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Abstract: Ternary zinc—sodium—phosphate glasses doped with transition metal of the composition Na,M,Zn;_,
P,O;(x =0, 1, 2 and 5 mol %) (where M = Ni, Cu and Co) were prepared by the traditional quenching method. The ac
conductivity measurements at different temperatures for the prepared glasses have been investigated, and the activation
energy for dc conduction has been determined in each transition metal doped sample. The results showed that the evolution
of the activation energy of the conductivity depends on the nature of the dopant ions. A model based on formal density
functional theory concept in which the electrical charge exchanged between the transition-metal cations and the sur-
rounding material surface is proposed. The outcome is a “simplified” formula which allows us to explain the evolution of
the ionic dc conductivity activation energy as a function of the doped ion in interaction with the cation and the surface.

Keywords: Phosphate glass; Model; Conductivity; Transition metals; Density functional theory; Complex impedance

spectroscopy

1. Introduction

Glasses containing transition metal ions (TMI) are of per-
manent interest due to their optical, electrical and structural
properties [1-4]. The study of the temperature dependence
of electrical transport is very much crucial in understanding
the charge transport mechanisms through transition metal
oxides (TMO) doped glasses. The conduction mechanism
in transition metal oxides doped glass has been supposed to
be the small polaron hoping (SPH) [5, 6]. In the polaron
model, a conduction electron localizes at a site, or atom, in
the system and causes a lattice distortion which stabilizes
(traps) the localized electron. This electron migrates from
site to site, via a hopping mechanism, primarily through
thermal motion [7, 8]. Great attention has been given to
investigate the effect of the transition metal oxides on the
electronic transport properties of glasses [9], but very few
studies have been reported about phosphate glasses con-
taining TMO. It has been suggested by Sayer et al. that the
conduction processes in phosphate glasses containing
transition metal ions suggest that a polaron model is
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generally applicable, with some evidence that hopping
occurs in the adiabatic regime [10].

The purpose of the present study is to measure the dc
electrical conductivity of doped zinc phosphate glass with
different transition metals ions, probed by means of com-
plex impedance spectroscopy (CIS) measurements. First,
the dc conductivity of each transition metal doped sample
was measured at different temperatures to determine the
activation energy AEg.. Then, a model, which is based on
the density functional theory approach, was proposed to fit
the evolution of the activation energy for the dc conduc-
tivity with the various transition metals cations in phos-
phate glasses.

2. Experimental details
2.1. Sample preparation
The glasses used in this study are obtained following the
same preparation route as that described in [11]. Briefly,
the appropriate amounts of high purity chemicals powders

(= 99.9%) NH4H,PO, (> 99.9%, POCH), Na,COs;
(= 99.5%, SIGMA-ALDRICH), ZnO(> 99.9%,RIEDEL)
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Table 1 Molar composition of the prepared glasses

Glass NZPO 1 NZPO 2 NZPO 3

x mol % 0 1 2 5 1 2 5 1 2 5
P,05 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00 50.00
ZnO 25.00 24.75 24.50 23.75 24.75 24.50 23.75 24.75 24.50 23.75
Na,O 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00 25.00
NiO 00.00 00.25 00.50 01.25 00.00 00.00 00.00 00.00 00.00 00.00
CoO 00.00 00.00 00.00 00.00 00.25 00.50 01.25 00.00 00.00 00.00
CuO 00.00 00.00 00.00 00.00 00.00 00.00 00.00 00.25 00.50 01.25
Ni(NO3), (= 99.9%, SIGMA-ALDRICH), Cu(NO3), samples with changing frequencies for different

(> 99.9%, SIGMA-ALDRICH), Co(NOs3); (> 99.9%,
SIGMA-ALDRICH) were mixed in an agate mortar. The
mixture was progressively heated in a platinum crucible
from 298 to 633 K in order to remove both ammonia and
water. After grinding, the powders were heated at 993 K
for two days in order to reach the complete departure of
carbon dioxide. Then, the mixture was melted 6 h at
1093 K. Finally, the glass obtained was maintained 12 h at
573 K to improve its mechanical stability. Basing on the
transition metal ion of dopant in the zinc phosphate glass,
the samples were designated as, NZPO 1 (nickel), NZPO 2
(cobalt) and NZPO 3 (copper), respectively. The sample
identification and the respective molar composition are
reported in Table 1.

