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ZnO films with three different microstructures including hexagonal prisms, plates and rose-like twinned
crystals were fabricated using chemical bath deposition with different concentration of gelatin. The
growth mechanisms of ZnO films were discussed, and the gelatin played a vital role as a polyelectrolyte
capping the formation of microstructures. The photoluminescence and Raman properties were found
sensitive to the crystal morphologies of ZnO films. Significantly, the photodegradation efficiencies of
methylene blue under UV light irradiation in the presence of ZnO films consisted of hexagonal prisms
and rose-like twinned crystals were 95% and 96%, respectively. The excellent photocatalytic activities
can be ascribed to the high oxygen vacancies concentration and high percentage of polar planes, and this
result was important in addressing the origin of high photocatalytic activity.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide (ZnO), with a wide band gap of 3.37eV and a
large exciton binding energy of 60meV, is one of the most
versatile semiconductor materials and exhibits a myriad of
nano/micromorphologies, such as rods, tubes, slices, doughnuts,
nanocorals, hourglass-like, chestnut-like and flower-like shapes
[1-8]. Recently, ZnO and especially doped ZnO are investigated in
a wide range of applications such as ultraviolet emitting, thin film
transistors, solar cells, and photocatalysis [9-13].

Generally, the growth of ZnO nano/microstructures is realized
through three methods: vapor phase process, melt growth, and
solution phase synthesis [14-16]. In comparison with vapor phase
and melt methods, solution phase method is remarkable for their
cheap experimental setups, large productivity, and mild condi-
tions. Chemical bath deposition (CBD) is one of the useful solution
methods for film deposition from aqueous solution containing pre-
cursors, complexing agents, and pH buffers [17,18]. Its advantages
include not only low processing temperature, not requiring vacuum
systems, allowing growth upon a variety of substrates, but also its
compatibility with large area deposition, which is low cost, energy
saving, industrial-scale and environmentally benign.

Recent years, the morphology-controlled synthesis of metallic
oxides has received much attention to produce highly functional
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materials, because of their special morphology-structure-function
relationship. Younan Xia et al. have reported the shape control of
noble-metal nanocrystals including Ag, Pt, Au, Pd, and Rh [19-23].
Xie and co-workers have demonstrated the morphological control
synthesis of Co304 nanorod clusters, preferentially exposing the
plane rich in Co3* sites which exhibit high catalytic activity for CO
oxidation [24]. Yang et al. have synthesized uniform anatase TiO,
single crystals with high percentages of [00 1] facets (47% and 64%)
using hydrofluoric acid and 2-propanol as the morphology control-
ling agent, which is promising in solar cells, optoelectronic devices
and photocatalysis [25,26].

Herein, we report the morphology-controlled synthesis of ZnO
films with gelatin via CBD. Different ZnO microstructures ranging
from hexagonal prisms, plates to rose-like twinned crystals are
prepared through varying the concentration of gelatin. Further,
the growth mechanisms of ZnO microstructures have been dis-
cussed. Above all, the ZnO films consisted of hexagonal-prisms and
rose-like twinned crystals exhibit excellent photocatalytic activi-
ties with less catalyst quantity and high efficiency, compared with
reported ZnO and doped ZnO powders and films [12,13,27-29].

2. Experimental details
2.1. Materials

Zinc acetate dihydrate (>99.0% purity, Sinopharm Chemical Reagent Co., Ltd,
China), gelatin (type A, for analysis, granular, Acrés Organics, molecular weight
100,000 g/mol), and methylene blue (MB, >98.0% purity, Sinopharm Chemical
Reagent Co., Ltd, China) were used without further purification. Microscope slides
(Sail Brand Cat. No. 7101) were used as the supporting substrates, which were
cleaned ultrasonically in distilled water and ethanol for 15 min, respectively.
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2.2. Synthesis

In a typical procedure, a 60 mL of 0.2 M zinc acetate aqueous solution was pre-
pared at room temperature. Gelatin was dissolved in 60 mL of distilled water at
about 40 °C and added to zinc acetate solution stirred. Then the glass substrate was
immersed into the mixture. This was sealed and left undisturbed at 95°C. After
several hours, the glass substrate was washed several times with deionized water
and dried in air at ambient condition. For the transmission electron microscopy
(TEM) and thermogravimetric analysis (TG) measurements, the powder sample was
peeled from the substrate. For other measurements, the as-prepared sample on the
substrate was used.
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2.3. Characterization

