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Zinc oxide (ZnO) was dissolved in an aqueous solution of
ammonia and hydrogen peroxide. According to XRD charac-
terization, this precursor solution yielded crystalline zinc
oxide after evaporation and thermal treatment at 90 °C for
2 h. The processability of this precursor solution allowed for
ZnO deposition on cellulose paper, which is an example of a
thermolabile substrate. Cellulose filter paper that was im-
pregnated with this solution and subsequently thermally
treated at 90 °C for 2 h had nanostructured crystalline ZnO
well adhered to its surface. This composite material was
characterized by XRD and scanning electron microscopy

(SEM). The described precursor solution also assisted in the
preparation of ZnO porous layers for dye-sensitized solar
cells (DSC). For this purpose, it was mixed with ZnO nano-
powder dispersed in ethanol. The mixture was then sprayed
on transparent conductive oxide substrates. In this way po-
rous films were obtained after heat treatment at 90 °C for 2 h.
Under standard testing conditions (AM1.5G, 100 mW cm™?),
a device prepared with (BuyN),[Ru(dcbpyH),(NCS),] (dcbpy
= 4,4'-dicarboxy-2,2'-bipyridine) (N-719) dye and a film
thickness of 5 pm exhibited 1.43 % efficiency.

Introduction

ZnO is a technologically valuable semiconductor that has
attracted considerable attention because of its excellent
catalytic, electrical and optical properties.'"# Consequently,
several physical and chemical methods have been explored
for the deposition of zinc oxide with different morphologies
on a myriad of substrates.>-®! Indeed, considerable research
effort is focused on low-temperature and clean ZnO deposi-
tion methods,”1?! with a second objective of developing a
synthetic route that will be compatible with thermolabile
substrates while minimizing energy consumption.

In this context, zinc peroxide (Zn0O,) is a clean precursor
that yields, by thermal treatment, ZnO free of impurities
since molecular oxygen is the only by-product of its decom-
position. However, ZnO, is insoluble in common solvents,
therefore it has been either grown directly onto different
substrates by the chemical bath deposition (CBD)
method!”-!13 or added by electrodeposition.['*] Post-deposi-
tion thermal treatment at 180-230 °C is required for the
conversion of the as-deposited material to ZnO. Thus, this
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route is not compatible with thermolabile substrates such
as polymers or organic fibers that cannot withstand such
high temperatures.

CBD with other precursors has been widely explored as
an alternative means for the production of ZnO films.!!>-1¢]
This technology presents many advantages such as low-tem-
perature and ambient-pressure processing, low cost chemi-
cal precursors, unsophisticated apparatus, uniform deposits,
etc. Nevertheless, CBD cannot be easily incorporated into
automatic continuous fabrication processes, and the main-
tenance, depuration and disposal of the bath solution are
also important issues that need to be addressed.

Solution processing of any material is highly desirable
from an energy efficiency point of view.'’] Moreover, pre-
cursors that decompose at low temperatures to give pure
materials that are free of undesirable by-products are re-
quired for nanotechnology applications. However, solutions
for CBD technology cannot be used for simpler processes
such as spray, ink-jet or dipping methods that require the
precursor solution to evaporation to dryness, since these
solutions would lead to undesirable mixtures of com-
pounds.

ZnO films can also be deposited from preformed or-
ganic-capped ZnO nanoparticles by taking advantage of
their good dispersibility in organic solvents. For example,
deposition of ZnO nanoparticles with volatile amines as
capping agents, e.g. butylamine, which were eliminated
overnight by vacuum treatment, allowed for the low-tem-
perature sintering of the precursor solution to produce
nanostructured ZnO films.'81 The development of a low-
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temperature and substrate-friendly method for the fabrica-
tion of ZnO thin films is of great importance for photovol-
taic technology, where ZnO is a component of inorganic,'”]
dye-sensitized®*2!1 and organic solar cells.?>2°!

Of special relevance is the utilization of synthesis meth-
ods where no residue of any kind is left after ZnO prepara-
tion, since it is well known that the optical properties of
ZnO are modified by the presence of even traces amounts
of impurities.?* 2’1 As such impurities have been proven to
modify not only the performance of solar cells,?% but also
other optoelectronic devices like organic light-emitting di-
odes (OLEDs)3!-31 and field-effect transistors.?”-281 On the
other hand, the deposition of ZnO nanoparticles on the
pores of paper and other cellulose based materials, such as
wood or cotton, could have potential application in systems
for UV light barriers, antibacterial activity, strain sensors,
etc.[33-38]

In this work, we describe the preparation of an aqueous
ZnO precursor solution that neatly decomposes after evap-
oration and short thermal treatment at 90 °C. The devel-
oped method facilitates the deposition and sintering of
crystalline ZnO materials at a temperature that is compati-
ble with thermolabile substrates. The usefulness of the new
precursor solution for the low-temperature preparation of
porous ZnO films has also been proven. Such films are of
interest as potential photoanodes for DSCs.

