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ARTICLE INFO ABSTRACT

Editor: Teik Thye Lim Zinc oxide hollow spheres were fabricated by applying sucrose-derived carbon spheres as templates that were
eliminated through calcination. For this purpose, two synthesis methods were examined and compared, chemical
impregnation and solvothermal method. The most suitable ZnO hollow structure was selected for noble metal
deposition (Au and Pt at 1 wt%) to further increase the photocatalytic activity. The photocatalytic activity was
examined by the decomposition of three different model pollutants (phenol, Na-ibuprofen and diuron) under UV
irradiation. The as-synthesized hollow sphere structures and its noble metal composites were further examined
by XRD, SEM, IR, DRS, PL. The templates did not modify the structure of ZnO only the morphology and
contributed to the preservation of the original structure during calcination. The structural, optical and photo-
catalytic activity was correlated with both the application of carbon sphere template, and noble metal deposition
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respective their role in the improvement of the photocatalytic activity.

1. Introduction

Heterogenous photocatalysis has become one of the most flourishing
research fields in the last three decades. One of its most promising
application possibilities is to use it as an alternative technique for
wastewater treatment. The most appealing characteristics of the method
are its non-selectivity, versatility and that it qualifies as a green method
[1]. Zinc oxide is one of the most researched and promising semi-
conductors for photocatalytic applications because it is cheap, acces-
sible, non-toxic, and it has high UV absorption and a large variety of
synthesis methods [2]. However, there is still room for improvement
regarding its photocatalytic efficiency, making this aspect the main
scope of numerous publications. A few of the most common approaches
are the following: using different synthesis methods (sol-gel [3], hy-
drothermal [4], chemical vapor deposition [5], etc. [6,7]), doping with

metals [8-10] and non-metals [11,12], preparing composites with other
semiconductors and/or metals [13-16], influencing the preferential
orientation of the crystal structure [17,18] and synthesising ZnO with
various morphologies [19,20].

During a photocatalytic process, the mineralization of pollutants is
carried out by highly reactive free radicals generated on the surface of
semiconductors. As such, a considerable amount of the semiconductor
particle, that is, the interior portion, cannot participate significantly in
the catalytic process. Consequently, the preparation of hollow semi-
conductors has gained considerable attention because of the following
advantages:

i. There is a possibility to attain better photocatalytic performance
with hollow structures than with solid structures because
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photocatalytic reactions inherently take place at the interface of
solid and liquid phases [21,22].

ii. The cavity in hollow structures decreases the apparent density of
particles, which can facilitate their flotation in case of application
in suspension of the photocatalyst [23].

iii. The mechanical properties (tensile strength, stiffness, etc.) is
expected to be significantly reduced due to the low density.
Literature data highlighted that the mechanical strength of the
hollow materials can be preserved, especially in the case of hol-
low spheres [24].

iv. Higher economic feasibility can be achieved because the degra-
dation efficiency to mass ratio is increased [25-27].

v. These materials can possess enhanced light harvesting capabil-
ities through the constructive interference of light waves in the
cavity [28].

Generally, a spherical template is applied to attain hollow
morphology by its subsequent removal through calcination [29]. In
recent years, due to the development of carbonaceous spheres prepared
from glucose, they have become popular templates [30]. The formation
of spheres is based on the sequential reduction of the carbohydrate in
solvothermal conditions. In the case of ZnO there are few publications,
where carbon spheres (CSs) were used to prepare hollow structures
[31-33]. It was established that the formation of the ZnO layer is due to
the polar interaction with the functional groups (-OH, =0, -COOH) on
the surface, originating from the incomplete reduction of the surface of
CSs [33]. Considering the simplicity and the mechanism of formation of
spheres, other carbohydrates should also show potential to utilized for
the preparation of CS templates. In our previous publication, a low-cost
method was applied to prepare similar carbon spheres from sucrose,
which were used as a template to synthesize hollow TiO5 spheres. This
way, the photocatalytic efficiency of TiOy spheres could also be
improved [28]. This made the method more versatile and further
reduced cost of materials. To the best of our knowledge such type of CSs
was not applied to prepare ZnO hollow spheres (ZnO-HSs). Hence, the
present study aims to evaluate the applicability of sucrose-derived CSs in
comparison with the already existing synthesis methods involving its
glucose-derived counterparts.

The deposition of noble metals is another technique that can greatly
enhance the photocatalytic activity of ZnO [34]. The most common
metals used are Ag [6], Au [35], Pd [36] and Pt [37]. The beneficial
effect of noble metal nanoparticles lies within the fast transfer of pho-
togenerated electrons to the metal phase. Consequently, this stabilises
charge separation and decreases the probability of the recombination of
electron-hole pairs [38]. There are numerous examples where ZnO were
synthesized in composite with noble metals [38,39]. The improvement
by noble metal deposition, depends on various aspects of the noble metal
(crystallite size, morphology, etc.) [40]. The concentration of the noble
metal in composite should be carefully chosen, because of two main
reasons. One is the economic aspect of the materials, as usually the noble
metal affects the synthesis cost predominantly. The other consideration
involves the electron-hole separation process. As above a certain con-
centration the metal could facilitate the recombination, if the electronic
transitions become favoured between the defect states of the semi-
conductor by the high surface density of conductive metal particles.
Based on the literature, 1%wt or sometimes even less amount of noble
metal is sufficient to improve the photoactivity of the semiconductor
[41-43]. However, the photocatalytic evaluation of hollow structures in
these composites are still scarce. Thus, in the present study both aspects
were addressed (hollow spherical morphology and with the effect of
noble metal deposition).

