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Thermal and electrical studies on mixed crystals
of Cu,Zn4_,(HCOO),-2H,0

M. G. EI-SHAARAWY*, S. A. SHAMA?
Departments of *Physics and *Chemistry, Faculty of Science, Zagazig University, Benha,

Egypt
E-mail: mousa@intouch.com

The electrical properties of Cu,Zn,_,(HCOO),-2H,0 have been studied over a temperature
range of 78-400 K. Results of the electrical conductivity, o4, 0ac., thermoelectric power, 6,
relative permittivity, ¢;, and dielectric loss factor, ¢/, were reported. Anomalies in the
physical properties have been observed at 220 K and at the vicinity of the decomposition
temperature, and the mechanism of decomposition of solids has been studied. A random
nucleation process (A3) was found to be the predominant decomposition mechanism for
the system investigated. The effects of chemical composition and crystal structure on the
physical properties are discussed. © 1999 Kluwer Academic Publishers

1. Introduction products were washed with alcohol and dried in air. The
Due to the importance of organic compounds in manychemical composition of GiZn;_x(HCOQO)-2H,0
branches of technology, such as electronic devices angk=0, 0.11, 0.22, 0.51, 0.73, 0.91 and 1.0) was de-
active materials, much effort has recently been devotetermined by means of elemental analysis of C and H,
to relating the chemical and crystal structure of theseand by atomic absorption for Zn and Cu.
compounds to their physical properties [1-4]. There are To identify the composition of the products, infrared
many papers dealing with the thermal decompositior(i.r.) spectra for the investigated samples were recorded
of organic acids and their salts, but still not enoughusing a Perkin-Elmer 32 spectrophotometer, KBr disc
information has been reported about the thermal effecand Nujol oil nulls. The product spectra show strong ab-
on the physical properties of mixed salts of organicsorption bands at 1660-1615 and 1360-1320"aue
acids, especially their electrical properties. to asymmetric and symmetric carboxylate stretching vi-
The metal formate dihydrate M(HCO©2H,O  brations, indicating the formation of metal—carboxylate
(M=Mg, Mn, Fe, Ni, Cu, Zn, Cd) occurs in the bonds[6]. The bands that appear at 1000-200"dior
isostructural monoclinic system, with space groupthe metal formates are a good assignment for the metal—
P21/C[5]. It has been established that isostructuraloxygen vibrations.
salts of Cu(HCOQO)2H,O and Zn(HCOO)-2H,0O To determine the crystal structure of the investigated
form a discontinuous solid solution series, where thesystem X-ray diffraction (XRD) patterns of the sample
metal ions occupy one of the two available positionswere carried out with the aid of a Phillips unit, type PW
[M(2) and M(2)] of non-equivalent centres of symme- 210 311, using a copper target and a Ni filter. The lattice
try. The cation at the M(1)-site is co-ordinated by six parameters for Gn;_x(HCOOQO),-2H,0 showed the
oxygen atoms from formate ions (HCOQ)while the  formation of an isostructural monoclinic system for the
metal ion at the M(2)-site is co-ordinated by four waterentire compositional range. These results agree well
molecules and two oxygen atoms from formate ions [5] with those reported by Stoilova and Gentcheva [5].
The present investigation concerns the effect of Electrical measurements (d.c.- and a.c.-conductivity,
chemical composition and heat on the physical propereq.., oac., respectively; relative permittivity, ; dielec-
ties of CyiZn;_x(HCOO),-2H,0: such as crystal struc- tric loss factorg;’; and Seebeck voltage coefficief,
ture, electrical conductivityrac , oq.c., Seebeck coeffi- were carried out on pellets 7 mm in diameter and ap-
cient,0, relative permittivity constant;, dielectricloss ~ proximately 1 mm thick, pressed under a pressure of
factor,e/, and thermal stability. 1800 kg cnT?. The two parallel surfaces of each pel-
let were coated with silver paint (BDH) and checked
for good conduction. The dependence of the electrical
2. Experimental procedure properties on the temperature was studied carefully in
All chemicals used in this work were of analytical grade a cryostat at a temperature range of 78—-400 K. The re-
(BDH). Pure and mixed metal formates were preparedistivity of the pellets was measured using a Keithly
from basic copper carbonate, zinc oxide and formicElectrometer model 610. Measurements under the a.c.
acid using a method reported elsewhere [5]. The solidield were performed at various frequencies ranging
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from 10>—1 Hz using LCR model SRS 720 (USA).  Since all the investigated salts have the same crys-
Seebeck voltage measurements were carried out at terf@l structure, so the increase in the decomposition rate
perature intervals of approximately 40 K. found in the mixed salts could be attributed to the au-
Thermal analyses (thermogravimetric and differen-tocatalytic effect of the solid product phase and their
tial thermal analyses TGA and DTA, respectively) weresubsequent growth via a reaction interface. In general,

