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Zinc oxide (ZnO) films, composed of nano-sheets, were prepared by the thermal decomposition of hydrozincite film precursor
(Zns(OH)6(CO3)2, ZnHC). The ZnO film kept the morphology on the microscale level during the heat treatment, while the
thermal decomposition caused the formation of a nano-porous structure of the nano-sheets’ surface. ZnHC precursor was
hydrothermally synthesized on the conductive glass from zinc nitrate and urea. The influence of media (water or mixture of
water/ethylene glycol), PVP-K additive and the concentration of the initial reagents, on the morphology of the film were
observed. The growth and morphology of the ZnHC film was followed with FE-SEM microscopy and the formation mechanism
of the ZnHC film, formed in the water, was proposed. The assumed growth mechanism follows the concept of a self-assembling
mechanism of the nanometer-sized building units into nano-sheets of ZnHC with a thickness of =20 nm. These nano-sheets are
further agglomerating into porous film. The thickness of the film was around (5, 8, 10 and 20) um after (2, 3, 4 and 24) h of
synthesis, respectively. The addition of PVP-K and ethylene glycol retards the growth of ZnHC film. Moreover, the addition of
PVP-K affects the interactions between particles and the substrate, which enable the parallel growth of the nano-sheets on the
substrate surface. As prepared ZnO films were used for DSSCs, where the conversion efficiency was =0.6 %.
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Cinkov oksid (ZnO) smo pripravili kot tako plast na prevodni podlagi s termi¢no obdelavo prekurzorja hidrocinkita
(Zns(OH)s(CO3),, ZnHC). Tako pripravljena plast je bila sestavljena iz nanolisticev, ki so po termi¢ni obdelavi obdrzali svojo
obliko na mikroskopskem nivoju, medtem ko so na njihovi povrsini nastale luknjice nanovelikosti. Plast ZnHC smo pripravili s
hidrotermalno precipitacijo cinkovega nitrata s secnino. Ob tem smo opazovali vpliv razlicnih koncentracij zacetnih reagentov,
medija (voda in meSanica vode/etilen glikola) in dodatkov (PVP-K) na rast in morfologijo nastalega produkta, ki smo ju
spremljali z FE-SEM-mikroskopijo. Na osnovi rezultatov opazovanja vzorcev, pripravljenih v vodnem mediju, smo
predpostavili mehanizem rasti plasti ZnHC. Ugotovili smo, da ta mehanizem sledi konceptu povezovanja nanogradnikov v vecje
urejene kristalne mikrostrukture z obliko nanolisticev z debelino =20 nm. Nanolisti¢i ZnHC se na podlagi aglomerirajo v
porozno plast. Debelina plasti je bila priblizno 5 um po 2 h, 8 um po 3 h, 10 um po 4 h in 20 um po 24 h sinteze. Dodatek
PVP-K in etilen glikol upocasnita rast plasti ZnHC. Poleg tega je dodatek PVP-K vplival na interakcije med listi¢i in podlago, ki
omogocijo rast listicev vzporedno s povrSino podlage. Plasti ZnO smo uporabili za izdelavo elektrokemijskih sonc¢nih celic,
katerih ucinkovitost pretvorbe son¢ne energije v elektricno je =0,6 %.

Kljucne besede: ZnO, hidrocinkit, hidrotermalno, precipitacija, rast delcev, SEM, elektrokemijske soncne celice
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1 INTRODUCTION

ZnO nano-sheets have attracted increasing interest on
account of their specific microstructure and potential
applications in many areas, such as chemical sensors,
photocatalysts, phosphors and dye-sensitized solar cells
(DSSCs).'* For these applications the ZnO particles are
typically prepared as a film on various glass or polymer
substrates, covered with transparent conducting oxides
(TCO). ZnO films and powders, reported in the litera-
ture, are most commonly composed of particles with the
hexagonal rod-like morphology?3* and rarely with
nano-sheet morphology prepared from the corresponding
layered ZnHC precursor with the thermal decompo-
sition."*!1° The hydrothermal precipitation of ZnHC from
zinc nitrate with urea was presented in our papers, where
the influence of the different additives on the final
morphology of the particles was studied in a closed
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reactor system.!" The precipitated ZnHC decomposed
into ZnO in only one relatively sharp step. The growth
mechanism of the ZnHC particles based on the combi-
nation of in-situ SAXS measurement and ex-situ electron
microscopy was also presented in our recently published
paper.*

