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ABSTRACT

The technique of micro-segmented flow was used for continuous synthesis of ZnO nanoparticles. In
the experimental setup, a static micro-mixer was applied for mixing the precursor solutions at room
temperature. Then micro-fluid segments were formed by injecting the mixture into a stream of carrier.
The formation of ZnO particles started after the fluid segments were led in PFTE tube coils inside a
thermostat at enhanced temperature. Two different experimental conditions were applied to prepare
ZnO nanoparticles, where Zn(Ac), and NaOH in ethylene glycol (EG) were mixed with water (at lower
pH, pH=12.3, 100°C) or water/EG mixing solvent (higher pH, pH=12.7, 90°C) to achieve varied water
content in the final mixture solution. The formation of homogeneous quasi-spherical particles at lower
water content was proven by TEM and SEM. In the first case, a stronger dependence of particle size on
water content (diameters between 18 and 436 nm in a water content range between 15v% and 90 v%)
was observed. In the second case, a lower solvent effect (diameters between 33 nm and 168 nm in a water
content range between 15 and 60 v%) was observed. The strong effect of water content on the size of
the resulting particles was also reflected by the optical properties of the nanoparticles. So, the water-to-
solvent-ratio can be used for tuning the optical absorption of ZnO nanoparticles. The characteristic UV
absorption peak was shifted between 317 nm and 373 nm by an enhancement of the water content from
15 v% to 90 v¥% if the particle formation was initiated by mixing Zn(Ac), and NaOH in ethylenglycol with

water.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

During the past few years, nanocrystals of zinc oxide have
attracted a lot of interest due to their potential applications, such
as solar cells [1-3], photocatalysts [4,5], luminescent materials
[6,7], gas sensors [8-10] and so on. Different technologies have
been developed to synthesize ZnO nanocrystals with different
shapes and sizes, including hydrothermal synthesis [11,12], sol-gel
method [13-15], thermal decomposition [16,17], microwave irra-
diation method [18-20], chemical vapor deposition [21,22], and
continuous flow techniques [23,24]. Among these methods, polyol-
mediated synthesis [25-28] is well suited for the preparation of
nanoparticles with a narrow size distribution and high crystalline
quality. This method is realized by dissolving a suitable metal pre-
cursor in polyol solvent, such as ethylene glycol, diethylene glycol
and glycerol, and then heating at high temperature. The solvent can
act as a stabilizer and limit particle growth and agglomeration after
heating. It is comparably easy to perform and has been applied to
synthesis different metal [29-31] and metal oxide nanoparticles
[25,26,32,33].
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Recently, the micro-fluid segment technique has been under
investigation for a lot of chemical [34-39] and biological [35,40,41]
applications. In this technology, fluid segments are embedded in
a non-miscible carrier liquid and plug-like transported. The abil-
ity of formation of highly regular segments and segment distances
ensure constant process conditions and a very narrow distribution
of residence time and temperature changes for the whole reaction
volume. In addition, transported induced segment-internal convec-
tion can enhance fast mixing and heat transfer. Therefore, equal
reaction conditions in all segments can be realized.

To the best of our knowledge, there have been no reports about
the application of micro-segmented flow for the formation of ZnO
nanocrystals in ethylene glycol. This method offers several advan-
tages compared to other ZnO synthesis. It would be very interesting
for preparation of other nanomaterials. Here, the continuous-flow
synthesis of ZnO nanoparticles was investigated.

2. Experimental
2.1. Experimental arrangement and devices

The synthesis of ZnO particles was realized by following multi-
step micro-continuous-flow process:
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Fig. 1. Experimental arrangement.

(1) Homogeneous mixing of ethylene glycol solution of NaOH and
Zn(CH3CO0), as well as solvent by a static micro-mixer. The
volume of the static micro-mixer was 10 nL and the mixing
time was calculated to be 0.3 s and 4s for condition A and B,
respectively.

(2) Formation of segmented flow by injection of the reaction mix-
ture into a carrier stream of tetradecane.

(3) Reaction initiation by fast heating.

(4) Particle growth in a final residence loop (ID: 1.0 mm; L: 1.0 m)
inside the thermostat. The residence time was 9s and 72 s for
condition A and B, respectively.

