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ARTICLE INFO ABSTRACT

Keywords: Zinc oxide is one of the most widely used semiconductors, thanks to its shallow band-gap of 3.3 eV, low cost,
ZnO inertness, and abundance in nature. On the other hand, poly (methyl methacrylate) (PMMA) is a common
PMMA thermoplastic material used in many applications namely because of its transparency, environmental stability,
Composites P . . . . L 0. . . . .1

ALD and low cost. The realization of novel inorganic/polymeric hybrid nanomaterials is appealing, being beneficial in
Low temperature a variety of applications including photocatalysis, sensing, energy harvesting and storage, and optoelectronics,
Photocatalysis but also challenging. In this work, ZnO and PMMA were combined using the atomic layer deposition (ALD)

technique. The morphology of the samples was evaluated by scanning electron microscopy (SEM), while the
crystallinity has been investigated using X-ray diffraction (XRD) analyses. In order to give a proof of concept of a
possible application of the materials synthetized, the photocatalytic activity of the nanocomposites has been
tested by the degradation of two organic pollutants in water: methylene blue (MB) dye and sodium lauryl sulfate
(SDS), an anionic surfactant. The results have shown that all samples are active in the removal of both pollutants
(i.e., MB and SDS), opening the route for the application of the proposed nanocomposites in water treatment.

1. Introduction

Zinc oxide (ZnO) is a direct wide band-gap material (~ 3.4 eV at 300
K) with many advantages for opto-electronics, like the availability of
large area substrates for epitaxial layer growth and high solubility of n-
type dopants. These optical and crystallographic properties promote its
use as a transparent conductive layer in transparent electronics and
photovoltaics. A large exciton binding energy (~ 60 meV), and excellent
luminescent properties gave rise to efficient light emitting devices
operating in the blue/ultraviolet (UV) regime [1-4]. Furthermore, it has
a high chemical/thermal stability and radiation hardness, it is non-toxic
and eco-friendly, and is of low cost. Since being established as an elec-
tronic material in the 1950s, substantial progress has been made in the
development of ZnO-based varistors, UV detectors, sensors, transducers,
surface acoustic wave devices, and as a transparent and conductive
oxide [1-4]. Given its high photocatalytic activity, zinc oxide has also
received great attention as a photocatalytic semiconductor for envi-
ronmental applications [5-8]. The interest was further motivated by the
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suitability of ZnO to form nanostructures, where a wide variety of shapes
and sizes have been demonstrated [9-13].

The implementation of ZnO in real world applications is associated
to its integration on a polymeric substrate or matrix. The latter would
assure flexibility, formability, low weight, as well as low cost of manu-
facture. For this reason, the realization of hybrid materials, composed of
an organic part (polymer-based) and an inorganic counterpart (ZnO-
based), has recently attracted remarkable interest among the research
community [14-20].

