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Abstract We developed a facile one-step sol—gel techni-
que for fabrication of black zinc oxide/carbon (ZnO/C)
nanocomposite films demonstrating an enhanced photo-
catalytic activity. Amorphous carbon covering ZnO grains
inside the films was reduced from organic components of
the zinc acetate based sol calcinated at 500 °C. The amount
of carbon in the films can be controlled by varying the
amount of zinc chloride added to the zinc acetate based sols.
The surface layer of the films is composed by randomly
oriented hexagon-shaped ZnO grains. Photoluminescence
quenching indicating the suppression of -electron-hole
recombination in the prepared ZnO/C composites were
observed. The recorded optical transmittance/reflectance
spectra and the performed photocatalytic tests demonstrated
that the synthesized ZnO/C nanocomposite is promising for
photoinduced decomposition of organic compounds. Rela-
ted peculiarities are discussed.
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1 Introduction

Hazardous wastes of industrial, agricultural, and domestic
activities are becoming one of the major ecological chal-
lenges, threatening the aquatic ecosystems and the drinking
water quality. Moreover, conventional water purification
technologies are ineffective against persistent organic pol-
lutants, which spread out rapidly in air and water [1]. They
can be destroyed or neutralized by using advanced oxida-
tion processes [2]. Heterogeneous photocatalysis, being one
of these processes, has demonstrated its efficiency in
degrading a wide range of organic pollutants [3]. This
method utilizes an ability of semiconductor materials to
generate electron-hole pairs upon absorption of solar light,
which in turn produce highly reactive *OH and *O, " radi-
cals in water and humid air. The photogenerated charge
carriers along with the produced radicals provide effective
decomposition of organic compounds into carbon dioxide
and water [4].

Zinc oxide (ZnO) is one of the most widely used pho-
tocatalytic materials due to its low cost, non-toxicity, and
high photocatalytic activity [5]. ZnO films can be fabricated
by numerous deposition techniques: chemical, hydro-
thermal, electrochemical, and sol-gel. However, because of
the wide band gap (3.37 eV [6]) it can only absorb ultra-
violet (UV) radiation, which is about 3—4% of the solar light
reaching the terrestrial surface [7]. ZnO is also known to be
prone to photocorrosion caused by photogenerated holes,
which has been found to decrease its photocatalytic activity
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in time [8]. In order to overcome the above limitations ZnO
should be combined with other materials to form hetero-
structures or hybrid materials with an improved visible light
absorption and charge carrier separation [9].

Among possible candidates for integration with ZnO,
there are carbon materials, which are characterized by a low
cost, non-toxicity [10], and a potential for an improvement
of photocatalytic properties of the composition in a variety
of ways [11]. Depending on the structural form of carbon
(i.e., nanotubes, graphene, nanodots, fibers, spheres, or
activated carbon) carbon atoms were reported to act as
photoelectron  scavengers, photosensitizers, and co-
adsorbents during photocatalytic processes. These roles
have been observed in the improved photocatalytic activity
under UV and visible light irradiation, as well as in the
photocorrosion stability and reusability of ZnO/carbon
(ZnO/C) composites.

There are two principal approaches to fabrication of
ZnO/C composites. One of them supposes a use of pre-
liminarily formed carbonaceous substrates [12, 13] or
nanocarbon additives (nanotubes, fullerenes, graphene
flakes, nanoparticles) in the synthesis of ZnO from pre-
cursor solutions [14—18]. The second one involves reduc-
tion of carbon from accompanying organic compounds
during thermal processing of ZnO precursors [19, 20]. It
facilitates mixing of ZnO and carbon in the composite film
providing tight electronic interaction between components
during photocatalytic processes. Thus, new approaches to
fabrication of ZnO/C composites are of practical
importance.

In this paper, we report a zinc chloride (ZnCl,) mediated
formation of black ZnO/C nanocomposite films through a
conventional one-step sol-gel deposition process. We sup-
posed a priori and then experimentally confirmed that it
could provide synthesis of ZnO/C nanocomposites within
one calcination step. Structure, composition, optical and
photocatalytic properties of the composite films are pre-
sented and discussed.

2 Materials and methods

Microscope glass slides as thick as 1 mm were used as
substrates. They were cut into 2.0 x 2.5 cm? pieces, cleaned
in acetone and distilled water, and then dried in air.

