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Abstract A new Li-ion conducting holmium based solid

electrolyte by the sol–gel method was synthesized. The

synthesis was carried out at low temperature compared to

conventional methods by which lanthanoid silicates are

synthesized. The formation temperature of the compound

was found through differential thermal analysis and ther-

mogravimetric analysis (DTA-TG). The sintered samples

were characterized by X-ray diffraction (XRD), Fourier

transform infrared spectroscopy (FTIR), scanning electron

microscopy (SEM) and ac impedance spectroscopy. The

temperature dependence of conductivity was analysed. The

experimental results show that the formation temperature

of the lithium holmium silicate was found to be above

500 �C. Highest conductivity obtained was in the order of

10-4 S cm-1 at 750 �C.
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properties � Impedance spectroscopy � Ionic conductivity

1 Introduction

There is a growing interest in finding new solid electrolytes

for high temperature lithium batteries, which will be useful

in military and space applications. Solid electrolytes have

many advantages over liquid electrolytes in terms of design

flexibility and miniaturization of electronic devices. Com-

mercial development of a solid state lithium battery relies

on the successful development of a solid electrolyte with

high ionic conductivity. Recently, various types of solid

electrolytes for lithium batteries have been found [1–4]. It

was reported that lithium lanthanoid silicates exhibit high

ionic conductivities at higher temperatures [4]. The con-

ductivity of LiLnSiO4 prepared by solid-state reaction

method with several lanthanoids (Ln = La, Sm, Gd, and

Dy) has been reported by Nakayama et al. [5] and Sato

et al. [6, 7]. Sato et al. [6] reported the determination of the

structure of LiLnSiO4 and found an apatite structure as a

possible solution of the bulk. Many alkali rare earth sili-

cates become high ionic conductors, in which the alkali

ions serve as mobile species. Examples include Na5YSi4
O12 [8], Na1?xZr2SixP3-xO12 known as NASICON [9] and

Na3?3x-yR1-xPySi3-yO9 (R = rare earth) known as

NARPSIO [10]. Alkali rare earth silicates are particularly

suited for an investigation of the relationship between

conductivity and structure because of the possibility of

very precise tailoring of the crystal lattice, which is con-

structed by a three-dimensional rigid SiO4 frame work. For

example, mobile species can be replaced by making non-

isovalent substitution on the rare earth sites, leaving the

silicate frame work structure almost intact. In this commu-

nication, for the first time lithium holmium silicate based

solid electrolyte with an apatite structure was prepared by

the sol–gel method. Through this method, a lower formation

temperature was achieved compared to the conventional

solid state method. Characterization was done by XRD,

FTIR & SEM. The conductivity of the synthesized com-

pound was determined using impedance measurements.

2 Experimental

Stoichiometric amounts of lithium nitrate and holmium

nitrate were dissolved in nitric acid. This solution was

mixed with appropriate amounts of ethanol, acetic acid,
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tetraethoxysilane (TEOS) and water. A clear sol was

formed after stirring the mixture at 80 �C for about 6 h.

The sol transforms into a gel after heating at 90 �C for

12 h. The precursor compound was analysed by differential

thermal analysis and thermogravimetry using a STA 1500

TG/DTA analyser. This gel was calcined at 600 �C for 7 h

to get mixed oxides by removing the organic components.

The ‘‘as calcined’’ powder was ground well and pure

lithium holmium silicate was obtained by further calcining

the powder at 800 �C for 24 h. The flow chart for the

preparation of LiHoSiO4 is given in Fig. 1.

The pure lithium holmium silicate powder obtained after

calcining was crushed into fine powder and spread in a die.

A pressure around 4,000 kg cm-2 was applied to form

pellets of 0.1 cm thickness and 1.5 cm diameter. These

pellets were sintered at 800 �C for 24 h. The sintered

samples were characterized using X-ray diffraction (JEOL-

JDX 8030 X-ray diffractometer, k = 1.5406 Å using

Cuka), FTIR (Perkin-Elmer Paragon-500 FTIR spectro-

photometer in the region 400–4,000 cm-1) and scanning

electron microscopy (Hitachi S-300 H scanning electron

microscope). For impedance measurements an AUTOLAB

PGSTAT 30 with FRA was used. An ac amplitude of 5 mV

in the frequency range 100 kHz to 1 Hz was used.

