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ABSTRACT

Potential dissolution and photo-dissolution are important concerns for zinc oxide (ZnO) photocatalysts
due to the possible results of catalyst inactivation and secondary pollution from free Zn?*. In this study,
magnetron-sputtered ZnO thin films were prepared and exposed under a series of corrosive conditions.
ZnO films suffered rapid dissolution under: (a) extreme pH levels (<5 or >11); (b) 1 mM ethylenedi-
aminetetraaceticacid (EDTA)solution; (c) UV (A =254 nm). The dissolution rate of ZnO films was moderate
at pH =6 and decreased markedly as pH increased to 7. It continued to decrease as pH increased from 7 to
10, then the trend quickly reversed as pH increased further. The lowest dissolution rate was obtained at
pH =10, with only 1.2% ZnO dissolved after 24 h of exposure. Minimal dissolution was observed on ZnO
films in alkalised 1 mM oxalate and acetate solutions. Pitting corrosion was observed on ZnO films after
UVirradiation, which was ascribed to photo-generated holes on surface defect sites. The presence of hole
scavengers (Na;S0s3) caused significant suppression on ZnO photo-dissolution. This suppression effect
remained in place until hole scavengers were completely consumed, from where the photo-dissolution

rates accelerated.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide (Zn0O) has been extensively studied as a photocatalyst
and a potential material to fabricate self-cleaning surfaces, often in
parallel with the benchmark photocatalyst titanium dioxide (TiO5).
Although TiO, is generally recognised as the most suitable photo-
catalyst, ZnO differentiates itself by several interesting properties,
i.e. visible-light-responsive photocatalytic activity [1], stable pho-
tocatalytic activity at high temperature (873 K) [2], higher H,0,
generation rate in water under UV [3], and ease of doping [4-8].
It has also been reported that ZnO exhibited higher activity than
TiO, in the photocatalytic degradation of specific dyes [9-11].
In its nano-structured form, ZnO thin films showed switchable
surface wettability, i.e. surface transforms reversibly from highly
hydrophobic in dark to superhydrophilic under UV [12-14]. Nano-
structured ZnO films have shown superior surface hydrophobicity
than TiO,, which makes them an attractive alternative to fabricate
self-cleaning surfaces such as self-cleaning glasses and building
coatings [15-18]. In these potential applications, the stability of
ZnOis vital as ZnOis likely to be exposed in corrosive environments.

Early studies have found that ZnO could be corroded under
electrochemical conditions, in acids and under UV. Rao et al. [19]
reported a gradual decay of H, production in a UV-irradiated
ZnO/water suspension. Although not unequivocally proved, the
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authors suspected that the decay was due to ZnO photo-dissolution
under UV, as intense bands corresponding to OH~ were observed
in the infrared spectrum of used ZnO. The following reaction was
suggested:

ZnO + 2H,0 + 2h* — Zn(OH), +1/20, + 2H* (1)

Fruhwirth et al. [20] developed an electrochemical model for the
linear pH dependence of flat-band potential and ZnO dissolution
rates. The following reactions were suggested:

ZnO + 2H* — Zn?* +H,0 Darkdissolution(inacidsolution) (2)

ZnO + h* + H* - 1/2H,0, + Zn** Photo-corrosion(365 nmUV)
(3)

Spathis and Poulios [21] further examined the corrosion of
Zn and ZnO coatings by weight loss and potentiodynamic anodic
polarization. The authors found the main corrosion products being
Zn(OH), and zinc oxychlorides under dark and UV illumina-
tion, respectively. Furthermore, Futsuhara et al. [22] developed a
method to create micro-patterns on ZnO films by corroding ZnO
films with a bias voltage under high pH levels and UV irradiation
(40 mW/cm?).

