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The oxide-based Li™ conductors are considered as potential solid electrolytes for lithium-ion batteries.
Among the NASICON—type materials, Lij3Alp3Tii7(PO4)3 (LATP) seems to be a promising candidate for
application. Although its bulk conductivity is of the order of 103 S - cm~!, and seems to be sufficient for
practical use, the total conductivity is considerably limited by the highly resistant grain boundaries. This
shortcoming may be overcome by the formation of LATP—based ceramics with appropriate sintering aids.
In this study, the 0.75Li;0-0.25B,03 (LBO) glass with low melting point was chosen to improve the ionic
conductivity of LATP. The properties of Lij 3Alg3Ti17(PO4)3—y (0.75Li,0-0.25B,03) (0 < y < 0.3) system
were studied by means of: high temperature X-ray diffractometry (HTXRD), °Li/’Li, ''B, Al and 3'P
magic angle spinning nuclear magnetic resonance spectroscopy (MAS NMR), thermogravimetry (TG),
scanning electron microscopy (SEM), impedance spectroscopy (IS) and density methods. Based on the
experimental results, it is shown that the use of LBO glass as a sintering aid results in the enhancement of
the total ionic conductivity of LATP ceramics. The correlations between apparent density, microstructure,
composition, sintering temperature and ionic conductivity are presented and discussed. The presumed
mechanism of the conductivity enhancement is analyzed in terms of the brick-layer model (BLM). The
highest value of the total ionic conductivity, equal to 1.9 x 1074 S - cm~!, was obtained for LATP—0.1LBO

sintered at 800 °C.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Further development of the lithium-ion battery (LIB) technology
may be achieved by the replacement of liquid electrolytes by solid
counterparts. This solution offer many advantages related to
improved safety, longer lifetime as well as higher energy and power
density of the new generation of lithium-ion cells. It is noteworthy
that all-solid-state lithium-ion batteries (ASSLIBs) should also
exhibit better mechanical and thermal properties as well as wider
electrochemical window, allowing for the use of new, high voltage
(>5 V) cathode materials [1—4].

In order to be applicable as solid electrolyte, material is sup-
posed to have a relatively high value of the total ionic conductivity,
exceeding 1074S - cm~! [1-5]. Unfortunately, most of the solid Li*
conductors fulfilling this condition suffer from poor chemical
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stability against moisture, for example glasses based on LiyS [1—4].
And conversely, the compounds sufficiently stable against moisture
(mainly oxide-based compounds) exhibit low total ionic conduc-
tivity for practical use [1-5]. Therefore, the enhancement of electric
properties of oxide-based materials seems to be an efficient way to
elaborate a solid electrolyte with desirable properties required by
the ASSLIB technology.

Lithium aluminum titanium phosphate of chemical formula
Li; xAlTi>_x (PO4)3 (LATP) is one of the promising candidates for
application as solid electrolyte for ASSLIBs [6—17]. It crystallizes in
NASICON structure with rhombohedral symmetry and belongs to
R-3c space group. Its good thermal, mechanical and chemical sta-
bility as well as non-flammability are the essential features of the
solid electrolyte material. Depending on the preparation procedure,
the LATP grain interior exhibits high lithium ion conductivity in the
range from 1074 to 1073 S - cm™! at room temperature [6—18].
However, considering the application of a material as solid elec-
trolyte not only the grain conductivity should be taken into
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account, but overall conductivity [6—18]. Preparation of the ceramic
material by a conventional solid-state reaction method, yields the
total ionic conductivity from 107% to 1074 S - cm™! at room tem-
perature [15—20]. Whereas, in the case of melt-quenching and sol-
gel methods, the total conductivity may be as high as 1073
S - cm™! at room temperature [19—30]. Although, those synthesis
methods lead to the formation of highly conducting material, they
also suffer from some disadvantages. For instance, a sol-gel reaction
method usually requires expensive reagents and therefore the use
of that technology on an industrial scale is not cost-effective. As for
the melt-quenching method, the limiting factor is the necessity of
operating at high temperatures (above 1300 °C) necessary to melt
the substrates.

Another approach explored in literature to obtain a highly
conductive materials, consists on the addition of foreign phases
into the base compound (called matrix) to lower both sintering
temperature and grain boundary resistance [31—43]. This concept
has been applied for many different kinds of ceramics. Since the
preparation of ceramic material requires sintering at high tem-
peratures, the addition of appropriate sintering agent in form of a
glass with a low glass transition temperature and a low melting
point after crystallization is supposed to be a good choice. During
heat treatment, glass should transform into a liquid phase, which
can efficiently both cover the grains and fill the pores, facilitating
the densification process and lowering the sintering temperature.

Many literature reports show that the 0.75Li,0-0.25B,05 glass is
a very efficient sintering additive due to its low melting point. N.C.
Rosero-Navarro et al. [42,43] reported high values of the total ionic
conductivity in the LizLazZryM;.4O13 — Li3BO3 (M = Nb, Ta) system
when it is sintered at 900 °C. It was found that LBO glass prompts
formation of the cubic LLZO phase and play an essential role in
lowering the sintering temperature (from about 1100 °C to 900 °C),
while maintaining good ionic properties. Also, E.A. Il'ina et al.
[33,34] reported that stabilization of highly conducting cubic phase
of LijLazZr;0q3 could be done while Li;O—Y,03—SiO, or
Li,0—B;03—Si0, glasses are added to the base material. Likewise,
Aono et al. investigated the LiTip(PO4)3—LizBO3 and LiTiy(-
PO4)3—Li3PO4 systems and observed an enhancement of the total
ionic conductivity comparing to the LiTiz(PO4)3 base material [36].
Our previous works devoted to LTP—based composites with glassy
0.75Li»0-0.25B,03 [37] or 1.35Li»0-0.45B,03-0.1Li;S04 (LBSO) [38]
additives, confirm the crucial role of the sintering agents in
enhancement of total ionic conductivity. Also, N. Sharma et al.
presented that composites based on LTP with addition of
60Li»S0O4-40LiPO3 [40] or LiCl-P,05 [41] glasses exhibit better
electrical properties in comparison to ceramic LTP. The authors
claim that lithium ions present in the glassy phase may play an
important role in the improvement of grain boundary conductivity.
In yet another study, T. Hupfer et al. [32] showed that addition of
LiTiOPO4 to the LATP resulted in densification of material, yielding
better electrical properties. These results also confirmed that the
formation of a composite may be an efficient way to lower the
sintering temperature for the LATP ceramics.