The interest in dye-sensitized solar cells (DSSCs) has
increased due to reduced energy sources and higher
energy production costs. For the most part, titania (TiO,)
has been the material of choice for dye-sensitized solar
cells and so far have shown the highest overall light con-
version efficiency =11 %.'> However, ZnO has recently
been explored as an alternative material in DSSCs with
great potential since it has a bandgap similar to TiO, at
3.2 eV and has a much higher electron mobility
(=(115-155) cm?/(V s)) than TiO; (=10 cm?/(V s)). In
addition, ZnO has ability of simpler tailoring of the
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Figure 1: Schematic description of DSSCs applying ZnO nano
particles as the electron transport material, dye for light-harvesting
and electrolyte with a I”/I"3 redox couple

Slika 1: Shema elektrokemijske sonéne celice, sestavljene iz
ZnO-polprevodnika za transport elektronov, barvila na polprevodniku
in elektrolita z redoks parom I7/173

particles’ morphology. Also it can not be neglected, that
the initial compounds for the production of ZnO are
much cheaper as compared to TiO,. The efficiency of the
DSSCs prepared from the ZnO nano-sheet film is lower
regarding DSSCs that use TiO, for their preparation.'* In
the literature it was reported that DSSCs with the ZnO
nano-sheets film electrode, prepared from ZnHC pre-
cursor, have the efficiency around 4 %.

Figure 1 shows a schematic representation of DSSCs
applying vertically-aligned ZnO nanostructured elec-
trode. The typical basic configuration is as follows: At
the heart of the device is the mesoporous oxide layer
composed of ZnO film. Typically, the film thickness is
~10 pm and the porosity is 50-60 %. The mesoporous
layer of ZnO is deposited on substrate (polymer or glass)
coated with TCO, such as indium tin oxide (ITO)
fluorine doped tin oxide (FTO) or aluminium doped zinc
oxide (AZO). Attached to the surface of the ZnO film is
a monolayer of the charge-transfer dye, mostly based on
ruthenium. Photoexcitation of the later results in the
injection of an electron into the conduction band of the
oxide, leaving the dye in its oxidized state. The dye is
restored to its ground state by electron transfer from the
electrolyte, which is usually an organic solvent con-
taining the iodide/triiodide redox system. The regene-
ration of the sensitizer by iodide intercepts the recapture
of the conduction band electron by the oxidized dye. The
I;- ions formed by oxidation of I~ diffuse because of a
short distance (<50 pum) through the electrolyte to the
cathode, which is coated with a thin layer of platinum
catalyst, where the regenerative cycle is completed by
electron transfer to reduce 15~ to I-.

In this work we present the preparation of ZnHC film
from zinc nitrate and urea in different media, such as
water, water/EG mixture and in water with addition of
PVP-K. The growth of the ZnHC film, which was later
thermally decomposed into ZnO, was followed with
FE-SEM microscopy. The formation mechanism of the
ZnHC film, in water, is presented. As prepared ZnO
films were used for DSSCs preparation.
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2 EXPERIMENTAL

All reagents in the experimental work were of
analytical reagent grade. To avoid hydrolysis upon
storage, fresh stock solutions prepared from Zn(NOs), x
6H,O (Aldrich) and urea (Aldrich) in millique water
were used. The detailed experimental conditions for the
preparation of samples are given in Table 1. The initial
concentrations of Zn?* ions were 0.1 M and 0.01 M and
urea 0.5 M and 0.05 M. The concentration of urea was
five times higher than Zn?* in all experiments. As sol-
vents water and a mixture of water and ethylene glycol
(EG, Merck) with the volume ration 1 : 1, were used.
Experiments were performed without and in the presence
of PVP-K additive. The additive was dissolved in the
initial reactive mixture before hydrolysis took place. The
concentration of additive was 10 mg/mL throughout the
experimental study.