Several recent studies have reported activity deterioration of
ZnO photocatalysts. Such results were often ascribed to the disso-
lution or photo-dissolution of ZnO; however, limited experimental
evidence was presented or sought. In a photocatalytic degrada-


http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:w.gao@auckland.ac.nz
dx.doi.org/10.1016/j.jhazmat.2010.01.050

116 J. Han et al. / Journal of Hazardous Materials 178 (2010) 115-122

tion study of polyvinylchloride, Hidaka et al. [23] reported that
ZnO showed a higher initial dechlorination rate than TiO, but
soon suffered activity deterioration. Neppolian et al. [24] observed
the inactivation of ZnO photocatalysts, and suggested that this
should be due to the incongruous dissolution yielding Zn(OH), on
ZnO surface as well as photo-dissolution of ZnO by self-oxidation.
Several studies have given evidences of ZnO dissolution and photo-
dissolution, but the effects of experimental conditions on the
occurrence and extent of ZnO dissolution and photo-dissolution
were not well understood. For instance, Lathasree et al. [25] tested
the reusability of ZnO photocatalysts and found that a small extent
(0.04%) of ZnO had undertaken photo-dissolution after 2 h of reac-
tion. Yassitepe et al. [26] reported that the photocatalytic activity
of ZnO plates gradually decreased but the activity was recovered by
stored in dark overnight. Furthermore, Wang et al. [27] embedded
ZnO nanoparticles in Nafion membranes and found ZnO particles
being highly stable with hardly any reduction of activity after 10
times of repeated reaction cycles.

In this study, the dissolution and photo-dissolution behaviour
of ZnO thin films is investigated under a series of corrosive con-
ditions. Our study aims to conduct a systematic study to identify
the occurrence, assess the extent, and understand the causes and
reaction mechanisms of ZnO dissolution and photo-dissolution. The
chemical dissolution of ZnO was studied by exposing ZnO films to a
wide range of pH levels (3-12) and three alkalised ligand solutions,
i.e. EDTA, oxalic acid and acetic acid. The photo-dissolution of ZnO
was examined by exposing ZnO films under UV with different irra-
diation intensities. The effect of hole scavengers (Na;SO3) on ZnO
photo-dissolution was also studied and discussed.

2. Experimental
2.1. Preparation

ZnO thin films were prepared by magnetron sputtering. Micro-
scope slides (75 mm x 25 mm x 1 mm) were rinsed in deionised
water, ultrasonically cleaned in ethanol and dried before used as
substrates. The cleaned slides were put into a working chamber
which had been vacuumed to 2 x 10-6 Torr and cleaned by a radio
frequency (rf) plasma for 1h before argon was introduced. Sput-
tering was conducted with a dc power of 0.25A for the direct
deposition from a ZnO target (99.99% purity, Beijing Mountain
Tech). The sputtering process was continued for 30 min to obtain
ZnO thin films with an approximate thickness of 150 nm.

2.2. Chemical dissolution

2.2.1. Dissolution in acid and alkali solutions

A series of water solutions with initial pH levels from 3 to
12 were used to investigate the influence of pH on ZnO dissolu-
tion. Initial pH levels were adjusted by adding HCl acid (Analytical
Grade, BDH Chemicals, UK) and NaOH (Analytical Grade, Ajax
FineChem, New Zealand). The pH levels were measured on a pH
meter with two-decimal-place accuracy (CyberScan 510, Eutech).
In each experiment, a ZnO film was immersed in 500 ml solution
with a designated pH level between 3 and 12. At certain time
intervals, 5ml samples were taken from the solution and filtered
through a 0.45 wm syringe filter (BioLab, New Zealand). The concen-
tration of dissolved Zn2* in each sample was measured by Atomic
Absorption Spectroscopy (AAS, Varian SpectrAA 50). After the reac-
tion, the solution was acidified and stirred to completely dissolve
the remained ZnO film on glass substrate. The original amount of
ZnO film was calculated by measuring the Zn* concentration in
the final solution as well as the samples taken from the solution
during the reaction.

D2
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Fig. 1. Experiment set-up for ZnO photo-dissolution study: (a) lid; (b) UV lamp; (c¢)
safety enclosure; (d) ZnO film on a microscope slide; (e) support.

2.2.2. Dissolution in ligand solutions

EDTA (Analytical Grade, BDH Chemicals, UK), oxalic acid
(Reagent Grade, 99.5%, Scharlau Chemie S.A., Spain) and acetic acid
(ACS Reagent Grade, Scharlau Chemie S.A., Spain) were used to
investigate potential dissolution of ZnO by forming complexes with
these ligands. Each ligand was dissolved in deionised water to pre-
pare 500 ml of 1 mM ligand solution. The initial pH was adjusted
to 10 to minimise the influence of pH on ZnO dissolution there-
fore the sole effect of ligand-assisted dissolution can be measured.
Oxalic acid and acetic acid quickly dissolved in water, while the dis-
solution of EDTA solids was slow prior to the pH adjustment. After
the pH adjustment, EDTA solids completely dissolved after 30 min
continuous stirring. A prepared ZnO film was immersed in each lig-
and solution for 24 h. Samples were taken from the solution during
the reaction and filtered before AAS measurements.

