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Abstract

ZnO/ZnG,composite photocatalysts were synthesized by hydrothermal treatment at 12C-f@hO,, which in turn was obtained from
an aqueous solution of Zng@nd HO,. The composite particles showed morphology of ZnO prismatic crystallites with smajlgha@ules
“fused” at surface. Photocatalytic activity was characterized based on photocatalytic degradation of methyl orange under UV-light (300 nm)
illumination, and the maximum activity was observed for the powder with an intermediatetdrZh O conversion. The enhanced activity, as
compared with the pure ZnO crystallites, has been attributed to the presence of the intimately bonded Ze@fZn®©hetero-structure. This
study also points out a new approach to synthesize a composite photocatalyst containing strongly coupled constituents by phase transformatior
reactions among the constituents.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Indeed, combination of more than one semiconductors has
in some cases resulted in composite photocatalysts that are
ZnO is a wide-bandgap semiconductor having many ap- superior to any of its constituents in terms of photocatalytic
plications, such as being a photocatalyst, transducer, varistoractivity [11-16] and it is in general believed that the proper-
phosphor, and transparent condudtdr and wide varieties  ties at the interfacial regions between the constituents play a
of synthesis techniques have thus been developed to producerucial role[11,12] One key factor to such a synergic effect
this material in different form§2]. They are, for instance, therefore, resides in intimate contact between the different
sol—gel procesE3,4], hydrothermal proceq45-7], chemical phases. Conventionally, this was carried out either by cal-
vapor depositionf8], and solution depositiof9,10]. It was cining mixtures of the precursors of the constituent elements

particularly noticed that, in some of these proce$3¢%510] [13,14]or by depositing a second constituent phase onto the
ZnO was obtained by phase transformation reaction from surface of the first, major or{é5,16]
a pre-existing Zn®@ matrix. Composites containing differ- This work is thus motivated to explore the opportunity for

ent proportions of these two phases can easily be obtainedenhanced photocatalytic activity in the ZnO/Zn€ystem as

by varying the extent of the transformation. Zn@® also a compared with pure ZnO. In brief, ZnCpowder was first

semiconductor with a bandgap greater than that of 8]0 synthesized via a precipitation method and then subjected

Nevertheless, the photocatalytic property of such a compositeto hydrothermal treatment to form ZnO. Composites contain

system has not been investigated. different ZnO/ZnQ proportions were obtained by hydrother-
mal treatments of Zn@within the temperature range between
120 and 180C. Photocatalytic activity of the powders was
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Zn0/ZnQ composition, which is associated with an inti- 0.30

mately bonded ZnO/zZngsurface hetero-structure. I
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2. Experimental ; I
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To synthesize Zn® powder, 500ml of 0.1M PR

ZnSQy-7H2,O aqueous solution and 500ml of 0.1M ? "'"'f

NH4OH aqueous solution were mixed to obtain awhite zinc £ g5}

oxy-hydroxyl precipitate. After being washed with excessive -

de-ionized water, the precipitate was introduced into a 1M 0.00
H>0, aqueous solution. The dispersion solution was then By ™Y

heated at 75C for 2h to result in Zn@ powder, which
was subsequently washed with excessive de-ionized water
and finally dried at 65C in air. The ZnO/ZnQ composite Fig. 1. Energy distribution of the UV-light source employed in the kinetic
powders were synthesized by subjecting the Zpowder study.

to hydrothermal treatment. In a typical hydrothermal run,

the ZnGQ powder was dispersed in de-ionized water in a powder, before UV-light was turned on. Small amounts of
stainless-steel autoclave with Teflon Iining, and then heateds()]ution were retreated at the very beginning as well as inter-
atthe selected temperature, ranging between 120 ant180  mittently during the course of reaction. The methyl orange
for 2 h. After the hydrothermal treatment, the precipitate was concentration was determined by measuring the absorption
collected, washed with de-ionized water and finally dried at at ) = 465 nm, on a UV-vis spectroscopy (GENESYS10
65°C. SERIES). A correlation curve between methyl orange con-

X-ray diffraction (XRD; Mac-Science/MXP3) was em-  centration and the absorption was pre-established.
ployed to determine crystalline phases and their (average)

crystallite size based on the Scherrer equation. The conver-
sion of the transformation reaction was determined based3 Reasuits and discussion
on the intensity ratio between the (10 2) reflection of ZnO

and (220) reflection of Zn® These two reflections, al- XRD showed that the powder produced by®4 at 75°C
though not the strongest reflection for either of the_ COM- 5 single-phased Znfhaving an Scherrer crystallite size of
pounds, were chosen because they do not overlap with other; 4 (curve 1Fig. 2. Upon hydrothermal treatment, the