Zinc oxide is conventionally prepared by physical or chemical vapor
deposition methods at substrate/reactor temperatures higher than 200
°C [21,22], temperatures which are incompatible with the thermally
fragile polymers. Atomic layer deposition (ALD) presents itself as a
viable deposition technique as it allows for the deposition of crystalline
phases at close to room temperature. Over the conventional methods,
ALD allows the production of materials with atomic scale precision
together with a strict control of the structural and chemical properties
on large areas [23,24]. The high quality of the ALD materials originates
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from the peculiar growth mechanism based on selective and self-limiting
reactions between the ALD gaseous precursors and the exposed reactive
group at the surface of the substrate [23,24]. Compared with other
deposition methods, ALD can operate at much milder conditions of
pressure and temperature and in the absence of molecular-level
bombardment, thus being compatible with the polymeric substrates. It
is relevant to note that the deposition of ZnO on polymers using the ALD
process is challenging. Firstly, it is necessary to work at a low deposition
temperature, specifically below the glass transition temperature of the
polymer to avoid the softening of the substrate and limit the dilatation of
the polymer due to the phase change, which would introduce stresses in
the film and cause delamination [23]. Secondly, polymers often lack the
active surface sites necessary, in principle, for activating the film growth
[23,25]. Finally, polymers may build a negative surface charge, which
often repels the precursors and slows down the growth rate of the film
produced by the ALD processes [26-29]. Some groups investigated the
atomic layer deposition of ZnO on different polymers, such as poly-
vinylidene fluoride [30], hydroquinone superlattice [31], poly-
propylene [32], poly (methyl methacrylate) (PMMA) [33]. In case of
polymer surfaces having no hydroxyl groups, the first precursor reach-
ing the surface is trapped into the porous structure of the plastic mate-
rial. Polymers like PMMA, polyvinyl chloride, polystyrene,
polypropylene and others fall under this category. The trapped pre-
cursors serve as nuclei on which the second precursor reaching them
forms clusters and progressively grows and eventually coalesces, closing
the space between the polymeric chains. Following that, the metal-oxide
grows on the polymer’s surface as a film [34]. This means that it is
possible to produce thin films on polymers even in the absence of active
surface sites. However, to achieve this process, the precursor has first to
overcome the repulsive force generated by the accumulating surface
charge that acts as a barrier [25,34].

PMMA substrates were chosen in this work as the organic component
of the nanocomposites. This selection derived from the vast range of
applications of PMMA, due to its transparency to visible light, its
attractive mechanical properties, chemical stability, low-cost, and hy-
drophobic characteristics when in contact with food and drinks.
Although the ALD of ZnO on PMMA has been demonstrated [33,35,36],
this method is still at an early stage, thus deserving further investigation.

In this work ZnO-PMMA based nanocomposites have been synthe-
sized by ALD using mainly two different strategies: 1) the deposition of
ZnO films by ALD on PMMA plates; 2) the coating of PMMA powders
with a thin layer of ZnO by ALD and subsequent sonication and solution
casting. A comparison with ZnO-PMMA materials simply synthetized
through the sonication and solution casting method has been performed.
The synthesized nanocomposites have been extensively characterized
and tested for the degradation of organic pollutants in wastewater, as
proof of a possible field of application of the proposed materials.

2. Experimental
2.1. Materials

Plates of PMMA (4 mm thick) synthetized by Plastica Alfa using in-
jection molding, PMMA powders having a molecular weight of 120,000
Da and 0.2-1 mm in diameter purchased from Sigma Aldrich, and 8-inch
(100)-oriented silicon wafers bought from Si-Mat, were employed as
substrates for the ALD deposition processes. Diethyl zinc (DEZ) was
purchased from Air Liquid and used as ALD precursors for the deposition
of ZnO. Zinc acetate dihydrate (ZnAcp-2H30), sodium hydroxide
(NaOH), methylene blue (MB), and sodium lauryl sulfate (SDS) were
purchased from Sigma-Aldrich and used as received.

2.2. Preparation

The ZnO-PMMA nanocomposites, presented in this paper, were
synthesized using three different methods, described below.
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Atomic layer deposition of ZnO on PMMA and Si plates: ZnO thin
films were deposited on PMMA and Si substrates which measured 2.5
cm x 2.5 cm. The PMMA pieces were first washed in a solution of
deionized water and isopropanol, and then dried under a nitrogen flux.
The Si substrates were merely cleaned under a nitrogen flux. The de-
positions of ZnO were performed using the ALD Picosun R-200
Advanced reactor. The deposition temperature was fixed at 80 °C, being
lower than the softening temperature of the PMMA (glass transition
temperature of PMMA is around 100 °C) [37]. Diethyl zinc (DEZ, purity
99.9999%) and deionized water were used as the precursors, while Ny
was used as the carrier and purge gas (purity > 99.999%). The precursor
temperatures were both set at 22 °C. The pulse and purge times were
kept constant at 0.1/3.0/0.1/5.0 s for DEZ/N2/H50/N5. The number of
ALD cycles was varied from 220 to 2200. These samples will be hereafter
called: “ZnO ALD”.