Table 1: Experimental conditions for the sample preparations in water
and water/ethylene glycol (EG) mixture, with and without additive
Tabela 1: Pregled eksperimentov za pripravo tanke plasti na pre-
vodnem steklu v vodi in meSanici voda/etilen glikol (EG) brez dodatka
in z njim

. Solution | C (Zn**) | PVP-K | Time
Sample | Medium mL M mg/mL h
A water 50 0.1 / 2,3,4,24
B water 50 0.01 10 24
c | VEET 25425 o0 / 7

The experiments were carried out in laboratory
bottles, where the total volume of reaction mixture was
50 mL. Borosilicate glass slides, with one side covered
with the SnO, : F, were used as substrates for the film
deposition. The substrates were placed into laboratory
bottles filled with Zn/urea solution, sealed and kept at 90
°C for 2 h to 72 h in drying oven (Kambi¢, Easy) as
presented in Figure 2a. During these experiments, the
temperature was measured in the center of laboratory
bottle with Pt100. The resulting temperature profile
shows that maximum temperature was reached after
around 100 min and was constant (85 °C) during the
synthesis (Figure 2b). After the deposition, the obtained

=
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Figure 2: a — Schematic description of the film preparation. b — Tem-

perature profile in laboratory bottle

Slika 2: a — Shema priprave delcev na podlagi; b — Temperaturni profil

v laboratorijski steklenici
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hydrozincite films were rinsed with ethanol and dried at
room temperature. The films were thermally treated at
300 °C for 30 min in air. As prepared ZnO film were
used for DSSCs preparation.

The DSSCs were prepared and characterized in
Laboratory of Photovoltaics and Optoelectronics of the
Faculty of Electrical Engineering (University of Ljublja-
na) as previously reported in their papers.'3-!3

Samples were characterized by scanning field
emission electron microscopy (FE-SEM, Zeiss Supra 35
VP). IR-spectra were obtained on an FTIR spectrometer
(Perkin Elmer 2000) in the spectral range between 4000
cm™!' and 400 cm™! with a spectral resolution of 2 cm™.
The KBr pellet technique was used for the sample prepa-
ration.

3 RESULTS AND DISCUSSION

The FE-SEM microstructure of the hydrozincite
(ZnHC) film marked as Samples A, which was prepared
on the glass substrate coated with SnO, : F in water
medium after (2, 3, 4 and 24) h are presented in Figure 3
(top-view) and Figure 4 (cross-section). The porous
spherical structures composed of nano-sheets with
thickness around 20 nm was observed after 2 h of
synthesis as presented in Figures 3a and 4a. The
thickness of ZnHC film is round 5 um after 2 h of the
synthesis as presented in Figure 4a. From the particles’
microstructure and morphology, we could propose that

> N = SRS
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ZnHC nano sheets begin to grow from one point (initial
nucleus) on a substrate and not separately, which is
typical for the growth of the pure hexagonal ZnO.'¢-'8
The top-view and the cross-sectional micrographs of the
substrate’s microstructure of the Sample A, obtained
after 3 h (Figures 3b and 4b) and 4 h (Figures 3c and
4c) are presented, respectively. The nano-sheets cover
the entire surface of the substrate. The thickness of
ZnHC film is about 8 um after 3 h and about 10 um after
4 h of the synthesis. The thickness of the film increases
up to 20 um after 24 h of synthesis (Figure 4d). We
found that nano-sheets grow in the length and width,
while the thickness of the nano-sheets was remaining
constant about 20 nm (Figure 3d). The ZnHC film was
found on substrate only on the conductive side and when
this side was facing down (Figure 2a). Scratches and dirt
on conductive side of the substrate retard and limited the
growth of the particles.

The proposed growth mechanism of the ZnHC film
on the TCO substrate is schematically presented in
Figure 5. We propose that growth of the nano-sheets
follows the growth mechanism of the ZnHC particles
which was recently presented by our group. We explain
the growth mechanism by the "non-classical crystalli-
zation" concept of a self-assembling mechanism. The
growth mechanism predicts the rapid formation of
nanometer-sized building units. The size of these nano
building units, stable only in the reaction medium,
remains nearly constant during the synthesis, as the
concentration of the nano building units increases

Figure 3: FE-SEM microstructure of the ZnHC of Sample A prepared on the glass substrate in water medium after (a) —2 h, (b) =3 h, (¢) -4 hin
(d)-24h

Slika 3: FE-SEM-mikrostruktura ZnHC-vzorca A, pripravljenega na prevodnem steklu v vodnem mediju pri razli¢nih casih: (a) — 2 h, (b) —= 3 h,
(¢c)—4hin(d)-24h

i} SN

289



M. BITENC, Z. CRNJAK OREL: HYDROTHERMAL GROWTH OF Zns5(OH)s(CO3)2 AND ...

20 pm

(@)