2.3. Photo-dissolution

2.3.1. Photo-dissolution without hole scavengers

The photo-dissolution of ZnO films was studied using the appa-
ratus in Fig. 1. A 22 W UV lamp (254 nm, Contamination Control,
New Zealand) was used as UV source. ZnO films were immersed
in water and exposed under UV for 24 h. The distance from the
ZnO film to the water surface (D in Fig. 1) was fixed at 1.3 cm in
all experiments to maintain a consistent attenuation factor for the
incident UV. To investigate the effect of UV intensity, the distance
between the UV lamp and water surface (D, in Fig. 1) was adjusted
to 2.4, 4.8 and 7.2 cm, respectively. The incident UV intensity on
the water surface was measured by a radiometer (IL1700, Interna-
tional Light, USA). A blank experiment without UV irradiation was
conducted as a reference.

2.3.2. Photo-dissolution with hole scavengers

The influence of hole scavengers on ZnO photo-dissolution was
studied by immersing ZnO thin films under UV in a 10 mM and
100 mM Na,SO5 (Analytical Grade, BDH Chemicals, UK) solution,
respectively. The apparatus in Fig. 1 was used and the distance
between the UV lamp and water surface (D, ) was fixed at 2.4cm.
The initial pH level of the 10 mM and 100 mM Na,SO3 solutions was
8.2 and 8.5, respectively.

2.4. Characterisation

The prepared ZnO thin films were characterised by X-ray diffrac-
tion (XRD). Light transmittance of the ZnO-coated microscope
slides was measured on a UV-vis spectrometer (Agilent 8453) using
a blank, clean microscope slide as reference. Scanning Electron
Microscope with Energy Dispersive X-ray Spectrometer (SEM-EDS,
Philips XL30S FEG) was used to examine the morphology and
surface composition of ZnO films before and after exposure in cor-
rosive conditions for 6 h. The used ZnO films were gently rinsed
by deionised water and dried at 60°C overnight prior to SEM
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characterisation. To ensure the ZnO films remained on substrates
were thick enough for EDS testing, special ZnO films were used
with 500-nm thicknesses. The special ZnO films were exposed in
the same corrosive condition as 150-nm-thick ZnO film samples
for 3h.

3. Results and discussions
3.1. Characterisation of ZnO films

A typical surface morphology of the prepared ZnO film is
shown in Fig. 2. It is shown that a uniform and compact layer
of ZnO thin film was deposited on the substrate after 30-min
magnetron sputtering. As shown in Fig. 2(a), the nanograins
are rather uniform in sizes (30-50nm) and compactly stacked,
forming a ‘flat’ and compact surface structure. It is expected
that such compact surface structure will have more resistance
to corrosive substances, compared to the ZnO films prepared
by anodizing which consisted of a thin compact inner layer
and an outer porous layer [21]. The cross-section SEM image in
Fig. 2(b) shows that the thickness of the ZnO film is in the range
of 135-150 nm.

The XRD pattern of the ZnO thin film is shown in Fig. 3.
It is known that the sputtered ZnO films are textured, with c-
axis lies perpendicular to the substrate surface [28]. In Fig. 3,
the ZnO thin film shows a single peak at the scattering angle
(20) of 34.2°, which corresponds to the X-ray diffraction from
the 002 crystal plane (JCPDS No. 80-0075). The average size
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Fig. 2. Surface and cross-section morphology of the prepared ZnO film.
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Fig. 3. X-ray diffraction spectrum of the prepared ZnO film.

of ZnO nanograins can be estimated by the Debye-Scherrer
formula:

KA

where 7 is the mean size of is the mean size of the ordered (crys-
talline) domains, K is the shape factor, A is the X-ray wavelength,
and B is the line broadening at half the maximum intensity (FWHM)
on the 26 scale, and 6 is the Bragg angle of the peak. The average
crystal size in ZnO films was calculated as 16.4 nm, which is smaller
than the grain size (30-50 nm) estimated from Fig. 2(a).