Most commonly, methyl orange, methylene blue and phenol are used
as pollutants to determine the photocatalytic activity of ZnO in the
literature. For better comparison with the literature the photocatalytic
activity of ZnO samples prepared in this work was thoroughly investi-
gated using phenol, diuron and ibuprofen. All of these model pollutants
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proved to be stable compounds, and their toxicity in the environment
can be observed even at low concentrations.

2. Materials and methods
2.1. Reagents and materials

For the experiments, the following materials were used without
further purification:

e ZnO precursors: zinc acetylacetonate (ZnAA,, Zn(CsH;02)2, 99.99%,

Alfa Aesar, Germany), zinc acetate dihydrate (ZnAcy, Zn

(C2H302)202 H30, 99.98%, VWR International, Hungary), zinc

chloride (ZnCly, >99%, Alfa Aesar, Germany).

Solvents: absolute ethanol (EtOH, 100%, Molar Chemicals, Hungary)

and ultrafiltered water (MQ, conductivity 77 pSocm’l).

For the preparation of CS templates: ordinary table sugar (sucrose,

Magyar Cukor Zrt., Koronds™, Hungary) as carbon source, NaOH

(>98%, Molar Chemicals, Hungary), MQ water.

For noble metal deposition: hydrogen tetrachloroaurate(III) hydrate

(HAuCly.4 H20, 99.99%, Sigma-Aldrich, Germany), hydrogen hex-

aplatinate (HyPtClg; 99.9%, Sigma-Aldrich, Germany) trisodium

citrate dihydrate (ACS, 99.0%, Sigma-Aldrich, Germany), sodium
borohydride (NaBH4, purum >96%, Sigma-Aldrich, Germany).

e Compounds used as model pollutants for photodegradation were
ibuprofen sodium salt (99.99%, Merck KGaA, Germany), diuron
(99.99%, Merck KGaA, Germany) and phenol (analytical grade,
Spektrum 3D, Hungary).

2.2. Synthesis of carbon sphere templates

The hydrothermal synthesis of CS templates was carried out ac-
cording to our recent publication [28] as follows. In a PTFE-lined
autoclave, a 0.15 M water-based solution of sucrose was prepared
(Viin/Viotal = 29%) and the pH was set to 12 using a 2 M NaOH solution.
The as-prepared solution was subjected to hydrothermal treatment at
180 °C for 12 h. The obtained black precipitate was separated by
centrifugation and washed with 100% acetone several times to remove
residual organic contaminants formed during synthesis. This was fol-
lowed by a drying step in air at 40 °C for 24 h. Then, the dark brown
product was collected and ground to obtain the CS powder.

2.3. Synthesis strategies for the preparation of ZnO HSs

Two synthesis methods were applied to prepare a ZnO coating on the
CS templates: chemical impregnation and solvothermal method.

During chemical impregnation, 200 mg of CSs was suspended in 60
mL of 99.3% (v/v) ethanol under vigorous magnetic stirring, in which
50 mmol of Zn precursor (ZnAcp, ZnCly, ZnAAy) was dissolved. The
mixture was ultrasonicated continuously for 24 h. The aged solution was
centrifuged to separate the impregnated CSs, followed by a drying step
at 40 °C for 24 h. The as-prepared samples were calcined at 500 °C under
continuous airflow to eliminate the CS templates through oxidation,
resulting in crystalline ZnO. For this purpose, a Thermolyne 21,100 tube
furnace was used applying 5 °Cemin~' heating rate with constant air
supply (30 Leh ™).

During solvothermal synthesis, 15.5 mmol of Zn precursor and 300
mg of CSs were dissolved in 196 mL of 99.3% (v/v) ethanol and stirred
for 1 h. These values were calculated according to the theoretical ZnO:
CS mass ratio of 12:1. The reaction mixture was transferred to a PTFE-
lined autoclave (Vg/Viotal = 70%) and subjected to solvothermal
treatment at 180 °C for 12 h. The resulting solid samples were washed
three times with 65%, 45%, and 20% (v/v) ethanol-water mixtures. The
materials were then dried, calcined and ground the same way as
described in the previous paragraph. The weight ratio of ZnO to CSs was
fine-tuned to obtain regular hollow spheres and the samples with the
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following ratios were further synthesized 10:1, 9:1, 7.5:1, 6:1 and 5:1. A
schematic representation of the two synthesis methods is shown in
Fig. 1.

A reference material was also fabricated consisting of solid ZnO
spheres with average diameters equal to those of the hollow spheres
described in the previous paragraphs as follows: a precursor mixture of
20% ZnAcy and 80% n/n ZnAA, was dissolved in 99% v/v ethanol-water
mixture in 68 mmolar concentration and stirred for 40 min. Dieth-
anolamine was added to the mixture in 3:1 molar ratio of diethanol-
amine:total zinc precursor and stirred for another 40 min. Later, the
mixture was transferred to a PTFE-lined autoclave and subjected to
solvothermal treatment at 180 °C for 12 h. The purification process was
identical to that of the hollow spheres’ and it was also calcined in the
same conditions.

