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Abstract

The overall purpose of the present study is basically to understand the manifestation of the ther-
mo-electrical properties of the matrix Zn0O-P,0s first, and of the Zn0O-P,0s composites loaded with
different volume fractions of nickel (Ni) as conductive fillers. In the matrix ZnO-P,0s, the values of
electrical conductivity varied between 1.14 x 10-8 and 7.8 x 10-7 (S/cm), and the Seebeck coeffi-
cient value varied between minimal value 265 and maximal value 670 (uV/K) in the studied tem-
perature. In composite ZnO-P;05/Nj, it was shown that the Seebeck coefficient changed from high
positive to negative values when the filler amount was increased, indicating a non-conducting to
conducting phase transition. Such behavior exhibits that this transition is accompanied by the
passing of carrier charge from p to n type. The study of thermoelectrically transport for high vo-
lume fraction of filler enabled the achievement, for the first time on this kind of composites, of an
original transition called PTC transition. Thus, highest values of power factor (PF = 652 = 2 x 10-3
W-m-1.K-2 at 407 K) were obtained, giving a possibility of industrial applications.
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1. Introduction

The phosphate glasses are semiconducting materials, transforming it as conductive materials that can offer more
opportunities of applications. And the zinc phosphate glasses are very studied for long time, but their use as
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composites is rare. For these reason we decide to prepare composites from this glass due to their special proper-
ties.

The study of material thermoelectric properties is among these objectives. The direct conversion between
thermal energy and electric energy was discovered by Seebeck in 1882. Many applications were found to valor-
ize this effect in thermoelectric power generation, microdevices, refrigeration etc. [1]-[4]. The performance of
the thermoelectric material is measured with the figure of merit ZT = S%T/x or power factor PF = S%s, where T
is absolute temperature, S is Seebeck coefficient, ¢ is electrical conductivity and « is thermal conductivity; the
applications require ZT higher than 1. Thus, the challenge of researchers is to find a material showing a high
Seebeck coefficient, a large electrical conductivity and a weak thermal conductivity to maximize ZT [2] [4].
Several approaches have been proposed to increase the figure of merit. These well-established approaches say
traditional ones; the aim is to increase the power factor PF or reduce thermal conductivity by structural means to
the atomic scale. The couple electrical-thermal properties remain high and thus a limit of the figure of merit is
around the unit. The new approaches would promise a decoupling between electrical and thermal properties by
using nanostructured materials that presented the related quantum effects at the nanoscale structures. Some
works expect a sharp increase in the figure of merit. The factor of merit obtained with thin layers (i.e. superlat-
tices) is about 2.5 [2] [5].

The present study is to understand the manifestation of the thermo-electrical property of the of the ZnO-P,0s
matrix first, and ZnO-P,05 composite loaded with different volume fractions of nickel (Ni) as conductive filler.
It well known that in this composite system, a transition from insulator to conductor as the volume fraction of
the conducting phase is increased. Particular attention is paid to study the parameter of the two phases. For this
reason, various models have been proposed to account for the overall composite electrical properties. Good re-
views of these models have been presented by the percolation theory in our further work [6].

2. Experimental
2.1. Composite Preparation

The 45 mol% Zn0-55 mol% P,0s matrix, was prepared using the classical quenching technique [6] [7]. Powder
of ammonium di-hydrogen phosphate ((NH,;) H,PO, from Panreac type, 98%) and zinc oxide (ZnO from Pa-
nreac type, 99%) are mixed in adequate molar proportions. The obtained powder was put in alumina crucible
and heated in furnace at 170°C for 1 h and then at 300°C for 12 h; in order to remove completely NH3 and H,O
gases. Afterwards, the temperature was gradually increased to 950°C, and the obtained melt was poured onto a
preheated mould and left to cool at room temperature in air. Then, the particles of nickel (from Sigma-Aldrich
with average particle size 149 um, and a purity of 99.9%) are mixed in adequate proportions with zinc phosphate
glass matrix. The obtained powder microcomposites were transferred into a cylindrical mould and pressed at 7
tons to decrease the porosity and to obtain fine compact discs, each one with 13 mm of diameter and 2 - 3 mm of
thickness. The disks obtained were sintered at 300°C for 2 hours in order to increase the cohesion of composites.
Series of composites were prepared with filler contents ranging from 3 to 40 vol% into the matrix.

2.2. Scanning Electron Microscopy (SEM) with Energy Dispersive X-Ray (EDX)
Measurement

Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray (EDX) measurement has been used to
identify and characterize the matrix. Scanning Electron Microscopy (SEM) studies have been undertaken to
examine the morphology of matrix and homogeneity. Energy Dispersive X-ray (EDX) analysis was specially
used to detect contaminant species: to obtain qualitative information on the full elemental composition of an
unknown contaminant in the matrix.

