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Direct templating with lyotropic liquid crystalline phases of nonionic surfactants has now
been extended to fabricate mesoporous crystalline oxide semiconductors. ZnO and Cu,O films
have been prepared on ITO-covered glass substrates by electrochemical deposition from
lyotropic liquid crystalline phases with polyoxyethylene surfactant. The templates and the
films are characterized by polarized-light optical microscopy (POM), low-angle and wide-
angle X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and UV—vis light absorption spectroscopy.

1. Introduction

Porous crystalline oxide semiconductor films are of
considerable interest for numerous technological ap-
plications, including dye-sensitized solar cells, chemical
sensors, and photocatalysis. Good candidates for these
applications are zinc oxide (ZnO) and copper(l) oxide
(Cu20) because of their optical transparency, nontoxic-
ity, and chemical and photochemical stability.=> ZnO
is an n-type wide band gap semiconductor, and Cu0O is
a p-type semiconductor. ZnO thin films can be produced
by magnetron sputtering, chemical vapor deposition,
and molecular beam epitaxy. Techniques for making
Cu,0 films include thermal oxidation, chemical oxida-
tion, and vacuum evaporation. However, among all of
the deposition techniques, electrochemical deposition is
particularly attractive because of its low cost and
simplicity. Cathodic electrodeposition has been studied
for deposition of ZnO and Cu,O films from aqueous
solution.5712 Nanoporous ZnO films have been elec-
trodeposited using electrolytes of Zn(NO3), or ZnCl; in
propylene carbonate (PC).* Very recently, nanoporous
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amorphous ZnO films with lamellar structure were
electrodeposited utilizing cooperative surface assembly
of anionic surfactant sodium dodecyl sulfate (SDS) at
very low concentration and inorganic species Zn(NO3),
under the influence of an electrostatic potential.®

Lyotropic liquid crystalline phases of polyoxyethylene
surfactants can be utilized as versatile nanoscale molds
for the formation of highly ordered mesoporous materi-
als.1® Using this approach, mesoporous platinum, tin,
palladium, cobalt, nickel, selenium, and tellurium films
have been electrodeposited.’® We have also produced
metal, semiconductor, conductive polymer nanowires,
and hollow silica fibers by the use of liquid crystalline
phases as templates. Here we report the first synthesis
of mesoporous crystalline oxide semiconductor films
with hexagonal structure via the liquid crystal templat-
ing electrodeposition route. The ability to electrodeposit
oxide semiconductor films that have well-defined me-
soporous hanoarchitectures is important for applications
in sensors, solar cells, and photocatalysis.
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Figure 1. (a) Cyclic voltammogram (CV) of film deposition on ITO-glass from mesoporous ZnO electrolyte, inset for CV from
ZnO electrolyte; (b) variation of the cathode current with time from ZnO and mesoporous ZnO electrolyte for deposition at —1 V
vs Ag/AgCI; (c) CV of film deposition from mesoporous Cu,O electrolyte, inset for CV from Cu,O electrolyte; (d) variation of the
cathode current with time from Cu,O and mesoporous Cu,O electrolyte for deposition at —0.4 V vs Ag/AgCl.

2. Experimental Section

2.1. Materials. Nonionic surfactants polyoxyethylene(10)
cetyl ether (Brij56, C16EO10), polyoxyethylene(10) stearyl ether
(Brij76, C1sEO10), and polyoxyethylene(20) stearyl ether (Br-
ij78, C1sEO20) were purchased from Aldrich. Zinc nitrate (Zn-
(NOs)2°6H,0, 99.998%), copper sulfate (CuSO4-5H,0, 98—
102%), lactic acid (ACS, 85—90%), sodium hydroxide (NaOH,
99%)), acetone (ACS, 99.5+ %), and platinum gauze (Pt, 99.9%)
were obtained from Alfa Aesar. Ag/AgCIl (3M NacCl) electrode
was from Bioanalytical systems, Inc. Indium tin oxide (ITO)-
coated glass plates (ITO thickness 175+25 nm, resistance 6+2
Q) were from Delta Technologies. Distilled water was passed
through a Barnstead system until its resistivity reached 17
MQ-cm. Prior to electrodeposition, the glass was rinsed
ultrasonically in acetone for 10 min, and then rinsed in
distilled water for another 10 min. All the other chemicals were
used as received.

