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A series of ZnO/Al2O3 mixed oxide samples with varying
Zn/Al ratio is prepared by coprecipitation, ageing, drying,
and calcination. Samples are investigated in the state after
drying and calcination. The applied methods include X-ray
diffraction, solid-state 27Al magic-angle spinning nuclear
magnetic resonance spectroscopy, transmission electron mi-
croscopy and thermogravimetric experiments coupled with

Introduction

ZnO-based materials are of extraordinary importance
and a substantial number of papers have been published on
synthesis and properties of ZnO materials.[1,2] Zincite, ZnO,
stable over a wide range of pressure-temperature conditions
is used as a catalyst support, gas sensor, UV-light emitter,
ceramic varistor, surface acoustic wave device, and piezo-
electric transducer. Because of the importance of methanol
as a basic chemical the role of ZnO as a component of
industrially used catalysts for methanol synthesis (Cu/ZnO/
Al2O3) is of particular interest.[3–8] It is widely accepted that
although copper is the active site for the synthesis of meth-
anol zincite and defects in zincite have a major influence on
catalyst activity.[2,9] Existing models and recent theoretical
calculations of methanol synthesis over pure zincite suggest
that oxygen vacancies formed on the surface of zincite crys-
tals may be active sites for CO (and CO2) chemisorption
under methanol synthesis conditions.[4,7,10–14]

In order to control the functional properties of materials
it is necessary to govern not only their composition and
morphology but also their defect structure.[15–18] To under-
stand and ultimately control the defect content of inorganic
nanostructures can be seen as an important goal. Zincite is
of particular importance due to its oxygen defects that lead
to deviations in the zinc/oxygen ratio (ZnO0.99993 at
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evolved gas analysis. Phases present in the dried precursor
samples include hydrozincite, zaccagnaite, and an unknown
phase. After calcination zinc oxide and spinel can be found.
All results indicate the substitution of Al ions for Zn ions in
zinc oxide of zinc-rich samples.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

1073 K).[19] Empty oxygen sites (oxygen vacancies, VO
2+)

are potential wells that can trap either one (VO
+) or two

(VO
0) electrons.[20] The occurrence of interstitial zinc atoms

is also known.
Extrinsic defects in bulk zincite involve the substitution

of zinc for heteroatoms.[21] Intrinsically, zincite is a wide-
bandgap n-type semiconductor with a bandgap energy Eg

= 3.37 eV.[2] Substitution of divalent ions for Zn has been
studied with respect to bandgap variation. The introduction
of trivalent ions, for example Al, Ga, or In, allows variation
of the concentration of free charge carriers, by producing
donor or acceptor levels.[22–25] It can be speculated that Al
functions not only as a structural promoter in the industrial
catalyst system used for methanol synthesis. The incorpora-
tion of Al atoms into zincite may change the electronic
properties of zincite and thus the properties of metallic Cu
supported on zincite.

In the case of the binary catalyst system Cu/ZnO, de-
tailed studies concerning the phases formed during the
preparation steps of coprecipitation, ageing, and drying are
found in the literature.[26,27] The identified phases include
hydrozincite, aurichalcite, and rosasite. The phase composi-
tion of the precursor materials varied with the Cu/Zn molar
ratio and the preparation conditions. The microstructural
properties and the catalytic activities for synthesis of meth-
anol of the mixed oxide samples obtained by calcination
were correlated to the phases present during the prepara-
tion. This correlation was described as the chemical mem-
ory of the phases.[26]

In the present contribution the influence of the composi-
tion, i.e. the molar ratio of zinc and aluminum, on the mi-
crostructural properties of ZnO/Al2O3 mixed oxide samples
is studied. The samples are prepared via coprecipitation
from a solution of the metal nitrates using a solution of
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sodium carbonate as the precipitating agent. The prepara-
tion follows a standardized procedure under controlled con-
ditions (e.g. pH, temperature, stirring speed, reaction and
ageing time) that was previously used for the preparation
of copper catalysts.[28–31] A detailed description of the co-
precipitation procedure is given in ref.[26]. The coprecipi-
tation is followed by the steps of washing, drying, and calci-
nation. The final product is a mixed oxide with a sodium
content low enough for catalytic applications.[32] For a cor-
relation of the sample properties to single phases formed
during coprecipitation, ageing and drying, the dried, yet not
calcined precursor materials are included in the investi-
gations.

Please note that the conditions applied during prepara-
tion are chosen from the point of view of catalysis research.
Materials used in catalysis seldom consist of large well-or-
dered crystallites that can be easily characterized. More
often catalytically relevant materials contain small, defec-
tive, and irregular nanoparticles as the active compound.
Therefore, part of the results presented in this contribution,
e.g. X-ray diffractograms, necessarily cannot meet the qual-
ity of results that are obtained for pure, well-crystallized
synthetic compounds.

The label of the samples indicates the nominal Zn con-
tent and the state of the sample. The extension -d refers to
the precursor material obtained after drying of the precipi-
tate, while -c refers to calcined mixed oxide samples. For
example, Zn55-d is a precursor material with a molar
Zn/Al ratio of 55:45.

Results and Discussion

Calcined Mixed Oxide Samples

Samples of the mixed oxides obtained by calcination of
the dried precursor materials are investigated by X-ray dif-
fraction, solid-state 27Al magic-angle spinning nuclear mag-
netic resonance spectroscopy (27Al MAS NMR), static ni-
trogen physisorption experiments (BET), and transmission
electron microscopy.

The XRD patterns of the calcined samples are compared
in Figure 1. The data of two Powder Diffraction Files
(PDF) provided by the International Center for Diffraction
Data (ICDD) and assigned to zincite, ZnO (hexagonal
wurtzite structure) and the zinc aluminum spinel gahnite,
ZnAl2O4 (36–1451 and 05–669, respectively) are included
for comparison. All reflections can be assigned to either
zincite or ZnAl-spinel. Samples with a zinc content higher
than 55% contain only zincite as detectable phase. Samples
with a zinc content of 40 and 55% contain both phases,
with less zincite being present in Zn40-c than in Zn55-c. In
sample Zn20-c a very minor amount of zincite is detected
in addition to ZnAl-spinel. The Zn-free sample Zn00-c is
nearly X-ray amorphous, the broad and weak reflections
in its diffractogram can be assigned to various transition
aluminas, e.g. γ-, δ-, or θ-alumina.
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Figure 1. X-ray diffractograms of mixed oxide samples in the state
after calcination. Patterns of zincite, ZnO (hexagonal wurtzite
structure, PDF 36–1451) and cubic ZnAl-spinel, ZnAl2O4 (PDF
05–669) are included for comparison.