The crystal phase and purity of the products were determined with powder
X-ray diffraction (XRD, Bruker D8 Advance diffractometer using Cu Ka radia-
tion, A =1.5418 A). The structural and morphological analyses of the samples were
obtained with scanning electron microscopy (SEM, JEOL-6380LV), field-emission
scanning electron microscopy (FESEM, LEO-1550) equipped with an energy dis-
persive X-ray spectrometer (EDS) unit, and TEM (JEOL-2100). Photoluminescence
(PL) measurements were conducted with a FL3-TCSPC fluorescence spectrometer,
excited by a327 nmHe-Cd laser. Raman spectra were recorded on a Renishaw Micro-
Raman spectrometer, with an excitation line at 514.5 nm provided by an argon ion
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Fig. 1. FESEM images of ZnO films obtained with gelatin (a, b) 0 uM; (c, d) 10 wM; (e-g) 125 wM for 6 h; (h) EDS analysis of rose-like ZnO twinned crystals.
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laser. The transmittance and diffuse reflection spectroscopy (DRS) measurements
were carried out on a Shimadzu UV-2550 spectrophotometer equipped with an
integrated sphere. BaSO4 was used as a reference. TG of ZnO powers was performed
on a TGA/SDTA851e thermogravimetric analyzer from 50 to 900 °C at a heating rate
of 10°C/min, with N; flow of 30.0 mL/min.

2.4. Photocatalysis

The photocatalytic activities of as-synthesized ZnO films were evaluated by the
photodecomposition of MB under UV irradiation with 500 W high-pressure Hg lamp
at room temperature (RT). The detailed experimental procedure can be described as
follows: a piece of ca. 2.5 cm x 2.5 cm as-prepared ZnO film was immersed in 400 mL
of 20 mg/L MB aqueous solution with a magnetic stirrer bar and bubbling air at a flow
rate of 0.1 L/min. The efficiency of the degradation process was monitored though
the absorption at the maximum absorption around Amax =664 nm as a function of
irradiation time, using a BRAIC UV-1201 spectrophotometer.

3. Results and discussion
3.1. Morphology-controlled synthesis of ZnO films

Fig. 1 shows the FESEM images of the as-synthesized ZnO films
with different morphologies. As illustrated in Fig. 1a and b, unori-
ented ZnO hexagonal prisms with a height and a rim both of 1 pm,
are observed in the absence of gelatin. While in the presence of a
small quantity of gelatin (10 M), densely packed hexagonal ZnO
plates with a rim of 3 pm are obtained (Fig. 1c, d). As the gelatin is
further increased to 125 WM (Fig. 1e-g), only rose-like ZnO crystals
are acquired, consisting of self-assembled slices which are tens of
nanometers in thickness and several micrometers in diameter. In
addition, from the side view of rose-like ZnO, we can see that ZnO
crystals are twinned (circled area in Fig. 1g). A typical EDS spec-
trum of rose-like ZnO twinned crystals shows that only O and Zn
elements are the main components (Fig. 1h), besides the platinum
signal from the sample preparation for the EDX measurement.

To understand the interactions between the films and the sub-
strates, the cross-section of ZnO films are illustrated in Fig. S1.
We can see that the films are grown from the substrates but not
continuous. Furthermore, the adhesion between the particles and
the substrates has been tested with the Scotch tape test, which is
commonly used to measure the adhesion strength of thin films to
substrates [30]. In the test, we repeatedly applied adhesive tape to
the film and then pulled it off, up to 30 times. The morphology and
UV-vis transmittance before and after the Scotch tape test have
been characterized, as shown in Figs. S2 and S3. For the ZnO film
prepared without gelatin, unoriented hexagonal prisms have been
peeled off extensively from the substrate and considerable resid-
ual impurities from the Scotch tape are observed. As expected, the
transmittance at 368 nm (the absorption threshold, UV region) of
the film has changed noticeably, from 67% of the initial film to 78%
of its counterpart after peeled off for 30 times with Scotch tape.
Noteworthily, the morphology and transmittance only subject to
insignificant changes for the ZnO films prepared with gelatin. The
packed hexagonal plates and rose-like ZnO films show both supe-
rior mechanical strength and stability to the unoriented ones. It is
suspected that gelatin, a conventional polymer, may also interact
with the glass substrate apart from serving as templates in crystal
growth process, giving durable functional films.

