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Abstract

Zn;Sb,0, forms a full range of Co-containing « solid solutions, Zn;_,Co,Sb,O;,, with an inverse-spinel structure at high
temperature. At low temperatures for x<2, the solid solutions transform into the low temperature f-polymorph. For x = 0, the f—>a
transition occurs at 1225+25°C; the transition temperature decreases with increasing x. At high x and low temperatures, o solid
solutions are formed but are non-stoichiometric; the (Zn+Co):Sb ratio is >7:2 and the compensation for the deficiency in Sb is
attributed to the partial oxidation of Co>* to Co®". From Rietveld refinements using ND data, Co occupies both octahedral and
tetrahedral sites at intermediate values of x, but an octahedral preference attributed to crystal field stabilisation, causes the lattice
parameter plot to deviate negatively from the Vegard’s law. Sub-solidus compatibility relations in the ternary system ZnO-Sb,Os—CoO

have been determined at 1100 °C for the compositions containing <50% Sb,Os.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Zn;Sb>0;, [1-3] is a well-known secondary phase in
ZnO-based varistor ceramics [4], which usually contain
transition metal ion dopants including Ni, Co and Cr [5-8].
Undoped Zn,;Sb,0;, is polymorphic; the transition from
the low-temperature f-polymorph to the high-temperature
a-polymorph occurs at 1225425°C [9]. The a-polymorph
has an inverse-spinel structure; the f-polymorph adopts a
more complex orthorhombic structure [10].

The effect of o-Zn;Sb,O;», in ZnO-based varistor
ceramics appears to be to reduce the average grain size
during the processing of the final ceramic; this leads to an
increased number of Schottky barriers associated with
grain—grain contacts and results in an improved varistor
action with a higher o coefficient. This coefficient « is
associated with non-linearity in the current (/)-voltage (V)
characteristics, given by the formula

V o
I=(—
()
where C is a constant [11,12].
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Doping Zn,;Sb>O;, with Co appears to stabilise the
high-temperature o phase to lower temperatures. Some
B-polymorph was observed in the composition Zng3Coq 7
Sb,015 [13]; compositions with higher Co content gave the
a-polymorph, exclusively. A complete solid solution
between «-Zn,;Sb,04, and Co;Sb,0;, was reported with a
linear decrease in the lattice parameter with x for
Zn;_Co,Sb,04;, [14], from a = 8.6047 A for x =0 [9] to
a=8.5371A for x=7[15].

It was found that high temperatures were required to
form single-phase Co-doped Zn,Sb,0,; the temperature
needed increased with the increasing Co concentration.
Even when synthesised by citrate gel methods, which
have the advantage of giving atomic scale mixing of the
starting materials, samples x = 5-7 heated at 1000 °C for
1 h contained trirutile Zn;_.Co0.Sb,0O4 as a second phase
[16,17].

As with Zn;Sb,O1, [9], Co,Sb,0;, exists as an inverse
spinel and can be written as (C03)w[C04Sbs]octO12 [15]. At
intermediate values of x, Zn and Co ions have a choice
between the octahedral (16d) and the tetrahedral (8a) sites.
Ilic et al. [14], using XRD data, suggested that Co occupies
the octahedral site exclusively up to x =4, after which
substitution on the tetrahedral site takes place. It was,


www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2007.11.025
mailto:Richard.Harrington81@googlemail.com

R. Harrington et al. | Journal of Solid State Chemistry 181 (2008) 334-339 335

however, conceded that due to the insensitivity of XRD to
elements with a similar atomic number, some mixing could
occur around x = 4. Investigations into other spinel systems
containing Zn and Co showed a degree of mixing of these
cations between octahedral and tetrahedral sites, with Co
having a preference for octahedral coordination [18].

The purpose of the present study was to investigate
further the location of cations in o-Zn;_,Co,Sb,O,,
determine the phase diagram of Co-doped Zn;Sb,O,,
and the sub-solidus phase-compatibility relations in the
ternary system ZnO-Sb,0s—CoO.

