
Solid State Ionics 301 (2017) 1–9

Contents lists available at ScienceDirect

Solid State Ionics

j ourna l homepage: www.e lsev ie r .com/ locate /ss i
A new NASICON lithium ion-conducting glass-ceramic of the
Li1 + xCrx(GeyTi1 − y)2 − x(PO4)3 system
Rafael Bianchini Nuernberg ⁎, Ana Candida Martins Rodrigues
Laboratório de Materiais Vítreos-LaMaV, Departamento de Engenharia de Materiais, Universidade Federal de São Carlos, Rod. Washington Luiz, km 235, 13565-905, São Carlos, SP, Brazil
⁎ Corresponding author.
E-mail address: Rafael_nuernberg@ppgcem.ufscar.br (

http://dx.doi.org/10.1016/j.ssi.2017.01.004
0167-2738/© 2017 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 22 October 2016
Received in revised form 6 January 2017
Accepted 7 January 2017
Available online xxxx
We propose a new lithium ion-conducting glass-ceramic based on the Li1 + xCrx(GeyTi1 − y)2 − x(PO4)3 (LCGTP)
system. A specific composition (x = y = 0.4) of this system was synthesized by the melt-quenching method,
followed by crystallization. The crystallization behavior of the precursor glass was examined by differential scan-
ning calorimetry(DSC) and infrared spectroscopy (IR). The main results indicate that the LCGTP precursor glass
presents homogeneous nucleation and considerable glass stability, which allows solid electrolytes to be obtained
by the glass-ceramic route. After heat treatment, this glass crystallizes in a NASICON LiTi2(PO4)3-type phase,
demonstrating that the proposed system can accommodate Cr, Ti and Ge in an octahedral site. Different heat
treatment temperatureswere employed to obtain these glass-ceramics. Ionic conductivitywasmeasured by elec-
trochemical impedance spectroscopy (EIS). The sample heat-treated at 900 °C for 12 h showed the highest ionic
conductivity at room temperature (6.6 × 10−5Ω−1 cm−1). This specific glass-ceramic presented a remarkably
low activation energy (0.274 eV) related to grain contribution, which culminated in a grain conductivity of
8.5 × 10−4Ω−1 cm−1 at room temperature. In addition, a correlation was found between the cell volume and
the activation energy for lithium conduction. The samples' microstructures were examined by scanning electron
microscopy (SEM) and were also correlated to their ionic conductivity. This set of results suggests that the pro-
posed system is promising for the development of fast lithium ion-conducting glass-ceramics with further com-
positional optimization.
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1. Introduction

Li-ion batteries have an unexcelled combination of high energy and
power density, making this the technology of choice for portable elec-
tronics, power tools, electric vehicles and large-scale energy storage sys-
tems for intermittent power generation. Battery performance depends
critically on the materials used, and a challenge is the development of
safer and more reliable electrolytes. In this respect, inorganic solid lith-
ium ion conductors present potential advantages, such as the absence of
leakage and pollution, negligible electronic conductivity and high elec-
trochemical and thermal stability [1,2,3,4,5,6]. Among the main lithium
ion conductors are the NASICON-type structured phosphates [7,8,9,10].
The general formula of a NASICON-type compound is LiM2(PO4)3,
where M is a tetravalent cation (Ge, Ti, Zr, Sn or Hf). Thus, the NASICON
structure consists of a covalent skeleton containing an MO6 octahedron
connected by corners to a PO4 tetrahedron, forming 3D interconnected
channels that enable conductor cations to move through the structure
with low activation energy. Therefore, the structural and electrical prop-
erties of NASICON-type compounds depend on the composition of the
R.B. Nuernberg).
framework [4,5,7,11]. Conductivity measurements through NASICON-
type lithium phosphates withM cations of different sizes under octahe-
dral coordination (Ge b Ti b Sn b Zr bHf) revealed that the activation en-
ergy for ion conduction is minimal at a cell volume of 1.310 nm3, which
was achieved with titanium (Ti) in the LiTi2(PO4)3 (LTP) system [5,11].
Additionally, the partial substitution of the M+4 cation by a trivalent
cation, A+3 (Al, Ga, In, Sc, Y, La, Cr, Fe, etc.), generates a deficiency in
positive charge, which is compensated by additional Li+ ions, leading
to the general Li1 + xAxM2− x(PO4)3 system and to enhanced conductiv-
ity [12,13]. Therefore, one of themain advantages of NASICON-type lith-
ium ion conductors is their compositional versatility, since theNASICON
structure accepts a wide range of different compositions while main-
taining its structural integrity.

Thanks to their aforementioned characteristics, numerous chemical
compositions of NASICON electrolytes have been successfully synthe-
sized using different synthesis routes, such as sol-gel [14,15,16], solid
state reaction [12,13,17] and glass-ceramic route [8,18,19]. In this re-
spect, the glass-ceramic route offers clear advantages over any route
that requires a further sintering stage to consolidate the electrolyte.
This route allows one to obtain a pore free electrolyte and to design its
microstructure by controlling glass crystallization [8,18,20]. On the
other hand, the main drawback of the glass-ceramic route is the fact
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that not all NASICON compositions can form a glass at the typical
cooling rates used in the laboratory or industrial scale. In fact, only a
few oxides (B2O3, SiO2, P2O5, GeO2) are known to form glass easily,
and they must be present in a molar ratio of about 50% [21,22]. More-
over, to properly control glass crystallization, the parent glass must nu-
cleate homogeneously [8,18].