Results and Discussion

1.1 Precursor Solution

Simple preliminary essays were conducted by dissolving
ZnO in aqueous ammonia. Due to its high coordination
affinity with Zn", NH; is a good stabilizing agent for this
cation, it also has the advantage of being highly volatile.
However, the solubility of the ZnO was limited to about
3500 mgL~!, even in concentrated ammonia. It has been
reported that freshly precipitated zinc hydroxide is much
more soluble in aqueous ammonia that zinc oxide.**! How-
ever, the use of zinc hydroxide was discarded because this
reagent is unstable and difficult to purify.*°! Our research
then focused on the use of additives that will increase the
solubility of ZnO in aqueous ammonia, and which are la-
bile enough to be eliminated after evaporation to dryness at
a low temperature. Satisfactory results were obtained with
hydrogen peroxide at a relatively low concentration (ca.
0.37 m); with this as the additive, solutions containing
12000 mgL~" of ZnO could be obtained rapidly.

The increase in ZnO solubility after the addition of hy-
drogen peroxide to the solution could be related to equilib-
rium displacement due to the weak acidic character of this
compound:

ZnO + 4NH; + H,0 s [Zn(NH;),** + 20H-
OH + H,0, S H,0 + HO,
XRD characterization of the dry residue obtained after

evaporation at room temperature (Figure 1, a) revealed that
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the as-prepared material mainly constituted crystalline ZnO
(wurtzite, ICDD 79-2205). Some of the less intense peaks
in the pattern were assigned to Zn(OH), (solid triangles at
27.56° and 38.88°). After raising the evaporation tempera-
ture to 50 °C, the amount of impurities in the residue di-
minished (Figure 1, b). Finally, evaporation and thermal
treatment at 90 °C completely eliminated impurities from
the residue; XRD showed that the obtained material is
composed of crystalline ZnO (Figure 1, ¢). The ZnO par-
ticle size was estimated to be approx. 30 nm (according to
the Scherrer equation applied to the 100 peak). Moreover,
infrared spectroscopy showed that only small amounts of
carbonate residues are present after thermal treatment, a
common occurrence for ZnO-based materials.[*!4]
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Figure 1. Powder XRD characterization of the residues obtained
after overnight evaporation of the precursor solution at room tem-
perature (a); overnight evaporation at 50 °C (b); evaporation at
90 °C for 2 h (c). Wurtzite patterns are indexed for comparison
purposes (ICDD number 79-2205). Zn(OH), residue peaks ap-
peared at 26 = 27.56 and 38.88° after room temperature evapora-
tion (solid triangles). Unidentified impurities remained after the
treatement at 50 °C (open triangles).

1.2 ZnO Deposition on Cellulose

To demonstrate the applicability of the described aque-
ous ZnO precursor solution, a standard filter paper com-
posed of cellulose fibers was selected as thermolabile sub-
strate. Following the impregnation method described in the
Experimental section, the loading of ZnO could be adjusted
by varying the amount of precursor solution added to the
substrate. After evaporation to dryness and thermal treat-
ment at 90 °C for 2 h, XRD characterization showed that
crystalline nanosized ZnO was produced (Figure 2). The
relatively broad ZnO peaks in the pattern (see Figure 1, ¢
and Figure 2, b) demonstrated that, in this case, the pres-
ence of multiple nucleation sites on the substrate surface led
to a reduction in the ZnO crystallite size (to about 13 nm,
according to the Scherrer equation applied to the 100 peak).
The nano ZnO coated paper was sonicated for 5 min while
immersed in water, and no noticeable ZnO detachment was
observed by UV/Vis spectroscopy. Hence, neither pretreat-
ment nor the use of binders is necessary to obtain a stable

Eur. J. Inorg. Chem. 2011, 821-825



ZnO Deposition Method for Multipurpose Applications

deposit. The dried composite was analyzed by SEM (Fig-
ure 3). The SEM micrographs revealed the formation of
ZnO deposits on the cellulose fibers. Moreover, the external
surface fibers are almost completely covered, while discon-
tinuous deposits are observed on the interior surfaces. A
closer view of the deposits shows the formation of cauli-
flower-shaped aggregates that are formed at the spaced nu-
cleation sites, and are indicated by the presence of multiple
nanocrystals (Figure 3, ¢).

Intensity [a.u.]

10 20 30 40 50 60
2theta[°]

Figure 2. XRD pattern of the filter paper substrate: before deposi-
tion (a), and after ZnO deposition (b). Wurtzite patterns are inde-
xed for comparison purposes (ICDD n°® 79-2205).

Figure 3. SEM micrographs of the filter paper substrate: before de-
position (a), and after ZnO deposition (b), and after deposition
and 5 min of sonication treatment (c).

