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� Feasible solid-state electrolytes were
synthesized at ionic conductivity of
10-4 S/cm.

� The produced materials are composed
of hybrid amorphous-crystalline
silicate phases.

� Higher ionic conductivity efficiency
was associated to a hotchpotch
morphology.

� The hopping of Li+ ions is
hypothesized to occur via synergetic
mechanisms.
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Solid-state electrolytes (SSEs) are considered as the most promising materials for enabling the safer, more
efficient, and feasible solution to address the market demands for lithium-ion batteries. The current work
investigates the production of inorganic SSEs from silicate minerals, which are abundant materials in nat-
ural resources (kaolinite) as well as in industrial waste-streams (amorphous silica). The synthesized
materials showed high amorphous contents combined with lithium silicate phases at variable propor-
tions, according to the molar proportions of the reacting system. The materials have been characterized
with XRD, SEM/EDS, FTIR, TGA-DSC, XPS, EIS, and density measurements. The results showed that hybrid
structures of amorphous and crystalline silicates can form an ordered hotchpotch morphology. The best
of the hybrid SSEs presented ionic conductivity values of 1.42 � 10-4 and 1.30 � 10-4 Scm�1 for samples
with total amorphous contents of 73 and 83 wt%, respectively. The connected structure between amor-
phous and crystalline phases in a hotchpotch structure is hypothesized to assist the hopping of the Li+

ions via combined mechanisms of segmental motion of the silicates amorphous chains with defects in
the crystalline phases. The proposed approach may offer new research paths towards the low-cost scal-
able production of SSEs.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lithium-ion batteries (LIBs) are the state-of-art system for
energy supply of electric devices and portable electronics,
contributing to the increasing market demand ($132.50B, 17.9%
CAGR) [1,2]. Despite their undeniable potential, LIBs still have
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the bottlenecks of insufficient energy density, safety concerns, and
high costs of scale-up production [1,3,4]. Currently, the commer-
cial LIBs are built using liquid electrolytes based on electrolyte
salts (e.g. LiPF6) dissolved in carbonic acid esters and ethers-
based solvents, which have high ionic conductivity and excellent
electrode surface wettability [5–8]. However, they also have chal-
lenging disadvantages such as poor oxidation resistance, insuffi-
cient electrochemical and thermal stability, low energy density,
low ion selectivity, gradual growth of lithium dendrites, formation
of solid electrolyte interface (SEI) shortening the batteries’ capacity
and cycle life, toxicity, flammability and leakage concerns, as well
as other safety issues for scale-up production [5–7]. In this context,
solid-state electrolytes (SSEs) have emerged as the most promising
alternative to enable a safe, efficient, and economically feasible
production of LIBs, being a subject under intensive research and
continuously development in the recent decade [1,9,10].

SSEs offer the perspectives of increasing the energy density, and
the voltage of individual cells by enabling battery stacking in a sin-
gle package with bipolar electrodes. Moreover, SSEs can be
designed to stabilize the next generation of electrodes, since
liquid-based batteries undergo short-circuit due to dendrite
growth [9,10]. Considerable progress has been made in the field
of SSEs, leading to the improvement of important features such
as ionic conductivity, electrochemical window, dendrite growth,
thermostability and safety aspects [1,9,10]. Still, all-solid-state bat-
teries (ASSBs) have not yet achieved similar life cycle and stability
features of commercial LIBs, having several other remaining critical
issues for enabling future LIBs replacement. The scale-up produc-
tion of ASSBs have been demonstrated by multinational companies
such as Toyota�, but it has limited applications [11]. Thus, impor-
tant requirements are still to be met, such as reduction of weight,
cost, and environmental load, as well as improvement of interfacial
ion transport and stability. In that regard, SSEs are the key compo-
nents for meeting the needed benchmarks [3,10,12,13].

Ions migrate in SSEs in a multiscale process via different mech-
anisms; at atomic scale, ions hop between ground-state energy
levels and metastable energy levels of anionic frameworks (e.g.,
O2–, S2-, or polyanionic moieties), thus having a migration pathway
determined by the availability and interconnectivity of different
sites [9]. The mechanism of ion transport is mainly related to
defects and/or Coulomb repulsion between structural arrange-
ments, but it varies between the three main classes of SSEs: solid
Fig. 1. Schematic representation of the hypothesized mechanism of Li+ hopping facilitate
presented in the right represents the hopping of Li+ ions via Frenkel and/or Schottky
mechanism for the hopping of Li+ between amorphous-crystalline silicate structures.
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inorganic electrolytes (SIE), solid polymer electrolytes (SPE) and
solid composite electrolytes (SCE). SPE and SCE have long poly-
meric chains and may present a crystalline or amorphous struc-
ture; the ion transport in amorphous phases is assisted by the
segmental motion of polymeric chains, which promotes the hop-
ping of ions between coordination sites. On the other hand, the
polymeric crystalline phases conduct the ions via ordered domains
between polymeric layers while anions migrate outside these tun-
nels [9,10].