Based on these concepts, this paper introduces a new series of
NASICON compositions based on the Li1 + xCrx(GeyTi1 − y)2 − x(PO4)3
system. Previous investigations focused on the substitution of titanium
(Ti) with chromium (Cr) based on the Li1+xCrxTi2-x(PO4)3 (LCTP) sys-
tem, with ceramic powders consolidated by the sintering route,
resulting in electrolytes with up to 28% of porosity [10,12]. To reduce
this porosity, one could envisage synthesis by the glass-ceramic route,
which may lead to materials with reduced porosity [23]. However, the
LCTP system has no appreciable glass forming ability because of its
low glass former content. On the other hand, the Li1 + xCrxGe2 −

x(PO4)3 (LCGP) system has already been synthesized by the glass-ce-
ramic route, which leads to the formation of NASICON phase and ionic
conductivities higher than 10−4 [19]. However, the Cr+3 ionic radius
in octahedral coordination (0.0755 nm) is much closer to Ti+4

(0.0745 nm) than to Ge+4 (0.0670 nm) [24]. Therefore, the proposal
of the Li1 + xCrx(GeyTi1 − y)2 − x(PO4)3(LCGTP) system is based on the
rationale that the introduction of GeO2 increases the glass forming abil-
ity of the precursor glass, whereas the presence of TiO2 will help to keep
the NASICON cell parameters close to those of LTP system. To counter-
balance these two requirements, a suitable compromise is needed be-
tween x and y substitution. Thus, we propose to synthesize a
particular composition (Li1.4Cr0.4(Ge0.4Ti0.6)1.6(PO4)3) of the proposed
LCGTP system by the glass-ceramic route and to investigate its glass
forming ability, crystallization behavior (homogenous or heteroge-
neous) and formation of theNASICON-typephase aswell as its electrical
properties. The correlation between microstructure and ionic conduc-
tivity of glass-ceramics obtained under different heat treatment tem-
peratures is also discussed.

2. Experimental

2.1. Glass and glass-ceramic preparation

LCGTP precursor glass was obtained by melting a mixture of re-
agents with a 15.5Li2O ⋅5Cr2O3 ⋅16GeO2 ⋅24TiO2 ⋅37.5P2O5 oxide molar
ratio, corresponding to the stoichiometric chemical formula
Li1.4Cr0.4(Ge0.4Ti0.6)1.6(PO4)3. Suitable amounts of Li2CO3 (99.0%, Synth,
Brazil), Cr2O3 (99.0%, Aldrich, USA), GeO2 (99.99%, Alfa Aesar, USA),
TiO2 (99.9%, Aldrich, USA) and NH4H2PO4 (98%, Aldrich, USA) were
used as raw materials. These reactants were homogenized in a roll ball
mill for 12 h, using zirconia balls, and the resultingmixturewas calcined
in a platinum crucible on a hot plate in order to decompose NH4H2PO4

and prevent chemical attack of the platinum crucible at higher temper-
atures. The resulting powderwasmelted at 1450 °C for 120min and the
low viscosity liquid was splat-cooled in a brass die to prevent crystalli-
zation. The quenched glass was annealed at 550 °C for 2 h to relieve
thermal stresses. After cooling, the resulting glass was bubble-free,
transparent, with an intense green color (see Fig. 3) probably caused
by its chromiumcontent. The LCGTP glass thus obtainedwas heat-treat-
ed for 12 h in the form of bulk samples at the DSC crystallization peak
temperature (Tp), ~700 °C, and also at higher temperatures of 800 °C,
900 °C and 1000 °C, giving rise to samples HT700, HT800, HT900,
HT1000. To investigate the crystallization behavior of the proposed
glass composition, additional heat treatments of 5 min at Tp were also
performed on bulk and powder samples.

2.2. Glass and glass-ceramic characterization

DSC analyses of glass samples were performed at a heating rate of
10 K min−1, using a Netzsch DSC 404 differential scanning calorimeter
equipped with platinum pans and covers. Powder and bulk samples
were subjected to the same DSC procedure to evaluate their crystalliza-
tion behavior (surface or bulk crystallization). To obtain powder sam-
ples with two different average particle sizes, small pieces of the glass
were ground manually in an agate mortar until the powder passed
through a 150 or 40 μm mesh sieve; these samples were dubbed
P150-Glass and P40-Glass, respectively. The characteristic temperatures
of the precursor glass, such as glass transition temperature (Tg), crystal-
lization onset temperature (Tx) and crystallization peak temperature
(Tp) were determined from the DSC curves. The melting temperature
of the glass-ceramics could not be determined from the DSC curve be-
cause of the temperature limit of the calorimeter. Glass crystallization
was monitored by optical dilatometry (OD) in a Misura M3D1600 dila-
tometer, also applying a heating rate of 10 K min−1, and the melting
temperature (Tm) of the glass-ceramic was determined.

