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In this study, we present the preparation of zinc oxide (ZnO) and zinc hydroxide (Zn(OH)2) single
nanosheets for the first time. ZnO nanosheet was prepared by delamination of layered ZnO film
intercalated with the dodecyl sulfate (DS-) ion which was synthesized by cathodic electrodeposition
process. In this case, the addition of La3þ ion into the electrolyte was very critical for the further
delamination process. On the other hand, Zn(OH)2 nanosheet was prepared by delamination of
layered Zn(OH)2 intercalated with the DS- ion that was prepared by a soft solution process using
hexamethylenetetramine (HMT). The thicknesses of the ZnO and Zn(OH)2 nanosheets were about
0.7 and 1.0 nm, respectively. The structures of the nanosheets were discussed with the results of
transmission electron microscopy (TEM) and selected area electron diffraction (SAED) images.

Introduction

Exfoliation is the process to delaminate the layered
oxide and layered hydroxide materials to get two-
dimensional structures called nanosheets having approxi-
mate thicknesses of 1 nm and widths of 1 μm. Because
nanosheets have intriguing chemical properties used in
electrochemical,1-3 photoelectrochemical,4-6 and photo-
luminescent7-10 applications, delamination of host layers
into individual layers has been widely studied. They are
used as building blocks to architect hybrid films grown

with layer-by-layer self-assembly,11-13 and Langmuir-
Blodgett14-16 techniques.
ZnO is a piezoelectric and semiconducting material

having wide band gap of 3.37 eV and potential applica-
tions used in nanoscale dye-sensitized solar cells,17,18

optoelectronics,19,20 gas sensors,21,22 and electronics.23,24

Recently lamellar ZnO structures have been prepared by
sandwiching with organic surfactants by electrodeposition
processes.25-29 It is an easier method for the synthesis of
surfactant intercalated ZnO hybrid films rather than syn-
thetic methods. It can be carried out at low temperatures
and controlled easily changing several parameters such as
deposition time, electrical potential, synthesis temperature,
and concentrations of the starting materials.
Up to now, the hybrids composed of ZnO-surfactant

films have been of interest to research of synthesis para-
meters and functionality of these hybrids. Our study,
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which is strategically different from the previous ones, has
a goal of the fabrication of ZnO nanosheets derived from
such hybrid films. Eventually, hybrid films are used from
a different perspective, namely as nanosheets’ precursors.
Since nanosheets contain the functionality of bulk and
molecular phases, ZnO single nanosheets having almost
0.7 nm thickness are promising materials for the applica-
tions of transparent conduction films, photoelectrochem-
ical studies, and photoluminescence approaches.
In addition to synthesis of ZnO nanosheets, we synthe-

sized single Zn(OH)2 nanosheets derived from layered
Zn(OH)2. Layered Zn(OH)2 intercalated with DS- ions
as precursors of Zn(OH)2 nanosheets were prepared by
precipitation of aqueous solution of zinc and sodium
dodecyl sulfate (SDS) due to the hydrolysis of HMT.
This method providing direct intercalation of DS- ions
without any further DS- ion exchange was developed
in our laboratory for the synthesis of layered nickel
hydroxides.1

Layered Zn(OH)2 is a brucitelike structure and in the
same group with the layered double hydroxides which
have the general formula of [M2þ

1-xM
3þ

x(OH)2][A
n-

x/n 3
mH2O], where A is an n-valent interlayer guest anion and
M2þ and M3þ are divalent and trivalent metal cations,
respectively.30 The positive charge of the layer is gener-
ated by the replacement of divalent metal cation of the
brucitelike layer with a trivalent cation and compensated
by the interlayer anions. Similarly, layered Zn(OH)2 is
a layered metal hydroxide salt having the formula of
M(OH)2-xA

n-
x/n 3mH2O.31 In this structure, the replace-

ment of hydroxyls (OH-) of the host layer takes place
with interlayer anions. We prefer to use SDS to enlarge
the interlayer distance which makes it easier to take host
layers apart during the delamination. The synthesis of
layered zinc hydroxides intercalated with DS- ions
[Zn(OH)2-xDSn-x/n 3mH2O] using hydrolyzing agent of
HMT was carried out by soft chemistry route for the first
time.
To our best knowledge, this is the first report to

synthesize ZnO andZn(OH)2 single nanosheets. The electro-
deposition process enabled us to synthesize the precursors
of ZnO nanosheets.We also suggest a structure model for
ZnO nanosheets. Consequently, comparison between
ZnO and Zn(OH)2 nanosheet preparation and character-
ization, as well as layered structures of those nanosheets
are demonstrated.