Light transmittance is an important property for ZnO thin films
given their potential uses on self-cleaning glasses. It is shown in
Fig. 4 that the prepared ZnO thin film has high light transmit-
tance (80-91%) to visible light (400-750 nm). It is expected that
the flat and compact surface structure contributed to the high
light transmittance as light transmittance is largely affected by the
extent of light scattering which, in turn, is determined by surface
roughness and film porosity. It is also worthwhile to note that the
prepared ZnO thin films are relatively thick (150 nm), comparing
to the commercial Pilkington Activ™™ self-cleaning glass which has
a 25-nm-thick TiO, film coated on glass [17]. The high visible-light
transmittance indicates that ZnO thin films are likely to meet the
aesthetic requirements for coatings on glass buildings. Moreover,
the high transmittance (>90%) for infrared spectrum (>750nm)
shows that infrared light in solar irradiation can easily go through
the ZnO film, while the sharp decrease of transmittance for UV
(<400 nm) indicates efficient absorption of UV by the ZnO film. Both
are favourable features from the prospective of sustainable building
design.
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Fig. 4. Light transmittance of the prepared ZnO film.
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Fig. 5. Dissolution of ZnO films in aqueous solutions at different pH level: (a) within
24 h; (b) after 24 h and 1 week.

3.2. Chemical dissolution

3.2.1. Dissolution in acid and alkaline solutions

As shown in Fig. 5, pH level has a significant influence on the ZnO
dissolution. At pH=3.1, the ZnO film completely dissolved within
1h, while at pH =4.0 the dissolution was completed in 8 h. The per-
centage of dissolved ZnO (ZnOq%), dropped significantly as pH
increased to 4.9 and 6.0, indicating the negative effect of weaker
acidity. As pH increased further, ZnO4)% continued to drop and
reached the lowest at pH=9.9. The trend then quickly reversed as
pH increasing to 10.9 and 12.2, with ZnOgy% increased consider-
ably as shown in Fig. 5(a). This trend reversal is more evident in
Fig. 2(b), where ZnO(q)% is plotted against pH after 24 h and 1 week
of exposure.

The solubility of a metal oxide in aqueous solution without the
presence of metal-complexing ligands can be generally expressed
as:

> Mer = [Me**]+ ) "[Me(OH);" ] (5)
i=1

where Me#* represents the metal cation; z is the valence of metal
cation; Me(OH);*"! is the hydroxide complex. The following reac-
tions were suggested for ZnO in water [29]:

ZnO(s) +2H" « Zn** +H,0(, (6)
ZnO()+H' < ZnOH* (7)
ZnOs)+OH™ + H,0(j) <> Zn(OH)3™ (8)
ZnOs)+20H™ +H,0( <> Zn(OH)4~ 9)

Another reaction is also possible however the solubility of the
product is minimal in water.

Zn0(s) + H0(y <> Zn(OH), (10)

Table 1
Surface composition of ZnO films (500-nm thick) before and after 24 h of exposure
at various pH.

Composition (atom%)

Zn [0} Zn/O ratio
Before exposure 64.14 35.86 1.789
After exposure (pH=4.0) 64.20 35.80 1.794
After exposure (pH=6.1) 64.47 35.53 1.815
After exposure (pH=8.1) 64.17 35.83 1.791
After exposure (pH=10.1) 63.64 36.36 1.750
After exposure (pH=12.0) 64.35 35.65 1.805

In terms of Egs. (6)-(9), the total concentration of dissolved ZnO
is

ZZnT = [Zn®*] +[ZnOH'] + [Zn(OH); ] + [Zn(OH),>"]  (11)

Depending on the pH of the solution, one or more reactions may
be predominant. In highly acidic solutions, the dissolution of ZnO
is more likely to be the result of direct proton attacks on surface
Zn-0 bonds, followed by the dissociation of Zn (Egs. (6) and (7)). If
pH increases and solution becomes near neutral, H* becomes rare
which lowers the frequency of proton attacks. This is evidenced by
our results in Fig. 5(a).

