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Abstract: The diphosphate RbGdP2O7 compound has been synthesized by the conventional solid-state reaction method

and characterized by X-ray powder diffraction, Raman spectroscopy and impedance spectroscopy. The title compound

crystallizes in the monoclinic system with P21/c space group. The AC electrical conductivity was measured in a frequency

range from 200 Hz to 1 MHz and temperature range 480–580 K. Impedance plot revealed the presence of two contri-

butions at different temperatures associated with grain and grain boundary. The obtained results were analyzed by fitting

the experimental data to an equivalent circuit model based on the ZView software. The temperature dependence of these

contributions is found to obey the Arrhenius law with activation energies 0.42 eV and 0.32 eV, respectively. The alter-

nating current (AC) conductivity of grain contribution follows the universal Jonscher’s power law. The temperature

dependency of frequency exponent ‘s’ shows that the correlated barrier hopping model (CBH) is the most responsible

mechanism for AC conduction in the investigated compound. The theoretical fitting between the proposed model and the

experimental data showed good agreement.
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1. Introduction

Over the past years, phosphate compounds have been the

subject of numerous investigations for their potential

applications in diverse areas such as solid-state laser

materials, sensors, solid-state batteries, catalysts and ionic

conductors [1–6]. Interestingly, diphosphate compounds

with general formula AIMIIIP2O7 (where AI is a monova-

lent cation and MIII rare earth element) have been a focal

point due to their interesting conductivity coming from the

mobile AI ions located in the diphosphate group.

The essential structural feature of alkali rare earth

diphosphates is a three-dimensional, cation–anion network

having an interconnected interstitial space occupied by

mobile AI ions [7]. On the other hand, monovalent ions are

responsible for the ionic conductivity properties that were

observed in many compounds, with the attendant promise

of applications such as solid electrolytes in rechargeable

batteries [8–12].

Many investigations were carried out for these types of

materials through these original properties and their good

conductivity. Among the most interesting diphosphates, we

have selected the RbGdP2O7 compound with tunnel

structure where the Rb ions reside; this is a good character

to supply a good conductivity.

A crystallographic study carried out by Parajón-Costa

et al. revealed that RbGdP2O7 material is isostructural with

KYP2O7 [13]. It crystallizes in the monoclinic system (P21/

c space group) with the following unit cell parameters:

a = 7.722 Å, b = 11.095 Å, c = 8.707 Å, and

b = 105.281�. The structural arrangement consists of cor-

ner-sharing GdO6 octahedral and P2O7 diphosphate groups.

The three-dimensional framework delimits tunnels running

along [1 0 0] direction where the rubidium ions are located

(Fig. 1).

The aim of this work is to report a detailed investigation

on the electrical features of this compound as a function of

frequency and temperature by using the impedance spec-

troscopy. Also, this study may give valuable information
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on the electrical conductivity and to determine the appro-

priate model responsible for the conduction mechanism.

2. Experimental details

The diphosphate RbGdP2O7 compound was obtained by

the conventional solid-state reaction. The raw materials are

Rb2CO3 (99.8%, Sigma-Aldrich), NH4H2PO4 (99.999%,

Sigma-Aldrich) and Gd2O3 (99.99%, Sigma-Aldrich). The

starting reagents with their stoichiometric ratios were

ground in an agate mortar and progressively heated from

room temperature to 573 K in order to eliminate NH3, H2O

and CO2.

The resulting sample was reground, pelletized into

cylindrical pellets using a hydraulic press at a pressure of

5 t/cm2 and heated again at 800 K for 12 h in which the

relative density obtained was 92%. The following reaction

describes the synthesis of compound RbGdP2O7:

Rb2CO3 þ Gd2O3 þ 4 NH4H2PO4ð Þ
! 2 RbGdP2O7ð Þ þ 4NH3 þ CO2 þ 6H2O

X-ray diffraction pattern was recorded at room temperature

using a Philips PW1710 diffractometer operating with

copper anticathode radiation CuKa (kka = 1.5418 Å) in a

range of Bragg’s angle 10� B 2h B 90�. Unit cell param-

eters of the synthesized sample were refined with the Full

Prof program by the least square method from the powder

data.

The Raman spectrum was registered at room tempera-

ture in the wavenumber range (100–1400) cm-1 with a

T-64000 Raman spectrometer (Horiba–Jobin–Yvon), using

the 514.5-nm radiation of an Ar/Kr laser as excitation.

A pellet of 8 mm diameter and 1.2 mm thickness was

used for electrical measurements. To obtain good contact,

the pellet was covered on the opposite surfaces with a thin

layer of gold and then mounted between two copper elec-

trodes in a special holder. The performed measurements

were taken in the frequency and temperature range of

200 Hz–1 MHz and 480–580 K, respectively, using an

Agilent 4294 impedance analyzer.