To confirm the glassy nature of LCGTP precursor glass, an X-ray dif-
fraction (XRD) analysis of a bulk glass sample was performed in a
Rigaku Ultima IV diffractometer equipped with Cu Kα radiation, at a
continuous scan speed of 0.02°/s in the 2 theta range of 5 to 90°. The
same conditions of XRD analysis were employed to characterize the
glass-ceramic samples heat-treated for 12 h. In addition, XRD analyses
of glass-ceramic samples heat-treated for 5 min in bulk and powder
form were also performed in order to examine the crystalline phases
formed, based on the DSC peaks. A further structural analysis of powder
and bulk samples of LCGTP glass was performed by Fourier transform
infrared spectroscopy (FT-IR). All the infrared spectra were recorded
at room temperature in a Perkin Elmer Spectrum-GX spectrometer op-
erating in reflectance mode, in the wavenumber range of 4000–
400 cm−1, applying 30 scans and a resolution if 1 cm−1. The bulk and
powder glass-ceramic samples heat-treated for 5 min were also ana-
lyzed by FTIR in the same conditions. Fracture surfaces of bulk glass-ce-
ramic samples heat-treated for 12 hwere prepared for SEM analyses by
breaking the samples and sputtering gold on the freshly fractured sur-
faces. SEM micrographs were recorded with a FEI Inspect S50 scanning
electron microscope, and chemical analyses of these samples by energy
dispersive X-ray spectroscopy (EDX) were performed in the same
device.

2.3. Electrical characterization

The electrical conductivity of LCGTP glass and glass-ceramics heat-
treated for 12 h was estimated by electrochemical impedance spectros-
copy (EIS), using a Novocontrol Alpha impedance analyzer in the fre-
quency range of 107–1 Hz, applying a voltage amplitude of 500 mV in
a temperature range of 300–400 K. Temperature was controlled by
using the Novotherm temperature control system, with a maximum
temperature variation of ±0.1 K during the EIS measurements. These
measurements were taken from polished samples gold-sputtered on
both parallel sides to ensure electrical contact. The samples were
about 0.1 cm thick and had an electrode contact area of 0.1 to 0.2 cm2.
The results were fitted by means of ZView 3.2b software, using an ap-
propriate equivalent circuit.

3. Results

3.1. Structural characterization

To produce highly crystalline glass-ceramics, bulk glass samples
were crystallized for 12 h at different temperatures. Fig. 3 illustrates
the XRD results of bulk samples heat-treated at 700 °C, 800 °C, 900 °C
and 1000 °C for 12 h. NASICON LiTi2(PO4)3-type phase (JCPDS card
35-754) was crystallized in all the glass-ceramics and the intensity of
the XRD pattern increased along with the heat treatment temperature
(see intensity bars, Fig. 3). This behavior is well known, and has already
been observed in a number of NASICON phosphate systems [18,23,25].
A small diffraction peak, which is visible in all the samples, was
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attributed to a secondminor phase, Li2TiO3 (JCPDS card 71-2348), albeit
with some uncertainty since only one small peak corresponding to this
phase is detectable.
Fig. 2.Optical dilatometry data at a heating rate of 10 Kmin−1 for a parallelepiped sample
of LCGTP glass. Tp and Tm, aswell as some photographs from theODanalysis, are included
in the plot.
3.2. Thermal characterization of LCGTP glass

Fig. 1 showsDSC analyses of samples of LCGTP precursor glass (Bulk-
Glass), coarse powder (P150-Glass) and fine powder (P40-Glass). The
DSC analysis of LCGTP bulk glass revealed a very intensive and narrow
crystallization peak with a well-defined crystallization peak (Tp) and a
glass transition (Tg) temperature. On the other hand, the DSC curves
of the powder samples did not show a clear Tg, while the finest powder
(P40-Glass) showed two crystallization peaks at 711 °C and 741 °C (in-
sert of Fig. 1). Furthermore, the Tp of the glass powder samples shifted
unexpectedly to a higher temperature when compared to the Tp of
the bulk sample.