Two types of sols were composed to fabricate ZnO-
containing films on the glass substrates. The first, which is
the basic one, consisted of a mixture of isopropyl alcohol
(C3H;0H), monoethanolamine (NH,—CH,CH,—OH) and
anhydrous zinc acetate ((CH3COQO),Zn) with their molar
ratio of 49:7:5, respectively. The second one was prepared
by adding 1.15-8.05 wt.% of ZnCl, into the basic sol. Both
sols were aged for 2 days at room temperature.
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There were two groups of samples with ZnO-containing
films. In both groups the film fabrication started with
immersion of the glass substrates into the basic sol for 1 min
followed by their slow withdrawal and drying at 200 °C for
5 min in air. This procedure was repeated 4 times in order to
achieve an appropriate thickness of the deposited films.
Then the samples were annealed in air at 500 °C for 30 min.
It was the final processing step for the first group of the
samples, which are considered to be reference samples. The
second group included the samples processed like the ones
of the first group, but with additional films deposited by
fourfold immersion/drying with the use of the ZnCl, con-
taining sol, and finalized by annealing in the regime of the
first group of the samples.

The surface morphology of the films was analyzed by
scanning electron microscopy (SEM) with Hitachi S-4800.
Their elemental composition was determined by energy-
dispersive X-ray spectroscopy (EDX) with Bruker
QUANTAX 200. Optical reflectance/transmittance spectra
of the samples were recorded with Proscan MC-121 UV-
VIS-NIR spectrophotometer in the wavelength range of
300-1000 nm at room temperature. Photoluminescence
(PL) spectra were registered at room temperature with a
spectroscopic complex based on Solar TII MS 75041 spec-
trograph equipped with the Peltier cooled back-thinned
silicon FFT-CCD detector (Hamamatsu S7031-1006S). The
luminescence of the samples was excited by the light of 1
kW xenon lamp at the wavelength of 345 nm cut from the
broad emission spectrum by double monochromator Solar
TII DM 160. We also registered Raman spectra with SOL
Instruments Confotec NRS00 scanning laser confocal
Raman microscope using 473 nm Cobolt Blues 25 DPSS
laser as a light source. All optical measurements were car-
ried out at room temperature.

Special attention was given to photocatalytic activity of
the fabricated films. It was evaluated by degradation of the
organic dye Rhodamine B (RhB) under ultraviolet (UV)
light irradiation in the presence of the films. Each sample
was immersed into 3ml of 10 mg/l RhB water solution,
which was being continuously stirred by a laboratory shaker
at 180 r.p.m. Prior to the UV exposure each sample was
kept in the solution in dark for 30 min to reach an adsorp-
tion/desorption equilibrium of the dye at the surface of the
film. During the photocatalytic activity tests the solutions
were placed 2 cm far from an 8 W mercury discharge lamp
equipped with a 365nm light filter. Optical absorption
spectra of a 2 ml probe taken from the RhB solutions were
recorded upon every 15 min of irradiation using Proscan
MC 121 spectrophotometer. The concentration of RhB left
in the solutions was calculated from the intensity of their
absorption at the wavelength of 556 nm (peak at the spec-
trum of RhB) using the preliminarily taken calibration



J Sol-Gel Sci Technol

curve. After the test the probe was returned into the
solution.

3 Results

Impressive visual difference between the films fabricated
from the sols without ZnCl, (group I) and with ZnCl,
(group II) was noticed immediately upon calcination at 500
°C. It is illustrated in Fig. 1. The reference group I samples
were matt white, which is typical for a pure ZnO film on a
transparent substrate. The group II samples were black from
the film side. The presence of carbon that is responsible for
this coloration, was revealed by subsequent analysis of the
surface morphology, content of chemical elements, and
Raman data. The experimental arguments are as follows.
Figure 2 presents surface images of the films from the
two groups. There is a dramatic difference in their surface
morphology, while all of them have a rough texture. The
surface of the films fabricated from the basic sol (without
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ZnCly) is formed by few micrometer sized agglomerates of
submicron (50-150nm) grains. In contrast, randomly
oriented hexagon-like structures of few micrometers in size
are well resolved at the surface of the black films derived
from the ZnCl, containing sol, which is not surprising,
noting that the most thermodynamically stable wurtzite
crystalline phase of ZnO has a hexagonal crystal lattice [9].