2. Experimental

Reagents used were ZnO (99.99%, Aldrich), Sb,O;
(99.99%, Aldrich) and Co(CH;COO),-4H,O (98+ %,
Aldrich). The ZnO was dried at 600°C and Sb,O; at
200 °C; the cobalt acetate was used undried; thermogravi-
metric analysis confirmed that its water content was close to
4. Starting materials were weighed out to give 0.5-3 g totals.
These were mixed in an agate mortar and pestle with
acetone, dried and fired in Pt foil boats. Samples were heated
slowly from room temperature to 500 °C to drive off water
and decompose the acetate. The samples were then removed
from the furnace, reground and heated at 800 °C for 20 h.
The final heating was generally at 1100 °C for 20 h, although
for samples with high Co-concentration, temperatures up to
1250°C were required to obtain single-phase products.
Subsequent heat treatments were often employed to deter-
mine whether any changes in the phase(s) were obtained.
Generally, samples were removed from the furnace at
temperature and placed on a ceramic brick at the side of
the furnace to cool. If it was thought necessary, samples were
heated in a vertical tube furnace and quenched in liquid N,
to avoid any phase changes associated with slow cooling.

It is assumed, for all samples, that oxidation of the
Sb,0; starting material occurred during reaction. All
the phases encountered were solid solutions based on
the known phases ZnSb,O4, CoSb,O¢, Zn;Sb,O;, and
Co;Sb,01,, all of which contain Sb(V). The ability to
synthesise phase pure samples of Zn;Sb,O;, and Co,
Sb,0O1, at a temperature of 1225 °C with heating time of 2h
indicates that the Sb volatilisation is not a serious problem.

XRD was carried out with a Stoe Stadi P diffractometer,
MoK, radiation, using a small, linear position-sensitive
detector. Powder neutron diffraction (ND) data were
recorded on the POLARIS instrument at the Rutherford
Appleton Laboratory. Rietveld refinement employed the
graphical user interface (GUI) [19] for the DOS-based
programme General Structure Analysis System (GSAS) [20].

3. Results and discussion
3.1. Zn,_,.Co,Sh>0;> solid solutions

Compositions with a general formula Zn,_,Co,Sb,O,
were synthesised as outlined previously, with a final heating

temperature of 1100°C for 1-2 days. For composition
x = 0.5, phase-pure f-polymorph was observed; composi-
tion x = 1 yielded a mixture of «- and f-polymorphs, while
composition x = 2 yielded phase-pure a-polymorph. On
reheating at 1250 °C, the composition x = 1 transformed
into phase-pure o-polymorph. Composition x =2 was
unchanged upon heating at lower temperatures.

At high Co concentrations, x = 6 and 7, a small amount
of the trirutile phase Zn;_.Co.Sb,O¢ was observed in the
XRD pattern. Heating these samples at 1250 °C produced
phase-pure a-polymorph; on reheating at 1100 °C, a small
amount of Zn;_.Co0.Sb,0Og second phase was observed.
Reheating phase-pure o-compositions x =4 and 5 at
1000 °C also produced a small amount of trirutile phase.

From the results of heating samples at different
temperatures and observing the reversibility of any
changes, the pseudo-binary phase diagram, Fig. 1, was
constructed. At high temperatures, the join is binary for all
values of x. At lower temperatures, the join is binary only
at lower values of x. The f—o transition temperature
decreases as cobalt is substituted for zinc, from
1225+ 25°C for the undoped end member [9]. No  phase
was observed in the samples with x>2.

Depending on composition and heat treatment condi-
tions, a complete range of single-phase « solid solutions,
Zn,_,Co,Sb,0,, were obtained. A plot of cubic lattice
parameter, a, vs. x in Zn;_,Co,Sb,0;,, Fig. 2, shows a
negative deviation from the Vegard’s law. This was not
observed elsewhere in the literature; although Ilic et al. [14]
present data over the whole series, no deviation from
linearity was observed. However, errors in the measure-
ments were not reported and the lattice parameter value of
Co;Sb,01, was reported to be significantly greater than
that measured here. The negative deviation in the lattice
parameter plot [21,22], Fig. 2, is believed to be due to the
octahedral site preference of Co®". Investigations into this
are presented below.