2.4. Noble metal deposition on ZnO HSs

Following the investigation of various ZnO synthesis methods, the
one resulting in regular spherical morphology was selected for noble
metal deposition. The following synthesis procedure was applied to
deposit 1 wt% gold or platinum nanoparticles onto the surfaces of ZnO
HSs: 198 mg of ZnO HSs was suspended in 22 mL of MQ water, to which
1.563 mL of trisodium citrate (0.063 mM) was added under vigorous
stirring for 30 min. Then, 0.4 mL of HAuClye4 H;O (25.4 mM) or
0.1625 mL of HyPtClg (31.3 mM) was added to the system. The chemical
reduction of noble metal precursors was carried out using 0.5 mL of
precooled (T ~ 0 °C) NaBH4 (0.15 M) solution, which was stirred for
another 30 min. The as-prepared Au and Pt ZnO-HS composites were
separated by centrifugation from the suspension, then washed with MQ
water three times, dried at 40 °C for 24 h and ground in an agate mortar.

2.5. Characterization

A Rigaku Miniflex II type diffractometer was used for X-ray diffrac-
tometry measurements (XRD, Shimadzu 6000) that was equipped with a
graphite monochromator. The instrument was operated with Cu-Ka ra-
diation (A = 1.5406 A) between 20 and 80 20°, applying 0.02° steps and
1°emin~! scan speed. Mean crystallite sizes were estimated by 3 different
methods, that is, the Scherrer equation, the Williamson-Hall analysis
(W-H) [44] and the size strain plot (SSP). Each diffraction peak was
fitted with a pseudo-Voigt function in OriginPro 2017. Other equations
were also used as follows:

i.) Correction for instrumental broadening:

o=

Pra = [(ﬂhkz)zeumed* (ﬁhk/)fnsrmmenml } ) @
ii.) Scherrer equation:
K x A,
—_= 2
P X cosO @

iii.) W-H equation:

N
2
i

Fig. 1. Schematic image of the synthesis strategy applied in this work to pre-
pare ZnO hollow spheres.

Journal of Environmental Chemical Engineering 10 (2022) 107655

X Ay

P X cosO = + 4 % & X sinf 3)

iiiv.) Size-strain equation:
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where By is the full width at half maximum, 6 is the Bragg angle, d is the
distance between adjacent planes with the Miller indices (hkl) (calcu-
lated from the Bragg equation, i.e., A = 2d sin6), D is the crystallite size,
K is the shape factor (0.9), and ¢ is the crystal strain.

For some samples, the texture coefficient was also calculated using
the three main reflections of ZnO (100), (002), (101) and reference
diffraction data available at [45]. The equation used for the calculation
of texture coefficient was the following [46]:

)

Tognk)
TChy = ——, )
1y Z (hkt)
N 1,
N

(k)

where TCy is the texture coefficient of the (hkl) plane, I is the measured
intensity, Iy is the standard intensity of the corresponding plane, N is the
number of reflections considered. TC values are equal to 1, if the
structure is close to that of bulk ZnO.

The diffuse reflectance spectra (DRS) of the samples were obtained
using a Jasco-V650 UV-Vis spectrometer with an integration sphere
(ILV-724). The measurements were taken in the wavelength range of
250-800 nm using BaSO4 as the reference. Band-gap energies were
calculated by the Kubelka-Munk equation and Tauc plot representation.
Possible electron transitions were estimated by the first derivative of the
DRS. The room-temperature photoluminescence (PL) emission spectra
of the samples were recorded at 350 nm excitation wavelength using a
Horiba Jobin Yvon Fluoromax-4 type spectrofluorometer and a 350 nm
cut-off filter.

The surface of the ZnO samples were studied using Fourier transform
infrared spectroscopy (IR) with a Jasco 6000 spectrometer in the
400-4000 cm ! range applying 4 cm ™! spectral resolution.

The morphology of the samples was analyzed by a Hitachi S-4700
Type II scanning electron microscope (SEM) and a FEI TECNAI G2 20 X-
Twin type transmission electron microscope (TEM). The micrographs
were further evaluated to determine the diameters and distribution of
diameters in the ImageJ software.

2.6. Assessment of photocatalytic activity

The photocatalytic efficiency of the ZnO samples was evaluated by
the decomposition of Na-ibuprofen (Co ipuprofen= 0.1 mM), diuron (Co,
diuron= 0.1 mM) and phenol (Co,phenot= 0.1 mM). The four hour mea-
surements were carried out under UV irradiation (6 x 6 W fluorescent
lamps, Vilber-Lourmat T-6 L. UV-A, Anax ~ 365 nm) with a distance
between the reactor and lamps 5 cm. For a typical experiment, 100 mL
of a solution containing the pollutant and the catalyst (Ccatalyst =1 gOL’l)
was prepared. The mixture was sonicated in the dark for 10 min to
ensure adsorption-desorption equilibrium. The suspension was trans-
ferred to Pyrex® glass tube reactor with a thermostatic jacket and
2.5 cm inner diameter. During the experiments, constant temperature
(25 °C, by circulating water in the thermostatic jacket using an ultra-
thermostat), magnetic stirring (400 rpm) and the dissolved oxygen
concentration (by bubbling with air at 30 Leh™!) were maintained.

The concentrations of the model pollutants were measured with high
performance liquid chromatography (HPLC). The device consisted of a
Merck Hitachi L-7100 low-pressure gradient pump equipped with a
Merck-Hitachi L-4250 UV-Vis detector (Adetection = 210 nm for phenol,
214 nm for ibuprofen and 254 nm for diuron). A 50% (v/v) ethanol-
water mixtures were used as eluent for phenol and ibuprofen, respec-
tively 70% (v/v) for diuron. To investigate the reusability of ZnO hollow
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spheres, the phenol degradation experiments were repeated two addi-
tional times.