conducted in air atmosphere using a Schimadzu modélowever, and wherever a reaction interface is involved,
30 thermal analyser at a heating rate of 10 K ndin  the difference in volume between solid reactants and the

using a 6 mgsample to ensure linear heating rate. solid product leads to production of a strained structure.
This strained structure produces fragmentation of the
original particles, causing active solids that can be rec-

3. Results and discussion ognized by their high chemical reactivity depending on

The DTA and TGA thermal analyses for &n; the type and the volume_of the product nuclei.
(HCOO)-2H,0 samples showed similar behaviour, in _ 1he 1=V characteristics for Z€u.x(HCOO)-
which decomposition occurs in a single-stage proces€ 20 samples were investigated at room temperature

(TGA) due to separation of water, and is accompaniedder conditions of rising and falling voltage in the
by an endothermic peak (DTA). The data are summal@"9€ 18-5x10° Vem™. The data were found to fit
rized and given in Table I, from which it can be seen thatth€ 109 1-log V dependence V}”mN 1, indicating that

the thermal stability of the mixed salts is higher thant"€S€ compounds obey Ohm's law. In order to check the

that of pure salts. For a single heating rate, the fractiofyP€ Of electrical conduction in our system, resistance
of solid decomposed, at temperaturel, can be used WaS mea_sured as afunction of time at room temperature
to determine the kinetics of decomposition and their?y Pplying a conlstant voltage of 300V (i.e. approxi-
mechanisms for both the mixed and pure salts. Thignately 3000Vcm™) for 3h. The resistance was found
can be done by applying the linear regression analysiEo be constant with time, vv_hlch is evidence that there
method to particular mathematical relationships associiS N0 measurable polarization effect and suggests that
ated with the kinetic mechanism model(@) [7]. The conduction in these samples is mainly electronic. This

best correlation factor obtained is then used to define the2Uld be supported by the Seebek voltage measure-

most probable kinetic mechanism for decompositionMeNts, which showed negative values for all samples

For our system the best fit was obtained by a randonkNder investigation, Table IIl. .
nucleation process (. According to this mechanism, The temperature d(_apendgnce of cpnd'ucn\atye,,
nucleation of decomposed solid is arandom process. AQr the samples |n\ﬁstlgated Is shownin Fig. 1, as a plot
nuclei grow larger, they must eventually impinge on one®! IN da.c. VersusT —=. The plots show abrupt changes
another, so that growth ceases where the crystals touch! %dc. vaI_ues a_t te_:mperatures of approximately 220 K
The kinetic data for the random nucleation process ar@nd the dissociation temperatufig, T, was found to
summarized and listed in Table II. It can be seen thafi®Pend on the composition of the sample and coincides

the activation energy of the decomposition process if’e!l with its decomposition temperature as enhanced
the mixed salts is higher than that in the pure ones. Y the DTA thermograph. On the other hand the dis-
continuity inogc values at 220 K is independent of

the composition of the samples, which having the same
TABLE | Thermal analysis data for the (Zm_»(CHOO)-2H,0  crystal structure at room temperature, therefore it could