At high x and lower temperatures, phase-pure o solid
solutions were not obtained but instead, a small amount of
trirutile secondary phase, of general formula Zn;_,Co.
Sb,0¢, was present, as shown in Fig. 1. This means that the
o solid solutions are Co-rich and Sb-deficient, compared
with the general formula Zn;_,Co,Sb,0O,. Assuming that
the cation:oxygen ratio remains at 3:4 in these Co-rich solid
solutions, charge balance requires some oxidation of Co**
to Co> ", with the probable replacement mechanism

Sb>*t 4+ 2Co?*t — 3Co’t,

giving a general formula

Zny_Co,1,Sby_, 01

or

Zn7_Co**;_5,Co**3,Sby_,Op5. (1)

Since there are now two compositional variables, x and
vy, in the « solid solution, together with the possible
compositional variable, z, in the trirutile solid solutions,
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Fig. 1. Sub-solidus phase diagram for the pseudo-binary join represented by the general formula Zn;_,Co,Sb,O,.
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Fig. 2. Lattice parameter « vs. x for the « solid solutions, Zn;_,Co0,Sb,0O,. The line between x = 0 and x = 7 is for comparison with the experimental

data.

the compositions of the « and the trirutile phases in the
two-phase region, Fig. 1, may vary both with overall
composition, x, and temperature. Thus, the solvus curve
limiting the 7-x extent of the single-phase o solid solutions
is as given in Fig. 1, but the composition(s) of the o phase
within the two-phase region (x solid solution + trirutile
solid solution) cannot be obtained from Fig. 1; determining
this would require additional experimental studies. It was,
however, noted that, for a given overall composition x, the
lattice parameter of the a solid solution in the two-phase
region was less than that in the single-phase samples
quenched from higher temperature. This could be attrib-
uted to the presence of Co® ", formula (1), for y>0, leading
to a decrease in the average Co—O bond length. Alter-

natively, it could be attributable (perhaps in part) to an
increase in the value of x in the « solid solutions, depending
on the Zn content, 1—z, in the trirutile secondary phase.

3.2. Structural refinement of o-Zn,_Co,Sh,0;,

Preliminary refinements using XRD data confirmed the
exclusively octahedral coordination of Sb; in these refine-
ments, the Co and Zn ions were both entered as Zn,
making use of the insensitivity of X-rays to the elements of
similar atomic number. A small amount of Sb was inserted
to the tetrahedral site and its occupancy refined, returning
a negative value. In subsequent refinements using ND data,
the Sb was constrained to occupy only an octahedral site.
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Neutron diffraction data for samples x = 2-5, quenched
from 1250 °C, used to refine the structural model, taking
the spinel structure as a starting point [9], to determine the
occupancy of Zn and Co on the tetrahedral and octahedral
sites. In the final refinements, Zn/Co occupancies on the
tetrahedral and octahedral sites were refined independently
without constraints as to the overall cation composition,
but with the constraint that the spinel stoichiometry
(AB,O,4) was retained. Sb was placed exclusively on the
octahedral sites, O was constrained to be fully occupied,
since earlier refinements indicated full occupancy within
experimental error. Free refinement of all parameters,
apart from the occupancies of Sb and O, was allowed and a
global minimum was achieved. The refined Co:Zn ratios,
without applied constraints, were close to those of the
expected sample compositions. A typical refinement plot,
for x = 4, is presented in Fig. 3.

Refinement results are summarised in Table 1. Fig. 4
shows the tetrahedral site occupancy of Co as a function of
composition, x. Also shown are two extremes of possible
cation distribution. The dashed line represents a random
mix of zinc and cobalt on each site and therefore, any site
preference is more than offset by the increase in entropy
associated with cation disorder. The solid line represents
the case in which Co preferentially occupies the octahedral
sites, but, for x>4, also occupies the tetrahedral sites. In
this case, the increased entropy associated with cation
disorder is unable to offset the gain in enthalpy associated
with cation order. In each of the samples investigated, less
cobalt was found on the tetrahedral site than predicted if
the distribution was purely random.

