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ABSTRACT: The fabrication of highly efficient photocatalytic thin films has
important consequences for self-cleaning, organic pollutant decomposition, and
antimicrobial coatings for a variety of applications. Here, we developed a simple
synthesis method to produce efficient, high-surface-area zinc oxide (ZnO)
photocatalytic films using aerosol-assisted chemical vapor deposition. This
approach used mixtures of methanol and acetic acid to promote preferential
growth and exposure of polar facets, which favor photocatalytic activity.
Interestingly, the initial enhanced efficiency of the films was correlated to
structural defects, likely oxygen vacancies, as supported by photoluminescence
spectroscopy results. Discussion over the influence of such defects on
photocatalytic performance is described, and the need for strategies to develop
high-surface-area materials containing stable defects is highlighted.
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1. INTRODUCTION

Oxide semiconductors have attracted interest as an effective
material for photocatalyst applications because of their high
photocatalytic activity and mechanical and chemical durabil-
ity.1 ZnO, a wide band gap material with a band gap of 3.37 eV
and a large excitonic binding energy of 60 meV at room
temperature, has been considered a promising material in
photocatalysis,2−6 which can be used for degradation of
organic pollutants7−9 and photolysis of water to generate
hydrogen.10−12 Moreover, ZnO possesses generally hydrophilic
surfaces (water contact angle θ < 90°)13,14 and environ-
mentally friendly features.
Synthesis routes to highly textured or nanostructured metal-

oxide films have attracted attention since these materials often
show enhanced functional properties compared to flat
conventional thin films. For example, one-dimensional ZnO
nanostructures, such as nanotubes and nanowires, are attractive
for applications in piezoelectric generators,15 UV photo-
detectors,16 and solar cells.17 Two-dimensional hexagonal
ZnO nanoplates have also shown enhanced activities for gas
sensing18 and photocatalysis applications.4,5,19 The photo-
catalytic properties of semiconductor materials are strongly
determined by their morphology. For example, it has been
reported that a morphology that exposes polar surfaces can
lead to an enhancement in the photodegradation of organic
pollutants.19−21 There are three main morphologies related to
surfaces in wurtzite ZnO, namely, the nonpolar {1010},

semipolar {1011}, and polar {0001} facets. The latter
intrinsically holds high surface energy and strategies to
maximize the {0001} surface area are often followed in the
synthesis of optimized ZnO materials, such as inducing
preferential growth along the ⟨001⟩ or c-axis.22−27 In a
photocatalytic reaction, OH− ions preferentially adsorb onto
the (0001)-Zn surface because of its surface positive charge,
favoring formation of ·OH radicals and thus promoting
activity.28

Among the large number of synthesis methods to produce
ZnO materials, the synthesis of thin films is widely convenient
for practical applications. An extensive variety of deposition
techniques can be used to produce ZnO films, including pulse
laser deposition,29 molecular beam epitaxy,30 thermal evapo-
ration,31 chemical vapor deposition,32 and RF magnetron
sputtering,33 among others. Each one of these techniques has
advantages and disadvantages, which include high costs, long
reaction times, the use of toxic templates, poor control over
physical properties, and so on. Aerosol-assisted chemical vapor
deposition (AACVD) is a rather simple, scalable, and cost-
efficient technique that allows good control over physical
properties (crystallinity, film thickness, morphology).34−37 In
AACVD, precursors with low vapor pressure are dissolved in
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an appropriate solvent, and the resulting solution is aerosolized
and transported into the CVD chamber using a carrier gas. The
solvent is not only a vehicle to transport the precursors to the
substrate but can also be a key reagent in itself. Thus, the
solvent of choice can play a crucial role in influencing the
physical properties of the film.36,38,39