system be attributed to a phase transition occurring in the sam-
Peak ples at this temperature. At temperatures lower than
temperature  Thermal weight 220 K, ogc. was found to decrease slightly with in-
Sample composition (K) nature loss (%) creasingT, referring to metallic behaviour. While in
Zn(HCOO)-2H,O 328 Endothermic  23.48
Cup.11ZNno.gg(HCOO)-2H,O 331 Endothermic 23.43
Cuy.32ZNno 68(HCOO)-2H,O 335 Endothermic  23.42 10
Cup51ZNo.49(HCOOY-2H,O 346 Endothermic 23.38 =
Cuy.73ZNnp 27(HCOO)-2H,O0 358 Endothermic  23.34 A @ CligsiZnase
Clp.91ZN0.0o(HCOOR-2H,0 340 Endothermic  23.31 o e
Cu(HCOO}-2H,0 323 Endothermic  23.26 5 Saahom
-14 + Cu

TABLE Il Kinetic parameters for thermal dehydration ofyZn;_x
(HCOO)-2H,0 using the kinetic model of random nucleation

In 6y (ohm'l.cm")

r (correlation
Sample composition E@V) InA(sl) factor)

=20

. T rieh ity ety s PRTE |
Zn(HCOOY-2H,0 1.06 1.6< 10  0.9992 S oA i R R

Cup.11ZNnpgg(HCOOY-2H,O  1.14 1.9< 1019 0.9998
Cup.32ZNnges(HCOOYR-2H,0  1.27 2.1x 1010 0.9989
Cup51ZNg.49(HCOOY-2H,O  1.40 3.4x 100  0.9994
Cup.73ZNg.27(HCOOY-2H,O  1.46 6.1x 101  0.9996

Clo.91ZN.09(HCOOY-2H,0  1.56 9.1x 10 0.9995 ] ] o
Cu(HCOO}-2H,0 1.04 1.1x 1019  0.9993 Figure 1 Effect of temperature on the d.c.-electrical conductivity of

CuZn_x(HCOO),-2H,0 samples.
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TABLE Ill Conductivity data for the GZn;_x(HCOOQO),-2H,0 system

Sample composition odc at 300 K @1 eml) E (eV) 6 (uV K1) s

Zn(HCOOY-2H,0 3.6x 1079 0.22 —46 0.44+0.06
Cup.11 Zng gg(HCOO)-2H,0 2.1x 1078 0.31 —-58 0.49+0.11
Clos2 Zno6s(HCOOY-2H,0 5.3x 108 0.35 66 0.54+0.08
Cup 51 Zng 49(HCOO)-2H,0 1.5x 1077 0.39 —75 0.47+0.05
Clo73 ZNo27(HCOOY-2H,0 3.1x 1077 0.40 _78 0.52+0.07
Cloo1 Znoos(HCOOY-2H,0 4.0% 1077 0.43 86 0.61£0.05
Cu(HCOOY-2H,0 8.4x 1077 0.46 —o4 0.53£0.11

therange of 22 T < Ty, semiconducting behaviour
is obtained, wherey . satisfies the equation

o = opexp(—Ey/kT)

. . — o — - —

a

whereoy is constantf, is the activation energy and
is the Boltzmann constant. The d.c.-conductivity dat
are summarized in Table Ill. It is noticed that g,
value increases with increasing Cu content in the sarr
ple. The electrical conductivityyqc, is attributed to
the drift of charge carriers, which is given by the for-
mula [8] i v

a
In o (ohm™ cm’!)

