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ABSTRACT 

The solid electrolyte is of great interest owing to its potential to be applied in a wide variety of 

electrochemical devices. One of the most stable solid electrolytes is lithium phosphate (Li3PO4). 

However, this compound has low enough conductivity to be applied to a device such as an 

electrolyte. A previous study has reported that the mixture of xLi2O-P2O5, where x=2, has a 

greater conductivity than Li3PO4, while, when x=1, this yields an amorphous structure. In this 

study, new compositions of the xLi2O-P2O5 compounds, where 1≤x≤2, were prepared through 

solid-state reactions. The prepared compounds were characterized using X-ray Diffraction 

Spectrometry (XRD), Scanning Electron Microscopy (SEM), and Electrochemical Impedance 

Spectroscopy (EIS) measurements in order to investigate their structure, morphology, and 

electrochemical properties. The XRD characterization showed that both of the samples were 

composed mainly of Li4P2O7 crystals. Agglomeration of particles was observed in the samples. 

The conductivity of the compounds was of the order of 10−6 S/cm, which was higher by three 

orders of magnitude than that of Li3PO4. The evaluated power exponent of conductivity indicated 

that the long-range drift of ions may be one of the sources of ion conduction in both of the 

observed samples. The nature of the dielectric loss indicated that the conduction in the samples 

was more predominantly DC conduction. 

 

Keywords:Solid electrolytes; Li2O-P2O5;Electrochemical impedance spectrometry; 

Conductivity; Dielectric 

 

1. INTRODUCTION 

The electrolyte is one of the main components in a battery, and serves as an ion-conducting 

medium within the cell. Conventional electrolytes consist of dissolved lithium salt in an organic 

solvent. The usage of this type of liquid electrolyte is believed to be one cause of the irreversible 

loss of capacity that cannot be regained, due to the formation of an unstable layer in the electrode-

electrolyte interfaces (Agubra& Fergus, 2014). Such electrolytes also limit the battery lifecycle, 

restrict the service temperature, and prompt leakages and security issues (Kotobuki, 2012). The 

replacement of conventional liquid electrolytes with a non-flammable solid form is of great 

interest and importance as it may enable these problems to be overcome. 

There are several advantages to applying solid electrolytes in an electrochemical device; these 

include not causing leakages or pollution, and exhibiting better resistance to heat, shock, and 
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vibration than liquid electrolytes (Sahu et al., 2014). Moreover, the solid electrolyte is a single-

ion-conductor that only transmits one species of carriers. Therefore, during its service, there is 

almost no concentration gradient in the cell, which is very useful in diminishing the potency of 

cell overpotential (Quartarone&Mustarelli, 2011). 

Phosphate oxide-based solid electrolytes are widely investigated because of their favorable 

properties; for example, they exhibit a strong glass-forming character, low melting point, and 

simple composition. Lithium phosphate (Li3PO4) is one of the most stable phosphate oxide-based 

solid electrolytes. However, this compound has a sufficiently low conductivity to be applied to a 

cell, due to the high bulk resistance. Hence, Li3PO4 is widely used in the form of a thin layer in 

order to reduce the resistance value (Senevirathne et al., 2013). This material can be prepared 

either through the conventional solid-state reaction or a wet chemical reaction (Jodi et al., 2016). 

Some investigations of solid electrolytes have been reported; these have utilized methods such as 

morphological characterization, structural investigation using X-ray Diffraction Spectrometry 

(XRD) characterization (Nur et al., 2016), the neutron diffraction method (Jahja et al., 2015), and 

a computer simulation involving the first-principles modeling technique (Lepley&Holzwarth, 

2012). Many studies that aim to improve the conductivity of phosphate oxide-based electrolytes 

have been reported. Some of these approaches included mixing different kinds of anions (Yi et 

al., 2014), providing halide metal dopant (Zaafouri et al., 2014), and preparing a composite (Jodi 

et al., 2016).  

Some studies on the conductivity of xLi2O-P2O5 compounds at the stoichiometric composition of 

x = 1~5 have been reported (Kartini et al., 2014; Jahja et al., 2015; Jodi et al., 2016). When x=1, 

the compound was reported to form an amorphous phase, while for x=2 and x=3 the compound 

formed crystalline phases. For Li2O content, at less than x≈1.3, the compound was reported to 

construct LiPO3 phases which could be quenched to a glass form (Nakano et al., 1979). The 

highest reported conductivity was reached by the compound where x=2. Although the studies 

reported various compositions, there were no findings provided regarding the conductivity of a 

non-stoichiometric composition of amorphous and crystalline phases.  