The octahedral preference of Co over Zn is attributed to
crystal field effects. The d’ Co(II) ion has a crystal field
stabilisation energy of %Ao in a high-spin octahedral
coordination, with a CFSE of %AT in a tetrahedral
coordination; the octahedral preference arises as
At %ng. Since the closed shell @' Zn(II) ion has no
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CFSE in cither coordination, Co occupies preferentially an
octahedral site, as was observed with Ni [8]. This
preference, however, is not large; unlike Ni(IT), which only
occupied the octahedral sites, it is energetically acceptable
for Co to exist in a tetrahedral coordination, as shown by
the existence of Co;Sb,O;,. As a consequence, for
intermediate values of x, the cation distribution is a
compromise between the preference of Co for octahedral
coordination and the high entropy associated with random
cation site occupancy. In the Ni-doped system, by contrast,
the octahedral preference of Ni is so large that the
increased entropy term at higher temperatures is not
sufficient to induce any mixing [8].

This non-random cation distribution provides an ex-
planation for the deviation from Vegard’s law (Fig. 2). A
random occupation by the two cations over tetrahedral and
octahedral sites would result in the solid line between the
end members in Fig. 2. In practice the experimental lattice
parameters and cell volumes are smaller than expected
from Vegard’s law indicating a greater lattice stabilisation
and lattice energy associated with the preference of a more
ordered cation distribution.

It should be noted that the degree of cation disorder may
be somewhat sample-specific and dependent on synthesis
method and temperature. Samples synthesised by sol-gel
methods, for example samples produced by Lisboa-Filho
et al. [23], who used a final firing temperature of 1000 °C for
1 h, may have less mixing due to the reduced contribution of
the entropy term, T'AS, to the Gibb’s free energy. If the
degree of cation order could be varied for a given x, this
may be indicated by a variation in lattice parameter.

3.3. The ternary phase diagram ZnO-Sb,Os—CoO
The sub-solidus compatibility relations in the ternary

system ZnO-Sb,0s—CoO were determined following the
heat treatment experiments on 26 compositions, Table 2.
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Fig. 3. Observed, calculated and difference fits from neutron data for the composition Zn;CosSb,015.
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Refined parameters for samples x = 2-5 in Zn;_,Co0,Sb,0,,; values for the end members are taken from the literature

X 0[9] 2 3 4 5 7 [14]

a/A 8.6047 8.58083 (3) 8.57326 (4) 8.56459 (3) 8.55917 (9) 8.5371 (3)
Oxygen coordinate 0.2591 (8) 0.259559 (24) 0.259642 (1) 0.259721 (24) 0.259778 (5) Not available
doe O/A 2.072 (5) 2.06644 (19) 2.06397 (1) 2.06126 (19) 2.05950 (2) 2.051 (3)

die o/ A 2.015 (8) 1.9999 (4) 1.99934 (1) 1.99849 (35) 1.99807 (2) 1.942 (3)
100*U0ct/1&2 1.33 (6) 0.848 (18) 0.767 (11) 0.668 (20) 0.583 (11) 0.64 (3)
100%U /A2 1.29 (10) 0.822 (20) 0.810 (12) 0.753 (23) 0.751 (14) 0.17 (5)
IOO*UO//DX2 1.64 (22) 0.850 (9) 0.825 (6) 0.770 (9) 0.767 (6) 0.3 (1)

Co on tet 0 0.06 (3) 0.23 (2) 0.58 (3) 1.19 (3) 3

Co on oct 0 1.95 (4) 2.75 (3) 3.41 (4) 3.82 (2) 4

7 4.17 5.01 4.56 4.70 3.93 Not available
WR, 6.76 3.59 3.42 3.59 5.70 14.40

R, 8.23 5.70 5.72 5.70 5.46 10.08

- - Random distribution

- Co occupying octahedral preferentially

= Samples quenched from 1250 °C

3.0 -
25 -
2.0 -

1.5

1.0 - -~

Amount of cobalt on
tetrahedral site

0.5 - -~

0.0 . *

4 5 6 7
Xin Zn7_xCO,¢Sb2012

Fig. 4. Concentration of cobalt ions adopting a tetrahedral geometry. The dashed line represents a random distribution of Zn and Co ions over the
tetrahedral sites and those octahedral sites not occupied by Sb. The solid line represents octahedral site preference for Co and the squares are the

experimental data.

All samples were given a final heat treatment of 1100 °C, as
lower temperatures often did not yield complete reaction.
Generally, heating at 1100°C for 20h was sufficient to
ensure complete reaction, but reaction times of 40 h were
often necessary before it was confidently felt that equili-
brium had been achieved.