The experimental set-up (Fig. 1) was composed of four PC-
controlled syringe pumps delivering the fluids at a constant flow
rate, a static micro-static micro-mixer (Statmix 6, IPHT Jena [42])
used for mixing of reactants, an injector for segment formation and
PTFE tube coil placed inside a thermostat allowing the application of
temperatures up to 150 °C. A micro-flow-through photometer (LED
peak at 610nm, Agilent, Santa Clara CA, United States) mounted
between the injector and thermostat was applied to detect the
segments.

2.2. Characterization

The measurement of pH was realised by a cyberscan PC 510
(EUTECH instruments, www.eutechinst.com) pH-electrode. TEM
investigation was carried out on Philips Tecnai S 20 transition elec-
tron microscope with an accelerating voltage of 200 kV. For SEM
measurement (Hitachi S-4800 FE-SEM), the product solutions were
applied on Si chips, particles were adsorbed and then rinsed with
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Fig. 2. XRD patterns of as-prepared ZnO particles. (A) water content: 50 v% (condi-
tion A); (B) water content: 30 v% (condition B).

water and ethanol. The average diameter and size distribution of
ZnO particles was determined by measuring at least 100 randomly
selected particles by use of TEM and SEM images at a magnifi-
cation factor of 100,000x. Optical spectra of ZnO particles were
recorded by a UV/vis spectrophotometer (Specord 200, Analytik
Jena, Germany) with scanning speed of 10 nm/s over a scanning
wavelength range of 200-800 nm; the samples were dispersed in
deionised water. X-ray diffraction (XRD) analysis was carried out
on a Siemens D-5000 X-ray diffractometer using Cu-Ka radiation
(A=0.15478 nm) with step size of 0.02°. Thermogravimetric anal-
ysis was recorded using Netzsch STA 409 EP from 30°C to 750°C
with a heating rate of 10 °C/min under flowing air.

2.3. Chemicals

Zinc acetate dihydrate (Acros Organics, USA, purity: 98%),
sodium hydroxide (Merck, Germany, purity: 99%), ethylene gly-
col (Acros Organics, USA, purity: 99.97%) and tetradecane (Acros
Organics, USA, purity: 99%) were used as received. Deionised water
(Aqua purificator G 7795, Miele, Germany) was used for all prepa-
rations.

3. Results and discussions

In ZnO micro- and nanoparticle synthesis, there are a lot of
experimental parameters which can influence resulting particle
size and shape, such as temperature, solvent and reaction time as
well as concentration of precursors and water. However, in this
paper, we focussed on the investigation of the effect of water con-

Table 1
Experimental conditions.
Experimental condition Zn(Ac); in EG NaOH in EG Solvent Tetradecane T H, 0 content Products
Conc. (M) 0.02 0.2 H,0
850 850 300 15v% Fig. 3(A-C)
Flow 750 750 500 25v% Fig. 3(D-F)
A - 650 650 700 3000 100°C 35v% Fig. 3(G-1)
i) 500 500 1000 50v% Fig. 3(J-L)
w 250 250 1500 75v% Fig. 3(M-0)
100 100 1800 90v% Fig. 3(P-R)
Conc. (M) 0.05 1 EG/H,0
15v% Fig. 6(A and B)
Flow R 25v% Fig. 6(C and D)
E rate 30 30 90 =Ll 90°C  3pux Fig, 6(E and F)
(nL/min) 45v% Fig. 6(G and H)
60v% Fig. 6(1 and J)
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Fig. 3. Effect of water content on shape, size and size distribution of ZnO particles under experimental condition A (0.02M Zn(Ac),, 0.2M NaOH, 100°C, 5000 w.L/min)
demonstrated by TEM and SEM images: (A, B, C) 15v%; (D, E, F) 25v%; (G, H, I) 35v¥%; (J, K, L) 50 v%; (M, N, O) 75 v¥%; (P, Q, R) 90 v%.
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tent in binary solvent mixtures on the characteristics of obtained
particles under two different experimental conditions by micro-
flow-through synthesis. Preliminary investigations of the effect
of solvents on the formation of ZnO micro- and nanoparticles by
hydrothermal synthesis had shown qualitatively the dominance of
water on the quality of the formed particles. In particular, the tran-
sition between more compact and star-like or flower-like particles
was strongly effected by the presence of water. Therefore, here the
effect of water in the hydrothermal synthesis of zinc oxide in ethy-
lene glycol by precipitation at high pH and elevated temperature
was studied.

