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Abstract
Lithium exchanged phases of amorphous and crystalline zirconium titanium phosphate have been synthesized by an ion

exchange technique. These materials have been characterized by elemental analysis (ICP-AES and AAS), spectral

analysis (FTIR), thermal analysis (TGA) and X-ray diffraction studies. The conductance properties of these materials

have been explored by measuring specific conductance at different temperatures in the range of 30–250 °C at 10 °C in-

tervals, using impedance analyzer over a frequency range 1 Hz – 32 MHz at a signal level below 1 V. Lithium exchan-

ged phases of amorphous and crystalline zirconium phosphate and titanium phosphate have also been synthesized under

identical conditions, characterized and their conductance properties investigated for comparative studies. It is observed

that, in all cases, conductivity decreases with increasing temperature. Conductance performance is discussed based on

conductivity data and activation energy. 

Keywords: Solid electrolyte, ionic conductor, lithium ion conductor, tetravalent metal acid salts, zirconium titanium

phosphate, lithium exchanged phases of zirconium titanium phosphate.

1. Introduction 
Tetravalent metal acid (TMA) salts possess the ge-

neral formula M(IV)(HXO4)2
.nH2O where M (IV) = Zr,

Ti, Sn, Ce, Th etc and X = P, Mo, W, As, Sb etc. The pro-
tons present in the structural hydroxyl groups of these ma-
terials can be exchanged for several cations with retention
of basic structure and properties. TMA salts have been wi-
dely investigated for proton transport behaviour.1,2 Proton
conductors find applications in fuel cells, sensors, water
electrolysis units and other electrochemical devices. 

Metal exchanged phases (Li+, Na+, K+, Ag+, Ni2+,
Cu2+) of TMA salts have been investigated for ion conduc-
tion behaviour.3,4,5 Lithium ion conductors are especially
attractive. Small ionic radius and lower weight of lithium
ion, being essential criteria for good conduction, besides
an extremely high reduction potential of lithium ion sup-
port its potential use in high energy density batteries. Furt-
her, lithium ion transport is promoted in cation exchange
materials.6

Conductivity of lithium exchanged tin phosphate7,8

and zirconium phosphate9 have been reported. Lithium
exchanged iron (III) phosphate has been investigated for
rechargeable lithium-ion battery application.10 Li9M3

(P2O7)3(PO4)2 with M = Al, Ga, Cr, Fe was synthesized
and their transport properties investigated.11 Transport
properties of Li+ and Cu2+ exchanged phases of zirco-
nium phosphate have been reported by us.12 It has also
been observed that amorphous phases of TMA salts ex-
hibit higher conductance compared to corresponding
crystalline phases,13 and mixed materials exhibit higher
conductance compared to their single salt counter
parts.14

In the light of above studies, in the present endeavor,
lithium exchanged phases of amorphous and crystalline
zirconium titanium phosphate (LiZTPA, LiZTPC) have
been synthesized. These materials have been characteri-
zed by elemental analysis (ICP-AES and AAS), spectral
analysis (FTIR), thermal analysis (TGA) and X-ray dif-
fraction studies. The conductance properties of these ma-
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terials have been explored by measuring specific conduc-
tance at different temperatures in the range of 30–250 °C
at 10 °C intervals, using Solartron Impedance Analyzer
(SI 1260) over a frequency range 1 Hz – 32 MHz at a sig-
nal level below 1 V. Lithium exchanged phases of single
salt counter parts, both amorphous and crystalline, zirco-
nium phosphate (LiZPA, LiZPC) and titanium phosphate
(LiTPA, LiTPC) have also been synthesized under identi-
cal conditions, characterized, their conductance properties
investigated for comparative studies and conductance per-
formance discussed based on conductivity data and acti-
vation energy. 