3. Results and discussion

3.1. X-ray powder analysis

X-ray diffractogram (XRD) pattern of RbGdP2O7 recorded

at room temperature is displayed in Fig. 2. Profile refine-

ments using FoolProof suite program indicate that the

resulting sample crystallizes in the monoclinic system with

P21/c space group. The estimated lattice parameters

obtained from Rietveld analysis were found to be:

a = 7.6917 Å, b = 11.0553 Å, c = 8.7778 Å and

b = 105.13�. The reliability factors are: Rp = 18.1%,

Rwp = 14.2% and v2 = 3.5. The refined lattice parameters

of the compound are found to be very much consistent with

those reported in the literature [13].

Fig. 1 Crystal structure of

RbGdP2O7 compound

604 S Mathlouthi et al.



3.2. Raman spectroscopy

The Raman spectrum of RbGdP2O7 compound, obtained at

room temperature, is shown in Fig. 3. A detailed assign-

ment of the most important bands is dared by comparison

with similar compounds [14–18]. The frequencies and

proposed bands assignment are listed in Table 1. The fre-

quencies of the P2O7 groups are attributed on the basis of

the characteristic vibrations of the P–O–P bridge and PO3

groups. Since the P-O bond in the PO3 groups is stronger

than that in the P–O–P bridge, we can note that the

vibration frequencies of PO3 are expected to be higher than

those of P–O–P.

In fact, the bands observed at 1256, 1142 and

1100 cm-1 are attributed to the asymmetric mas (PO3)

stretching modes, whereas the symmetric stretching ms

(PO3) modes are found at the wavenumber 1072, 1041 and

987 cm-1. The band related to the asymmetric stretching

mas (POP) is detected at 719 cm-1. The bands observed

between 671 and 629 cm-1 are due to symmetric stretching

vibration of ms (POP). As regards the deformation d (PO3)

mode, it is identified in 574– 236 cm-1 region.

3.3. Impedance spectroscopy

Impedance spectroscopy is a useful technique to investi-

gate, analyze and differentiate the role of different

microstructures in the conduction process as each region

has its unique electrical response within the chosen fre-

quency and temperature domain. This technique allows the

estimation grain and grain boundary’s resistivity and

capacitance [15, 19, 20].

Figure 4 represents the Nyquist plots (-Z00(x) vs. Z0(x))

of RbGdP2O7 compound for several temperatures. All

these plots are characterized by the presence of two

semicircles revealing the existence of two contributions:

the first, detected at high frequency, describes grain

Fig. 2 The Rietveld refinement for RbGdP2O7 compound at room

temperature. The dotted line indicates experimental data, and

calculated data are represented by black continuous lines. The lowest

curve in blue shows the difference between experimental and

calculated patterns. The vertical bars in blue indicate the Bragg

positions (colour figure online)

Fig. 3 Raman spectrum of RbGdP2O7 diphosphate

Table 1 Assignment of Raman bands for RbGdP2O7

Raman wavenumber (cm-1) Assignments

1256; 1142; 1100 mas (PO3)

1072; 1041; 987 mS (PO3)

719 mas (POP)

671; 644; 629 ms (POP)

574, 542

474; 457; 426; 403

374, 334, 284, 236

d (PO3)
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Fig. 4 The Nyquist plots of RbGdP2O7 compound different

temperatures
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contribution, while the second, at low frequency, is due to

grain boundary one. The center of those semicircles is

localized below the real axis (Z0 axis), indicating a non-

Debye-type relaxation [21]. ZView software was used to

adjust the impedance data.

The best fits are obtained when we use an equivalent

circuit (Fig. 5) that consists of a combination series of

grains and grains boundary elements [22, 23]. The first

consists of a parallel combination of resistance (R1) and a

constant phase element (CPE1), while the second consists

of a parallel combination of resistance (R2), capacitance

(C) and a constant phase element CPE2. The impedance of

CPE is: ZCPE ¼ 1
QðjxÞa

The real (Z0) and imaginary (-Z00) components of the

impedance have been calculated, respectively, according to

Eqs. (1) and (2):

Z 0 ¼ R1 1 þ R1Q1xa1 cosða1p=2Þð Þ
ð1 þ R1Q1xa1 cosða1p=2ÞÞ2 þ ðR1Q1xa1 sinða1p=2ÞÞ2

þ R�1
2 þ Q2xa2 cos a2p=2ð Þ

ðR�1
2 þ Q2xa2 cosða2p=2ÞÞ2 þ ðCxa2 sinða2p=2ÞÞ2

ð1Þ

�Z 00 ¼ R2
1Q1xa1 sinða1p=2Þ

ð1 þ R1Q1xa1 cosða1p=2ÞÞ2 þ ðR1Q1xa1 sinða1p=2ÞÞ2

þ C þ Q2xa2 sinða2p=2Þ
ðR�1

2 þ Q2xa2 cosða2p=2ÞÞ2 þ ðCxa2 sinða2p=2ÞÞ2

ð2Þ

where x is the angular frequency, Q is the capacitance

value of the CPE element, and a is the fractal exponent.