2.2. Conductivity measurements

Dc conductivity is extracted from ac conductivity signal
recorded at various constant measurement temperatures
T in the 10-10° Hz frequency range from a Novocontrol
Broadband Dielectric Spectrometer (BDS 4000) [12]. For
each temperature, the sample is maintained 30 min before
measurement in order to reach thermal equilibrium. From
prior characterizations, the glasses as fine powder were
compacted to a disk-shape pellet (diameter 13 mm, thick-
ness ~ 1 mm, weight 0.3 g). Then, both sides of the glass
samples were coated with the gold electrodes using Sputter
Coater SC7620 in order to ensure the electrical connection.
For each temperature, the sample is maintained 30 min
before measurement to reach thermal equilibrium.

2.3. Results

Electrical conductivity is a principal factor that reveals
vital information about the properties of electrical dynamic
and transport phenomenon in glass materials.

Figure 1 shows the change in ac conductivity of the
reference sample (no doped sample) of some selected

temperatures.

Each transition metal ion sample showed a similar
behavior. In each case, we noted that the ac conductivity
was the sum of two contributions [13].

Gac(®) = 04 + ' (w), (1)

where o4, is frequency independent and it is identified with
continuous conductivity and the second term is the purely
dispersive component of the polarization conductivity,
depending on the frequency w(w = 2xnf is the angular
frequency), in general, given as ¢’(w,T) = A(T)w". Here,
factor A is a constant which determines the strength of
polarizability, and exponent n (n<1) that represents the
degree of interaction between mobile ions and the lattices
around them. It can be said that the dependence of the
conductivity as a function of the temperature varies with
the transition metal ions. To determine the activation
energy, AE4., which characterizes the dc conductivity of
each sample of phosphate glass using the Nernst-Einstein
equation.

ao —AEdC
c = ) 2
7d TeXp< KT > 2)

where AE, is the activation energy, gy a pre-exponential
factor and kg the Boltzmann constant. Arrhenius plot of the
whole sample glasses series is reported in Fig. 2 (1 mol%)
where it can be seen that dc conductivity strongly depends
on the considered sample and that all samples follow the
thermal behavior.

Figure 3 shows the activation energy as a function of the
TMI for various ratios. Whatever the TMI, we can observe
that the AEq. is lower for glass doped with Co®" and Ni*™
than the one doped with Cu®". The higher values of dc
energy, AE4., observed for glass doped with copper is
likely due to the electronic conductivity which becomes
dominant. This induces that the small polarons hope easily
between Cu™ and Cu*" [14]. A more detailed discussion
about these values and their evolution was given in our
previous paper [15].



Interpretation of DC conductivity

-4 T T T T
DFI:IDEDDF,HEDFFHD“7 A— 283K
2 2o —e— 303 K

5 1-=—313K
“{—+—333K
—=x— 3563 K
—o0—373K
—>—383 K
1—<4—393 K
—o—413 K
—v—433 K
1—2—443 K
—o0—453 K
—0—473 K

B4 ARV AT

<KKKKKKKKKKKKKKKKKKKKKK]
D R R S R R
[eyesevscersssesseee

'
[eo)
1

Iog(cac(ﬂ.m)'1 )

N
o
|

-124— T T T T T

log(frequency(Hz))

Fig. 1 The relation between the logarithm of the conductivity o,. and
frequency at different temperatures for the undoped sodium zinc
phosphate glass
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Fig. 2 Variation of dc conductivity, g4. versus 1000/T doped of
1 mol % of dopant. Symbols represent the experimental data. The
straight lines represent the fits obtained from Eq. (2)