The ion transport in SIE occurs via free spaces at grain bound-
aries or via Schottky and Frenkel defects, having the cationic
vacancies or interstitials perceived as mobile charged species.
Charge-compensating vacancies or interstitials can be created by
isomorphous replacement of aliovalent ions; thus, in an intrinsic
regime, the migration of ions depends on the temperature and
the activation energy for the diffusion between neighboring sites.
Many other factors have been proposed to aid ionic conduction
e.g., rotations on polyanionic moieties are proposed to enhance
the ionic conductivity through the paddle-wheel effect [9]. At
micro- and mesoscopic scales, it has been conceived that positive
space charging (anionic vacancies) can be beneficial or detrimental
to the ionic conductivity, either generating grain boundaries repul-
sive to the mobile cations or forming ionic pathways in the under-
coordinated sites, respectively. Therefore, controlling the defects
and the nature of the grain boundaries can design the ionic con-
ductivity of a given material. This context has motivated a growing
interest on the controlled crystallization of amorphous phases
since the synergistic effects between both phases are proposed to
lead to optimum ionic conductivity [9,10]. The work presented
here has been devoted to investigating the influence of the degree
of crystallization, and the role of amorphous contents for tunning
the ionic conductivity of lithium silicates.

The current work has designed novel SSE systems that can be
obtained by combining different proportions of crystalline lithium
silicates (LS) ceramics and amorphous phases, as well as inducing
variable ratios of isomorphous replacement in both phases due
to impurities in the employed aluminosilicate precursor. This
approach allowed for observing the effect of charge-
compensating vacancies and interstitials due to the usual aliova-
lent replacement of Si4+ with Al3+ in the lithium silicate frame-
works. It is also hypothesized that the paddle-wheel effect is
inducted by the rotations of polyanionic moieties [SiO4]4- of the
d by synergetic effects of hybrid amorphous and crystalline silicates. The mechanism
defects in the crystalline structures, while the left one represents the proposed
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ceramic phases of lithium silicates. Moreover, the contributions of
the amorphous phases in assisting the Li+ migration via hopping
between the amorphous coordination sites was evaluated
(Fig. 1). Modifications of the Si/Li ratio resulted in the formation
of variable proportions between the LS species and unreacted
amorphous silicates, resulting in SSEs hybrid systems with ionic
conductivities between 10-4 and 10-7 Scm�1.

Lithium silicates have been investigated for applications in SSEs,
but they have broader utilization as ceramic materials with advan-
tageous performance in neutron irradiation, thermal stability and
tritium release, being critical to the development of fusion energy
as raw materials of tritium breeding blanket [14–19]. Investiga-
tions on the applications of lithium silicates and aluminosilicates
as SSEs has started decades ago, demonstrating ionic conductivities
ranging from 10-3 to 10-9 Scm�1 at high temperatures (300–400 �C)
[20–22], which are unsuitable for battery applications tempera-
tures. More recent developments have demonstrated that thin
films of amorphous lithium metasilicates can reach ionic conduc-
tivities in the order of 10-4 Scm�1 at 326.9 �C [23,24]. Despite the
promising structure of lithium silicates, the obtained ionic conduc-
tivities of these materials at room temperature are reported to be
in the order of 10-8 Scm�1. However, recently theoretical modelling
has identified critical multi-orbital hybridizations in Li-O and Si-O
bonds of lithium silicates, which can be tunned via aliovalent
replacement for enabling higher ionic conductivity [25].

The research presented in the current paper presents the con-
cept of designing inorganic SSEs utilizing a low-cost precursor
(kaolinite), which is highly abundant in nature and in industrial
waste-streams. The results provide additional evidence regarding
the behavior of lithium silicate zeolites under the impact of impu-
rities from low-grade purity (>95%) aluminosilicates. It is evaluated
how the tunning of stoichiometric proportions affects the forma-
tion of different phases of lithium silicates, leading to composites
of high ionic conductivity. The outcomes of this research may
inspire new research directions for exploring the recycling of inor-
ganic industrial side-streams as raw materials of SSEs. To the best
of the authors’ knowledge, no similar research direction has been
investigated previously.
2. Experimental procedure