In this work, new non-stoichiometric compositions of xLi2O-P2O5were prepared through a solid-

state reaction, to be used as a solid electrolyte. The study was focused on electrochemical 

characterization in order to determine the electrochemical properties of the xLi2O-

P2O5compounds where x=1.5 and x=1.8. Synthesized samples were characterized using XRD, 

Scanning Electron Microscopy (SEM), and Electrochemical Impedance Spectroscopy (EIS) 

characterization. The XRD patterns confirmed characteristics peaks of Li4P2O7 in both samples. 

The conductivity of the compounds was of the order of 10−6 S/cm. Although the compounds 

contained less Li2O content, their conductivity was of the same order as that of stoichiometric 

Li4P2O7, and was higher by three orders of magnitude than that of Li3PO4. 

 

2. EXPERIMENTAL  

Lithium carbonate (Li2CO3, Alfa Caesar, 99%) and ammonium dihydrogen phosphate 

(NH4H2PO4, Merck, 98%) were used as initial materials to prepare the xLi2O-P2O5compounds 

for x=1.5 and x=1.8, using the conventional melt-quenching method. Ceramic crucibles, a digital 

scale, an agate mortar, magnetic stirrers, and a heating furnace were employed in preparing the 

samples. 

The non-stoichiometric molar ratios of Li2CO3 and NH4H2PO4 were well mixed using magnetic 

stirrers for two hours, and were ground for an hour. The homogenized powder batches were 

calcined at 673 K for an hour in order to release H2O, NH3, and CO2, and then were gradually 

heated up to 923 K for four hours. The mixtures were then quenched in demineralized water and 

smoothed in an agate mortar. 
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A Shimadzu XD-610 XRD, equipped with a Cu K1 source target, was utilized to record the 

room-temperature XRD pattern of the samples and confirmed material formation. Diffraction 

patterns were logged with a goniometer (2) from 5° to 90°. A JEOL JSM-6510LA SEM, 

equipped with Energy Dispersive X-ray Spectrometry (EDS), was employed to observe the 

morphology and provide an elemental analysis of the samples. 

To characterize the electrochemical properties, the resulting products were pelletized into 15 mm 

diameter cylindrical forms using 15 MPa uniaxial pressures, and were heated from room 

temperature to 923 K for four hours. Silver paste was applied on both sides of the samples to 

serve as ion-blocking electrodes and current collectors. Impedance spectra were collected in an 

ambient atmosphere and temperature at an applied voltage of 1 V over a frequency range of 42 

Hz–5 MHz using a HIOKI LCR HiTESTER 3532-50. 
 

3. RESULTS AND DISCUSSION 

XRD spectra of the xLi2O-P2O5 compounds where x=1.5 and x=1.8 are shown in Figure 1. The 

crystal phases of both of the compounds are mainly identified as Li4P2O7 phases indexed by 

anorthic symmetry with P-1 space group (#98-005-9243). The characteristic peaks of this phase 

present at 2 = 20.5, 22.5, and 27.8, which corresponds to (0-11), (01-2), and (020) reflections 

respectively in both spectra. The characteristic reflections of the Li4P2O7 phase are more present 

in the spectra of the compound where x=1.8, as shown in Figure 1b. The highest peak, at 2 = 

20.5°, has a full width at half maximum value of 0.128 and a crystallite size of 969.3 Å. In 

addition, two minor phases were found and identified as - Li3PO4 and LiPO3 phases. The 

compound where x=1.8 has fewer minor phases than the compound where x=1.5. 

Although the two Li2O-P2O5 compounds differ in terms of their stoichiometry and Li content, 

they exhibit the same lattice structure and nearly the same crystallization kinetics. These findings 

are in agreement with earlier research which reported that, at a temperature above 873 K, xLi2O-

P2O5 compounds will form Li4P2O7 phases in the range of 1.3≤x≤2, and only differ in melting 

temperature, which increases with lithium content (Nakano et al., 1979). Furthermore, due to a 

rapid and reversible polymorphic inversion at about 900 K, the high-temperature Li4P2O7 form 

could not be obtained by quenching (Tien & Hummel, 1961). Therefore, the presence of minor 

phases in the spectra is predicted to be an effect of the quenching methods used in this experiment. 

A longer heating time to complete the reaction and natural cooling are expected to potentially 

diminish the presence of the minor phases. 