The total organic carbon content was measured at the end of the
photocatalytic tests after 4 h of irradiation. The equipment used was an
Analytik Jena N/C® 3100 apparatus with NDIR detector. The furnace
temperature was 800 °C and 1.0 mL samples were injected. The mea-
surements were made in triplicate.

3. Results and discussion
3.1. Morphological characterization of ZnO HSs

As mentioned before, one of the main scopes of the present research
is to examine the applicability of sucrose-derived CSs in comparison
with the already existing methods to prepare ZnO with hollow spherical
morphology. In general, the surface of carbon spheres is not completely
reduced, and residual hydroxyl, carbonyl and carboxyl groups are pre-
sent. Due to the affinity of Zn?" to coordinate with these groups, it can
be utilized to prepare carbon-ZnO composites via chemical impregna-
tion [47,48]. Consequently, the removal of carbon templates through
oxidation promotes the formation of ZnO from the zinc ions bound on
the CSs’ surface. The difficulty is to ensure that the binding of zinc is
stable enough so that it does not redissolve into the liquid phase. This
could be overcome in the solvothermal method as the high temperature
could facilitate the decomposition of the precursor and the formation of
ZnO.

Chemical impregnation

method
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Carrying out the synthesis of ZnO via chemical impregnation resul-
ted in only a minuscule amount of solid material. In the case of ZnCly no
material was recovered after calcination at all. On the contrary, the
solvothermal method resulted in yields close to 100%. The results of
morphology measurements are shown in Fig. 2. The samples contained
mainly sub-micrometer-sized rod-shaped or larger irregular crystals.
However, when ZnAA, precursor was used, some spherical particles
could also be observed. One explanation for the general absence of
spherical particles could be that the crystal formation took place
alongside the particles, or that the adhesion of the formed crystals to the
CSs’ surface was not sufficient. Such an example can be seen in Fig. S1,
which shows a SEM micrograph of a sample synthesized using ZnAcy
before calcination. The surface of CSs could not bound sufficiently zinc
ions when the solutions of Zn-containing salts were used. In the case of
glucose-derived CSs used in the literature using ZnAcy and ZnCl, the
impregnation of the surface occurred relatively successful[31-33]. The
used purification method for the CSs has already proven in our previous
research that efficiently removes the by-products of the carbonization
process [28]. This results in less functional groups on the surface which
could participate in polar-polar interactions. In consequence no strong
polar-polar interaction can occur between the surface of the CS and the
polar Zn salts or even ZnO.

Even though using ZnAA, during chemical impregnation did not
yield spherical particles, its application during solvothermal synthesis
resulted in the sample containing mainly spherical particles. Yet, the
spheres were aggregated, and the average size was 10 times higher than

Solvothermal method

Fig. 2. SEM micrographs of samples synthesized by chemical impregnation and solvothermal method.
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that of the CS templates. Thus, this sample was selected for further
investigation to optimize and increase the ratio of spherical particles.
The mass ratios of ZnO to CSs were varied (10:1, 9:1, 7,5:1, 6:1, 5:1), but
the concentration of ZnAA; was kept constant throughout the experi-
ments. These samples were hereinafter referred to as “ZnO-HSs-ZnAA:
CSs mass ratio”. The SEM micrographs of these samples are presented in
Fig. 3. Spherical particles were achieved in each case regardless of the
applied ZnAA,:CS mass ratio, but alongside the spheres some damaged
structures could always be observed. This most probably can be attrib-
uted to that the ligand (acetylacetonate) can participate in non-polar
interaction with the surface of the CS. As the concentration of the
templates increased, less spherical particles were formed. At the same
time, the size of the spheres also increased, and more irregular small
crystals were formed. At alower concentration (e.g., at a 6:1 ratio), some
spherical cavities could be observed at the surface of agglomerated
particles, with sizes corresponding to those of CSs (~500 nm).

The presence of smaller irregular particles suggests that the nucle-
ation of ZnO occurs in both the solvent phase and at the surface of the
CSs. For ZnO-HS-10:1, the average diameter of spheres was ~800
+ 80 nm based on the SEM micrographs. Based on the broken spheres in
the figures, the formation of the hollow morphology could be confirmed
due to the presence of cavities. In addition, the least amount of irregular
crystals wwere observed in this sample. Assuming that the diameter of
the cavity in the hollow spheres are equal to the average diameter of CSs,
the thickness of the ZnO shell is ~150 nm. The actual values determined
based on TEM micrographs (Fig. 4) show that the diameter of the cavity
varied between 350 and 450 nm and the thickness of the shell was
110-170 nm. The slightly smaller cavity value can be attributed to the
sintering process. The ZnO-HS-10:1 sample was selected for noble metal
deposition in further experiments, and hereinafter it will be denoted as
”ZnO-HS”. As a reference, solid ZnO spheres were also fabricated
(denoted as "Zn0-SS”) using a similar synthesis method, which had the
same average diameter.

3.2. Structural and optical characterization of ZnO-HSs

The crystal structure and optical properties of ZnO-CS, ZnO-HS and
noble metal-containing ZnO-HS composites were examined by XRD, IR
and DRS measurements. Even though CSs were applied as templates,
they could also directly influence the growth of ZnO crystals.