Despite of the higher probability of wall interactions, micro-
reaction technology is an interesting alternative to batch synthesis
[25-28] for the generation of nanoparticles. The hydrothermal
synthesis can profit from fast heat and mass transfer which can
be realized under micro-flow conditions. It could be expected
that the homogeneity of ZnO particles can be improved if a
micro-continuous flow process is applied. In contrast to homoge-
nous fluids, the application of micro-segmented flow is particular
promising for ZnO nanoparticle synthesis if the wall surface is
hydrophobic and shows good wetting conditions for the inert car-
rier liquid and a high contact angle with the reaction mixture. In
this case, the interaction between reactants and wall can be reduced
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Fig.4. UV-vis spectra of ZnO particles obtained with different water contents under
experimental condition A (0.02 M Zn(Ac),, 0.2 M NaOH, 100°C, 5000 p.L/min).
Inset shows the absorption peaks of ZnO particles in the presence of different water
contents.
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Fig. 5. TG-DTA curves of ZnO products under condition A: (A) water content: 50 v%; (B) water content: 35 v%.
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Fig. 6. Effect of water content on shape, size and size distribution of ZnO particles under experimental condition B (0.05 M Zn(Ac),, 1 MNaOH, 90°C, 650 wL/min) demonstrated

by SEM images: (A, B) 15v%; (C, D) 25v%; (E, F) 30 v%; (G, H) 45v%; (1,]) 60 v%.
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drastically and the initiation of nucleation or the deposition of par-
ticles at the wall surface can be suppressed [43]. In addition, the
segment-interval convection caused by the motion of fluid seg-
ments can be used for acceleration of heat transfer and enhancing
fast mixing [38,44,45]. This process is intensified by increasing flow
rate, which would lead to the reduction of reaction time.

Table 1 presented the details of the used experimental parame-
ters. For experimental condition A, the formation of ZnO particles
was carried out at higher total flow rate (5000 wL/min) and
enhanced temperature (100 °C) as well as lower concentration ratio
of NaOH/Zn(CH3C0OO), (10/1). Different water contents from 5 v¥%
to 90 v% were realized by adjusting the flow rates of reactant solu-
tions. In comparison, for experimental condition B, it occurred
at lower total flow rate (650 wL/min) and reduced temperature
(90°C) as well as higher concentration ratio of NaOH/Zn(CH3COO),
(20/1). The segment size for condition A and B was about
0.77 L or 1.1 pL, respectively. By changing the solvent ratio of
water/EG, varied water contents were achieved while the flow
rate of each reactant always keeps constant during the synthesis
procedure.

Fig. 2 shows the XRD patterns of two typical as-prepared ZnO
products. All the diffraction peaks in Fig. 2 can be exactly indexed to
the hexagonal wurtzite ZnO with lattice structure of a=3.25A and
c=5.21A(c/a=1.60), which was in good agreement with the values
in the standard card (JCPDS card 36-1451). In addition, no char-
acteristic diffraction peaks from other phases or impurities were
found.

From the TEM and SEM images from experimental condition
A (Fig. 3), it can be seen that the shape and size of the obtained
particles strongly depend on water content in the system. When
water content was below 35 v%, homogeneous quasi-spherical ZnO
nanoparticles (Fig. 3A, B, D, E, G and H) were synthesized. At the
same time, average particle size increased from 18 nm to 102 nm
if water content enhanced from 15v% to 35v%. Size distribution
graphs of these particles are shown in Fig. 3C, F, I and L. Further-
more, the particle shape shifted from nut-like (Fig. 3] and K) to
ellipsoidal (Fig. 3M, N, P and Q) when water content increased from
50v%to 90 v%. Meanwhile, particle size enhanced significantly from
196 nm to 436nm and particles size distribution became broad
(Fig. 3L, O and R).

Besides the particles size, the effect of water content also influ-
enced the UV/vis spectra of the products. From Fig. 4, it can be
observed that the absorption peak of the obtained ZnO particles
changed from 317 nm to 373 nm when water content increasing
from 15 v% to 90 v%. In particular, if water content was 5 v%, there
was no absorption peak since no precipitation occurred. From the
insetgraphinFig. 4, we canclearly observe the increase of the wave-
length of absorption peaks with enhancing water contents, which
was associated with particle growth [46]. It is already reported that
the dependence of particles size on the optical absorption spectra
can be determined by using the effective mass model; details of the
calculation can be found in Ref. [47,48].

