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� Pure LATP ceramics were successfully
synthesized through the solid-state
approach.
� LATP total conductivity reaches 4⋅104 S/cm (room temperature, 18.5 vol%
porosity).
� LATP undergoes structural & conduc
tivity degradation.
� Total conductivity losses after 3-months
storage: 76% (in air) 28% (in argon).
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Li-ion superionic conductors play an important role in next-generation energy storage devices. To be applicable,
they should meet a wide range of specifications such as safety, efficiency, affordability, and stability. The
NASICON-type Li1.3Al0.3Ti1.7(PO4)3 (LATP) compound is a well-known lithium-conductive solid electrolyte,
suitable for all-solid-state and redox-flow battery prototypes offers great potential. Yet, despite the high scientific
attention paid to LATP, its stability towards environmental exposure to reactive components such as water,
carbon dioxide, and oxygen is poorly elucidated. Herein we evaluate under controlled conditions the structure
and transport properties of LATP in both air and argon atmosphere to understand the influence of environmental
processing effects over a three-month set of experiments. We demonstrate that LATP ceramics (total conductivity
σt of 4⋅10 4 S cm 1 at room temperature; porosity of 18.5 vol %) degrade drastically showing 76% and 28% of
the σ t losses (for ceramics stored in the air and argon correspondingly). Based on experimental and theoretical
approaches, we propose a degradation mechanism supported by Electrochemical Impedance Spectroscopy (EIS),
Powder X-Ray Diffraction Analysis (PXRD), Scanning Electron Microscopy (SEM), Energy-Dispersive X-Ray
spectroscopy (EDX), and Density Functional Theory (DFT) calculations.
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1. Introduction

Thereby, the Li1.3Al0.3Ti1.7(PO4)3 chemical composition was chosen
to be investigated in the current work.
The synthesis of LATPs can be carried out via wide range of methods:
coprecipitation with subsequent calcination, glass-ceramic synthesis,
solid-state synthesis, etc. Many morphological issues can be solved
through the optimization of synthesis conditions [17–21]. Taking into
account the importance of the chemical composition strict control and
the possibility of thorough Powder X-Ray Diffraction (PXRD) based
crystal structure analysis (that requires micro-sized crystallites), a
solid-state synthesis approach was chosen to be applied in the current
study.
In spite of many LATP-based studies, the amount of thorough in
vestigations that include a combination of both analytical and theoret
ical approaches is rather limited. In addition to this, the stability of LATP
towards the aging has not been fully detailed and as such many con
tradictory claims [14,18,21] have been made that leads to misunder
standing. Therefore we designed a set of studies using a full analytical
routine including the structural (PXRD and PXRD-based Rietveld
refinement), electrochemical (Electrochemical Impedance Spectroscopy
— EIS), morphological (Scanning Electron Microscopy — SEM), and
elemental characterization (Energy-Dispersive X-ray spectroscopy —
EDX) to be able to correlate structural and transport properties of LATP
of both pristine samples and aged samples after exposure to ambient
conditions. In addition to the classical analytical characterization, a
computational Density Functional Theory (DFT) based approach is used
to understand and interpret experimental observations. These calcula
tions proved to be useful for investigation of the ion migration mecha
nisms in solid electrolytes, particularly, the significance of the concerted
motion of ions [22,23], and to estimate the migration barriers for both
vacancy and interstitial migration [24]. Furthermore, our DFT calcula
tions allow us to propose a new low energy lithium position Li(1/2)
involved in the interstitial migration which was not described before
[24]. Therefore, we can expect this work to be important for funda
mental aspects of Li-ion conductivity of LATP as well as for applied
implementations to explain its performance as a superionic conductor.
Furthermore, we may expect our study to be useful for the optimization
of LATPs application and storage conditions, which, in its turn, will
likely improve the final outcome.

Nowadays, almost any portable electronic device contains a
rechargeable lithium-ion battery. Even though commercially available
Li-ion batteries have good consumer-oriented characteristics, they still
have several disadvantages which hinder their larger scale adoption
towards transportation and grid scale applications. For instance, such
commercially available batteries can explode during the high tempera
ture exposure, overcharge or other mechanisms due to the shortcircuiting because of the Li-dendrite growth. All the issues mentioned
are related mostly to the liquid form of a Li-conductive electrolyte.
Therefore, the development of alternative solid-state Li-conductive
electrolytes has received much current attention in realization of
development of solid state battery configurations [1].
In this vein, now many are investigating Na-super-ionic-conductive
(NASICON) materials that were first described in 1976 and were
initially studied as superionic sodium conductors with the basic formula
Na1þxZr2SixP3-xO12 [2,3]. This structure is represented in two main
parts: a “skeleton” that is formed by the rigid [Zr2SixP3-xO12]- sub
structure, and a charge carrier Naþ that can move within the inter
connected pathways — interstitial space of the “skeleton” [2].
Later, the list of chemical elements involved into the both “skeleton”
substructure and charge carrier was extended [4–6]. As the result, today
the NASICON-designation corresponds more to the crystal structure
family rather than the exact chemical composition or charge carrier
nature.
The general formula of NASICON-type materials can be represented
as: A1þδM2(BO4)3 where A — Li [4,7–12]. Na [2–4,13], K [4]; M —
tetravalent cation (Zr, Ti, Ge, Hf, Sn or mixture) [2–4,7–12] or its
combination with trivalent cation (Al, Fe, In, Y, Ga) [4,9,10,13] or
bivalent cation (Sr, Ca, Mg) [4,12]; B P [2–4,7–13] or its combination
with Si [4,9]. Therefore, the amount of a charge carrier A can be
modified by changing the overall charge of a “skeleton”.
The NASICON crystal structure family includes four polymorph
modifications [10,14]:

α — rhombohedral, R3c space group;
α’ — triclinic, P1 space group;

