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Layered  hydroxide  zinc  nitrate  (LHZN;  Zn5(NO3)2(OH)8·xH2O)  films  were fabricated  on  glass  or  plas-
tic  substrates  by  a chemical  bath  deposition  method  combined  with  a  homogeneous  precipitation  in
methanolic  solutions.  High-  or low-temperature  pyrolytic  decomposition  of  the  LHZN  films  having  two-
dimensional  morphology  was  attempted  to  obtain  porous  ZnO  nanosheet-assembly  films.  The  LHZN
films  were  converted  into  porous  ZnO  films  by  pyrolyzing  at temperatures  above 400 ◦C,  while  porous
LHZN/ZnO  hybrid  films  were  obtained  by  pyrolyzing  at a  lower  temperature  of  120 ◦C  without  morpho-
logical  changes.  The  pyrolyzed  ZnO films  were  applied  to dye-sensitized  solar  cells  (DSSCs),  resulting
ayered zinc hydroxide compound
inc oxide
eposition
icrostructure
ye-sensitized solar cells

in  the  generation  of relatively  high  open-circuit  voltages.  The  low-temperature  pyrolysis  enabled  us  to
fabricate  the  LHZN/ZnO  film  even  on  the plastic  substrate.  Actually  a  cell  using  the LHZN/ZnO  film  on  an
indium  tin  oxide-coated  polyethylene  naphthalate  substrate  showed  an  energy  conversion  efficiency  of
2.08%  with  a high  open-circuit  voltage  around  0.70 V.

©  2015  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.
. Introduction

Zinc oxide (ZnO) is a representative n-type metal-oxide semi-
onductor, which has a wide variety of optical and electrical
pplications. Generally the physical properties of ZnO depend
argely on its microstructure. The morphological control of ZnO
as therefore been intensively studied and various kinds of unique
orphologies have been reported so far [1–4].
Pyrolytic decomposition is one of the effective approaches to

ontrol the morphology of metal oxides by changing/adjusting pre-
ursor materials. We  have reported the microstructural control of
orous ZnO films through the low-temperature pyrolysis of layered
ydroxide zinc acetate (LHZA) films with flower-like [5], brus-
els sprouts-like [6], or nano-rectangular morphologies [7], layered
ydroxide zinc carbonate (LHZC) films of a close nanosheet assem-
ly [8], and layered hydroxide zinc benzoate (LHZB) films of a sparse
anosheet assembly [9]. One of the advantages of the pyrolytic
∗ Corresponding author. Tel.: +81 45 566 1581; fax: +81 45 566 1551.
E-mail address: shinobu@applc.keio.ac.jp (S. Fujihara).
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eramic Society.
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187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Produc
decomposition of zinc-compound precursors is that architectures
and/or crystallographic orientations of the precursors can be taken
over by the resultant ZnO. Thus the microstructure of ZnO is not
limited to that derived from its own  crystal structure such as hexag-
onal plates [3], hexagonal prisms [4], and so on. In this study, we
focus on layered hydroxide zinc nitrate (LHZN), in which nitrate
ions are intercalated between zinc hydroxide layers, as a precursor
for two-dimensionally (2D) microstructured ZnO films. Although
there are many reports on the synthesis of LHZN powders by wet
chemical processes [10,11], fabrication of LHZN films by a chemical
solution method has seldom been reported so far except for a few
reports on electrodeposited LHZN [12,13].