Fig. 2 shows the XRD patterns of the as-synthesized ZnO films,
which can be attributed to the wurtzite hexagonal ZnO (JCPDS 36-
1451) with the lattice constants a and c of 0.325 nm and 0.521 nm,
respectively. However, the relative intensities of the corresponding
XRD peaks are not exactly matched the standard XRD pattern of
ZnO (JCPDS 36-1451). The (00 0 2) reflection is so strong that other
reflections are nearly invisible or neglectable. The strong (0002)
peak reflects the structures of as-synthesized samples are [0001]-
oriented or with large surface area of polar (0001) and (0001)
facets [3]. The hexagonal prisms in the ZnO film prepared without
gelatin are [000 1]-oriented and sufficiently thick for the relative
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Fig. 2. XRD patterns of ZnO films obtained with gelatin: 0, 10 and 125 wM for 6 h.

intensities to reflect this orientation. The densely packed hexagonal
ZnO plates are extremely well [000 1]-oriented and with greatly
large surface area of polar facets. And the rose-like film consisted
with ZnO slices are with extremely large surface area of polar facets.

The products have also been investigated by TEM and HRTEM,
as shown in Fig. 3. Fig. 3a shows the TEM image of the hexago-
nal prisms ZnO film prepared without gelatin; hexagons and some
fragments are observed. HRTEM image in Fig. 3b displays the lat-
tice fringe with a spacing of 0.283 nm corresponding to the (011 0)
plane of ZnO, indicating high crystallinity of the as-prepared ZnO
film. Its Fast Fourier Transform (FFT) image has revealed the charac-
teristics of a single crystal, as seen in the inset of Fig. 3a. Fig. 3c and
d displays the TEM and HRTEM images of the hexagonal ZnO plates
prepared with 10 wM gelatin, giving regular hexagons with a rim
of about 3 wm, which is in agreement with the FESEM results. TEM
image of the rose-like ZnO twinned crystals obtained from 125 pM
gelatin is shown in Fig. 3e. The ZnO crystals are circular; and frag-
ments of rose-like products are observed. In addition, HRTEM image
of rose-like ZnO products is shown in Fig. 3f.

3.2. Growth process of rose-like ZnO twinned crystals

In order to investigate the growth process of rose-like ZnO
twinned crystals, we carried out time dependent experiments
(Fig. 4). At a growth time of 0.5 h, there are small quantities of rose-
like ZnO like a few dispersive islands, as shown in Fig. 4a. Then at
a growth time of 2 h, the twinned crystals grow into clusters, as
seen in Fig. 4b. When the growth time is increased to 4 h, well-
aggregated islands are obtained, as shown in Fig. 4c. A larger scale
twinned crystals of ZnO are seen for a growth time of 6 h (Fig. 4d).

Fig. 5 shows the XRD patterns of rose-like the ZnO films pre-
pared with 125 uM gelatin for various growth durations. All of the
ZnO samples show a similar XRD pattern having the predominant
(0002) plane. Noticeably, the intensity of (0002) peaks increase
proportionally with time, showing that the amount of ZnO twinned
crystals increases with time. This is in agreement with SEM obser-
vation shown in Fig. 4.

3.3. Growth mechanism of ZnO films

The following chemical reactions take place in the aqueous solu-
tion, resulting in formation of the ZnO:

CH5C00~ +H,0 — CH3COOH + OH™ (1)
Zn?* + 40H™ — Zn(OH )42~ (2)
Zn(OH)4%~ — ZnO (3)
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Fig. 3. TEM and HRTEM images of ZnO films obtained with gelatin (a, b) 0 wM; (c, d) 10 wM; (e, f) 125 wM.

The growth procedure of crystals usually contains the forma-
tion of growth unit and incorporates this at the interface [31,32].
The growth unit of the ZnO crystal is the coordination polyhedron
Zn(OH)42~, as shown in Scheme 1a, which is connected with each
other sharing 02~ in the interior of the crystal. The growth habit of
ZnO crystal is due to the different growth rates at various crystal
faces, which is found as followed: Vigo01) > Vjg111] > Vjo110] >
Vioooi shown in Scheme 1b.