In order to confirm the choice of equivalent circuit, we

present in Figs. 6 and 7 the variation of the experimental

data of (Z0) and (Z00) at several temperatures versus the

simulated ones calculated using the parameters of the

equivalent circuit. The superposition of these curves

reveals a linear behavior with a slope substantially equal to

the unity. This behavior indicates that the proposed

equivalent circuit well describes the electric properties of

the RbGdP2O7 compound.

The temperature dependence of the electrical conduc-

tivity of grain (rg) and grain boundary (rgb) is displayed in

Fig. 8. It is clear from this figure that both rg and rgb

conductivities increase with the rise in temperature, which

Fig. 5 The equivalent circuit model of the RbGdP2O7 compound
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Fig. 6 Measured and simulated values of the real part of the

complexes impedance
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Fig. 8 Temperature dependence of Ln (rT) for RbGdP2O7
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indicates a typical Arrhenius-type behavior in the sample

[24]. The DC conductivity of grain and grain boundaries

was calculated from Eqs. (3 and 4):

rg ¼ e

S � Rg

ð3Þ

rgb ¼ e

S � Rgb

� Cg

Cgb

ð4Þ

where e and S are, respectively, the thickness and the area

of the pellet. The pure capacitance C can be obtained from

the constant phase element CPE, using the following

equation:

cgb ¼ R 1�að Þ=aQ1=a ð5Þ

Following the Arrhenius law, the activation energy for

bulk and grain boundary is found to be 0.42 eV and

0.32 eV, respectively. The obtained activation energy Eg is

similar to those reported for semiconductor compounds

[25, 26].

3.4. AC conductivity analysis

The frequency dependence of AC conductivity in

RbGdP2O7 compound at different temperatures is plotted

in Fig. 9. In some cases, the phenomenon of the AC con-

ductivity dispersion is analyzed using the Jonscher’s uni-

versal power law [27]:

rac ¼ rdc þ Axs ð6Þ

where rdc is the direct current conductivity, A is constant

for a particular temperature, and s is an exponent less than

or equal to unity which represents the degree of interaction

between mobile ions and their surrounding lattices. An

overview of the results (Fig. 9) unambiguously illustrates

the existence of three distinct regions. In region I, at low

frequency, the conductivity is almost constant. This is the

evidence for the frequency-independent nature of the

conductivity which represents the DC conductivity.

In the middle region of the figure, conductivity begins to

increase nonlinearly due to the fact that capacitor admit-

tance becomes numerically larger than resistor admittance

with increasing frequency. However, for the third region,

high-frequency domain, we notice that conductivity

becomes proportional to frequency, involving loss

approximately constant [28, 29].

Preliminary attempts to fit the conductivity results to

Eq. (6) were unsuccessful. Thus, the frequency-dependent

conductivity is analyzed by the following expression [30]:

racðxÞ ¼
rs

1 þ s2x2
þ ras2x2

1 þ s2x2
þ Axs ð7Þ

where rs and r? are the conductivity values at low and

high frequencies, respectively, s is the characteristic

relaxation time.

It is clear that experimental and fitted data are very close

(Fig. 9). The frequency exponent s obtained by fitting the

AC conductivity using Eq. (7) is plotted as a function of

temperature in Fig. 10. It can be observed that the exponent

s decreases from 0.46 at 490 K to 0.26 at 580 K. In gen-

eral, the effect of temperature on the exponent (s) plays a

key role in the estimation of conduction mechanism in

disordered materials. According to the literature, there are

different models [31–33] explaining the behavior of

exponent s and its variation with frequency and

temperature.

• Overlapping large-polaron tunneling (OLPT) model,

wherein with the increase in temperature the exponent s

first decreases, attains a minimum value and then

increases.

• Non-overlapping small polaron tunneling (NSPT)

model, wherein the exponent s increases with the

increase in temperature.
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Fig. 9 Frequency dependence of AC conductivity at different

temperatures
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• Quantum mechanical tunneling (QMT) model, where

the exponent s is independent of temperature and takes

value equal to 0.8.

• Correlated barrier hopping (CBH) model, where the

exponent s decreases with the increase in temperature.