The crystallite size of zincite and ZnAl-spinel nanopar-
ticles reported in Table 1 is calculated from the integral bre-
adth of the (100) reflection of zincite and the (311) reflec-
tion of spinel, based on the assumption of a monodisperse
distribution and spherical shape of the crystallites. Al-
though the absolute size values have to be considered as
estimates, the relative changes with composition appear to
be reliable (for a detailed discussion of the shape and size
of zincite crystallites in Zn-rich samples, see below). In sam-
ples Zn55-c to Zn00-c the crystallite size could be assessed
for ZnAl-spinel (in part) but not for zincite and alumina
phases, because of the strong peak overlap and the minor
bulk content of zincite, respectively the unclear phase as-
signment in Zn00-c.

In the Zn-rich part of the binary system (Zn100-c to
Zn70-c) the estimated mean crystallite size of zincite de-
creases from 16 nm to about 5 nm, except for a reversal at
Zn98-c (see Figure 2). The trend is inversely correlated with
the specific surface area (BET), which ranges from 30 m2 g–1

to 116 m2 g–1, with a minimum at Zn98-c corresponding to
the crystallite size reversal. In the Al-rich part of the system
the Zn-free sample (Zn00-c) has the highest specific surface
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Table 1. Composition and properties of calcined mixed oxide samples.[a]

Sample Phases BET a c V ē(hk0) ē(00l) �D(hk0)� �D(00l)� �D�
[m2g–1] [nm] [nm] [nm3] (10–3) (10–3) [nm] [nm] [nm]

Zn100-c zincite 39 0.32496(3) 0.52089(9) 0.04763(1) 2.6 2.2 16.6 17.0 16
Zn98-c zincite 30 0.32475(5) 0.5209(1) 0.04757(2) 2.2 �1.0 17.5 11.6 17
Zn96-c zincite 44 0.32460(5) 0.5208(1) 0.04752(2) 3.1 n. d.[b] 11.9 8.5 12
Zn92-c zincite 66 0.32455(8) 0.5203(2) 0.04746(3) 10
Zn85-c zincite 98 8
Zn70-c zincite 116 ≈5
Zn55-c zincite 193 0.8116(2)

ZnAl-spinel
Zn40-c ZnAl-spinel 130 0.81435(5) ≈3

minor zincite
Zn20-c ZnAl-spinel 215 0.80937(5) ≈2

zincite?
Zn00-c various aluminas 268

[a] Phases gives a list of phases detectable by XRD; BET gives the specific surface area of the samples measured by N2 physisorption
after degassing for 2 h under dynamic vacuum conditions at 473 K; a and c are the lattice parameters of the crystallographic unit cell of
zincite and spinel (only a, Zn55-c, Zn40-c, Zn20-c), respectively; V is the volume of the crystallographic unit cell; ē(hk0) is the root mean-
square strain perpendicular to the c axis in zincite crystallites; ē(00l) is the root mean-square strain parallel to the c axis in zincite
crystallites; �D(hk0)� is the mean diameter of the prism base of zincite crystallites; �D(00l)� is the mean length of the prismatic zincite
crystallites; �D� is the mean crystallite size calculated with the Scherrer formula from the integral breadth of the (100) reflection in
case of zincite and of the (311) reflection in case of spinel (Zn40-c, Zn20-c); values in parentheses refer to 1 sigma error. [b] Weak lattice
strain could not be calculated due to the very weak and broad (004) and (006) diffraction lines.

area (268 m2 g–1). In specimens containing ZnAl-spinel the
specific surface area first decreases from 215 m2 g–1 to
130 m2 g–1 (Zn20-c, Zn40-c) and then increases to
193 m2 g–1 (Zn55-c).

Figure 2. Specific surface area of mixed oxides and mean crystallite
size of zincite (samples Zn100-c to Zn70-c) and ZnAl-spinel (sam-
ples Zn20-c and Zn40-c) as a function of nominal Zn content.

Lattice parameters of zincite in the Zn-rich samples
Zn100-c, Zn98-c, Zn96-c, and Zn92-c are listed in Table 1
and displayed in Figure 3 as a function of the molar Al
content. Lattice parameters of zincite in samples with nom-
inal Al-content higher than 8% (i.e. Zn85-c and Zn70-c) are
not determined because diffraction peaks of zincite at val-
ues of 2θ�40° are extremely broad and weak and line fits
at the peaks involve large errors in diffraction angles. The
lattice parameters of pure nanocrystalline zincite (Zn100-c)
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are identical within three standard deviations with those of
well-crystallized zincite [PDF 36–1451, a = 0.324982(9) nm,
c = 0.520661(15) nm, at ca. 299 K] and of nanocrystalline
zincite [a = 0.324988(5) nm, c = 0.520743(9) nm, at 294 K],
formed by thermal decomposition of zinc oxalate.[33] Lattice
parameters of zincite decrease with increasing Al, respec-
tively decreasing Zn content (see Figure 3). Substitution of
the smaller Al3+ ion (ionic radius 0.039 nm[34]) for the Zn2+

ion (ionic radius+ 0.060 nm[55]) in the tetrahedral cation site
of zincite may be responsible for the decrease of the unit
cell dimensions. At first, our data suggest a nonlinear be-
havior of a and c with composition. However, this should
be looked at cautiously, because errors are large relative to
the changes in the lattice parameters. Applying 2σ or 3σ
errors, the data follow an overall linear relationship.