The pellets were placed between two discs made of gold

coated stainless steel and were then placed inside a muffle

furnace for conducting impedance measurements at dif-

ferent temperatures.

3 Results and discussion

3.1 TG/DTA

To understand the formation temperature of the compound,

as well as changes occurring during formation such as

decomposition of the organic components, phase formation

and transition temperature, the precursor sample of the

compound was subjected to thermal analysis and the results

are shown in Fig. 2. The formation of the compound fol-

lows three steps. First region (from 30 to 210 �C) shows

35% weight loss of the sample, which accounts for the

entrapped moisture inside the precursor. The second region

(from 210 to 310 �C) with a weight loss of 20%, corre-

sponds to the decomposition of organics. The third region

(from 310 to 536 �C) reflects a the weight loss of 13%,

which may be due to the decomposition of nitrates and

other components. There is no weight loss after 536.03 �C

indicating the completion of the reaction thus leading to the

formation of the compound at this temperature.

The DTA data shown in Fig. 2 for the sol–gel product

with Li:Ho ratio of 1:1, indicates the highest exo effect at

TEOS+C2H5OH+CH3CO

OH+H2O 

          Ho(No3)3+H2O 

0.1N HNO3 added 

with strirring

LiNO3 +H2O 

Clear solution 

       Sol 

  Stirred at RT 

Stirring at 80°C for 6 h 

       Gel 

Heating at 90°C for 12 h 

Mixed Oxides 

Calcined at 600°C

             LiHoSiO4 

Ground well and heated 

at 800°C for 24 h

Fig. 1 Flow chart for the

synthesis of LiHoSiO4
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250 �C due to the decomposition of organics which cor-

responds to the mass loss in the sample occurs at 250–

536 �C in thermogravimetric analysis. The resultant prod-

uct formed at low temperature tends to create large defects

with grain and grain boundaries which are responsible for

lithium ion conduction.

3.2 XRD

X-ray diffraction analysis was carried out to confirm the

formation of LiHoSiO4. As shown in Fig. 3 X-ray dif-

fraction pattern for LiHoSiO4 displays characteristic peaks

at 2h = 23.7�, 27.7� and at 33.3� with d spacing of

3.175 Å, 3.218 Å and 2.668 Å. This pattern is well mat-

ched with the XRD patterns of apatite structure of

LiLnSiO4 (Ln = Lanthanoid) as reported earlier [5].

Matsumoto et al. [4] reported a sharp and characteristic

peak around 2h = 30� which corresponds to maximum

orientation of grains at the 211 plane for LiLaSiO4.. This is

shifted towards higher angles here as the ionic radius of the

Holmium is less compared to that of Lanthanum.

3.3 FTIR

Figure 4a shows the FTIR spectra for the precursor (LiOH,

Ho(NO3)2 & TEOS) material heated to 90 �C. The broad

bands in the regions 3,200–3,400 cm-1 and at 1,630–

1,650 cm-1 may be attributed to stretching and bending

vibrational modes of the O–H of molecular water and the

Si–OH stretching of surface silanol hydrogen bonded to

molecular water. The band in the 1,350–1,475 cm-1 region

corresponds to Ho–O asymmetric stretching vibration in

HoO3 units. The band in the region 910–925 cm-1 is

assigned to Ho–O bond vibration of HoO4 units. The broad

band at 1,100–990 and 750 cm-1 may be due to the

stretching mode of broken Si–O bridges. The band at

475 cm-1 corresponds to the deformation mode of Si–O–Si

[11].