β — orthorhombic, Pbna space group;
β’ — monoclinic P21/n space group;

2. Experimental
2.1. Synthesis

As established previously, the α-NASICONs demonstrate higher Liconductivity in comparison with other polymorphs [6,10,14]. There
fore, many studies are focused on the stabilizing of α-polymorph
modification under the exploitation conditions used [10].
Within the wide list of all the Li-conductive NASICON-type com
pounds, the Li1þxAlxTi2-x(PO4)3 (LATP) based materials seem to be the
most promising for further optimization: Ge-substituted LATPs were
shown to possess the highest values of total conductivity σ t within the
NASICON family which reaches 1.5–5⋅10 3 S cm 1 [5,15,16]. Never
theless, it was reported that aging in air leads to decrease in the transport
properties [15]. Hence, chemical stability and durability influence the
key characteristic of a solid Li-conductive electrolytes i.e., ionic con
ductivity. Thereby, a deeper analysis of parental LATP compound is
required for better understanding of a degradation process to form a
better optimization of its performance at future.
The x values of Li1þxAlxTi2-x(PO4)3 influence the total conductivity.
It was established, that the optimal chemical composition of LATP that
performs with the highest conductivity is Li1.3Al0.3Ti1.7(PO4)3. The
explanation of Al-content optimum existence is usually based on the
combination of two factors with opposite effect [6,8,17–20]:

The reagent-grade Li2CO3, Al(NO3)3⋅nH2O, TiO2, (NH4)H2PO4 were
used. The solid-state synthesis was carried out using the Nabertherm L5/
12/P330 muffle furnace and the Hydraulic press Platen Press P 300 P/M.
Since, aluminum nitrate Al(NO3)3∙nH2O has variable chemical compo
sition (n), this reagent was preliminarily decomposed to Al2O3 to pro
vide the correct stoichiometry of LATP. The alumina was prepared by a
thermal decomposition of reagent-grade Al(NO3)3⋅nH2O (heating up to
900 � C, holding for 2 h). Fresh Al2O3 was taken out of the hot furnace
(air quenched), cooled naturally, and then mixed with other compounds
in stoichiometric proportions to obtain ca. 5 g of the final Li1.3Al0.3
Ti1.7(PO4)3 compound. The reagent mixture was thoroughly manually
ground in an agate mortar. Then, the powder obtained was pressed into
pellets (1 cm diameter press-form is; 33 Bar pressure applied on the
working piston). After, pellets were placed in an alumina crucible, which
was subsequently put into the muffle furnace. The solid-state synthesis
was then carried out as follows:
1. Heating for 2 h up to 250 � C (holding for 2 h) with subsequent
heating for 2 h up to 725 � C (holding for 2 h) and further heating for
1 h up to 750 � C (holding for 6 h). Afterwards, the sample was
quenched. The porous chunk obtained was then ground thoroughly
in agate mortar. The powder received was pressed into pellets

— Conductivity increases when the charge carrier amount increases;
— Conductivity decreases when the number of Li-vacancies neces
sary for a successful Liþ migration decreases;
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~250 mg each (1 cm diameter press-form is; 33 Bar pressure applied
on the working piston);
2. Heating for 2.5 h up to 850 � C (holding for 6 h) with subsequent air
quenching. After cooled naturally, all pellets obtained were put into
the argon-filled GloveBox immediately.

Nova approximation (less than 5%) and errors of direct measurements of
the samples thickness and diameter (Supplementary, Section 3).
Activation energy of conductivity was calculated from Arrhenius
type plot using the following formula:

Final pellets are ready to be prepared for further EIS, SEM, and EDX.
To implement the powder X-Ray diffraction (PXRD) analysis ceramic
pellets were ground manually in agate mortar to fine powder.

Error in the Ea calculation was estimated from graphical data (least
square linear fit — the standard error value for the constant k for a linear
function y ¼ kx þ b which was obtained using the LINEST approximation
in Excel) to be 0.004, 0.02 and 0.01 eV for bulk, grain boundary and
total Ea, correspondingly.

σ∙T ¼ σ0∙exp(-Ea/RT)

2.2. Phase and structural analysis
The PXRD patterns were registered using the Bruker D8 Advance
(CuKα1,2 radiation; LynXeye XE detector; 2.5� soller slits; 1 mm fixed
divergence slit; 30� min 1 sample holder rotation; 2θ range from 10� to
120� ; 2θ step ¼ 0.01� ). The PXRD patterns intensities exceed 150 000
counts. Crystal structure of the obtained compounds was refined by the
Rietveld method in the R3c space group using the JANA 2006 software
[25].
The LeBail refinement settings, zero shift, and asymmetry factors
were established by the registration, profile and structural analysis of
the Al2O3 NIST 676a standard [26]. The Al2O3 refinement results are
given in Supplementary, Section 1. As a result, the final LeBail refine
ment settings were as follows: background — manual in combination
with the Chebyshev polynomial with 5 variables; unit cell dimensions a
and c; profile — Pseudo-Voigt peak-shape function with GW, LY, LX, Lxe;
zero-shift (values of the alumina standard were input and fixed); vertical
shift — Sycos; asymmetry — by divergence with HpS/L (values of the
alumina standard were input and fixed).
The structure refinement parameters were as follows: atomic posi
tions of Al, Ti, P, and O (the starting atomic positions were taken from
Ref. [27]; Al and Ti shared a joint position; Li positions were fixed);
thermal displacement parameters — harmonic anisotropic approxima
tion for Al and Ti, isotropic approximation for P, O, and Li (fixed for the
latter one). All occupancies were fixed on the nominal values. The
samples that came through the PXRD-based structure refinement will be
further denoted as AirN and ArN for air- and Ar-stored samples
respectively, where N is serial number.