 

 

Figure1XRD pattern of xLi2O-P2O5 compounds:(a) x=1.5; and (b) x=1.8 
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Figure 2 The SEM micrographs of xLi2O-P2O5 compounds:(a) x=1.5; and (b) x=1.8 

 

Figure 2 shows the SEM micrographs of the xLi2O-P2O5 compounds where x=1.5 and x=1.8. It 

is clearly shown that both compounds have nearly the same structure, consisting of porous 

agglomerates. The formation of these agglomerates indicates that the compounds have particles 

that are smaller than the size shown in micrographs. These agglomerates are thought to form 

during the gradual heating process (Jodi et al., 2016). Agglomerates of the compound where 

x=1.8 appear to be more solid with a size of about 48-110 µm, much larger than that of the 

compound where x=1.5, which is about 8-60 µm. This difference is believed to be due to the 

difference in melting temperature of the precursors of the compounds: P2O5 has a lower melting 

temperature than Li2O. The addition of Li2O content leads to more Li2O particles in the melted 

P2O5, resulting in enlargement of the size of the agglomerates. 

Quantitative analysis using EDS provided the elemental composition of the samples, which were 

dominated by the elements O and P, confirming the formation of the Li2O-P2O5 polymorphs. The 

ratio of the atomic composition of O and P was in the range 3.1–3.5, which means that both 

samples were dominated by Li4P2O7 as indicated by the XRD results. 

The impedance plots for the xLi2O-P2O5 compounds where x=1.5 and x=1.8 at room temperature 

are presented in Figure 3a. The impedance plots for the two compounds have the same nature; 

each consists of a depressed semicircle, which is indicative of a non-Debye relaxation process. 

The presence of a single semicircle indicates that the electrical processes in the material 

essentially arise due to the contribution of the bulk material (Taher et al., 2016). The bulk 

resistance, Rb, of the electrolytes is determined according to the interception of an extrapolated 

semicircle with a real axis (Chilaka& Ghosh, 2014). The value of Rb is observed to increase with 

the addition of Li2O, as presented in Table 1.  

 

 

Figure 3 Room temperature complex impedance and frequency dependence (Bode) of complex 

impedance plots of xLi2O-P2O5 compounds. Blank marks in the Bode plots are for resistive(Z’), 

while filled marks are for capacitive impedance (Z”) 
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Table 1 The bulk resistance and fitted conductivity parameters for the xLi2O-P2O5 compounds 

calculated from the observed experimental impedance values 

xLi2O-P2O5 
Resistance 

Rb(ohm) 

DC conductivity 

dc(S/cm) 

Power law 

exponent(s) 

x=1.5 7.01×10+4 4.09×10-6 0.76 

x=1.8 1.64×10+5 1.11×10-6 0.69 

 

The presentation of the complex impedance data as a function of angular frequency is shown in 

Figure 3b. The variation of resistive impedance (Z’) with frequency demonstrates that the value 

of Z’ increases with the addition of Li2O content. At high frequency, the Z’ values of both samples 

coincide, implying the possible release of space charge as a result of a reduction in the resistive 

behavior of the material. The variation of capacitive impedance (Z”) with frequency shows that 

the value of Z” for both of the samples attains a maximum (Z” max) at a certain frequency, which 

explains the presence of a relaxation process in the sample (Subohi et al., 2016). In dielectric 

material, a relaxation process generally occurs due to the presence of immobile charges at low 

temperature (Jonscher, 1977). The maximum value of Z” increases with an increase in Li2O 

content, indicating an increase in resistance and a decrease in capacitance. The relaxation time, 

which is the inverse of the frequency at which Z” attains a maximum, increases with the rise in 

the value of x. 

The complex conductivity of the samples varies with angular frequency (Jonscher, 1977), and 

could be calculated from the measured impedance value and dimensions of the samples. The 

variation of complex conductivity as a function of frequency for the xLi2O-P2O5 compounds 

where x=1.5 and x=1.8 are shown in Figure 4. It can be observed that the conductivity pattern 

could be divided into two regions, that is, an almost frequency-independent region for low-

frequency, and the high-frequency region in which conductivity increases in parallel with the 

increase in frequency. The most level region of conductivity in the lower frequency characterizes 

the direct conductivity that is a result of the displacement of charge carriers (Jayswal et al., 2013). 

In the higher frequency region, the conductivity obeys Jonscher’s power law,A, which indicates 

the presence of a hopping conduction mechanism (Sassi et al., 2015).  