Egs. (8) and (9) suggest that ZnO could also dissolve in alkaline
solutions by forming hydroxo complexes with OH™. It is therefore
expected that the change from neutral to weak alkaline solution
may re-accelerate ZnO dissolution by having more OH™ ions avail-
able. This was, however, not immediately reflected in the results.
As shown in Fig. 5, Zn0(q)% continued to drop as pH increasing from
6.9t09.9.In fact, the lowest ZnOq)% was observed at pH=9.9. These
results suggest that the reactions in Egs. (8) and (9) did not start
immediately as pH increased to weak alkaline (pH <9.9). Instead,
itis suspected that Eq. (10) might represent the predominant reac-
tion at such pH levels with Zn(OH), being the main product on
ZnO film surfaces. A previous study found that Zn(OH), had very
low solubility in weak alkaline solution and only became soluble at
pH=11 or higher [30]. Due to its low solubility at such pH levels, the
Zn(OH), layer may have protected the ZnO film from further dis-
solution and reaction with OH~. The overall result is a low ZnO 4%,
as shown in Fig. 5. The significant increase of ZnOq)% at pH=10.9
indicates Egs. (8) and (9) had started at this pH level, at which both
ZnO and Zn(OH), became soluble by forming hydroxo complexes
with OH~.

A further study was conducted to provide further evidences
to the discussions above. EDS was used to examine the surface
composition of ZnO films after 3 h of exposure at the five pH lev-
els between 4 and 12. As shown in Table 1, the Zn/O atom ratio
on ZnO film surfaces was generally unchanged after exposure in
acidic or weakly alkaline (pH = 8.1) solution. Interestingly, a notable
decrease in Zn/O ratio was observed at pH=10.1, indicating an
increasing amount of O relative to Zn atoms on ZnO surfaces. This is
likely to be the result of the formation of Zn(OH),. At pH=12.0 the
Zn/Oratioreversed higher, as no residual Zn(OH), would be formed
on ZnO surfaces because Zn(OH); is highly soluble at pH=12 [30].

The results in our study may be related to the findings in ear-
lier studies. Pardeshi and Patil [31] studied the influence of pH on
ZnO photocatalyst and found that the degradation efficiency of phe-
nol decreased by up to 17% and 35% in strong alkaline and acidic
environment. The decreased efficiency in strong alkaline environ-
ment was ascribed to the negative charges on ZnO surfaces which
presumably repelled away phenolate intermediates. Similar results
were reported in another study by Lathasree et al. [25], where the
decreased efficiency was ascribed to the zero point charge (zpc) of
ZnO at 8.0. As our results have shown, it is likely that the ZnO photo-
catalysts in both studies had undertaken considerable dissolution
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Fig. 6. Dissolution of ZnO films in 1 mM ligand solutions at pH=10: (a) EDTA; (b)
oxalate and acetate.

at extreme pH conditions, which would inevitably lead to activity
deterioration of ZnO photocatalysts.

3.2.2. Dissolution in ligand solutions

Literature indicates that recent studies on ligand-induced disso-
lution of ZnO have been very limited. A study by Garcia Rodenas et
al. [32] reported that ZnO particles with an average size of 300 nm
suffered fast dissolution in the presence of oxalic acid at 70 °C. How-
ever, as the reaction was conducted at pH=3.5, the sole effect of
ligand (oxalate) remained unclear as our results showed that ZnO
would rapidly dissolve in water at such pH.

EDTA, oxalic acid and acetic acid were selected to investigate
their effects on ZnO dissolution. EDTA is a strong chelating agent
that is widely used in the food industry as a stabiliser to prevent
food spoilage and preserve food colour and flavour. It is also used
in detergents to form soluble complexes with calcium and magne-
sium ions that are often present in hard water. In aqueous solutions,
EDTA can form a complex with Zn?* in a 1:1 EDTA-to-Zn ratio by
forming two bonds with Zn%*. The conjugate base of oxalic acid,
oxalate, is also an excellent ligand which can react with metal ions
and form a 5-membered MO, C, ring. Acetic acid is a common food
ingredient and also a weak ligand. As a ligand it is used to pro-
duce de-icing salts, in which the effective compound is calcium
magnesium acetate.