3. The model

One of the most relevant traits of the density functional
language is its suitability to calculate the extraction energy
AEy,, of a cation out of its site. Parallel to the development
of quantum-chemical models to approach the Hohenberg—
Kohn equation [16], Parr developed the so-called “con-
ceptual DFT” in the late 1970s and early 1980s [17].
Conceptual DFT is a DFT-subfield in which one tries to
extract from the electron density relevant concepts and
principles that make it possible to understand and predict
the chemical behavior of a molecule. Parr and co-workers,
and later a large community of theoretical chemists, have
been able to give precise definitions for chemical concepts
which had already been known and used for many years in
various branches of chemistry; electronegativity is the most
noticeable example, thus providing their calculations with
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Fig. 3 Variation of activation energy as a function of ionic radius Rc
at 373 K for Na,M,Zn,_,P,0; glasses doped with NiZ* (NZPO 1),
Co™™ (NZPO 2) and Cu** (NZPO 3) at 1, 2 and 5 mol %,
respectively. Full lines are just to guide the eyes

a quantitative explanation for the experimental evolution of
AEpsa in some oxides and hence to quantitatively deter-
mine the relative weights of the electrostatic, covalent and
polarization contributions to the energy of the transition
metal bond.

First, it must be recalled that AE,, can be formally seen
as the sum of two contributions

AE;, = AEyona + AE,, (3)

where AEy,onq is the cation-oxide bonding energy, i.e., the
energy necessary for extracting a given cation from its
potential minimum, and AE, is the energy related to the
cation migration over a long distance. This well-known
relation suggests that the interpretation of the polarization
and the conductivity may have common bases. In this
contribution, it will be shown how a very simple modeling
of the release of the cations leads to a relatively general law
explaining the experimental results. This modeling takes
into account, with a few approximations, the density
functional theory [18] to calculate the extraction energy
AEynq of a cation out of its site. The latter is the sum of
three independent contributions [19]: an electrostatic term,
AEg).c, a covalence term, AE,,,, and a term associated with
the polarizability of each species, AE,,. An evaluation of
AEpona can be made using the density functional theory
[20] and the electronegativity equalization method [21].
The simplified expressions of each energy term can be
made when the critical parameter is the ionic radius, R¢, of
a given transition metal. However, these simulations are
hampered on solid oxides as complex and as large as clay
minerals and glassy oxides as the computational work they
would require is too intensive. Consequently, the purpose
of this work is to propose crude but realistic simplifications
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that aim to build a convenient method for fitting the
experimental data and for acquiring a deeper knowledge of
the nature of cation-oxide bonds in these solids.

The formation of a bond of the type of the chemical
pseudo-reaction, i.e., between two isolated ions, is done by
means of a charge transfer ON. This pseudo-chemical
reaction can also be represented by a thermally activated
dissociation [22].

In this work we have tried to calculate the evolution of
the variation of electronic cloud energy of a species that
belongs to the studied surface and that can be expressed by
a series of second order of two variables: first, during this
elementary displacement, its electronic charge N. becomes
N, 4+ ON,. Second, the modification of the electric poten-
tial that surrounds the system becomes:

E=E OF aN OEN sn CE ON
Y v G+ aNZ()

O’E O’E
(GVG) (M (—aNaVG>aNavG,

(4)
OE

where (2L ) = p is the electronic density, and (3£) y, = s
the chemical potential. The derivate of the electronic

energy relative to the number of electrons and (azv’) =7n1is

the hardness which is the second derivative of the energy.