The application of the pyrolyzed layered zinc hydroxide films to
ZnO electrodes in dye-sensitized solar cells (DSSCs) has remained
a challenge. Nanoporous ZnO electrodes that were pyrolytically
converted from the flower-like and the brussels sprouts-like LHZA
films at 450 ◦C exhibited a light-to-electricity conversion efficiency
of 4.6% and 5.1%, respectively [6]. Oriented ZnO films consisting
of single-crystalline nanosheets with mesopores could be obtained

by the pyrolysis of LHZC nanosheet-assembled films prepared by
a homogeneous precipitation method [14,15]. The ZnO electrodes
thus obtained showed a conversion efficiency over 5% due to a high
specific surface area as well as an effective electron transport.

tion and hosting by Elsevier B.V. All rights reserved.
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In terms of a practical application of DSSCs, it has been
ttempted to replace transparent conductive oxide (TCO)-coated
lass substrates with plastic substrates to fabricate flexible,
ightweight, and cost-effective cells. For plastic substrates, porous

etal-oxide semiconductors should be mounted below heat-
roof temperatures of polymer materials used. We  have already
eported that dye-sensitized ZnO electrodes fabricated on indium
in oxide-coated polyethylene naphthalate (ITO-PEN) substrates by
yrolyzing LHZA films at 120 ◦C could give a relatively high conver-
ion efficiency around 3.4% [16].

In the present work, we fabricated 2D microstructured LHZN
lms on ITO-PEN plastic as well as TCO glass substrates by com-
ining a chemical bath deposition (CBD) and a homogeneous
recipitation method. The LHZN films were then pyrolyzed at high
r low temperatures. The resultant ZnO nanosheet-assembly films
ere applied to electrodes in DSSCs. Dependence of the DSSC per-

ormance on pyrolysis conditions was investigated to discuss the
elationship between the film structure and cell parameters such
s an open-circuit photovoltage (VOC) and a short-circuit photo-
urrent density (JSC).

. Experimental

.1. Fabrication of LHZN and ZnO films

LHZN films were fabricated by the CBD method combined with
he homogeneous precipitation method using hexamethylenete-
ramine (HMT) as a precipitating agent. 75 mM Zn(NO3)2·6H2O
99.0%, Wako Pure Chemical Industries Co. Ltd., Japan) and 250 mM
MT  (99.0%, Wako) were dissolved in 10 mL  of methanol, to
hich 1 mL  of 2 M aqueous HNO3 solution (60–61%, Taisei Kagaku
o. Ltd., Japan) was added. Borosilicate glass slides (S1111; Mat-
unami Glass Ind., Ltd., Japan) or fluorine-doped tin oxide-coated
lass plates (FTO substrates; Nippon Sheet Glass Co. Ltd., Japan)
ere used as glass substrates, and ITO-PEN sheets (Touki Co. Ltd.,

apan) were used as plastic substrates. They were immersed in the
ethanol solution and kept at a constant temperature of 60, 70, or

0 ◦C for 24 h. Films deposited on the glass substrates were rinsed
ith water and ethanol and dried at room temperature. Since the
lms were deposited on both sides of the substrates, the unneces-
ary film formed on the upper side was removed by scratching off.
he resultant films were heated at temperatures between 400 and
00 ◦C for 0.5 h in a muffle furnace (designated a high-temperature
yrolysis method exclusively for the films on the glass substrates)
r at 120 ◦C for the duration between 0.5 and 72 h in a drying oven
designated a low-temperature pyrolysis method).

.2. Characterization

Crystal structures of the films obtained were identified by an
-ray diffraction analysis (XRD; D8-02 diffractometer, Bruker AXS)
sing CuK  ̨ radiation. The microstructure of the films was  observed
y a scanning electron microscope (SEM; Inspect S50, FEI) and a
eld-emission transmission electron microscope (FE-TEM; TECNAI
20, Philips). Thermal behavior of the LHZN films was examined
y thermogravimetry-differential thermal analysis (TG-DTA; DTG-
0, Shimadzu). The pH value of the solutions was measured by a
H meter (F-51, Horiba). Functional groups of chemical species
f the films were analyzed by Fourier transform infrared spec-
roscopy (FT-IR; ALPHA, Bruker) using a KBr pellet method. A

runauer–Emmett–Teller (BET) specific surface area was evalu-
ted by a nitrogen gas adsorption/desorption method using an
utomatic surface area and porosimetry analyzer (Tristar 3000,
himadzu).
ic Societies 3 (2015) 144–150 145

