) making the absorption of visible light possible to a 
certain extent; a fact that can have a considerable influence on the 
resulting photocatalytic activities of the samples [39–41]. 

As the next step, the light absorption properties were investigated 
via DR measurements (Fig. 4). The band gap energies were determined 

Fig. 2. SEM (a) and TEM (b) images of reference non-hollow sample TiO2_no_HSAc
500.  

Fig. 3. TEM images of samples TiO2_HSAc
500-Au (a, b) and TiO2_HSAc

500-Pt (c, d).  
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from the first order derivatives of the DR spectra of the TiO2–s, because 
based on the publication of Flak et al. the excitability of the photo-
catalysts can be determined more reliably by plotting the first-order 
derivatives of the DR spectra as a function of wavelength [42]. As ex-
pected, rutile phase TiO2-s possessed lower band gaps (3.02 eV for 
TiO2_HSAc

800 and TiO2_HSEtOH
800 ) compared to the anatase phase TiO2-s 

(3.1 eV for TiO2_no_HSAc
500, TiO2_HSEtOH

500 and 3.14 eV for TiO2_HSAc
500). 

The band gap after noble metal deposition (3.13 eV for both 
TiO2_HSAc

500-Au and TiO2_HSAc
500-Pt) did not change significantly com-

pared to the base material (TiO2_HSAc
500, 3.14 eV). The inflection point at 

~542 nm in the derivative spectrum can be attributed to the plasmon 
resonance of the gold nanoparticles in the case of sample TiO2-HSAc

500- 
Au. 

The surface properties were examined by FT-IR measurements 
(Fig. 5). The bands at 424, 515 and 620 cm−1 can be attributed to the 
transverse optical vibrations of the Ti–O bonds [43–45]. The shape of 
these bands varied in accordance with the different crystal phases; 
anatase has less defined Ti–O stretch band as it possesses less ordered 
structure (compared to rutile), consequently, in the case of mixed 
crystal phase compositions, the infrared absorption bands also re-
presented this transmission between the two crystal phases [46]. The 
doublet at 2340, 2358 cm−1 is characteristic of adsorbed CO2 [47]. 
Additional bands which could be ascribed to leftover carbon from either 
the TiO2 precursor or the CS templates were not observed, from which 

it was concluded that during the calcination process these were entirely 
eliminated from the system. 

3.3. Evaluation of photocatalytic activity 

The photocatalytic activities of the non-hollow, spherical reference 
sample (TiO2_no_HSAc

500), the base material (TiO2_HSAc
500) and the 

noble metal-containing samples (TiO2_HSAc
500-Au and TiO2_HSAc

500-Pt) 
were investigated by the photocatalytic degradation of phenol and 
oxalic acid under UV and visible light irradiation and the results were 
summarized in Fig. 6 (UV irradiation) and Fig. S4 (visible light irra-
diation). Additionally, the photocatalytic activities of solid spherical 
TiO2_no_HSAc

500-Au and TiO2_no_HSAc
500-Pt samples were also investigated 

in the case of phenol degradation under UV light irradiation. 
In the case of the spherical, but non-hollow TiO2_no_HSAc

500 reference 
sample negligible photocatalytic activity was observed under visible 
light irradiation (~3–4% model pollutants were degraded) and by ap-
plying UV irradiation 26% phenol and 36% oxalic acid were degraded 
after the 240-minute-long measurements. 

As the next step, the hollow spherical base material (TiO2_HSAc
500) 

was investigated, to determine the possible achievable effects of the 
unique morphology on the photocatalytic activity. In almost every case, 
the enhancement of photocatalytic activity was observed (except in the 
case of oxalic acid degradation under visible light irradiation). In the 
case of visible light irradiation only negligible differences were ob-
served, however, under UV light irradiation notable 166% and 135% 
enhancements were detected for phenol and oxalic acid degradations, 
respectively, compared to the non-hollow reference TiO2. 

By the deposition of noble metals on the surface of the hollow 
spherical base catalyst TiO2_HSAc

500, in almost every case the photo-
catalytic activity increased (except in the case of TiO2_HSAc

500-Au during 
the decomposition of phenol under UV light irradiation). Applying 
visible light irradiation 156% and 66% increases were observed in the 
degradation rate of phenol for sample TiO2-HSAc

500_Au and TiO2_HSAc
500- 

Pt, respectively, which values were 780% and 200% for oxalic acid, 
respectively. At the same time, in the case of UV irradiation these values 
were −20%, 30% and 18%, 18%, respectively. 