In the current work, AACVD was used to synthesize highly
textured ZnO films from mixtures of zinc acetate dihydrate,
methanol, and acetic acid. Adding acetic acid to the precursor
solution had an important influence in controlling the
morphology of the films by favoring particle growth along
the c-axis. The corresponding photocatalytic activities of the as-
deposited films could be explained by the change in the specific
surface areas; however, their photocatalytic behavior after
annealing was somehow unexpected. Changes in photocatalytic
properties were further investigated using photoluminescence
spectroscopy (PL). PL studies can provide valuable informa-
tion about surface defects, electronic structure, and charge
carrier processes in semiconductor materials.40 The presence
of surface defects, such as oxygen vacancies, can have a huge
impact on photocatalytic efficiency since they can promote
separation of photogenerated excitons and thus contribute
toward charge carrier lifetimes.41,42 Furthermore, the injection
of photogenerated electrons into oxygen molecules favorably
adsorbed in the vicinity of oxygen vacancy sites can promote
formation of ·OH radicals, which have a major role on the
photocatalytic process. The implementation of similar syn-
thesis routes rendering defected materials with high surface
area is key toward industrial applications of thin films.

2. EXPERIMENTAL SECTION
2.1. Thin Film Synthesis. All chemicals were used as received

from Sigma-Aldrich. ZnO thin films were deposited from zinc acetate
dihydrate (98%) and mixtures of acetic acid (99%) and methanol
(anhydrous, 99.8%) using aerosol-assisted chemical vapor deposition
(AACVD). In this system, a precursor mist was formed using an
ultrasonic humidifier (Johnson Matthey) and introduced in the
reaction chamber under a controlled flow of nitrogen gas (1.0 L
min−1). The deposition of ZnO films was performed at an optimized
temperature of 400 °C on silica-barrier floating glass substrates (NSG
Pilkington Ltd.). Each deposition was completed within 50 min. All
films were well adherent to the substrate, passing the Scotch tape
test.43

2.2. Analytical Methods. Film morphology and thickness were
studied using top- and side-view scanning electron microscopy (SEM)
in a JEOL6301 instrument (10 kV). X-ray diffraction (XRD) analysis
was performed using a Bruker-Axs D8 (GADDS) diffractometer. The
instrument operated with a monochromated Cu X-ray source with Cu
Kα1 (λ = 1.54056 Å) and Cu Kα2 radiation (λ = 1.54439 Å) emitted
with an intensity ratio of 2:1 and a 2D area X-ray detector with a
resolution of 0.01°. Films were analyzed with a glancing incident angle
(θ) of 1°. The diffraction patterns obtained were refined using
database standards. UV/vis spectroscopy was performed using a
double monochromated PerkinElmer Lambda 950 UV/vis/NIR
spectrophotometer in the 300−800 nm range. X-ray photoelectron
spectroscopy (XPS) was performed on a Thermo K alpha
spectrometer with monochromated Al Kα radiation, a dual beam
charge compensation system at a pass energy of 50 eV. Survey scans
were performed between 0 and 1200 eV. High-resolution XPS spectra
were used for the principal peaks of Zn (2p) and fitted using CasaXPS
software with the calibration of C 1s at 284.5 eV. Room temperature
photoluminescence (Renishaw 1000) spectroscopy was employed to
study the optical properties of the ZnO films using a He−Cd laser
with a wavelength of 325 nm. The surface roughness of films was
characterized by atomic force microscopy (AFM) on a Keysight
5600LS scanning probe microscope taken at a scale of 10 × 10 μm2.

2.3. Photocatalytic Test. The intrinsic photocatalytic properties
of the films were investigated during photodegradation of
octadecanoic (stearic) acid (95%), which is used here as a model
organic pollutant.44 Stearic acid is very stable under UVA irradiation
in the absence of a photocatalyst and the photocatalytic degradation
(solid−gas reaction) conveniently follows zero-order reaction kinetics
above a critical concentration of the acid. In these experiments, the
films were dip-coated with a thin layer of stearic acid from a 0.05 M
solution in chloroform and then monitored under UVA irradiation
over a period of 24 h using a PerkinElmer RX-I Fourier transform
infrared (FTIR) spectrometer. Plots of integrated areas of character-
istic C−H infrared bands at 2958, 2923, and 2853 cm−1 were
produced, and the photodegradation rates were estimated from linear
regression of the initial 30−50% of the curves. A conversion factor
from the literature (1 cm−1 ≡ 9.7 × 1015 molecules of stearic acid)45

allowed for the estimation of the number of molecules of stearic acid
degraded upon irradiation time. The light source used was a UVA (λ
= 365 nm) Vilber-Lourmat BLB lamp (2 × 8 W, I = 1.0 mW cm−2).
The irradiance of the lamp was measured using a UVX radiometer
(UVP).

