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bstract

2+ 2+
study of composite and structural changes of particles prepared by coprecipitation in solutions of Cu and Zn salts at different starting molar
atios of the corresponding metal nitrates (4:1, 2:1, 1:1, 1:2, 1:4) in the presence of urea is described. The effects of the initial concentration ratios
nd the ageing time on the final product were discussed in some detail. The final solids were characterized by SEM–EDS, XRD. On ageing at
5 ◦C, the change from initially amorphous particles to crystalline structure takes place and the results depend on the metal ratio used.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

The composite Cu/Zn-oxide particles have been used as cat-
lysts for water-gas shift reaction and methanol synthesis.1–3

hese solids were mostly prepared by precipitation in aqueous
olutions of the corresponding metal nitrates in the presence of
ither sodium or ammonium carbonates that yielded hydroxy-
arbonate precursors. The later were then converted to mixed
xides by calcination. The importance of identifying phases of
he intermediates and products with different Cu/Zn ratios was
tressed by Stone and Waller1

The homogeneous alkalization of metal salt solutions by
ydrolysis of urea was widely explored for the preparation of
ure or mixed metal oxides.4–7 In mixed systems, various phases
an form. Such solids composed of spherical particles were
lways amorphous, while particles of other morphologies were
rystalline.5
Whittle et al.2 showed the morphological and compos-
te changes of non calcined precursors of copper zinc oxide
Cu:Zn = 2:1) formed during the coprecipitation from metal
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itrate solutions by sodium carbonate, the influence of aging,
nd its effect on catalyst properties. By reducing the concen-
ration of carbon dioxide with air which was passed through
he reaction mixtures, they reported about Cu-rich nanoparti-
les formation. The number and size of the product particles
ere strongly dependent on the ageing time.
Two methods of preparation of Cu/Zn-oxide catalyst were

ompared in the study of Shishido et al.,3 i.e., coprecipitation
ith sodium carbonate in aqueous solutions of metal nitrates,

nd homogeneous precipitation using urea hydrolysis. The latter
ethod yielded a better catalyst for hydrogen production by

team reforming of methanol.
Saler-Illia et al.6 also explore a homogeneous precipitation

ethod for the mixed copper–zinc basic carbonate in order to
repare precursors of binary Cu/ZnO catalyst. The composition
f the obtained solids depended on the initial reactant concen-
ration and ageing time. At low zinc concentration, a mixture of
incian–malachite and Zn doped tenorite were obtained. With
rolonged ageing zincian–malachite dissolves and zinc-doped
enorite was formed. Depending on the quantity of each metal
on aurichalcite (A), zinc–malahite and Zn-doped tenorite were
ormed.

This work describes the preparation of mixed Cu/Zn basic
arbonates prepared from different molar copper to zinc ratios

n the starting solutions (4:1, 2:1, 1:1, 1:2 and 1:4) by ageing
queous solutions of zinc and copper nitrates in the presence
f urea at temperatures up to 85 ◦C. These materials have been
haracterized by various techniques.
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Fig. 1. Temperature profile in the test tube as a function of time.

. Experimental

All reagents were analytical grade. To avoid hydroly-
is on storage, fresh stock solutions were prepared from
u(NO3)2·2.5H2O (Aldrich) and Zn(NO3)2·2H2O (Aldrich)
nd urea (Aldrich). All precipitation experiments were carried
ut in 14 cm3 tightly sealed screw-capped borosilicate test tubes.

Predetermined volumes of Cu(II)-, Zn(II)-nitrate, and urea
tock solutions, and water were used to obtain desired metal ion
atios and reactants concentrations. In all experiments, 10 cm3 of
hese solutions were poured into 14 cm3 screw-capped borosili-
ate test tubes which were placed into a preheated oven (90 ◦C)
nd kept for various time intervals. After 90, 120 and 180 min,
he tubes were quenched to room temperature in cold water.
uring these experiments, the temperature was measured in the

enter of test tubes with a Fluke 54 II thermocouple type K with
hickness of 1 mm. The resulting temperature profile in the test
ube is reproduced in Fig. 1.

In all experiments, the total concentration of urea and metal
ons were kept constant at 0.5 and 5 × 10−3 mol dm−3, respec-
ively. Five different molar ratios of Cu/Zn were prepared, e.g.,
:1, 2:1, 1:1, 1:2 and 1:4. The resulting solids were charac-
erized by scanning field emission electron microscopy (SEM,
eiss Supra 35 VP with EDS analyzer), while X-ray diffraction
nalyses (XRD) were carried out on a Siemens D-5000 X-ray
iffractometer.