2.3. DSSC measurement

The ZnO films obtained on the FTO glass or the ITO-PEN plastic
substrates were immersed in a 0.3 mM RuL2(NCS)2:2TBA (L = 2,2′-
bipyridyl-4,4′-dicarboxylic acid and TBA = tetrabutylammonium;
N719, Solaronix SA, Switzerland) ethanolic solution at 60 ◦C
for 0.5 h. Sandwich-type open cells were constructed with the
ZnO/N719 electrode, a spacer film (50 �m in thickness), and
a counter platinum electrode. An I−/I3− redox couple elec-
trolyte, which was composed of 0.1 M LiI (97.0%, Wako), 50 mM
I2 (99.8%, Kanto Chemical Co. Inc., Japan), 0.6 M 1,2-dimethyl-
3-propylimidazolium iodide (DMPII; Shikoku Chemicals Corp.,
Japan), 1.0 M 4-tert-butylpyridine (96%, Sigma–Aldrich Co. LLC,
USA), and 3-methoxypropionitrile (99.0%, Wako), was  introduced
between the electrodes. An active cell area was  fixed at 25 mm2 by
a mask.

The cell parameters, VOC, JSC, a fill factor (ff), and the con-
version efficiency (�), were determined by J–V measurements (J:
photocurrent density, V: photovoltage). A 500 W Xenon lamp (UXL-
500SX, Ushio) was  used as a light source to produce the simulated
AM 1.5 illumination at 100 mW cm−2. An AM 1.5 filter, a water filter,
and an infrared cut filter (S76-HA50, Hoya) were placed in the light
path to regulate the light in a wavelength range of 300–800 nm,
reducing a mismatch of the simulated sunlight. J–V curves were
measured with a potentiostat (HSV-100, Hokuto Denko) under the
simulated sunlight. Dark current–voltage curves were also mea-
sured in the same way  under a dark condition.

The amount of dyes adsorbed on the ZnO electrodes was  esti-
mated by measuring the absorbance of desorbed dyes. Desorption
was carried out by immersing in a 0.5 M NaOH ethanol/water
(v/v = 1) solution. Absorbance of the resultant dye solutions was
measured by a spectrophotometer (V-670, Jasco) and calibrated
with a standard solution of N719.

3. Results and discussion

3.1. Characterization of LHZN films

Fig. 1(a) shows XRD patterns of the films deposited at 60, 70, or
80 ◦C for 24 h on the glass slides. The films deposited at the higher
temperatures (70 or 80 ◦C) are identified as a wurtzite-type ZnO. In
contrast, a pattern of the film deposited at 60 ◦C is similar to those
of layered zinc hydroxide nitrates, Zn5(NO3)2(OH)8 (ICDD 25-1028)
and Zn5(NO3)2(OH)8·2H2O (ICDD 24-1460). A diffraction peak at
2� = 9.59◦ (d = 9.23 Å, corresponding to a basal spacing of layered
compounds) is located between that of Zn5(NO3)2(OH)8 (d = 8.98 Å)
and Zn5(NO3)2(OH)8·2H2O (d = 9.79 Å). Generally, a basal spacing of
the layered zinc hydroxide compounds varies with compositions of
intercalated anion species and/or water molecules [17,18]. A con-
tent of intercalated water molecules in the present LHZN may  be
smaller than that of Zn5(NO3)2(OH)8·2H2O, which was synthesized
in an aqueous solution, because it was  obtained from the methanol
solution mixed only with the very small amount of the aqueous
HNO3 solution.