2.3. X-Ray Diffraction (XRD) Measurement

The XRD measurements were carried by using a diffractometer BRAGG-BRENTANO equipped with a vertical
goniometer 8-6 configuration with direct optical encoder for direct position feedback angular on the arms of the
goniometer. The diffractometer is equipped with an X-ray tube with copper anticathode (1 = 1.54051 A°). The
data acquisition was carried out using a software-based data sheets ASTM (American Society for Testing and

Materials).
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2.4. Electrical Conductivity and Thermoelectric Power Measurements

The measurements of electrical conductivity (o4;) at room temperature were performed with a Keithley 224 cur-
rent source and a Keithley 616 voltmeter, by four-point technique of Valdes [8]. The measurements of the con-
ductivity and the Seebeck coefficient versus temperature were performed between 150 K and 450 K [9]. The
operating conditions are mentioned in the previous work [7]. The Seebeck coefficient S is then determined by
the below equation:

S =—AV/AT 1)

where, AT and AV are the difference of temperature and the difference of potential respectively, between two
points of the sample.

2.5. Volume Expansion Measurements

The volume expansion of the composites was obtained with a SETARAM TMA 92 thermo-mechanical analyzer,
using a programmed heating rate of 2 K/min in a temperature range varying from 300 to 500 K.

3. Results and Discussions
3.1. Matrix ZnO-P,0s

e Structural characterization

The binary phosphate glasses of molar composition 45 mol% Zn0-55 mol% P,Os were synthesized. After
cooling the melts, the glass was homogenous, transparent, colorless, and amorphous. In Figure 1, although the
micrograph of the matrix exhibits small cracks and some holes, the material might be considered as quite ho-
mogenous, and we have showed in the previous work that the matrix presents the lowest value of porosity ap-
proximately 11% [6].

The Energy Dispersive X-ray (EDX) analysis showed a good purity in the composition of matrix. Their
amorphous nature was confirmed by X-ray diffraction in Figure 2. No crystalline phases were detected in the
produced glasses. The X-ray pattern, measured at room temperature for the glass matrix for instance, displays a
broad halo peak only and no sharp peaks. The broad halo peak culminates at 20 = 30°. The same phenomenon
was observed for glass treated at 400°C (curve (ii) in Figure 2). However, for the glass treated at a temperature
of 500°C, we have obtained crystalline phases (curve (iii) in Figure 2). The effect of sintering temperature is an
important parameter, which is why we chose the temperature 300°C (curve (i) in Figure 2) for sintering compo-
site to prevent crystallization. Thus, as the temperature increase, we can see more the pseudo-peaks occur above

Element, Wit% At% K-Ratio V4 A F
(6] 529 72.88 | 02296 1.0525 04122  1.0005
P 30.02 | 2136 @ 0239 | 09675  0.8231 1
Zn 17.09 | 5.76 0.1446 | 0.8429 | 1.0039 1

| Total | 100 | 100 | l | |

Zn
&

200 400 400 800 1000 1200 1400

WD HV
9.7 mm|16.0 kV

Figure 1. SEM micrograph (x2000) of matrix 45 mol% Zn0O-55 mol% P,Os with corresponding EDX and constituent

percents.
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Figure 2. X-ray diffractograms of matrix 45 mol% ZnO-55 mol% P,0s.
(i): treated at a temperature of 300°C; (ii): treated at a temperature of
450°C; (iii): treated at a temperature of 500°C.

400°C and crystalline phase completely is obtained at temperature 500°C. This could be understood by a ther-
modynamic approach [10]. Indeed, it is known when the temperature of a system increase, its kinetic energy in-
crease and hence the movement of the particles forming this system is increased. The system will then evolve
into a situation that will minimize its energy. The amorphous phase is metastable and therefore unfavorable for
this trend state. As against, the ordered state of a crystalline phase is a state that will promote long-distance ex-
changes and lead to energy minimization and an equilibrium state. One can therefore understand why when the
temperature is increased beyond a critical value, the studied glass crystallizes. In order to understand the struc-
ture of phases obtained, DSC and DTA measurements were performed in our previous work [6]. The determina-
tion of Tg from DTA was confirmed by the DSC technique, which is more accurate. In fact, Tg was clearly ob-
served at 43°C. This value is in good agreement with that reported in the literature for close composition [8] [9].
It has been proved that for good glass forming system the values of Ky > 0.1 [11]. The Ky value obtained, from
both DTA and DSC for the present composition is around 0.85 [6]. This confirms that the glass matrix is cha-
racterized by good glass forming ability. For this reason, the zinc phosphate glass matrix (45 mol% ZnO-55 mol%
P,0s) is used because it showed a good thermal stability.
e Electrical conductivity of matrix