2. Experimental

2.1 Synthesis of Zirconium Titanium 
Phosphate – Amorphous 
(ZTPA)

A solution containing 0.1 M ZrOCl2 · 8H2O and 0.1
M TiCl4 in 10 % w/v H2SO4 (100 mL) was prepared. To
this solution 200 mL, 0.2 M NaH2PO4 · 2H2O was added
dropwise (flow-rate, 1 mL min–1) with continuous stirring
at room temperature. After complete precipitation, the ob-
tained gel was stirred for another 5 h. The precipitate was
kept in contact with mother liquor overnight, filtered,
washed with double distilled water to remove adhering
ions (chloride and sulfate) {stage 1} and dried at room
temperature. The material was then broken down to the
desired particle size [30–60 mesh (ASTM)] by grinding
and sieving. 5 g of this material was treated with 50 mL of
1M HNO3 for 30 min with occasional shaking. The sam-
ple was then separated from acid by decantation and trea-
ted with double distilled water to remove adhering acid.
This process (acid treatment) was repeated at least five ti-
mes. After final washing, the material was dried at room
temperature. 

2.2 Synthesis of Zirconium Phosphate –
Amorphous (ZPA) and Titanium 
Phosphate – Amorphous (TPA) 
A solution of ZrOCl2 · 8H2O (0.1 M, 100 mL) or Ti-

Cl4 (0.1 M, 100 mL) in 10 % w/v H2SO4 was prepared as
the case may be. To this solution NaH2PO4 · 2H2O (0.2 M,
200 mL) was added dropwise (flow-rate, 1 mL min–1)
with continuous stirring at room temperature. After com-
plete precipitation, the obtained gel was stirred for another
5 h. The precipitates was kept in contact with mother li-
quor overnight, filtered, washed with double distilled wa-
ter to remove adhering ions (chloride and sulfate) {stage
1} and dried at room temperature. The materials were
then broken down to the desired particle size [30–60 mesh
(ASTM)] by grinding and sieving. The material was acid
treated as in 2.1.

2. 3. Synthesis of Zirconium Titanium
Phosphate – Crystalline (ZTPC), 
Zirconium Phosphate – Crystalline
(ZPC) and Titanium Phosphate – 
Crystalline (TPC) 

The gel obtained in stage 1, (as in 2.1, 2.2) above
was refluxed with phosphoric acid for ∼ 100 h, filtered,
washed and dried at room temperature to obtain the cry-
stalline material.

2. 4. Lithium Exchanged Phases 

2 g of each material (ZTPA, ZPA, TPA, ZTPC, ZPC,
TPC) was equilibrated with 200 mL, 0.2 M lithium aceta-
te solution, with continuous stirring at 50 °C for 100 h.
The solid was separated by filtration and washed with
conductivity water for removal of adhering ions and dried
at room temperature. Lithium exchanged phases of
amorphous and crystalline phases are abbreviated as Li-
ZTPA, LiZPA, LiTPA and LiZTPC, LiZPC, LiTPC and
respectively.

2. 5. Instrumentation

The samples were analyzed for zirconium, tita-
nium and phosphorus content using ICP-AES (Lab-
tam, 8440 Plasmalab) and lithium content by AAS
(Chemito, AA203). X-ray diffractogram (2θ = 5–80°)
was obtained on X-ray diffractometer (Brucker AXS
D8) with Cu-Kα X-ray source of wavelength 1.5418
Å and nickel filter. FTIR spectra were recorded using
KBr wafer on a Perkin Elmer Paragon 1000 spectrop-
hotometer. Thermal analysis (TGA) was carried out
on a Shimadzu DT 30 thermal analyzer at a heating
rate of 10 °C min–1. Solartron Impedance Analyzer (SI
1260) was used for specific conductance measure-
ment.

2. 6. Conductivity Measurements

The proton conductivity of the materials was mea-
sured using pellets of 10 mm diameter and 1.5–2.0 mm
thickness. Pellets were prepared by pressing ∼ 300 mg of
material at 40 KN/cm2. The two opposite flat surfaces of
the pellets were coated with conducting silver paste to
ensure good electrical contacts. Complex impedance
was measured in the temperature range 30–250 °C, at 10
°C intervals, using Solartron Impedance Analyzer (SI
1260) over a frequency range 1 Hz – 32 MHz at a signal
level below 1 V, interfaced to a computer for data collec-
tion. In all cases, since the impedance plots of the mate-
rials consist of single depressed semicircle, the pellet
conductivity was calculated by arc extrapolation to the
real axis, taking into account the geometrical sizes of the
pellets.
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3. Results and Discussion