2.1. Materials and synthesis

All precursors were purchased from Sigma-Aldrich (St. Louis,
MO, USA), having variable purity grades: Kaolinite (impurities:
heavy metals < 100 ppm, Ca � 250 ppm, SO4

2-� 1000 ppm,
Cl� 250 ppm), LiOH (�98%), SiO2 (silica fumed, 0.007 lm), and LiCl
(anhydrous, �99%). The hybrid lithium silicate materials were syn-
thesized utilizing a fixed weight of kaolin (resulting in a %weight
range from 45 to 57% of the total amount of reagents) for all sam-
ples, while varying the amounts of SiO2 and LiOH according to the
following targeted stoichiometric ratios: six samples were pre-
pared keeping the reactional molar ratio of Si/Al constant at 2.0
while varying the Si/Li ratio from 0.5 to 1.3, and the Li/Al ratio from
1.5 to 4.0. To induce a slow crystal growth ratio and more homoge-
neous morphological changes, a sol–gel method was employed,
thus, increasing the time and area of contact between the reagents
[26]. The synthesis of all samples was conducted by mixing the
weighted reagents with 300 mL of deionized water, to obtain a col-
loidal solution, which was kept under stirring and mild heating
(50 �C) for 1 h, inducing the phase transition from colloidal to
the final gel phase product. To induce higher degree of crystalliza-
tion, the materials were calcinated for 12 h at 550 �C.

Similarly, five reference samples were prepared with the same
synthetic procedure, but utilizing only SiO2 and LiOH as precursors,
3

targeting the reactional Si/Li molar ratio varying from 0.25 to 1.00.
The standard commercial samples of lithium orthosilicate (>95%)
and lithium metasilicate (>97%) were purchased from Gelest Inc.
(Frankfurt, Germany).
2.2. Characterization

The crystalline structure of the phases present in the synthe-
sized materials were studied with X-ray diffraction (XRD) mea-
surements at room temperature, performed with a PanAnalytical
instrument at 40 kV and 45 mA (model X’pert3 MRD), using an
image plate detector and Cu-Ka radiation (Ka1 = 1.54 Å). The mea-
surements were conducted at a scan rate of 0.0167�/min in the
range 5�–70� (2h) and 0.017 �2b/step. Phase identification and
quantification was done with high score plus software (Malvern
Panalytical, the UK), utilizing The XRD pattern of zincite as external
standard, and a PDF-4 + 2020 database.

SEM was done using a Zeiss (Oberkochen, Germany) Ultra Plus
field emission scanning electron microscope (FESEM) instrument.
The morphology of the materials was investigated with secondary
electron at a 5 kV accelerator voltage at a working distance of 5–
7 mm. The EDS analyses were performed with a 15 kV accelerator
voltage using backscattered electron. The chemical composition of
materials was measured using an X-Max EDS detector (Oxford
Instrument, the UK). Samples were coated with Pt (thickness ca.
70 nm) and keep in a vacuumed desiccator prior to
characterization.

The chemical bonds formed at molecular level in the lithium sil-
icate phases were analyzed with FTIR measurements. The spectra
were determined at RT in the range of 400–4400 cm�1 using a Bru-
ker Vertex 80 spectrometer (Billerica, MA, the U.S.) equipped with
a N2 cooled MCT detector and DRIFT (diffuse reflectance infrared
Fourier transform) cell accessory. For each spectrum, a total of
320 interferograms were co-added using 32 cm�1 as resolution.

TGA/DSC analyses were done with a SDT 650 model from TA
Instruments, calcinating ca. 15 mg of powdered sample in alumina,
from 30 �C to 1000 �C with a ramp of 10 �C/min in a nitrogen atmo-
sphere with a flow rate of 100 mL/min.

The XPS measurements were performed with a Thermo Fisher
Scientific instrument (model ESCALAB 250Xi, UK), using a X-ray
source of Al (Ka = 1486.6 eV) with a spot size of 650 lm and a
CAE analyzer mode. The high-resolution elemental spectra were
measured with a pass energy of 20 eV and an energy step size of
0.1 eV. The XPS curves were deconvoluted utilizing the Thermo
Avantage software (v 5.9925, built 06702, Thermo Fisher Scien-
tific), applying the Powell fitting algorithm and Gauss-Lorentz
curves (at a product mode, considering a maximum of 100 interac-
tions and a convergence of 0.0001).

The skeletal density of the powdered materials was measured
in quintuplicates, using a gas pycnometer (Micrometrics, AccuPyc
II 2340) under constant flow of H2 (g) as displacement medium.
The skeletal volume of the powdered materials was evaluated by
gas displacement, and the density calculated using the Boyle’s
law relationship between volume and pressure, following the
ASTM D3766.