2.4. Degradation experiment — electrochemical and structural properties
One pellet with electrodes deposited was stored in the air (room
temperature). Another similar pellet was stored in the dried argon at
mosphere in the Siements MBraun 200 B ECO GloveBox (average tem
perature 25 � C; overall pressure < 0.4 mbar; partial pressures:
PO2 < 10 ppm; PH2O < 10 ppm). Both pellets were regularly analyzed via
EIS to define the Li-ion conductivity changes that can appear through
the aging in different atmospheres.
To examine the structural changes occurred during the aging in air a
powder sample was deposited on the PXRD sample holder and stored in
air in a plastic Petri dish (room temperature). To investigate the aging in
argon, a pellet was taken out from the GloveBox right before the PXRD
experiment that includes grinding in an agate mortar and immediate
PXRD registration. PXRD measurements were carried out approximately
once a month.
2.5. Morphological and elemental analysis
To analyze the morphology of ceramics obtained, a scanning electron
microscopy (SEM) was carried out using the Jeol JCM 6000 microscope.
To determine the grain size distribution different areas of ceramics were
explored and more than 200 grains were taken into consideration. To
examine the intergranular changes the focused ion beam (FIB) SEM was
carried out on the FEI Osiris microscope operated at 200 kV and
equipped with a super-X detector, followed by the EDX mapping of the
heaviest element — titanium. The Al:Ti ratio was estimated through the
energy-dispersive X-ray spectroscopy (EDX) implemented by the scan
ning electron microscope Jeol JSM-6490LV (W-cathode, operating at 30
kV) equipped with the EDX system INCA Energyþ (Oxford, Si-(Li)detector).

2.3. Li-ion conductivity analysis
Gold electrodes (30 nm thickness; 8 mm diameter) were sputtered on
both plane faces of the pellet using the magnetron-sputtering machine
Quorum Q150T ES and the 8 mm diameter mask. The EIS results were
registered using a two-electrode cell with copper electrodes. The masks,
impedance cell, and copper electrodes were designed using the FreeCad
software [28] and fabricated through PLA using the Ultimaker 2þ 3D
printer and the HAAS DM-1 CNC Drill/Mill center (Figure A2, Supple
mentary, Section 2). The project files (in.stl and. step format) of masks,
cell and electrodes used are available at Mendeley Data (https://doi.
org/10.17632/23hkrycsbw.1; please, refer to this article if used).
Impedance studies were carried out at a galvanostat/potentiostat
Metrohm Autolab (frequency range 1 MHz–10 Hz, amplitude 10 mV vs
Root Mean Square (RMS)). For each experiment, at least 5 spectra were
recorded, approximation was carried out using the original Metrohm
Autolab NOVA software. A quality of data was verified using KramersKronig Relations (X2 ~ 10 5 - 10 6). EIS data were recorded in a tem
perature T range from 160 to þ60 � C. Samples were exposed to low
temperatures using a liquid nitrogen (T was checked by the Testo 735
multichannel thermometer with the Testo Type K chromel-alumel
thermocouple probe), while the 5–60 � C range was supported by the
TSO-1/80 SPU thermostat.
A relative error in conductivity measurement was estimated to be 6%
for σb and 5% for σgb, σ t, and Cgb. A relative error values were estimated
using approach for indirect measurement taking into account error of

2.6. Density Functional Theory calculations
The DFT calculations were performed with the help of the Vienna ab
initio Simulation Package (VASP) [29] using the PBE generalized
gradient approximation (GGA) functional [30] and projector augmented
wave (PAW) pseudopotentials [31] to describe core electrons. Plane
wave basis set cutoff was set to 500 eV. The k-points were generated
with a spacing not larger than 0.235 Å 1 along the axes of the reciprocal
unit cells. Minimum energy path (MEP) calculations were performed
using the nudged elastic bands technique (NEB) [32]. All the VASP
calculations were automated with the help of SIMAN package [33].
The orthorhombic simulation cell used in the calculations containing
4 formula units of LTP (i.e. LiTi2(PO4)3 � 4) was obtained by trans
formation matrix [0 1 0; -1 0 1; 1 -1 1] from the primitive rhombohedral
cell (or [-1 1 1; -3 -3 0; 2 -2 1]/3 from hexagonal cell). Its shape and
volume as well as the ionic positions were relaxed. The final dimensions
of the cell were: 8.68 � 8.65 � 12.26 Å. For the LATP MEP calculation
the cell was duplicated along the orthorhombic c-axis so that its length
became 24.45 Å and it contained a straight diffusion path consisted of
four Li(1) positions. One of the Ti atoms was replaced by Al atom. The
ion positions of the NEB images were relaxed until the maximum force
3
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acting on the atoms was less than 0.05 eV Å 1.

3.3. Temperature dependence of the Li-ion conductivity

3. Results

The Nyquist plots recorded at different temperatures are presented in
Fig. 1.
It is seen that the temperature influences strongly the Nyquist plot
patterns (Fig. 1): at 160 � C we observe only one distorted semicircle
(Fig. 1a); at 100 � C two separate semicircles (Fig. 1b); at room tem
perature we see one semicircle and a “tail” which is usually attributed to
electrode polarization (Fig. 1d) [35]. The temperature evolution of bulk
and grain boundary resistance is given in Table A6, Supplementary,
Section 7.
The temperature dependence of conductivity (Arrhenius plots) is
given in Figure A10, Supplementary, Section 8. Basing on these plots,
the activation energies Ea of bulk, grain boundary, and total conduc
tivity were estimated to be 0.186 � 0.004, 0.46 � 0.02 and
0.37 � 0.01 eV, respectively.