1.3 Dye-Sensitized Solar Cells

The aqueous precursor solution has also been used to
connect preformed ZnO nanoparticles at low temperature,
and avoiding a high temperature sintering step. In this way
porous ZnO films useful for DSC applications were ob-
tained. In the first step, a blocking layer of ZnO nanopar-
ticles (100 nm thick) was spin-coated onto the top of fluor-
ine-doped tin oxide (FTO) substrates. Then, ZnO porous
layers were applied to the surface of the substrate by spray
coating it with a mixture of commercial ZnO nanoparticles
and the ZnO precursor solution detailed above. The ZnO
nanopowder was first suspended in ethanol, and the soluble
precursor was added in the necessary proportion to yield
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10 wt.-% of oxide after its transformation to ZnO. During
the thermal treatment (90 °C for 2h), crystallization of
ZnO from the precursor solution occurred, assuring the
connection of the particles and providing self-consistency
to the film. Control films that were deposited on bare glass
or plastic, detached from these substrates in the form of
sheet pieces that were several square mm in area, suggesting
that the sintering process was very effective, and confirmed
that ZnO sintering was achieved at the low temperature of
90 °C. On the other hand, sprayed films comprising com-
mercial ZnO, in absence of precursor solution, had poor
self-consistency and bad adherence to the substrate.

SEM micrographs confirmed the porous structure of the
film (Figure 4) where the morphology of the commercial
ZnO prevailed, suggesting that the additional ZnO material
obtained from the precursor solution acted as a connecting
agent for the powder particles. This feature is highly desir-
able for DSC applications, since the amount of dye adsorp-
tion (and thus, photocurrent) is directly proportional to the
surface area of the film. In fact, the specific surface area of
the film was estimated by nitrogen sorption analysis to be
13m2gt.

Figure 4. SEM micrographs of the porous ZnO layer for DSC be-
fore dye adsorption.

The absorption isotherm shape and the pore size distri-
bution analysis of the film (Figure 5) denoted the presence
of pores that are about 100 nm in size (inset, plot a) and
could be related to interaggregate pores, which are easily
accessible for dye adsorption. DSC characterization indi-
cated that the mixture yielded reasonably good results un-
der standard test conditions (AM1.5G, 100 mW cm 2). The
best performance obtained among several cells of 5 pum
thickness with an active area of 0.159 cm? showed the fol-
lowing working parameters (Figure 6): V,. = 737 mV; J. =
3.53mAcm?; FF = 0.55, which yields a global efficiency
() of 1.43%. This performance is lower than the reported
values for other low-temperature ZnO DSCs,*3! but it has
to be considered than expensive treatments, like high vac-
uum steps, have been avoided in this work. Moreover, inci-
dent photon-to-current efficiency (IPCE) reached a maxi-
mum of 8% at 530 nm (Figure 6, inset), which indicates that
the dye injection is somehow restricted in this system. A
possible reason for this could be the open porous film struc-
ture, although it enhances the dye adsorption capacity, it
could also hinder electron transport from the excited dye
to the FTO collector.*Y Thus, despite the DSC fabrication
823
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process and parameters that effect the cell efficiency not
being optimized, these results show that the proposed pre-
cursor solution may have prospective application in the low-
temperature manufacture of such devices.
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Figure 5. Nitrogen sorption analysis of the porous ZnO layer in a
DSC (triangles) compared with a commercial ZnO nanopowder
(circles). Inset: pore size distributions calculated from the adsorp-
tion branches of the isotherms: porous ZnO layer in a DSC (a) and
commercial ZnO nanopowder (b).
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Figure 6. JV curves obtained for representative DSC devices. Inset:
IPCE action spectra.

Conclusions

The usefulness of a user-friendly ZnO precursor, based
on an aqueous solution containing ammonia and hydrogen
peroxide, was demonstrated. Hydrogen peroxide acted as a
weak acid, increasing the ZnO solubility. The subsequent
ammonia evaporation and short thermal treatment at 90 °C
led to anion-free ZnO nanopowders. This clean low-tem-
perature approach has been used to deposit ZnO on filter
paper, a thermo labile substrate. Moreover, the feasibility of
the method for the preparation of porous ZnO layers for
DSCs has also been explored, with the precursor solution
acting as a connecting agent for commercial ZnO nanopow-
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ders. The ZnO DSC devices prepared at low temperature
by this method exhibited a maximum efficiency of 1.43%
under standard test conditions, a reasonably good perform-
ance considering that neither vacuum nor high temperature
treatments were applied in their fabrication.