Then, after comparing the photocatalytic activity difference be-
tween (i) the bare solid spherical (TiO2_no_HSAc

500) and bare hollow 
spherical (TiO2_HSAc

500) samples (3rd paragraph), (ii) the bare hollow 
spherical (TiO2_HSAc

500) and noble metal-containing hollow spherical 
(TiO2_HSAc

500_Au and TiO2_HSAc
500-Pt) samples (4th paragraph), finally, 

the photocatalytic activity difference between (iii) the noble metal- 
containing solid spherical (TiO2_no_HSAc

500_Au and TiO2_no_HSAc
500-Pt) 

and noble metal-containing hollow spherical samples (TiO2_HSAc
500_Au 

and TiO2_HSAc
500-Pt) were investigated additionally, for phenol de-

gradation under UV light irradiation (Fig. 6 left side). It was found that 
the photocatalytic activities of hollow spherical samples were always 
higher compared to the solid spherical samples, further reinforcing the 
beneficial effect of the unique hollow spherical morphology on the 
photocatalytic performance. The TiO2_HSAc

500_Au sample was more ef-
ficient by 81% compared to TiO2_no_HSAc

500_Au, while TiO2_HSAc
500_Pt 

was more efficient by 18% compared to TiO2_no_HSAc
500_Pt in terms of 

total degraded phenol amount. 
For the explanation of the obtained results, numerous factors can be 

considered: (i) properties of the TiO2 (crystallite size, specific surface 
area, crystal phase composition, surface features, etc.) [16,48–50]; (ii) 
properties of the noble metal (size, shape, number) [14,15,51,52]; (iii) 
properties of the model pollutants (adsorption ability, charge carrier- 
scavenging attributes, features of intermediates, etc.) [14–16,48]; (iv) 
the emission spectrum of the light source and the temperature during 
the photocatalytic experiments [53–55]. 

Generally, it can be said that the investigated titania decomposed 
oxalic acid to a greater degree compared to phenol. It is well-known, 
that phenol is a poorly adsorbing compound and the degradation of 
pollutants takes place by the utilization of the generated ·OH radicals  
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Fig. 4. First order derivative DR spectra of the as-prepared photocatalysts.  
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[56]; moreover, the forming degradation intermediates with different 
adsorption properties can also block the active sites of the photocatalyst 
hindering the further degradation process. Conversely, oxalic acid can 
adsorb to the surface of TiO2 extremely well facilitating its degradation 
by the generated charge carriers; furthermore, oxalic acid is a hole 
scavenger resulting in the efficient separation/increased lifespan of the 
electron-hole pairs [15]. 

In the case of oxalic acid degradation, the addition of Pt and Au 
nanoparticles resulted in the increase of photocatalytic activity in all 
cases (under both UV and visible light irradiation), reaching nearly 
100% degradation efficiency in the former case. This result is in good 
accordance with literature data where the same results were observed 
in the case of commercial (predominantly) anatase phase TiO2-s 
(Aldrich anatase, Aeroxide P25) [15,16]. The photocatalytic activity 
enhancement of TiO2-HSAc

500-Pt can be explained by a double charge 
trapping mechanism: oxalic acid acts as a hole scavenger, whereas the 
Pt separates the electron from the TiO2 nanoparticle [14]. In the case of 
TiO2_HSAc

500-Au the photocatalytic activity enhancement can be asso-
ciated with the results of our previous work, where the highest degree 
of photocatalytic activity gain was observed in the presence of spherical 
gold nanoparticles [52], similar to our present results (Fig. 3b). 

As for the phenol degradation tests, only in the case of TiO2_HSAc
500- 

Au sample under UV light irradiation was a photocatalytic activity 
decrease observed, which is in good accordance with the literature 
data: it is well-known, that in the case of commercial Aeroxide P25 
(which has similar crystal phase composition compared to our samples) 
the deposition of gold nanoparticles results in decreased photocatalytic 
activity in the case of phenol under UV light irradiation [16,51,52,57]. 
However, in the case of the gold-deposited sample under visible light 
irradiation a photocatalytic activity enhancement was observed, which 
can be explained by the fact, that the electrons formed by surface 
plasmon resonance excitation can be efficiently injected into the con-
duction band of TiO2 leading to enhanced charge separation [58]. The 
fact, that the surface resonance peak of gold is located in the visible 
light range, could explain the observed photocatalytic activity en-
hancement under visible light irradiation. In the case of TiO2_HSAc

500-Pt 
sample the photocatalytic activity increased after the deposition of 
platinum under both visible and UV light irradiation. The photo-
catalytic activity gain – in the case of visible light irradiation – could be 
attributed to the rutile content of the sample, since electron trapping by 
platinum is much more significant on rutile than on anatase [59]. 
However, the photocatalytic activity enhancement observed in the case 
of our TiO2_HSAc

500-Pt sample under UV irradiation could not be attrib-
uted to literature data, as normally the deposition of platinum nano-
particles on Aeroxide P25 (possessing similar crystal phase composi-
tion) leads to decreased photocatalytic activity [15,60]. For the deeper 

understanding of the as-mentioned results in the next paragraph the 
unique hollow spherical morphology of our samples was taken into 
account. 