3.1. Phase composition
The main NASICON phase formation was studied using step-by-step
PXRD phase analysis (Figure A3, Supplementary, Section 4). The sharp
peak shape identifies that the material obtained is well-crystallized and
the crystallites are expected to be microsized. It is seen, that the NASI
CON phase forms mainly after the first annealing step (with final tem
perature 750 � C). In addition to the main phase peaks, weak but wellresolved reflexes can be distinguished easily (Figure A4, Supplemen
tary, Section 4). These reflexes are attributed to the same main LATP
phase and caused by the residual low-intensity X-Ray irradiation,
namely CuKβ and WLα1 (Figure A4, Supplementary, Section 4) [34].
Therefore, the materials synthesized are pure and contain the target
LATP phase only.

3.4. Li-ion conductivity as a function of storage time and atmosphere
Fig. 2 depicts the behavior of bulk, grain boundary and total con
ductivity and capacitance of samples which were stored in air and Ar
atmospheres.
As it is seen from the plots in Fig. 2, conductivities of the samples
stored both in air or Ar atmosphere decrease with the storage time.
However, it is necessary to underline, that the conductivity deterioration
behavior depends strongly on the storage atmosphere. In terms of Li-ion
conductivity, the Ar-stored samples possess definitely higher stability
towards aging in comparison with the air-stored samples: the σ b, σ gb, and
σ t values decrease by 10, 33, and 28% respectively in case of the aging in
the Ar atmosphere, and by 25, 80 and 76% respectively in case of the
aging in the air atmosphere.

3.2. Crystal structure features
The experimental, refined and differential PXRD patterns for all
samples are given in Supplementary, Section 5 (Figure A5-A9). The
selected results of Rietveld refinement are given in Table 1. The
particular crystallographic data for all samples are presented in Sup
plementary, Section 5 (Table A1-A5).
The true density (ρtrue, g cm 3) values obtained were used further for
the calculation of ceramics porosity (see Table 1; Supplementary, Sec
tion 6).
Table 1
Characteristics of the sample degraded on air and argon: R-factors (Rwp, Rp,
RFall, RBall), unit cell dimensions (a, c, and V), the CCDC database number (CCDC
#), true density (ρtrue), estimated porosity (%), average grain size (μm) intra
structural polyhedron volumes ([MO6], [PO4], [Li(2)O6], and [Li(1)O6M2])1),
aging duration (τ, days), and approximate total conductivity (σ 0 t, S cm 1)2). All
errors are given in estimated standard deviations (e.s.d).
Estimated porosity — 18.5%
Average grain size — 0.9(3) μm.
Ar1

Ar2

Air 1

Air 2

Air 3

42
9.12
5.97
3.60
5.85
8.4991(1)
20.8376
(3)
1303.54
(2)
1 883 402
2.9306(1)

67
8.30
5.51
3.40
5.40
8.4988(1)
20.8316
(3)
1303.06
(2)
1 883 403
2.9317(1)

4
9.61
6.43
3.38
5.41
8.4985(1)
20.8212
(3)
1302.33
(2)
1 883 399
2.9333(1)

34
8.80
5.44
3.07
4.96
8.5006(1)
20.8070
(2)
1302.09
(2)
1 883 400
2.9339(1)

66
9.16
5.56
3.36
5.47
8.5006(1)
20.8061
(2)
1302.03
(2)
1 883 401
2.9340(1)

[MO6], Å3 a

9.30(3)

9.34(3)

9.31(3)

9.33(3)

9.31(3)

[PO4], Å3 d
[Li(2)O6],
Å3 d
[Li(1)
O6M2], Å3

1.86(2)
12.36(1)

1.85(2)
12.40(1)

1.85(2)
12.39(1)

1.85(2)
12.34(1)

1.86(2)
12.34(1)

15.80(1)

15.79(1)

15.79(1)

15.70(1)

15.69(2)

3.3

3.1

2.9

1.9

1.1

τ, days
Rwp
Rp
RFall
RBall
a, Å c
c, Å c

V, Å3 c
CCDC #

ρtrue, g cm

3

c

d

3.5. Morphology and elemental analysis
Fig. 3a,b represent microphotographs of the sample that had been
stored in air. It is seen that the grains are well defined and have a
polyhedron shape. The average particle size was established to be
0.9 � 0.3 μm (the grain size distribution plot is given in Figure A11,
Supplementary, Section 9). Fig. 3c,d shows the cross-section micro
photographs and EDX-based Ti-mapping of the pellets stored in air and
argon atmospheres for over than 100 days. It is clearly seen that the airstored sample shows wider intergranular edges than the Ar-stored
sample that has almost invisible intergranular edges (except the mi
cropores incorporated).
Figure A12 (Supplementary, Section 10) represents microphoto
graphs of the sample that has been stored in air. EDX-analyzed areas are
marked with borders and the Spectrum N labels, where N is a sequential
number. The Al:Ti atomic ratio was established to be 0.26(2):1.7(2). The
particular numerical data are given in Table A7 (Supplementary, Section
10).
4. Discussion
4.1. The LATP-phase formation
In accordance with the step-by-step PXRD phase analysis (Figure A3,
Supplementary, Section 4) the final pristine material obtained repre
sents the most conductive α-NASICON LATP phase only. Analyzing the
microphotographs of the final ceramics (Fig. 3) we found no visible melt
incorporations. Thus, we can assume the absence of amorphous glasslike impurities which cannot be detected through the PXRD method.
Therefore, we can further discuss the material obtained as pristine.
Considering the sharp and well-resolved peaks of PXRD pattern we
pointed out that the material obtained is well-crystallized with microsized crystallites. This assumption agrees with the SEM results, based
on which we established the highly crystallized grain shape behavior

d

σ0 t, S cm

1 b

a

M — crystallographic position, occupied by Al and Ti.
b
The σ0 t values were calculated using the linear approximation of the
degradation plots, please see the Discussion, Section 4.5 and Supplementary,
Section 13.
c
The error values were calculated via Jana2006 software.
d
For more details regarding polyhedral volumes and error calculations,
please, see the Discussion, Section 4.5 and Supplementary, Section 14.
4
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Fig. 1. Nyquist plots collected at

160 (a.),

100 (b.; the high frequency range of 1 MHz–1.5 kHz — inserted), and 23 (c.) � C.