VZnQ-HS — 101
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Fig. 4. TEM micrograph of ZnO-HS synthesized with tuned ZnO:CS
weight ratio.

The XRD patterns are shown in Fig. 5. The main diffraction peaks
corresponding to the wurtzite crystal structure were identified according
to the reference diffraction data (JCPDS 36-1451) at 20°: 31.74, 34.39,
36.21, 47.54, 56.59, 62.89, 66.38, 67.98, 69.11 [45]. The presence of
noble metals in the composite materials was also confirmed by identi-
fying the corresponding diffraction peaks at 38.14 and 44.32 20° values
for Au (JCPDS 04-0784) [49], and at 39.70 20° values for Pt (JCPDS
04-0802) [50]. Based on the XRD data, the mean crystallite sizes were
determined using three methods (Scherrer, W-H and SSP) and the results
are presented in Table 1. Preparing ZnO via solvothermal method
resulted in a structure with high preferential orientation for the (002)
plane. To better quantify this aspect, texture coefficients (TC) were
calculated for the three main diffraction peaks corresponding to the
(100), (002), and (101) crystallographic planes. Based on the literature,
the W-H and SSP methods are one of the most appropriate methods to
determine the actual crystallite size, because the broadening resulted
from the crystal strain is also considered. In the present case this is well
exemplified, as the results calculated by the W-H and SSP methods are
greater than those calculated by the Scherrer equation. This difference
was expected, as the Scherrer crystallite size was in the range of
14-18 nm. At such a low crystallite size, the strain produced more dis-
tortions, which in turn caused broadening.

An increase in crystallite size was observed between the non-calcined
ZnO (ZnO-CS, 20.50 nm) and the calcined (ZnO-HS, 26.24 nm). This is

Fig. 3. SEM micrographs of samples synthesized with different ZnAA,:CS mass ratios and reference samples (ZnO solid spheres (SS) and ZnO samples synthesized

without CSs (noCS)). As the ratio increased, more spherical particles were formed.
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Fig. 5. XRD patterns of ZnO samples (a) and ZnO/noble metal composites (b).

Table 1
Crystallite size calculated by Scherrer equation, W-H and SSP methods and TC
values of the ZnO samples.

Sample Mean crystallites size (nm) TC
dScherrer dW»H dSSP (1 00) (002) (1 01)
ZnO-noCS (reference) 16.68 17.75 17.18 0.97 1.12 0.93
ZnO-SS (reference) 17.14 23.45 20.45 1.05 1.06 0.89
Zn0O-CS 14.48 20.50 17.25 0.84 1.41 0.75
ZnO-HS 15.59 26.24 20.54 0.95 1.22 0.83
a)
P———
e
e
™ —|
ZnO-HS-Pt
ZnO-HS
ZnO-HS-Au
ZnO-noCS
ZnO-SS
0 T T T T T T
350 400 450 500 550 600
A (nm)

ZnO-HS-Pt

well explicable by the sintering phenomenon, resulting from the high
temperature applied during CS removal. As mentioned before, the ZnO-
noCS used as reference (synthesized without CSs) contained strongly
oriented crystals. The cause of this preferential orientation is described
in our previous publications [51]. This aspect is well-revealed in the TC
values showing a strong preferential orientation for the (002) crystal-
lographic plane. Surprisingly, the addition of CSs and the change of
morphology did not induce significant changes in the overall preferen-
tial orientation. Consequently, the preferential crystal growth along the
(002) plane was not affected by the template, only the morphology. The
change in crystallite size of the calcined sample confirmed that sintering
had occurred. This process not only involves the fusion of particles, but
also the facilitated rearrangement of the structure to a more stable form.

ZnO-HS-Au

b)

35 .g' u.urr. (@_,.r.w.‘w

30 < (\"\.M..-" P

251 450 S0 ss0 600
<_§ 20- A (nm)
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- ZnO-HS
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0.0+ s

550 600

400

Fig. 6. Diffuse reflectance (a), first derivative diffuse reflectance spectra (b) of ZnO samples and their composites and TEM micrographs of ZnO-HS-Pt (c) and ZnO-

HS-Au (d).
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Consequently, the calcination process decreased the preferential orien-
tation. As a result, the TC values after calcination were closer to 1 than
those before calcination. The degree of preferential orientation was
practically halved after the CS removal process. The crystallite sizes of
the noble metals were determined only by the Scherrer equation,
because the data from the XRD measurements was not sufficient to
calculate reliable results by the W-H and SSP methods. The crystallite
size showed very close values, 9.57 nm for Au and 9.53 nm for Pt
nanoparticles. The TEM micrographs (Fig. 6¢ and 6d) of the composites
confirmed the presence of ~10 nm sized particles on the HS surface
corresponding to the size of the noble metal particles[40]. The chemical
deposition process did not result in any observable change in the crystal
structure and the crystallite size remained unchanged.