Here, we adopt this tactic to LATP—LBO system in order to obtain
highly conductive material. Although this approach has been
already employed in our previous study on LATP—LBSO system [35],
here, besides using a new sintering agent, we extend the scope of
our research by performing °Li MAS NMR experiment. Moreover,
we put greater emphasis on changes in phase composition at
different sintering temperatures. Therefore, this paper should
provide useful information regarding the processing of LATP—based
ceramics, especially as for the selection of their optimal sintering
temperature. Moreover, MAS NMR results permit a better inter-
pretation of a conductivity enhancement mechanism achieved in
LATP—LBO composites. Based on the obtained results we propose

and discuss a possible model of compositional and structural
changes in LATP—LBO composites leading to the enhancement of
their total ionic conductivity.

2. Experimental

Polycrystalline Liq3Alg3Ti;7(PO4)3 compound was obtained by
means of a conventional solid-state reaction method. Reagent-
grade chemicals, Li;CO3 (Sigma Aldrich), NH4H,PO4 (POCh),
anatase TiO, (Sigma Aldrich) and Al,Os3 (Sigma Aldrich), were
weighted in stoichiometric amounts, ground with mortar and
pestle and synthesized in alumina crucible at 900 °C for 10 h.

0.75Li»0-0.25B,03 glass was obtained via a standard melt-
quenching method. Stoichiometric amounts of reagents: Li;CO3
(Sigma Aldrich) and H3BOs (POCh) were weighted, ground with
mortar and pestle, placed in alumina crucible and annealed at
1100 °C for 15 min. Next, the annealed mixture of molten reagents
was quenched rapidly between two stainless steel plates. Then, the
obtained glassy plates were ball-milled with rotation speed of
400 rpm for 1 h in planetary mill Fritsch Pulverisette 7. Subse-
quently, the obtained LBO powder was added to as-prepared LATP
material in molar ratio varying from 10 to 30%. Next, both com-
ponents were ball-milled in ethanol at 400 rpm for 1 h, dried and
pelletized under uniaxial 10 MPa pressure. Finally, pellets of 6 mm
in diameter and ca. 2 mm thick, were formed and sintered at 700,
800 or 900 °C for 2 h.

Phase composition of the as-synthesized materials and com-
posite powders after heat treatment were examined by means of X-
ray diffraction method. Data were collected in the 26 range from 10°
to 90° with 0.05° step and counting rate of 0.5 s per step with CuKa
line by means of a Philips X'Pert Pro diffractometer. Additionally,
temperature dependent XRD (HTXRD) was performed in the tem-
perature range from 30 to 900 °C using an Anton Paar HTK-1200
oven.

Thermal stability of the composites was determined by thermal
gravimetric analysis (TGA). A TA Instruments Q600 calorimeter was
used to register the mass loss and the temperature difference (with
reference to empty alumina crucible) during heating under air flow
in the temperature range from 50 to 900 °C. The measurements
were performed at the heating rate of 10 °C.min~! on powdered
samples of ca. 20 mg each.

Apparent density of the pelletized samples was determined by
Archimedes method with isobutanol as an immersion liquid. The
accuracy of this method was estimated as ca. 1%. The microstruc-
ture of freshly fractured pellets was investigated by means of the
scanning electron microscopy (SEM) employing a Raith eLINE plus
setup.

For impedance spectroscopy measurements, both bases of the
as-formed pellets were polished and covered with graphite as
electrodes. Impedance investigations were carried out using a
Solatron 1260 frequency analyzer in the frequency range from
10~1-107 Hz in the temperature range from 30 to 100 °C, during
both heating and cooling runs.

271, Li/’Li, 3'P and "'B MAS NMR spectra were acquired with a
Bruker AVANCE-400 spectrometer (9.4T magnetic field). The used
frequencies were equal to: 104.3, 58.8/155.4, 161.9 and 128.4 MHz,
respectively. NMR spectra were recorded after 2.0 us irradiation for
aluminum, lithium and boron, 4.0 ps irradiation (/2 pulses) for
phosphorus with the MAS technique (rotation of samples at 10 kHz
around an axis inclined 54°44’ with respect the external magnetic
field). The number of scans was in the range from 100 to 800.
Chemical shift values of NMR resonances were referred to 1 mol L~}
AlCl3, 1 mol L~ ! LiCl, 85 wt% H3PO, and 0.3 mol L~ H3BO3 aqueous
solutions. The NMR spectra were simulated using dmfit software
[44].
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The PFG NMR technique was used to determine lithium diffu-
sion coefficient in LATP and LATP—LBO samples. “Estimulated Echo”
experiments were carried out with gradient pulse intensity varying
from 100 to 2600 G m™". In these experiments /2 pulses of 5 ps
were used. The dependence of diffusion coefficients on the diffu-
sion A time (interval between gradient pulses) was investigated.
Also, the PFG NMR studies of the LATP—LBO ceramics were per-
formed at elevated temperatures.