The ternary phase diagram, constructed from the data
in Table 2, is presented in Fig. 5. The phase diagram
contains five solid—solution regions: first, there is a full
solid—solution range between the trirutile phases ZnSb,0Og
and CoSb,O¢. The two phases have very similar lattice
parameters; the peak shift between the two end members is
minimal. Second, at low x, a small amount of Co can
substitute into -Zn;Sb,01,. Third, for x>2, a large range
of solid solutions exist between o-Zn;Sb,O;, and Co;Sb,
O,,. At higher cobalt concentrations, the solid solutions
are non-stoichiometric as a small amount of Co®”"
substitutes for Sb>*/Co*™.

Fourth, ZnO dissolves in CoO up to 35%, while, fifth, a
significant amount of CoO, 20%, dissolves in ZnO, both

consistent with previous literature reports [24]. The
remainder of the phase diagram is divided into two-phase
and three-phase compatibility regions. No attempt was
made to study the compositions containing > 50% Sb,0Os.

4. Conclusions

A complete solid—solution range between «-Zn;Sb,O,
and Co;Sb,0, forms at 1250 °C. Substitution of Co for Zn
decreases the f—oa phase transition temperature; at
compositions x>2, no f-polymorph is observed at any
temperature. When «-Zn,_,Co0,Sb,O5 solid solutions with
high x are reheated at lower temperatures, a small amount
of the antimony-rich phase Zn;_.Co.Sb,O¢ is observed and
the o solid solutions become Co-rich and Sb-deficient; a
decrease in the lattice parameter of the spinel phase occurs,
attributed to the partial oxidation of Co®* to Co®™.

Rietveld refinement using ND data shows Co to be
substituted for Zn on both octahedral and tetrahedral sites
of the « solid solutions. The octahedral site preference of
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Table 2
Phases present at different compositions of ZnO, CoO and Sb,0s

%Zn0:%Co00:%Sb,05 Phase(s) present at Time heated at

1100 °C 1100°C/h
38:12:50 ZC-ss 20
25:25:50 ZC-ss 20
12:38:50 ZC-ss 20
70:5:25 o-ss + ff-ss + ZC-ss 20
50:20:30 o-ss + ZC-ss 20
34:33:33 o-ss + ZC-ss 20
15:55:30 o-ss+ ZC-ss 20
81:6:13 f-ss 40
76:12:12 o-ss+ fi-ss 40
63:25:12 o-SS 40
50:38:12 o-SS 40
38:50:12 o-SS 20
25:63:12 o-SS 20
13:75:12 Co-rich o+ ZC-ss 20
0:88:12 Co-rich o+ ZC-ss 40
90:5:5 p-ss +ZnO-ss 40
80:14:6 o-ss + f-ss + ZnO-ss 40
50:45:5 o-ss + ZnO-ss + CoO-ss 20
14:80:6 o-ss + CoO-ss 40
5:87:8 Co-rich a+ CoO-ss 20
0:91:9 Co-rich o+ CoO 20
0:95:5 Co-rich o+ CoO 20
80:20:0 ZnO-ss + Co-ss 20
60:40:0 Zn0O-ss + CoO-ss 20
40:60:0 ZnO-ss + CoO-ss 40
20:80:0 CoO-ss 40

Key: a-ss = 0-Zn;_,C0,Sb,015, f-ss = p-Zn;_,Co,SbyOy5, ZC-ss = Zn;_,
Co0.Sb,04, Co-ss = Co;_,Zn, 0O, Zn-ss = Zn,_,Co,0.

Sb,0;

%Co0

Fig. 5. Sub-solidus compatibility relations at 1100 °C for the ZnO-Sb,
05-CoO system. Closed, half-closed and open squares refer, respectively,
to 1-, 2- and 3-phase products.

Co means that it is favourable for Co to occupy the
octahedral sites up to x =4 and the tetrahedral sites
thereafter. Since this preference is small, relative to that of
Ni, the entropy contribution to the Gibb’s free energy at

the high-synthesis temperatures means that a small amount
of tetrahedral occupation occurs. This partial mixing of
Co and Zn on the tetrahedral and octahedral sites causes
the lattice parameter plot to deviate from linearity,
the octahedral preference of Co causing the negative
deviation.
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