In this study, to get correlation between structural characteristic and physical properties, the electrical conduc-
tivity of amorphous ZnO-P,05 matrix has measured in the temperature range (300 - 400 K). Figure 3(a) shows
the increase of conductivity as a function of temperature. The values of electrical conductivity varied between
1.14 x 10 ® and 7.8 x 10”7 (S/cm). In order to understand the mechanism of conduction, and to explain the elec-
trical conductivity in amorphous matrix, we have plotted the variation of In(c) vs 1/T. In this case, different be-
haviors have been observed as a function of temperature and depending upon the distribution of energies in
these localized state bands. Thus, the data were fitted with Arrhenius law:

o =0, exp(—kE—_l‘fj 2

where g, is the conductivity of the matrix at room temperature, E, is the activation energy for hopping, k the
Boltzmann constant and T absolute temperature. The linear fit of the conductivity data versus (1/T) (Figure 3(b))
gives three different values of activation energies 0.63, 0.33 and 0.13 eV for T <340 K, T=340-380 Kand T >
380 K, respectively. These results signified that, the electrical conductivity increase and the activation energy
decrease in the range studied. This shows good consistency with Arrhenius law, confirming the thermally acti-
vated hopping mechanism at high temperature between localized states near the Fermi level and in the tails of
conduction and valence bands. The corresponding activation energies show that the values in the same orders
were obtained in similar other classical phosphate glasses [12]-[15].

e Thermoelectric power characterization of matrix

©,
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Figure 3. (a) Electrical conductivity of 45 mol% ZnO-55 mol% P,Os versus temperature. (b) Plot of electrical conductivity
versus the inverse of temperature (1/T) and linear fit (—) with Equation (2).

In amorphous materials, the thermoelectric power is an important property to determine the charge carriers.
The thermoelectric power is given by the general expression [16]:

- E
S=—5j(—E EFJ—U( ) g )
e kT o
The above expression can be integrated as follow:
k| E.—E
S=——| —=—F+A. [forE>E 4
e{ T ch| c (4)
k| E- —E,
S=—| F—Y 4+ A [forE>E 4y
E5 Joreoe o

where K is Boltzman’s constant, E. is the position of the band edge, E, the valence band edge. A, and A, are
temperature independents. The sign of thermopower is depend of the mechanism of conduction above or below
the Fermi level [16]. The negative value of Seebeck indicate n-type, and the positive value of indicate p-type.
The thermoelectric power versus temperature in ZnO-P,0s matrix is showed in Figure 4(a). The Seebeck coef-
ficient value varied between minimal value 265 and maximal value 670 (UV/K), that indicated the matrix is
p-type. These values are compared with that obtained in xCdO:(50-x)PbO:50V,05 [17]. Indeed, from the Equa-
tion (4), the plot of thermoelectric power (S) as a function of temperature (1/T) shows two region of temperature
(Figure 4(b)). The value of activation energies obtained by linear fit of (S = 1/T) are 0.39 and 0.90 (eV) for T =
320 Kand T > 320 K, respectively. These values are in good agreement with the electrical conductivity. The ac-
tivation energies of S and ¢ indicate that for this material there is low thermal activation at temperature T > 380
K compared with low temperatures (<380 K). The positive value of Seebeck indicate that a contribution to hole
conduction in ZnO-P,0s5 glass matrix, and can be assumed to be caused by the trapping of holes on Zn-O bonds.
Indeed, the electrical conduction takes place by hopping between first neighbors’ localized states near the Fermi
level and in the tails of valence and conduction bands [18] [19].

3.2.Zn0-P,05/Ni Composite

In our study, we have just determined electrical conductivity and thermopower measurements, to calculate a part
of the figure of merit, i.e. power factor (PF), with the following formula:
PF=0-S° (5)

The power factor (PF) can be used as an index for thermoelectricity. This value gives us information on the
figure of merit ZT, which a high ZT indicates a high thermoelectric efficiency.

The zinc phosphate glass in this study is chosen because of its good glass forming ability and good chemical du-
rability, but the PF obtained is about 2 x 10 *® W/m-K?2. This value is not sufficient and very low for application

®
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Figure 4. (a) Variation of Seebeck coefficient with temperature for 45 mol% ZnO-55 mol% P,0s. (b) Plot of Seebeck
coefficient versus the inverse of temperature (1/T) and linear fit (—) with Equation (4)’.

and needs improvement. For these reason we decide to prepare composites from this glass due to their special
properties. The measurements of electrical conductivity and thermoelectric power of composites were achieved
in this study. We have calculate the PF of composite as function of volume fraction of Nickel (from 3 to 40
vol.%) at room temperature, and as a function of temperature for composite 40 vol.% of Ni.