Atomic layer deposition of ZnO on PMMA powders and solution
casting: PMMA powders were coated with a thin layer of ZnO using the
ALD process. The deposition was performed using a POCA system [16],
which is a powder coating solution consisting of a quartz glass with a
porous separator on the bottom (pore size in the range of 160-250 pm).
For this experiment, the POCA system was filled with 2 g of PMMA
powders. The deposition of ZnO was performed as reported above for the
deposition of ZnO on PMMA plates (i.e., 80 °C, 0.1/3/0.1/5 s for the
DEZ/N5/H30/Ny). Then, the ZnO-PMMA nanocomposites were pre-
pared using the sonication and solution casting method [38,39]. 300 mg
of ZnO-PMMA powders were dissolved in 5 mL of acetone. The solution
was sonicated for about 8 h. After that, the mixture was cast into Petri
dishes (5 cm in diameter) and dried overnight at 4 °C to favor the
sedimentation of ZnO at the bottom of the films. The nanocomposite
films were then peeled off from the Petri dishes. This material shall be
referred to as: “ZnO ALD + Solution Casting”.

ZnO-PMMA by sonication and solution casting: An easy fabrica-
tion technique involves the mixing of a raw polymer with a semi-
conductor, both in the powder form, in order to attain nanopowders
embedded in a polymeric matrix [39]. ZnO nanopowders were firstly
synthesized using a precipitation technique, as reported in literature
[40]. During a typical synthesis, 20 mL of NaOH solution (1.0 M) and 20
mL of a ZnAcy-2H,0 solution (0.5 M) were mixed in a flask and the
solution was stirred for 2 h using a magnetic stirrer. The mixture was
separated from water using a centrifuge rotated at 4000 rpm for 5 min.
The powders collected were washed several times in distilled water and
then dried overnight at 140 °C. Following this, the ZnO-PMMA com-
posites were produced using the sonication and solution casting method
[38,39]. Specifically, 800 mg of PMMA were dissolved in 4 mL of
acetone, while 30 mg of ZnO nanopowders (synthesized as described
before) were dispersed in 4 mL of acetone. Both the solution and the
dispersion were sonicated for about 45 min. The inorganic dispersion
was then added to the PMMA solution and mixed for 1 h. After that, the
mixture was cast into Petri dishes (5 cm in diameter) and dried overnight
at 4 °C to favor the sedimentation of ZnO at the bottom of the Petri
dishes. The nanocomposite films were then peeled off from the Petri
dishes. This material will be hereafter simply called: “ZnO Solution
Casting”.

2.3. Characterization

The thickness of the ZnO flat films was determined using the M —
2000 spectroscopic ellipsometer by Woollam, applying a Cauchy model
in the 400-1700 nm range.

The surface morphology of the synthesized materials was studied
using a field emission Zeiss Supra 25 scanning electron microscopy
(SEM), operating at 3 kV. Prior to imaging, the samples were coated with
a 3 nm-thick gold film using sputter deposition. The coating rendered
the surfaces conductive, thus preventing electron beam charging of the
insulating polymer.

The structure of the samples was investigated using a Bruker D-500
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X-ray diffractometer (XRD), with a parallel Cu-Ka radiation, operating at
40 kV and 40 mA, over a 20 range of 20°-60°, and grazing incidence
mode (0.8°). The XRD patterns are reported in counts per second (cps)
versus 20, and they were analyzed by the Bruker software suite,
including the ICSD structure database.