Cross-sectional SEM images of the experimental black
films and reference white films show their thickness to vary
in the range of 2—6 pm due to the roughness. The reference
films are uniform in a cross-section and consist of sub-
micron grains also visible at their surfaces. The black films
have a three-layer structure illustrated in Fig. 3. The surface
layer is composed by the hexagonal grains. As far as they
do not penetrate inside the film, one can assume them to
originate from the liquid ZnCl, melted during the second
annealing at 500 °C and subsequent crystallization of ZnO
from the melted phase.

Two entire regions with slightly different electronic
contrast are observed under the grains. Both of them are
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Fig. 1 Surface view of the samples with ZnO (0 wt.% ZnCl,) and ZnO/C (1.15-8.05 wt.% ZnCl,) films

Fig. 2 SEM surface images of the films fabricated from the basic sol (a) and the sol with 4.6 wt.% of ZnCl, (b)
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Fig. 3 SEM image of the cross-section of the black film fabricated
from the sol with 4.6 wt.% of ZnCl,
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Fig. 4 EDX spectrum of the black film fabricated from the sol with 4.6
wt.% of ZnCl,

formed by submicron grains, while the grains in the near-
substrate region are in average and a little bit larger in size.
It looks quite reasonable, since the bottom layer of the black
films was twice subjected to the annealing at 500 °C, which
inevitably initiated the growth of the grains. Considering the
transparency of ZnO in the visible range also confirmed by
the white color of the reference samples, we conclude that
the black pigment in the films derived from the ZnCl,
containing sol is localized in the intermediate layer, which
looks the darkest in Fig. 3. As far as no visible precipitates
are resolved in it, one can suppose this pigment to be uni-
formly dispersed in this layer.

The EDX analysis of the black films found carbon in
concentrations above the level registered in the reference
sample, in which this element belonged to the products of
the organic components of the sol and organic compounds
adsorbed at the surface after the film formation. The
recorded EDX spectrum is presented in Fig. 4. Carbon
concentration in the black films was estimated to be about 5
wt.%. It seems to be sufficient for coloration of the film,
although it should be taken into account that EDX detects
carbon atoms only in the near-surface layer of the film (not
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Fig. 5 Raman spectra of the ZnO reference and black films fabricated
from the sols with 2.3 wt.% and 4.6 wt.% of ZnCl, (excitation
wavelength 473 nm)

deeper than 1-2 pm). The ZnCl,-containing precursor also
leaves a fingerprint in the EDX spectrum in the form of the
well-distinguishable signals from chlorine (Cl) left in the
black films. Its concentration and carbon concentration in
the films correlate with the amount of ZnCl, added to the
sol.

Typical carbon related signals were also detected by
Raman spectrometry. The Raman spectra recorded for the
black film and reference samples are shown in Fig. 5. There
are two groups of peaks in the Raman spectra related to
ZnO and carbon in the analyzed films. The peaks located at
333, 438, 574, and 1158 cm™' correspond to E,(high)-
E>(low), Es(high), A;(LO), 2A;(LO) vibrational modes of
crystalline ZnO bonds [21], respectively. Another two
pronounced typical peaks at 1380 and 1588 cm™' are
usually attributed to structural disorder (designated as “D”)
and E,, vibrational mode of C-C sp2 bonds in carbon [22].
Note that these carbon-related peaks were also registered in
the ZnO reference film but at a dramatically lower intensity
as compared to the black films. That agrees with the results
of the EDX analysis. Characteristic signals from ZnCl, at
around 250 cm ™! [23] were not detected.

Summarizing the experimental observations presented,
we conclude that the addition of ZnCl, into the sol used for
the sol—gel fabrication of the films results in the formation
of ZnO/C nanocomposite. Amorphous carbon is quasi-
uniformly dispersed between the ZnO grains in the inter-
mediate layer thus giving rise to the black color of the films.

Room temperature PL spectra of the reference and black
samples are compared in Fig. 6. Several bands are resolved.
The narrow PL band peaking at 375 nm corresponds to the
radiative band-to-band recombination processes in crystalline
ZnO [15, 17, 24]. This wavelength corresponds to the energy
of 3.31eV. Considering the exciton-binding energy of 60
meV in ZnO [25], the fundamental band gap in both samples
is estimated to be of 3.37eV. The PL band with the
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Fig. 6 Room temperature PL spectra for the reference ZnO film and
black ZnO/C film fabricated from the sol with 3.45 wt.% of ZnCl,

maximum at 520 nm is usually attributed to recombination
processes via energy levels in the ZnO band gap associated
with oxygen vacancies [26, 27]. Broadening of this band into
infrared spectral region is more probably controlled by
interstitial oxygen atoms which energy states are responsible
for the luminescence in the range of 550-800 nm [26-28].

