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An effective wet-chemical method to produce highly mono-
dispersed ZnO nanoparticles (4–6 nm diameters) is presented. A
thermal growth-inhibitive phenomenon of ZnO precursor by PEI
was employed to generate monodispersed nanoparticles at low
temperature (40 �C) and to improve the nanoparticle properties
in terms of both size distribution and crystallinity.

Semiconductor nanoparticles have been a focus of photo-
electronic research because of their unusual optoelectronic prop-
erties resulting from quantum size effects.1 Numerous research
groups have reported preparation techniques as well as potential
or practical applications of nanoscale semiconductors such as
CdS, CdSe, CdTe, ZnS, TiO2, Fe2O3, and ZnO.2–7 In particular,
nanoscale wurtzite ZnO has been utilized in electrochemical
fields including dye-sensitized solar cells,8–11 photocatalysts,12

chemical sensors,13 and phosphors14 owing to its wide band
gap (3.37 eV) and large exciton binding energy of 60meV.15

Spanhel and Anderson,16 Bahnemann and Kormann,17 and Koch
et al.18 demonstrated nanocolloids or nanopowders of the ZnO
depending on the preparation methods.

Recently, chemical methods such as sol–gel processes,19

template growth,20 and hydrothermal methods,21,22 have attract-
ed attention because of the relatively low growth temperature
(�150 �C), the ease of processing, and promising scale-up fabri-
cation. In addition, in order to obtain a monodispersed size dis-
tribution and good morphology of ZnO nanocrystals, some addi-
tives, either a surfactant or a complexing agent, have been exten-
sively applied in the reaction process.23 The preparation of ZnO
nanoparticles by wet-chemical methods at low temperature has
been commonly performed using the sol–gel process, which
seems to be very attractive owing to easier processing than other
preparation methods. However, the major problem of the sol–gel
method is the uncontrolled reaction rates of hydrolysis and con-
densation steps, resulting in the formation of precipitates with a
high degree of structural defects. The thermal growth of ZnO
precursors may result in the creation of crystal defects that can
strongly affect the physical properties of the crystals.24 In view
of industrial applications of nanoparticles as well as fundamental
studies, chemically pure or compositionally well-defined ZnO
nanocystals are required.

In this letter, a simple and efficient alcohol thermal tech-
nique at low temperature is introduced to control the ZnO parti-
cle distribution in terms of size and morphology by adding a cat-
ionic polymer, polyethyleneimine (PEI) as an over-growth in-
hibitor.

The reagents were purchased from Aldrich; Zinc acetate
(Zn(Ac)2.2H2O, Ac = CH3COO) (98+%, A.C.S. REAGENT),
LiOH (98+%, A.C.S. REAGENT), ethanol (Denatured, HPLC

grade) and PEI (branched, MW �800). Zn(Ac)2.2H2O
(13.17 g) was dissolved in ethanol (400mL) at 70 �C (bp of
EtOH 78 �C) and cooled to 0 �C. A LiOH base solution
(0.525M) was added dropwise to the zinc acetate suspension un-
der vigorous stirring at 0 �C. The ZnO sol was stored for one day
in a refrigerator (�4 �C) not only to prevent rapid particle
growth by retarding ZnO nuclei formation as suggested that
the conversion of the precursor, basic zinc–lithium acetate, into
ZnO nuclei was very slow at near 0 �C7 but also to precipitate
the over-grown ZnO seeds during storage step. Only the super-
natant of the ZnO sol was used for the following thermal reflux
process.

After adding the PEI (net concentration10mM) as a growth
inhibitor to the ZnO sol, it was refluxed for 3 h at different tem-
peratures from 40 to 80 �C by using a rotary evaporator. The col-
or of the ZnO sol became dense white, and aggregated substan-
ces were precipitated with time. The substances were then wash-
ed with a centrifuge (10000 rpm) with denatured ethanol five
times to remove impurities such as acetate, hydroxide compo-
nents, and PEI and subsequently dried at 70 �C. The yield of
ZnO nanoparticles was 45.8%.