2.2. Preparation of Liquid Crystalline Phase. The
electrolyte used in the electrodeposition of mesoporous ZnO
films was a binary system of a 60 wt % Brij76 surfactant and
a 40wt % 0.1 M Zn(NOs3), (pH of the aqueous solution was 6).
For mesoporous Cu,O films deposition, the electrolyte con-
sisted of a 60 wt % Brij76 surfactant and a 40 wt % aqueous
solution with composition of 0.6 M CuSQ,, 3 M lactic acid, and
3.8 M NaOH (pH of the solution was adjusted to around 9 by
the addition of several drops of 5 M NaOH). To prepare the
liquid crystal, the surfactant was first heated to around 50—
60 °C to be melted, and then the agqueous solution was added
dropwise with stirring. A clear viscous liquid was obtained
after 10 min.

2.3. Electrodeposition. The experiment was performed in
a standard three-electrode glass cell, which was immersed in
a water bath held at 65 °C. ITO-glass was used as the cathode
with Pt gauze as the anode and Ag/AgCI electrode as the
reference electrode. Electrodeposition was carried out using a
Solartron 1287 potentiostat. After deposition, the film was
rinsed in purified water to remove the surfactant mixture.
Unless otherwise specified, nonporous ZnO film was electrode-
posited on ITO-glass at —1 V vs Ag/AgCI from 0.1 M Zn(NOg3)2,
and mesoporous ZnO film was from 60 wt % Brij 76 and 40

wt % 0.1 M Zn(NOg)2. Nonporous Cu,O film was deposited at
—0.4 V vs Ag/AgClI from 0.6 M CuSO, + 3 M lactic acid + 3.8
M NaOH, and mesoporous Cu0O film was from 60 wt % Brij
76 and 40 wt % (0.6 M CuSO, + 3 M lactic acid + 3.8 M
NaOH). The corresponding electrolytes are referred to as ZnO,
mesoporous ZnO, Cu,0, and mesoporous Cu,O electrolytes,
respectively.

2.4, Characterization. Before electrodeposition, the phase
behavior of the electrolyte mixture was investigated using a
Nikon Microphot-FXA microscope at room temperature. Thin
films of the liquid crystals were prepared by sandwiching the
mixture between a glass microscope slide and cover slip, and
cooling them from 50—60 °C to room temperature. X-ray
diffraction (XRD) patterns were recorded on a Siemens D-500
diffractometer using Cu Ka radiation. Scanning electron
microscopy (SEM) images were obtained in a Philips XL30-
FEG operated at 20 kV. The semiconductor films were coated
with Au and Pd before imaging in the SEM. Transmission
electron microscopy (TEM) images and electron diffraction
(ED) patterns were obtained on a Philips CM300 equipped
with energy-dispersive X-ray (EDX) spectrometer and operated
at 300 kV. The samples for TEM were prepared by scraping
films from the ITO-glass directly onto a carbon-coated copper
grid. UV—vis absorbance spectra for the transparent films
were taken on a Varian Cary 50 UV—visible spectrophotometer
using the ITO-glass as reference.

3. Results and Discussion

3.1. Electrochemical Studies. The cyclic voltamo-
gram of film deposition from mesoporous ZnO electrolyte
(Figure 1a) at a scan rate of 10 mV/s over the potential
range +0.2 to —1.5 V is similar to that of deposition from
nonporous ZnO electrolyte (inset in Figure la). The
sweep starts at open-circuit potential about + 0.2 V.
There is essentially no current when the cathode
potential is greater than —0.6 V. Below —0.7 V, the
cathode current increases gradually with potential,
indicating that ZnO starts to grow. The mechanism of
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Figure 2. Polarized-light optical microscopy (POM) images using gypsum plate filters for mesoporous ZnO electrolyte (a) and
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Figure 3. Low-angle XRD patterns for mesoporous ZnO
electrolyte (a) and mesoporous Cu,O electrolyte (b).