Figure 4: FE-SEM microstructure of the ZnHC film cross-section of
Sample A prepared on glass substrate in water medium after (a) — 2 h,
(b)—3h,(c)—4hin(d)-24h
Slika 4: FE-SEM-mikrostruktura prereza plasti ZnHC-vzorca A,
pripravljenega na steklu v vodnem mediju ob razli¢nih ¢asih: (a) — 2 h,
(by—3h,(c)—4hin(d)-24h

throughout the reaction. These leaves of ZnHC are
further agglomerated into porous, nano-sheet like film.
The thickness of the film is increasing with time.

The influence of the medium (a mixture of water/EG
at volume ratio 1/1), PVP-K additive and the concen-
tration of the initial reagents, on the morphology and
growth of the film were observed (Figure 6). Micro-
structure of Sample B, prepared with the addition of
PVP-K (10 mg/mL) after 24 h of synthesis, is presented
in Figure 6a. We found that the addition of PVP-K
noticeably retard the growth of ZnHC film, since the
microstructure of the particles is similar to the film of
Sample A prepared in water after 2 h of the synthesis
(Figure 3a). Additionally, we observed the parallel
(according to substrate surface) formation of nano-sheets
in the synthesis with the PVP-K, as it is presented in
Figure 6a. We assume the addition of PVP-K affects

290

= = ZnHC nano-sheet
TCO

V \V4

RVARVIL V4

Figure 5: Schematic description of the growth mechanism of ZnHC
film on the substrate

Slika 5: Shemati¢no predstavljen mehanizem rasti plasti ZnHC na
podlagi

? I\ "‘.‘-; F . St N

Figure 6: FE-SEM microstructure of the ZnHC samples prepared on
glass substrate: (a) — Sample B, prepared in water with PVP-K
additive and (b) — Sample C prepared in water/EG mixture

Slika 6: FE-SEM-mikrostruktura delcev ZnHC, pripravljenih na
steklu: (a) — vzorec B, pripravljen v vodi z dodatkom PVP-K in (b) —
vzorec C, pripravljen v meSanici voda/EG

Materiali in tehnologije / Materials and technology 45 (2011) 3, 287-292
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hydrophilic/hydrophobic interactions between particles
and the substrate, which enable the parallel growth of the
nano-sheets on the substrate surface.! Microstructure of
Sample C, prepared in the mixture of water/EG 1/1, after
72 h of synthesis is shown in Figure 6b. Particle growth
is retarded even at a higher concentration of initial
reagents.

As prepared ZnHC films on the TCO substrate were
additional heat-treated for 30 min at 300 °C. The
FE-SEM microstructure of heat treated film of Sample A
(4 h) is presented in Figure 7 as an example. Similar
effects were observed also in other samples (micrographs
not presented in this paper). Generally the size and the
morphology of the particles observed by FE-SEM
remain practically identical on the micro scale during
heat treatment (Figure 7). However, the annealing
caused the formation of a nanoporous structure on the
particles’ surface, which revealed an increased specific
surface area.!!

The samples were characterized by FTIR (Figure 8)
before and after heat treatment to determine the chemical
composition of the prepared films. The FTIR spectrum
of Sample A, prepared after 24 h of synthesis and before
heat treatment, is presented in Figure 8a. The presence
of carbonate groups in the ZnHC product was confirmed

Figure 7: FE-SEM microstructure of ZnO film of Sample A (4 h)
after 30 min of heat treatment at 300 °C

Slika 7: FE-SEM-mikrostruktura plasti ZnO-vzorca A (4 h) po 30 min
termi¢ni obdelavi na 300 °C
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by bands in the spectral range from 1600 cm™' and 1200
cm™, i.e. the frequency at 1507 cm™' and 1390 cm™', and
additionally with the frequency at 1044 cm!, 956 cm™!
and at 708 cm1.4" After thermal treatment (300 °C) of
this sample (Sample A, 24 h) the band at 421 cm™! with a
pronounced shoulder at 530 cm™' in the IR spectra
(Figure 8b) confirmed the presence of ZnO.