Fig. 2. The LATP conductivity and capacitance changes observed during the storage in air and in Ar: bulk conductivity (a), grain boundary conductivity (b), total
conductivity (c), capacitance (d). Line is only used to show trend.

(well-defined polyhedrons) and the mean grain size of 1 μm. Taking into
account the consequences mentioned above, we conclude the synthetic
approach used is suitable for a fast formation of the high quality
α-NASICON-based LATP ceramics.

LATP belongs to the rhombohedral R3c space group that corresponds
to the α-polymorph modification of the NASICON crystal structure
(Fig. 4) [27]. The “skeleton” of LATP is built of [MO6] octahedrons
(where M denotes the 12c position, occupied by Al and Ti), and [PO4]
tetrahedrons. In accordance with [27], Li-ions occupy two separate
positions:
6b, that will be further denoted as Li(1);
36f, that will be further denoted as Li(2);
It was shown that the variation of aluminum content x influences the
occupancy of Li(2) position. When x ¼ 0 all lithium is located in Li(1)
position. The substitution of Tiþ4 by Alþ3 increases the overall negative
charge of the “skeleton”, that allows the additional Liþ ions to enter the
structure and occupy the Li(2) position [27].
We applied the anisotropic approximation of thermal displacement
parameters for the heaviest M position only (Al, Ti). In accordance with
the low content of Liþ and its low electronic density, we decided to fix
thermal displacement parameters for the Li(1) and Li(2) positions. We
refined the thermal displacement parameters of remaining positions in
isotropic approximation.
Carrying out several PXRD analyses we found out that the unit cell
dimensions change evidently with time (Table 1). Therefore, we can
maintain that the pure LATP ceramics degrade and these degradation
processes involve structural changes that can be detected via PXRDbased structure refinement. Studying these changes thoroughly we
established that the unit cell volume V decreases with aging time
(Table 1; Figure A13a, Supplementary, Section 11). It is seen that the

4.2. The LATP crystal structure — aging behavior
Assuming the LATP and Al2O3 ceramics X-Ray absorption co
efficients are approximately similar and taking into account the same
diffractometer used in all cases, we decided to apply the zero-shift and
asymmetry factors obtained after the Al2O3 NIST 676a standard Rietveld
refinement routine (see Supplementary, Section 1) to the LATP refine
ment procedure.
Based on a thorough analysis of the peak position shifts and in
accordance with the sample preparation features (small amounts of the
sample powder were deposited on the sample holder’s flat side with no
strict height control provided), we decided to involve the vertical shift
correction into the refinement algorithm.
In accordance with the EDX results and taking into account the
limitations of PXRD (small Al content and negligible difference of the
electronic density between Al3þ and Ti4þ ions; low electronic density of
Liþ ions) we decided to fix the nominal occupancies of Al, Ti, and Li. In
addition to this, we followed the [PO4]-constancy approximation and,
therefore, fixed P and O occupancies either. As a result, we refined the
structures obtained considering the chemical composition to be
nominal.
5
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(Fig. 1c) is well described with the following equivalent circuit:
R1(R2C2)CPE (error of approximation did not exceed 5%). In literature,
R1 is either attributed to the resistance between electrode and sample or
to the bulk resistance [7,41]. From the work of Bauerle [42] it is known
that polycrystalline ceramic material is well described by the (RbCb)
(RgbCgb) (RelCel) scheme, where RbCb stands for bulk resistance and
capacitance, RgbCgb — grain boundary values, RelCel — effects from
electrode. Frequently, in case of LATP/LAGP materials, a grain con
ductivity is too high to be registered within the ordinary frequency range
used for EIS technique at room temperature and only one semicircle can
usually be observed [43]. Taking into account the ion conductivity
behavior that fades with the temperature decrease, it is expected that the
lower EIS measurement temperature increase the Rb and, therefore,
makes the first semicircle visible on the Nyquist plot [38,41]. Thus, the
low-temperature-EIS may be considered as a scheme-verification
approach.
As it was shown before, the EIS measurement at 160 � C shows one
semicircle only (Fig. 1a), while the measurement at 100 � C clearly
reveals the appearance of 2 semicircles that evidently correspond to the
bulk (at higher frequencies) and grain boundary component (Fig. 1b).
Apparently, it shows that the bulk-related semicircle shifts towards
higher frequencies along with the temperature growth and, therefore,
becomes undetectable under the room temperature conditions (Fig. 1c).
Therefore, the low-temperature EIS experiment provided proves that in
the R1(R2C2)CPE circuit R1 stands for a bulk conductivity, while R2 and
C2 are attributed to grain boundary resistance and capacitance
(considering that no phase changes occur in the range of – 100 - þ 60
�
C).
4.4. Li-ion conductivity changes
The conductivity values of as-prepared sample were as follows:
3
S cm 1, σ gb ¼ 5.5⋅10 4 S cm 1 and σ t ¼ 3.95⋅10 4 S cm 1
(for the bulk, grain boundary, and total conductivity correspondingly,
room temperature, 81.5% density). In recent article, Hallopeau claimed
that 3.15 10 4 S cm 1 is a high value of conductivity at given density
(88%) in comparison to other works [44]. Therefore, the results ob
tained in current work could be considered as competitive.
As it was shown before, a conductivity of the samples stored in Ar
and air atmosphere gradually decreases (Fig. 2). While it is known that
NASICON type material may react with moisture from air [15], an effect
of aging in Ar may be attributed to minor H2O, CO2 and O2 concentra
tions, that could be presented within an Ar-filled GloveBox (according to
the Ar supplier, gas contains 0,002 vol% O2; 0,003 vol% H2O vapour; 0,
00002 vol% CO2).
Reference sample (ceramic pellet with no Au electrodes sputtered)
was stored within a GloveBox and it was shown that its conductivity
coincide with the data obtained for sample stored under the same con
ditions but with Au electrodes sputtered (Fig. 2). Therefore, it was
proven that Au electrodes do not affect the aging behavior under the
conditions mentioned. Hence, one may expect that the magnetron

Fig. 3. Microphotographs of the pellet stored in air:�3000 magnification (a)
and � 13 000 magnification (b) and the cross-section microphotographs and
EDX-based Ti mapping of a pellet stored in air (c, d) and in argon (e, f).