deposition of ZnO film from Zn(NOs), aqueous solution
has been suggested that nitrate ions were first reduced
with an increase of OH~ concentration (NOs~ + H,0 +
2e~ — NO,~ + 20H7), and then Zn(OH), was formed
and converted to ZnO when the deposition was carried
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out at a slightly elevated temperature of about 65 °C
(Zn?*t + 20H™ — Zn(OH), — ZnO + H,0). Typical time-
dependent current behavior under constant cathode
potential at —1 V vs Ag/AgClI for nonporous and meso-
porous ZnO films is shown in Figure 1b. The currents
change quickly during the first 30 s, and then become
constant at 0.00027 A/cm? for mesoporous ZnO, and
0.0031 A/cm? for nonporous ZnO film. It is noted that
the current—voltage and current—time curves from
electrolytes containing Brij56 or Brij78 surfactants are
the same as those for Brij76.

Cyclic voltammetry was also used to study Cu,O
deposition. Cu,O was electrodeposited by reduction of
Cu?* from a Cu(ll) lactate aqueous solution with basic
pH.1011 The linear sweep voltammogram for mesoporous
Cu;0 electrolyte is shown in Figure 1c, and compared
with that of the nonporous Cu,O electrolyte (inset in
Figure 1c). The deposition of Cu,O is in a potential win-
dow between —0.3 to —0.5 V. If the potential becomes
too negative, e.g., below —0.6 V, Cu is co-deposited.10:11
On the reverse scan, stripping peaks for Cu and Cu,O
oxidation to Cu?™ are observed. Time-dependent current
behaviors under constant cathode potential at —0.4 V
vs Ag/AgCl for nonporous and mesoporous Cu,O films
are shown in Figure 1d. Similar to ZnO, the deposition
of mesoporous Cu,O film has current densities quite
lower than those of the nonporous film.
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Figure 4. (a) Wide-angle XRD; and (b) low-angle XRD patterns for mesoporous ZnO and Cu,O films grown on ITO-glass.
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Figure 5. SEM images of ZnO and Cu,0 films on ITO-glass: (a) ZnO film; (b) mesoporous ZnO film; (c) CuO film; (d) mesoporous

Cu0 film.
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Figure 6. TEM images of mesoporous ZnO film, from side
view of pores.

3.2. Phase Characterization. It is demonstrated
that electrodeposition of metal (e.g., Pt, Pd, Sn, Ni, Co)
or elemental semiconductor (e.g., Se, Te) from lyotropic
liquid crystalline phases of nonionic surfactants pro-
duces films with well-defined periodic mesoporous nano-
structures.’® Considering the nanostructured film is a
direct cast of the structure of the lyotropic phases used
to template the deposition, it is important to investigate
the phase structure before electrodeposition. Figure 2
shows polarized-light optical microscopy (POM) images
for mesoporous ZnO and Cu,0O electrolytes. The equal
120° spacing between the three axes in the same plane
is a clear indication of the hexagonal structure.'>1® The
size of the crystal varied with the cooling rate of the

(15) McCrone, W. C.; McCrone, L. B.; Delly, J. G. Polarized Light
Microscopy; Ann Arbor Science Publishers: Ann Arbor, MI, 1978.
(16) Raimondi, M. E.; Seddon, J. M. Lig. Cryst. 1999, 26, 305.

thin films of the liquid crystals from 50—60 °C to room
temperature.

The electrolyte mixture phase structure was also
examined by low-angle XRD (Figure 3). The mesoporous
ZnO electrolyte shows two well-resolved peaks with d
spacing of 6.80 and 3.85 nm (ratio is 1:1/+/3), which can
be indexed as (100) and (110) reflections associated with
the hexagonal symmetry. From the (100) peak with ad
spacing of 6.80 nm, the lattice parameter ag of 7.85 nm
is obtained. The mesoporous Cu,O electrolyte shows a
(100) peak with a d spacing of 6.3 nm (ag of 7.28 nm).