Our aim is to determine the elementary variation of the
energy of the electron cloud of the cation, through a sec-
ond-order expansion [23].

oo

E. —u()L5N+/p65ngr+nL(5N +(3N/ﬁ VoVedr

//(:5;)5% )oVa(r)drdr,
(5)

Using the same equation for the glass surface
surrounding the cation, and assuming that the energy
barrier corresponds to the energy difference between the
energy of the cation trapped at the surface and that when it
is free, we can write

O(AE) = (ko — Ho)ON + / pOVadr + / poVedr
0 0

+ (1, + 1) (SN)* + 6N [ / f.0Vedr + / fGéVCdr}
0

+//(épc)é\/g(r)&VG(r’)drdr’ 0
/ / (ap G) V. ()drdr,

The energy associated with the extraction of cation out
of its site always shows an electronic component JE, with
the sum of three contributions [24, 25].

OF = 5EE1ec + 5ECOV + 5Ep017 (7)
Each of these terms is the sum of the contribution of the
cation and of the site. Calculations and approximations that

have been detailed elsewhere [26] lead to the following
expressions:

OEg1ec = f pC(r)évc,exz(V)dr +f pG(r)évG,ext(r)dr, (8)
0 0
5ECOV

O{O {(apac]\(]r)) OVeenlr) - (a,;y)) 5VG‘”‘(’>} e m

X (Z { (apaCA(]r)> OVeex(r) — <6p§\(’r)> (;VG,ext(r):| dr) 2-,

©)
5Ep01 //( apC >5VC ext( )5VC.ext(r/)drdr/
aVC ext ;
0
// (avg(:x[ >5VG‘5Xt(r)5VG,ext(r/)dr d}"/,
(10)

In these equations, the subscripts C and G refer to the
transition metal cation and the solid oxide (Glass) grid,
respectively. p(r) is the electron density and py, is the
chemical potential of the standard electrons of the isolated
species. However, further approximations can be
introduced and simplified expressions for each energy
term are proposed. These expressions are given as a
function of the transition metal cations radius Rc.

3.1. The electrostatic term AEgec

It is appropriate to assume that the electrostatic term is
proportional to the inverse of the cation radius, the pro-
portionality coefficient is related to the Madelung constant,
which is independent of transitional metal cations and
depends solely on the rigid grid which is not affected by the
movement of the charge, as in the Anderson and Stuart
model (A—S model) [27]. Provided that the charges on the
cation and the framework are of opposite sense, we can
write

1
AE, —_— 11
elecOCRC+R07 ( )
where Ro is the radius of the O®~ jon with its charge
of — 2e (Ro = 140 pm).The evolution of this energy is

reported in Fig. 4(a).
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Fig. 4 Variation of the (a) electrostatic, (b) covalent, and (c)
polarization energy terms versus cation radius. Symbols represent the
data calculated from Egs. (11), (12), and (14) and reported in Table 3
for (b), and in Table 4 for (c). The dashed lines are the polynomial fits
corresponding to Egs. (11), (13), and (15)

3.2. The covalent term AE¢qy

This term accounts for the exchange of charges between
the site and the cation. Therefore, it depends on both the
nature of the solid grid cations, C™, and the network itself,

G~ .The cation is trapped in a potential well, the charac-
teristics of which are determined by the different charges of
the polyanionic network which surround it Eq. (9).

We, therefore, used the values of i and nc which are
offered by Pearson and Parr [28] taking into account the
ionization energy of the corresponding elements (see
Table 2). Some values of y, and 7 have already been
estimated from emulation in some modeled oxides and
zeolites [29], where it was found to differ only slightly
from one oxide material to another oxide material. How-
ever, an estimate of i and 7 can be obtained from the
principle proposed by both Sanderson and Aniya [30, 31].
The three terms of Eq. (9) reported in Table 3 are calcu-
lated with pgc = 5.84 eV and g = 4.9 eV.

