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Abstract

A simple urea aqueous solution process at low temperature (85 °C) was employed for the preparation of zinc hydroxide carbonate from zinc nitrate.
The influence of different additives on the final particle morphology was studied. Porous spherical particles in the shape of chrysanthemums with
an average size of 4 um and a surface area of 16 m?/g were obtained in the presence of poly-vinyl pyrrolidone (PVP-K30). After heat treatment
ZnO particles were formed that preserved the size and shape of the hydrozincite precursor. The morphology and crystallinity of the solids obtained
before and after the heat treatment were characterized by FE-SEM, XRD, FTIR, BET and TG methods.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Zinc oxide (ZnO), due to its specific chemical, surface and
microstructural characteristics, can be used in a wide range of
applications, including the manufacture of varistors, protective
elements in electric and electronic appliances, as gas-sensors,
catalysts, in the pigment industry as a colour hue, in cosmet-
ics as a UV light absorber, etc.- In literature many preparative
techniques for ZnO are described. For preparation of ZnO nanos-
tructure rods, a vapour-phase transport process in the presence
of noble metal catalysts and thermal evaporation are the two
major vapour techniques.>® Larger scale ZnO preparation can
be achieved by chemical solution routes.” 10 A frequently used
method is precipitation from an aqueous solution of a Zn—salt in
the presence of ammonium carbonate or urea, yielding a hydrox-
ide carbonate precursor. The latter is then transformed into ZnO
by thermal decomposition.

The composition and properties of the precipitated zinc
hydroxide carbonate are largely dependent on the precipitation
conditions, which also influence the final ZnO morphology.'!
However, systematic studies of the morphological modulation of
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Zn-based precipitates with different additives in aqueous solu-
tion in the literature are still incomplete. In this respect, it is
necessary to find the relationship between added surface agents
and the morphologies of the precipitated Zn-based precursors
in order to develop an effective and simple route for controlling
the final ZnO characteristics such as shape and size. Regarding
final powder shape, ZnO microparticles with new morpholo-
gies (nut-like or rice-like) have been obtained from aqueous
solution with the assistance of different additives. Recently the
formation mechanism of ZnO nanoparticles prepared by the
homogeneous precipitation method using urea and zinc nitrate
was discussed by Liu et al.'> In the article it was shown that
first ZnsCO3(OH)g-ZnO is formed and after heating at 500 °C
it decomposed in to ZnO.

The mechanism and kinetics of the thermal decomposi-
tion of precipitated zinc precursors were reported by several
authors. One of the earlier studies on the thermal decompo-
sition of hydrated zinc carbonate (ZnCOs3-2Zn0-2H,0) was
performed by Dollimore et al.'> On the basis of isothermal
TG in the temperature range 200-260 °C they reported an acti-
vation energy of 94 + 9kJ/mol for two thermally overlapping
stages during the decomposition. On the basis of DTA results
Chen et al.'* reported a single step decomposition process with
an activation energy of 113 kJ/mol for thermal decomposition
of ZnsCO3(OH)¢-H,0.'# A single-step decomposition of pure
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and industrially prepared zinc hydroxide carbonate to ZnO with
little change in its overall morphology and an apparent acti-
vation energy of 123 and 153 kJ/mol, respectively, was also
suggested by Kanari et al.!> In agreement with some other earlier
studies, they also suggested a “nucleation and growth” mecha-
nism for ZnO preparation during the thermal decomposition of
the precipitated zinc precursors. A similar value (129 kJ/mol)
regarding the apparent activation energy for ZnsCO3(OH)g ther-
mal decomposition was also reported by Li et al.!® who used
a non-isothermal kinetic approach. They suggested that zinc
hydroxide carbonate thermal decomposition is a double-step
reaction of two-dimensional diffusion followed by irreversible
decomposition.

In this paper, we describe a simple urea aqueous solution
route for the synthesis of zinc hydroxide carbonate and ZnO
microcrystals using zinc nitrate as the starting salt. The morpho-
logical characteristics of the Zn-based precipitates were altered
by small additions of different additives like PVP, SDS, AA,
Triton-X100 and B-CD. By always using the same prepara-
tion technique we tried to elucidate the role of different surface
active agents during solid phase formation. Different spec-
troscopic techniques were used for product characterization
such as FE-SEM, XRD, BET and IR. In addition, the paper
also focuses on the thermal decomposition behaviour of differ-
ently prepared and well-characterized zinc hydroxide carbonate
(Zns(OH)(CO3)2).