The Electrochemical Impedance Spectroscopy (EIS) measure-
ments were executed with a Vionic Electrochemical Impedance
Spectrometer (Metrohm autolab, Switzerland), and stainless steel
(SS) electrodes (SS/SSE/SS). The EIS measurements were performed
in a range from 5000 kHz to 0.1 Hz., applying an offset DC voltage
of 0 V, stabilization time of 5s and the amplitude AC voltage of
0.01 V. The values of ionic conductivity were extracted from the
bulk resistance points of the Nyquist plots. The thickness of the
samples was measured with an electronic outside micrometric
screw with 1 lm resolution (Schut, Germany).
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The sample preparation for the electrochemical impedance
spectroscopy (EIS) measurements were done by curing the synthe-
sized and standard materials with saline solutions. The powdered
materials were mixed with LiCl solution (6 molL-1) at 50:50%
weight ratio and homogenized to form a paste-like system. The
obtained pastes dried for 48 h at 60 �C and compressed to disks
under ca. 1 ton pressure with an electronic presser prior the mea-
surements. The migration energies of the Li+ ions were evaluated
experimentally through the Arrhenius relation between ionic con-
ductivity (r) measurements in function of temperature (T, K). The
measurements were performed in an environmental chamber with
0 % humidity, and temperatures ranging from 20 to 70 �C. The acti-
vation energy for Li+ ion migration (EA, eV), was calculated accord-
ing to the Arrhenius relationship (eq. (1)):

r ¼ r0e�EA=jT ð1Þ
Where j represents the Boltzman constant (8.62 � 10-5 eV/K)

andro denotes a pre-exponential factor [27]. The activation energy
was calculated utilizing the slope of the linear fitting obtained from
the experimental results.
3. Results and discussion

Reference samples were made to evaluate the degree of reac-
tion between the silica fume and LiOH (in absence of kaolinite)
according to the employed Si/Li molar ratio (0.25 � Si/Li � 1.00),
via sol–gel synthesis. The XRD patterns of the reference samples
(Fig. 2a) shows the formation of five LS phases: lithium orthosili-
cate (LOS, Li4SiO4), lithium metasilicate (LMS, Li2SiO3), lithium dis-
ilicate (LDS, Li2Si2O5), quartz (Q, SiO2) and amorphous unreacted
silica fume. The quantitative XRD (Table 1) shows that utilizing
ideal stoichiometric amounts for the formation of LOS (Si/
Li = 0.25) leads to the highest precipitation of that phase (18.9%
LOS, 73% amorphous). Similar observation was made for the refer-
ence sample at Si/Li = 0.5, having preferential formation of LMS as
stoichiometric favored phase at that molar ratio, and the highest
formation of crystalline phases among all reference samples
(63.6% LMS, 31.1 % amorphous). Increasing the Si/Li ratio to 0.7
kept similar proportions of crystalline materials but favored the
precipitation of the LDS polymorph (55.8% LMS, 8.4 % LDS, 31.9 %
amorphous). Above the Si/Li of 0.8, the degree of reaction of the
lithium silicates polymorphs decreases continuously, and the final
amorphous contents reaches 90.2% at Si/Li = 1.0. Those observa-
tions show clear preferential formation of the LMS polymorph at
all employed Si/Li ratios, except from that at Si/Li = 0.25 where
LOS precipitation is favored due to its ideal stoichiometric condi-
tions at this molar ratio.

The XRD pattern of the kaolinite (Figure S1, SI) used as raw
material for the kaolinite-based samples, shows that the precursor
contained quartz and muscovite as crystalline impurities, which
usually occurs in kaolinite clays. The temperature applied in the
synthesis of the lithium silicates materials (550 �C) was sufficiently
high to promote the dehydroxylation of kaolinite, leading to loss of
crystallinity and the formation of metakaolin. However, muscovite
and quartz do not suffer structural modification at this tempera-
ture [28]; therefore, these phases are still observed in the metakao-
lin obtained from the calcination of the kaolinite precursor (12 h @
550 �C). Consequently, variable amounts of unreacted muscovite
and quartz are also seen in the XRD patterns of the kaolinite-
based samples (Fig. 2b).