3. 1. Characterization
LiZPA, LiTPA, LiZTPA are obtained as white hard

granules while LiZPC, LiTPC and LiZTPC are obtained
as white powder. Elemental analysis performed by ICP-
AES shows M : P ratio as 1 : 1 in LiZPA, LiTPA, LiZPC
and LiTPC. Zr : Ti : P ratio is found to be 1 : 1 : 2 in Li-
ZTPA and LiZTPC. For all characterizations (X-ray,
FTIR, thermal), as a representative, figures of LiZTPA
and LiZTPC are presented.

The absence of any sharp peaks in the X-ray diffrac-
tograms of LiZTPA (Fig. 1a) indicates amorphous nature
of the material. Sharp peaks obtained in case of LiZTPC
(Fig. 1b) indicate crystalline nature of the materials. The
X-ray diffractogram of LiZPA and LiTPA also does not
exhibit any peak indicating amorphous nature of the mate-
rial. The crystalline phases of LiZPC and LiTPC were
confirmed from the JCPDS card no. 33-1482 and 44-0382
respectively. 

1620 cm–1 is attributed to aquo (H–O–H) bending. A band
in the region ∼ 1035 cm–1 is attributed to the presence of
P=O stretching. A medium intensity band at 1400 cm–1 is
attributed to the presence of δ(POH).15 These bands indi-
cate the presence of structural hydroxyl groups/protonic
sites in the material. No characteristic changes are obser-
ved in the FTIR spectrum of the lithium exchanged pha-
ses. However, additional metal-oxygen stretches, Li–O
have been observed16 ∼ 526 cm–1, confirming the forma-
tion of lithium exchanged phases. 

TGA of all the materials (Fig. 3a,b) indicates two
weight loss regions. The first weight loss region (up to
∼ 180 °C) is attributed to loss of moisture/ hydrated wa-
ter. The second weight loss in the range 250–500 °C is
attributed to condensation of structural hydroxyl
groups. 

Based on the elemental analysis (ICP-AES and
AAS) and thermal analysis (TGA) data, LiZPA, LiTPA,
LiZTPA, LiZPC, LiTPC, LiZTPC, are formulated as 

Fig. 1. X ray diffractograms of (a) LiZTPA and (b) LiZPC.

The FTIR spectra (Fig. 2a,b) exhibit a broad band in
the region ∼ 3400 cm–1 which is attributed to asymmetric
and symmetric –OH stretches. A sharp medium band at

ZrLi0.51H1.49(PO4)22H2O, TiLi0.57H1.43(PO4)22.5H2O and
Zr0.55Ti0.45Li0.62H1.38(PO4)2 H2O, ZrLi0.49H1.51(PO4)2H2O,
TiLi0.52H1.48(PO4)2H2O and Zr0.51Ti0.49Li0.58H1.42(PO4)2

a) b)

Fig. 2. FTIR spectra of (a) LiZTPA and (b) LiZTPC.

a) b)



Fig. 4. Complex impedance plots for (a) LiZPA, (b) LiTPA (c) LiZTPA, (d) LiZPC, (e) LiTPC and (f) LiZTPC at 30 °C.

c)

b)
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Fig. 3. Thermograms of (a) LiZTPA and (b) LiZTPC.

a) b)

a)

f)

e)

d)
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H2O respectively. The number of water molecules in each
case was calculated using Alberti and Torracca formula.17

3. 2. Impedance Measurements

The complex impedance plots for LiZPA, LiTPA,
LiZTPA, LiZPC, LiTPC, LiZTPC at 30 °C have been pre-
sented in Fig. 4a–f.

In all cases, the impedance spectrum consists of a
single depressed semicircle attributed to the bulk elec-
trolyte resistance. A low frequency tail observed is attribu-
ted to electrode – pellet interfacial impedance, indicating
that the electronic conductivity is quite small/negligib-
le18,19. The sample resistance (R) was measured by extra-
polation of the high frequency arc crossing to the Z (real)
axis. The proton conductivity was measured using the
equation, σ = l / RA, where σ is the conductivity (S cm–1),
l is the thickness of the sample (cm) and A is the electrode
area (cm2). The values of the activation energy Ea for each
of the samples was calculated using the Arrhenius equa-
tion σ = σo exp (–Ea / kT), where k is Boltzmann’s con-
stant and T is temperature. The results of specific conduc-
tance (σ) and activation energy (Ea) have been presented
in Table 1.