In addition, the melting temperature (Tm) of the crystallized phase
was determined from an OD analysis. Fig. 2 shows the shrinkage area
of the projected shadow of a parallelepipedal glass sample as a function
of temperature. Note that two characteristic events can be observed
here. The first event at 695 °C (inflection point) is a slight shrinkage of
about 1% (Fig. 2, insert) in the same temperature range of Tp (699 °C)
determined from the DSC analysis. Theoretically, the DSC temperature
peak shouldmatch the OD temperature inflection point, since DSCmea-
sures heat flow as a response and ODmeasures shrinkage. Nonetheless,
this difference of 4 °C is quite reasonable, despite the inherent differ-
ences between thesemethods anddevices. Thus, this shrinkage pertains
to the crystallization process and indicates that the molar density of
crystallized phase is slightly higher than that of the parent glass, as ex-
pected. Slighter expansions than those that occurred before and after
the crystallization event were attributed to thermal expansion of the
glass and the crystal, respectively. These kinds of expansion were seen
in the entire temperature range and took place in steps due to the pre-
cision limit of the equipment. The second event occurred above 1330 °C,
when the sample melted. The Li1.4Cr0.4(Ge0.6Ti0.4)1.6(PO4)3 system is a
solid solution, so the crystallized phase begins to melt at about
1330 °C andfinishesmelting at 1346 °C,when the entire sample is liquid
(Fig. 2). The latter temperature is the liquidus temperature andwas con-
sidered the Tm.
Fig. 1. DSC curves at a heating rate of 10 K min−1 of samples of LCGTP precursor glass
(Bulk-Glass), coarse (P150-Glass) and fine (P40-Glass) powder. The crystallization peak
temperatures, Tp, are indicated for all samples, while Tx and Tg are indicated only for
the bulk glass sample.
3.3. Electrical characterization

The EIS data of the LCGTP glass and glass-ceramics revealed typical
ion-conductive behavior. In fact, the complex impedance plot shows a
spike of points at low frequency resulting from the effect of ionic polar-
ization [8,18,19,26]. Fig. 4 presents impedance data obtained at room
temperature (300K) for the glass-ceramic samples HT700, HT800 and
HT900. Three distinct contributions can be noted: a spike in the low-fre-
quency range (Fig. 4, left) ascribed to polarization of the electrode due
to lithium ions blocked by the metallic (Au) electrode; a depressed
semi-circle in the intermediate frequency range, corresponding to
grain boundary resistance (Fig. 4, right); and a partial semi-circle in
the high-frequency range pertaining to grain resistance (Fig. 4, insert).
In order to separate these different contributions, impedance data
were fitted based on an equivalent circuit comprising a parallel combi-
nation of resistance (Rg) and capacitance (Cg) attributed to the grain
contribution (Rg|Cg), in series with a parallel combination of a resis-
tance (Rgb) and a constant-phase element (CPEgb) attributed to the
grain boundary contribution (Rgb |CPEgb) and in series with a con-
stant-phase element (CPEe) which accounts for the electrode polariza-
tion effects in the low frequency region.
Fig. 3.XRD patterns of LCGTP bulk glass and glass-ceramics heat-treated for 12 h at 700 °C
(HT700), 800 °C (HT800), 900 °C (HT900) and 1000 °C (HT1000). A cropping of a digital
photograph of the LCGTP glass (left) and glass ceramic (right) is also shown.



Fig. 4. Impedance data recorded at room temperature (300 K) of LCGTP glass ceramic
samples HT700, HT800 and HT900. Data of LCGTP glass and HT1000 samples are not
shown here due to scale compatibility.
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Fig. 5 shows an example of the complex impedance plot, including
experimental data and the result of fitting, as well as the equivalent cir-
cuit ([Rg|Cg]− [Rgb|CPEgb]− CPEe) used in the fitting procedure. In the
case of the glass sample, the equivalent circuit has only a parallel com-
bination of a resistance (Ra) and a constant-phase element (CPEa) in se-
ries with a constant-phase element (CPEe) to describe the electrode
polarization ([Ra|Ca]− CPEe). The impedance of the constant-phase el-
ement (CPE) is given by Eq. (1), whereω is the angular frequency andQ
and n pertain, respectively, to the capacitance and depression angle
(n ≤ 1) [17,26,27,28].

ZCPE ¼ 1
Q iωð Þn ð1Þ

In all the glass-ceramics and in the entire temperature range, fitting
results of the grain capacitance (Cg) showed values varying from
Fig. 5. Complex impedance plot for sample HT700 recorded at room temperature (300 K).
Symbols represent the experimental data and the line indicates the result of fitting based
on the equivalent circuit shown here.
8 × 10−12 to 9 × 10−11 F, which is in agreement with the range pro-
posed by Irvine et al. [29]. The effective capacitance (Cgb) of the grain
boundary was determined based on Eq. (2) [17,26,27,28] and ranged
from 1 × 10−10 to 2 × 10−9 F, also in agreement with Irvine et al.
[29], while the fitting parameter ngb was found to range from 0.6 to
0.9. The electrode capacitance of the fitted data in Fig. 5 was found to
be 5.3 × 10−6F. A rough estimation, considering a monolayer of Li+1

ions with an ionic radius of 76 pm blocked on both sides of the elec-
trode, based on the electrode area of the HT700 sample (0.167 cm2)
and a reasonable εr of 2, results in a capacitance of 1.9 × 10−6F. Thus,
all the fitting results were reasonable for the polycrystalline ionic con-
ductor class [29], suggesting that the equivalent circuit used here can
properly describe the electrolytes investigated in this study.

Cgb ¼
RgbQgb
� � 1

ngb

Rgb
ð2Þ

The total ionic conductivity (σt) of the glass-ceramics was deter-
mined by applying Eq. (3) [17,26] to the grain (Rg) and grain boundary
(Rgb) resistances obtained by the fitting procedure. Here, t denotes the
sample's thickness and S the area of the electrode in contact with the
sample.