The light absorption proprieties of the samples were investigated by
DRS measurements (Fig. 6). The decrease of reflectance in the UV-range
is typical of semiconductor oxides [52]. Significant differences could be
observed in the reflectance values in the visible region between the
composite and pure ZnO samples. Au and Pt absorb light in the visible
range, which is in good accordance with the samples having a grey
(ZnO-HS-Pt) or purple (ZnO-HS-Au) color. The band gap energies of
pure semiconductor materials can be determined by the Kubelka-Munk
method; however, for composite materials the spectra of different
components superimpose on each other. Consequently, the first order
derivatives were used to determine the band-gap energies of the noble
metal-containing samples. Applying such an approach also gives insight
regarding the excitability of photocatalysts. The band gap values for
both pure ZnO (ZnO-noCS and ZnO-HS) samples were 3.19 respectively
3,22 eV, which is equivalent to 388 nm wavelength of radiation. This
value is in the typical range of excitability for ZnO-based photocatalysts,
which is in the UV-A range [53]. The noble metal deposition induce a
slight red-shift in the band gap energies of the composites (3.17 eV),
which were identical for both Au- and Pt-containing samples. The
localized surface plasmon resonance specific for gold nanoparticles
could be observed in the derivative spectrum of ZnO-HSs-Au (inflection
point at 542 nm).

The band gap tails were calculated for each sample, as it gives in-
formation about the defect state energy levels in the semiconductor.
Defect states can directly contribute to the stabilization of electron-hole
pairs [54]. The band gap tail energy, also called Urbach energy was
determined according to the publication of P. Norouzzadeh et al. [55].
By comparing the Urbach energies (Ey) of pure ZnO samples (ZnO-noCS,
-SS, -HS), no significant difference was observed, so the use of CS tem-
plates did not result in any noticeable changes in the band structure.
However, due to the noble metal deposition, a threefold increase was
observed in the band tail energies. The source of these defect states could
be the corrosion by the other chemical species involved (citrates and
chloride ions) during deposition apart from the metal nanoparticles
themselves.(Table 2).

The photoluminescence (PL) spectra of the samples are shown in
Fig. 7. PL is an effective way to study the electronic, optical and
photochemical proprieties of semiconductor photocatalysts. In the UV
and near-UV region should be the emission of near band edge (NBE)
transition of ZnO as a result of the exciton recombination. Generally, this
is also accompanied by a broad emission in the range of 450-750 nm. It
has been established that in this region takes place the emissions due to
defects states of the ZnO: blue-green emission in 480-550 nm,

Table 2

Calculated band gap (Eg) and Urbach energy (Ey) values of the ZnO samples.
Sample name Eg (eV) Ey (meV)
ZnO-noCS (reference) 3.22 52
ZnO-SS (reference) 3.19 56
ZnO-HS 3.19 58
ZnO-HS-Au 3.17 232
ZnO-HS-Pt 3.17 240
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originated from the singly charged oxygen vacancies, yellow in
580-610 nm from doubly charged oxygen vacancies or zinc interstitials,
the orange-red emission in 620-750 nm is proposed to be the defect
complexes involving zinc vacancies or zinc interstitial complexes due to
oxygen vacancies [56-58]. The yellow emission is the most common in
pristine ZnO. Although the intensity of the PL emission is a widely used
base for comparison between photocatalyst to explain the efficiency of
the charge separation process, discussing the different emissions in
relation to the other is more advised. In present case ZnO-CS presents the
common NBE, centered at 391 nm, yellow emission (centered at
624 nm) and a slight orange-red emission at 646 nm, but the intensity of
the defect emissions is obviously higher. This region is further presented
in the supplementary material as Fig. S2. The effect can be attributed to
the low oxygen level during synthesis and on the surface of the template.
After calcination, the NBE is significantly reduced and the center is
shifted to 411 nm. The yellow emission has become more intense and
the same amount of shifting can be observed. This implies that the
population of defect state is increased. In consequence the recombina-
tion pathway of the separated charges is also more probable to take
place through the lower defect states. The oxidation of the carbon
template could result in the removal of a portion of the oxygen atoms
from ZnO, which would cause such an intense yellow emission. The
noble metal deposition should reduce the recombination due to affinity
of the metal phase to host the separated electron, which is well-reflected
in the decrease of the intensity of NBE emission, but only for ZnO-HS-Pt
composite, while in the case of ZnO-HS-Au defect emissions are reduced.
Also a few nms of redshift of all the peak centers is observed. This im-
plies a different preferential formation of semiconductor-metal junction
for the metals towards ZnO. Likely, the Au nanoparticles visible range
plasmon resonance levels are more energetically close to the electrons at
the defect states [43,59,60], and vice versa Pt towards the band edge
states [61-63]. An intensity increase is observable in the region where
the blue-green and the orange-red emissions takes place. The most likely
explanation is that, the reducing environment during noble metal
deposition changed some of the defect states on the surface of ZnO-HS.

The surface of the samples was investigated by FTIR measurements,
and the results are shown in Fig. 8. The intense band centered at
460 cm™! was attributed to Zn-O stretching vibrations [64]. The typical
absorption bands for adsorbed water and CO, were observed at
3435 cm™! (stretching vibrations of O-H bonds) and between 2341 and
2361 cm™, respectively. ZnO-HSs showed a relatively narrow band at
1627 cm™, 1579 cm™ and 1610 cm™ which were attributed to the
bending and stretching vibrations of the adsorbed water molecules [65].
No bands were observed that could be attributed to carbon-carbon
bonds. This implies that the calcination procedure was successful in
removing the carbon sphere templates.