The diameter distribution of the finally produced ZnO nano-
particles was dependent on the storage time before the thermal
reflux process. It became monodispersed with the storage time
up to 24 h, and the particle diameter was not changed significant-
ly after 24 h.25 The storage experiment illustrated that a storage
time less than 24 h was insufficient to precipitate the over-grown
ZnO seeds, which bring a negative effect on the nanoparticle
uniformity in the end.

Figure 1 confirms the temperature effect on the particle
size and also shows the effect of PEI on the grown of ZnO
crystals structure. Nanoparticles prepared at 40 �C with PEI
(Figure 1a) were smaller than those made at 80 �C with PEI
(Figure 1c). However, the ZnO crystals produced without PEI
have irregular rod-like structures with different sizes and mor-
phologies (Figures 1b and 1d). Figures 1e and 1f are a TEM
image and the size distribution of the ZnO nanoparticles, respec-
tively, that were prepared at 40 �C with 10mM PEI. The TEM
image shows the obtained nanoparticles with perfect circular
crystal structure (�5 nm diameter).

In our approach, hydrolysis and condensation of the zinc
acetate hydrate precursors lead to the precipitation of ZnO crys-
tals in the presence of LiOH base.26,27 The strategy behind is the
addition of PEI chains can restrict the area in which the ZnO nu-
clei can grow. PEI was sufficiently soluble in the denatured etha-
nol solution, formed hyperbranched chains, and defined the
small region for the ZnO nuclei to grow into nanoparticles.
The ZnO nanoparticles were generated and stabilized in the con-
fined area, where the formed ZnO nuclei were surrounded by the
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bulky hyperbranched PEI chains. However, the effect of PEI on
the particle formation is not the same at all temperatures. The hy-
perbranched PEI chains have more mobility with increasing tem-
perature, which provides more possibility for the [Zn(OH)4]

2�

growth units outside the bulky chains to penetrate the chains
and meet the ZnO nuclei inside. The greater the chance that
the growth units meet the ZnO nuclei is, the faster the ZnO nu-
clei grow. As the dissociation reaction proceeds more at higher
temperatures, more [Zn(OH)4]

2� growth units are formed;
hence, producing larger nanoparticles eventually.

Quantum size effects such as broadening of the band gap are
observed in ZnO particles with diameter less than 7 nm by PL
measurements.18 Figure 2 compares the PL spectra measured
from the colloid solutions prepared at 40 and 80 �C with PEI
and at 80 �C without PEI with an excitation wavelength of
290 nm. The emission peak exhibits blue shift from 367.2
(3.38 eV) to 355.9 nm (3.48 eV) with decreasing reflux tempera-
ture from 80 to 40 �C with PEI, in other words, with decreasing
the size of ZnO nanoparticle, illustrating the quantum size effect.
The emission peak from the ZnO nanorod-like structure pre-
pared at 80 �C without PEI (Figure 1d) was observed at
380.5 nm (3.26 eV) which is red-shifted from the emission peak
of the nanoparticles. Its PL spectrum also contains a broad emis-
sion in the visible range due to the impurities and ionized oxygen
vacancies in the grown ZnO crystal structure.24 Comparatively,
the PL spectrum from the nanoparticles prepared at 40 �C with
PEI does not show any emission in the visible range, which
proves that ZnO nanoparticles with high purity were produced
by our preparation method.

In conclusion, very tiny and monodispersed (�5 nm diame-
ter) ZnO nanoparticles were produced in an alcoholic solution at
a low reflux temperature (40 �C) by combining techniques of

storing the precursor solution at 4 �C and adding PEI as a growth
inhibitor. The size of the nanoparticles was found to be control-
led by the reflux temperature and the quantum size effect from
the nanoparticles was seen in PL measurements. In addition, this
method produced pure nanoparticles which were appropriate for
the device application.