Experimental Section

Electrodeposition of Layered ZnO Film. Prior to deposition,

indium tin oxide (ITO) coated glass substrates were cleaned

ultrasonically in Sibata cleaner (20 wt%), acetone, ethanol, and

decarbonated Mili-Q water for 20 min. The cathodic electro-

deposition process was performed at -1.1 V vs Ag/AgCl

reference electrode for 1 h at 70 �C in an aqueous solution

of 0.05 M Zn(NO3)2 3 6H2O, 0.005 M SDS, and 0.0005 M

La(NO3)3 3 6H2O. ITO coated glass and platinum plates were

used as working and counter electrodes, respectively. The

deposited samples were washed with a substantial amount of

double distilled water and dried overnight. The procedure was

repeated several times to get 10 mg layered ZnO film inter-

calated with DS- ions.

Soft Solution Synthesis of Layered Zn(OH)2. The layered

Zn(OH)2 was synthesized by hydrolyzing of hexamethylene-

tetramine (HMT). A 0.002 mol portion of Zn(NO3)2 3 6H2O,

0.005 mol SDS, and 0.012 mol HMT were dissolved in 100 mL

double distilled water. The starting pH of the solution was

adjusted to 7 by addition of 1 M HCl. The resulting slurry was

aged at 90 �C for 1 day. The final precipitate was centrifuged,

washed with double distilled water and ethanol, and dried in

vacuum for 1 day.

Exfoliation of Layered ZnO Film and Layered Zn(OH)2. A

10 mg portion of layered ZnO film and 5 mg layered Zn(OH)2
were mixed with 20 mL butanol and 20 mL formamide, respec-

tively, for 3 days at room temperature without agitation. Both

supernatant solutions were taken as exfoliation solution after

centrifuging the solution at 2000 rpm for 20 min to get rid of

unexfoliated compounds.

Characterization. The crystal structure of the powders was

analyzed using X-ray diffraction (XRD) patterns (Cu KR
radiation, Rigaku RINT-2500VHF). The surface morphology

was observed by scanning electron microscopy (SEM, JEOL).

The compositions of powders were analyzed with thermogravi-

metric/differential thermal analysis (TG-DTA, Seiko) following

X-ray photoelectron spectroscopy (XPS, VG Scientific Σ-probe).
Infrared spectra of the powders were obtained by Fourier-trans-

form infrared spectrometer (FTIR, Perkin-Elmer). The UV-vis

absorption spectrum of the layered ZnO filmwas measured using

a UV-vis spectrometer (Jasco-V-550). Emission spectrum was

measured using a JascoFP-6500 spectrofluorometer with a 150W

Xe lamp at room temperature. Atomic force microscopy (AFM,

Nanoscope V Digital Instruments) was used to observe the

thickness of the nanosheets. Transmission electron microscopy

(TEM) images and selected area electron diffraction (SAED)

images of powders and nanosheets were recorded at 200 kV using

JEM2000FXTransmission ElectronMicroscope. The nanosheet

solutions and powders dispersed in ethanol by ultrasonication

were dropped onto carbon-coated copper grids, and then, the

grids were dried in vacuum at 40 �C for 3 days.

Results and Discussion

Layered ZnO film intercalated with DS- ions has been

self-assembled at the working electrode by cathodic electro-

deposition. In this process, reduction of nitrate ions forms

OH- in which pH increases so the deposition of layered

ZnO film occurred. Due to the electrostatic interaction

between ZnO and DS- ion, the lamellar hybrid film can

be obtained.29 In the present soft solution route of the

layered Zn(OH)2, increase in the temperature promotes

the decomposition of HMT and release of NH3, results

alkaline media, and precipitation of Zn2þ together with

DS- gives layered Zn(OH)2 intercalated with DS- ions,

according to the our previous study.1

Figure 1 depicts the XRDdata of layered ZnO film and
layered Zn(OH)2 intercalated with DS- ions. Both of
them had (00n) Bragg reflections attributed to the lamel-
lar structures. Layered Zn(OH)2 having eighth order of
the (001) diffraction had a better crystallization than