σ t ¼ 1
Rg þ Rgb

:
t
S

ð3Þ

The dependence of total ionic conductivity on the inverse of temper-
ature was plotted following the Arrhenius relation expressed in Eq. (4)
[19,26], where kb is Boltzmann's constant, T is the absolute temperature,
A is the pre-exponential factor and Ea is the activation energy for ion
conduction.

σT ¼ Aexp
−Ea
kbT

� �
ð4Þ

Fig. 6 shows the Arrhenius plot of total ionic conductivity (σt) for
glass-ceramics obtained at different temperatures, together with the
ionic conductivity of the LCGTP precursor glass. The ionic conductivity
of glass-ceramics is up to 5 orders of magnitude higher than that of
the parent glass. This result demonstrates how specific the NASICON
structure is, since the conductivity of a glass is usually higher than that
of its isochemical crystal [11]. In addition, the glass-ceramics obtained
with a single heat treatment at 900 °C (HT900) showed the highest
Fig. 6. Arrhenius plot of total ionic conductivity of the LCGTP glass-ceramics heat-treated
at 700 °C (HT700), 800 °C (HT800), 900 °C (HT900) and 1000 °C (HT1000). The ionic
conductivity of the precursor glass is also shown.
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total conductivity in the entire temperature range
(6.6 × 10−5Ω−1 cm−1 at 300 K).

The activation energy for ion conduction in LCGTP glass and glass-
ceramics was calculated by linear regression of the experimental points
shown in Fig. 6. Table 2 summarizes the total ionic conductivity at room
temperature (300 K), as well as the related activation energy and the
logarithm of the pre-exponential term of Eq. (4), log(A). Comparing
the results related to total contribution of LCGTP glass and glass-ce-
ramics (Table 2), it is clear that the main difference between them lies
in the activation energy, since the values of log(A) in glass and glass-ce-
ramics are comparable.

3.4. Microstructural characterization

Fig. 7 shows SEM micrographs of fracture surface of the glass-ce-
ramics at different levels of magnification. Samples HT700 and HT800
show irregular fracture surfaces with underdeveloped grains smaller
than 1 μm of undefined shape. On the other hand, samples HT900 and
HT1000 show typical NASICON cubic-shaped grains [14,17,19,26] larger
than 1 μm.Moreover, sample HT1000 shows a very regular microstruc-
ture typical of intergranular fracture. The SEM micrograph of sample
HT1000 also shows spherical grains, indicated by arrows, which were
evaluated by the EDX chemical analysis. In summary, these results
also confirm the prevalence of internal crystallization in the LCGTP
glass, since surface-crystallized glass-ceramics normally show textured
microstructures with elongated grains grown from surface. It is
also possible to note the low porosity of the glass-ceramic samples in
Fig. 7. The low porosity of HT900 sample was confirmed by a rough es-
timation using the apparent and the theoretical density of this sample.
Its apparent density (2.98 g/cm3) was estimated by using the sample's
dimensions and mass. On the other hand, the theoretical density
(3.14 g/cm3) was calculated considering six formula units, as suggested
Fig. 7. SEMmicrographs of surface fractures of LCGTP glass-ceramics under different levels of m
10,000× for HT1000 (d). The arrows indicate a distinct grain morphology.
by Hagman and Kierkegaard [30] and the nominal molar mass
(407.9 g/mol) of the studied composition. The unit cell volume of the
sample HT900 was calculated using the lattice parameters determined
from XRD analysis. It is true that this estimated value of density does
not consider the residual glassy phase or other secondary phases. Even
though, this estimation leads to a relative density of 95% for the
HT900 sample, which is in good agreement with SEM micrograph
shown in Fig. 7

The chemical composition of all the glass-ceramicswas examined by
EDX under 1,000× magnification (area of about 0.1 mm2) in three dif-
ferent regions of the samples. Table 1 shows the average results and
their respective standard errors. Lithium is not detectable in chemical
characterizations by EDX, so our calculations were based on its nominal
composition. Given that glass-ceramics derive from the same glass, they
should have the same chemical composition. Deviations between sam-
ples were lower than 5% in every case and for all the oxides and lower
than 3% between samples and their nominal chemical compositions.
The chemical composition of spherical and cubic grains which were re-
vealed under 100,000× magnification in sample HT1000 was also de-
termined by EDX. The spherical grains were found to contain about
20 mol% of silicon, which was not found in any of the other analyses.
This impurity was probably introduced by the chemical reactants used
to synthesize the parent glass, since there was no contact with silicon
sources in any other step of the synthesis process.

4. Discussion

4.1. Crystallization behavior

The reduced glass transition parameter (Tgr= Tg/Tm, temperatures
in K) was calculated based on the Tg taken from the DSC curve and the
Tm from the OD results. In this case, Tgr was found to be lower than 0.6
agnification: 100,000× for HT700 (a), 50,000× for HT800 (b), 15,000× for HT900 (c) and



Table 1
EDX chemical analysis of the glass-ceramics examined in this study, and local EDX chem-
ical analysis of different grain shapes in sample HT1000.