3. Results and discussion
3.1. X—ray diffraction

Fig. 1 presents X-ray diffraction patterns for polycrystalline (also
referred as pristine or as-prepared) LATP before sintering and
LATP—0.2LBO composite before and after sintering at 900 °C for 2 h.
As for the pristine LATP material, the positions and relative in-
tensities of the main reflections correspond to the NASICON
structure with R-3¢ symmetry group (ICDD 00-035-0754). One can
also observe some weak diffraction lines at 20 angles 20.6° and
26.3° which were identified and ascribed to TiO, anatase and AIPO4
berlinite phases, respectively [10,15,16,20,23,24,27,31,45,46]. The
comparison of X-ray diffraction patterns of polycrystalline LATP and
non—sintered composite, do not display any important differences.
However, more significant differences are noticeable on diffraction
pattern for LATP—0.2LBO sintered at 900 °C which exhibits new
reflections at: 27.0, 27.4, 28.0 and 39.6° belonging to LiTiPOs (ICDD
00—044—-0083) phase [10,13,16,31,37,38]. Concomitantly, after
sintering the diffraction lines for anatase TiO, and berlinite AIPO4
disappear. In order to study, the structural changes in the com-
posite during sintering, the high temperature X-ray diffractometry
(HTXRD) was performed. The most pronounced changes in phase
composition were observed around 700 °C. At that temperature,
the peaks assigned to TiO; (anatase) and AlPO4 (berlinite) started to
diminish, while the lines attributed to LiTiPOs emerged (see Fig. S1
in a supplementary file). It should also be mentioned that no
diffraction lines from the LBO additive were found. It is likely that
no crystalline lithium borate phase was formed during sintering, at
least in a detectable amount. The HTXRD results seem to indicate
that at high temperatures TiO; and AIPO4 phases react with LATP or
LBO resulting in the formation of LiTiPOs.

Fig. 1. XRD patterns of the as-prepared LATP and the LATP—0.2LBO composite before
and after sintering at 900 °C.

3.2. Thermal analysis

Fig. 2 illustrates the thermogravimetry results for the
non—sintered composites. Regardless of the composition, the
highest mass loss, ca. 2 wt% occurs up to about 350 °C. This loss is
probably due to the evaporation of moisture and residual ethanol
present at the grain boundaries. DTA studies of LATP—LBO samples
do not reveal any thermal events up to 900 °C because the content
of LBO component is too low to be detected by this method. For that
reason, DTA curve for LBO glass was registered separately and
revealed the glass transition at Ty = 360 °C, two crystallization
peaks at T;; =420 °C and at T, = 500 °C as well as the melting point
at T, = 735 °C. More detailed discussion of the DTA results for LBO
glass can be found in Ref. [37]. It should be noted, that the evalu-
ation of the glass melting point is crucial for this study as it defines
the lowest possible temperature at which the LATP—LBO compos-
ites may be sintered. As discussed in the introduction part, the main
role of LBO as a sintering aid is to crystallize and melt, so that its
liquid phase can efficiently fill in the pores between LATP grains,
providing their better mechanical contact.

3.3. Microstructure and apparent density

The impact of LBO glass on the composite microstructure was
investigated on the basis of SEM images of freshly fractured pellets
of: LATP sintered at 900 °C (Fig. 3A) and LATP—0.1LBO composites
annealed at 700 °C (Figs. 3B), 800 °C (Figs. 3C) and 900 °C (Fig. 3D).
The microstructure of sintered LATP is visibly nonuniform and
composed of small grains of ca. 1 um in size and bigger ones of a few
micrometers in diameter. Also, one can discern some voids and
grain boundaries between the neighboring grains. As for the
composite sintered at 700 °C (Fig. 3B), the microstructure is highly
porous but characterized by a more uniform grain size distribution.
For LATP—0.1LBO sintered at 800 °C the microstructure is much
more compact and uniform because the neighboring grains adhere
better to one another. In addition, slight grain growth and almost
no porosity are evidenced. Finally, in the case of the composite
sintered at 900 °C, apart from grains of ca. 1 um in size, larger ones
(ca. 3 um in size) are also observed. In addition, low concentration
of bigger pores could be noticed. SEM images prove that the grain
growth during sintering is induced not only by high processing
temperatures but also by the presence of LBO component. After

Fig. 2. TG traces for LATP—LBO composites.
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Fig. 3. SEM images of the LATP pellet sintered at 900 °C (A) and LATP—0.1LBO composite sintered at: 700 °C (B), 800 °C (C), 900 °C (D).

melting, this additive may additionally facilitate the transport of
mass at grain boundaries in LATP—LBO systems.

Table 1 presents the apparent density values calculated for LATP
and LATP—LBO composites. As one can notice, those values are very
similar. Analysis of the collected data suggests that LBO concen-
tration in the composite has a negligible impact on its apparent
density, whereas it is the sintering temperature that plays the
predominant role in the densification process. The highest density
was found for LATP—LBO composites sintered at 800 °C. It is
consistent with SEM studies showing that at that temperature the
most compact microstructure is formed.

3.4. MAS NMR

The ®Li/’Li, "B, 2’Al and 3'P MAS NMR studies were carried out
on LATP base materials (non-sintered and sintered at 900 °C) and
LATP—0.3LBO composites (sintered at 700, 800 or 900 °C) and
supplied very accurate information about the compositional and
structural changes taking place during sintering.