2. Experimental method

All reagents in the experimental work were of analytical
reagent grade. To avoid hydrolysis upon storage, fresh stock
solutions prepared from Zn(NOs3);-6H,O (Aldrich) and urea
(Aldrich) in millique water were used. In all experiments the ini-
tial concentrations of Zn* ions and urea were 0.01 and 0.05 M,
respectively. Experiments were performed without and in the
presence of different surface active agents such as PVP-K30,
SDS, Triton X-100, B-CD and L-AA. All additives were dis-
solved in the initial reactive mixture before hydrolysis took
place. Two different concentrations of additives were used (0.5
or 3mg/mL) throughout the experimental study. The experi-
ments were carried out in 14 mL closed reactors, where the
total volume of reaction mixture was 10 mL. All experiments
were performed in an oven, preheated at 90 °C. During these
experiments, the temperature was measured in the centre of test
tube with a Fluke 54 II thermocouple type K with thickness of
1 mm. The resulting temperature profile!” shows that maximum
temperature is reached after around 100 min and was constant
(85 °C) during the synthesis. The resulting solids were filtered
off, washed with water and dried in air. The most promising
samples were subsequently thermally treated in Ar at 600 °C for
30 min.

All samples were characterized by scanning field emission
electron microscopy (FE-SEM, Zeiss Supra 35 VP with an EDS
analyzer). X-ray diffraction analyses (XRD) were carried out
on a Siemens D-500 X-ray diffractometer. XRD data were used
to obtain the mean crystallite size and microstrain (PANalyti-
cal program X’Pert HighScore with Scherrer algorithm) where

instrumental broadening corrections were performed using a
standard of Al,Os3. IR spectra were obtained on an FTIR spec-
trometer (PerkinElmer 2000) in the spectral range between 4000
and 400 cm~! with a spectral resolution of 2cm™! in the trans-
mittance mode. The KBr pellet technique with about 1 wt% of
sample was used for sample preparation. BET measurements
were performed using a Micromeritics Gemini II 2370 Surface
Area Analyzer. The samples were dried and degassed at 90 °C
in a Micromeritics Flow prep 060 module. The Gemini II 2370
performs fully automatic analysis in ultra-high purity nitrogen
(99.9995), collects data and performs calculations to obtain the
BET surface area.

Thermogravimetric decomposition experiments were per-
formed using 5mg of sample and a NETZSCH STA 449 °C
set-up with a microbalance having a sensitivity of £0.1 pg.
All the experiments were carried out at a constant flow of Ar
(50 mL/min). For kinetic analysis TG experiments were repeated
under non-isothermal (heating rate 5 °C/min in the temperature
range 30-400°C) and isothermal conditions. Isothermal tests
always started with a non-isothermal period. The starting tem-
perature of the isothermal period was chosen on the basis of
the results of the non-isothermal tests where the decomposition
reaction at the beginning of the isothermal period in neither case
exceeded ~25% (~6.5% of the total mass).

3. Results and discussion

The FE-SEM micrographs of six samples prepared after 4 h
of synthesis at 85°C with and without various additives are
presented in Fig. 1. The concentration of additives was kept
at 3mg/mL. On addition of ascorbic acid at this concentra-
tion no products were obtained, and for that reason a lower
quantity of ascorbic acid (0.5 mg/mL) was used in further exper-
iments as presented in Fig. 1f. The products obtained were
reproducible when the synthesis was performed under the same
conditions.

The micrographs in Fig. 1a—d show porous spherical particles
in the shape of a chrysanthemum, while Fig. 1e shows productin
the shape of agglomerated leaves. Non-porous spherical parti-
cles less than one micrometer in size were obtained after addition
of ascorbic acid (Fig. 1f). Products obtained without any addi-
tives, as well as with added 3-CD or Triton-X100, were porous
and not homogeneous. When PVP-K30 was added the products
obtained were very homogeneous, in the shape of a spherical
chrysanthemum with an average diameter around 4 pm.