This work was supported by the Korea Science and Engi-
neering Foundation (KOSEF) grant funded by the Korea govern-
ment (MOST) (No. R01-2007-000-10995-0) and the Program
for Integrated Molecular System (PIMS) at GIST.

References and Notes
1 Zinc Oxide Bulk, Thin Films and Nanostructures, ed. by C. Jagadish, S. Pearton,

Elsevier, 2006, pp. 30–35.
2 M. Moffitt, L. McMahon, V. Pessel, A. Eisenberg, Chem. Mater. 1995, 7, 1185.
3 T. Trindade, P. O’Brien, Adv. Mater. 1996, 8, 161.
4 Y. Yang, J. Huang, S. Liu, J. Shen, J. Mater. Chem. 1997, 7, 131.
5 L. X. Chen, T. Rajh, Z. Wang, M. C. Thurnauer, J. Phys. Chem. B 1997, 101,

10688.
6 C. Pascal, J. L. Pascal, F. Favier, M. L. E. Moubtassim, C. Payen, Chem. Mater.

1999, 11, 141.
7 E. A. Meulenkamp, J. Phys. Chem. B 1998, 102, 5566.
8 H. Rensmo, K. Keis, H. Lindstrom, S. Sodergren, A. Solbrand, A. Hagfeldt, S.-E.

Lindquist, L. N. Wang, M. Muhammed, J. Phys. Chem. B 1997, 101, 2598.
9 I. Bedja, P. V. Kamat, X. Hua, A. G. Lappin, S. Hotchandani, Langmuir 1997,

13, 2398.
10 K. Keis, J. Lindgren, S.-E. Lindquist, A. Hagfeldt, Langmuir 2000, 16, 4688.
11 T. Yoshida, K. Terada, D. Schlettwein, T. Oekermann, T. Sugiura, H. Minoura,

Adv. Mater. 2000, 12, 1214.
12 M. Anpo, K. Chiba, M. Tomonari, S. Coluccia, M. Che, M. A. Fox, Bull. Chem.

Soc. Jpn. 1991, 64, 543.
13 K. S. Weißenrieder, J. Muller, Thin Solid Films 1997, 300, 30.
14 C. Lorenz, A. Emmerling, J. Fricke, T. Schmidt, M. Hilgendorff, L. Spanhel, G.

Müller, J. Non-Cryst. Solids 1998, 238, 1.
15 W. Han, S. Fan, Q. Li, Y. Hu, Science 1997, 277, 1287.
16 L. Spanhel, M. A. Anderson, J. Am. Chem. Soc. 1991, 113, 2826.
17 D. W. Bahnemann, C. Kormann, M. R. Hoffmann, J. Phys. Chem. 1987, 91,

3789.
18 U. Koch, A. Fojtik, H. Welle, A. Henglein, Chem. Phys. Lett. 1985, 122, 507.
19 Z. Wang, X.-F. Qian, J. Yin, Z.-K. Zhu, Langmuir 2004, 20, 3441.
20 X.-H. Zhang, S.-Y. Xie, Z.-Y. Jiang, X. Zhang, Z.-Q. Tian, Z.-X. Xie, R.-B.

Huang, L.-S. Zheng, J. Phys. Chem. B 2003, 107, 10114.
21 H. Zhang, D. Yang, Y. Ji, X. Ma, J. Xu, D. Que, J. Phys. Chem. B 2004, 108,

3955.
22 X. Y. Tao, X. B. Zhang, Acta Chim. Sinica 2004, 62, 1658.
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Figure 1. SEM images of the ZnO nanocrystal structures prepared (a) at
40 �C with PEI, (b) at 40 �C without PEI, (c) at 80 �C with PEI, and (d) at
80 �C without PEI. (e) TEM image and (f) size distribution of the ZnO nano-
particles made at 40 �C with PEI.

Figure 2. Photoluminescence spectrum from the colloid solution prepared
at 40 �C ( ), 80 �C ( ) with PEI and 80 �C without PEI ( ).
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