In order to test a possible application of the materials synthetized,
the photoactivity of the samples towards the degradation of methylene
blue (MB) dye and sodium lauryl sulfate (SDS) was tested. The mea-
surements were performed under UV light irradiation generated using a
UWAVE led UV lamp system with an emission centered at 365 nm (full
width at half maximum of 10 nm), and an irradiance of 12 mW/cm?
Before taking any measurements, the samples were irradiated by the UV
lamp for 60 min in order to remove the hydrocarbons from the surface of
the specimens [41]. The samples were thereafter immersed in a 4 mL
solution containing deionized water and an initial MB or SDS concen-
tration of 1.5 x 10> M. Before switching on the UV light, the solutions
were held in the dark for 1 h in order to assess the adsorption of the
MB/SDS on the beaker surface and on the sample surface. The MB so-
lution was then irradiated and measured at regular time intervals for up
to 4 h, using a UV-vis spectrophotometer (Lambda 35, PerkinElmer) in a
wavelength range of 500-800 nm. The degradation of MB was deter-
mined by measuring the absorbance of the 664 nm peak in the
Lambert-Beer regime [42]. SDS degradation was tested after 4 h of UV
irradiation using a visible spectrophotometer (Hach DR 3900), LCK 432
cuvette kits for high concentration solutions and LCK 332 cuvette kits for
low concentration solutions. The experimental error of the photo-
catalytic measurements was 1%.

3. Results and discussion

ZnO thin films were deposited using ALD at a deposition temperature
of 80 °C, with different cycles, i.e. thickness. Table 1 reports the values
of the thicknesses of several ZnO layers deposited on Si or PMMA sub-
strates for different ALD cycles. The values clearly indicate that with
equal cycles the thicknesses obtained on the PMMA plates are lower than
those on Si. This is due to the lack of reactive hydroxyl groups on the
PMMA substrates, which hinders the atomic layer deposition, as dis-
cussed in detail in the introduction.

The growth rate of the ZnO thin films deposited on Si substrates was
linearly extrapolated by the trend of the thickness versus the number of
the cycles (Fig. 1). The growth rate for ZnO deposited on Si at 80 °C was
0.095 nm/cycle in agreement with the value extrapolated in our pre-
vious work [43]. As explained in the introduction to this work, the
deposition of ZnO on PMMA substrates is more challenging and the
infiltration of the precursors inside the porous polymeric matrix is
required before onset of film growth. In fact, as evident from Fig. 1, over
550 cycles are required before a coating with a measurable thickness can
be produced. After a 550-cycle barrier, the thickness of the ZnO film
increases at a rate of 0.11 nm/cycle (being the linear fit performed for
data with cycles higher than 550). This means that after a latency period
(during which the diffusion and trapping of the precursors into the near
surface region of the polymer take place), the growth rate of films
deposited on PMMA is slightly higher than that on Si substrates, con-
firming the data already reported in the literature for other inorganic
and organic materials [25,34].

Table 1
Thickness of ZnO thin films deposited using ALD on Si and PMMA substrates as a
function of the deposition cycles.

Cycles ZnO thickness on Si (nm) ZnO thickness on PMMA (nm)
220 21+1 1+0.1

550 49+3 2.4+0.1

750 70 + 4 12+ 2

1100 104 +£5 60 + 4

1650 159 £ 8 100 £ 7

2200 205 + 10 180 + 10
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Fig. 1. Film thickness of ZnO deposited using ALD at 80 °C on Si (square) and
on PMMA (circles) as a function of the number of the ALD cycles. Film growth
rates were based on the linear fit of the experimental data (dashed lines).

The results reported from here on concern ZnO films deposited on
PMMA substrates using ALD for a total of 1650 cycles, equivalent to a
coating thickness of about 100 nm. The ZnO overlay deposited on PMMA
powders had a thickness of approximately 80 nm, as measured by cross-
sectional scanning electron microscope [16].