When a lower concentration of PVP-K30 (0.5 mg/mL) was
added (Fig. 2a), the obtained product was no longer homo-
geneous and its average particle size increased to 6 wm. The
shape and size of the particles were much more similar to
those obtained in reaction without additives (Fig. 1a). Similarly,
changes in the particle morphology were also noticed with a
lower concentration of SDS in the initial reaction mixture. At
0.5 mg/mL of added SDS the leaves obtained were thinner and
agglomerated into spherical groups (Fig. 2b). On the contrary, at
lower concentrations of added B-CD or Triton-X100, no signif-
icant changes were observed regarding the shape and size of the
precipitated products. The above facts imply that PVP, SDS and
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Fig. 1. FE-SEM micrographs of samples prepared after 4 h of synthesis at 85 °C with different additives: (a) no additive; (b) PVP-K30 3 mg/mL; (c) 3-CD 3 mg/mL;

(d) Triton X-100 3 mg/mL; (e) SDS 3 mg/mL; (f) AA 0.5 mg/mL.

AA have the greatest influence on product morphology. How-
ever, the origin of system stabilization may be very different
in all three cases. AA is a well known complexing agent and
may inhibit new solid phase precipitation through relatively sta-
ble complex formation in the precursor solution. PVP and SDS,

on the other hand, adsorb to charged solid surfaces owing to
their polarity. This leads to coating formation which influences
subsequent particle growth.

Since the most homogeneous products were obtained after
the addition of 3 mg/mL PVP-K30 to the reaction system,

Fig. 2. FE-SEM micrographs of samples prepared after 4 h of synthesis at 85 °C with different additives: (a) PVP-K30 0.5 mg/mL; (b) SDS 0.5 mg/mL.
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Fig. 3. FE-SEM micrographs of samples prepared at 85 °C with 3 mg/mL added PVP-K30 after: (a) 3 h; (b) 24 h of synthesis.

we focused on the optimization of the parameters for their
preparation. When the particle morphology was followed with
time, the formation of porous spherical particles was monitored
after 3,4 and 24 h of reaction. Figs. 1b and 3a and b show that the
general shape of the precipitated solid phase changed. Itis known
that urea decomposes very slowly at temperatures under 70 °C.
The optimum temperature for urea hydrolysis is at about 85 °C,
which was reached in our system after around 100 min.'” For
that reason the formation of solid phase is relatively slow at the
beginning of the experiment and substantially faster after a cer-
tain induction time needed for rapid urea decomposition. From
the SEM investigations it was found that the kinetics of solid
phase formation influences the precipitated particle morphology.
The porous spherical particles obtained after 3 h of reaction were
composed of nanowires (Fig. 3a). After 4h (Fig. 1b) the wires
grew in one dimension—becoming wider but the shape of the
particles remained spherical. After 24 h (Fig. 3b) of reaction, the
needle-like elements become wider (leaf-like). Some of the par-
ticles were still spherical, but most of them were agglomerates
composed of leaves.

Samples without any additives (reference sample) and with
3 mg/mL of added PVP-K30 (most homogeneous sample) were
also characterized by FTIR, XRD, TG and BET.

The FTIR spectrum of a sample prepared after 4 h of synthe-
sis with added PVP-K30 is presented in Fig. 4a. The presence of
carbonate groups in the product was confirmed by bands in the
range from 1600 and 1200 cm™"! (13 frequency) and 1044, 831

1511

Transmittance (a.u.)

560

IPEN PR BPE BUN BPE UPRN U RPUN RPE RPN P O PO P

425

1600 1400 1200 1000 800 600 400
Wavenumbers [cm"]

-
o o

Fig. 4. FTIR spectra of samples prepared after 4 h of synthesis with added PVP-
K30 (3 mg/mL): (a) as prepared; (b) after heat treatment.