Fig. 1(b) shows SEM images of the surface of the films deposited
at 60, 70, or 80 ◦C for 24 h on the glass slides. Hexagonal prismatic
particles of ZnO are precipitated on the glass at 70 or 80 ◦C. ZnO is
assumed to be produced preferentially at the higher temperatures
because an OH− concentration of the solution increases drastically
by a temperature-promoted thermohydrolysis of HMT  expressed
by following equations [19]:
(CH2)6N4 + 6H2O → 6HCHO + 4NH3 (1)

NH3 + H2O → NH4
+ + OH− (2)
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LHZN film can be explained following that of the other layered zinc
ig. 1. (a) XRD patterns and (b) SEM images of the films deposited on the glass slides
t  60, 70, or 80 ◦C for 24 h.

Under the strongly basic condition, the oxolation of Zn2+ ions
o form metaloxane networks is dominant over the olation [20]. As
een in Fig. 1(b), the particle size of ZnO is decreased considerably
ith increasing the temperature, suggesting that the nucleation

ate of ZnO is increased at the higher temperature and simulta-
eously the growth of the individual ZnO particles is suppressed. In
ontrast, the olation of Zn2+ ions leads to the formation of positively
harged zinc hydroxide layers under the weakly basic condition,
nd then LHZN crystals are formed with the intercalation of NO3

−

nions between the layers. As also seen in Fig. 1(b), upstanding
HZN nanosheets grow on the glass to form 2D microstructured
lm at 60 ◦C.

The layered zinc hydroxide compounds commonly prefer 2D
icrostructures such as nanosheets and nanoplates, resulting from

 difference in the growth rate of each plane in the anisotropic
rystal structure. In the case of LHZN, the growth rate along the
-axis (perpendicular to the zinc hydroxide basal planes) is much
lower than that along the b- and c-axes (parallel to the zinc hydrox-

de basal planes) [10]. To investigate a growth mechanism of the
HZN nanosheet assembly, the progress of the deposition at 60 ◦C
etween 0.5 and 24 h was monitored by measuring the pH value
Fig. 2. Surface and cross-section SEM images of the LHZN films deposited on the
glass slides at 60 ◦C for (a) 3, (b) 6, (c) 12, or (d) 24 h.

of the solution and observing the microstructure of the films. Note
that all the deposited films were preliminarily identified as LHZN
by the XRD analysis. The pH value of the solution increased from 4.8
to 5.5 at the initial stage of the reaction (0.5 h). The OH− ions were
continuously supplied by the thermohydrolysis of HMT  (Eqs. (1)
and (2)) and consumed by the following LHZN formation reaction:

5Zn2+ + 2NO3
− + 8OH− + xH2O → Zn5(NO3)2(OH)8·xH2O (3)

Actually the pH value was  almost unchanged after 24 h (pH 5.6).
Fig. 2 shows the microstructure of the films deposited at 60 ◦C

for the duration between 3 and 24 h. In Fig. 2(a), it is seen that the
substrate is covered in spots with the LHZN nanosheets which were
radially grown. This indicates the progress of the heterogeneous
nucleation of LHZN at the early stage of the reaction within 3 h.
Such hemispheric assemblies of nanosheets were also seen in the
other layered zinc oxides such as LHZA and LHZB in the early stage
of the film formation [9,18]. Thus, the growth mechanism of the
hydroxide compounds [18]. Thin LHZN plates grow with its (1 0 0)
plane parallel to the substrate at the initial stage of the film for-
mation. The plates are then branched gradually with the progress
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f the crystal growth. The growth direction of the LHZN films is
ent toward the bulk of the solution due to the concentration gra-
ient formed near the LHZN plates, resulting in the formation of
he hemispheric assemblies. With increasing the deposition time
o 6 h, the substrate is covered with the LHZN film and the growth
irection is changed to the direction perpendicular to the substrate
urface (Fig. 2(b)). Interspaces between the nanosheets are being
xpanded and hence the film density is decreased with the deposi-
ion time up to 24 h (Fig. 2(c) and (d)). It may  result from a decrease
n the concentration of the reactants in Eq. (3). The film thickness
bserved in cross section images in Fig. 2 increases monotonically
ith the deposition time and reaches approximately 40 �m after

4 h.
In the following, we used the LHZN films deposited at 60 ◦C for

4 h because of their 2D microstructure suitable for DSSCs. For this
urpose, the LHZN films were deposited also on the FTO and the

TO-PEN substrates. The thickness of the films fell in the range of
7–33 �m,  which was enough for the application to DSSCs.