3.3. Photocatalytic activity

The photocatalytic activity of ZnO-HS with or without noble metals
and the reference materials (ZnO-noCS and ZnO-SS) were measured by
the photocatalytic degradation of phenol, ibuprofen and diuron under
UV light irradiation and the resulted degradation curves are presented
Fig. 9. During the adsorption period (i.e., no irradiation was applied for
10 min) no significant concentration change (<0.5%) was observed for
any of the investigated samples and model pollutants. Although publi-
cations studying the photocatalytic activity of ZnO hollow spheres are
scarce, the results of few studies are presented in Table 3 for comparison.

The reference materials were compared to our previous results [51],
because in the present work a calcination step was added to the original
synthesis method of ZnO-noCS and ZnO-SS, in order to be comparable to
the hollow structures. In general, calcination is included in the synthesis
of ZnO to improve crystallinity. The precursors used in the syntheses
contain some form of moiety. In consequence, the crystallization of ZnO
rarely occurs in a direct chemical process, and the formation of Zn(OH),
is difficult to avoid. As such, the hydroxide groups can be removed by a
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Fig. 8. FTIR spectra of the investigated photocatalysts.

high temperature thermal treatment that also improves crystallinity [66,
67]. In the present case, the effect is obviously the opposite. During the
solvothermal synthesis the water content was low (0.7% in the solvent
and the moiety of the precursors), which is required for the formation of
ZnO, and the reaction mixture consisted mainly of organic compounds
(ethanol and acetylacetonate ligand from the precursor). This was not
completely removed from the sample. Most probably they were adsor-
bed on the surface or trapped at defect sites. The high temperature re-
sults in the oxidation of organic impurities to COy and H20. These
carbon-based impurities could also use up the loosely bound oxygen on
the surface of ZnO during oxidation that are already prompt for
desorption at high temperatures. This decrease in activity is higher for
ZnO-noCS than for ZnO-SSs. This can be explained as follows. In
Zn0O-noCSs, the preferential orientation along the (002) plane is more
prevalent, which has already been correlated with the photocatalytic
activity of ZnO. If this orientation tends to result in crystal facets con-
taining terminal oxygen, then the oxidation of carbon impurities could
decrease the oxygen content along those facets. Subsequently, in the
present case, calcination induces the oxidation of residual carbon im-
purities, reducing the oxygen-rich crystal facet, which in turn could
reduce the photocatalytic activity.

The photocatalytic activity of ZnO-HS was compared to that of
reference ZnO samples, and surprisingly, the degradation of phenol
showed a 83% and a 132% improvement compared to that observed for
Zn0-SSs and ZnO-noCS, respectively. This can be attributed to the fact
that ZnO-HS retained much more from the original preferentially

oriented structure. This was unexpected because this catalyst contained
much more carbon-based materials (due to the presence of templates)
than the references. Although it is worth noting that the carbon template
is not as intercalated into the crystal structure as the impurities origi-
nating from the solvent and the precursor. Nonetheless, the relatively
small thickness of the shell, which is composed of smaller crystals with
gaps between them, can hardly obstruct the diffusion of oxygen during
calcination.

The photocatalytic activity of composite materials was also
compared to that of the base material (ZnO-HSs) to investigate the effect
of noble metals. The apparent rate constants (kops) were determined for
the ZnO-HSs and the respective noble metal composites (based on
Fig. 10), which are presented in Table 4.

The composite photocatalysts performed much better than the base
material, as kops increased 270% and 336% increases were observed
during the degradation of phenol for Au and Pt composites and even
higher increases for the other two model pollutants. After 4 h, both
samples reduced the concentrations close to zero. The increase of pho-
tocatalytic activity by noble metal deposition is usually attributed to
their electron acceptor role, facilitating the stabilization of separated
electron-hole pairs and preventing recombination. The difference in
photocatalytic activities due to the presence of Au and Pt nanoparticles
can be attributed to two aspects. One is that the plasmon resonance of Au
nanoparticles is in the visible range, while the plasmon resonance of Pt is
at the high energy end of the UV spectrum. This makes the utilization of
plasmon resonance during the photocatalytic process more probable for
Au than that for Pt. The second aspect is that gold nanoparticles have
higher conductivity for electrons than platinum nanoparticles. Consid-
ering that the irradiation was in the UV range is the charge separation
through conduction of electrons in the metal particles are more
probable.

The photocatalytic activity of the samples was investigated also for
diuron and ibuprofen. The base material and reference materials were
considerably less effective in the degradation of diuron and ibuprofen
compared to their efficiency in the degradation of phenol. This is
explicable by the fact that this organic molecule is more stable, larger
and can produce more intermediates [68-70]. On the other hand, the
composites still managed to degrade the model pollutants in 4 h. In
contrary to the degradation of phenol, ZnO-HSs-Pt was slightly better
than ZnO-HSs-Au, especially for diuron. The slightly better photo-
catalytic activity towards diuron compared to ibuprofen could be
explained by the fact that diuron contains chlorine substituents, which
can interact more easily with the (002)-oriented surface [68]. The PL
measurements suggested that Pt can improve the electron-hole separa-
tion more efficiently at the near band edge than Au, which could explain
the better activity of Pt composite compared to Au. As such from
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Table 3
The observed photocatalytic degradations of several Hollow ZnO spheres in the literature.
Catalyst Conditions Reference
Catalyst concentration (g/ Model Concentration of model pollutant Degradation time Conversion
L) pollutant (mM) (h) (%)
Reduced graphene-oxide/ 0.2 Methylene blue 0.01 1.5 99 [66]
ZnO
ZnO 0.5 Congo Red 0.02 1.5 85 [48]
Au/ZnO 1.7 Methylene blue 0.053 0.33 73.7 [31]
Au/Graphene/ZnO Catalyst on substrate Methylene blue 0.01 1 56 [67]1
Zn0O 1 Rhodamine B 0.042 0.83 99 [32]

practical point of view Pt deposition could improve more efficiently the
photocatalytic activity than Au.