In Scheme 2, the growth mechanisms of ZnO films with different
microstructures are discussed. A large number of ZnO nanocrys-
tallines are first formed due to supersaturation of the precursor
solution. In the absence of gelatin during the preparation (step I in
Scheme 2), the growth unit Zn(OH )42~ grows along its growth habit
[0001] direction. Nevertheless, the OH™ ligands at the interface

of the crystal prevent the new Zn(OH)42~ ions from incorporat-
ing effectively into the as-formed ZnO nanocrystallines along the
[0001] direction [31]. This means that the crystal growth along
the [000 1] direction is partially suppressed, hence only hexagonal
prisms (Scheme 2a) are synthesized rather than 1D ZnO structures
(Scheme 1Db).

The isoelectric point (IEP) of A-gelatin in water is around 8. The
pH values of 0.2M Zn(AC), solution, 10 wM and 125 pM gelatin
solution are measured to be 6.28, 5.49 and 5.28, respectively. And
the pH values of mixed precursor solution (Zn(AC), solution mixed
with 10 wM and 125 wM gelatin) are 6.34 and 6.36, which are below
the IEP of type-A gelatin, so gelatin is positively charged in the reac-
tion solution. In the presence of 10 wM and 125 .M gelatin (step |
in Scheme 2), the positive gelatin anchors on the 02~ -terminated
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Fig. 4. SEM images of ZnO films obtained with 125 M gelatin for various growth durations: (a) 0.5h; (b) 2 h; (c) 4 h; (d) 6 h.
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Fig.5. XRD patterns of ZnO films with 125 wM gelatin for various growth durations:
(a)0.5h; (b)2h;(c)4h; (d)6h.
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Scheme 1. (a) The growth unit of ZnO. (b) The growth habit of ZnO.

(000 1) plane of ZnO nanocrystallines (Scheme 2b). Thus the crystal
growth along [000 1] direction is suppressed due to electrostatic
interactions. Adsorption of gelatin on the polar planes of ZnO
changes the intrinsic anisotropy in the growth rates and makes ZnO
nanocrystallines to grow sideways along [0 1 1 0] direction through
oriented attachment [33] of the adjacent nanocrystallines. This
results in the formation of 2D hexagonal ZnO plates (Scheme 2c).

In the presence of 125uM gelatin (step Il in Scheme 2),
because of the strong electrostatic interactions between sufficient
gelatin and ZnO nanocrystallines (Scheme 2d), lots of ZnO slices
(Scheme 2e) appear in the beginning [34,35]. It has been reported
that slight bending in ZnO plates result in grain boundaries to
accommodate local strain (Scheme 2f) [36]. As the Zn2*-terminated
and 02~ -terminated planes align alternatively along [000 1] direc-
tion in the crystals, the structure of ZnO possesses an intrinsic
dipole moment along [000 1] direction [37,38]. In order to coun-
terbalance the dipolar field, two ZnO slices with opposite polar
directions assemble together for charge neutralization and plane
stabilization, resulting in the formation of ZnO twinned crystals
[34,38,39]. The twinned phenomenon with the (0001) or (0001)
plane as the juncture occurs commonly in ZnO [5,35,40-42].
Although the dipole field in a twin crystal is mostly weakened, the
surface nearby the brim of the ZnO twinned crystals still suffer a
dipole field from the neighboring stacked slices. This results in the
alignment of ZnO nanocrystallines in slices ranges in three dimen-
sions along the dipole field (Scheme 2g) [34]. Eventually, the bowl-
like networks are formed and serve as a substrate for newly growing
ZnO slices. The twinned ZnO slices grow and assemble simultane-
ously on both sides due to charge interactions between the (0001)
plane of one ZnO slice and the (000 1) plane of another one. Thus,
the rose-like ZnO twinned crystals are obtained (Scheme 2h). In
addition, the hexagonal faceted structure of ZnO slice transforms
to a more circled shape to minimize total energy [43].