3.3. XRD, SEM, and TEM. The wide-angle XRD
patterns of mesoporous ZnO and Cu,0 films are shown
in Figure 4a. Except the substrate peaks, all other peaks
belong to hexagonal ZnO (JCPDS no. 36-1451) and cubic
Cu,0 (05-0667) without any impurity. It is clear that
mesoporous ZnO film shows (0001) preferred orienta-
tion, similar to that of nonporous ZnO film.®

Low-angle XRD patterns for mesoporous ZnO and
Cu,0 films are shown in Figure 4b. The digo values for
mesoporous ZnO and Cu,O films are 8.2 and 7.1 nm,
respectively. This corresponds to pore-to-pore distances
of 9.4 and 8.2 nm. Low-angle diffraction peaks were not
observed for nonporous films deposited in the absence
of surfactants. The appearance of low-angle peaks indi-
cates that mesoscopic order in the liquid crystalline tem-
plates is preserved in the porous ZnO and Cu;0 films.
It is known that the size of pores can be varied by using
surfactants of different alkyl chain lengths in the lyo-
tropic liquid crystalline phases.!® For mesoporous ZnO
film, Brij56 or Brij78 was also used as template to form
the liquid crystalline phase. As expected, the use of lar-
ger surfactant molecule Brij78 caused an increase in the
d spacing of the resulting mesostructure, whereas Brij56
led to slightly smaller d spacing. The dig Spacing value
for ZnO and Cu;0 films is consistent with the those of
mesoporous Pt, Ni, Co films templated from Brij56 and
Brij76.13
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Figure 7. Optical absorbance spectra for (a) ITO-glass, ZnO and Cu,O films; (b) mesoporous ZnO and Cu0 film.

The surface morphology of nonporous and mesoporous
ZnO and Cu,0 films has been investigated by SEM and
is shown in Figure 5. Mesoporous ZnO film has mor-
phology similar to that of nonporous film. The (0001)
oriented film is the aggregate of hexagonal columns, and
some gaps are seen between the columns. A smooth
surface is seen for nonporous Cu,O film, and mesopor-
ous Cu;0 film shows polycrystalline grains.

Figure 6 shows the TEM image for mesoporous ZnO
film. The image reveals a highly ordered mesoporous
structure. Light regions in the TEM image correspond
to the pores left after surfactant removal, whereas dark
regions correspond to the deposited ZnO. The selected
area electron diffraction (SAED) (inset in Figure 6)
confirms the pure crystalline ZnO formation. The ob-
served parallel lines have a repeat distance of 3 nm,
which reveals the hexagonally close-packed cylindrical
pores with a uniform pore diameter of 3 nm. The TEM
micrograph of mesoporous ZnO is consistent with previ-
ous observations of hexagonally oriented channels of
other materials, and the pore diameter is also compa-
rable with that found from TEM for mesoporous Pt, Ni,
Co, Se, and Te films electrodeposited from the liquid
crystalline phase of the same surfactant Brij76 or
Brij56.:2 From our work and ref 13, use of the larger-
molecule surfactant Brij78 caused an increase in the d
spacing of the mesostructure from low-angle XRD, and
an increase of the pore size from TEM, whereas smaller-
molecule Brij56 or Brij76 led to smaller d spacing and
smaller pore size, and the thickness of the mesoporous
wall did not change.

3.4. Optical Properties. ITO-glass substrate is
optically transparent from the visible wavelength to 310
nm (4.0 eV) in the ultraviolet region. The band gap of
ITO is greater than that reported for bulk ZnO (3.3 eV)
and Cu,0 (2.1 eV). This allowed us to measure the band
gap of ZnO and Cu,O films on ITO-glass. Figure 7a
shows the optical absorbance spectra for ITO-glass,
nonporous ZnO, and CuyO films with ITO-glass as
reference. The optical absorbance measurement for ZnO
film shows it absorbs strongly at wavelengths below 380
nm. ZnO is a direct band gap semiconductor. The plot
of (athv)? versus energy of the photons hv is linear, and
the energy intercept of the plot gives the direct band
gap value, Eg, of 3.3 eV for the electrodeposited ZnO
film. CuO is also a direct band-gap semiconductor and
an E4 of 2.3 eV is obtained. This is larger than 2.1 eV
reported for Cu,0, but similar to 2.38 eV reported for
electrodeposited Cu,0 film in ref 12. The mesoporous
ZnO and CuyO films have poor optical properties as
shown in Figure 7b. It is noted however, that the optical
transparency of ZnO films has a strong dependence on
surface irregularity and on the existence of defects such
as pores.b
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