Table 1
Values of the apparent density of the investigated materials.

material Sintering temperature [°C] Apparent density [g - cm 3]
LATP 700 2.69 + 0.03
800 2.70 + 0.03
900 2.71 £ 0.04
LATP—-0.1LBO 700 2.64 +0.03
800 2.71 + 0.04
900 2.63 +0.03
LATP—-0.2LBO 700 2.63 +0.03
800 2.71 £ 0.04
900 2.67 +0.03
LATP—-0.3LBO 700 2.64 +0.03
800 2.71 £ 0.04

900 2.66 + 0.03

3.4.1. 27Al MAS NMR

In the 2’Al MAS NMR spectrum of the non-sintered LATP ma-
terial, five signals are observed at: —16, —15, 13, 30 and 40 ppm
(Fig. 4). Signals at —16 and —15 ppm were attributed to ?’Al atoms
in octahedral coordination (AlOg). The peaks at 13 and 30 ppm
correspond to pentahedral (AlOs5) and that at 40 ppm to tetrahedral
(AlO4) aluminum [10,15,16,27,46,47]. The peak at 40 ppm is char-
acteristic for AIPO4 [15,27], also detected in polycrystalline sample
by X-ray diffraction (XRD) method. %’Al signals at —16
and —15 ppm were associated with the Liy, xAlcTip_x (PO4)3 phase,
where MOg octahedra can be occupied by M = Al or Ti [ 10,16,46,47].
Finally, signals at 13 and 30 ppm were ascribed to some amorphous
phases containing AP** ions. The 2’Al NMR spectrum for LATP
sample sintered at 900 °C is considerably different from the spec-
trum of the non-sintered base material. Although the 40 ppm line
remains unchanged, the signal at 13 ppm, associated with AlOs,
decreases considerably. Simultaneously, the resonance at —15 ppm
(AlOg) of the NASICON—type phase increases significantly after heat
treatment. This indicates that the A>* content of LATP crystallites
increases at the expense of secondary amorphous phases during
sintering.

27A1 MAS NMR spectrum for LATP—0.3LBO sintered at 700 °C
reveals a weak signal at 40 ppm ascribed to AIPO4 phase. It is
worthy to note, that the lines at 30 ppm and 13 ppm, previously
assigned to AlOs in some amorphous phases, nearly vanished
which may suggest that the addition of LBO as sintering agent
prevents the formation of unwanted secondary phases in LATP
ceramics. Apart from signals at —16 and —15 ppm (octahedral co-
ordination of Al atoms), there is also a new resonance
at —21 ppm. According to the literature, it may be ascribed to
aluminum in octahedral coordination in LiAIP,0; phase [48].
Analysis of 2’Al MAS NMR spectra for LATP—0.3LBO sintered at
800 °C and 900 °C shows that the heat treatment at temperatures
higher than 700 °C promotes the formation of >’Al octahedral en-
vironments characteristic for NASICON—type phase at the expense
of LiAIP,07 secondary phase.
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Fig. 4. 2’Al MAS NMR spectra of LATP non-sintered and sintered at 900 °C as well as LATP—0.3LBO non-sintered and sintered at 700, 800 or 900 °C. The experimental and simulated
spectra are displayed as black and red lines, respectively. The simulated spectra are the sum of distinct lineshapes displayed as green and orange lines. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

27A1 MAS NMR data analysis implies that the polycrystalline
as—prepared LATP material contains several secondary phases, not
only the crystalline AIPOg4, but also some, other unidentified phases
with penta- or octahedrally coordinated aluminum. It was shown
that the heat treatment at high temperatures promotes the
decomposition of unidentified phases and facilitates the transfer of
AP* ions to the LATP crystal lattice. However, even after sintering at
900 °C, the decomposition is not complete and low amounts of
these foreign phases still remain. The addition of LBO to LATP with
subsequent heat treatment, favors the elimination of secondary
phases and incorporation of AI** into the NASICON—type phase. It
should be noted that the concentration of AI** in LATP is above 94%
after sintering at 800 or 900 °C (see Table S1). According to the
collected data, very low amount of foreign phases, AIPO4 and
LiAIP,05, are still present in sintered composite. The high pro-
cessing temperature as well as the presence of the LBO glass as
sintering aid is believed to cause some chemical reactions within
the composite at grain boundaries that release the aluminum ions
from secondary phases and facilitate their incorporation into the
LATP crystal structure.

3.4.2. 3'p MAS NMR

Fig. 5 shows the 3'P MAS NMR spectrum obtained for the as-
prepared LATP which is dominated by one asymmetric peak
at —27.5 ppm. It may be deconvoluted into six overlapped signals
at: —29.3, -27.6, —27.3, —26.6, —25.9 and —24.9 ppm [6,10,16,45].
The weak resonance at —29.3 ppm may be assigned to AlPO4[6,10].
The —27.6 ppm line corresponds to the P(OTi)s environment of
LiTi;(POg4)3 phase, while the remaining peaks can be attributed to
P(OTi)y4, P(OTi)3(OAl);, P(OTi),(OAl), and P(OTi);(OAl)s components

of the Al-doped NASICON—type phase, where Ti** ions are
partially substituted by AI>*. For the sintered LATP material, the
thorough spectrum deconvolution reveals a slight shift of 3'P sig-
nals assigned to the LATP phase towards more positive values. A
comparison of relative signal intensities for P(OTi)4_p (OAl)y (n =0,
1, 2 and 3) bands between as—obtained and sintered LATP samples
shows that the P(OTi)4 signal at —27.6 ppm decreases at the
expense of the other phosphorus coordinations P(OTi)4_, (OAl)
where n = 1 and 2. That result may suggest an important transfer of
AP+ ions to the NASICON structure takes place upon sintering.