Figure 4b shows the FTIR spectra of the synthesized

LiHoSiO4. The spectra show the disappearance of a band at

1,100 cm-1 and appearance of a band at 940–999 cm-1,

which is associated with the formation of a ring structure of

SiO4 tetrahedral [12] as well as the stretching frequency of

Si–O–Ho and it is especially significant in crystalline

phase. A band at 1,440–1,485 cm-1 is attributed to the

Fig. 2 TG/DTA for LiHoSiO4

Fig. 3 XRD for LiHoSiO4 Fig. 4 FTIR for LiHoSiO4 at (a) 90 �C (b) 800 �C
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formation of a Holmium–silicate linkage. The crystalline

phase formation is confirmed from XRD results.

3.4 SEM

Figure 5 shows the SEM for the sample LiHoSiO4 pellet.

Particles of the order of 5–10 lm are evenly distributed

over the surface. Grains are oriented randomly with well

defined inter-grain contact.

3.5 Impedance analysis

Figure 6 shows the typical complex impedance diagrams

obtained at different temperatures viz at 600–750 �C for

the specimen sintered at 800 �C. At temperatures 600 and

650 �C two semicircles are observed. The one at high

frequency is due to the response of the grains and the other

at low frequency is attributed to grain boundaries. Grain

conduction is required in preference to grain boundary

conduction for lithium ion conducting material to be

operated at high temperatures.

At temperatures 700 and 750 �C, a single semicircle is

obtained which is due to the grains. As the temperature

increases, inter-grain contact resistance becomes smaller

due to grain reorientation. This may also be due to

agglomeration of the grains where the grain boundary

vanishes. As the temperature is increased the enhancement

of conductivity is seen by the reduction in the diameter of

the circular arc which is due to disappearance of grain

boundaries.

The Equivalent circuit is assumed as described in Fig. 7

and this is conceived as resistors and capacitors due to

grain and grain boundaries of the specimen placed between

two blocking electrodes. The contribution towards the

leads and electrode contact resistances are attributed to R1

(ohmic resistance) and that of resistance due to grains

and grain boundary are attributed to R2 (Polarisation

resistance). These values are calculated and tabulated in

Table 1. The capacitance due to grain and grain boundaries

are represented as C1 and C2. As discussed earlier, as the

temperature is increased, capacitance due to grain bound-

ary vanishes and only capacitance and resistances (C1 and

R2) due to grains exists. The polarisation resistance

decreases as the temperature is increased, thus leading to

enhanced conductivity of the order of 10-4 S cm-1.

Fig. 5 SEM for LiHoSiO4

Fig. 6 Impedance spectroscopy at few temperatures

Fig. 7 Equivalent circuit diagram

Table 1 Values of solution resistance (R1) and polarisation resis-

tance (R2) for the synthesized LiHoSiO4

Temperature (�C) R1 (ohm) R2 (ohm)

600 1.8825 9 102 4.9949 9 104

650 2.4090 9 103 1.6021 9 104

700 2.9731 9 103 4.7915 9 102

750 1.6985 9 103 3.092 9 102
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3.6 Temperature dependency of conductivity

Conductivities are calculated from the resistances obtained

from the impedance plots. Conductivity increases with

increase in temperature. Conductivities obtained at differ-

ent temperatures are parameterised by the Arrhenius

equation

r ¼ r0expð�Ea/kTÞ

where r is the conductivity and r0 is the pre exponential

factor. Ea, is the activation energy, k is the Boltzmann

constant and T is absolute temperature, respectively. The

temperature dependency of the conductivities is shown in

Fig. 8. From the log (rT) vs 1000/T plot, activation energy

was calculated and the value obtained is 0.5 eV. The

obtained value is better than that reported for lanthanum

silicate (0.64 eV) [13].

4 Conclusion

Lithium holmium silicate solid electrolyte was prepared by

the sol–gel method for the first time. Easy preparation, low

processing temperature, phase purity, better size and mor-

phological control are some of the advantages of this

method. From the experimental results it is concluded that

the sintered sample exhibits fairly high conductivities at

higher temperatures. The highest conductivity obtained

using this method is in the order of 10-4 S cm-1at 750 �C.

The activation energy obtained for this sample was 0.5 eV.
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