.2. High-temperature pyrolytic conversion from LHZN to ZnO

The LHZN films deposited on the glass slides were heat-treated
t 400, 450, or 500 ◦C for 0.5 h. As shown in Fig. 3(a), XRD patterns
f the resultant films are assigned to ZnO irrespective of the heating
emperature. Fig. 3(b) shows SEM images of the surface of the ZnO
lms thus obtained. Any of the films maintains the sheet-like archi-
ecture of the original LHZA. However, the respective nanosheets
eem to be changed to gathered small particles and their poros-
ty increases with increasing the pyrolyzing temperature. This can
e explained by the temperature-promoted grain growth of ZnO
nd a similar tendency is seen in the other pyrolyzed layered zinc
ydroxide compounds [6].

The ZnO nanosheet-assembled films were fabricated on the FTO
ubstrates by the high-temperature pyrolysis to be applied as elec-
rodes in DSSCs. J–V curves and dark current–voltage curves of the
ells using the ZnO films pyrolyzed at 400, 450, or 500 ◦C are shown
n Fig. 4. Cell parameters determined from the J–V measurement are
ummarized in Table 1. A higher VOC of 0.760 V is obtained for the
ell with the ZnO electrode pyrolyzed at 500 ◦C. Generally the high-
emperature pyrolysis results in a smaller specific surface area of
he electrode, which corresponds to an effective decrease in sur-
ace defects working as recombination sites to improve VOC [21].
ctually, the magnitude of the dark current of this cell is much
maller than those of the other cells at the same applied voltage
bove 0.50 V (near the flat-band potential of the ZnO electrode),
ndicative of the suppressed recombination. Due to a smaller JSC
3.75 mA  cm−2), however, a conversion efficiency is lower with the
lectrode pyrolyzed at 500 ◦C.

The ZnO electrodes pyrolyzed at 400 or 450 ◦C show the com-
arable VOC of approximately 0.71 V. JSC of the electrode pyrolyzed
t 450 ◦C is larger than that at 400 ◦C in spite of the similar amount
f the adsorbed dyes. The photocurrent in DSSCs is related not only
o a light-harvest efficiency but also to an electron injection effi-
iency and an electron collection efficiency [22,23]. The electrode
yrolyzed at 400 ◦C may  have a poor connection among the ZnO
articles due to a lower degree of sintering, leading to a lower elec-
ron collection efficiency. The fill factor of the electrode pyrolyzed
t 400 ◦C is much smaller than that of the electrode at 450 ◦C, also
uggesting the lower electrical conduction (the higher resistance)
f the electrode heated at the lower temperature. It is curious that
he electrode pyrolyzed at 500 ◦C also has the smaller fill factor than
he electrode at 450 ◦C, contrary to the higher VOC. This might result

rom the degraded contact between the ZnO film and the FTO sub-
trate due to the larger shrinkage of the film during heating. The
egradation of the electrical contact would increase the resistance
t the ZnO/FTO interface, thus leading to the decrease in the fill
Fig. 3. (a) XRD patterns and (b) SEM images of the films obtained by pyrolyzing the
LHZN films on the glass slides at 400, 450, or 500 ◦C for 0.5 h.

factor. A similar tendency was  also found in our previous report;
the fill factor of the ZnO electrodes prepared by pyrolyzing the LHZA
films on the FTO substrate at temperatures of 600 ◦C or higher was
smaller than that of the ZnO electrodes pyrolyzed at 400–550 ◦C
[21].