Fig. 2 shows plan-view scanning electron micrographs of the samples
investigated. The morphology of the ZnO film deposited directly on
PMMA samples, i.e. “ZnO ALD” is represented in Fig. 2 (a) where a ZnO
film totally covers the PMMA substrates. The surface of the ZnO layer
appears composed of small grains. The literature is indeed unanimous in
reporting SEM images of ALD ZnO films with a granular structure [35,
43,44]. The high roughness of the film can be attributed to that of the
polymeric substrate. Fig. 2 (b) shows the surface morphology of a “ZnO
ALD + Solution Casting” sample. The specimen exhibits the granular
structure of ZnO, deposited by ALD and then desegregated by the so-
lution casting process. In this case, the presence of voids appears from
the SEM analyses. Fig. 2 (c) demonstrates a plan-view SEM image of a
“ZnO Solution Casting” sample, used as comparison for the present
work. The figure clearly shows a PMMA matrix with several holes in
which the ZnO embedded itself. The ZnO nanopowders, in the form of
flakes, have the usual granular morphology [16,35].

XRD results reported in Fig. 3 clearly show that all the nano-
composites have the Wurtzite polycrystalline structure, typical for
polycrystalline ZnO. In particular, the diffraction patterns reported in
Fig. 3 have Bragg peaks corresponding to the planes (100), (002), (101),
and (110) at 31.85°, 34.35°, 36.25°, 44.75°, 56.75° in agreement with
the Joint Committee on Powder Diffraction Standards (JCPDS) card of
ZnO [JCPDS 36-1451]. Therefore, despite the low fabrication temper-
ature (80 °C in the case of the ALD process and room temperature in the
case of solution casting) all the samples exhibited a high degree of
crystallinity. It is important to note that a broad band is observed in all
coatings except the “ZnO ALD” films. The broad band is the result of the
PMMA amorphous structure. The sharper “ZnO ALD” peaks can be
attributed to the higher ZnO film thickness that isolated the polymeric
substrate.

In order to give a proof of concept of the feasibility of the nano-
composites synthesized in this work, the photocatalytic activity of the
materials in the degradation of two organic pollutants was tested:
methylene blue dye and sodium lauryl sulfate. The amount of ZnO in all
the specimens was indirectly estimated with the aim to compare the
synthesized samples correctly and to use the same amount of ZnO for all
the experiments. For the “ZnO ALD” material, a sample with an area of 2
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Fig. 2. Plan-view SEM images of ZnO-PMMA composites: a) “ZnO ALD”, b)
“ZnO ALD + Solution Casting”, and ¢) “ZnO Solution Casting” samples.
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Fig. 3. XRD patterns of ZnO-PMMA composites (from the top to the bottom):
“ZnO ALD”, “ZnO ALD + Solution Casting”, and “ZnO Solution Casting”.

em? was calcined at 800 °C in air for 3 h to remove all the PMMA used as

substrate. The amount of ZnO powder after the calcination was 0.3 mg
resulting in a concentration of 0.15 mg/cm?. The “ZnO ALD + Solution
Casting” sample had approximately 2% ZnO, as determined by the
variation of the weight before and after the deposition [16]. The amount
of coated PMMA was 300 mg, meaning 6 mg of ZnO in a Petri dish with a
diameter of 5 cm, giving a concentration of ZnO of 0.30 mg/cm?. Lastly,
for the “ZnO Solution Casting” samples, 30 mg of ZnO powders were
mixed with 300 mg of PMMA so the concentration of ZnO in a Petri dish
with a diameter of 5 cm was 1.5 mg/cm?. The size of each squared
samples was consequently selected to provide the same amount of ZnO
for each sample typology. The sample sizes were consequently set at 2.5
x 2.5 cmz, 1,8 x 1,8 cmz, and 0.8 x 0.8 cm? for the “ZnO ALD”, “ZnO
ALD + Solution Casting”, and “ZnO Solution Casting” sample,
respectively.