Oxides
Nominal
(mol%)

HT700
(mol%)

HT800
(mol%)

HT900
(mol%)

HT1000
(mol%)

HT1000
Cubic
(mol%)

HT1000
Spherical
(mol%)

Cr2O3 5.0 4.8 (1) 5.9(2) 5.04(5) 4.53(8) 4.2% 2.9%
GeO2 16.0% 16.7(2) 17.2(5) 17.1(5) 18.9(5) 16.0% 13.5%
TiO2 24.0% 23.0(7) 26.3(5) 23.1(4) 23.7(9) 21.2% 15.1%
P2O5 37.5% 39.9(4) 35.1(3) 39.3(5) 37.4(3) 42.4% 32.4%
SiO2 0.0% – – – – 0.7% 20.7%
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(Tgr = 0.553), which is a strong indication that the glass under study
presented homogenous nucleation [31]. The Hrüby parameter (KH =
Tx− Tg/Tm− Tx)) [32], which provides information about the stability
against crystallization of a particular glass during heating [33,34], was
also calculated. Furthermore, a correlation between glass stability and
glass forming ability has already been established, especially in the
case of the KH parameter [33]. Thus, a higher KH value also indicates bet-
ter glass forming ability. The KH value of the LCGTP glass of this study
(KH=0.105) is comparable to that of well-known homogeneous nucle-
ating glass systems such as fresnoite (0.14) [35], lithium germanium
phosphate (0.11) [8] and lithium diborate (0.096) [33].

The crystallization peak temperature, Tp, should not change in bulk
and powder samples when the glass shows volumetric nucleation. Con-
versely, if the glass shows surface crystallization due to an increase in
surface area, the Tp of glass powder should shift to lower temperatures
and the crystallization peak should be even narrower than that of the
bulk glass sample. As can be seen in Fig. 1, the opposite behavior oc-
curred, with Tp shifting to higher temperatures and becoming broader
as the glass powder became finer. Therefore, because the Tp of the pow-
der samples did not shift to lower temperatures, these results offer a
second evidence that LCGTP glass presents bulk crystallization. In addi-
tion, these results also suggest that the larger surface area in this glass
systemhinders crystallization. To discover why a larger surface area im-
pairs crystallization, we used IR analyses in reflectancemode, since this
mode provides a primarily surface response. Thus, bulk and powder
samples of LCGTP glass were previously heat-treated for 5 min at tem-
peratures very close to the peak temperatures, i.e., 700 and 710 °C for
bulk and coarse powder, respectively. The finepowderwas heat-treated
Fig. 8. FT-IR analyses of glass bulk andpowder, before and after a 5min heat treatment at a
temperature close to Tp: (a) bulk glass heat-treated at 700 °C (HT700), (b) precursor glass
as quenched (Bulk-Glass), (c) coarse powder heat-treated at 710 °C (P150-HT710), (d)
coarse glass powder (P150-Glass), (e) fine glass powder heat-treated at 740 °C (P40-
HT740), (f) fine glass powder heat-treated at 710 °C (P40-HT710), and (g) fine glass
powder (P40-Glass).
at 710 °C and 740 °C because this sample showed two distinguishable
crystallization peaks on the DSC curve (Fig. 1). Fig. 8 depicts FT-IR anal-
yses of bulk glass and glass powder before and after heat treatment.

The bands at 2165 and 1640 cm−1marked on the dotted line appear
only in powder samples (Fig .8 c, d, e, f and g) and have been assigned to
a combination of vibrational modes of the P\\OH bond in phosphate
glasses [36,37]. These results strongly indicate that the presence of OH
groups may be the reason why larger surface areas hinder the crystalli-
zation of powder samples. These OH groups are bonded to phosphorus
atoms from the glass network on theparticle surface andmayhave been
introduced in the powder samples through exposure of particle surfaces
to atmosphere during the grinding process. On the other hand,
the bands marked by dashed lines, which are more distinguishable in
heat-treated samples (Fig. 8 a, c, e, and f), have been ascribed to
PO4/MO6 interaction (1280 cm−1), PO4 (1185 cm−1, 1025 cm−1,
1120 cm−1 and 955 cm−1), and MO6 (640 cm−1) vibrational modes
in NASICON type phosphates [38,39].

To characterize the crystalline phases in the heat-treated bulk,
coarse and fine powder, these samples were subjected to XRD analyses,
as shown in Fig. 9.

The NASICON LiTi2(PO4)3-type phase (JCPDS card 35-754) is formed
in every case, whether the sample is crystallized from powder or from
bulk form, and regardless of the heat treatment temperature employed.
These results provide clear evidence that the two crystallization peaks
detected through the DSC analysis (Fig. 1) in fine powder pertain to dif-
ferent crystallizationmechanisms rather than to the formation of differ-
ent phases. The secondary phase, Li2TiO3 (JCPDS card 71-2348), was
detected here as well as in the samples heat-treated for 12 h (Fig. 3).
In addition, the intensity of the XRD pattern increased as the heat treat-
ment temperature increased. On the other hand, the XRD pattern of the
finest powder (P40-HT710) is less intense than that of the coarse pow-
der (P150-HT710) when treated at same temperature (710 °C), again
suggesting that the specific surface area does in fact hinder crystalliza-
tion in the LCGTP glass system. The bulk glass shows less intense
peaks, probably because of the lower heat treatment temperature
applied.