3. RESULTS AND DISCUSSION
The deposition of ZnO thin films was performed using aerosol-
assisted chemical vapor deposition AACVD as detailed in the
Experimental Section. First, the vaporized precursor solution
(zinc acetate dihydrate, acetic acid, and methanol) is
transported to tube furnace using nitrogen as carrier gas.
On heated substrate, the precursors react followed by the

deposition of ZnO. Meanwhile, the waste products are carried
away to the exhaust as shown in Scheme 1.

The precursor solutions contained 0.6 g of zinc acetate
dihydrate dissolved in 60 mL of methanol and additional
volumes of acetic acid (0, 1, 2, or 8 mL, corresponding to 0,
1.64, 3.23, and 11.76 vol %, respectively, henceforth Z-0, Z-
1.64, Z-3.23, and Z-11.76). The as-prepared ZnO films showed
good adherence and excellent mechanical stability, and the
additional volumes of acetic acid had a large impact on particle
growth and the microstructure of the films (Figure 1).
The untreated ZnO film showed regular spherical particles

with average size of ca. 80 nm. The addition of 1.64 vol % of
acetic acid into the precursor solution favored particle growth
to an average size of ca. 300 nm. Further additional volumes of
acid (3.23 vol %) resulted in films exhibiting hexagonal plates
of different sizes. Upon addition of 11.76 vol % of acetic acid,
the films showed large distorted plates. Surface topography of
the ZnO films was investigated by AFM, taken at a scale of 10
× 10 μm2 as shown in Figure 2. The AFM topography reveals
that with increasing acetic acid concentration the film surface
area and surface roughness also increase. The surface area of

Scheme 1. Illustration of Principle of AACVD Operation
Used for ZnO Deposition
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untreated ZnO film was 102 μm2, and treated ZnO films (1.64,
3.23, and 11.76 vol %) possessed 120, 129, and 160 μm2,
respectively. The surface roughness (rms roughness) of the
11.76 vol % increased more than 5 times compared with the
untreated films (Table 1).
These film morphologies correlated to previous observa-

tions46,47 and are determined by the grain growth process that
occurs after the nucleation step during CVD. In the absence of

acetic acid, the growth rate along the c-axis is similar to that of
the radial axis (growing equivalent planes), thus resulting in
small round particles.48,49 However, upon addition of acetic
acid, the selective adsorption of acetate anions on the {0001}
facets inhibited crystal growth along the c-axis and promoted
growth along the a-axis, with formation of hexagonal
plates.47,50 Furthermore, side-on SEM analysis (Figure 1,

Figure 1. Scanning electron microscopy (SEM) images showing the impact of different mixtures of methanol and acetic acid on the microstructure
of the ZnO films. The additional volumes of acetic acid were (a) 0 mL (0 vol %), (b) 1 mL (1.64 vol %), (c) 2 mL (3.23 vol %), and (d) 8 mL
(11.76 vol %). Inset figures show corresponding side-on views.

Figure 2. AFM images of ZnO thin films coated on glass. (a) 2D (top) and (b) 3D (bottom) images of the surface of prepared ZnO films (a) Z-0,
(b) Z-1.64, (c) Z-3.23, and (d) Z-11.76, respectively, at a scale of 10 × 10 μm2.