The XRD patterns of the kaolinite-based samples shows the for-
mation of two additional LS polymorphs to the ones observed in
the reference sample: lithium aluminosilicate (LAS), and lithium
carbonate (LCO, Li2CO3). Similarly to the observations on the reac-
tion degree of the reference samples, the kaolinite-based samples
4

also displayed higher formation of crystalline materials at the low-
est Si/Li ratios. However, an anomalous behavior is seen in the
samples prepared at Si/Li = 0.7 and 1.3; the first is related with
the favored formation of LOS phase at Si/Li = 0.7, and the last is
associated to the remaining unreacted muscovite at Si/Li = 1.3. It
was noticed that the sample done at Si/Li = 0.8 had preferential for-
mation of crystalline LCO, with the highest LCO contents (1.1%)
among all samples. Moreover, more preeminent formation of the
LDS polymorph is seen only at the highest Si/Li ratio. In all samples,
the LMS polymorph is formed at higher contents than the other sil-
icates, indicating the preferential formation of the LMS phase. It
was also noticed that the samples prepared at Si/Li ratios of 0.5,
0.7, and 1.3 had the reaction products shifted towards the forma-
tion of the LOS in relation to the crystallized LMS phase (Table 1).

The unit cells of the crystal structure of the LS polymorphs
(Fig. 2c) differ greatly in volume, which lead to variable density
of the obtained materials. The standard reagents of the two main
LS polymorphs identified at higher concentrations in all synthe-
sized materials have similar total density of 2.59 and 2.76 gcm�3

for LOS and LMS, respectively (Fig. 3). Consequently, most of the
reference and kaolinite samples presented skeletal density values
near to the standard materials, ranging from 2.42 to 2.67 gcm�3.
The kaolinite-based samples show a clear trend of density incre-
ment with increasing Si/Li ratio, while the reference samples do
not show a clear relation between the skeletal density and the
Si/Li ratios of the samples. It is noticed that the reference sample
synthesized at Si/Li = 0.25 presented similar density to the one
measured for the standard LOS material (>95% purity), even though
the qXRD have indicated only ca. 19% of LOS in the mineral compo-
sition of the sample (Table 1).

The FTIR spectra of the reference and kaolinite-base samples
(Fig. 4) further reflects the complexity of the synthesized systems,
presenting several wide bands due to the overlapping of the sev-
eral vibration modes occurring within the same region. However,
the expected IR bands related to all identified phases (Table S1,
SI) can be found in the FTIR spectra of all samples, in agreement
with the XRD analyses.

The FTIR spectra of all reference samples (Fig. 4a) displayed the
expected vibrational modes of the lithium silicate phases identified
in the XRDmeasurements, as well as a broad band at ca. 1200 cm�1

related to the stretching modes of Si-O bonds of amorphous sili-
cate. The broad band at ca. 3450 cm�1 is due to the H-O-H stretch-
ing of hydration water, indicating a hygroscopic character of the
samples. A preeminent broad band around 1500 cm�1 fingerprint
region for the m3 asymmetric stretching of CO3

-2 groups of Li2CO3

[29,30]. Even though the formation of LCO was identified in the
XRD analysis of only one of the kaolinite-based samples (Si/
Li = 0.8), it is plausible to infer that all reference samples have
LCO precipitation (probably as an amorphous phase, since it is
not seen as crystalline phase in the XRD of all samples). The infer-
ence is supported by the well-known properties of LOS as CO2

absorbent material, which occurs at high temperatures (460–
700 �C) and induces a solid-state reaction (eq. (2)) to produce
LCO and LMS [31,32]:

Li4SiO4 þ CO2 $ Li2SiO3 þ Li2CO3 ð2Þ
The CO2 adsorption–desorption processes in lithium silicates

have a direct effect on the equilibrium between the lithium sili-
cates polymorphs: During the CO2 adsorption LOS species converts
into LMS and LCO, while the opposite reaction is favored during the
desorption step. The shifts in equilibrium due to the changes in CO2

concentrations occurs mainly in the surface of the materials [33].
Since, LMS and LCO species have higher molar volume than LSO,
that may block the diffusion of Li+ ions due to the interconversion
between polymorphs when CO2 is adsorbed on the LS materials.
The intensity of the LCO IR band varies considerably between the



Fig. 2. XRD patterns of the synthesized materials compared with the standard patterns of the identified lithium silicates phases (LOS – PDF 04-009-4171, LMS – PDF 04-008-
8713, LAS – PFD 01-087-0635, LCO – PDF 04-013-9887, LDS – PDF 04-009-8780) and metakaolin (kaolinite calcinated at 550 �C for 12 h). M – muscovite, LMS – lithium
metasilicate, LDS – lithium disilicate, LCO – lithium carbonate, LOS – lithium orthosilicate, LAS – lithium alumino silicate, Q - quartz. The top graph shows the characterization
of the reference samples, the middle shows the kaolinite-based samples, while the bottom figure shows the crystalline structure of the identified lithium silicate phases
(drawn with Diamond Crystal Impact software, v. 4.6.4).
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reference samples, but the sample Si/Li = 0.25 have the highest
intensity as expected due to its high LOS contents. The reference
sample Si/Li = 1.00 show the same band at lowest intensity,
5

which indicates that the LCO formation is higher for samples with
higher contents of crystalline phases. It is possible that the LCO for-