In summary of the high-temperature pyrolytic conversion, the
highest conversion efficiency of approximately 3.0% was obtained
for the LHZN-derived ZnO electrode pyrolyzed at 450 ◦C in the
present study.

3.3. Low-temperature pyrolytic conversion from LHZN to ZnO

Fig. 5 shows XRD patterns of the films on the glass slides after
pyrolyzing at 120 ◦C for various durations. Diffraction peaks due to

ZnO appear after 6 h. The conversion from LHZN to ZnO is further
promoted with increasing the duration. However, the conversion is
not completed even after 72 h. Details of the pyrolytic conversion
were then analyzed with TG-DTA, following a similar examination
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Table 1
Characteristic values of the cells using the ZnO electrodes obtained by pyrolyzing the LHZN films on the FTO substrates at 400, 450, or 500 ◦C for 0.5 h.

Pyrolyzing temperature (◦C) VOC (V) JSC (mA  cm−2) ff (–) � (%) Dye adsorption (10−8 mol cm−2)

400 0.709 4.54 0.439 1.41 4.47
450  0.707 6.53 0.652 3.01 4.67
500  0.760 3.75 0.524 1.49 3.63
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Fig. 5. XRD patterns of the films obtained by pyrolyzing the LHZN films on the glass
slides at 120 ◦C for 0.5, 6, 24, or 72 h.
ig. 4. (a) J–V curves and (b) dark current–voltage curves of the cells using the ZnO
lectrodes obtained by pyrolyzing the LHZN films on the FTO substrates at 400, 450,
r  500 ◦C for 0.5 h.

eported in the literature. The pyrolysis of Zn5(NO3)2(OH)8·2H2O
an be divided into three stages, and the first and the second stage
re expressed as follows [12,24–26]:

n5(NO3)2(OH)8·2H2O → Zn5(NO3)2(OH)8 + 2H2O (65–110 ◦C)

(4)

Zn5(NO3)2(OH)8 → Zn3(NO3)2(OH)4

+ 2ZnO + 2H2O (120–150 ◦C) (5)

t the first stage, the intercalated water molecules are removed at
emperatures up to 110 ◦C. Then, the dehydrated Zn5(NO3)2(OH)8 is
artially decomposed to Zn3(NO3)2(OH)4 and ZnO at temperatures
etween 120 and 150 ◦C. At the third stage, the pyrolysis of the

esultant Zn3(NO3)2(OH)4 proceeds in any of two possible reaction
athways [12,24,26]:

n3(NO3)2(OH)4 → 3ZnO + 2HNO3 + H2O (140–170 ◦C) (6)
Fig. 6. TG-DTA curves of the LHZN sample obtained at 60 ◦C for 24 h.

4Zn3(NO3)2(OH)4 → 9ZnO + 3Zn(NO3)2

+ 2HNO3 + 7H2O (150–205 ◦C) (7-1)

Zn(NO3)2 → ZnO + NO2 + NO + O2 (205–250 ◦C) (7-2)

When the intermediate Zn(NO3)2 is once formed, the overall pyrol-
ysis process needs higher temperatures. A theoretical weight loss
associated with the conversion from Zn5(NO3)2(OH)8·2H2O to ZnO
is calculated to be 34.7%.
Fig. 6 shows TG-DTA curves of the LHZN film deposited at 60 ◦C
for 24 h. A weight loss of 1.4% at temperatures up to 60 ◦C with a
minor endothermic peak around 40 ◦C is attributed to the removal
of physically adsorbed methanol molecules. A next weight loss of
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Fig. 8. (a) Surface and (b) cross-section SEM images of the film obtained by pyroly-
zing the LHZN film on the glass slide at 120 ◦C for 72 h.
ig. 7. FT-IR spectra of (a) the as-prepared LHZN film and the films pyrolyzed (b) at
20 ◦C for 72 h or (c) at 450 ◦C for 0.5 h.