(Kx10*)T
Od.c. = NEU
] ) Figure 2 Correlation between la and the reciprocal of absolute tem-
wheree is the electronic charge, andu are the con-  perature at different frequencies for&n;_x(HCOO)-2H,0 samples.

centration and the mobility of the charge carriers, re-
spectively.n can be calculated according to [9] ing frequencies. The frequency dependence.ef(w)

. 232 obeys the relation
n = 2(2rm*kT/h?)*“exp(—Ey/KT)
oac.(®) = Aw®
wherem* is the effective mass of the charge carrier,
and is assumed to be equal to the mass of the rest of thehereA is a frequency independent parameter and the
electron. The calculated room temperature valuas of exponent s depends on the composition of the sample
lie in the range 15—10%. The value of the mobilityx,  and has avaluethatliesinthe range 0.38—0.66, Table lll.
lies in the range 16—10°cn? V~1s™1. Avalue ofu  This behaviour of a.c. conductivity suggests a hopping
that is much smaller than approximately 1wt s™*  conduction mechanism for electrons at temperatures
means that the band model cannot be used to descrilietween 220 K and}, [10]. It should be mentioned
the conduction mechanism of our system. The width ohere thato,. showed changes, at all frequencies, at
an energy band reflects the degree of overlapping of the decomposition temperature of the respective com-
particular set of atomic orbitals [9]. In the present casepounds.
poor overlap between the 3d orbitals of metal ions and The variation ofe; ande;” with T at 50 kHz for all
the p orbitals of carboxylate groups is expected andsamples investigated is shown in Figs 3 and 4, respec-
therefore, the energy band will be narrow. Now, thetively. From the figures it is clear that there are three
perturbations from the lattice vibrations are large and
the carrier mobility is low. This indicates that charge

transport occurs by a hopping mechanism in which the . T

charge carriers are thermally activated and displacedt ~ *'[ LT Proveios .

an adjacent localized state. This may have occurred b o e

transport of the electrons from the CO@n to another 52 e

one through C# ions, which can be easily changed to I o

Cu*. This can also explain the increaseoify values R SR a . e

with increasing Cu content in the sample. A B
The temperature dependencegf , relative permit- '.,»:*j_jj’;«*‘” T TR

tivity, &/, and dielectric loss factog/, have been mea- b T S

sured in the temperature range 78—400 K as a functio e T

of frequencyy, ranging from 18to 1° Hz. The plots B

of In o4 versusT 1 showed similar behaviour for all

samples (at typical plot is shown in Fig. 2). At lower ™ 1 1 a0 T (K)“" 0 oo

temperaturesy,c (w) is always higher thangc, indi-
cating the presence O.f b_amer 'eﬁeCtS; while at highefigyre 3 Effect of temperature on relative permittivity, at 50 kHz for
temperatures;, ¢ (w) coincides withog ¢ at all measur-  Cuzn;_x(HCOO)-2H,0 samples.

1231



*2Zn
8 Cug.12ZNoss
e & CuoneZNoss o+
13 LN * Cugs1ZNoas
o * CuorsZitoz -
. ® Cuog1ZNoos L
= +Cu 5

0.3

R L

hads T O

L

0.1

70 120 170 220 270 320 370

T(X)

Figure 4 Effect of temperature on dielectric loss factef, at 50 kHz
for CuxZn;_x(HCOO)-2H,0 samples.
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Figure 5 Correlation between relative permittivitj, and Inw at 250 K
for CuxZn;_x(HCOO)-2H,0 samples.

regions distinguished by two breaks: ondat 220 K
(phase transition, see above) and the oth&gawhich
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Figure 6 Correlation between dielectric loss factgf, and Inw at 250 K
for CuxZn;_x(HCOO)-2H,0 samples.

variation, with the result that polarizability decreases
as well ass;.

The plot ofe;” against frequency, al =250 K, is
shown in Fig. 6. From the figure it is noticed that for
each sample; increases initially with increasing fre-
quency to reach a maximum and then decreases slightly
with further increase in frequency. An interesting point
worth noting is that the peaks nearly occur at the same
frequency, 300 kHz for all the compositions investi-
gated. Furthermore, peak height was found to be a func-
tion of composition, such that it increases with Cu con-
tent in the sample. It should be mentioned here that the
plots ofe, versusT for afrequency of 300 kHz, at which
maxima are observed, also show breaks at temperatures
of 220 K (phase transition, as mentioned above) and at
the decomposition temperatuii,
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