(30) Miyata, S. Clays Clay Miner. 1975, 23, 369.
(31) Miao, J.; Xue,M.; Itoh,H.; Feng,Q. J.Mater. Chem. 2006, 16, 474.
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layered ZnO film having weak Bragg reflections of third
order of the (001) diffraction. Both the basal spacings of
layered ZnO film and layered Zn(OH)2 were calculated to
almost 32 Å from the first diffraction peak. The large
basal spacing for both samples might be attributed to the
bilayer arrangement of DS- ions in the interlayer do-
main.32 The reflections after the 30�(2θ) is due to the
presence of the small amount of ZnO particles with
wurtzite structure.
In previous approaches, the effect of the surfactans,

cosolvents, and cosurfactants types on the layered ZnO
film was examined.26 The structure and morphology of
layered film were controlled by changing these para-
meters.Moreover, addition ofmetal ionmight be another
key parameter on the electrodeposited layered ZnO film.
In the literature, the effect of lanthanum (La3þ) ion on
electrodeposition of some metal oxides such as manga-
nese oxides,33,34 cobalt oxides,33,34 and nickel oxides35

existed. The suppression of the growth of metal oxides
due to the incorporation into the electrodeposition was
observed.34 Thus, the presence of La3þ ion in the starting
solution was also investigated.
Figure 2a shows the SEM image of the layered ZnO

film prepared in the absence of La3þ ion. Although the
XRDpattern of the sample (not shown) was similar to the
layered ZnO film deposited in the presence of La3þ ion,
the morphology of film which was aggregated structures
was different with the compounds shown in Figure 2b.
The aggregate morphology changed to a platelike
film when the La3þ ion were in the electrolyte solution.

The lamellar structures identified in XRD pattern was
also confirmed with the SEM image. In Figure 2c, layered
Zn(OH)2 with uniform homogeneous morphology was
observed.
TEM images (Figure 3) confirmed the lamellar struc-

tures, too. Both samples had repeat distance of about

3.2 nm which had a good agreement with the values

calculated from the XRD results stated above. The inset

of Figure 3b depicts the electron diffraction pattern in

which the host layers of layeredZnO film corresponded to

the wurtzite ZnO structures. Although the intensity of the

lattice spacings could not be clearly observed in the

SAED pattern, the diffractions of (100), (110), and

(200) could be identified. The distances of the d-spacings

of (100), (110), and (200) were 2.83, 1.67, and 1.43 Å,

respectively, which fit well with d-spacings of ZnO nano-

sheet shown in Figure 9a. Similar lamellar hybrids have

Figure 1. XRDpatterns of (a) layeredZnO filmand (b) layeredZn(OH)2.

Figure 2. SEM images of (a) layeredZnO film in the absence ofLa3þ ion,
(b) layeredZnO film in the presence ofLa3þ ion, and (c) layeredZn(OH)2.

(32) Liang, C.; Shimizu, Y.; Masuda, M.; Sasaki, T.; Koshizaki, N.
Chem. Mater. 2004, 16, 963.

(33) Matsumoto, Y.; Ohmura, H.; Goto, T. J. Electroanal. Chem. 1995,
399, 91.
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been previously reported by Sofos andGoldberger et al.36

They published lamellar ZnO hybrids having wurtzite

orientation in the host layers.
In addition, UV-vis spectrum (Figure S1 in the Sup-

porting Information) of the layered ZnO film was also
performed. The absorption edge was about 380-390 nm,
which was in good agreement with ZnO bandgap (about
3.2-3.3 eV), indicating that layered film is composed of
ZnO. Figure S2 (Supporting Information) shows a room
temperature photoluminescence spectrum for the layered
ZnO films which was measured using an excitation wave-
length of 330 nm. The emission band at around 385 nm
was due to the near-band-edge emission of the ZnO. The
wide green band emission centered at 565 nm might be
caused by the oxygen vacancies or zinc interstitial de-
fects.28 In the light of TEM, UV-vis spectrum, and
photoluminescence spectrum data of the layered ZnO
films, we can conclude that the ZnO host layers formed
during the electrodeposition.
In the FTIR spectra (Figure 4), the presence of stretch-

ing vibrations of alkyl chains of the surfactant ions at
2857, 2927, and 1965 cm-1 and the stretching modes of

sulfate groups in the region between 1300 and 850 cm-1

showed thatDS- ions intercalated between the host layers
in both samples. The broad band at around 3500 cm-1

for ZnO layers (a) depicted the adsorption of hydroxyl
groups which might be present on the surface of the ZnO
hybrids. The absorption of water molecules was shown
at 1677 cm-1 due to the δH2O vibration for both samples.