σ b ¼ 1.39⋅10

decrease of c axis makes the main impact while the a axis changes are
insignificant (Table 1; Figure A13b, Supplementary, Section 11). The
structural changes in solid solutions with complex crystal structure
typically possess similar behavior: ambiguous changes of unit cell di
mensions and clear unit cell volume trend [36]. Therefore, we can as
sume the anisotropic changes of unit cell dimensions.
4.3. Equivalent circuit verification
Despite EIS of LATPs is well described in literature, the interpretation
of results described, especially in terms of the equivalent circuit corre
spondence, is ambiguous [15,20,37–40]. Therefore, we decided to start
the electrochemical characterization of the materials obtained with the
equivalent circuit verification.
It was found that the Nyquist plot registered at room temperature

Fig. 4. The LATP crystal structure: one unit cell, side view (a) and 4 unit cells, top view (b). The M designation marks the Al/Ti shared position.
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sputtered gold electrodes do not cause any changes of the LATP ceramics
during the storage. In both cases, grain boundary conductivity σ gb
deteorates more significantly than bulk conductivity σb. Observed ten
dency lays in a good agreement with literature data for LAGTP materials
[15].
Since EIS data were well described with R(RC)CPE equivalent circuit
it was possible to track the changes of a grain boundary capacitance
(Fig. 2d). For the sample stored inside a GloveBox capacitance remained
almost the same (only 12% decrease) while storage in air resulted in
40% deterioration of capacitance. This effect may be related to the
growth of grain boundary layer.
According to Dijk, thickness of grain boundary is inversely propor
tional to capacitance values C [45]. Taking into account formalism
developed in works of Dijk [45] and Marriapan [38] and making several
assumptions, we derived a formalism that allows making a rough esti
mation of thickness of the grain boundary layer (Fig. 5, Supplementary,
Section 12).
While the thickness of grain boundary layer of sample stored in Ar
remains the almost same (from 13 to 16 nm), we can see that the grain
boundary layer of sample stored in air increases almost twice (from 15 to
25 nm). This trend corroborates with the SEM-FIB data given above
(Fig. 3) where the growth of space between grains is clearly seen.

Vpoly). All polyhedra discussed are illustrated in Fig. 6c. Detailed infor
mation regarding the polyhedral definition and volumes calculation is
given in Supplementary, Section 14.
As it was described before, we found out that aging leads to the
dramatic changes in c dimension of the unit cell. Carrying out a deeper
structural analysis, we figured out the changes of M-Li(1)-M interatomic
distances. Taking into account that both M and Li(1) atomic positions
are laying on the c axis and expecting a strong influence of the Al3þ/Ti4þ
electrostatic cation field on Liþ (that may cause the conductivity
changes), we decided to include the M positions into the Li(1) poly
hedron. Therefore, this kind of Li(1) polyhedron considers additionally
the M-Li(1)-M distance changes. All polyhedrons volumes calculated are
presented in Table 1.
Analyzing the dependencies of polyhedral volumes on the aging time
and atmosphere, we established distinguishable changes in case of Li(1)
polyhedron (Table 1) while the volumes of other polyhedrons remained
almost the same (Figure A17, Supplementary, Section 15).
Comparing the aging behavior of Vpoly with σ0 T we noticed their
similarity and decided to investigate the correlation between these two
independent LATP characteristics. As a result, we found out a good 95%
correlation between Vpoly and σ0 T (Fig. 6b; Figure A18, Supplementary,
Section 16).
As it was mentioned before in Introduction, the parental LiTi2(PO4)3
(LTP) compound initially contains lithium at the Li(1) position that is
occupied fully. Thereby, the Al-doping of LTP leads to increase of charge
carrier concentration. Additional lithium ions occupy the Li(2) position
and are expected to be more labile. Furthermore, additional lithium
influences strongly the conductivity properties of the final LATP. Hence,
in accordance with mentioned above and taking into account the visible
conductivity fading and structural changes, we suspected to detect the Li
(2) polyhedron changes rather than Li(1).

4.5. Correlations between the crystal structure and conductivity
As described in the Introduction, crystal structure features influence
strongly the conductivity properties of the solid-state NASICON-based
Li-conductive electrolyte. Analyzing the evident changes of LATP caused
by the aging processes, we studied the structure-conductivity
dependency.
We compared the changes of unit cell volume V and total conduc
tivity σ t that both decrease with storage time. We decided to study the
three-dimensional parameter V as it is considered to be an integral
operator: V changes represent a summarized impact of all unit cell
dimension variations. It is worth to mention that PXRD and EIS data
were not collected simultaneously. To compensate for this fact, we
estimated values of the total conductivity σ 0 t using the linear approxi
mation of σ t fading dependencies (Figure A14, Supplementary, Section
13). This approach allows us to normalize the degradation impact on
crystal structure and conductivity.
As it is shown in Fig. 6, V and σ0 t values do correlate, but the cor
relation observed is weak and shows the overall tendency only that Liion conductivity falls with the unit cell volume decreases.
Taking into account that V can be discussed as the combination of
intracell polyhedral units, we decided to investigate the intrastractural
polyhedrons volumes behavior. Similarly to the V interpretation, we
consider the polyhedron volume as an integral operator that represents
interatomic distances and relative positions. The polyhedra studied are
as follows: [PO4] tetrahedron, [MO6] octahedron, [Li(2)O6] deformed
octahedron, and [Li(1)O6M2] bi-piramidal antiprism (corresponds to

