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Green Light Luminescence from ZnO/Dodecylamine Mesolamellar
Nanocomposites Synthesized by Self-Assembly
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The synthesis, structural characterization and optical proper-
ties of a semiconducting zinc oxide based dodecylamine sur-
factant, mesolamellar zinc oxide/surfactant nanocomposite
(Zn-L) are described. XRD and TEM results showed the for-
mation of a lamellar mesostructure with two layer spacings
ca. 28 A. A red-shift in the absorption band edge of absorp-
tion spectrum and the green light photoluminescence of the
resulted nanocomposite were observed at room temperature.

The red-shift of the absorption band edge and the room tem-
perature photoluminescence (RTPL) of the Zn-L nano-
composite might be induced by the dielectric confinement
effect and the interfacial interaction between the ZnO and
the surfactant, respectively.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Recent developments in the synthesis of self-assembled
inorganic/organic surfactant composites have opened up a
new field in the study of composite materials.['l Lamellar
inorganic species/surfactant composite consist of surfactant
layers, alternating with inorganic layers. When the inorganic
layers are semiconducting materials, a novel nanostructured
semiconductor-surfactant superlattice may result with,
possibly,novel properties.”J A novel chemical synthetic ap-
proach based on self-assembly between inorganic species
and surfactant has been presented for inorganic species and
organic surfactant into two- and three-dimensional super-
lattice structures,®* and has been successfully extended to
numerous ordered inorganic—organic composites with na-
nometer scale periodicities.[>>] To date, a series of semicon-
ductor lamellar mesophase in which a semiconductor oxide
is sandwiched between organic components has been suc-
cessfully synthesized.[®® Zinc oxide is a promising lumines-
cent material with a wide bandgap (3.37 eV), large exciton
binding energy (60 meV) and is used for various applica-
tions such as vacuum fluorescent displays due to its non-
linear optical properties and room temperature ultraviolet
emission.’! As a large-bandgap semiconductor and lumi-
nescence material, nanostructured ZnO (nanoparticles,
nanowires, nanobelts, and nanotuble) has been widely
studied.''®!2 However, to the best of our knowledge, ZnO
lamellar mesophase, relative to its room temperature photo-
luminescence, has rarely been mentioned. In this letter, we
report the synthesis and room temperature photolumines-
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cence of a mesolamellar zinc oxide/surfactant nanocompos-
ite, the morphology of which appears to be distinctively dif-
ferent from those previously reported.

Results and Discussion

Powder XRD data clearly demonstrate the ordered lam-
ellar mesostructure of the zinc oxide/surfactant composite
(Figure 1): a series of equally spaced peaks appear in the
low-angle region. Similar to lamellar silicate, alumino-
phosphate, and TiO, mesophase,l"?! the peaks are attrib-
uted to the 00/ rational reflections, characteristic of a lam-
ellar structure. The first diffraction peak, assumed to be
(001), corresponds to a d-spacing of about 28.5 A. Reflec-
tions up to the 5th order of the (001) diffraction are ob-
served. Besides the (00/) series, other diffraction peaks in
the low-angle diffraction region are best assigned to posi-
tional ordering of the dodecylamine molecules within the
bilayer. The fully extended dodecylamine bilayer can be es-
timated to be about 39 A long. Crystalline dodecylamine
displays a very similar XRD patter in this range.

The powder XRD pattern of the Zn-L composite clearly
displays the characteristics of a well-ordered layered struc-
ture with evidence of registry between the sheets. The flaky
morphology of Zn-L the composite, displayed in the SEM
image, Figure 2(a), supports this proposal. The lamellar
composite is further confirmed by a TEM study. Well-de-
fined parallel lines [Figure 2(b)] confirm that the Zn-L com-
posite is a lamellar structurel® — consistent with the results
of XRD. The inter-lamellar distance is 28 A, in accordance
with the d-spacing calculated from the first diffraction peak
in the XRD pattern.

The FT-IR spectrum of the Zn-L composite shows a
zinc-oxygen stretching band in the region 500-1000 cm™!
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Figure 1. XRD pattern of as-synthesized Zn-L composite.