4.2. Structural analysis

The XRD pattern of Li1.4Cr0.4(Ge0.4Ti0.6)1.6(PO4)3 glass-ceramics ob-
tained after heat treatment of the precursor glass for 12 h at 700, 800,
900 and 1000 °C matches that of the NASICON LiTi2(PO4)3-type phase
(Fig. 3). In addition, the most intense peaks in the XRD pattern shift to-
ward lower 2 theta angles as a function of heat treatment temperature,
Fig. 9. XRD patterns of LCGTP glass heat-treated for 5 min as bulk sample at 700 °C (Bulk-
HT700), as coarse powder at 710 °C (P150-HT710), and as fine powder at 710 °C (P40-
HT710) and 740 °C (P40-HT740).



Fig. 11. Arrhenius plot of grain (closed symbols) and grain boundary (open symbols)
apparent ionic conductivity as a function of inverse temperature in LCGTP glass-
ceramics heat-treated at the indicated temperatures.
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which means that the lattice parameters of the NASICON structure in-
crease along with increasing heat treatment temperature. As the
NASICON LiTi2(PO4)3-type structure has a rhombohedral lattice (space
group R-3C, trigonal system), its lattice parameters can also be repre-
sented on hexagonal axes [40]. Thus, the lattice parameters and the vol-
ume of NASICON unit cell were estimated based on the diffraction angle
of themost intense peaks (planes [104] and [113]) through Eqs. (5) and
(6), respectively.

1

d2
¼ 4

3
h2 þ hkþ k2

a2

 !
þ l2

c2
ð5Þ

V ¼
ffiffiffi
3

p
a
2
c

2
ð6Þ

Fig. 10 shows the dependence of the lattice parameters (a and c) and
volume of the NASICON structure on the heat treatment temperature.
As can be clearly seen, the NASICON unit cell volume shows practically
no variation between the heat treatment at 700 °C and at 800 °C, and in-
creases considerably in response to the heat treatment at 900 °C, but
drops again slightly after the heat treatment at 1000 °C.

Since the proposed LCGTP composition leads to a solid solution, a
possible explanation for this behavior is that some components in the
residual glassy phase or segregated at the grain boundarywere incorpo-
rated into the NASICON phase, causing structural changes in the struc-
ture of the NASICON unit cell. In the case of sample HT1000, the
opposite should occur, with some oxides being expelled from the
NASICON LiTi2(PO4)3-type phase. In summary, the estimated lattice pa-
rameters for Li1.4Cr0.4(Ge0.6Ti0.4)1.6(PO4)3 glass-ceramics are slightly
lower than that of LiTi2(PO4)3 (a = 0.851 and c = 2.088), JCPDS card
35-754, and higher than the lattice parameters (a = 0.829 and c =
2.053) found by Xu [19] in Li1.4Cr0.4Ge1.6(PO4)3 glass-ceramics. Sample
HT900 presented lattice parameters (a = 0.846 and c = 2.085) very
close to those of LiTi2(PO4)3. These results are in perfect agreement
with our previous prediction that, the proposed Li1 + xCrx(GeyTi1 −

y)2 − x(PO4)3 system can indeed result in lattice parameters comparable
to those of LiTi2(PO4)3 through compositional tailoring.

4.3. Contribution of grain and grain boundary conductivities

In the case of glass-ceramics, it was also possible to separate the con-
tributions of the grain and the grain boundary. As a matter of fact, since
the geometrical factor (t/S) of grains and grain boundaries is unknown,
only their apparent contribution can be estimated based on the geomet-
rical factor of the whole sample. Thus, the apparent contributions of
grains and grain boundaries were also calculated using Eq. (3), but
Fig. 10.Dependence of the lattice parameters (a and c) and lattice volume of the NASICON
structure on heat treatment temperatures.
now, using the Rg and Rgb data obtained separately [17,26,27]. Fig. 11
shows an Arrhenius plot of the grain and grain boundary apparent con-
tribution of ionic conductivity obtained at different temperatures.

Values ofσ300K, Ea and log(A) related to the apparent contribution of
grains and grain boundaries in the synthesized glass-ceramic are also
summarized in Table 2. A notably high grain conductivity of
1 × 10−3Ω−1 cm−1 at room temperature was found for the glass-ce-
ramic HT1000. The activation energy of grain conductivity decreases
as a function of heat treatment temperature, except in sample
HT1000. Thus, the glass-ceramic HT900 showed the lowest Ea
(0.274(3) eV) related to grain contribution, which also led to high
grain conductivity (8.5 × 10−4Ω−1 cm−1) at room temperature. It is
also interesting to note that grain boundaries have lower apparent con-
ductivity (300 K) and higher activation energy than grains. The lower
conductivity can be predicted from the impedance plots, Figs. 4 and 5,
which show much larger semicircles due to grain boundary resistivity
in comparison to that attributed to the grain contribution, at high fre-
quencies. This also indicates that the grain boundary limits the total
ionic conductivity in these glass-ceramics. In addition, the grain bound-
ary activation energy tends to decrease with heat treatment tempera-
ture, except in the sample heat-treated at 1000 °C, indicating that
increased heat treatment temperature also has a beneficial effect on
the grain boundary contribution, up to 900 °C.