Fig. 2 (continued)

Table 1
Quantitative XRD results (the quantitative fitting was done via Rietveld refinement, utilizing zincite as external standard) calculated with high score plus software. The
abbreviation follows as indicated in the Fig. 2.

Mineral composition (%) of the kaolinite-based samples at fixed Si/Al = 2.0

Si
Li ¼ Li

Al ¼ LMS LAS LDS M LCO Q LOS Amorphous LOS
LMS

crystalline
amorphous

0.5 4.0 12.4 3.1 0.0 3.0 0.0 2.3 9.0 70.1 0.73 0.43
0.6 3.4 14.9 1.6 0.0 8.6 0.1 2.4 2.3 70.1 0.15 0.43
0.7 3.0 14.2 2.1 0.0 4.7 0.0 2.5 10.0 66.4 0.70 0.51
0.8 2.5 4.3 1.6 0.0 4.4 1.1 0.4 1.9 86.4 0.44 0.16
1.0 2.0 13.2 1.0 0.1 0.7 0.0 0.3 1.8 82.9 0.14 0.21
1.3 1.5 4.0 2.1 2.8 8.6 0.0 3.6 2.0 76.8 0.50 0.30
Mineral composition (%) of the reference samples
Si
Li ¼ LMS LOS LDS Q Amorphous LOS

LMS
crystalline
amorphous

0.25 6.5 18.9 0.2 1.4 73.0 2.91 0.37
0.50 63.6 2.1 3.3 0.0 31.1 0.03 2.22
0.70 55.8 1.3 8.4 2.7 31.9 0.02 2.13
0.80 33.4 0.0 5.6 0.0 61.0 0.00 0.64
1.00 7.1 2.5 0.0 0.2 90.2 0.35 0.11

Fig. 3. Measured Skeletal density of the reference and kaolinite-based samples, as well as the standard commercial LMS and LOS phases.

H.S. Santos, R. Sliz, H. Nguyen et al. Materials & Design 217 (2022) 110599
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Fig. 4. FTIR spectra of the reference samples (a) and the kaolinite-based samples compared with the spectrum of metakaolin (b). The abbreviations stand for M – muscovite,
MK – metakaolin, Q – quartz, LCO- lithium carbonate, AM- amorphous, LAS – lithium aluminosilicate, LMS – lithiummetasilicate, LOS- lithium orthosilicate. The complete list
of observed vibrational modes and their respective assignments is provided in Table S1 of the supplementary information material.
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mation could be prevented by conducting the synthesis in inert
atmosphere, which can be the investigation focus of follow-up
research.

The wide band from 1130 to 1000 cm�1 represents an overlap of
bands related to the stretching of the Si-O-Si bonds in LMS, LOS and
LDS (Table S1, SI). The following broad band in the range of 820 –
700 cm�1 are attributed to the overlapping of bands related to the
7

bending of Si-O bonds and stretching of O-Li-O bonds in LMS and
LOS. The band centralized at ca. 660 cm�1 is related to the asym-
metric stretching of the Si-O-Si bonds in the LMS, LOS and LDS
structures. The band at 475 cm�1 is related to the bending of
SiO4 groups of LOS, being clearly more preeminent in for the sam-
ple at Si/Li = 0.25, in agreement with the qXRD results.
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The FTIR spectra of all kaolinite-based samples also show the
bands characteristics of the vibrational modes of the crystalline
minerals identified in the XRD measurements, i.e., muscovite,
quartz, and the lithium silicates polymorphs (Fig. 4b). Characteris-
tic vibrational modes of muscovite were identified for all samples
through the bands centralized at 3620, 3450, 1790, 1300, 1018 and
764 cm�1, which are assigned to stretching of Al-OH groups [34],
stretching of O-H groups of absorbed water [35], deformation of
O-H groups [34], stretching of Si-O-Al groups [36], stretching of
Si-O-Si groups [36], and bending of Al-O-Al groups, respectively
(Table S1, SI) [35]. It is noticed that most of the predicted bands
related to the vibrational modes of metakaolin (Table S1, SI) in
the IR spectra of all kaolinite-based samples, which relates to the
contents of amorphous phases in the samples. The band central-
ized at ca. 1200 cm�1 further indicates the contents of amorphous
silicates structure (m Si-O). Moreover, all samples presented a
broad band at 1450 cm�1 which, likewise the reference samples,
is related to the mas stretching of the carbonate groups of LCO
[29,30]. The formation of LCO is seen for all kaolinite-based sam-
ples, having similar intensities for most samples. That indicates
that the kaolinite-based samples have a more uniform CO2 sorp-
tion and better stabilization of the formed phases when compared
with the reference samples.