Figure 2. (a) Representative SEM image of Zn-L composite. (b)
TEM image to the Zn-L composite showing the lamellar.

(Figure 3). Some bands in the region 3300-3500 cm™! are
due to N-H stretches of DDA, and sharp bands at 2853
and 2913 cm™! are due to C—H stretches of the hydrocarbon
chain of DDA. Sharp bands in the region 1370-1600 cm™
are attributed to the deformation of -CH,— and ~CH; of
the incorporated DDA. The CH, stretching vibrations are
considered to be related with the physical state (monomer,
micelle or solid) of dodecylamine. These band vibrations
indicate that the dodecylamine is present in the as-synthe-

728 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

sized nickel oxide mesostructure. They provide evidence for
the incorporation of dodecylamine into the hydrous ox-
ide.l'3] Figure 3 also reveals a C—N band at 1333 cm!,
which is blue-shifted by 33 cm™! compared with the spec-
trum of DDA (C-N at 1300 cm™!). The affinity of Zn>" ions
to amine and imine ligands is well known. This allows us
to assume chemical interaction between NHgroups of the
DDA chains and surface Zn?>* ions of the Zn-L nanocom-
posites. It can be inferred that the formation of new surface
states may results from chemical binding between the com-
ponents of the neighbouring layers.
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Figure 3. FTIR spectrum of Zn-L nanocomposite.

The two XPS spectrum peaks [Figure 4(a)], of 2p% and
Zp% at 1022.9 eV and 1045.9 eV, with a better symmetry, are
assigned to lattice zinc in zinc oxide. The peaks are 23.0 eV
apart. The values correspond to a 2p3 binding energy of
Zn" ion (indexed Standard ESCA Spectra of the Elements
and Line Energy Information, ® Co., USA). The small shift
in the 2p% peak position from the crystalline ZnO to the
mesolamellar structure ZnO, from 1021.7 ¢V (indexed
Hand of X-ray photoelectron spectroscopy) to 1022.9 eV,
indicates a change of microenvironments for zinc. This shift
(1.2 eV) confirms that most Zn atoms remain in Zn-L nano-
composites, in the same formal valence state of Zn>* within
an oxygen deficient ZnO,_, matrix.'"»'3) This Zn en-
richment or oxygen defects is due to the strong interaction
between the dodecylamine and ZnO and to the weakly crys-
talline nature of the hydrous zinc oxide composite. Fig-
ure 4(b) shows that the O;; XPS is asymmetric (the left-
hand side is wider), indicating that there at least two kinds
of oxygen species in the near surface region. The peak at
about 531.6 eV is due to the ZnO crystal lattice oxygen,
while that at about 533 eV is due to chemisorded oxygen.[!¢]

The lamellar mesostructured zinc oxide/surfactant com-
posite displays interesting optical properties. UV/Vis spec-
troscopy was used to characterize the optical absorbance of
the Zn-L nanocomposite. The absorption spectrum of Zn-
L was carried out to resolve the excitonic or interband (val-
ence-conduction band) transition of Zn-L, which allows us
to calculate the bandgap. The absorption and correspond-
ing bandgap energy of bulk ZnO is A = 367 nm and E, =
3.36 eV. The UV/Vis absorption spectrum of the as-synthe-
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Figure 4. XPS spectra of ZnO/surfactant nanocomposites: (a) Zn2p
and (b) Ols.

sized compositeshows a strong band edge absorption in the
region above 370 nm (Figure 5). The absorption edge of Zn-
L composite is red-shifted from the absorption edges of
wurtzite ZnO dendrites (377 nm)l'”! and bulk ZnO
(367 nm). Absorption at longer wavelengths, the absorption
red-shift, was also observed by Wang et al.'®! with sodium
dodecylbenzenesulfonate (DBS) capped ZnO nanoparticles.
The authors attributed this red-shift to intraband surface
states formed by surfactant molecules chemically bound on
the ZnO surface.