Further changes in 3'P MAS NMR spectra are observed when
LATP—LBO composites are heat treated (Fig. 5). For the
LATP—0.3LBO material sintered at 700 °C, the following lines can be
discerned after deconvolution: —30.3, —27.7, —27.2, —26.1, —25.0,
—23.9, —22.5, —9.8 and 9.8 ppm. The weak signal at —30.3 ppm is
assigned to AIPO4. The resonance at —27.7 ppm is attributed to the
phosphorus P(OTi)4 environment in the LiTi»(PO4)3; compound. The
lines in —27.2, —26.1, —25.0 and —23.9 ppm correspond to the
phosphorus environments P(OTi)4_, (OAl),, (Wheren=0,1, 2, 3) of
the LATP phase. Finally, the signals at —22.5, —9.8 and 9.8 ppm
should be assigned to newly formed lithium ion conductors,
LiAIP,07, LiTiPOs and LisPO4 respectively [16,48,49]. It should be
noted that the presence of the LiTiPOs phase has been also
confirmed by XRD studies. Another important remark is that the
concentration of P(OTi)s coordinations typical for LTP and LATP
phases decrease in comparison to sintered LATP which may indi-
cate that some part of NASICON—type phase decomposes to form
other lithium ion conducting phosphates (LiAlP,07 LiTiPO5 and
Li3POy).

Deconvolution of 3P MAS NMR spectra for LATP—LBO
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Fig. 5. 3'P MAS NMR spectra for LATP non-sintered and sintered at 900 °C as well as LATP—0.3LBO non-sintered and sintered at 700, 800 or 900 °C. The experimental and simulated
spectra are displayed as black and red lines, respectively. The simulated spectra is the sum of distinct lineshapes displayed as green and orange lines. Numbers n = 0—4 stands for
P(OTi)4_n (OAl), sites in LATP, 0’ for P(OTi), site in LTP. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

composites sintered at 800 and 900 °C basically shows the same
signals as for sintered LATP—LBO sintered at 700 °C. The relative
signal intensity of phosphorus from impurity phases is insignifi-
cantly lower than in composite sintered at 700 °C. However, in the
case of the 3'P signal assigned to NASICON—type phase as the
sintering temperature increases, the relative P(OTi)4 signal in-
tensity at —27.7 ppm (for LTP phase) decreases, while the one for
P(OTi)3(0Al); (—26.1 ppm) as well as for P(OTi)(0Al)2 (—25.0 ppm)
increases. That may be another argument supporting the claim that
AP+ jons may diffuse from grain boundaries to incorporate into the
LATP crystal lattice.

The %’Al MAS NMR studies described in the previous section led
to the conclusion that the heat treatment is likely to provoke the
diffusion of aluminum ions into the LATP structure. Now, >'P MAS
NMR investigations brings complementary information concerning
this process. It has been proved that the sintering of the base ma-
terial diminishes the concentration of P(OTi)4 tetrahedrons, which
might be related to the diffusion of A’* ions from foreign phases
into the LATP structure. Some of those ions might substitute for
titanium ions, increasing the concentration of P(OTi)3(0Al); and
P(OTi),(0Al), phosphorus coordinations. The concentration of A**+
jons in respect to Ti** jons could be deduced using the following
expression [6,10]:

Al3+ 4[4 —+ 313 —+ 212 -+ I] - X

Tt 4lg+3L +2L +15 2—x (1)

where I, (n = 0, 1, 2, 3 and 4) stands for the relative signal intensity
of 3'P bands associated with P(OTi)4_p, (OAl), environments. Based
on Eq. (1), the nominal and actual AP** concentrations for LATP

phase were compared for different composites and are presented in
Table S2. It can be seen that the aluminum content in LATP phase
approaches the nominal value for the sintering temperature equal
to 800 °C. Those results strongly suggest (in agreement with 27Al
MAS NMR results) that the heat treatment of LATP—LBO composites
favors the incorporation of AI** into the NASICON—type phase.

3.4.3. °Li MAS NMR

Fig. 6 presents the °Li (I = 1) MAS NMR spectra for pristine and
sintered LATP material. As a consequence of small dipolar and
quadrupolar interactions, only central (CT) transitions of °Li MAS
NMR spectra were detected. Simulation of the spectrum for the
as—prepared LATP sample reveals the presence of two peaks, one
at —1.1 and the other at —0.7 ppm, which can be assigned to lithium
in Li1 and Li3 sites in the NASICON crystal structure [10,45,46]. The
integrated signal intensity at —1.1 ppm is three times higher than
at —0.7 ppm. In the sintered LATP compound, the similar peaks
were detected. However, it should be emphasized that their inte-
grated intensity changed significantly with respect to as—obtained
LATP. After sintering, the signal ascribed to Li3 site is much more
intense than that for Li1 site. Based on these observations, it might
be concluded that the incorporation of AI>* jons upon sintering
promotes the occupation of Li3 sites by lithium ions.