The gelatin contents in ZnO films are determined by TG, as
shown in Fig. S4. The weight loss of hexagonal plates and rose-like
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ZnO films between 209 °Cand 900 °Cis 11.8% and 6.2%, respectively.
This is ascribed to the decomposition of gelatin, revealing a strong
binding of gelatin on ZnO films. And the weight loss before 209 °C
can be attributed to the water removal of ZnO films.

Furthermore, the amount effects of gelatin on the final formation
of these structures have been further explored using SEM, as shown
in Fig. S5. The concentrations of gelatin are varied from 1.7, 41.7,
and 83.3 to 250 uM.

3.4. Optical properties

The photoluminescence spectrum is an effective method to eval-
uate both crystal defects and its optical properties. PL spectra of the
ZnO crystals are shown in Fig. 6. Typically, the hexagonal prisms
ZnO film obtained in the absence of gelatin, exhibits a strong and
wide visible green emission around 568 nm. However, the hexag-
onal plates ZnO film prepared with 10 wM gelatin displays an UV
emission around 390 nm with a full width at half-maximum (fwhm)
of 47 nm and a neglectable green emission. The rose-like ZnO film
prepared with 125 wM gelatin shows a strong UV emission around
394 nm with an fwhm of 60 nm.

The UV emission is generally attributed to the recombination of
free excitons between conductive band and valence band, which is
called near-band-edge emission [44-47]. For the green emission,
it is usually believed that visible emissions are due to transition
in defect states, particularly the oxygen vacancies [45,46,48]. The
intense and sharp UV band edge emission of rose-like twinned crys-
tals ZnO film indicates a high crystalline perfection. The shift in the
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Scheme 2. The growth mechanism of ZnO films with different microstructures.
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UV peaks of the ZnO films prepared with gelatin can be ascribed
to the difference in crystal sizes. However, the strong green emis-
sion around 568 nm of the hexagonal prisms ZnO film shows a high
defect concentration such as oxygen vacancies in the product. The
differences in the PL spectra of the samples synthesized under dif-
ferent conditions suggest that the optical properties of ZnO films are
directly affected by the quality, sizes and structure defects of crys-
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Fig. 6. RT photoluminescence spectra of ZnO films obtained with gelatin (a) 0 wM;
(b) 10 wM; (c) 125 wM.
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Fig. 7. The Raman spectra of ZnO films prepared with gelatin (a) 0 wM; (b) 10 wM;
(c) 125 uM.

tals. Herein, different crystal morphologies have discrepant crystal
qualities, sizes and structure defects. So we can conclude that the
optical properties of ZnO films are sensitive to the crystal morphol-
ogy of the film.

The Raman spectra of the as-prepared ZnO films are shown in
Fig. 7. Wurtzite ZnO belongs to the space group P63mc, which has
eight sets of phonon modes: 2E;, 2Aq, 2E; and 2B4, according to
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the group theory [49-51]. Among them, the 2B; modes are nei-
ther Raman nor infrared active. Both A; and E; modes are polar
and split into transverse optical (TO) and longitudinal optical (LO)
phonons, all being Raman and infrared active. The two nonpolar E;
modes are Raman active only. In Fig. 7, the lines around 438 cm~!
and 1123 cm~! are assigned to ZnO E, and A; (LO) phonon mode,
respectively. Generally the E, mode is ascribed to vibrations of
tetrahedrally coordinated oxygen around zinc, representing the
band characteristic of wurtzite phase. However, the appearance of
the E; (LO) mode at 580cm~! in the hexagonal prisms ZnO film
(Fig. 7a), is ascribed to oxygen deficiency [52,53], which confirms
the PL investigation.

In addition, we have measured the DRS of these three ZnO films
in order to obtain the band gap. As shown in Fig. S6, the spectra are
given as plots of the Kubelka-Munk remission function (converted
from the diffuse reflection values: F(R)=(1 — R)2/2R) vs energy (eV)
[54-56]. The values of band-gap energy (Eg) are calculated to be
3.51eV, 3.33eV and 3.40eV for ZnO films consisted of hexagonal
prisms, densely packed hexagonal plates and rose-like twinned
crystals, respectively. The difference between Eg values may be
attributed to the microstructures, crystalline sizes, and defect lev-
els of ZnO films. Further study is still in progress to address the
variation of Eg.