Al-incorporation in zincite is well known concerning
the use of zincite as a semiconductor (AZO, Al-doped zinc
oxide). On the ZnO-Al2O3 binary, zincite coexists with
gahnite, ZnAl2O4, up to the eutectic at ca. 1968 K in
air.[35,36] At the eutectic Al solubility in zincite is at a maxi-
mum of 9.4 mol-% that gradually decreases to �0.5 mol-%
at T � 1673 K.[35] Lattice substitution of Al3+ for Zn2+ and
charge balance in zincite, Zn1–1.5xAlxO, is likely to be ac-
complished by the simultaneous introduction of cation va-
cancies. Alternatively, Al3+ may reside in octahedral and/or
tetrahedral interstitial sites of the zincite lattice.[22]

In a recent study on the synthesis and local structure of
Al-, Ga-, and In-doped zincite prepared by chemical vapor
synthesis (CVS) at 1273 K Brehm et al. found that the lat-
tice parameter c of zincite decreases and a, b increases with
the incorporation of 2 and 5 at% Al3+.[22] The net effect
of Al-incorporation on the unit cell volume of zincite is
undetectable within error limits. The increase in a, b and
the marked decrease in c are in contrast with our results.
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Figure 3. Unit cell parameters a and c, and unit cell volume V of
zincite in calcined mixed oxide samples as a function of nominal
Al content (hollow circles). The lattice parameters of pure zincite
taken from PDF 36–1451 (filled circles) reasonably agree with the
parameters of Zn100-c. Unit cell parameters of CVS zincite, con-
taining 0, 2, and 5 mol-% Al, reported in ref.[22] are shown for com-
parison (hollow triangles). Bars indicate �1 sigma error of lattice
parameters.

The estimated mean crystallite size of the samples in ref.[22]

ranges from 25 nm (pure ZnO) to 11 nm (ZnO with 5 at.%
Al) and is thus almost identical with our specimens (17–
12 nm; Table 1). From the analysis of Al backscattering in
Zn EXAFS experiments Brehm et al. argue for the presence

Eur. J. Inorg. Chem. 2009, 910–921 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 913

of Al in six-coordinate interstitial sites rather than in tetra-
hedral Zn lattice sites of CVS zincite. The distinct evolution
of lattice parameters with increasing Al content in our sam-
ples suggests a different mechanism of Al incorporation, i.e.
substitution in tetrahedrally coordinated lattice sites. If Al3+

were present in the small four-coordinate Zn(3)-site of the
precursor hydrozincite, Zn5(OH)6(CO3)2,[37] which occurs in
Zn-rich samples (see below), the collapse of the hydrozincite
structure during calcination may possibly favor the incorpo-
ration of Al3+ in the Zn-site of zincite.

Another reason for uncertainty in the lattice parameters
should be discussed in this context. While refining their val-
ues from full-pattern Rietveld fits, Brehm et al. possibly did
not consider angular shifts due to geometrical aberrations
(e.g. sample height error, flat specimen error) inherent in
the Bragg–Brentano diffraction geometry. During the re-
finement process these may propagate into the lattice pa-
rameters. As sample height errors are commonly slightly
different in a set of measurements, inconsistencies in lattice
parameters between different data sets may arise. In our
experience such errors can be avoided and better consist-
ency can be achieved by use of an internal line standard
and by coupling the geometric constraints between the
standard and the investigated phases in the refinement.

The cubic lattice parameter a of Zn-Al-spinel in Zn20-c,
Zn40-c, and Zn55-c (Table 1) is significantly higher than
that of gahnite, IV(Zn1–xAlx)VI(Al2–xZnx)O4, with normal
cation distribution [a = 0.80865(1) nm at x = 0.01, PDF 82–
1534[38]]. There are different possible explanations for an
increase in the lattice parameter of synthetic ZnAl-spinels
compared with their well-ordered end-member composi-
tion. The inversion parameter x of gahnite, varying from
ca. 0.01 at T = 1173 K to 0.05 at T = 1573 K, is associated
with a linear increase of lattice parameter a from 0.8086 nm
to 0.8088 nm.[38] In the normal spinel MgAl2O4, a high dis-
location density induced by irradiation with high-energy
Ar+ ions has the effect of an increasing lattice parameter
(compared with the same composition containing few lat-
tice defects).[39] A similar behavior is expected for gahnite.
At very small crystal size (�20 nm) the lattice parameters
of ionic solids expand because the increased surface-to-vol-
ume ratio changes the balance between the long-range Cou-
lomb force and the short-range repulsive interactions.[40] In
the absence of microstructural and size-dependent investi-
gations we cannot distinguish between the possible effects
of cation disorder, dislocations and very small crystal size
on the lattice parameter of ZnAl-spinel in the calcined sam-
ples.

Crystallite size and strain of nanocrystalline zincite syn-
thesized from various precursor phases (e.g. zinc oxalate,
zinc hydroxy nitrate, zinc hydroxy carbonate, and zinc ace-
tate) has been extensively investigated.[33,41–43] These studies
provide the basis for the interpretation of our data. For line-
broadening analysis, the integral breadths βf of the zincite
diffraction lines in Zn96-c, Zn98-c, and Zn100-c are con-
verted to reciprocal units βf* [βf* = πβfcosθ/(180λ ), in nm–1

units] and plotted against d*, the reciprocal distance of the
lattice planes (Williamson–Hall plot). Two such plots are
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shown for Zn100-c (Figure 4, a) and Zn98-c (Figure 4, b).
The pattern of Zn96-c is very similar to Zn98-c and the
inferences drawn from Zn98-c are valid also for Zn96-c.

Figure 4. Williamson–Hall plots showing βf* [= πβfcosθ/(180λ)] vs.
reciprocal lattice distance d* of diffraction lines measured in
Zn100-c and Zn98-c. Diffraction lines broadened by small size and
microstrain are shown with black squares and are labeled with their
Miller indices. Diffraction lines broadened by size, strain, and
stacking disorder (open squares) are unlabeled. Straight lines indi-
cate the slope of (hk0) and (00l) diffraction lines, respectively.