. Results and discussion

Scanning electron micrographs in Figs. 2–4 illustrate the
ffect of the reaction time on the formation of particles at
ifferent Cu/Zn ratios. In all three systems, at first somewhat
olydisperse spheres are formed which eventually change into
uch larger spheres of composite structure (formation of dan-

elions). In addition to these three systems, experiments were

arried out with two other metal ion ratios and some general
bservations during the formation of particles in all five cases,
ogether with the results of the EDS analyses are summarized in
able 1.

t
n
p
a

ig. 2. SEM images of samples prepared at Cu:Zn 2:1: (a) aged 90 min, (b) aged
80 min.

The XRD (Fig. 5) of all studied systems confirmed that these
olids are basic carbonates as listed in Table 1.

The electron micrographs show rather dramatic changes of
he originally precipitated solids, with time both in terms of
article structure and size. The conversion from amorphous
o crystalline solids seems to proceed through a solution/re-
recipitation process with the formation of uniform large com-
osite dispersed solids. This mechanism is further corroborated
y XRD (Fig. 5). The XRD analysis of the prepared coprecipi-
ates has shown that the initial spherical particles, generated at
0 min are amorphous with a modal size of 1 �m. The chemical
omposition of these original particles was essentially the same
egardless of the ratio of Cu(NO3) and Zn(NO3) in the starting
olution. Thus, the EDS spot analysis showed that the solids are
lways Cu-rich consisting of 81–99 at.% Cu and 19–1 at.% of
n (Table 1). Only at four times excited Zn2+ concentration in

eacting solutions (Cu2+/Zn2+ = 1:4) XRD spectra reviled weak
ands, most likely copper zinc carbonate hydroxide even at age-
ng times of 90 min. High Cu/Zn molar ratio in particles formed
uring early stages of ageing is in general agreement with the
esults obtained by Soler-Illia et al.6 According to their work
morphous Cu phase, due to lower solubility constant, precipi-

ates first, adsorbs Zn(II) but does not trigger the heterogeneous
ucleation of mixed coprecipitate such as aurihalcite which takes
lace at the expense of hydroxylated Zn(II) aqueous species and
lready formed amorphous Cu phase. Further crystal growth
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ig. 3. SEM images of samples prepared at Cu:Zn 1:2: (a) aged 90 min, (b) aged
20 min, (c) 180 min.

ields mixed Cu/Zn hydroxycarbonates. With increasing age-
ng time two major effects are observed, i.e., the size of particles
hange and the formation of new phase take place. Details of this
onversion depend on the ratio of the two metal nitrates in the
nitial reactant solutions as displayed in Table 1 and Figs. 5 and 6.

Thus, after 120 min at the Cu2+/Zn2+ 4:1 and 2:1 (Fig. 2a),
till only the amorphous spheres are observed, while at other

oncentrations, much larger structurally composite spheres are
lready formed. The latter represents a small fracture of the
articles at the Cu2+/Zn2+ 1:1 and 1:2 (Fig. 3b), while the con-
ersion is completed at the ratio of 4:1 (Fig. 4b). The converted

p
s

r

ig. 4. SEM images of samples prepared at Cu:Zn 1:4: (a) aged 90 min, (b) aged
20 min.

arge particles are crystalline (Fig. 6 with peaks characteristics of
urichalcite A). At still higher zinc to copper ratio, the entire con-
ent of amorphous particles is transformed into the larger rather
omplex spheres consisting of copper zinc carbonate hydroxide
H). A detailed SEM of the surface of these particles (Fig. 4c)
learly displays their external complex nature. This finding is
onsistent with the present understanding that many larger (col-
oidal) particles are formed by aggregation of small (nano-size)

8–10
recursors, which appears to be the case in the described
ystem.

With subsequent aggregation final particles are formed. X-
ay diffractograms of samples prepared after ageing of 180 min
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Table 1
Samples prepared by homogeneous precipitation from solutions of copper
nitrate and zinc nitrate with urea at temperature up to 85 ◦C at urea = 0.5 M,
Cu2+ + Zn2+ = 5 × 10−3 M

Sample
Cu:Zn
ratio

Ageing
(min)

pH XRD EDS at.%
Cu

EDS at.%
Zn

4:1 90 6.3 Amorphous ∼99 ∼1
120 6.8 Amorphous ∼99 ∼1
180 7.9 M (predomantly) + A ∼98 ∼2