_peaks_. For _this purpose, a correlatio_n_ curve of the XRD powder remained single-phased Zn@ 120°C, while ZnO
intensity ratio versus powder composition was constructed garted to appear at 13G. With further increasing temper-
using mixtures of single-phased ZnO and Znowders  4pre, the amount of ZnO continued to grow at the expense

prepared via thg same processes as described above witht 7,0, (Fig. 2). No any other phase was detected during
known compositions. The powder morphology was analyzed e course of transformation, suggesting a simple one-step
by scanning electron microscope (Hitachi S-800). Diffuse {.a3nsformation mechanism:

reflectance ultraviolet—visible (UV—-vis) spectroscopic anal-
ysis was conducted on a Hitachi U3410 spectrometer, whichznO, — ZnOs) + % O2(g)-
is equipped with an integration sphere and PbS and pho-
tomultiplier detectors for photon detection. Deuterium and
tungsten iodide lamps are used as the light sources for wave- am “8’
length ranges of 185-340 and 340-2500 nm, respectively. 108
The spectra were acquired at room temperature with BaSO
as the reference.
Kinetic experiments were carried out by using a vertical
tubular batch reactor made of quartz. During a typical run,
the entire reactor was enclosed inside a UV-light house (Ray-
onet photochemical reactor, RPR-100), and the reactor was

(102) o (103)
o] o
180°C A
partially filled with an aqueous methyl orange solution, in

130°C
which the oxide particles, in an amount of 0.25 g/l, were con- (DA Ju\(z“"’ ove (220 (3,31“
stantly dispersed by a magnetic stirrer. The light house was s o

equipped with eight UV-light tubes (maximum intensity at 3 “ 20 0 “
300 nm,Fig. 1), each having a power of 12 W. The powder

was dispersed in the solution for 60 min in dark, in order Fig. 2. xRD patterns of the powders synthesized at different temperatures.
to reach the adsorption equilibrium of methyl orange on the Key: (O) reflections of ZnO;[) reflections of Zn@.
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(002)
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Fig. 3. Phase transformation conversion from 206¥n0O vs. hydrothermal
temperature.

The conversion datd{g. 3) indicate that the transforma-
tion accelerates at temperatures exceeding”C4@nd the
powder became single-phased ZnO after treatment £t@80

based on the Scherrer equation indicated average ZnO crys-
tallite sizes exceeding 40 nmin all samples (exact values can-
not be determined with high confidence because large error
can easily arise from choosing the baseline of the XRD spec-

tra due to the sharpness of the peaks).

SEM analysis showed that the ZpGtarting powder has
granular morphology with a rather uniform particle size of
~0.25um (Fig. 4a). On the other hand, the fully transformed,
180°C sample showed rod-like ZnO prisms having a length
from ~3 to 5pum and~1pum in thickness Fig. 4b). The
140°C powder, which has a conversion of 25%, shows a
small number of large ZnO prismBi. 4c) having a dimen-
sion of a few microns instead of large amount of small ZnO
crystallites. This is consistent with the XRD results, which
show very sharp ZnO peaks even at low conversion. These re-
sults may suggest that nucleation be the rate-limiting step for
the transformation, and therefore, stable nuclei grow rapidly
while the number of nuclei remains small. In addition, it was
noticed that the surfaces of the ZnO crystallites in the partially

It was also noticed that the reflections of ZnO are very sharp, transformed powders were mostly “fused” with Zn@ran-
indicating large crystallites, even for the powders of low con- ules Fig. 4c). The surface density of the granules is abun-

version, such as the 130 and X4D samples. Calculation

dant for the 140C crystallites, but significantly decreases

Fig. 4. SEM micrographs: (a) Zn®(b) ZnO obtained at 180C and (c) ZnO/Zn@ at 140°C.
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as the transformation approaches completion at°C30
(Fig. 4b).

Thisisthefirsttime Zn@to-ZnO transformation has been 35
carried out under hydrothermal condition. Uekawa ef4l.
prepared Zn@by using the same procedures as in the present
study but carried out the transformation reaction by firing
ZnOy under dry condition (the atmosphere was not explic-
itly specified but most likely was either air or oxygen). The
resulted powders were ZnO nanoparticles of 19 and 41 nm
after firing at 300 and 50TC, respectively. Heat treatment
of highly crystallized Zn@ thin film in air or vacuuni9,10] 20 -
also resulted in nanocrystalline ZnO. These results are in
great contrast with them-sized ZnO crystallites obtained & ax & = on o
here. The difference may indicate that the nucleation step
is greatly accelerated and no longer be rate limiting under
their synthesis conditions. Thus, the ZnO crystallites contain- Fig. 6. Concentration of methyl orange vs. time under irradiation of UV-
ing surface Zn@-granules are unique to the hydrothermally light.
effected Zn@-to-ZnO transformation. Direct hydrothermal

synthesis of ZnO from Zn oxy-hydroxide precipitate doesnot ~ The kinetic study was carried out by monitoring the ab-
create similar morphologfs—7]. sorption of the solution at 465 nm wavelength. A decrease in