These results are consistent with the results of polyol-mediated
synthesis [32], where water plays an important role in determining
the particle shape and size since water can induce hydrolysis and
condensation reactions for the Zn precursor [26]. At lower water
content, ethylene glycol as a chelating agent, can adsorb on the sur-
face of the nucleus, thus limiting the particle growth and avoiding
agglomeration. Therefore, quasi-spherical particles with homoge-
neous size distribution were obtained when water content was
below 35 v%. If water content was enlarged, sufficient water was
present to hydrolyze the Zn complexes and enhanced growth rate
was expected. Therefore, the resulting particles became larger and
inhomogeneous due to a lower concentration of ethylene glycol,
the assumed complexing agent that inhibits particle growth and
aggregation.
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Fig. 7. Comparison of effect of water content on particle size for experimental con-
dition A (0.02 M Zn(Ac),, 0.2 M NaOH, 100°C, 5000 pL/min) and B (0.05M Zn(Ac),,
1M NaOH, 90°C, 650 p.L/min).

In order to investigate composition of obtained ZnO particles,
we carried out TG-DTA measurements for two samples with water
content of 35v% and 50 v% shown in Fig. 5. In Fig. 5A, two weight
losses were observed at about 30-200°C and 200-400°C in the
TG curve. The first weight loss was due to the removal of physi-
cally absorbed water. The second weight loss can be attributed to
the decomposition of ethylene glycol on ZnO particles. In the TG
curve of Fig. 5B, the first weight loss between 30°C and 300°C can
be ascribed to the departure of absorbed water and combustion of
part of adsorbed ethylene glycol. The second weight loss between
300°C and 750 °C could be caused by burnout of strongly bounded
ethylene glycol since the lower water content under this condition.
These results have been already observed and confirmed by other
authors [49]. On both of the DTA curves, two exothermic peaks were
observed at about 280 °C and 340 °C, respectively. These peaks were
associated with decomposition of the organics. The total weight
loss for these two measurements was 2.2% with water content of
50v% and 5.5 v% with water content of 35 v¥%, respectively. It sup-
ported our assumption mentioned before that particle size can be
suppressed at lower water content since higher content of ethylene
glycol can adsorb on the surface of the particles.

On the other hand, under experimental condition B, quasi-
spherical ZnO nanoparticles were obtained for water contents
between 15 v% and 45 v%. Dakhlaoui et al. [49] and Wang et al. [50]
also observed that at higher alkaline ratio, the particle appeared
in spherical shape. SEM images under this condition are shown
in Fig. 6, which demonstrated that particle size slightly increased
with enhancing water content. Size distribution graphs (Fig. 6B, D,
F, H, ]) showed the obtained particles had narrow size distribution.
Fig. 7 compared the effect of water content on particle size under
both experimental conditions. It indicated that obtained particle
size was strongly dependent on water content in binary solvent
mixtures. Furthermore, the effect of water content on particle size
at experimental condition A was more noticeable than condition B.
UV/vis absorption spectra for ZnO products under condition B are
shown in Fig. 8. All spectra are marked by the characteristic peak in
the UV range (at about 340 nm). But, the peak shift with water con-
tent is much smaller than in the case of conditions A. In addition,
the shift of absorption in the longer wavelength range is consider-
ablyreduced. The insert graphin Fig. 8 revealed the absorption peak
wavelength of obtained ZnO particles as a function of water con-
tent. It was similar to the insert graph in Fig. 4. Fig. 9 investigated
the effect of water content on absorption peak wavelength under
condition A and B. It matched well with Fig. 7 since absorption peak
wavelength was dependent on particle size.
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Inset shows the absorption peak wavelength as a function of water contents.
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4. Conclusions

In this work, it could be shown that the preparation of high
quality ZnO nanoparticle by using Zn(Ac), and NaOH as reactants
in binary solvents of water and ethylene glycol is possible in a
hydrothermal micro-continuous flow synthesis. By changing the
water content in reactant solutions from 5v% to 90 v%, the diam-
eter of ZnO particles is tunable from 18nm to 436 nm. For all
solvent compositions, a high homogeneity of nanoparticles could
be achieved if high flow rates were applied. The high homogene-
ity is attributed to the fast mixing in the static micro-mixer and
by the fast heat transfer inside the small droplets of reaction mix-
ture caused by the flow-induced fast segment-internal convection.
UV/vis absorption spectra confirm the change of particle quality in
case of increasing water contents. In particular, at the water content
below 50v%, ZnO nanoparticles with homogeneous size distribu-
tion were obtained. Therefore, the segmented flow synthesis is a
useful technology to prepare ZnO nanoparticles and should be an
interesting option to prepare other metal or metal oxide nanosized
powders.
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