The Williamson–Hall plot of Zn100-c (Figure 4, a)
shows significant scatter in βf* of the diffraction lines. These
can be grouped as follows. For a given value of d*, (hk0) or
(hkl) reflections with l even and h-k = 3n [i.e. (100), (002),
(110), (200), (004) etc.] have lower values of βf* than those
with h-k = 3n�1, l odd [e.g. (101), (103), (201), (203), (211),
(105)] and h-k = 3n�1, l even [e.g. (102), (202), (104), (212),
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(204)]. Line broadening of the latter two groups of reflec-
tions is due to hexagonal stacking faults.[33] The first group
is unaffected by stacking faults and their integral breadths
only result from size and strain broadening. It is obvious
from Figure 4 (a) that (h00) and (hk0) reflections plot on
or close to a straight line with positive slope which is dif-
ferent from the straight line with the (00l) reflections. The
different intercepts of the lines indicate a minor shape an-
isotropy, i.e. the column lengths of the (h00) and (hk0) lat-
tice planes are almost identical, and slightly shorter than
the column length of the (00l) reflections. As zincite often
crystallizes as hexagonal prisms, the shape anisotropy can
be visualized as due to a longer diameter of the prism axis
(the crystallographic c direction) relative to equal diameters
of the prism basis (corresponding to the a and b directions).

The increase of βf* with d* indicates a contribution to
line broadening by microstrain in the c as well as the a-b
lattice directions. To separate the effects of size and strain,
the βf* and d* values of the (100), (110), (200), (210), and
(300) respectively the (002), (004), and (006) reflections are
converted to average size-strain plots to solve for the slope
(1/εβ) and the intercept (η/2)2 in the equation (βf*/d*)2 =
εβ

–1 βf*/(d*)2 + (η/2)2, where εβ is the mean apparent dia-
meter and η is the mean strain.[41] Assuming the root mean-
square strain (rms strain) description appropriate for the
strain broadening (for definition, see ref.[44]), an rms strain
of ē = 2.2�10–3 is calculated for the lattice direction paral-
lel to the prism axis (c axis) and ē = 2.6�10–3 perpendicu-
lar to it.

The values of the mean apparent size εβ are 14.7 nm for
the a-b direction and 17.0 nm for the c direction. If a pris-
matic hexagonal shape of the crystallites is assumed,[42,43]

the mean length of the prism is �D(00l)� = εβ((00l) = 17.0 nm
and the mean diameter of the prism basis is �D(hk0)� =
Kβ(hk0)εβ(hk0) = 16.6 nm (Scherrer constant Kβ(hk0) =
1.125[45]). Zincite crystallites in Zn100-c are thus almost iso-
metric in shape. The same property has been observed in
zincite synthesized by low-temperature decomposition of
commercial zinc hydroxy carbonate.[42]

Previous studies indicate the presence of microstrain in
nanocrystalline zincite obtained by low-temperature (110–
160 °C) calcination of zinc acetate[42] or zinc hydroxy ni-
trate,[46] and by room-temperature precipitation from the
reaction of β-Zn(OH)Cl or Zn5(OH)8Cl2·H2O precursors
with n-buthylamine.[47] Notably, the rms microstrain has the
same magnitude (ē = 0.1–4.9�10–3) and the anisotropy
[ē(hk0)�ē(00l)] has the same order as in our sample. Micro-
strain is not observed in zincite samples made by thermal
decomposition of zinc hydroxy carbonate,[42] zinc oxal-
ate,[33] and zinc hydroxy nitrate,[46] though stacking disorder
is detected in most of these samples. A simple relationship
between synthesis conditions (e.g. temperature, heating rate,
precursor) and the presence or absence of microstrain in
zincite is not apparent.

We also investigated chemically pure, nanocrystalline (ca.
60 nm) zincite (NanoTek® zinc oxide, product code 1701)
produced by high-temperature CVS. Unlike the Zn100-c
zincite, line broadening due to stacking disorder or micro-
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strain is not observed in the CVS zincite. Low-temperature
decomposition of the hydroxy carbonate precursor (Zn100-
d) obviously introduces abundant defects in zincite, while
high-temperature synthesis from the gas phase results in
crystallites with largely undisturbed lattice.

The Williamson–Hall plots of Al-bearing zincites Zn98-c
(Figure 4, b) and Zn96-c indicate the presence of hexagonal
stacking faults, shape anisotropy, and microstrain in the a-
b direction, but none or very low microstrain in the c direc-
tion. With increasing Al substitution for Zn, the mean dia-
meter of the crystallites decreases more strongly in c than
in a and b (Table 1), leading to a clear shape anisotropy (i.e.
platy morphology). In contrast to pure zincite, Al-bearing
zincites Zn98-c and Zn96-c reveal a strong anisotropy of
the microstrain (Table 1). While strains in the a-b lattice di-
rection are similar in all samples, the (00l) lattice strain de-
cays in Al-bearing zincite.