.3% up to 110 ◦C is smaller than a theoretical weight loss of 5.8% cal-
ulated with Eq. (4), suggesting a different water content between
he present LHZN and the reported Zn5(NO3)2(OH)8·2H2O. Weight
osses of 13.5% with an endothermic peak and 16.1% with an
xothermic peak are observed in the temperature range of 100–160
nd 160–250 ◦C, respectively. Such weight losses do not correspond
o theoretical ones for the respective reaction steps (Eqs. (5), (6), or
7-1)). These reactions may  proceed in parallel, judging from the
act that a total weight loss is 29.6%, which is close to a theoreti-
al loss of 28.9% for the conversion from Zn5(NO3)2(OH)8 to ZnO.
n addition, the net weight loss of the present LHZN after releas-
ng the physically adsorbed species is 30.5%. This is smaller than a
heoretical weight loss of 34.7% from Zn5(NO3)2(OH)8·2H2O, which

ay be related to the compositional difference in the intercalated
ater as found in the XRD analysis (Fig. 1(a)).

The TG-DTA results suggest that the condensation of the zinc
ydroxide layers and the release of the nitrate ions can take
lace simultaneously, following the respective reaction pathways
Eqs. (6) or (7-1,2)). In fact, the LHZN film was not pyrolyzed
ompletely and hence the LHZN/ZnO hybrid film was obtained
y the low-temperature pyrolysis method. Fig. 7 compares FT-

R spectra of the as-prepared LHZN film and the films pyrolyzed
t 120 ◦C for 72 h or at 450 ◦C for 0.5 h. Strong absorption bands
re observed at around 3450 and 1640 cm−1 in all the samples,
esulting from stretching and bending modes, respectively, of inter-
alated or physically adsorbed H2O. For the as-prepared LHZN film
nd the pyrolyzed film at 120 ◦C, absorption bands centered at
round 1385, 1040, and 830 cm−1 clearly indicate the presence of
he nitrate ions. Additionally, absorption bands appearing between
000 and 2800 cm−1 may  suggest the presence of undecomposed
MT  and/or physically adsorbed methanol inside the films. Small
bsorption bands centered at around 640 cm−1, which are ascribed
o the ı mode of O H groups in the hydroxide layers, are also found
or the as-prepared LHZN film and the pyrolyzed film at 120 ◦C
12,25]. In contrast, the above-mentioned bands are hardly found
n the ZnO film heated at 450 ◦C for 0.5 h, indicative of the complete
yrolysis.

Fig. 8 shows SEM images of the film obtained by pyrolyzing the
HZN film at 120 ◦C for 72 h. The morphology and the thickness of
he film obtained by the low-temperature pyrolysis are almost the
ame as those of the initial LHZN film. In contrast to the porous
nO films obtained by the high-temperature pyrolysis shown in

ig. 3(b), the surface of the nanosheets in Fig. 8 seems to be smooth
t a low magnification.

Fig. 9 compares TEM images of the LHZN films pyrolyzed
t 450 ◦C for 0.5 h or at 120 ◦C for 72 h. Lager nanoparticles
Fig. 9. FE-TEM images of the films obtained by pyrolyzing the LHZN films on the
glass slides (a) at 450 ◦C for 0.5 h or (b) at 120 ◦C for 72 h.

approximately 40 nm in size are obtained in the ZnO film pyrolyzed
at 450 ◦C (Fig. 9(a)), as a result of the grain growth. At the low pyrol-
ysis temperature of 120 ◦C, smaller nanoparticles approximately
20 nm in size are observed in the LHZN/ZnO film. It was confirmed
that these nanoparticles were ZnO by measuring the spacing of
lattice fringes. The relatively smooth surface observed in the SEM
image for the LHZN/ZnO film is related to the smaller particle size
as well as the hybrid nature.