The IR spectra of the kaolinite-based samples also show the
vibrational modes related to the symmetry groups C2vof Li2SiO3.
The asymmetric stretching of the groups Si-O-Si (A1) is seen in
the bands centered at 1076 and 1045 cm�1. Following the bands
centered at 935 and 650 cm�1 are associated to symmetric stretch-
ing of the O-Si-O groups and Si-O-Si (A1), respectively [16,37]. The
other five expected bands could not be noticed within the resolu-
tion of the employed instrumentation. Finally, the vibrational
modes of the Li4SiO4 bonds were identified through the bands cen-
tered at 900, 743 and 520 cm�1, which are related to the stretching
(v3) of [SiO4]2- groups, stretching of O-Li-O groups, and stretching
(v4) of [SiO4]2- groups [38]. The vibrational modes of L2Si2O5 and
are also observed for all samples in the bands at 1029, 633 and
563 cm�1, related to the to the stretching and bending vibrations
of the Si-O-Si groups. Finally, the characteristic bands of (LiAl
(SiO4))0.5 are seen mainly in the broad band centralized at
1000 cm�1, which is related to the stretching of the Si-O-Al groups.
The other four expected IR modes of LAS (Table S1, SI) are also
observed but at smaller intensities.

The XPS measurements were done for six representatives of the
synthesized materials with Si/Li = 0.5, 0.7 and 1.0: three references
(Fig. 5) and three kaolinite-based samples (Fig. 6), showing results
consistent with the observations seen in the FTIR spectra of the
materials. The metakaolin precursor was also characterized with
XPS measurements (Figure S2), showing two broad bands in the
C (1s) spectrum at binding energies of ca. 286 and 294 eV, being
the first one related to the chemisorption of CO2 on the clay’s sur-
face and the later associated to possible alkali carbonates (since
organic impurities decompose at high temperatures)[39]. It is also
seen a low intensity signal in the Li (1s) spectrum, indicating the
presence of Li impurities in the precursor. The O (1s) spectrum
show a broad band at ca. 532.5 eV, which represents the overlap
of contributions between the tetrahedral and octahedral O in the
clay structure as well as the alkali carbonates. Likewise, the broad
band centered at ca. 104 eV are assigned as the overlap of binding
energies of the octahedral and tetrahedral Si groups in the meta-
kaolin, and Si-C chemisorption bands [40].

The elemental quantification (Table S2) on the surface of refer-
ence and kaolinite-based samples shows the Si/Li ratios consistent
with the employed stoichiometric ratios (deviation ± 0.2). The ele-
mental distribution in the XPS spectra of the metakaolin precursor
showed the expected contents of Si, Al and O, as well as ca. 9% of
impurities in the clay: C, Li, F, Fe, K, Mg, Na and Ca. Thus, the
8

kaolinite-based samples also present the impurities seen in the
metakaolin precursor in addition to the elements expected in their
composition (O, Si, Al, C and Li).

The C (1s) XPS spectra of the reference materials indicates that
all samples had absorbed and reacted with CO2, presenting mainly
two bands with highest intensity at the binding energies of ca.
285.5 and 290.5 eV. The band centered at ca. 285.5 eV is assigned
to the chemisorption of the CO2 molecules in the surface of the
materials, keeping similar intensity in all three reference samples.
The following band, centered at ca. 290.5 eV is assigned to the for-
mation of the LCO phase, showing a trend of decreasing intensity
as the Si/Li raises [39]. That is aligned with the FTIR results and
the C contents on the samples’s surface (Table S2), indicating that
the stability of the samples in presence of CO2 may be tunned
according to the contents of crystalline phases in the hybrid mate-
rials. The C (1s) XPS spectra of the kaolinite-based samples also
present these two bands in addition to two additional deconvo-
luted contributions from the metakaolin precursor; however, the
contributions of the LCO band show similar intensities in all three
samples, which is also consistent with the FTIR results and the C
contents on the samples’ surface. Thus, it is plausible to assume a
more uniform CO2 chemisorption and reaction for the kaolinite-
based samples.