The results of the 27Al MAS NMR experiments are
shown in Figure 5. Generally, three differently coordinated
Al species are found in γ-Al2O3. Octahedrally, pentahe-
drally, and tetrahedrally coordinated Al can be assigned to
peaks in 27Al MAS NMR experiments at chemical shifts in
the range of δ = –20 to 20 ppm, 25–40 ppm, and 45–
80 ppm, respectively.[48–51] Correspondingly three Al species
are detected in the pure Al2O3 sample Zn00-c with peaks at
chemical shifts of δ = 8 ppm, 36 ppm, and 67 ppm. To a
varying extent, these three Al species can be found in the
spectra of all investigated samples. The presence of zinc in
the samples leads to the formation of additional Al species.
The influence of zinc on the NMR signal of octahedrally
coordinated Al species is less pronounced than the effect
observed in the range assignable to tetrahedrally coordi-
nated Al species. In the range assignable to octahedrally
coordinated Al, only one peak is observed in the case of all
samples. However, this peak is so broad, that it is not clear
whether the peak originates from one single Al species in
an ill-defined surrounding or whether several different Al
species contribute to this peak. With increasing zinc content
the peak maximum shifts from δ = 8 ppm to about 11 ppm
and back again to 6 ppm. The existence of additional octa-
hedrally coordinated Al species can be rationalized by the
presence of ZnAl2O4. In normal synthetic spinel only Zn
atoms are coordinated tetrahedrally, while all Al atoms are
coordinated octahedrally. Samples with low to medium zinc
content (Zn20-c, Zn40-c, Zn55-c) contain significant
amounts of crystalline spinel. The peak maximum corre-
lated to octahedrally coordinated Al species in these sam-
ples is shifted towards low field compared to Zn00-c. The
fact that the peak correlated to the octahedral species in
sample Zn70-c is also shifted towards low field may indicate
the presence of X-ray amorphous spinel. In addition, a new
tetrahedrally coordinated Al species with a peak maximum
at δ = 78 ppm can be found in the spinel-containing sam-
ples. The presence of this Al species indicates that the spinel
formed under the applied conditions is either a partially
inversed spinel or a zinc-deficient spinel of the nominal
composition Zn1–3xAl2+2xO4 in which tetrahedrally coordi-
nated Al is partly substituted for Zn. It is found in the lit-
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erature that a preparation route via coprecipitation and
moderate calcination usually leads to zinc-deficient spi-
nel[52–54] with lowered lattice parameters compared to nor-
mal spinel.[54] Partial inversion of ZnAl-spinel is usually ex-
pected to occur only at elevated temperatures not applied
in our study. However, the lattice parameters calculated for
spinel in Zn55-c, Zn40-c, and Zn20-c indicate no cation-
deficient composition. Tetrahedrally coordinated Al species
different from those found in pure alumina exist also in
spinel-free samples with a high zinc content. Two new sig-
nals correlated to tetrahedral Al are found at shifts of δ =
82 ppm and δ = 48 ppm. While the signal at δ = 48 ppm is
weak and broad, the signal at δ = 82 ppm is very narrow.
The latter peak is the only significant peak in the spectrum
of Zn96-c. Its intensity decreases with decreasing zinc con-
tent. The peak is only a very weak shoulder in the spectrum
of Zn70-c and cannot be found at all in the spectrum of
Zn55-c. The narrow peak form indicates that the corre-
sponding Al species is positioned in a very well-defined sur-
rounding. A possible explanation that fits perfectly to the
XRD results described above is the substitution of Al3+

ions for the tetrahedrally coordinated Zn2+ ions in zincite.

Figure 5. 27Al MAS NMR spectra of mixed oxide samples in the
state after calcination. Three different tetrahedrally coordinated Al-
species can be assigned to peaks with maxima at δ = 82, 78, and
67 ppm.

An investigation of the samples by TEM supports the
results of XRD and BET experiments. The zinc-free alu-
mina sample Zn00-c is almost amorphous as found by
XRD. Only in images of highest magnification can some
areas with lattice distances typical for γ-alumina be found
(see parts a and b of Figure 6). In images of the XRD-pure
zincite sample Zn100-c only large agglomerates (several
hundreds of nm) of small zincite crystals (several tens of
nm) can be found (see parts c and d of Figure 6). Although
the size of the zincite crystals is in agreement with the mean
size derived from the XRD data, the shape of the crystals
is rather more rod-like than isometric. These differences
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Figure 6. TEM images of mixed oxide samples in the state after calcination. The presented images are representative for the general
microstructure of the corresponding sample.

might be due to the fact that the mean size derived from
XRD data is related to the mean domain size and not the
mean size of primary particles. The specific surface areas
measured for Zn100-c and Zn00-c are in full agreement
with the TEM results. The BET results obtained for sam-
ples with a medium Al-content suggest that the microstruc-
ture of the mixed oxide system changes drastically when the
zinc content changes from 55 to 40% (see Figure 2). This
change can be clearly seen in the TEM images of samples
Zn40-c and Zn55-c (see parts e,f and g,h in Figure 6). In
the images of Zn40-c two different types of areas can be
found. There are aluminum-enriched areas (according to
EDX data) that homogenously consist of small crystalline
particles of spinel (ca. 5 nm, see Figure 6, f). In addition,
there are zinc-enriched areas in which zinc oxide is clearly
segregated from the spinel forming large crystals (�20 nm)
of zincite resembling the crystals in Zn100-c (Figure 6, e).
In contrast, images of Zn55-c show that this sample is ne-
arly completely homogeneous (Figure 6, g), consisting of
small spinel particles (≈5 nm) and some particles consisting
of zincite. These particles may be needles or platelets seen
in such a projection that they appear as needles. However,
these needles are not segregated from the surrounding oxide
matrix (Figure 6, h). In addition, these zincite needles do
not resemble the crystals found in Zn100-c. The main dif-
ference is the crystallographic orientation of the needles.
While the crystals in Zn100-c have a hexagonal base plate
(a-b plane) and their longest dimension oriented parallel to
the c-axis, the longest dimension of zincite needles in Zn55-
c is orthogonally oriented to the c-axis. The needles have
an average diameter of about 5 nm and may be more than
100 nm long. The lower specific surface area of Zn40-c
compared to Zn55-c can be rationalized by the different
dimensions of zincite crystals in these samples as the spinel
particles of the samples are of comparable size.
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In summary, phase composition and microstructural
properties of calcined mixed oxide samples are influenced
by the Zn/Al ratio. Samples with a Zn content higher than
55% contain only zincite as the detectable crystalline phase,
while samples with a lower Zn content consist of ZnAl-
spinel, zincite and alumina. A zinc content below 55% leads
to inhomogeneous materials due to segregation of large
zincite crystals. All results indicate the substitution of Al
ions for Zn ions in zincite of zinc-rich samples.

Dried Precursor Samples

Dried precursor samples are investigated by XRD and
thermogravimetric experiments (TG) coupled with evolved
gas analysis (EGA) via on-line mass spectrometry (MS).
The precursor materials are included in the investigation to
gain a deeper understanding of the synthesis process and
thus of the influence of the composition on the final mixed
oxide samples.

The XRD patterns of the precursor materials in the state
after drying overnight at 393 K are shown in Figure 7. The
data of two PDF files assigned to carbonate-containing
zinc minerals are included: hydrozincite Zn5(CO3)2(OH)6·
xH2O and zaccagnaite Zn4Al2[(OH)12CO3]·3H2O (19–1458
and 38–0486, respectively). The composition of the dried
precursor samples is strongly influenced by the nominal
Zn/Al ratio. The identified phases include hydrozincite,
zaccagnaite, boehmite, zincite, and ZnAl-spinel. Two in-
tense reflections at 2θ = 19.3° and 2θ = 27.6° cannot be
assigned to any known compound. Their presence indicates
the formation of a further phase not yet described in the
literature. As this phase is most probably a further hydroxy
carbonate phase it is labeled phase HC in this contribution.