and 708 cm™! (v; frequency). According to the literature! 8

these bands can also be used for microstructural characteri-
zation of precipitated Zns(OH)e(CO3),. Music¢ et al.ll used
the splitting of the v3 frequency of the bands at 1512 and
1387 cm™! to confirm microstructural changes in precipitated
Zn5(OH)(CO3), obtained under different conditions. More
crystalline Zn5(OH)(CO3), was reflected in additional sepa-
ration and sharpening of the spectral lines. Since our sample
(3mg/mL of added PVP-K30; Fig. 4a) showed only bands at
1560, 1511, 1420 and 1383 cm~!, we deduced that the sam-
ple was not well crystallized but rather mostly in an amorphous
state. After thermal treatment (600 °C) of the precipitate the band
at 425 cm™! with a pronounced shoulder at 560 cm~! in the IR
spectra (Fig. 4b) confirmed the presence of ZnO. Again, IR spec-
tra showing characteristic bands of ZnO in the region from 680
up to 300 cm ™! can be used not only for qualitative characteriza-
tion but also for confirmation of the shape of ZnO particles.'$1°
In the work of Verges et al.?® it was shown that for spherical
particles an IR band at 458 cm™! was obtained and that it splits
into two bands when the shape was changed. For a prismatic
microstructure they obtained two well split bands at 512 and
406 cm™!. In our work the obtained bands at 425 and 560 cm™!
confirmed the presence of leaf-like particles agglomerated into
spheres.

XRD spectra of a sample prepared with PVP-K30 additive
before and after heat treatment are presented in Fig. 5. From
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Fig. 5. XRD spectra of a sample prepared after 4 h of synthesis with added
PVP-K30 (3 mg/mL): (a) as prepared; (b) after heat treatment.
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Fig. 6. FE-SEM micrograph of a sample prepared with addition of PVP-K30 (3 mg/mL) after 4 h of synthesis and with additional heat treatment up to 600 °C.

the XRD spectrum (Fig. 5a) it is evident that the product is
not well crystallized. This confirms the results obtained from
the IR observations. The major peaks (Fig. 5a) correspond to
Zn5(0OH)6(CO3)2 (JCPDS 19-1458, zinc hydroxide carbonate,
hydrozincite). After heating at 600 °C sharp diffraction lines cor-
responding to well crystallized ZnO (JCPDS 36-1451) appear
(Fig. 5b). Very similar XRD spectra before and after heat treat-
ment were also obtained for samples prepared without any
additives (not presented in the paper).

The average crystallite size for the sample with added PVP-
K30 before and after heating were calculated by the Scherrer
equation & =KA/(Bcos®) and the lattice strain by the tangent
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Fig. 7. Evolution of weight loss versus temperature in non-isothermal TG tests
of two precipitated zinc hydroxide carbonate samples (continuous lines represent
TG curves while dashed lines represent DTG curves).
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equation Strain = B/(4 tan 8), where K (shape factor) is 0.9 and
B is structural broadening, which is the difference in inte-
gral profile width between the standard and sample (in the
Scherrer equation B=Bgps — Byg and for lattice strain B =

(B(z)bs — Bgtd)l/ 2).21 According to the Scherrer analysis the aver-
age crystallite size in the sample before heating was 52 nm and
the mean lattice strain was 0.29%. After heating the average
crystallite size decreased to 27 nm, while the mean lattice strain
slightly increased to 0.33%. The results obtained after heat treat-
ment are in good agreement with calculated results obtained by
Lima et al.>?> They reported an average crystallite size around
30nm and a mean lattice microstrain around 0.276% for ZnO
treated at 600 °C.

Since the calculated size of the crystallites is much smaller
than the particles observed by FE-SEM (Fig. 1b), we presumed
that the precipitated particles are agglomerates of smaller crys-
tallites. On the other hand, broadening of diffraction peaks may
also result due to strains present in the particles. Increased lat-
tice strain after annealing was attributed to the mass loss due
to outflow of CO; and H,O. Generally the size of the parti-
cles observed by FE-SEM remains practically the same on the
microscale during heat treatment (Fig. 6a). However, a closer
look of the particle surface after heat treatment revealed smaller
crystallites forming a nanoporous structure (Fig. 6b). In con-
sideration of the fact that annealing of the precipitated zinc
hydroxide carbonate causes a substantial mass loss with mini-
mal particle size change on the micrometer scale, the likelihood
of increased lattice strain becomes more certain.