(∼10–5–10–6) in the temperature range 30–250 °C. Howe-
ver, at higher temperatures, TMA salts themselves give di-
sordered complex impedance plots. Similar observations
have been made earlier by us and other workers.7–9, 12

Proton conduction study of M(IV) phosphates shows
that surface protons conduct ∼1000 times faster than bulk
protons. The transport of protons (H+) between relatively
stationary host anions is termed the šGrotthuss’ or šfree-
proton’ mechanism.20 The Grotthuss mechanism requires
close proximity of water molecules, which are firmly held
but able to rotate. At temperature > 150 °C, the conduction
is essentially due to bulk protons.21 At this temperature, so-
lid is anhydrous and the protons are covalently bonded to
phosphate.22 Thus, conduction of protons requires brea-
king and making of bonds. Thus, conduction decreases
with increase in temperature as observed in the present
study. In synthesizing lithium exchanged phases, it is well
known that all sites cannot be exchanged with lithium.10,11

Thus, exchanged phases contain two types of ions availab-
le for conduction and net/observed conductance is explai-
ned due to contribution of the two type of ions, viz. H+ and
Li+. At low temperature, the conduction is predominantly
protonic, due to presence of zeolitic water (Grotthuss mec-
hanism) and decreases with increase in temperature. The

Table 1. Specific conductivity σ (S cm–1) of LiZPA, LiTPA, LiZTPA, LiZPC, LiTPC, LiZTPC.

Specific conductivity (σσ) S cm–1 × 105

σσLiZPA σσLiTPA σσLiZTPA σσLiZPC σσLiTPC σσLiZTPC

30 0.99 8.80 9.26 0.72 1.97 9.88

40 0.79 7.88 8.51 0.60 0.79 9.51

50 0.61 6.07 7.71 0.53 0.47 9.39

60 0.40 5.19 6.94 0.42 0.41 9.07

70 0.39 3.97 6.09 0.22 0.32 8.49

80 0.38 3.65 5.31 0.16 0.30 7.72

90 0.31 3.12 4.73 0.10 0.28 7.09

100 0.27 2.57 4.15 0.10 0.27 6.51

110 0.22 2.20 3.77 0.10 0.26 5.84

120 0.19 1.87 3.30 0.09 0.25 5.13

130 0.17 1.32 2.94 0.08 0.24 3.84

140 0.15 1.01 2.75 0.07 0.22 2.92

150 0.17 1.42 2.86 0.08 0.23 3.02

200 0.30 3.11 4.56 0.14 0.24 3.37

250 0.57 5.26 6.34 0.39 1.26 6.91

Ea (kJ.mol–1) in the 
16.08 17.04 10.88 0.88 2.26 9.67

range 90–120 °C

Ea (kJ.mol–1) in the 
25.37 30.14 17.92 30.86 29.31 16.75

range 140–250 °C

For all the materials, it is observed that specific con-
ductivity decreases with increasing temperature upto 140
°C and then increases at higher temperatures. At a tempe-
rature as high as 250 °C the conductivity value is of the
order of 10–5–10–6 S cm–1. Complex impedance plot of lit-
hium exchanged phases at 250 °C, exhibits a semicircular
behaviour. The conductance values also remain constant

second, high temperature conduction, above 150 °C is due
to the mobility of Li+ that increases with increase in tempe-
rature. Since, H+ is smaller in size than Li+, O–Li bond is
weaker than O–H bond, it is anticipated that Li–O frame-
work bond allows faster lithium conductance. As tempera-
ture increases, the mobility of lithium ion also increases
which explains higher conduction above 150 °C. 
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Arrhenius plots (log σT vs 1/T) in the temperature
range 30–250 °C have been presented in Fig. 5. In gene-
ral, for all the materials, transition from proton to lithium
ion conduction occurs in the region ∼140 °C. Energy of
activation (Ea) values calculated in the temperature range
90–120 °C and 140–250 °C are presented in Table 1.
From Table 1, it is observed that, Ea values are higher in
140–250 °C region as compared to 90–120 °C region. H+