Microstructural Properties of ZnO/Al2O3 Mixed Oxides

The pattern of the Al-free sample contains only reflections
assignable to hydrozincite while the pattern of the Zn-free
sample Zn00-d contains only broad reflections that can be
assigned to boehmite AlO(OH). With exception of Zn98-
d, hydrozincite can be found in all zinc-rich precursor sam-
ples with zinc contents above 85%. In the case of Zn98-d
the phases formed during precipitation are already decom-
posed under the mild drying conditions applied (393 K,
overnight) yielding single-phase zincite. This decomposi-
tion occurs partly during the drying of Zn96-d, too. Zn96-
d contains zincite and hydrozincite. There are no indica-
tions for the presence of zincite in Zn92-d. Zn92-d contains
zaccagnaite, hydrozincite, and small amounts of phase HC.
While the reflections of zaccagnaite are intense and narrow,
the reflections of hydrozincite and phase HC are weak and
broad. Please note that in spite of its high intensity zaccag-
naite can be only a minority species in Zn92-d due to the
low Al-content of this sample. Zaccagnaite is present in
nearly all Al-containing samples with exception of Zn98-d,
Zn96-d, and Zn20-d. If present, the reflections of zaccag-
naite are of similar intensity and width in all cases with
exception of Zn55-d which contains only very small
amounts of zaccagnaite. The intensity of the zaccagnaite
reflections is influenced by many parameters. In addition
to parameters correlated directly to sample preparation for
XRD measurements, e.g. applied pressure when filling
sample holders or sample mass, parameters like time
elapsed between drying of the sample and XRD measure-
ment also influence intensity of reflections in the case of
zaccagnaite. This can be rationalized by the chemical mem-
ory effect described in the literature for hydrotalcite-like
compounds.[55–57] Phase HC can be found to a larger extent
in Zn85-d, Zn70-d, and Zn55-d. A closer comparison of
the diffractograms regarding the range 2θ = 15–45° shows
that Zn85-d, Zn70-d, and Zn55-d contain no significant
amount of crystalline hydrozincite and thus that a reflec-
tion at about 2θ = 13° is part of the pattern of phase HC,
too. No indications for the presence of phase HC are de-
tected in the diffractograms of Zn40-d and Zn20-d. The
diffractogram of Zn40-d exhibits in addition to the intense
and narrow reflections of zaccagnaite several very broad
and weak reflections that can be also found in the dif-
fractogram of Zn20-d. By comparing the diffractograms
of Zn20-d, Zn40-d, Zn20-c, and Zn40-c (Figure 1) these
reflections can be clearly assigned to ZnAl-spinel. A close
comparison of the diffractograms of Zn55-d and Zn55-c
reveals that Zn55-d contains also low amounts of the ox-
idic species detectable in the calcined sample (zincite and
ZnAl-spinel). The change in phase composition of dried
precursor samples in the zinc-content range of 55 to 40 %
coincides with the change of the microstructure of calcined
samples in this range. It can be speculated that the decom-
position of phase HC leads to the homogeneous material
containing long zincite needles that can be seen in the
TEM images of Zn55-c (Figure 6, g) while the decomposi-
tion of aluminum-rich precursor material and zaccagnaite
leads to segregation of large zincite crystals and small spi-
nel particles.
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Figure 7. X-ray diffractograms of precursor samples in the state
after drying overnight at 393 K. Patterns of hydrozincite Zn5(CO3)2-
(OH)6·xH2O (PDF 19–1458) and zaccagnaite Zn4Al2[(OH)12CO3]·
3H2O (PDF 38–0486) are included for comparison. Reflections at
2θ = 19.3° and 2θ = 27.6° are related to an unidentified compound.

The results of TG-MS experiments of the precursor sam-
ples in the state after drying at 393 K are shown in Figure 8.
The light gray line corresponds to the differentiated mass
loss (DTG signal) of the sample, the black line and dark
gray lines show the ion currents of the masses m/z = 18 and
m/z = 44 assignable to water and carbon dioxide, respec-
tively. The ion currents are individually scaled to give a
qualitative fit to the DTG signal. For all samples, no signifi-
cant mass loss is observed above 750 K. The total mass loss
measured over the whole temperature range of the experi-
ments (300–1073 K) is also given in the figure. The total
mass loss measured for all samples ranges between 16 and
27%, with exception of Zn98-d. According to the XRD
data Zn98-d consists only of zincite after drying overnight
at 398 K (Figure 7). The total mass loss of 2.5% measured
for Zn98-d and the corresponding featureless DTG signal
confirm this result. A comparison of the DTG signals
shows that the introduction of aluminum leads to more
amorphous materials. Peaks of the DTG signals become
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broader and less defined with increasing aluminum content.
The MS traces of water and carbon dioxide both follow the
trend of the DTG signal with increasing aluminum content.
This indicates that physisorbed water is not the only reason
for the broad DTG signals, but the carbonate species pres-
ent in dried samples with high aluminum content are also
in a highly disordered state. By combining the results of
XRD and TG-MS experiments several peaks of the DTG
signal can be directly related to separate phases. A peak at
500–505 K that is accompanied by simultaneous release of
water and CO2 can be assigned to the presence of hydro-
zincite. The TG-MS data indicates that small amounts of X-
ray-amorphous hydrozincite are also present in the samples
Zn85-d and Zn70-d which contain only phase HC and zac-
cagnaite as crystalline phases. A peak at 524–535 K that is
also accompanied by simultaneous release of water and
CO2 can be directly related to the presence of phase HC
thus confirming that phase HC is most probably a hydroxy
carbonate phase. A peak at 411–437 K that is only due to
release of water can be assigned to zaccagnaite. A peak
around 450 K that is only due to release of water cannot be
unambiguously assigned to any phase but may be related
to sodium zinc carbonate. Samples containing zinc and alu-
minum give an additional release of CO2 at temperatures
above 550 K with exception of Zn98-d. There is no clear
trend visible regarding the peak maximum temperature for
this CO2 release. The peak maximum temperature increases
with increasing aluminum content until a maximum of
720 K in the case of Zn55-d is reached. For higher alumi-
num contents a peak maximum temperature cannot be de-
termined properly as the MS traces of CO2 become too
broad and featureless. A decomposition step at elevated
temperatures releasing only CO2 is also described in the lit-
erature for dried precursors of copper catalysts prepared by
coprecipitation.[51] It is related to the presence of so-called
high-temperature carbonates. These high-temperature car-
bonates are found to positively influence the activity of cop-
per catalysts for methanol synthesis. The change in phase
composition observed in the XRD data of dried precursor
samples in the zinc-content range of 55 to 40% is also re-
flected in the TG data. During calcination of aluminum-
rich precursors the slow decomposition over a large tem-
perature range seen in the TG experiments seems to favor
the segregation process that leads to large zincite crystals
while the defined decomposition of hydrozincite and phase
HC during calcination of zinc-rich samples leads to homo-
geneous material without phase segregation.