The results of ZnO dissolution in ligand solutions are shown in
Fig. 6. To demonstrate the sole effect of ligand, the initial pH of
each solution was adjusted to 10 to minimise the influence of pH.
As shown in Fig. 6(a), ZnO film reacted rapidly with EDTA and dis-
solved completely after 3 hin 1 mM EDTA solution. On the contrary,
only minimal dissolution (2.2%) was found in 1 mM acetate solution
after 24 h. The presence of oxalate virtually had no noticeable accel-
eration effect on ZnO dissolution. A quick conclusion from Fig. 6 is
that EDTA is highly corrosive to ZnO films while oxalate and acetate
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Fig.7. Photo-dissolution of ZnO films under UV irradiation in 24 h (I; =6.5 mW/cm?,
I, =49 mW/cm?, I3 =3.8 mW/cm?).

ions have minimal or negligible influence on ZnO dissolution. The
reason for this, however, remains unclear at this point.

It has been reported that both oxalate and acetate ions could
form complexes with Zn2* cations. An early study reported that
oxalate ions could form a K»Zn(C,04),-7H,0 complex with Zn2* in
potassium oxalate solutions [33]. The existence of zinc acetate is
also well documented [34-36]. The critical difference of ZnO dis-
solution may be caused by the different solubility of the Zn-ligand
complexes. Zinc disodium EDTA is a soluble salt while the other two
complexes (zinc oxalate and zinc acetate) are only sparingly soluble
in water. In oxalate and acetate solutions, the dissolution equilib-
rium was reached after a small amount of zinc-ligand complexes
was formed and dissolved in the solution. The very low yet slowly
increasing ZnO(qy% in acetate solutions indicate that a layer of zinc
acetate may have slowly formed on ZnO film surfaces, given the
fact that there was no precipitate in the solution. This zinc acetate
layer may have protected the inner ZnO film from further reaction
and dissolution due to its low solubility in water.

3.3. Photo-dissolution and suppression effect

3.3.1. Photo-dissolution
As shown in Fig. 7, the application of UV irradiation significantly
accelerated the dissolution of ZnO. This “photo-dissolution effect”
may be due to the fact that residual photo-generated holes on ZnO
surfaces could attack the Zn-O bond and disassociate Zn%* from
ZnO surface. The following reactions are proposed:
ZnOs) +hv— ZnO(y+h* +e” (photocatalysis) (12)
h* 4+ e~ — hy(orheat)

Zn0(s) +2h* — Zn(,q)** +1/20, (ZnOphoto-dissolution)  (14)

(re-combination) (13)

where ZnOy) is a solid ZnO film, hv is a photon that reached ZnO
surface, h* and e~ are photo-generated hole and electron on the
ZnO film surface, and Zn,q)?* is a Zn?* in aqueous solution. The
following reaction may also occur when ZnO film is exposed to UV
in water:

OH™ +h*— *OH (15)

As we know, the number of holes (h*) that can be generated
on ZnO surface in a certain time is dependent on the number of
photons (hv) that reached ZnO surfaces (Eq. (12)), which is propor-
tional to the incident UV intensity. As shown in Eq. (14), a decrease
in the number of holes (h*) available at ZnO surfaces will lead to less
ZnOy transforming into Zn(aq‘)z". This was observed in Fig. 7 that
a small decrease of the incident UV intensity resulted in a decrease
of the ZnO dissolution rate.
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Fig. 9. Photo-dissolution of ZnO film in 10 mM and 100 mM Na,SOj; solutionin 24 h
(I, =6.5mW/cm?).