Table 1. Structural, Optical, and Functional Parameters of ZnO Films from Different Mixtures of Methanol and Acetic Acid in
the Precursor Mixture

acetic acid ξ (molecules photon−1)

sample (mL) (vol %) film thickness (nm) Ebg (eV) surface area (μm2) rms roughness (nm) as-dep anneal

Z-0 0 0 700 3.3 102 60 1.1 1.2
Z-1.64 1 1.64 470 3.3 120 67 3.1 0.8
Z-3.23 2 3.23 480 3.3 129 135 6.9 1.0
Z-11.76 8 11.76 290 3.3 160 354 4.2 1.2
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inset) showed film thicknesses decreasing from ca. 700 nm (0
vol %) to 290 nm (11.76 vol %) (Table 1).
This effect was attributed to a decrease in zinc hydroxide

molecules (Zn(OH)2) upon increasing volumes of acetic acid
in the precursor solutions. This phenomenon might result from
the excess CH3COO

− anions and H+ (eq 3) upon the addition
of acetic acid to the precursor solutions, reducing free
methanol in the precursors by promoting eq 4 to proceed to
the right side and decrease the ester elimination reaction,
which might reduce Zn(OH)2. The ester elimination reaction
could take place between zinc acetate and methanol to form
Zn(OH)2 and methyl acetate.51 Dehydration of Zn(OH)2 is
important in the formation of crystalline ZnO and would
generate nucleation points.51

⎯ →⎯⎯⎯⎯⎯⎯⎯ +Zn(CH COO) Zn(OH) 2CH COOCH3 2
2CH OH

2 3 3
3

(1)

⎯ →⎯⎯⎯⎯⎯ + ↑Zn(OH) ZnO H O2
heating

2 (2)

← →⎯⎯⎯⎯⎯⎯⎯ ++ −CH COOH H CH COO3
equilibrium

3 (3)

+ ← →⎯⎯⎯⎯⎯⎯⎯+ +CH OH H CH OH3
equilibrium

3 2 (4)

Less Zn(OH)2 can reduce the ZnO nucleation rate and the
number of nucleation sites. Thus, the crystals in acid-treated
ZnO samples could obtain more lateral space to grow and have
larger grain sizes.
Examination of the Zn 2p core level XPS spectra of all ZnO

films showed the Zn 2p3/2 peak at 1021.7 eV corresponding to
Zn in the 2+ oxidation state.52 X-ray diffraction analysis
confirmed the presence of hexagonal wurtzite ZnO phase
(P63mc space group, a = 3.2490 Å, b = 3.2490 Å, and c =
5.2050 Å; ICCD Card No. 5-0664) and the preferential growth
in the films with relatively high concentration of acetic acid in
the precursor solution (Figure 3a).
The preferential growth of a particular plane can be

represented by the texture coefficient (TC), expressed as53,54

=
− ∑ =

=
I hkl I hkl

n I hkl I hkl
TC

( )/ ( )

1 ( )/ ( )i
i n

0

1 0

where the condition for preferential growth is observed in
diffraction peaks with TC > 1. In this equation, I(hkl) and
I0(hkl) are peak intensities of a sample and reference (JCPDS
data card 01-1136), respectively, and n is the number of
diffraction peaks considered. The TC values calculated for
different orientations in the ZnO films are shown in Figure 3b.
The untreated sample exhibited broad, weak diffraction

peaks, as may be expected from diffraction of nanoparticles (80
nm), although it can also be due to relatively poor crystallinity.
In the absence or at relatively low concentrations (1.64 vol %)
of acetic acid in the precursor mixtures, the resulting films
showed TC values above 1 for several peaks, indicating

relatively random orientation of the particles, as observed in
the SEM images (Figure 1). Higher concentrations of acetic
acid, however, encouraged preferential growth in the (002)
plane, with the highest TC value of 3.26 for the 11.76 vol %
sample.
With respect to optical properties, all films showed high

transparency to the visible range (Figure 4). Diffuse trans-
mission spectra changed from <10% (0 vol %) to >70% (11.76
vol %), which resulted in increasing haze factors and a strong
light trapping ability upon addition of acetic acid in the
precursor mixture (Table 1) as well as enhancing light
absorption as shown is Figure S1. Noticeably, Z-11.76 provide