While the energy positions of the main PL peaks are
practically identical for both samples, the reference one
demonstrates more intense photoluminescence. Such PL
quenching is often reported for carbon-containing ZnO
structures [13—-17, 19, 24]. It is usually attributed to the
photoelectron scavenging by carbon materials leading to the
suppression of electron-hole recombination in ZnO.

Optical transmittance and reflectance of the reference and
black samples were measured as a preliminary step
assessment of their suitability for an efficient photocatalysis.
The recorded spectra are presented in Fig. 7. Note that the
glass substrates used are 86—90% transparent in the wave-
length range of 356—1000 nm, but their transparency drops
from 86 to 4% with decreasing the wavelength from 356 to
300 nm. The spectra of the reference film look typical for
ZnO films. Its transmittance gradually changes from about
4% to less than 0.4% for the wavelengths decreasing from
1000 to 400 nm. The reflectance in this wave range varies
slightly between 0.4 and 1.3%. Both spectra are character-
ized by drop of the signal intensities almost to zero in the
UV range below 400 nm.

The optical band gap of ZnO extracted from these parts
of the spectra is 3.15 eV, which agrees well with the pub-
lished data (3.08-3.44 eV [29]), although such low value
can be related to the contribution of donor defects to the
light absorption suggested in ref. [30]. In contrast to the
reference samples, the black ones are characterized by
wavelength-independent transmittance and reflectance
being close to 0 %.

The significant difference in the optical characteristics of
the reference and black films was developed in the
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Fig. 7 Transmittance (a) and reflectance (b) spectra of the ZnO
reference and black ZnO/C films fabricated from the sol with 3.45 wt.
% of ZnCl,

performed photocatalytic tests. Figure 8 shows the adsorp-
tion and photocatalytic degradation of RhB in water solu-
tion irradiated by UV light with reference and black films in
terms of the decrease of its concentration ratio C/C,, where
Cop and C are starting and resulting concentrations of RhB,
respectively. Accounting for the high photocatalytic activity
of the tested samples they were kept for 30 min in the
solution in dark, before irradiation by UV light in order to
stabilize adsorption processes at their surfaces. Upon 60 min
of UV irradiation all tested catalysts decolorized the RhB
solutions completely. Nevertheless, the reference ZnO film
demonstrated the lowest adsorption capacity and photo-
catalytic activity. At the same time, the most uniformly
black ZnO/C film derived from the sol containing 3.45 wt.%
of ZnCl, adsorbed 6.9 times more RhB, showing the
highest adsorption capacity, while the highest photo-
catalytic degradation rate (16.5% higher than for the refer-
ence ZnO film) was demonstrated by the film fabricated
from the sol containing 6.90 wt.% of ZnCl,, which appar-
ently adsorbed only 2.75 times more RhB than the reference
ZnO film.
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Fig. 8 Adsorption and photocatalytic degradation of RhB in the water
solution by ZnO reference and black ZnO/C films under UV light (365
nm) irradiation: a—depending on the time for various concentrations of
ZnCl, in the initial sols; b—depending on the concentration of ZnCl, in
the initial sols for various times

4 Discussion

Analyzing the sources of carbon in the sol-gel derived ZnO
films, one should first take into consideration the organic
components of the sol, which are isopropyl alcohol (boiling
at 82.6 °C), monoethanolamine (boiling at 170 °C), and
anhydrous zinc acetate (decomposing at 237 °C). The first
two liquid components are expected to evaporate during
drying of the films at 200 °C. Therefore, we consider zinc
acetate to be the main source of carbon in the resulting ZnO/
C nanocomposites. Zinc acetate, as follows from [31, 32],
decomposes at 150-300 °C producing acetic acid, acetone,
CO,, and ZnO nanoparticles. It is known [33] that such
particles can be covered with acetyl groups, unless oxygen
flow conditions are applied during the thermal treatment
[34]. In case zinc acetate is heated in air, the final com-
bustion of organic by-products occurs at 370-490 °C [31].
However, a fraction of carbon containing species can
remain in closed pockets and pores of the ZnO agglomer-
ates, which are of several microns in size. Carbon atoms do
not enter the crystalline lattice and dope ZnO, as it is