4.6. DFT calculated Li-ion positions, diffusion pathways and barriers
A computational study was started with the calculation of minimum
energy path (MEP) related to a vacancy and interstitial migration
mechanisms in pure parental LTP crystals (one Liþ ion was removed or
added to the cell respectively). The calculated vacancy diffusion barrier,
0.40 eV, agrees well with the experimental data for LTP [46] and pre
vious theoretical works [24]. The calculated migration path goes
through the Li(2) position at (0.060, 0.306, 0.079) which is found to be
the second most occupied position after the Li(1) [47].
The calculated interstitial migration barrier (in LTP cell with one
extra Liþ ion) is only 0.15 eV which turned out to be slightly lower than
the experimentally established bulk migration barrier (0.186 eV). This
result confirms that the low migration barrier in LATP is mainly caused
by simple addition of extra Liþ ions (above the number of Li(1) sites)
rather than by some specific influence of Al atoms on the crystal struc
ture. The minimal energy configuration along the MEP turned out to be a
simultaneous occupation of two paired Li(1/2) positions at (0.03047,
0.19 973, 0.01903) (Fig. 7). This double-ion configuration will be
denoted further as Li(1/2) � 2. On the other hand, the Li(2) position
turned out to be the top point of the barrier (0.15 eV higher that the Li
(1/2) � 2 configuration).
Further, an energy landscape along the migration pathway was
calculated using a long simulation cell including 4 consecutive Li(1)
position alternating with 4 Li(2) positions (Fig. 7). The simulation cell in
this case contained one Al atom replacing Ti. The number of Liþ ions
exceeded the number of Li(1) sites by 1. That resulted in either occu
pation of one Li(2) position or in Li(1/2) � 2 configuration:
The Liþ positions on the migration way are denoted as P0, P1 ⋯ P8
(see Fig. 7; due to periodic boundary conditions the P8 position is
equivalent to P0). The even positions (P0, P2 …) represent an occupied
Li(2) position, while the odd ones (P1, P3 …) represent the occupied Li
(1) or Li(1/2) position depending on the absence or presence of the
additional Liþ ion at the moment of an imaginary Liþ migration

Fig. 5. Estimative changes in grain boundary thickness of LATP during storage
in air and in Ar (23 � C).
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Fig. 6. The relationship of unit cell volume V (a) and intrastructural [Li(1)O6M2] bi-piramidal antiprism polyhedra volume Vpoly (b) with approximate total con
ductivity σ0 T. All polyhedra discussed are shown in (c).

That indeed can be concluded from Figure A19 (Supplementary, Section
17) that shows the calculated volumes of four Li(1)-polyhedra located at
the migration pathway (please, see Fig. 7) for different positions of the
extra Liþ ion. It is predicted that the Li(1)-polyhedron expands upon the
Li(1)-by-Li(1/2) � 2 configuration substitution and shrinks back
through the opposite Li(1/2) � 2-by-Li(1) substitution process.
The “breathing” Vpoly behavior observed is consistent with in
agreement with a steric hindrance point of view. The Li(1) polyhedron,
modeled in consideration with atomic sizes (RTi4þ ¼ 0.60 Å;
RAl3þ ¼ 0.53 Å; RLiþ ¼ 0.76 Å; RO2- ¼ 1.40 Å; all for coordination num
ber 6 [48]) is given in Fig. 8. It is seen, that one Liþ ion at Li(1) position is
separated from oxygen ions with a gap, while two Liþ ions in Li(1/2) � 2
configuration have the lithium-oxygen contact in case of M and O(2)
positions constancy (Fig. 8b). Thereby, we can conclude that the Li(1)
polyhedron expansion occurs due to the Li(1/2) � 2 configuration
substitution.
Hence, the overall shrinkage of Li(1) polyhedron indicates a
decrease of additional lithium content and, therefore, suggests that the
Li-ion conductivity should diminish. This conclusion lays in line with the
experimental results observed.
Previously the Li(1/2) � 2 double-ion configuration was only pre
dicted and described in Ref. [24], and still was not supported by
experimental data. It is worth to emphasize, that the Li(1/2) � 2
configuration was not originally used as a starting geometry in our
calculations. Rather it was a result of geometry optimization of an in
termediate point on the MEP Liþ diffusion along the P1 → P8 way. The
direct experimental determination of the Li(1/2) lithium position is a
challenging task for both X-ray and neutron diffraction techniques. Thus

Fig. 7. The LATP Li-migration path described through the computational
approach (a) and the energies of interstitial Liþ migrating across a periodic cell
(P0 → P8) through the minimal energy path calculated via the NEB tech
nique (b).

observation.
The calculated MEP is presented in Fig. 7b. There is a 0.25 eV trap
around the Al atom, while outside the trap the migration barrier is about
0.15 eV (with Li(1/2) � 2 configuration being the minimum) just as in
case of interstitial migration of Liþ in pure LTP. It should be noted that
the energy difference between the Li(1/2) � 2 configuration and the Li
(2) position occupation in the area near Al atom is less than 15 meV. This
behavior may explain the Li(2) occupation at room temperature.
4.7. DFT-modeling of the observed volume changes
As it was shown before, the LATP Liþ migration path includes both Li
(1) and Li(2) positions (Fig. 7). It was established, that moving along the
migration path Liþ ion upon entering the Li(1)-polyhedron occupies one
of the Li(1/2) positions and pushes the ion that was originally resided in
Li(1) position to the other Li(1/2) one forming the double-ion Li(1/
2) � 2 configuration. Thereby, one may expect that such Li(1)-by-Li(1/
2) � 2 substitution will influence the Li(1)-polyhedron volume Vpoly.