Experimental Section

Materials: All chemicals used in this work were commercially avail-
able and were used without further purification: ZnO nanopowder
(< 100 nm, 99.5 wt.-%, ref. 544906 Sigma-Aldrich), ammonia
(30 wt.-% in water, Panreac), hydrogen peroxide (33% w/v in water,
Panreac), ethanol (99.5%, Panreac), ultra pure water (Milli-Q sys-
tem, conductivity lower than 0.05 uScm™!). Standard laboratory fil-
ter paper, composed basically of cellulose fibers, was used as a
model thermolabile substrate (Paper reams, ref. 2504252, Albet).
FTO 2.5X 1 cm? slides were purchased from Solems (R = 70—
100  FTO layer produced by magnetron sputtering with a thick-
ness of 800 A on glass, 1 mm thickness). The electrolyte Todolyte
AN-50, the N-719 dye, the Pt paste, Pt catalyst T/SP and the hot
melt sealing foil (SX1170), were all purchased from Solaronix.

Precursor Solution Preparation: In a closed polytetrafluoroethylene
(PTFE) container, ZnO nanopowder (600 mg) was added to a com-
mercial aqueous ammonia solution (50 mL), giving a white powder
suspension. Subsequently, a commercial solution of hydrogen per-
oxide (2 mL) was added whilst the mixture was stirred and a stable
clear transparent solution was immediately obtained (the ZnO con-
centration was about 12 gL.™!). The precursor solution decomposi-
tion was conducted with a hot plate at room temperature, 50 °C
and 90 °C, and the phase composition of the resultant films were
examined by XRD.

Deposition on Cellulose: A piece of standard filter paper (3 X 4 cm?)
was accurately weighted (86.3 mg) and impregnated with precursor
solution (1.44 mL) to obtain a composite with a 20 wt.-% of ZnO.
The impregnation process was divided into seven steps to assure
homogeneous distribution of the ZnO inside the cellulose. Sub-
sequently, the paper was heated at 90 °C for 2 h in a forced air
circulation oven. The as-prepared coated paper was immersed in
water and sonicated for 5 min to evaluate the adherence of the ZnO
nanoparticles to the paper. No detached particles were observed
and the possibility of nanoparticles remaining in suspension was
ruled out by UV/Vis spectroscopic analysis.

Solar Cell Fabrication: FTO slides (2.5 X 1 cm?) were consecutively
washed, while being sonicated, with detergent (Empigem BB, Ald-
rich), ultra pure water and ethanol, and then dried under N, flux,
and finally cleaned for 20 min in a UV-surface decontamination
system (Novascan, PSD-UV) connected to an oxygen gas source.
Subsequently, a compact layer (100 nm thick) of ZnO nanoparticles
was deposited on the slides by spin coating at 1000 rpm to avoid
direct electrolyte reaction over the FTO substrate. The as-prepared
precursor solution (10 mL) was mixed with commercial ZnO nano-
powder (1.2 g) and ethanol (10 mL), and the obtained suspension
was sprayed over the prepared substrates with an airbrush. After
spray deposition, thermal treatment was conducted at 90 °C for
2 h, yielding the porous ZnO layer. The FTO/ZnO substrates were
then immersed, while hot, in a 0.5 mM ethanol solution of N-719
dye (Solaronix) for 16 h at room temperature in the dark. The effec-
tive area of the cell was 0.159 cm?. The counter electrode was plati-
nized FTO, and the DSCs were thermally sealed with hot melt
sealing foil as a spacer. A vacuum was applied to introduce the
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electrolyte by capillary force and the filling holes were then immedi-
ately sealed with small pieces of glass.

Characterization: XRD spectra were recorded on a Rigaku Rota-
flex RU-200B diffractometer with Cu-K,,, radiation (1 = 1.5406 A).
SEM images were recorded with a Hitachi S-570 microscope op-
erating at 20 kV. Textural properties of the porous ZnO layer were
studied by low-temperature N, sorption analysis (ASAP 2000
Micromeritics). Prior to measurements, samples were dried under
reduced pressure (<1 mPa) at 393 K for 18 h. Specific surface area
(Sa) values were determined from the adsorption branch of the
isotherms by the BET method.*

Solar simulations were carried out with a Steuernagel Solar-
konstant KHS1200 apparatus. Light intensity was adjusted to
100 mW cm 2 with a bolometric Zipp & Konen CM-4 pyranometer.
The sun simulator was calibrated with a calibrated photodiode
from Hamamatsu and a mini spectrophotometer from Ava-Spec
4200. The AM1.5G reference spectrum was agreed with the ASTM
G173 standard. IV Curves were measured with a Keithley 2601
multimeter connected to a computer. IPCE analyses were carried
out with a QE/IPCE measurement system from Oriel at 10 nm in-
tervals from 300 to 600 nm. The IPCE equipment was calibrated
before measurements with a S1227-1010BQ photodiode from Ham-
amatsu. The results were not corrected for intensity losses due to
light absorption and reflection by the glass support.
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