It is well-known that light waves (used for the excitation of the 
photocatalysts) cannot only interact with matter but with each other as 
well, which is called wave interference. Constructive interference oc-
curs, if the crests of one wave overlap the crests of the other wave. For 
this to happen, the distance between two waves must be equal to an 
integer multiple of the wavelength and as a result, the crests combine to 
produce a wave with greater amplitude. If we excite our photocatalyst 
with such light waves with greater amplitude, then the excitation 
process can be more efficient resulting in higher photocatalytic activity. 
Based on this theory, the following steps were taken: the emission 
spectra of the applied lamps (Fig. S1) were compared to the diameter 
distribution histograms (Fig. S2) and it was ascertained, that what 
proportion of the hollow spheres happens to be precisely in the range 
where the travelled distance is the integer multiple of the wavelength of 
the emission maxima. For the calculations the most intense domain of 
the emission spectrum (360  ±  10 nm) was taken into account. Then, 
the percentage of the hollow spheres with valid resonance condition – 
where the constructive interference of the light waves can most prob-
ably occur – was counted, by dividing the diameter of the hollow 
spheres by the wavelength of the light source. After these calculations 
were carried out, the as-calculated data were compared to the photo-
catalytic activities (Fig. 6 left side) and these results are represented in  
Fig. 7. It can be seen in the figure, that the observed photocatalytic 
activity (TiO2_HSAc

500-Au  <  TiO2_HSAc
500  <  TiO2_HSAc

500-Pt) indeed cor-
responds well to the increasing ratio of hollow spheres with valid re-
sonance condition. Since it is well-known, that the excitability of a 
photocatalyst correlates with the intensity of the light source, and that 
the intensity of a wave is proportional to the square of its amplitude, 
then it can be expected, that after constructive interference occurs re-
sulting in the increase of the amplitude, the light waves with higher 
intensity could indeed cause the enhancement of the photocatalytic 
activity. The validity of this phenomenon was further reinforced by the 
results mentioned in the 5th paragraph: if we compare the 3 hollow 
spherical samples appearing in Fig. 7 with their solid spherical coun-
terparts, it is apparent that the hollow spherical samples were indeed 
more efficient in the degradation of phenol under UV light irradiation. 

To sum up, based on the results of the photocatalytic activity ex-
periments, it was observed that in each case reference solid spherical 
TiO2 samples proved to be less efficient compared to their hollow 
spherical counterparts. The unique morphology indeed increased the 
photocatalytic activity, as did the deposition of noble metals in most 
cases, thus the combination of the two photocatalytic activity enhan-
cing methods was successful. 

Fig. 6. Photocatalytic activity of the investigated photocatalysts under UV light irradiation.  
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4. Conclusions 

Carbon spheres were used as templates to synthesize titanium di-
oxide hollow spheres applying different synthesis parameters (CS pur-
ification solvent, calcination temperature). The CS purification solvent 
(acetone or ethanol) did not influence the characteristics of the TiO2- 
HSs, whereas applying 500 °C calcination temperature resulted in 
anatase phase TiO2-HSs with perfect hollow spherical morphology, 
while applying 800 °C yielded rutile phase TiO2-HSs with less regular 
morphology. 

The TiO2-HS possessing the best properties in terms of morphology 
was selected for the deposition of gold and platinum nanoparticles in 
0.25 wt%. SEM and TEM measurements confirmed, that the mor-
phology remained intact after the deposition process and that the noble 
metal nanoparticles were distributed evenly on the TiO2-HSs. 

The photocatalytic activity enhancement caused by either the un-
ique morphology and the presence of noble metals was investigated by 
the degradation of phenol and oxalic acid under both UV and visible 
light irradiation using the base hollow spherical, and solid (non-hollow) 
spherical TiO2-s as references. The hollow spherical morphology re-
sulted in remarkable 166% and 135% increases in photocatalytic ac-
tivity during UV light irradiation compared to the non-hollow solid 
reference sample in the case of phenol and oxalic acid, respectively. 
Using the same reference, after combining the hollow spherical mor-
phology with the deposition of noble metals in the case of the gold- 
deposited sample these values were 113% and 178% for phenol, along 
with 246% and 178% for oxalic acid in the case of platinum-deposited 
TiO2-s, respectively, under UV light irradiation. Summarizing, in the 
case of visible light irradiation, the gold-deposited hollow spherical 
TiO2 had the best photocatalytic activity, while in the case of UV ir-
radiation the platinum containing hollow spherical TiO2 proved to be 
the most efficient for the degradation of both oxalic acid and phenol. 

Unusual photocatalytic activity order was observed in the case of 
UV irradiation during the decomposition of phenol, and for its eluci-
dation the solid spherical counterparts of each hollow spherical sample 
were applied to propose a plausible explanation. It was presumed that 
the hollow spherical TiO2-s have increased light harvesting properties, 
and the ratio of hollow spheres with this unique feature was calculated. 
The photocatalytic activity indeed increased with increasing propor-
tions of titanium dioxide hollow sphere diameters close to the integer 
multiple of the excitation light source’s wavelength, i.e. in which case 
the occurrence of constructive interference was more probable. The 
proposed explanation was in good agreement with the acquired results, 

since the hollow spherical TiO2-s were always more efficient compared 
to their solid spherical counterparts. 
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