As for the sintered LATP—LBO composites, two peaks at —1.1
and —0.7 ppm are still observed. Moreover, with increasing sintering
temperature the integrated intensity of Li3 site increases when
compared to Lil site. It may suggest, that Li3 sites becomes the
preferred one for Li* ions. Also, two additional peaks were detected
at —0.3 and O ppm, that most probably should be attributed to the
lithium borate and LiTiPOs secondary phase, respectively. For the
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Fig. 6. °Li NMR spectra for LATP non-sintered and sintered at 900 °C as well as LATP—0.3LBO non-sintered and sintered at 700, 800 or 900 °C. The experimental and simulated
spectra are displayed as black and red lines, respectively. The simulated spectra are the sum of distinct lineshapes displayed as green and orange lines. The different sites of LATP are
labeled Li1 and Li3. The spectra of the five samples are displayed with identical intensity scales. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

composite sintered at 700 °C, the relative integrated intensity of the
signals shows that there is apparently more lithium ions in LiTiPOs
phase than in lithium borate. However, when the composites are
sintered at 800 or 900 °C, the ratio of Li* concentration in those
phases reverses. What is more, the content of lithium ions in phases
other than LATP is almost the same, regardless of the sintering
temperature. In addition, the heat treatment process broadens the
5Li NMR signals for both, Li1 and Li3 sites, indicating that exchange
between both sites increases after sintering.

The temperature dependent ®Li MAS NMR spectroscopy was
performed for the composite material sintered at 800 °C. Generally,
the obtained spectra become narrower with increasing tempera-
ture. Deconvolution of the spectra revealed significant changes in
occupation of Li ions of Lil and Li3 sites. The relative integrated
intensity of the signal assigned to Li1 site increases while the one
for Li3 site decreases with increasing temperature. However, the
total concentration of lithium ions in NASICON—type phase re-
mains almost the same, regardless the temperature. As for the
concentration of Li™ in secondary phases, the relative integrated
intensity of the signal attributed to LiTiPOs increases at 80 °C, while
the one assigned to lithium borate decreases. Heating the sample
up to 150 °C does not lead to any significant changes in lithium
environments in these phases. After cooling to room temperature
the spectrum returns to its original shape.

3.44. Li MAS NMR

7Li (I = 3/2) MAS NMR spectra for LATP and LATP—LBO samples
are presented in Fig. 7. The analysis of quadropolar interactions is
supposed to provide some information about the sites symmetry,
while the linewidth evolution can be associated with changes in the

mobility of lithium ions. The deconvolution of “Li MAS NMR central
transitions reveals the presence of the same components that have
been already detected in the case of 6Li MAS NMR. For the
non—sintered LATP, the spectra consists of two overlapping lines
at —1.2 and —0.9 ppm with quadrupolar coupling constant (Cgp)
assigned to Lil (38 kHz) and Li3 (80 kHz) sites in NASICON crystal
structure [10,16,45—47]. The relative integrated intensity of the Lil
line is higher than for the Li3 signal. As for the sintered LATP, one can
notice lower Cg values, equal 23 and 52 kHz for Lil and Li3 sites
respectively. The decrease in Cg values may be explained by the
substitution of Ti** by AI** ions in the NASICON structure, resulting
in the increase of lithium mobility. Moreover, the ’Li NMR signal for
sintered samples is visibly broader than for non-sintered ones sug-
gesting different arrangement of Li* ions. Similarly as in the case of
i MAS NMR spectra, the relative integrated intensity of Li3 site
signal is higher than for Li1 site.

Analysis of the 7Li MAS NMR spectra for LATP—LBO composites
indicates that the preferred site for lithium ions is Li3, regardless of
the sintering temperature. For composite sintered at 700 °C the
quadrupolar coupling constants are equal to 40 and 69 kHz for Lil
and Li3 site respectively. The higher the sintering temperature, the
lower the Cq values for both lithium sites. Deconvolution of those
spectra shows the presence of two additional signals at —0.3 and
0 ppm assigned to lithium borate and LiTiPOs phases. It should be
noted that the spectra obtained in the “Li MAS NMR experiment had
lower resolution as compared to °Li MAS NMR data. Despite this
limitation, they proved their usefulness as they enabled us to
perform the complementary analysis in terms of quadrupolar pa-
rameters for all signal components.
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Fig. 7. CT (central transition) of “Li NMR spectra under MAS conditions of LATP non-sintered and sintered at 900 °C as well as LATP—0.3LBO non-sintered and sintered at 700, 800 or
900 °C. The experimental and simulated spectra are displayed as black and red lines, respectively. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

3.4.5. “Li PFG NMR

The 7Li PFG NMR analysis of LATP and LATP—LBO samples re-
veals that only the pristine LATP sample display long T2 values to
perform PFG measurements. Based on those results the Li* diffu-
sion coefficient for non-sintered LATP was found to be equal to ca.
9 x 1072 m?/s. Unfortunately, for the ceramic samples Li exchange
processes enlarged the linewidth of the ’Li echo signals to such
extend that their detection was no longer possible.

3.4.6. "B MAS NMR

Fig. 8 presents the "B MAS NMR spectra for the LATP—LBO
composites sintered at 700, 800 or 900 °C. The spectrum for the
composite sintered at 700 °C consists of two lines located at 8.1
and —1.8 ppm, which are ascribed to BO3; and BO4 environments,
respectively. Both BO3 and BOg4 signals could be simulated using
two lineshapes. So that, the former one could be represented by
two peaks resonating at 8.3 and 3.0 ppm. As for the BO4 coordi-
nation, two signals at —1.6 and —3.6 ppm were found. Higher
relative integrated intensity of the signal centered at —1.8 ppm
suggests that BO4 environment is predominant in the studied
samples. It is worth mentioning that the "B MAS NMR spectra for
composites sintered at different temperatures are quite similar. It
follows that only small structural changes occur to boron envi-
ronment during heat treatment at high temperatures.