In the present case, the temperature dependence of the

exponent s for the studied sample is shown in Fig. 10,

which clearly shows that s decreases with the increase in

temperature. Consequently, the correlated barrier hopping

(CBH) [34, 35] is in good agreement with our experimental

results, suggesting, thus, that the electrical AC conduction

mechanism of RbGdP2O7 compound can be explained by

charge-carrier hops between sites over the potential barrier

WM separating them. In this model, carrier motion occurs

by means of hopping over the Coulomb barrier separating

two defect centers, and the AC conductivity is given by

[36]:

racðxÞ ¼
n

24
p3N2e0e0xR

6
x ð8Þ

where n is the number of polarons involved in the hopping

process, N is the density of pair sites, and Rx is the hopping

distance for conduction (x s = 1) and is given by [37]:

Rx ¼ e2

pee0 WM � kBTLn
1

xs0

� �h i ð9Þ

where WM is the binding energy of the carrier in its

localized sites and s0 is a characteristic relaxation time

which is in the order of an atom vibrational period 10-13 s

[38]. The power exponent s obeys the following relation

[4]:

s ¼ 1 � 6kBT

WM � kBTLn
1

xs0

� �h i ð10Þ

Equation (10) can be approximated to take the form:

s ¼ 1 � 6kBT

WM

ð11Þ

The value of WM is calculated as 0.21 eV from the slope

of the straight line in Fig. 10. According to the CBH

model, if the maximum barrier height WM is the quarter of

the activation energy (Ea), single polaron is the dominating

conduction mechanism, while if WM = Ea/2, the bipolaron

hopping is the dominating [39]. From the above

consideration, the maximum barrier height WM is

approximately the half of the activation energy which

indicates that the bipolaron hopping is the dominating

conduction mechanism.

The temperature dependence of AC conductivity for the

titled compound is given in Fig. 11. Clearly, this fig-

ure shows that the theoretical calculations fitted by Eq. (8)

are good with the experimental results. It is evident from

this figure that rac increases linearly with the temperature,

implying that the AC conductivity is a thermally activated

process. The calculated fitting parameters are summarized

in Table 2. From a qualitative analysis of these values, we

can observe that an increase in the frequency causes a

decrease in the states density localizes as shown in Fig. 12.

Based on the definition given by Mott et al. [40], we can

connect the reduction of the localized states density as a

function of the frequency by the increase in the disorder,

therefore diminishing the stabilities of states from which

the non-localization of the latter occurs.

Figure 13 illustrates the variation of the tuning distance

Rx with temperature at selected frequencies. It is remark-

able that Rx increases with the increase in temperature,

suggesting that the increase in temperature provides a

contribution of thermal energy to polarons, which, after-

ward, will move and facilitate the hopping because of the

interchain interaction that will occur. This is explained by

the fact that the increase in the temperature induces a local

disorder within the material. This disorder will, thus, favor

the decrease in electrical conductivity.

The only conduction pathway is along tunnels in the

a-direction, and the modest conductivity is determined by

the dimensions of the tunnels section. So, further investi-

gation on the relation of the electrical conductivity to

structure for the RbGdP2O7 compound was done.
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Fig. 11 Temperature dependences of rac at different frequencies of

RbGdP2O7

Table 2 Parameters used for CBH model fitting of RbGdP2O7

f (Hz) NT (cm-3) WM (eV)

1082 4.75 E21 1.8

5024 4.01 E21 1.72

7962 3.73 E21 1.7

14,710 3.41 E21 1.66
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Consequently, as mentioned earlier, there is one kind of

tunnels where Rb? cations are located. Based on the

reported data [13] and using DIAMOND—Visual Crystal

Structure software, we are able to present in Fig. 14.

Otherwise, the dimensions of the tunnels vary between

4.977 and 6.255 Å, while, according to Shannon radii, the

diameter of the rubidium ion is 3.32 Å [41]. We may

conclude that this tunnel is of a sufficient dimension for ion

transport. Thus, it can be deduced that the conduction

process is assured by the movement of the Rb? cations

along a-axis tunnels.

4. Conclusions

In summary, we have synthesized the RbGdP2O7 diphos-

phate by solid-state reaction. The X-ray diffraction analysis

shows that the sample crystallizes in the monoclinic system

with space group P21/c. The Raman spectrum was recorded

and interpreted on the basis of the structural peculiarities of

the P2O7
4- moieties present in the crystal lattice. In addi-

tion, the impedance spectrum was described by two

semicircles revealing the presence of two relaxations pro-

cesses in the studied compound associated with the grain

and grain boundary.

Consequently, an equivalent electrical circuit for the

electrochemical cell with RbGdP2O7 was proposed. The

AC conductivity for grain response is interpreted using the

universal Jonscher’s power law. The obtained activation

energy for bulk is similar to those reported for semicon-

ductor compounds.

Indeed, the temperature dependence of the exponent s

shows that the correlated barrier hopping (CBH) model is

the suitable model for explaining the AC conduction

mechanism in the investigated compound.
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[6] N Dridi, A Boukhari, J M Réau, E Arbib and E M Holt Mater.

Lett. 47 212 (2001)
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