Scheme 2. Alcoholysis Ester Elimination Reaction between Zinc Acetate and Methanol To Form Zn(OH)2 and Methyl
Acetate51

Figure 3. (a) X-ray diffraction analysis and (b) corresponding texture
coefficients of ZnO films prepared with different mixtures of methanol
and acetic acid. The additional volumes of acetic acid into the
precursor mixtures were (a) 0 mL (0 vol %), Z-0; (b) 1 mL (1.64 vol
%), Z-1.64; (c) 2 mL (3.23 vol %), Z-3.23; and (d) 8 mL (11.76 vol
%), Z-11.76.
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the highest transparency; otherwise, the absorption spectrum
of the films is higher than Z-0 resulting from surface roughness.
High surface roughness results in the reduction of reflectance
and enhancing of absorption.
The onset of absorption edges was observed at approx-

imately λ = 370 nm (Figure 4), resulting from the
characteristic band gap absorption of ZnO. Band gap energy
(Ebg) values ranged from 3.29 to 3.33 eV (Table 1), as
estimated via the Tauc model for a direct band gap
transition.55

The photocatalytic properties of the ZnO films were
evaluated from the degradation of stearic acid under UVA
irradiation (λ= 365 nm, I = 1.0 mW cm−1). The corresponding

degradation curves are plotted against irradiation time in
Figure 5a. The trend of degradation curves was as expected
with high-surface-area samples (3.23 and 11.76 vol %) being
the most effective photocatalysts. In the case of Z-3.23, full
mineralization was reached within 24 h of irradiation. The
fitting of the initial degradation steps (zero-order kinetics)
allowed for the estimation of formal quantum efficiencies (ξ,
units molecules photon−1), given as number of acid molecules
degraded per incident photon (Figure 5b).56

The influence of any particular crystallographic plane
exposed to the media could not be established unambiguously
in these experiments; however, Vallejos et al.52 attributed the
efficient photocatalytic performance of the hexagonal plates as

Figure 4. (a) Total and (b) diffuse transmittance of the ZnO films as deposited from different mixtures of methanol and acetic acid. (c) Haze factor
and (d) Tauc plots allowing an estimation of band gap energies of ZnO films prepared with different mixtures of methanol and acetic acid. The
additional volumes of acetic acid into the precursor mixtures were (a) 0 mL (0 vol %), Z-0; (b) 1 mL (1.64 vol %), Z-1.64; (c) 2 mL (3.23 vol %),
Z-3.23; and (d) 8 mL (11.76 vol %), Z-11.76.

Figure 5. (a) Integrated areas of the IR spectra of stearic acid upon irradiation time (UVA, λ = 365 nm, I = 1.0 mW cm−2). (b) Corresponding
formal quantum efficiencies (ξ), given as molecules degraded per incident photon (units, molecules photon−1), upon cycle experiments. (c) ξ
values before and after annealing to 500 C for 6 h in air. A blank reference corresponds to the glass substrate without the photocatalytic coating.
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due to exposed {001} facets. The absorption spectra of as-
prepared thin films treated with acetic acid is similar. However,
Z-3.23 provided the highest photocatalytic activity resulting
from polar facets of the film.
It is worth noting that cycle experiments resulted in a

significant drop of the initial ξ values of the as-deposited films.
A consistent drop of activity during cycle experiments is
typically attributed to surface poisoning due to carbon
contamination during the photodegradation of organic
pollutants. During our studies, however, the ZnO films
remained active, showing constant ξ values, within error
margins, after the first run (Figure 5b). This observation
suggests that the initial enhanced values could be related to
structural features or extrinsic properties, such as oxygen
vacancies that may be depleted during reaction, although
partial surface deactivation of the films cannot be ruled out.
Further unusual behavior was observed upon annealing of the
as-deposited films to 500 °C for 6 h in air. This annealing
treatment is often performed to either enhance crystallinity or
clean surfaces of potential carbon contamination, and it is
usually reflected in a slight improvement in photocatalytic
efficiency. Surprisingly, only the untreated sample showed an
improved activity after annealing (Figure 5c) while the ξ values
of the acid-treated samples dropped significantly. It is
important to note that the physical properties of the samples
did not change noticeably after annealing, as evidenced by
XRD and SEM analysis (Figures S2 and S3).
Insight into the photocatalytic behavior of the ZnO films