In the case of several samples varied drying conditions
are applied to investigate the processes occurring during the
drying step. Separate batches of these samples are dried
overnight at 393 K, dried overnight at 323 K, and freeze-
dried. The XRD patterns of these precursor materials are
shown in Figure 9. It is reported in the literature that under
the applied preparation conditions sodium zinc carbonate
is the main zinc-containing phase formed during precipi-
tation.[27,58] By ageing the sodium zinc carbonate it is trans-
formed into hydrozincite and sodium carbonate. As sodium
carbonate is in contrast to sodium zinc carbonate or hydro-
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Figure 8. Results of TG experiments coupled with EGA of precur-
sor samples in the state after drying at 393 K. The light gray line
corresponds to the differentiated mass loss (DTG signal), black and
dark gray lines show the MS traces assignable to water and carbon
dioxide, respectively. For all samples, no significant mass loss is
observed above 750 K. The total mass loss measured over the
whole temperature range of 300–1073 K is also given in the figure.

zincite well soluble in water it is removed by washing. This
result from the literature is reproduced in our study. Zn100-
d contains nearly exclusively hydrozincite, regardless of the
drying conditions. In the freeze-dried sample small amounts
of sodium zinc carbonate can be detected. Drying at 323 K
decomposes the sodium zinc carbonate partly, and drying
at 393 K decomposes it completely. In contrast the hydro-
zincite in Zn100-d is not decomposed at these moderate
temperatures. To rule out that an additional phase is the
precursor of zincite in Zn98-d dried at 393 K, Zn98-d is
also dried at 328 K. In the diffractogram of the sample
dried at 328 K all reflections can be assigned to hydrozincite
and sodium zinc carbonate and no indication of the pres-
ence of zincite can be found. Apparently small amounts of
aluminum ions promote the decomposition of hydrozincite
and sodium zinc carbonate at moderate temperatures. Ac-
cording to the diffractograms of Zn96-d and Zn92-d in Fig-
ure 7 higher amounts of aluminum seem to have a weaker
or even no effect. Diffractograms of sample Zn55-d dried
at 393 K, at 323 K, and freeze-dried can be compared to
elucidate when phase HC is formed. It can be clearly seen
that phase HC is already formed during precipitation or
ageing and that phase HC is stable at temperatures up to



Microstructural Properties of ZnO/Al2O3 Mixed Oxides

393 K. Crystalline zaccagnaite on the other hand is not
present after ageing. It is formed during drying at 323 K,
but decomposed by drying at 393 K. However, the decom-
position during drying at 393 K is not irreversible. Reflec-
tions assignable to zaccagnaite can be found in the dif-
fractogram of samples in the state after drying at 393 K if
the samples are exposed to air for some time prior to the
XRD measurement (Figure 7).

Figure 9. X-ray diffractograms of Zn100-d, Zn98-d, and Zn55-d in
the state after various drying conditions (freeze-dried, overnight at
323 K, and overnight at 393 K). Patterns of hydrozincite Zn5(CO3)2-
(OH)6·xH2O (PDF 19–1458), sodium zinc carbonate Na2Zn3(CO3)4·
H2O (PDF 86–0607), and zaccagnaite Zn4Al2[(OH)12CO3]·3H2O
(PDF 38–0486) are included for comparison.

A comparison of experimental data of calcined and dried
samples shows that zincite is formed during the calcination
by the decomposition of hydrozincite and phase HC. Phase
HC is a hydroxy carbonate phase not yet described in the
literature. The decomposition of zaccagnaite may lead to
zincite and either amorphous alumina or incorporation of
Al3+ ions into zincite. A direct formation of spinel by de-
composition of zaccagnaite seems improbable as zaccagna-
ite can be found in the precursor material of spinel-free
samples and the Zn/Al ratio in zaccagnaite differs strongly
from the ratio in spinel. It can be speculated that in alumi-
num-rich precursor material zaccagnaite reacts already at
moderate temperatures with X-ray-amorphous aluminum
species to form spinel.
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Conclusions

The crystalline phases in precursor materials obtained by
coprecipitation, ageing, and drying include hydrozincite,
zaccagnaite, and an unknown hydroxy carbonate phase not
yet described in the literature.

The thermal decomposition of hydrozincite and the un-
known phase results in the formation of homogeneous zinc
oxide material. It can be speculated that zaccagnaite reacts
with X-ray-amorphous aluminum species yielding spinel.

It is found that the phase composition of calcined mixed
oxide samples is influenced by the Zn/Al ratio in the used
starting material solution. A Zn content higher than 55%
leads to the formation of zincite only as the crystalline
phase. A Zn content below 55% leads to the formation of
ZnAl-spinel, zincite, and alumina.

Al ions substitute for Zn ions in zincite of zinc-rich sam-
ples. The substitution leads to a decrease of the volume of
the unit cell of zincite.

With increasing aluminum content precursor materials
become less crystalline, the mean diameter of crystallites in
calcined samples decreases, and the specific surface area of
calcined mixed oxides increases. In the zinc-content range
of 55 to 40% the microstructure of calcined mixed oxides
changes leading to an intermediate loss of specific surface
area due to segregation of large zincite crystals.