The results in Table 2 indicate that the activation energy of grains are
the same, within experimental errors, in samples heat-treated at 700
and 800 °C, with a minimum in the sample heat-treated at 900 °C, and
then, increases again in the sample heat-treated at 1000 °C. This trend
may be correlated to the variation of the lattice volume, Fig. 10, which
exhibits a maximum in the sample heat-treated at 900 °C. Thus, sample
HT900 presented both the maximum volume lattice and the minimum
activation energy related to grain ionic conductivity. The relationship
between lattice volume and activation energy for ion conduction is al-
ready established in the literature [5,19,25]. However, we found no re-
ports relating the dependence of Ea on grain contribution to the
NASICON volume lattice caused by different heat treatments. With re-
spect to grain boundary contribution, Ea follows the same trend as
grain contribution. Nonetheless, the main finding about the grain
boundary contribution was the log(A) term for sample HT1000, which
dropped by about one order of magnitude compared to the other
glass-ceramics. This was probably the main reason why sample
HT1000 exhibited the lowest total ionic conductivity at room tempera-
ture (Table 2). A reasonable explanation may be a poorer contact be-
tween grains or cracks introduced in the heat treatment stage [26]. In
fact, while all the glass-ceramics showed considerable mechanical



Table 2
Total ionic conductivity at room temperature (σ300K), activation energy (Ea) and the pre-exponential term (log(A)) of LCGTP glass and glass-ceramics. Ionic conductivity, Ea and log[A] of
grains and grain boundaries are also showed. The uncertainties indicated here are mathematical errors taken from the linear regression.

Sample

Total Grains Grain Boundaries

σ300 K

(S cm−1)
Log(A)
(S cm−1)

Ea
(eV)

σ300 K

(S cm−1)
Log(A)
(S cm−1)

Ea
(eV)

σ300 K

(S cm−1)
Log(A)
(S cm−1)

Ea
(eV)

Glass 4.2 × 10−10 5.31(5) 0.730(3) – – – – – –
HT700 2.6 × 10−5 5.09(2) 0.429(1) 2.7 × 10−4 3.78(1) 0.290(1) 2.8 × 10−5 5.72(5) 0.465(4)
HT800 3.2 × 10−5 5.21(1) 0.432(1) 4.1 × 10−4 4.02(4) 0.293(3) 3.4 × 10−5 5.67(4) 0.458(4)
HT900 6.6 × 10−5 4.90(3) 0.395(2) 8.5 × 10−4 4.02(4) 0.274(3) 7.1 × 10−5 5.26(5) 0.414(4)
HT1000 2.2 × 10−6 4.47(4) 0.454(6) 1.0 × 10−3 4.33(2) 0.289(1) 2.9 × 10−6 4.49(1) 0.455(6)
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strength (impossible to break manually), sample HT1000 was brittle
and generally broke easilywhen handled. Also, the SEManalysis of sam-
ple HT1000 indicated a typical intergranular fracture, whichmay justify
its precarious mechanical strength and may also explain the drop in
grain boundary conductivity resulting from deficient contact between
grains.

5. Conclusions

We proposed here a new NASICON series based on the
Li1 + xCrx(GeyTi1 − y)2 − x(PO4)3 system with a promising potential
for synthesis by the glass-ceramic route. We investigated a particular
composition of this system in terms of the crystallization behavior, for-
mation of NASICON-type structure and electrical properties of the ob-
tained glass-ceramics. The LCGTP glass under study shows internal
nucleation and presents comparable thermal stability parameter to
other self-nucleating glasses. Moreover, NASICON LiTi2(PO4)3-type
phase was successfully crystallized and the cell parameters of the
NASICON structure were in the range of other well-known systems, in-
dicating that the composition investigated here forms a solid solution
and that the octahedral site is shared by chromium, germanium and ti-
tanium. The ionic conductivity of glass-ceramics is up to 5 orders of
magnitude higher than that of the precursor glass and is dependent
on the heat treatment temperature. In addition, we found a correlation
between the variation of activation energy for grain contribution and
variations in the NASICON lattice volume caused by different heat treat-
ment temperatures. The highest total ionic conductivity was found in
the glass-ceramic heat-treated at 900 °C, which showed a reasonable
value of 6.6 × 10−5Ω−1 cm−1. The remarkably low activation energy
(0.274 eV) related to grain contribution found in sample HT900 sug-
gests that, when its microstructure is optimized, the proposed system
is promising for the development of fast Li ion-conducting glass-ce-
ramics. Further compositional adjustments could provide a compromise
between glass stability (Ge addition) and the lattice parameter of the
NASICON structure (addition of Ti and Cr). In fact, this stage of research
is already ongoing at our research center.
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