The UV-vis spectra have been expressed in Kubelka—this absorption corresponds to degradation of polyaromatic
Munk unit (K/S), as shown irFig. 5 whereK is the absorp- rings ip methyl orange to create mono subst.ituted aromgtics
tion coefficient, and, the scattering coefficient. The starting  [17]- Fig. 6 shows methyl orange concentration versus time
ZnO, powder showed an absorption edge at 300 nm, corre-under irradiation for different powders. The Zp@owder,
sponding to a bandgap of 4.12 eV. The bandgap is smaller,either fresh prepared or hydrothermally treated at 120
by nearly 0.1V, than that reported for a highly crystallized exhibited very low activity. This is rather expected, because
ZnO, thinfilm prepared by a solution deposition mettiba], the absorption edge wavelength (300 nm) of the ZpOw-
and the difference may be because the Zpowder syn- Qer is the same as the ma}mmum-lntensny yvavelength of the
thesized here has poorer crystallinity. This is also indicated light source, and the efficiency for generating electrons and
by the broad transition in absorption near the edge energy.noles is hence expected to be very low. This may addition-
When ZnO started to appear after hydrothermal treatment at@lly be compounded by the poor crystallinity of the pow-
130°C, the spectrum showed a two-step profile with an ad- der, which shortens the_ lifetimes of the excitons. For pow-
ditional absorption at 395 nm. With increasing hydrothermal ders that were synthesized at T&or above, the methyl
temperature, the Zn@absorption decreased, while the ZnO- Orange concentration was found to decrease almost linearly
absorption increased and shifted gradually to higher Wave-Witr_‘ time. The Iinearity suggests the zero-order reaction ki-
lengths. The profile finally showed single-step ZnO absorp- Netics, and the slope is equal to the rate constant. The rate
tion with the absorption edge at 395nm (3.13eV) for the constant Eig. 7) was found to first increase and then de-

180°C sample. These results are consistent with the XRD crease with increasing ZnO content, showing a maximum for
data in terms of the phase composition. the powder synthesized within 140-15D. The presence of

an optimum activity at an intermediate ZnO/Znfatio may
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temperature, where is the ZnGQ-to-ZnO conversion, for photocatalyzed
Fig. 5. UV-vis spectra of the powders synthesized at different temperatures. degradation of methyl orange.
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indicate an important role played by the interface of the two other hand, at higher hydrothermal temperatures, the specific
phases. surface activity are in the order of 140> 150> 280 This
The physical and chemical mechanisms involved in semi- trend was found to be correlated with the amount of the ZnO
conductor photocatalysis have been reviewed in detail in thegranules present on the ZnO crystallites. That is, a higher
literature (e.g.[11,12). In brief, the processes involved can specific surface activity corresponds to a greater amount of
roughly be divided into three groups. The first group includes ZnO, surface granules. It is suggested that the ZnO&ZnO
the physical processes taking place within the solid catalystinterface may play an important role in enhancing the arrival
to result in a supply of charge carriers to the catalyst surface.flux of charge carrier to the ZnO surface. One possible
They are photo-excited generation of electron in conduction effect due to the presence of the Zn@ranules is that the
band and hole in valence band, and diffusion and recombi- difference in band structure between ZnO and ZmOuld
nation of the generated charge carriers. The second groupesult in potential gradient at the interface, which facilitates
includes a series of surface reaction steps leading to chargeseparation and hence reduces recombination between the
transfer at the solid—fluid interface. And the third group in- excited holes and electrons. In addition, the structural
cludes the transport processes of the chemical species (redefects created near the ZnO/zZn@terfaces could also
actants/products) on the fluid side of the interface. As theseserve as favorable trap sites of the excitons to reduce
three groups operate in series, the overall reaction kinetics istheir recombination. In either case, a higher flux of charge
limited by the group that is the slowest, i.e., rate-limiting. carrier resulted from a longer carrier life time. Detailed
In the case where either the interfacial reaction or trans- photo-absorption and cathodoluminescence spectroscopic
port of chemical species on the fluid side is rate-limiting, analyses on individual ZnO crystallites are underway.
the overall reaction rate would show non-zero reaction order.
On the other hand, if the reaction rate is limited by the sup-
ply of the charge carriers on the solid side to the interface, 4. Conclusion
one expects the reaction rate to exhibit zero-order concen-
tration dependence. This is the case observed for the methyl ZnNO/ZnQ; composite photocatalyst containing ZnO crys-
orange degradation in the present stugiig(6). That is, for tallites bonded with surface ZnQranules have been syn-
all the samples shown here, the overall reaction activity to- thesized by a hydrothermal treatment of Zn®he compos-

ward methyl orange degradation is determined by the total |t§ ha_f, shown_a superi.or photocatalytic activity as compared
arriving rates of charge carriers at the catalyst surface. with either of its constituents toward degradation of methyl

As shown inFigs. 6 and 7the photocatalytic activity ~ orange. The enhancement has been ascribed to the presence
does not show monotonic correlation with the hydrothermal of either structural or energetic heterogeneity within the in-
temperature, i.e., with the amount of ZnO. Rather, some of terfacial regions between the two oxides. This study has also
the partially transformed powders, particularly the 140 and Pointed out a new approach to synthesize a composite pho-
150°C powders, showed higher activities than the single- tocatalyst containing strongly coupled constituents, namely
phased ZnO powder synthesized at 180 To understand via one or multiple steps of transformation reaction among
these differences, two factors are considered, including thethe constituents.
total active surface area and the arrival flux (per unit time and
area) of charge carriers to the catalyst surface. Because of the
wavelength of the light source employed, we may consider Acknowledgment
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