Industrial Cu/ZnO/Al2O3 catalysts contain only small
amounts of Al (�10%). It can be speculated that the substi-
tution of Al ions for Zn ions reported in this contribution
also occurs during the preparation of industrial catalysts.
Therefore, aluminum might be more than a mere structural
promoter for small metallic copper particles within this cat-
alyst system.

Experimental Section
Samples with different Zn/Al ratios were prepared by coprecipi-
tation at constant pH. Aqueous solutions (1.5 molL–1) of Zn(NO3)2·
6H2O (Aldrich, 99.999%) and Al(NO3)3·9H2O (Aldrich, 99.997%)
were premixed. The mixed solution was injected at a constant rate
of 1.5 mL into a stirred tank reactor filled with 50 mL of HPLC-
grade water that was thermostatted at 338 K. Simultaneously an
aqueous solution of Na2CO3 (1.5 molL–1, Aldrich, 99.995%) was
added to maintain the pH at a constant level of 7. After precipi-
tation the precipitate was aged for 120 min under continuous stir-
ring at the precipitation temperature. Afterwards, the precipitate
was filtered and washed with water (six times, 10 mL). Finally, sam-
ples were dried overnight at 393 K in standing air and calcined at
593 K for 6 h in flowing synthetic air. In the case of a few samples
drying conditions were varied to test the influence on the precursor
material.

X-ray powder diffraction measurements were carried out to charac-
terize the phase composition of the precursor and calcined samples,
to determine lattice parameters of zincite and ZnAl-spinel and to
analyze crystallite size and microstrain of zincite in zinc-rich speci-
mens. Diffraction patterns were recorded in reflection geometry
with a Panalytical MPD diffractometer, equipped with a copper
tube, 0.5° divergent and antiscatter slits, a 0.2-mm high receiving
slit, incident and diffracted beam 0.04 rad soller slits, and a second-
ary graphite monochromator. For qualitative phase analysis and
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lattice parameter refinements the specimens were scanned in the
5–(15)–100° 2θ range with a step width of 0.03° and 20–32 s/step
collection time at an ambient temperature of T = 300�2 K. 9–
20 wt.-% of an internal line standard (F-phlogopite NIST-SRM 675
in case of zincite and silicon SRM 640a in case of spinel) were
added to samples for lattice parameter determinations. The ICDD
powder diffraction file (PDF2) in conjunction with the X�Pert Line
software (Panalytical, Almelo) was used for qualitative phase
analysis. Line parameters (Kα1 position and intensity at peak maxi-
mum, FWHM, integral breadth β, asymmetry and pseudo-Voigt
shape factor) of zincite and the internal standard were refined with
the Profit line-fit software (Panalytical) assuming a fixed, pre-deter-
mined Kα1/α2 intensity ratio. The lattice parameters a and c of
hexagonal zincite were calculated and refined with the least-squares
program UnitCell[59] from 9 to 11 indexed diffraction lines, cor-
rected for line shift due to geometric aberrations. The wavelength
used in the calculations was λ = 0.15406 nm. Lattice parameters of
Zn-Al-spinel in samples Zn20-c, Zn40-c, and Zn55-c were deter-
mined from Le Bail-type fits (GSAS Rietveld software[60]), in which
line shape parameters (GU, GV, GW, LX, LX with function type 3)
and lattice parameters were individually refined for each phase (ex-
cept the lattice parameter of the silicon line standard, a =
0.5430825 nm), while global line shape (S/L, H/L) and geometrical
parameters (trans, shift) were constrained to the same values in all
phases (spinel, zincite, silicon line standard).

Three zincite specimens (Zn100-c, Zn98-c, Zn96-c) appeared to be
suitable for diffraction line broadening analysis. These were
scanned from 18 to 130° 2θ employing a diffracted beam 0.02 rad
soller slit to reduce peak-shape asymmetry at 2θ �40° and enhance
angular resolution. To ensure a similar peak-to-background ratio
in all samples, step widths and collection times of measurements
were varied from 0.030° to 0.040° and 30–90 s/step in the 18–44°
2θ range; 0.035° to 0.040° and 50–160 s/step in the 44–86° 2θ range;
and 0.040° to 0.045° and 70–170 s/step in the 86–130° 2θ range.
Line shape parameters were obtained from single-line fits with the
Profit software (see above). Lanthanum hexaboride NIST-SRM
660a was used to correct for instrumental line broadening. We ap-
plied the integral-breadth method[33,41] to characterize the zincite
samples microstructurally.

Static nitrogen physisorption experiments were performed in an
Autosorb-1C setup (Quantachrome). Prior to the measurements,
samples were degassed for 2 h under dynamic vacuum conditions
at 473 K. Data were analyzed according to the BET equation, as-
suming the area covered by an N2 molecule equals 0.162 nm2.

Thermogravimetric analyses of coprecipitated precursor samples
were conducted in a Cahn TG-131 thermobalance in a controlled
flow of a mixture of 20% O2 in He. Samples of about 70 mg were
heated in open quartz crucibles from room temperature to 1073 K
with a heating rate of 2 Kmin–1. Evolved gases were monitored
using a quadrupole mass spectrometer (QMS 200 Omnistar, Balz-
ers) coupled to the thermal balance via a quartz capillary heated
to 453 K.

One-dimensional 27Al MAS NMR spectra were measured with a
Bruker ASX400 spectrometer operating at a frequency of
104.27 MHz and a spinning speed of 30 kHz.

A Philips CM200FEG microscope operated at 200 kV and
equipped with an EDX spectrometer (EDAX) was used for TEM
investigations. The coefficient of spherical aberration was Cs =
1.35 mm. The information limit was better than 0.18 nm allowing
the principal phases to be identified in HRTEM images. High-reso-
lution images with a pixel size of 0.016 nm were taken at the magni-
fication of 1083000� with a CCD camera. Ni grids covered with

www.eurjic.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2009, 910–921920

5-nm thick holey amorphous carbon film were used for specimen
preparation. No liquids were used.
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