First, it can be observed that the values of the third
column are constant for different transition metal cations.
Second, the values of the first column are much greater
than those of the second and third columns. Assuming that
the integral terms in Eq. (9) are negligible and not taking
into account factors local in the nature of the chemical
shackle, this is to simplify the expression. Consequently,
this assumption is the only way to simplify the expression
and hence to provide a qualitative evaluation of the energy
evolution for dc conductivity. AE.,, can then be simplified
as follows

2
[,uO,C_.UO.G}
4(ne +ng)

With this model, the value of AE., changes as the
transition metal cation radius, Rc, and its evolution can be
represented by a second order polynomial function (see
Fig. 4b) for which the characteristic parameters are
obtained by a nonlinear least-squares fitting procedure.
The fit is represented in Fig. 4(b) and corresponds to the
following polynomial function

AEcoy ~ —1.15R% + 1.62 x 10°R¢ — 5.68 x 10°, (13)

AE.,, o (12)

The fitting parameters were obtained for AE,,, in units of
eV and for R¢ in units of pm.

4. The polarization term AE,

The polarization energy (see Eq. (10)) is the sum of two
participants of the same shape related to the transition
metal cations and the oxide network. In order to estimate
the polarization energy of the cations, we have defined a
simple parameter which accounts, a priori, for the sensi-
tivity of the electron cloud of anion, to a modification of
the acting external potential, V. It is known that in this
approach, the electronic surface density has a very
important effect, so the higher the surface density is, the
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Table 2 Corresponding values of the electronic chemical potential and the hardness for each atom and for the various test cases oxides

Element 1ol23] (eV) n [23] (eV) Cation Ho,c[23] (eV) ncl23] (eV)
Na 2.85 2.30 Ni2* 26.67 8.50

Zn 4.45 4.94 Cu** 28.56 8.27

P 5.62 4.88 Co** 25.28 8.22

(0] 7.54 6.08

Table 3 Comparison of the variation of preintegral terms of Eq. (9),
depending on the nature of the transition metal ions

Cations foc—tog ) (Boc—t0c) —L__(ev~!
o) eyyeyy  Uecoe) i (V)

Ni2* 8.1 0.777 0.019

Cu** 9.8 0.863 0.019

Co** 7.2 0.741 0.019

Table 4 Compute values of the SED™!in pm2 from the radius [31],
and the number of valence electrons for different transition metals
cations

Cations Radius (pm) Number of valence e~ SED-1 (pmz)
Ni** 69 747 x 103
Cu** 71 7.03 x 103
Co** 72 9.30 x 103

lower the influence of external potentials is, and therefore,
the participation of electrostatic and covalent terms in the
term polarization energy is negligible, and on this basis,
AE,, can be limited to the cation participation, AEc po
only. However, it is thought that this problem is similar to
the determination of the influence of an electrostatic
potential on an electrically charged sphere. A simple model
has also been proposed [25] where AEc o is supposed to
be inversely proportional to a parameter termed the “Sur-
face Electronic Density” (SED), which is defined as

_ 471?R%

)
C.ext

AE¢ o1 o SED™! (14)
where Ny denotes the number of valence electrons.
The results, thus, obtained are reported in Table 4. We
then assumed that the evolution of the contribution of the
polarization energy, AE¢ o1, to the hopping energy of the
cation, could be represented, in a first approximation, by
values proportional to the SED reported in Table 4, and
plotted as a function of R¢ in Fig. 4(c). It can be seen that
the values of SED ™ lare very close. As for AE,,,, we can
represent AEp,; by a polynomial function of second order,

whose parameters are determined from a least squares fit
procedure. The fit to our data is shown in Fig. 4(c) and
corresponds to the following polynomial function

AEpo ~ 830R% — 11.64 x 10*°R¢ + 4.09 x 10°, (15)

The fitting parameters are obtained for SED™! in units of
pm? and R¢ in units of pm.