The photocatalytic activity of these samples was firstly evaluated by
the degradation of MB under UV light irradiation. The experimental
results were reported in Fig. 4. In the figure, C indicates the concen-
tration of MB at time t, and C is the starting concentration of MB. The
discoloration of the aqueous solutions was tested in the absence of any

Fig. 4. MB photodegradation under UV light irradiation for five samples: MB
(squares), bare PMMA (circles), MB with “ZnO ALD” (left triangles), “ZnO ALD
+ Solution Casting” (down triangles), “ZnO Solution Casting” (up triangles).
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photocatalytic materials (squares) and in the presence of bare PMMA
plates (circles) as controls, and also with the synthesized nano-
composites: “ZnO ALD” (left triangles), “ZnO ALD + Solution casting”
(down triangles), and “ZnO Solution Casting” (up triangles). The
adsorption capacity of the samples was preliminarily tested in the dark
until equilibrium was reached (grey area in Fig. 4). This step was
important to discern the photocatalysis of the materials from the
adsorbance of the dye to the beaker walls and/or sample surfaces. After
1 h in the dark, a slight adsorption of MB can be observed with all
samples, following which equilibrium is reached. Afterwards, the UV
light is turned on. As expected, no response was obtained in the two MB
solutions without any catalysts (i.e. MB aqueous solution, MB with
virgin PMMA). On the other hand, MB solutions with ZnO-enriched
samples showed significant discoloration. The “ZnO ALD” samples
were able to degrade ~ 62% of the starting concentration of MB, the
“ZnO ALD + Solution Casting” samples were able to degrade ~ 55%, and
the “ZnO Solution Casting” samples removed ~ 67%. The slight differ-
ences in the efficiency could be due to the errors in the indirect evalu-
ation of the amount of ZnO in the different samples and to a diverse
nanostructure of the specimens. In any case, all samples exhibited
considerable efficacy in the degradation of MB dye.

The photocatalytic activity of the synthesized materials was assessed
for the degradation of sodium lauryl sulfate, an anionic surfactant
frequently used in many cleaning and hygiene products for its foaming
effect. The results are reported in Fig. 5, where the percentage of the SDS
degradation is measured after 4 h of UV light exposure. The results
indicate that all samples can efficiently degrade the surfactant. The
degradation percentage is higher than in the case of MB: ~ 64% for the
“ZnO ALD”, ~ 66% for the “ZnO ALD + Solution Casting”, and ~ 73%
for the “ZnO Solution Casting” samples. This is probably due to the
difference in charge between the SDS and the MB. In fact, the partial
positive charge of the ZnO [45] favors the interaction between the
semiconductor surface and the anionic surfactant, but hinders the
interaction with the MB, that is positively charged.

4. Conclusions

In summary, the synthesis of hybrid systems consisting of ZnO and
PMMA was reported. Three different strategies for the production of
ZnO-PMMA nanocomposites were reported, namely: 1) the deposition of
ZnO thin films by ALD on PMMA plates; 2) the covering of PMMA
powders by thin layers of ZnO using ALD and the subsequent formation
of specimens by sonication and solution casting; 3) the sonication and
solution casting of ZnO nanopowders and PMMA. It was found that the
ALD of ZnO on PMMA plates at low temperature suffers from a latency
period (during which the diffusion and trapping of the precursors into
the near surface region of the polymer take place); afterwards, the
growth of the ZnO films deposited on PMMA proceeds more quickly than
that on Si substrates. XRD analyses proved the polycrystalline structure
of the ZnO in all the sample typologies, despite the low fabrication
temperature (80 °C in case of the ALD process and room temperature in
case of the solution casting one). The high photocatalytic activity of the
nanocomposites was verified using the degradation of methylene blue
and sodium lauryl sulfate (a dye and an anionic surfactant, respectively)
in water by UV light irradiation. The results reported here show that
ZnO-PMMA nanocomposites can be easily synthetized and used in
wastewater treatment, but also in devices such as sensors, photovoltaics
and optoelectronics.
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