being lighter than Li+, Ea values are expected to be higher
for Li+ as compared to H+, indicating conduction to be
predominantly due to Li+ in the high temperature region
(140–250 °C) and due to H+ in the low temperature region
(90–120 °C). Lower Ea values in the 90–120 °C region,
indicate ease of conduction and suggests the mechanism
to be Grotthuss type, where Ea entirely depends on reo-
rientation of water molecules on the surface, which has
been explained earlier in the text. Further, low Ea values
17.92 and 16.75 kJ mol–1 for LiZTPA and LiZTPC respec-
tively compared to their single salt counterparts also indi-
cates ease of lithium conduction.

It is observed that, in cases of both amorphous and
crystalline phases, titanium phosphate (TP) exhibits grea-
ter conductance compared to zirconium phosphate (ZP). It
is observed23,24 that at 30 °C, σTP(amorphous)(4.03 × 10–5

Scm–1) > σZP(amorphous)(2.30 × 10–6 Scm–1) as well as σTP(cry-

stalline)(9.09 × 10–6 Scm–1) > σZP(crystalline)(6.56 × 10–6 Scm–1).

Since both ZP and TP have a common anion HPO4
2–, the

conductivity of the materials should bear a correlation
with the acidity of the cations. Acidity of a cation is rela-
ted to ion size and charge. Ionic radii for Ti4+ is 0.745 Å
and Zr4+ is 0.86 Å.25 Ti4+ with a high charge density exhi-
bits greater proton conductivity. In the present work, for
both amorphous and crystalline phases, σLiTP > σLiZP.
Clearfield at al26 have also studied the lithium exchanged
phases of crystalline zirconium phosphate, in which Zr4+

is progressively substituted by Ti4+ and observed increa-
sed conductance. They have explained increased conduc-

tance to be due to decrease in cavity sizes upon substitu-
tion. This causes Ti4+ and Li+ to be in close proximity,
which leads to repulsion between them leading to weaker
Li–O bond and hence higher conductance. There is there-
fore, critical interplay of several factors responsible for
conductivity. 

Further, for both amorphous and crystalline phases,
the order of specific conductance at 30 °C is – σLiZTP > σLiTP

> σLiZP. This is as per our earlier observations in case of
TMA salts, that mixed materials exhibit higher conductance
compared to their single salts counterparts.14,23,24 Higher
specific conductivity of mixed materials may be attributed to
some structural changes. However, as discussed above, the
final conductance is a critical interplay of several factors.

4. Conclusions

In lithium exchanged phases of TMA salts, conduc-
tance is due to contribution of both H+ as well as Li+. This
conductance is also retained up to fairly higher temperatu-
re due to high mobility of Li+ ion at high temperature.
Thus the study reveals the importance of lithium-exchan-
ged phases of TMA salts as solid electrolyte for medium
and high temperature applications.
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Povzetek
Litijeve izmenjane faze amorfnega in kristalini~nega cirkonijevega titanovega fosfata smo sintetizirali s tehniko ionske

izmenjave. Materiale smo karakterizirali z elementno analizo (ICP-AES in AAS), spektroskopijo (FTIR), termi~no ana-

lizo (TGA) in rentgensko fazno analizo. Prevodnost sintetiziranih materialov smo raziskovali z merjenjem specifi~ne

prevodnosti z impedan~nim analizatorjem v temperaturnem obmo~ju med 30 in 250 °C v frekven~nem obmo~ju od 1

Hz – do 32 MHz pri napetosti, manj{i od 1 V. Litijeve izmenjane faze amorfnega in kristalini~nega cirkonijevega fosfa-

ta in titanovega fosfata smo sintetizirali pod enakimi pogoji in za primerjavo merili njihovo prevodnost. V vseh prime-

rih prevodnost fosfatnih materialov pada z nara{~ajo~o temperaturo. 