@ Springer

ZnO

Carbon

Fig. 9 A mechanism of photocatalytic degradation of Rhodamine B
by ZnO/C nanocomposites

evident from the experimentally extracted optical band gap
in the reference samples corresponding to that of bulk ZnO
crystals. The addition of ZnCl, to the sol dramatically
modifies carbon-involved processes. This compound is
known to be a moderate-strength Lewis acid capable of
catalyzing synthesis and decomposition of different hydro-
carbons [35], including the decomposition of organic sub-
stances into carbon [36-38]. These reactions usually take
place in the melted ZnCl, media. Its melting point is 290 °
C. While all carbon-containing compounds used in our
experiments have lower boiling or decomposition tem-
perature, their vapors and decomposition products can be
adsorbed at the surfaces of the forming ZnO grains and
trapped inside their agglomerates. Then they undergo pyr-
olysis in the presence of melted ZnCl, catalyst resulting in
the formation of amorphous carbon. The produced carbon is
blocked inside the intermediate layer by the melted ZnCl,,
which in turn reacts with oxygen producing the ZnO layer at
the surface. This dense layer hinders an access of oxygen to
the underlying melted ZnCl,, which is supported by the
observation of the Cl-related peaks at the EDX spectra.
The mechanism of the photocatalytic degradation of
Rhodamine B by ZnO/C nanocomposites previously pro-
posed by various researchers [12, 13, 16—18] is shown in
Fig. 9. First, absorption of UV light in the material excites
electrons from the valence band of ZnO to move to the
conduction band, thus producing electron-hole pairs. These
pairs can either recombine or take part in photocatalytic
reactions. Next, the route of the photocatalytic reactions is
determined by the presence of adsorbed species and het-
erojunctions at the surface of ZnO. When an electron-hole
pairs migrate to the ZnO/C heterojunctions, the electrons
can be transferred to the carbon particles preventing
recombination of the photogenerated charge carriers and
improving the efficiency of irradiation energy utilization.
When charge carriers migrate to the ZnO/water or carbon/
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water interface, they interact with the species adsorbed from
the water. Holes can either directly oxidize the adsorbed
RhB or produce hydroxyl radicals (*OH) from water
molecules (H,O) or hydroxide ions (OH ). Electrons can
turn oxygen molecules (O,) into superoxide radicals (*O, ™),
which can further react with H,O to produce *OH radicals,
hydroperoxyl radicals (HO,®), and hydrogen peroxide
(H,0,). Finally, the produced radicals react with RhB and
decompose it into more simple organic compounds, which
are further degraded by newly generated charge carriers and
radicals into water and carbon dioxide.

The increased adsorption capacity of the black films can
be attributed to the presence of carbon facilitating
the adsorption of organic molecules, as it was reported
in [11, 12, 24], and allowing their direct oxidation by
photogenerated holes [20]. However, the adsorption capa-
city of the ZnO/C composite films does not seem to cor-
relate with their photocatalytic activity. As it is shown in
ref. [15], the efficiency of ZnO/C photocatalysts is related
not only to their surface area, but also to the nature of the
carbon material.

As for the photocatalytic role of carbon, its species were
reported in refs. [10-17, 19, 24] to be able to act as pho-
toelectron reservoirs providing a necessary separation of
photogenerated electrons and holes, which results in the
reduction of recombination losses and improvement of the
photocatalytic activity of ZnO. The most active ZnO/C
films derived from the sol containing 6.90 wt.% of ZnCl,
showed 16.5% higher RhB degradation rate than the
reference ZnO film. It can be explained by the surface states
at ZnO grains providing good electrical contact between the
grains and carbon material via C—O—Zn bonds discussed in
refs. [11, 12, 14, 24]. An enhanced light absorption by the
intergrain carbon material seems to be an additional factor
increasing the photocatalytic activity of the sol—gel fabri-
cated ZnO/C composites.

5 Conclusion

The proposed addition of ZnCl, into the sol for sol—gel
fabrication of ZnO based films allows one calcination step
at 500 °C to be sufficient for the formation of black ZnO/C
nanocomposites with an enhanced photocatalytic activity as
compared with the reference ZnO film. Amorphous carbon
filling the regions between the synthesized ZnO nanograins
is supposed to be formed as a result of the catalytic effect of
the melted ZnCl, on decomposition of the organic compo-
nents of the sol. The melt is blocked by the growing
hexagon-shaped ZnO crystallites at its surface. The incor-
porated carbon enhances light absorption and transport of
the photogenerated carriers thus increasing the photo-
catalytic activity of the composite.
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