The absorption coefficient of an amorphous semiconduc-
tor has a characteristic relation:!*]

[dhw]? = Alhw — E,]

in which %@ is the photon energy, E, is the apparent optical
bandgap, 4 is a constant characteristic of the amorphous
semiconductor, and a is the absorption coefficient. There-
fore, the E, of zinc oxide/surfactant composite can be ob-
tained by extrapolating the above relation to 2.09 eV (Fig-
ure 5 inset). A red-shift of ca. 1.27 eV relative to bulk ZnO
is evident for the zinc oxide/surfactant inorganic—organic
composite. This is contrary to the quantum size effect,
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Figure 5. Absorption spectra of Zn-L composite and ZnO bulk.
Inset: apparent energy gap of the Zn-L composite.

which leads to a blue-shift of E, with decreasing particle
size, and has been observed in many nanometer-sized semi-
conductor materials.?°1 Notably, however, the red-shift of
absorption spectrum or apparant optical bandgap here
would arise from the interface between zinc oxide and sur-
factant. As for the band edge shift of optical absorption of
semiconductor nanoparticals in different surrounding medi-
ums with a smaller dielectric constant than that of the semi-
conductors, Takagaharal®!l attributes it to the dielectric
confinement effect. He expressed, approximately,the band-
gap of the semiconductor nanoparticles in the different sur-
rounding mediums as

€

where E, is the bandgap of bulk semiconductor, R = R/
ap (R is semiconductor nanoparticles radius, ag is exciton
Bohr radius),and ¢; and ¢, are the dielectric constants of
the semiconductor and surrounding medium, respectively.
The second term is the quantum confinement energy, lead-
ing to the absorption band edge blue-shift as the size of
particle radius reduces; the third term is the direct Coulomb
interaction between an electron and a hole, leading to red-
shift. The last term is usually called the surface polarization
energy, which arises from the difference in dielectric con-
stant between the semiconductor nanoparticles and the sur-
rounding medium, leading to a red-shift. The dielectric con-
finement has a significant effect on the excition energy and
can not be treated as a minor perturbation.l*! Therefore,
the smallerthe semiconductor nanoparticles and the greater
the difference between ¢; and ¢, , the greater the dielectric
confinement effect becomes. For the Zn-L nanocomposites,
the surfactant DDA has a smaller dielectric constant
(e;=1.5) than ZnO (&,=12). The dielectric-constant ration
&le; 1s 8 and the dielectric confinement effect would be sig-
nificant. When the dielectric confinement effect emerges,
the screening effect is reduced and the Coulomb interaction
between charged particles becomes enhanced, resulting in
enhancement of the exciton binding energy and the exciton
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oscillation strength; thus the surface polarization energy be-
comes the key factor influencing the absorption band
edge.’1-?2l Meanwhile, the quantum confinement energy
would become the subordinate factor.

The room temperature emission spectrum of the Zn-L
lamellar mesophase (Figure 6) shows that the RTPL of as-
synthesized Zn-L exhibits a broad, strong emission band
between 440 and 560 nm, centered at 480 nm (2.58 eV), i.e.
in the green region of visible range. Compared with ZnO
nanowires previously reported>’] and nanosheets,!!”! the
Zn-L lamellar mesophase shows a peak small shift about
20 nm and 6 nm, respectively. The maximum Stokes shift
Yol max (M Wex — h @ey) 1s 0.327 eV. Figure 6 shows that the
board emission band is asymmetric (the right-hand side is
wider), indicating that the emission band is made up of at
least two overlapping emission bands, and the position of
the overall maximum will depend on their intensity ratios.
Inner interfacial defects between the ZnO and surfactant
contribute to the relatively shorter wavelength of Iumines-
cence (<480 nm), while the outmost surfactant can ad-
ditionally luminescence at long wavelengths (>480 nm).['8]
Similar results and discussion have been reported by Lin!*!
et al. for mesolamellar TiO,. The luminescence of the Zn-L
nanocomposite is similar to that from ZnO-capped sodium
dodecylbenzenesulfonate.['®! The luminescence mechanisms
of ZnO have been studied for several decades.l'’-?*] The ul-
traviolet peaks can be assigned to the direct recombination
of a conduction electron and a hole in the valence band,
and the green peaks can be attributed to the deep-trap-me-
diated emission. The origin of the deep trap in ZnO is not
yet clearly understood but is generally attributed to struc-
tural defects, single ionized vacancies, and impurities.[>3-2¢]
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Figure 6. Emission (A, = 383 nm) spectra of Zn-L nanocompos-
ites.