The hollow morphology was proven to promote internal reflection
and facilitate a more efficient light harvesting in TiOs. For such phe-
nomenon the absorptivity of the material, the thickness of the shell and
the diameter of the internal cavity should be considered. Regarding this
issue, existing literature reporting on ZnO thin films of similar thickness
as the diameter of ZnO spheres prepared in this work can be utilized [71,
72]. It is well-established that thin films of ZnO have high transmittance
in the visible range, but in the UV range (< 400 nm) they have poor
transmittance (<10%) even at low thickness values (<100 nm) [73].
Consequently, it was presumed that UV light did not participate in the
light harvesting process through internal reflection. Another require-
ment for the visible light to be intensified through constructive inter-
ference is that the internal diameter of the spheres should be an integer
multiple of the wavelength. The diameter of the cavities in the hollow
ZnO spheres presented in this work was 350-450 nm, which would only
allow this phenomenon to occur in the UV range. Subsequently, the

enhancement of photocatalytic activity by internal reflections was ruled
out for these samples.

The degradation of organic pollutants can result in various in-
termediates before reaching the complete oxidation. Some of these in-
termediates can be more toxic and more stable than the original
compound. One representative example is the degradation of phenol,
which can form hydroquinone, resorcinol and catechol, which are all
more toxic and hydroquinone is more stable than phenol. These in-
termediates were also detected in the chromatograms (Fig. S3). Ideally,
the final reaction products of photocatalysis are CO5 and H,0, so the
change in total organic content better reflects the efficiency of the
photocatalytic degradation process. In Fig. 10 the TOC and phenol
conversion values are presented after 4 h of degradation. As expected,
the corresponding TOC values are smaller than the phenol conversion
values. It also reveals that higher TOC removal can achieved with noble
metal deposited ZnO. The TOC removal is significantly increased after
the phenol conversion reaches 90%. Nonetheless, total mineralization
occurs after 12 h and 6 h for ZnO-HS and ZnO-noble metal composites.
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Fig. 10. Phenol conversion and TOC removal values (a), kinetic plots for phenol (b), diuron (c), ibuprofen (d) of ZnO-HS, ZnO-HS-Pt and ZnO-HS-Au samples.

Table 4
The calculated apparent rate constants determined for the as-prepared samples
for the degradation of three model pollutants.

Sample name Kobs (min 1)

Phenol Diuron Ibuprofen
ZnO-HS 9.81 3.79 2.93
ZnO-HS-Pt 26.57 18.27 12.68
ZnO-HS-Au 33.05 14.32 12.07

To sum up, based on the photocatalytic experiments, the hollow
spheres were more efficient than the solid spheres and the template-free
reference regardless of the model pollutant applied. The noble metal
deposition successfully increased the photocatalytic activity of hollow
structures at least twofold.

The reusability and stability of the base material (ZnO-HS) were
investigated and presented in Fig S4. For this sample the phenol
degradation experiment was carried out three times. The XRD and SEM
measurements were repeated and the catalyst proved to be remarkably
stable as they retained their crystal structure, morphology and photo-
catalytic activity. Additionally, the best performing catalyst, ZnO-HS-Pt,
was further examined in simulated waste water conditions described in
the Supplementary material (see Fig. S5).

4. Conclusion

Sucrose-derived carbon sphere templates were investigated in the
synthesis ZnO hollow. Applying sucrose-derived CSs did not result in the
formation of hollow structures when chemical impregnation was
applied as the synthesis method. However, sucrose-derived CSs were
successfully applied during solvothermal synthesis to prepare hollow

10

ZnO spheres. The optimal conditions (10:1 ZnO:CS mass ratio) to obtain
regular hollow spheres were identified. The removal of templates by
calcination was confirmed by SEM and TEM measurements. For the
reference materials the temperature applied during calcination resulted
in the loss of the preferential orientation towards the (002) crystallo-
graphic plane. For the hollow structures, the preferential orientation
was partially preserved due to the presence of the templates.

Au and Pt nanoparticles were successfully deposited onto the surface
of HSs by chemical reduction, which was confirmed by XRD, TEM, PL
and DRS measurements. The morphology and structure of ZnO remained
unchanged, despite the presence of noble metals, the emission spectra of
the composites showed that Pt enhances the charge separation in the UV
range and Au reduces the recombination through the defect states.

The photocatalytic activity of the samples was investigated by the
degradation of phenol, ibuprofen and diuron under UV irradiation. ZnO
hollow spheres outperformed the reference materials by at least 70%.
The presence of noble metals resulted in a remarkable 270% or greater
increase in the apparent rate constants of the photocatalytic degrada-
tion, depending on the model pollutant used. Similar increases in effi-
ciencies were observed both for Au and Pt nanoparticles. The catalysts
were also reusable and stable during the reusability tests.

The higher efficiency of hollow ZnO samples was attributed to their
preserved preferential orientation towards the (002) plane. In conse-
quence, the implementation of sucrose-derived carbon spheres
improved the photocatalytic activity of ZnO synthesized via the sol-
vothermal method.
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