ZnO films, obtained after 4 h and 24 h of the syn-
thesis and additionally heat treated for 30 min at 300 °C,
were used for the preparation of DSSCs.!>"!5 Average
current density-voltage characteristics of electrochemical
solar cells under standard conditions (100 mW/cm?, 25
°C) are summarized in Table 2. The density-voltage
characteristic curve of the best DSSCs, prepared from
the ZnO film after 4 h of the synthesis is presented in the
Figure 9.

Table 2: An average short-circuit photocurrent density (Jsc), open-
circuit voltage (Voc), fill factor (FF), and conversion efficiency () of
the DSSCs evaluated under STC (100 mW/cm?2, 25 °C) for the ZnO
films prepared after 4 h and 24 h of synthesis

Tabela 2: Povprecje meritev kratkosticne tokovne gostote (Jsc),
napetosti odprtih sponk (Voc), polnilnega faktorja (FF) in uc¢inko-
vitost pretvorbe (17) za DSSCs, izmerjen pri standardnih pogojih (100
mW/cm?, 25 °C) in z uporabo plasti ZnO pripravljene po 4 h in 24 h
sinteze

Synthesis Jsc/ Voc!/ FF/ n/
time, h mA/cm? \% % %
4 2.63 0.52 41.93 0.57
24 3.23 0.50 36.37 0.58

An average open-circuit voltage (Vo) 0.52 V and
0.50 V, and conversion efficiency () 0.57 % and 0.58 %
of the DSSCs, evaluated under STC (100 mW/cm?, 25
°C) and prepared from the ZnO films of the 4 h and 24 h
synthesis, are comparable. However, the short-circuit
photocurrent density (Jsc) is higher (3.23 mA/cm?) in a
cell made from the thicker ZnO film (=20 um) prepared
after 24 h of the synthesis, compared to the Jsc of the

3 421
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Figure 8: FTIR spectra of Sample A prepared after 4 h of synthesis
(a) and with additional heat treatment (b)

Slika 8: FTIR-spekter vzorca A, pripravljenega po 4 h sinteze (a) in
po dodatni termi¢ni obdelavi (b)
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Figure 9: A current density-voltage curve of the dye-sensitized solar
cell prepared from ZnO films of Sample A (4 h of synthesis)

Slika 9: Tokovno-napetostni odziv elektrokemijske soncne celice,
pripravljen iz plasti ZnO vzorca A (4 h sinteze)

DSSCs prepared from the 10 pum thick ZnO film
obtained after 4 h of synthesis. Contrary, the fill factor
(FF) 41.93 % is higher in a DSSCs prepared from the
thinner ZnO film (4 h synthesis), compared to the FF
36.37 % obtained in the DSSCs with thicker ZnO film.
Results prove that larger film thickness increases the
amount of adsorbed dyes, which leads to higher Jsc. On
the other hand, increasing the film thickness decreases
FF through diffusion-limited access.'

The Voc and FF of our DSC cells are comparable to
results reported in the literature."* On the other hand, the
Jsc of cells is between 2.63 mA/cm? and 3.23 mA/cm? in
a short circuit, which is almost one third of comparable
measurements in literature.'?* The low Jsc could be
explained by the generation of the Zn?**/dye aggregates.
Ru-complexes dyes, such as N-719 (used in our case),
are slightly acid, since they could have protons derived
from the complex.> Consequently, the dye-loading solu-
tion dissolves the surface of ZnO and makes Zn**/dye
aggregates, which influence on the lower electron
injection efficiencies and fill nano-scale pores. The
optimization of various parameters including ZnO film
fabrication, dyeing time, heating conditions, and so on,
will result in the improvement of the conversion efficien-
cy because the FF and Vyc in this work are reasonably
high.

4 CONCLUSIONS

ZnO film with the nano-sheets porous microstructure
was prepared by the thermal decomposition of ZnHC
precursor, which was hydrothermally synthesized on the
conductive glass from zinc nitrate and urea. The growth
mechanism and the morphology of the ZnHC film was
followed with SEM microscopy and the formation of the
ZnHC film, is proposed by the "non-classical crystalli-
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zation" concept of a self-assembling mechanism. The
influence of a mixture of water/EG, surfactant additive
PVP-K and the concentration of the initial reagents, on
the morphology of the film were observed. ZnO films
were used for the preparation of DSSCs with the average
conversion efficiency around 0.6 %.
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