3.5. Impedance spectroscopy

The impedance spectroscopy results are presented in Figs. 9 and
10. Two exemplary Nyquist plots collected at 30 °C for LATP sin-
tered at 900 °C and LATP—0.3LBO composite annealed at 700 °C are
shown on Fig. 9. The first one consists of a small semicircle at high

frequencies, almost regular semicircle at intermediate frequencies
followed by a spur at lower frequencies. The shape of the spectrum
suggests that electrical properties of the ceramic LATP can be
modelled by an electrical circuit composed of two loops connected
in series, each containing a resistor R shunted by a constant phase
element CPE. The first loop (at higher frequencies) represents the
grain interior and the second one (at lower frequencies) — the grain
boundary region. The total and apparent grain conductivity can be
evaluated using the formula ¢ = L/(R-A), where L and A stand for the
sample thickness and electrode area. The values of Rg and Ry
= Rgr + Rgp can be derived from the intersection of each circle with
Re Z axis. Because the precise geometrical factor of the grains and
grain boundary thickness are not known, in this study conductivity
values derived from IS experiment are referred to as apparent ones.
In the case of LATP sintered at 900 °C, the total conductivity oo
equals ca. 47 x 10°S - em™ .

When LBO glass is added to the LATP base matrix and sintered at
high temperatures, the significant enhancement of the electrical
properties is observed. For the composites under study, the Nyquist
plots exhibit two semicircles followed by a spur. For that reason the
electrical properties of the composite were analyzed in a similar
way that in the case of sintered LATP. The estimated values of the
total, apparent grain and grain boundaries conductivities are given
in Table 2. It is worth noting that the composites with the most
compact microstructure, i.e. those sintered at 800 °C also exhibited
the best ionic conductivity.

From the temperature dependent IS measurements it was
concluded that the total ionic conductivity for LATP—LBO com-
posites fulfills Arrhenius dependence with a single activation en-
ergy (Fig. 10), regardless the sintering temperature and
composition. The activation energy for the total (Es) and grain (Egr)
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Fig. 8. ''"B MAS NMR spectra of LATP—0.3LBO sintered at 700, 800 or 900 °C. The experimental and simulated spectra are displayed as black and red lines, respectively. The
simulated spectra are the sum of distinct lineshapes displayed as green and orange lines. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

Fig. 9. Nyquist plots for the data collected at 30 °C for (A) LATP ceramic sintered at 900 °C and (B) LATP—0.1LBO composite sintered at 700 °C. The equivalent circuits modeling the

electrical properties of the sintered materials are displayed as insets.

conductivity does not depend on the LBO content (Table 2) for
composites sintered at a given temperature. In addition, the values
of Etot are relatively higher for samples sintered at 900 °C (0.35 eV)
than for materials annealed at 700 °C and 800 °C (ca. 0.31 eV). For
grain interiors, the activation energy (Egr) equals to 0.20 eV,
regardless of the composition and sintering temperature. The
presented results are consistent with the literature reports, where
the total activation energy varies in the range from 0.2 to 0.4 eV,
while for the grains, it is in the range from 0.2 to 0.3 eV

[10,13,15,17,20,23,26—28,32,36,45].

The changes in ionic conductivity for the materials under study
may be analyzed in terms of the brick layer model (BLM)
[47,50—54]. In this model the ceramic material is represented by a
system of adjacent cubes of size D, each coated with a thin layer of
thickness d. Assuming that cubes correspond to LATP grains and the
thin layer between them to the grain boundary region, the total
conductivity, a4 could be expressed as follows [47]:
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Fig. 10. Arrhenius plots of the total electric conductivity of the LATP—LBO composites
sintered at 800 °C.

(1 —2a)%0g
(1 -2a)+2aZ=

agl)

Otot = +4a(1 - a)og, (2)

where, « = d/D and, ogr and g, denote the true grain and grain
boundary conductivity values but not the apparent ones (deter-
mined by means of impedance spectroscopy). If the conductivity of
the grain boundary region is much lower than the conductivity of
the bulk, i.e. og » 0gp, then the formula can be simplified into:

(1 —2a)?
2a

Otot = +4a(1 —a)| gy 3)

In that case, the electrical properties are limited by the conductivity
of the grain boundary phase and the size of the grains and grain
boundary layer. As—prepared and ceramic LATP as well as
non—sintered composite meet that criterion, with og > 100gp. The
XRD and MAS NMR data analysis confirms the presence of poorly
conducting secondary phases (AIPO,, glassy ones containing AI>*
and TiO;) located at grain boundaries. The transport of Li* ions is
then hindered by those foreign phases and, as a consequence, the
total ionic conductivity is relatively low. Sintering of LATP material
results in its densification and decomposition of glassy phase

containing AI>* jons. As a result, its total ionic conductivity is higher

than for non—sintered material, but it still remains low because of
the presence of AIPO4 phase.

A complete decomposition of poorly conducting phases,
including AIPO4 may be achieved when LBO is added to LATP ma-
trix and then sintered at high temperatures. Then, the formation of
lithium ion conducting phases, such as LiAIP,07, LiTiPOs and LizPO4
takes place. As a result, the grain boundaries conductivity signifi-
cantly increases (Table 2). With respect to the ceramic LATP, values
of ogp for LATP—LBO composites are about one order of magnitude
higher. One can notice, that for the sintered composites, value of
the total ionic conductivity is only four times lower than the bulk
conductivity. Also, as shown by SEM studies, the addition of LBO
affects the material microstructure — the grain contact is improved
and porosity reduced. Therefore, in such a case, the grain boundary
layer is thin in comparison to grain size (« « 1) and under this
assumption Eq. (2) transforms into:

Ogr
Otof =——=2——— 4
tot 1 I 20[ ggg; ( )

One can observe that if aog/ogp « 1, i.e. grains are large and oy is
comparable to ogy, the model predicts that o = g

From the above analysis carried out in terms of the BLM and Egs.
(2)—(4), we suggest that the enhancement of total ionic conduc-
tivity in LATP—LBO composites could be caused by at least two
factors. First one is related to the microstructure changes (densifi-
cation and grain growth) during sintering. The other one is the
decomposition of highly resistant phases at the grain boundaries
caused by the sintering of LATP with LBO additive. These two fac-
tors may simultaneously influence the total ionic conductivity, as
sintering with the presence of LBO not only modifies the micro-
structure but also changes the phase composition of the grains and
grain boundary region.