Figure 3. TEM images of (a) layered ZnO film with the SAED pattern
(inset) and (b) layered Zn(OH)2.

Figure 4. FTIR spectra of (a) layeredZnO film and (b) layeredZn(OH)2.

Figure 5. TG/DTA curves of (a) layered ZnO film and (b) layered
Zn(OH)2.

Figure 6. XRD patterns of heat treated samples of (a) layered ZnO film
and (b) layered Zn(OH)2.

(36) Sofos, M.; Goldberger, J.; Stone, D. A.; Allen, J. E.; Ma, Q.;
Herman,D. J.; Tsai,W.-W.; Lauhon, L. J.; Stupp, S. I.Nat.Mater.
2009, 8, 68.
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The existence of water molecules was also confirmed by
TG-DTA analysis.
Figure 5 shows the thermal behavior of the samples. The

DTA signal at 114 �C for ZnO film was due to the removal
of interlayer water in which the weight loss was 2%. In the
case of layered Zn(OH)2, if the peak at 131 �Cwas assumed
as removal of interlayer water, the weight loss was 7.8%.
According to the TG/DTAdata, the chemical composition
of the Zn(OH)2-xDSx 3 nH2O was determined to be Zn-
(OH)1.69(DS)0.31 3 0.78H2O for layered Zn(OH)2. The final
product was ZnO for both samples as shown in Figure 6.
However, the layered ZnO film was the mixture of layered
structure and wurtzite ZnO particles as mentioned before
so it might have a large error margin if we estimate the
composition of the material.
TheXRDpatterns of heat treated samples are shown in

Figure 6. Thermal stability and temperature effect on the
basal spacing of both samples were studied after the heat
treatment with different temperatures for 1 h. At 100 �C,

the crystal structure of Zn(OH)2 did not change. In
contrast, the distinct difference for the crystal structure
and the basal spacing were observed for the layered ZnO
film, indicating it was not thermally stable compared with
layered Zn(OH)2. Easier collapsing of the layered struc-
ture for the layered ZnO film than the layered Zn(OH)2
might occurred due to the smaller amount of DS- ion in
the layer space of the layered ZnO film, as will be stated.
Since removal of interlayer water molecules were com-
pleted at 125 �C for layered ZnO film and 135 �C for
layered Zn(OH)2 according to the TG data, their XRD
patterns were also studied at these temperatures. At
125 �C, the layeredZnO film still existedwith a disordered
arrangement and a further 7 Å increase occurred in the
basal spacing. Heating at 135 �C of the layered Zn(OH)2
resulted in the appearance of new phases in the region
between 20 and 30�(2θ). Further treatment resulted in the
promotion of the wurtzite ZnO phase and collapsing of
the lamellar phases for both samples.

Figure 7. XPS spectra of (a) the wide scan of layered ZnO film, ZnO
nanosheet onmica substrate, and layeredZn(OH)2 and (b) narrowscanof
S2p of layered ZnO film and ZnO nanosheet on mica substrate. Figure 8. AFM images of (a) ZnO and (b) Zn(OH)2 nanosheets.
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The compositions of layered ZnO film, layered Zn-
(OH)2, and the ZnO nanosheets were studied by XPS
analyses (Figure 7). After the AFMobservation, the mica
substrate which had ZnO nanosheets on the surface was
also analyzed by XPS technique. The wide scan of the
mica showed the various peaks on the range between 20
and 200 eV as well as Zn3d, Zn3p, and Zn3s peaks. The
sulfur peaks could not be identified well from Figure 7a
for layeredZnO film and theZnOnanosheet. Therefore, a
narrow scan of S2p was also studied to compare the S/Zn
ratio with layered ZnO film and ZnO nanosheet. The
S/Zn ratio was determined 0.21 for layered ZnO film and
approximately zero for ZnO nanosheet which was a good
evidence for the delamination of layeredZnO film. On the
other hand, the S/Zn ratio was found to be 0.51 from
narrow scan of S2p (not shown) for layered Zn(OH)2,
indicating a smaller amount of DS- ions in the layered
ZnO film than the layeredZn(OH)2. In addition, the La