The BET specific surface area of the pyrolyzed films was
evaluated by the nitrogen gas adsorption/desorption method.
The LHZN/ZnO film through the low-temperature pyrolysis had
a slightly higher specific surface area of 18.9 m2 g−1 than that
of 13.1 m2 g−1 for the ZnO film through the high-temperature
pyrolysis.

The performance of DSSCs using the LHZN/ZnO hybrid films fab-
ricated on the FTO or the ITO-PEN substrate by the low-temperature
pyrolysis method at 120 ◦C for 72 h is summarized in Table 2. The
amount of adsorbed dyes in these hybrid electrodes is larger than
that in the ZnO electrodes through the high-temperature pyrol-
ysis (see Table 1) because of the different specific surface areas.
Fig. 10 compares J–V curves and dark current–voltage curves of the
cells using the electrodes obtained by pyrolyzing the LHZN films
at 450 ◦C for 0.5 h or at 120 ◦C for 72 h on the FTO or the ITO-
PEN substrate. In spite of the relatively large amount of adsorbed
dyes, the photocurrent density (including JSC) of the LHZN/ZnO
electrodes through the low-temperature pyrolysis is smaller than
that of the ZnO electrode through the high-temperature pyrolysis.
The dark current of the LHZN/ZnO electrodes is also much smaller
even at higher applied voltages. These facts imply that the effec-
tive electron transport to generate the current is limited to a region
near the ZnO/FTO interface in the LHZN/ZnO electrodes with the
higher resistance. That is, the electrons injected from dyes only

near the ZnO/FTO interface contribute to the current generation.
Under this situation, neither the high resistance nor the recombi-
nation would influence largely the VOC and the ff values. Actually,
the LHZN/ZnO electrodes are comparable to the ZnO electrodes
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Table 2
Characteristic values of the cells using the ZnO electrodes on the FTO or the ITO-PEN substrate obtained by the low-temperature pyrolysis method (at 120 ◦C for 72 h).

Substrate VOC (V) JSC (mA  cm−2) ff (–) � (%) Dye adsorption (10−8 mol cm−2)

FTO 0.673 4.18 

ITO-PEN 0.696 4.70 

Fig. 10. (a) J–V curves and (b) dark current–voltage curves of the cells using the ZnO
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[24] T. Biswicka, W.  Jonesa, A. Pacułab, E. Serwickab and J. Podobinski, J. Solid State
lectrodes obtained by pyrolyzing the LHZN films on the FTO substrates at 450 ◦C
or 0.5 h or at 120 ◦C for 72 h and the LHZN film on the ITO-PEN substrate at 120 ◦C
or  72 h.

hrough the high-temperature pyrolysis in terms of VOC and ff,
eading to the conversion efficiency more than 2%. Such a result
s promising for a further improvement of the low-temperature
rocessed electrode if the problem of the electrical conduction is
vercome with a microstructural control through, for example, a
issolution–reprecipitation cycle in liquid media [27].
. Conclusions

The LHZN nanosheet-assembly films were fabricated on the
lass or the plastic substrates by the CBD method combined

[
[
[

0.714 2.01 7.16
0.635 2.08 7.32

with the homogeneous precipitation method using HMT  as the
precipitating agent in the methanolic solutions. The LHZN films
were pyrolytically converted into the ZnO and the LHZN/ZnO
hybrid films without morphological changes by the high- and
the low-temperature pyrolysis method, respectively. The pyrolysis
temperature influenced the size of the ZnO crystallites constituting
the pyrolyzed films and correspondingly the amount of adsorbed
dyes in application to the DSSC electrodes. Generally the cells using
the present ZnO or the LHZN/ZnO electrodes exhibited the rela-
tively high VOC values. Accordingly the LHZN/ZnO hybrid electrode
on the ITO-PEN substrate showed the energy conversion efficiency
of 2.08% with VOC around 0.70 V. Our method is then promising for
the facile fabrication of plastic DSSCs.
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