An early study noted that the photo-dissolution of ZnO under
UV appeared to be ‘pitting corrosion’ [21]. As shown in Fig. 8(a), the
ZnO film undertook localised dissolution on the surface under UV
(I; =6.5mW/cm?). It is suspected that the cracks appeared on the
film were formed during sample preparation (rinsing and drying)
dueto the lack of strength of the corroded ZnO film. To further verify
the results, this experiment was repeated using a thicker (500 nm)
ZnO film which was exposed under UV for 3 h. The SEM images
are shown in Fig. 8(b). No crack can be seen on the 500 nm ZnO
film; however, many pits are shown on the film surface. The differ-
ent surface morphology after the photo-dissolution may be caused
by: (1) weaker mechanical strength of the 150 nm ZnO film during
and after the photo-dissolution; (2) a monolayer of ZnO nanograins
are present on the 150 nm ZnO film, while multiple layers of ZnO
nanograins are present on the 500 nm ZnoO film; (3) the nanograins
of the 150 nm ZnO film appear to be smaller than those on the
500 nm ZnO film; (4) less time of UV exposure for the 500 nm film,
i.e. 3h vs. 6h for 150 nm film. The localised photo-dissolution is
different from the chemical dissolution of ZnO films in acid and
alkaline solutions, in which the dissolution appeared to be uniform,
as shown in Fig. 8(c), (d) and (e). This interesting phenomenon is
related to the fact that holes and electrons are mostly generated
from particular surface defect sites on nano-structured ZnO photo-
catalysts. The pitting dissolution of ZnO provides further evidence
to Eq. (14) that photo-dissolution on ZnO films is caused by the
attack of photo-generated holes.

3.3.2. Photo-dissolution with hole scavengers

The presence of hole scavengers was studied for its influ-
ence on ZnO photo-dissolution. The reason for this study is that
most photocatalytic degradation reactions involve target com-
pound(s) which may also act as hole scavengers. As shown
in Eq. (15), it is possible that hole scavengers will com-
pete with the reaction of ZnO photo-dissolution (Eq. (14)) by
quickly consuming the holes generated in the photocatalysis pro-
cess.

In this study, Na,SO3 was used as hole scavengers and added
in water to a concentration of 10 mM and 100 mM, respectively.
The results are shown in Fig. 9. The result of ZnO photo-dissolution
without hole scavengers is also shown in Fig. 9 for comparison. As
expected, the presence of SO32~ considerably lowered the photo-
dissolution rate of ZnO films, particularly in the first several hours.
The ‘route’ of ZnO photo-dissolution was altered, with a two-
stage process showing in both solutions. A distinct turning-point is
shown at 12 h in the 100 mM Na,SO3 solution, while a similar but
less distinct turning-point can be seen at 5 h in the 10 mM Na,SO3
solution. It is suspected that such turning-points are indications
of complete consumption of SO32~ by photo-generated holes. As

S042~ could no longer act as hole scavengers, the rate of ZnO photo-
dissolution accelerated from the turning-point in each solution.

4. Conclusions

In this study, potential dissolution and photo-dissolution of ZnO
thin films (150 nm) were investigated under various corrosive envi-
ronments. The results have shown that ZnO thin films suffered
severe dissolution under: (a) extreme pH levels (<5 or >11); (b)
1 mM aqueous solution of EDTA; (c) UV (A =254 nm). The results
are discussed in detail.

1. Between pH =3 and 10, the dissolution rate of ZnO films showed
an inverse dependence on pH. ZnO films suffered rapid dis-
solution in strongly acidic solutions (pH=3-5). The slowest
dissolution was observed at pH=10, with 1.2% ZnO dissolved
after 24 h. The trend quickly reversed at pH=11, and the disso-
lution became rapid as pH increased to 12.

2. Atall pH levels (3-12),ZnO thin films suffered severe dissolution
after 1 week of exposure in water. The least dissolution of ZnO
film (34%) was shown at pH=10.

3. EDTA was highly corrosive to ZnO films. At pH =10, the ZnO film
completely dissolved within 3 hin 1 mM EDTA solution. Minimal
dissolution was observed in 1 mM oxalate and acetate solutions
after 24 h of exposure.

4. UV irradiation (254 nm) significantly accelerated the dissolution
of ZnO films in water. A pitting corrosion effect was observed,
with many pits shown on ZnO film surfaces after 24h of UV
exposure.

5. Hole scavengers (Na;SO3) could compete with the photo-
dissolution of ZnO films in water, resulting significant suppres-
sion on the photo-dissolution of ZnO films. This suppression
effect remained until hole scavengers were completely con-
sumed, from where the photo-dissolution accelerated.

Given the results in this study, it is concluded that considera-
tions should be given in studies which involve the use of ZnO thin
films as photocatalysts or self-cleaning materials in corrosive envi-
ronments. Tests should be undertaken prior to exposing ZnO films
in corrosive environments to avoid activity deterioration of ZnO
photocatalysts or causing second pollution by free Zn2* released
from corroded ZnO films.
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