Fig. 8. The Li(1) polyhedron represented with real ionic sizes: 1 Liþ at Li(1)
position (a) and 2 Liþ at Li(1/2) positions — the Li(1)-by-Li(1/2) � 2 config
uration (b).
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the signal of Li(1/2) � 2 pair could be easily averaged to the Li(1) po
sition, that is right in the middle of the two Li(1/2) ones. However, there
is indirect descriptor of the Li(1/2) � 2 pair occupation — the Li(1)
polyhedron volume Vpoly. According to the geometry optimization re
sults, the Vpoly in case of Li(1) configuration is 16.8 Å3 which is sub
stantially smaller than for the Li(1/2) � 2 occupation (17.7 Å3). The
predicted relative volume decrease is about 5% while the experimental
value does not exceed 1%. This discrepancy is resolved by taking into
account the fact that the experimentally established Vpoly obtained
through the Rietveld refinement represents the value averaged upon the
whole LATP crystal structure of the sample analyzed. Furthermore, the
amount of extra lithium x in Li1þxAlxTi2-x(PO4)3 sample is less than 0.5,
and it is also expected that some Li(2) positions still should be occupied
at room temperature.

chemical composition, crystal structure, ion conductivity, and
morphology were investigated using the wide range of analytical
methods (EDX, PXRD, EIS, SEM) and the results obtained were sup
ported by the DFT-based computations. It was shown, that simple twostep solid state synthesis allows synthesis of a pure α-NASICON-type
LATP ceramic with satisfactory porosity of 18.5 vol% and high Li-ion
total conductivity of 4⋅10 4 S cm 1 (room temperature). It was found
out that the ceramics tend to degrade with measureable conductivity
fading (σt, 76% for air and 28% for argon after 98 days) and crystal
structure shrinkage. Additionally, bulk capacitance (Cb) of the pellets
decreases up to 12 and 40% for argon- and air-stored samples. Approach
to estimate the grain boundary layer thickness using Cb have been
proposed. It was shown, that grain boundary thickness remains the same
for the argon-stored sample, while for the air-stored one it increases
twice which agrees with SEM-FIB data. The crystal structure - conduc
tivity correlation was established through the investigation of intra
structural Li(1) polyhedron and its volume Vpoly, measured
experimentally using the PXRD Rietveld refinement results and modeled
atomistically at DFT level. It was proposed that the decrease of both
conductivity and the polyhedron volume in the course of degradation is
due to depletion of the extra Liþ ions involved in low-barrier interstitial
migration. The lithium consumption is assumed be the result of the re
action with air to form lithium carbonate. The theoretically predicted Li
(1/2) � 2 double-ion configuration was supported by the experimental
evidences for the first time. The data obtained lays the foundation of the
fresh view on the Li-ion migration mechanism, degradation processes,
and the key influencers of crystal structure.

4.8. Possible lithium-hydrogen substitution
In addition to the information given above, we found out that the
Vpoly decrease rate depends on the storage atmosphere. Namely, the
aging in air atmosphere leads to the drastic decrease of Vpoly in com
parison with the aging in argon atmosphere (Table 1). Therefore, we
consider the storage atmosphere composition as the main factor of
degradation. Analyzing the differences of the ambient atmosphere and
glovebox components, we noted two of them, which might interact with
LATP: water (as humidity) and carbon dioxide. Thus, we may expect that
the Vpoly shrinkage is caused by the partial elimination of extra Liþ ions
out of the LATP structure. As a possible reason of such behavior the
reaction of LATP ceramics with atmospheric components, such as H2O,
CO2, etc. can be proposed. In this case, we can assume that the degra
dation of LATP samples stored in a very clean low O2 and H2O ppm
GloveBox proceeds much slower rate in comparison with the air-stored
samples because of a far less concentration of these reactive species.
One may expect that LATP-air reaction may lead to the Li-by-H
substitution. Therefore, additional geometry optimization calculations
were performed to find equilibrium proton positions in the case of
possible Liþ/Hþ exchange. For that purpose, one Li atom in the Alcontaining simulation cell was replaced by a hydrogen atom. Both Li
(1) and Li(2) positions turned out to be highly unfavorable for proton (in
fact even local energy minimums were not found in these positions). In
all cases, the optimization procedure resulted in a bonding between H
and O atoms. The lowest energy configuration is characterized by H
bonding with oxygen atom in O(2) position that is included in [AlO6]
octahedron (the energy for the position connected to [TiO6] octahedron
is about 0.1 eV higher). Thus upon Liþ-by-Hþ substitution facilitated by
the reaction with air the total number of Liþ ions decreases, while the
total number of available sites (particularly, Li(1)) remains the same. As
a result the Li(1/2) � 2 configurations become rarer. That manifests in
both decreased average Vpoly and degraded total conductivity.
Due to the lithium lability and taking into account the structural and
electrochemical changes observed, we can propose the following
chemical reaction as a possible reason for the LATP degradation:
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2LiþLATP þ H2O[vapor] þ CO2[gas] → Li2CO3[solid] þ 2HþLATP

Appendix A. Supplementary data

DFT calculations (Supplementary, Section 18) show that the energy
balance of this reaction is close to zero within the accuracy of the
theoretical model and uncertainty of reaction conditions. We expect,
that the proposed lithium carbonate formation reaction takes place
predominantly in the grain boundary areas as it requires fast flux of
gaseous species. This degradation route would be in agreement with the
observed prominent decrease of grain boundary conductivity.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jpowsour.2019.227367.
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