3þ

ion used in the electrolyte was not included in the layered
ZnO film, according to the XPS analysis.
Delamination was carried out using various solvents

such as ethanol, 1-butanol, and formamide. Among
them, nanosheets were obtained in 1-butanol for ZnO
nanosheets. AFM images given in Figure 8a clearly shows
that layered ZnO film was exfoliated into the single
nanosheets. These delaminated sheets were distributed

on amica substrate homogeneously. Height analysis gave
a value of 0.68 nm, whichwas almost in perfect agreement
with the theoretical thickness of a single ZnO layer which
could be 0.52 nm due to the crystal model of ZnO
nanosheet, as will be stated. The delamination of the
layered Zn(OH)2 was successful whenwe used formamide
rather than alcohols. Due to the height profile of
Zn(OH)2 nanosheets, the thickness was observed about
1 nm. The formamide can delaminate the layered struc-
tures when the highly polar carbonyl group of the for-
mamide canmake hydrogen bonds with hydroxyls part of
the host layers.37 Since ZnO film theoretically hadn’t
hydroxyl groups on the host layer, it might be the reason
that the layered ZnO film could not be exfoliated in
formamide. Moreover, delamination of the layered ZnO
barely occurredwhen electrodepositionwas carried out in
the absence of La3þ ion. Asmentioned above, the electro-
deposited film consisted of layered ZnO films and a
small amount of ZnO particles. The La3þ ion may have
suppressed the formation of ZnO particles on the film so
more layered ZnO films could be synthesized. On the
other hand, in the absence of La3þ the electrodeposited
films formed like aggregates with a relatively large
amount of ZnO particles. We have already known that
it is so much easier to delaminate the lamellar structures
than the aggregates. Thus, the layered ZnO could not be

Figure 9. TEM images with SAED patterns (inset) of (a) ZnO and (b)
Zn(OH)2 nanosheets.

Figure 10. Structure of ZnO nanosheets: (a) side view and (b) top view.

(37) Hibino, T. Chem. Mater. 2004, 16, 5482.
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delaminated when electrodeposition was performed in
the absence of La3þ ion.
TEM images with SAED patterns are shown in Fig-

ure 9. The thin nanosheet shown in Figure 9a had
approximately 300 nm lateral size. The diffraction pattern
recorded from the ZnO nanosheet indicated a hexagonal
structure having the d-spacings of 2.86, 1.67, and 1.48 Å
which corresponded to (100), (110), and (200) planes,
respectively. The lattice constant of a0 was estimated to be
3.3 Å from the (100) plane. According to these results, the
nanosheets could attribute to the hexagonal ZnO having
a=3.25 Å and c=5.207 Å with a space group ofP63mc.
On the other hand, the nanosheet derived from the
layered Zn(OH)2 had a ring-shape SAED pattern with
d-spacings of 2.73, 1.59, and 1.38 Å with a lattice constant
of 3.15 Å. Thus, these nanosheets could be β-Zn(OH)2
structure32 with lattice parameter of a=3.192 Å and c=
4.65 Å with a space group of P3m1. Eventually, the
delamination of the layered materials derived from electro-
deposition and soft solution processes resulted in diffe-
rent types of nanosheets which had wurtzite ZnO and
β-Zn(OH)2 orientations.
In the light of these TEM data, we considered a crystal

model of ZnO nanosheets shown in Figure 10. The struc-
ture might be double layered tetrahedral coordinated oxy-
gen atoms. The theoretical thickness of nanosheet might be
5.21 Åwhich is sameas lattice parameterof cof thewurtzite
ZnO. Figure 10b is the viewpoint of the nanosheets from
the c-axis. The hexagonal structure cell fits with the diffrac-
tion pattern shown in Figure 9a.

Conclusion

In the present work, layeredmaterials intercalated with
DS- ion were synthesized by electrochemical and soft
solution processes for the preparations of ZnO and
Zn(OH)2 single nanosheets, respectively. The layered
ZnO film was synthesized by cathodic electrodeposition
process using electrolyte containing Zn2þ, DS-, and La3þ

ions at 70 �C for the preparation of ZnO nanosheets. The
presence of La3þ ion was critical for the further delamina-
tion process. In the case of Zn(OH)2 nanosheets, the
layered materials were synthesized by soft solution pro-
cess using the solution containing Zn2þ, DS-, and HMT
at 90 �C The layered ZnO film was delaminated in
1-butanol and layered Zn(OH)2 was delaminated in for-
mamide. The thicknesses of ZnO and Zn(OH)2 single
nanosheets were about 0.7 and 1.0 nm, respectively.
According to SAED analyses, the ZnO nanosheet had
wurtzite orientation while the Zn(OH)2 nanosheet had
β-Zn(OH)2 orientation. To the best of our knowledge,
this is the first report of preparation of ZnO andZn(OH)2
single nanosheets.
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