The nanoporosity of the particles upon heat treatment is
reflected in their increased surface area. The specific surface area
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Fig. 8. Isothermal treatment of zinc hydroxide carbonate (sample with PVP-K30 addition) at various temperatures: (a) 170-200 °C; (b) 210-240°C.
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Fig. 9. Isothermal treatment of zinc hydroxide carbonate (sample without additives) at various temperatures: (a) 170-200 °C; (b) 210-240°C.

of the sample with addition of PVP-K30 (3 mg/mL) increased
from 16 m?/g before to 40 m?/g after heat treatment. This is an
interesting result since in literature®>2* it is reported that surface
area values for ZnO particles decrease after heat treatment.

The thermal decomposition of the prepared zinc hydroxide
carbonate (Zn5(OH)g (CO3);) was examined by non-isothermal
TG tests in a steady flow of Ar as carrier gas (Fig. 7).
According to the results in Fig. 7 the prepared zinc hydroxy-
carbonates (with the addition of PVP-K30 or without additives)
decomposed in only one relatively sharp step, with a peak
decomposition rate at 244 and 250 °C, respectively. In both
cases the weight loss increased only slightly in the temperature
interval up to 200°C. Above this temperature the decompo-
sition rate became fast. However, when the two TG curves
were compared, the same degree of thermal decomposition of
the sample without additives lagged behind by approximately
10°C. Up to ~290°C almost 98% of the theoretical decom-
position (25.2% overall mass loss) was reached in the case
of the sample with PVP-K30 addition, while for the sample
without additives at the same temperature only 95% decompo-
sition occurred (the theoretical decomposition for the reaction
Zn5(0OH)(CO3); — 5Zn0 +2C0O; + 3H,O was calculated to be
25.88%). H,O and CO; as the only volatile products of the
above mentioned thermal decomposition were further confirmed
by the EGA analysis. Evolution of both gases followed the TG
curve almost perfectly, suggesting that de-hydroxylation and de-
carboxylation proceeded simultaneously with no intermediate
state of anhydrous ZnCOj3 formation.

= PVP-K30 3 mg/mL, E; = 151.1 kJ/mol
e No additives, E; = 137.6 kJ/mol
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Fig. 10. Arrhenius plots for thermal decomposition of prepared zinc hydroxide
carbonate.

Isothermal decomposition studies were performed for both
samples in the temperature range 170-240 °C (Figs. 8a and b
and 9a and b). Since the isothermal period always followed the
non-isothermal sample treatment, the weight loss measured at
time O in Figs. 8 and 9 corresponds to the decomposition of
the sample reached at the end of the non-isothermal period. As
expected, the higher predetermined temperature of isothermal
treatment shortened the time required to achieve a certain degree
of thermal decomposition.

Data obtained from the decomposition curves (as peak
decomposition rates vs. reciprocal temperature) are presented
in Fig. 10. From the slope of a straight line connecting the
points in Fig. 10 the apparent decomposition activation energy
for samples with PVP-K30 addition and without additives can
be calculate as 151.1 and 137.6 kJ/mol, respectively. The calcu-
lated values of the apparent activation energy agree well with
the data published by Kanari et al.'> For thermal decomposition
of two different zinc hydroxide carbonates they proposed values
of the activation energy of 132+ 5 and 153 &4 kJ/mol.

4. Conclusion

Porous ZnO particles in the shape of spherical chrysan-
themums were synthesized in two steps. First zinc hydroxide
carbonate was formed, and after subsequent heating up to
600°C in an Ar atmosphere the products was transformed
into ZnO without change in morphology. At the same time,
the crystallite size of the samples decreased from 52 to
27nm after heating, while the mean lattice strain changed
from 0.29% to 0.33%. The surface area increased from 16 to
40m?/g as a consequence of the newly formed nanoporous
surface.

The most homogeneous system was produced in the presence
of PVP-K30 (3 mg/mL). At the beginning of the reaction the
particles obtained were composed of nanowires. With time the
nanowires grow in one dimension—becoming wider and more
leaf-like.

The precipitated zinc hydroxide carbonate (with the addition
of PVP-K30 or without additives) decomposed in only one rel-
atively sharp step as revealed by TG tests. However, PVP-K30
addition triggers thermal decomposition at approximately 10 °C
lower temperatures. From isothermal decomposition studies the
apparent decomposition activation energy for samples with PVP



M. Bitenc et al. / Journal of the European Ceramic Society 28 (2008) 2915-2921

addition and without additives were calculated as 151.1 and
137.6 kJ/mol, respectively.
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