3.5. Photocatalytic activities

Fig. 8 shows the absorption spectra and concentration changes
as irradiation time of MB solution under UV photodegradation
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Fig. 8. Absorption spectra of MB solution under photodegradation with as-synthesized ZnO films using (a) 0 wM; (b) 10 wM; (c) 125 wM gelatin; (d) concentration changes

of MB solution as a function of irradiation time.
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Fig. 9. Images of rose-like ZnO twinned crystals after the photocatalytic reaction: (a) TEM; (b) SEM.

with the as-synthesized ZnO films. The hexagonal prisms ZnO film
exhibits exclusive photocatalytic activity; the efficiency is up to
95% at an irradiation time of 3 h. The ZnO film consisting of densely
packed hexagonal plates, exhibits an efficiency of 84.5% at an irra-
diation time of 3 h. Furthermore, the rose-like ZnO film shows a
standout photocatalytic activity with an efficiency of 96% after 3h
of irradiation.

In the photodegradation process of MB solution, the following
reactions would occur:

Zn0 +hv — ey~ +hyy" (4)
h,,* +OH™ — OH* (5)
h,, ™ +Hy0 — OH® + H (6)
OH* + C16H;15CIN3S — CO; (7)

where hv is the energy of a photon, e.;, ™ is a electron in the conduc-
tionband, and h,;,~ is a hole in the valence band. The h,;,* generated
under the irradiation of UV light is a strong oxidizing agent and
will react with H,O and OH~ around ZnO, resulting in the for-
mation of OH* radicals. Also as a strong oxidizing agent, the OH*
radicals can react the organic compounds and decompose them to
CO; [2,57]. The high efficiency of hexagonal prisms ZnO film can be
attributed to high concentration of oxygen vacancies. It can be con-
cluded that oxygen vacancies in ZnO would act as potential wells
to trap electrons, aiding electron-hole pair separation and hence
increasing the photocatalytic activity [12,58]. As for the twinned
crystals ZnO film, the rose-like networks would disassemble into
single slices during photocatalytic process, as observed by TEM and
SEM (Fig. 9). This may be ascribed to that residual gelatin in ZnO film
can be easily decomposed under UV irradiation with ZnO photocat-
alyst, destroying the durable film. Thus Zn2*-terminated (0001)
plane of ZnO is exposed. The excellent photocatalytic activity of the
twinned crystals ZnO film can be attributed to the high percentage
of Zn?*-terminated (000 1) face of ZnO, for that the OH~ ions in the
dye solution would preferentially adsorb onto (000 1) face of ZnO
because of its positive charge [12,57]. This would lead to a greater
rate of production of OH* radicals, promoting the degradation of
dye. The unsatisfied photocatalytic activity of the hexagonal plates
ZnO film can be ascribed to the low defect concentration and the
decreased percentage of polar planes.

The calculated ZnO contents of the employed films consisting
of hexagonal prisms, plates and rose-like twinned crystals in the
dye solution is 7mg/L, 17.7 mg/L and 13.7 mg/L, respectively. On
the other hand, the catalyst quantities of ZnO powders are usually
hundreds of milligrams per liter in the reported studies [12,27].
The photocatalytic activities of the ZnO films consisted of hexago-
nal prisms and rose-like twinned crystals obtained in this study

towards MB have excellent potential as photocatalytic material,
compared with previous reports [12,13,27-29].

4. Conclusions

ZnO films with three different morphologies have been control-
lably synthesized via CBD at 95°C by changing the concentration
of gelatin. FESEM, XRD, EDS, and TEM have been used to char-
acterize morphologies and structures of as-prepared ZnO films;
and hexagonal prisms, packed plates and rose-like twinned crys-
tals are obtained. The growth mechanisms of ZnO films have been
discussed. As a polyelectrolyte, gelatin acts as a capping reagent
in the formation of ZnO hexagonal plates and rose-like twinned
crystals. The photoluminescence and Raman properties are found
related to the morphologies of ZnO films. The ZnO films consisting
of hexagonal prisms and rose-like twinned crystals exhibit excel-
lent photocatalytic efficiencies of 95% and 96% at 3 h, respectively,
compared with reported results. The photocatalytic process using
ZnO films displays several advantages in removing the residual cat-
alysts and experimental process with comparison with powders.
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