 

 

Figure 4 The room-temperature frequency-dependent plots of complex conductivity for 

xLi2O-P2O5 compounds with x=1.5 and x=1.8 

 

The observed complex conductivity curves can be described by Jonscher’s power law equation, 

as follows (Jonscher, 1977): 
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 𝜎(𝜔) = 𝜎𝑑𝑐 + 𝐴𝜔𝑠 (1) 

where dc, A, and s are the DC conductivity, the temperature-dependent factor, and the power 

law exponent, respectively. The conductivity parameters can be obtained by fitting the curve to 

Equation 1 using the non-linear least squares fitting procedure, as presented in Table 1. It is 

evident that DC conductivity decreases with the addition of Li2O from x=1.5 to x=1.8. However, 

both of the compounds have DC conductivity in the same order, that is, of 10−6 S/cm. This value 

of conductivity is of the same order as the conductivity of stoichiometric Li4P2O7, which contains 

more Li2O content, but three orders higher than the conductivity of Li3PO4 where x=3 (Jodi et al., 

2016). The increase in conductivity may be ascribed either to the increase in mobile ion 

concentration or to the increase in free space, which allows the ions to move. The values of the 

evaluated power law exponent (s) are in the range of 0.69–0.76 for both compounds, indicating 

that, for each of the compounds, the backward hopping is slower than the site relaxation time. 

Consequently, the hopping of lithium ions may be one of the sources of conduction in this xLi2O-

P2O5 system of Li4P2O7 (Taher et al., 2016). 

 

  

  

Figure 5 Frequency-dependent plots of permittivity for  xLi2O-P2O5 compounds 

  

Figure 5 shows the frequency-dependent plots for the permittivity of the xLi2O-P2O5 compounds, 

where 5a and 5b show the normal view, and 5c and 5d show the log-log view. The real part of 

complex permittivity is the dielectric constant (’), while the imaginary part is the dielectric loss 

(’’).In both parts of permittivity, a very strong dispersion is observed in the low-frequency range. 

With regards to the dielectric material, this effect is due to the significant contribution of charge 

polarization at the electrode–electrolytes interfaces for the dielectric constant, while, for the 

dielectric loss, the dispersion is due to the migration of ions in the material (Adnan & Mohamed, 

2012). At higher frequency, an almost frequency-independent nature is observed in both the 

dielectric constant and dielectric loss. This is due to the rapid periodic electric field reversal and 
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to the limitation of ion vibrations, respectively. The log-log plot permittivity provides clear 

evidence that the value of both parts of the permittivity of the compounds where x=1.5 are higher 

than those of x=1.8. According to the theory of hopping of charge carriers over a potential barrier 

between charged defects, the slope of dielectric loss is inversely proportional to the maximum 

barrier height (Mott & Davis, 2012). Thus, both of the compounds have the same barrier height, 

although they have different compositions. The values of the slope (m) are near minus unity, 

which indicates that the conduction in both samples was more predominantly DC conduction. 
 

 

Figure 6 Frequency-dependent plots of tandelta for xLi2O-P2O5 compounds 

 

Figure 6 presents the frequency-dependent plots of tandelta for the xLi2O-P2O5 compounds 

where x=1.5 and x=1.8. The peak of tandelta is shifted toward a higher frequency, as the content 

of Li2O increases from x=1.5 to x=1.8. The peak of tandelta is expected to occur when the 

hopping frequency is approximately equal to the applied external field, and the frequency of the 

electric field is expected to be proportional to the jumping probability per unit time (Hockicko et 

al., 2015). Thus, the shift of the peak toward a higher frequency indicates that the jumping 

probability increases with the addition of Li2O content, and also with the content of mobile ions 

in the compounds (Sudaryanto et al., 2015). 

 

4. CONCLUSION 

In this current work, we have successfully synthesized xLi2O-P2O5 compounds where x=1.5 and 

x=1.8 by using a solid-state reaction. The XRD spectral data indicated that all of the compounds 

were composed mainly of Li4P2O7 crystals. Minor phases of LiPO3 and Li3PO4 were present in 

both compositions, but more phases were found in the composition where x=1.5. The two 

compounds had the same agglomerated structure, but the compound where x=1.5 had a smaller 

agglomerate size. The impedance spectra of the two compounds had the same characteristics, 

although the compound where x=1.5 had lower resistance, and hence better conductivity. The 

DC conductivity of both compounds was of the order of 10−6 S/cm, which was higher by three 

orders of magnitude than that of Li3PO4. The value of the AC-conductivity parameters for the 

higher frequency revealed that the long-range drift of ions may be one of the sources of ion 

conduction in the compounds. 
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