2:1 90 6.2 Amorphous ∼98 2.4
120 6.6 Amorphous ∼97 2.8
180 7.7 Amorphous ∼97 ∼3

M + A ∼37 ∼63

1:1 90 6.5 Amorphous ∼96 ∼4
120 6.7 Amorphous ∼91 ∼9

A ∼22 ∼78
180 7.9 Amorphous ∼94 ∼6

M + A ∼48 ∼52

1:2 90 6.6 Amorphous ∼92 ∼8
120 7.1 Amorphous ∼91 ∼9

A ∼30–40 ∼70–60
180 8.0 A, M (some) ∼43 ∼57

1:4 90 6.9 Amorphous ∼81 ∼19
H ∼17 ∼83

120 6.9 H ∼40 ∼60
180 7.8 H ∼32 ∼68
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M) Malachite; (H) (Cu0.2Zn0.8)5 (CO3)2(OH)6 copper zinc carbonate hydrox-
de; (A) aurichalcite.

re presented in Fig. 6. In the system obtained from the ini-
ial solutions Cu2+/Zn2+ = 4:1 the particles are predominantly

alachite (M) with some aurichalcite (A). At Cu2+/Zn2+ = 2:1
atio larger particles of about 20 �m in size consist of 37 at.%
f Cu and 63 at.% of Zn, which are a mixture of malachite
nd aurichalcite. Peaks corresponding to malachite (M) are

lightly shifted to higher 2θ values, probably due to the some
eplacement of Cu2+ with Zn2+ at cation sites in the malachite
tructure.1

ig. 5. XRD spectra for samples at Cu/Zn ratios of: (a) 4:1, (b) 2:1, (c) 1:1, (d)
:2 and (e) 1:4 after ageing for 180 min at 85 ◦C.
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ig. 6. XRD spectra for samples with Cu/Zn ratio: (a) 1:1, (b) 1:2, prepared
fter ageing for 120 min at 85 ◦C.

Samples at Cu2+/Zn2+ = 1:1 and 1:2, are composite of A and
. Spectra presented in Fig. 6 indicate that the crystallization

tarted with the formation of aurichalcite but with progressed
geing, the malachite appeared. The size of larger particles was
p to 12 �m (Fig. 3) in both systems. By EDS analysis of samples
repared at Cu2+/Zn2+ = 1:1 we confirmed that the ratio in final
olids was ∼1.

At Cu2+/Zn2+ 1:4, XRD spectra show the formation of cop-
er zinc carbonate hydroxide. Closer examination of the peak
ntensities at 2θ = 22◦, 24◦, 28◦ and 33◦ (Fig. 5), can be used to
istinguish between aurichalcite from hydrozincite. The surface
f the particles presented is same as shown in Fig. 4b and c.

The characteristic bands of the IR spectra of all five samples
repared after ageing for 180 min (not presented) clearly indi-
ate the presence of hydroxyl and carbonate groups. Samples
repared at Cu/Zn ratios equal to 4:1, 2:1 and 1:1 gave similar IR
ands for carbonate groups (600–1500 cm−1) and a broad band
t about 3330 cm−1, corresponding to the stretching vibration
f nonstructural H2O, without the presence of any stretching
ibration for structural OH groups.11 The relative intensities
f the IR bands of carbonate groups, their positions and split-
ing are in correlation with the chemical bonding and crystalline
tructure. Spectroscopic investigations were mostly reported of
ure carbonates,12 and only few studies deal with mixed carbon-
tes. A detailed infrared study of monophase mixed copper–zinc
ydroxycarbonate was presented by Stoilova et al.13 Our results
re in good agreement with the IR spectra of aurichalcite 14

nd Cu–Zn-hydrochalcite, where the absorption bands at 1550
nd 1425 cm−1 were used to characterize carbonate species in a
alachite-like environment.11,14

. Conclusion

The formation of the particles at different initial ratios of

u2+/Zn2+as 4:1, 2:1, 1:1, 1:2 in the presence of urea show
ramatically changes with time in term of particles structure and
ize. Details of these conversions depend on both, the ratio of
he two metal nitrates in the initial reactant solutions and ageing
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13. Stoilova, D., Koleva, V. and Vassileva, V., Infrared study of some synthetic
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ime. The starting concentration of Cu/Zn = 4:1, 2:1, 1:1, 1:2
ave no influence on shape of the particles obtained after 90 min
f ageing. In all cases amorphous particles of around 1 �m
re formed with the concentration of Cu (at.%) ranging from
9 to 81 at.%. The conversion from amorphous to crystalline
olids seems to proceed through a solution/re-precipitation
rocess. The formation of H crystalline phase was observed
y XRD. With prolonged ageing larger particles were formed
ith complex surface characteristics. Most interesting was the

ormation of mixed Cu/Zn ribbon like particles.
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