was sought upon exploration of structural defects using

photoluminescence (PL) spectroscopy. The PL spectra of
ZnO films commonly exhibit two main features: a near-band-
edge (NBE) emission band around 375 nm and a deep-level
emission (DLE) broad band in the visible range (Figure
6).40,57

The UV emission band is due to the recombination of
photogenerated electrons from the conduction band to the
valence band.58 In general, strong PL indicates a high degree of
recombination of photogenerated carriers and therefore
suggesting low photoactivity. The position of free recombina-
tion of excitons at 375 nm (3.31 eV) was in good agreement
with the Ebg values estimated for our films (Table 1). The
deep-level emission (DLE) broad band centered at 550 nm
(2.3 eV) is thought to be due to defects such as single ionized
oxygen vacancies, oxygen antisites, zinc vacancies, and oxygen
deficiency.4,59−63 The concentration of oxygen vacancies can
be estimated by taking the ratio between visible and UV
emission intensity (Ivis/IUV).

4,5,64

Oxygen vacancies can bind photoinduced electrons enhanc-
ing the separation of photogenerated excitons, thus promoting
photocatalytic efficiency.65,66 Therefore, as a general rule, a
higher Ivis/IUV ratio (i.e., high concentration of defects) may be
indicative of enhanced photocatalytic efficiency. Figure 6
shows PL spectra (excitation wavelength of 325 nm) before
and after the annealing of ZnO films at 500 °C in air. Close
inspection of the figure revealed a relative drop in intensity of
the DLE band (Ivis) relative to the NBE band (IUV) after
annealing of the acid-treated samples, with the untreated
sample (Z-0) showing the opposite trend. This is highlighted

Figure 6. Photoluminescence spectra of as-prepared (black line) and annealed (red line) ZnO films at the additional volumes of acetic acid being
(a) 0 mL (0 vol %), (b) 1 mL (1.64 vol %), (c) 2 mL (3.23 vol %), and (d) 8 mL (11.76 vol %) recorded under an excitation wavelength of 325
nm. Inset figures are normalized with respect to the maximum intensity of the NBE band at 380 nm.
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in the inset plots in Figure 6, which show the normalized PL
spectra with reference to the maximum intensity of the
corresponding NBE bands.
The change in the normalized Ivis, i.e., ΔIvis = Ivis(annealed)

− Ivis(as-deposited), is plotted in Figure 7 against the
corresponding change in ξ values as estimated before and
after annealing of the samples.

The close correlation between these trends, particularly in
the case of the acid-treated samples (Z-1.64, Z-3.23, and Z-
11.76), suggests that the initial enhanced photocatalytic
efficiency of these ZnO films is indeed related to oxygen
vacancies that are either depleted during the photocatalytic
process or can heal upon exposure to air at high temperature.

4. CONCLUSION
Highly textured, defected ZnO thin films were grown via
AACVD on SiO2 barrier coated float glass. The addition of
small volumes of acetic acid in the precursor solution had a
huge impact on particle growth and film morphology,
promoting lateral grain growth and exposing polar facets for
an optimum photocatalytic performance. The initial formal
efficiencies of the as-deposited films were found to decrease
suddenly, either upon photodegradation of the organic
pollutant or under annealing in air. This drop in activity was
consistent with changes in photoluminescence spectroscopy
and correlated to the depletion or healing of defects, likely
oxygen vacancies. This encouraging result is a step forward
toward the fabrication of optimized photocatalytic materials,
and it calls for the implementation of synthesis strategies of
high-surface-area photocatalysts with stable defects.
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