In general, XRD and NMR studies show that the non—sintered
LATP contains not only the NASICON—type phase but also some
other unwanted, insulating compounds. Therefore, the concentra-
tion of A’ ions in NASICON—type phase should be lower than
expected. The sintering of LATP with LBO leads to the formation of
grains with chemical formula closer to the assumed one. The sub-
sequent stages of this process may as follows (Fig. 11):

1) decomposition of the insulating grain boundary phases at high
temperatures with subsequent release of the aluminum ions,

2) substitution of Ti** by AI>* in the NASICON—type crystal lattice,

3) backward diffusion of the released titanium ions to the grain
surface,

Table 2
Values of bulk (og,), grain boundary (og5) and total (¢,) ionic conductivities at 30 °C as well as the bulk (Eg) and total (E;o) activation energies.
material Tsine [°C] 0gr (30°C) [S - cm™'] 0gp (30°C) [S - cm '] 0ot (30°C) [S - ecm ] Eg, [eV] Erot [€V]
LATP 700 8.8 x 1073 2.0 x 1078 1.9 x 1076 0.21 0.46
800 2.0 x 1074 1.1 x 107° 1.0 x 107> 0.21 0.39
900 51 x 1074 54 x 107° 4.7 x 107° 0.21 0.40
LATP—0.1LBO 700 39 x 1074 1.8 x 107 1.2 x 1074 0.19 0.30
800 6.7 x 1074 3.0 x 1074 21 x 1074 0.20 0.32
900 3.0 x 1074 0.7 x 1074 0.6 x 1074 0.21 0.35
LATP—0.2LBO 700 33 x 104 1.1 x 1074 0.8 x 1074 0.19 0.30
800 7.4 x 1074 2.6 x 1074 19 x 1074 0.21 0.32
900 39 x 1074 1.2 x 1074 09 x 1074 0.21 0.35
LATP—0.3LBO 700 3.0 x 1074 09 x 1074 0.7 x 1074 0.19 0.30
800 5.7 x 1074 22 x 1074 1.6 x 1074 0.20 0.32
900 39 x 1074 1.2 x 107 09 x 1074 0.21 0.35
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Fig. 11. Illustration of the sintering mechanism proposed for LATP—LBO composites: a) microstructure before sintering, b) release of AI** ions due to the decomposition of sec-
ondary phases at high temperatures, ¢) migration of AP* and Li* towards LATP grains and their incorporation into the crystalline lattice; diffusion of Ti** towards grain boundaries

followed by the formation of new phases there, d) microstructure after sintering.

4) reaction of titanium ions at grain boundaries followed by the
formation of secondary phases supporting the lithium—ion
transport between the grains.

So, the NMR studies suggest that the chemical composition of
grains and grain boundary region may be different in each case.
Therefore, different values of grain and total activation energy are
observed in many literature reports
[10,13,15,17,20,23,26—28,32,36,45]. As the impedance data shows,
the impact of LBO additive on the total ionic conductivity depends
mostly on sintering temperature. It is important to recall that the
most dense material was obtained after sintering at 800 °C. Also, for
that sintering temperature, LATP—LBO composites exhibit the best
total, grain and grain boundaries conductivities values. Considering
the combined IS and SEM results, it may be concluded that the total
ionic conductivity increases most probably due to the better
adhesion of neighboring LATP grains and the presence of small
amounts of appropriate lithium ion conducting phases between
them. In the light of presented results, the further increase of the
total ionic conductivity is still possible provided that the concen-
tration of foreign phases in composites would be further reduced.

4. Conclusions

Preparation of highly conducting ceramic solid electrolyte for all
solid state lithium—ion batteries is possible when appropriate
material is introduced to the base matrix and sintered at high
temperature. In the case of  Liy3Alg3Ti7(PO4)3—y
(0.75Li,0-0.25B,03) (0 < y < 0.3) system, the experimental evi-
dence clearly shows that the composite formation is an efficient
way to synthesize material with high total ionic conductivity. In this
study, we suggest that three main processes may be responsible for
the enhancement of total ionic conductivity: (i) densification and
better adhesion of neighboring grains, (ii) the decomposition of
AlIPOQy4, TiO2 and amorphous aluminophosphate phases at the grain
boundaries and (iii) the formation of some lithium conducting
phosphates in the presence of 0.75Li»0-0.25B,03 glass. Among the
studied composites, the best conducting one, LATP—0.1LBO sin-
tered at 800 °C, exhibits the total ionic conductivity g equal to
2.1 x 1074S - cm™! at room temperature, which is almost one order
of magnitude higher than for the ceramic LATP. In conclusion, the
ease of preparation as well as good electrical properties of the
LATP—LBO composites are the main features advocating for their
application as solid electrolytes in the all solid lithium—ion battery
technology. The aim of our further study will be to test their per-
formance in prototype electrochemical cells.
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