In our investigation, the RTPL mechanism of Zn-L com-
posite differs from that of bulk and other nanostructured
ZnO. The mesolamellar zinc oxide/surfactant nanocompos-
ites show the ordered structure to form zinc oxide/surfac-
tant superlattices. This peculiar structure might have a pro-
found effect on the chemical and physical properties of zinc
oxide. The interfacial effect of zinc oxide/surfactants com-
posites between zinc oxide and organic surfactants might

730 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

be similar to the ZnO nanoparticles coated with sodium
dodecylbenzenesulfonate reported by Wang.'8! X-ray
photoelectron spectroscopic analysis indicates that the oxy-
gen vacancies are formed in Zn-L nanocomposites. Many
oxygen vacancies mainly located on the interface of the in-
organic framework have interactions with interfacial cap-
ping surfactants, and surfactants might stabilize F-center-
like oxygen vacancies. These interactions will lead to the
formation of the trapped state that might form a series of
metastable energy levels within the bandgap. Metastable en-
ergy levels are relatively long-lived and their optical transi-
tions are dipole allowed. Thus, room temperature photolu-
minescence can be observed. Therefore, it could be inferred
that the RTPL of the zinc oxide/surfactant mesophase
might be induced by interfacial effects between the inor-
ganic framework and the surfactants.

Conclusions

An ordered lamellar zinc oxide mesostructure was pre-
pared in the presence of a neutral surfactant by self-as-
sembly. Such Zn-L nanocomposites display new optical
properties, such as a red-shift of absorption edge and room
temperature photoluminescence. The absorption edge shifts
to a low energy region (red-shift) because of the dielectric
confinement effect. The interface effect between zinc oxide
and surfactant is the main cause of the room temperature
photoluminescence. These new optical properties of meso-
lamellar zinc oxide/surfactant nanocomposites also enhance
their applications in optics.

Experimental Section

General: The structure was analyzed and characterized by X-ray dif-
fraction (XRD, Rigaku D/max-RB diffractometer with Cu-K,, radi-
ation, 1 = 1.5418 A). The sample was scanned from 1.2° to 20°
(20) in steps of 0.02°. The scanning electron microscopy (SEM)
photograph was obtained by JSM-6301F. Transmission electron
micrographs (TEM) were made on a 200CX transmission electron
microscope operated at 200 kV. Fourier transformed infrared
(FTIR) spectra (4000-400 cm ') were recorded on a Perkin-Elmer
Spectrum GX infrared spectrophotometer. Samples for FTIR were
prepared using the KBr technology, which were calibrated by poly-
styrene. The composition of the Zn-L nanocomposite was deter-
mined by the X-ray photoemission spectra (XPS) recorded on a
Perkin—-Elmer PHI 5300 ESCA system with an Al-K,, X-ray beam
and 250 W power. UV/Vis measurements were made with a
UV2100 spectrophotometer. Photoluminescence (PL) measure-
ments were carried out at room temperature using 4 = 383 nm as
the excitation wavelength with a HITACHI 850 type visible-ultravi-
olet spectrometer with a Xe laser as the excitation source.

Synthesis of ZnO/Dodecylamine Mesolamellar Nanocomposite: All
chemical reagents used in the experiments were obtained from com-
mercial sources as guaranteed-grade reagents and used without fur-
ther purification or treatment. ZnCl, and DDA had purities of
98%. The composite was synthesized using a neutral dodecylamine
(C1,H,7N, DDA) surfactant and zinc chloride (ZnCl,). ZnCl,
(1.36 g) was dissolved in distilled deionized water (DDW) (28 mL).
DDA (0.74 g) dissolved in DDW (28 mL) was then added to the
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ZnCl, solution under vigorous stirring. The synthesis mixture, pos-
sessing a molar ratio ZnCl,:DDA:H,O of 1.0:0.4:156, was stirred
for 4 h before being aged at room temperature for 48 h. The solid
product was then recovered by filtration and washed with water.
Dry composite could be exposed to air without oxidation.
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