e Power factor versus volume fraction measurements

The Figure 5 gives the power factor PF versus filler volume fraction (¢) at room temperature for 45 mol%
Zn0-55 mol% P,0s (ZP) loaded with Ni particles. The measurements of the electrical conductivity showed a
jump from 108 to ~1 S/cm, indicating a non-conducting to conducting phase transition at percolation threshold
of ¢. = 28 vol.%, when an infinite conductive path of clusters is formed. In addition, the Seebeck coefficients
data are also reported and the percolating behavior is confirmed with theses measurement. The conduction thre-
shold is almost the same as the one obtained with conductivity. Moreover, the Seebeck coefficient (S) changes
its sign from positive to negative for low and high level filling, respectively. Indeed, below percolation threshold,
high positive values over 3000 wV/K are obtained with a low conductivity (¢ = 10" S/cm). Then, above close to
the percolation threshold (¢ = 30 vol.%), S becomes negative (S = —100 uV/K) corresponding to ¢ = 1 S/cm. For
high amounts of Ni, S increases to typically metallic values (between —10 and —20 pV/K). This behavior indi-
cates a passing from p to n semiconductor material type or insulator/conductor phase transition, in good agree-
ment with conductivity results. The corresponding power factor PF jumps at percolation threshold and takes the
values greater than 10 W/m-K? (Figure 5).
¢ Power factor versus temperature measurements

The power factor (PF) as function of temperature for the composite 40 vol.% of Ni, are showed in Figure 6.
Transitions of the PF values have been observed in this figure. The transition is due to both phenomena; the pos-
itive temperature transition (PTC) and Seebeck transition. The PTC of the composite is characterized by a large
decrease in electrical conductivity during heat of composite. The origin of PTC effect is not very clear, it is gen-
erally accepted that it manifested by a breach of the conductor network during heating of sample. Several theo-
ries have been proposed to explain the behavior of this nonlinear phenomenon depending on the temperature,
such as thermal expansion, electron tunneling, etc. Nevertheless, these theories are still unable to give a clear
explanation to experimental results. It has been often accepted in the literature that the PTC effect resulting from
a disturbance in the continuity of the conductive network is mainly due to volume expansion of the matrix [20]
[21].

In our study, the measurements of the volume expansion of composite 40 vol.% of Ni as function of tempera-
ture. Figure 7 shows that the volume expansion of composite increases with temperature between 300 to ap-
proximately 407 K (expansion), corresponding to the PTC transition and then, it decreases. Thermoelectric be-
havior is investigated with the Seebeck measurements. The PTC transition achieved in this composite is con-
firmed by the measure of Seebeck coefficients at the same temperature 420 K. The origin of the Seebeck transi-
tion is maybe due to migration of negative oxygen ions (O"), which are more probably originates from the resi-
dual vacuum in the chamber. It reacts with the material surface following a chemisorption process. The power
factor obtained is about 2 x 10 % W/m-K? at 407 K. As we compare this value with others materials in literature
[22]-[27], it can give a possibility of industrial applications.
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4. Conclusions
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Figure 5. Volume fraction dependence of the power factor of ZnO-P,Os/
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and Seebeck coefficient versus volume fraction.

1b) °
-3 P S A AP ¥
1 o _§ -mn: T -i f:“j \
] a0 | '\ - e
-4 E | fos ~_
10*] &= Lo .
E -4000 \ I
— E |/ fos
‘\I‘ 5000 !7 foz
-5 Loo
! 10 3 300 320 340 360 380 400 420 440
- E TK)
|E ]
6 |
= 10 5
~ E
L ]
- — 0
o 10 7 | /.
e
8 | \
10+ o—e

300 320 340 360 380 400 420 440
T(K)
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The result obtained in this study by conductivity ¢ and thermoelectric power S measurement shows as follows:

e Structural characterization by SEM and XRD of binary phosphate glasses 45 mol% ZnO-55 mol% P,0s
shows homogenous and amorphous phases.

e The conductivity of this amorphous phases increases with increase in temperature. In addition, the electrical
conductivity increase and the activation energy decrease in the range studied of temperature. And the plot of

both conductivity and Seebeck coefficient versus temperature follows Arrhenius relation.

e For the composite ZnO-P,0s/Ni, the electrical conductivity measurements showed percolating transition
from a non-conducting to conducting phase as a function of metal filled. And the change of S from high
positive to negative values exhibits that this transition is accompanied by the passing of carrier charge from
p-type to n-type. The values of Seebeck coefficient measured are large and confirm the conductivity re-

sults.
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Figure 7. Temperature dependence of volume expansion of ZnO-P,05/40
vol.% of Ni composites.

e Highest value of power factor was obtained giving a possibility of industrial applications in thermoelectrici-
ty and solar cell devices.
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