5. Fitting of the experimental data

The dependence of AE4. on R¢ is then given by the sum-
mation of each of the energy derivative terms

AEpond = Xelec AEciec + XcovAEcoy + xpolAEpola (16)

The adjustable parameters, x;, can be obtained from a fit
of the experimental data with a linear combination of the
derivative functions, AE..(Eq. (11)), AE.o(Eq. (13)) and
AEi(Eq. (15)) for all samples. The present parameters
correspond to the product of the weight of each
contribution by the coefficient of proportionality that
relates the measured energy values to their associated,
simplified expressions (Egs. (13) and (15)). Consequently,
the parameter x.,, Which is dimensionless, yields an energy
value, while Xeee and xpo are in units of eV pm and
eVpm 2, respectively. However, it is possible to make a
comparison between the values obtained from the various
test-case transition-metals ions doped zinc phosphate
glasses. In a first step, the nonlinear least-squares
procedure is achieved for a freely adjustable set of
parameters Xelec, Xcov and Xxpo that complies with the
imposed constraints. This key result shows that the ionic
conductivity of the investigated transition metal doped
phosphate glass samples depends on the three electrostatic,
covalent and polarization terms. Then, we fix to zero one or
two of these parameters to check whether their contribution
noticeably improves the quality of the fit. If it does not, we
then consider that the parameter x.c need not be taken into
account. In that case, the fit leads to constraining the
parameter x.,, to positive while x,, remains negative (see
Table 5). It means, for example, that the deformation, i.e.,
the polarizability of the cation as well as the covalency of
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Table S Values parameters obtained from the nonlinear least-squares
fit of the experimental data of all glasses samples

x mol% xelec(ev'pm) Xeov Xpol (CV'Pmiz)
1% 0 2 x 107 —6x 107
2% 0 2 x 107 —11 x 107
5% 0 2 x 107 -8 x 107

Xelec» Xcov and xpo correspond to the results obtained when the con-
straints in the fitting procedure were released

the ionic bond, plays a significant role in the transition
metal—glass bond.

Figure 5 clearly confirms the monotonous evolution of
the activation energy of the dc conductivity, determined on
transition-metals ions doped zinc phosphate glasses (2 mol
%), which reveals that AE,, is preponderant. It was also
found that the evolution is similar to the other concentra-
tions (i.e., 1 and 5 mol %). It can be deduced from these
behaviors that the interaction between the phosphate glass
and the TMs cations is clearly characterized by the surface
acidity of the polyanionic frameworks. It means, for
example, that the electron transfer between the cation and
the framework deformation plays a significant role in the
transition metal doped phosphate glass bond. The incor-
poration of network modifiers such as transition metals ions
in the glass structure induces defects in the network due to
depolymerization of the glass network, which increases the
concentration of Na™ ions. These results are in agreement
with dielectric spectroscopy results [11]. Morinaga et al.

1.054

1.00

AEgc(eV)

0.95 4

0.90

0.85 T T
68 70 72

Rc(pm)

Fig. 5 Constrained fits (—) and unconstrained fits () obtained with
Eq. (16) of the experimental (symbols) activation energy for dc
conductivity for the transition-metals ions doped zinc phosphate glass
(1 mol %). The corresponding parameters X; constrained fit) obtained
by the nonlinear least-squares fitting procedure are reported in
Table 5

[32] deduced that the phosphate matrix has a higher
reducing effect on the transition metal.

6. Conclusion

The frequency-dependent conductivity of transition metals
ions doped zinc phosphate glasses is studied over a fre-
quency range from 10 Hz to 1 MHz under isothermal
condition from 273 to 473 K by alternating current impe-
dance spectroscopy. Furthermore, a microscopic model,
with a few approximations, based on density functional
theory principles, is proposed and favorably compared to
the experimental data extracted from the dc activation
energy of a cation out of its site. However, the different
behaviors are explained qualitatively and account for the
nature of the dominant interactions between the phosphate
glass network and the transition metal ions. Noticeably, the
results show a monotonous evolution of the activation
energy of the dc conductivity, determined on phosphate
glasses doped with transition metals ions, which reveals
preponderance of the covalent energy term.
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