The Li (1s) XPS spectra of all silicate materials show a main
band deconvoluted into two bands with binding energies of ca.
54 and 55.9 eV. The first band is assigned as an overlap of the
bands assigned to the presence of LOS and LCO, while the last band
is related to the presence of LMS [33]. The Li (1s) XPS spectra of the
reference materials indicate that the contents of LOS and LCO
seems to dominate the contributions of Li species on the surface
when compared to the formation of LMS. The references at Si/Li
ratios 0.5 and 0.7 show similar intensities and proportions
between the two deconvoluted bands; however, at Si/Li = 1.0 the
signal intensity in the Li (1s) spectrum reduces significantly, indi-
cating lower contents of Li on the surface of the sample. The Li
(1s) spectra of the kaolinite samples show similar bands, however,
the summed contributions of LOS and LCO are majority in the spec-
tra of all three samples.

The O (1s) spectra of the materials showed a broad band decon-
voluted into three bands centred at ca. 531, 532 and 533 eV
assigned to the presence of Li2O, LMS and LOS species, respectively
[41]. The contributions from the LCO phase is overlaped with LOS
band, being impractical to deconvolute the contributions of these
two phases. The O (1s) spectra of the reference samples shows
highly variable contributions from the lithium silicates species,
indicating predominant contents of LMS in the Si/Li = 0.5 sample,
majority of LOS in the Si/Li = 0.7 sample and higher formation of
Li2O groups on the surface of the Si/Li = 1.0 sample. The
kaolinite-based samples have the O (1s) spectra assigned with
the same three bands in addition to the one seen in the metakaolin,
indicating predominant contributions of LMS in the sample at Si/
Li = 0.5, as well as comparable contributions of LMS and Li2O in
the other two samples. Therefore, the O (1s) spectra of the samples
are coherent with the qXRD results.

The Si (2p) XPS spectra of the materials showed the deconvo-
luted bands regarded as LOS, LMS and SiO2 groups of amorphous
structure with binding energies centered at ca. 101, 102 and
104 eV, respectively. The Si (2p) XPS spectra of the reference mate-
rials clearly showed an increase in the spectra signal intensity with
the increasing Si/Li ratios as expected. The reference sample with
Si/Li = 0.5 have higher contribution of the LMS and amorphous
SiO2 groups on the surface, while the sample at Si/Li = 0.7 and
1.0 shows higher contribution from the LMS and LOS phases. The
Si (2p) spectra of the kaolinite-based bands have been also decon-
voluted into three contributions since the contributions of meta-
kaolin are included in the SiO2 assignment. The applied



Fig. 5. C (1s), Li (1s), O (1s) and Si (2p) XPS spectra of the reference samples synthesized at Si/Li = 0.5, 0.7 and 1.0.

Fig. 6. C (1s), Li (1s), O (1s) and Si (2p) XPS spectra of the kaolinite-based samples synthesized at Si/Li = 0.5, 0.7 and 1.0.
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deconvolution indicates that the samples at Si/Li = 0.5 have higher
contributions of LOS, the sample at Si/Li = 0.7 have higher contribu-
tions from amorphous silica and the sample at Si/Li = 1.0 have
higher contributions of LMS.
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The thermal stability of the samples was analyzed for two rep-
resentatives of the kaolinite-based samples (Si/Li = 0.5 and 1.0) and
three reference samples (Si/Li = 0.25, 0.5 and 1.0). The TGA curves
(Fig. 5, dotted lines) of the reference samples have shown total
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mass loss of 10.72, 4.96 and 0.04 % for the samples Si/Li = 0.25, 0.5
and 1.0, respectively, while the kaolinite-based samples presented
total mass loss of 11.16 and 1.98 % for the samples Si/Li = 0.5 and
1.0, respectively. The first occurrence is seen for all samples in the
region between 50 and 300 �C, being related to the loss of absorbed
and coordinated water in the samples, showing that all samples
have low water contents: 1.69, 1.28 and 0.01 % for the reference
samples at Si/Li = 0.25, 0.50 and 1.00, respectively, while the
kaolinite-based samples have the humidity contents of 0.65 an
0.78% for the samples at Si/Li = 0.5 and 1.0, respectively.

Following, the second occurrence is seen in the region between
300 and 650 �C of the DSC curves (Fig. 5, full lines), showing differ-
ent occurrences for the reference and kaolinite-based samples: the
reference samples show a broad exothermic band related to the
interconversion between the LS polymorphs, while the kaolinite-
based samples show an endothermic occurrence in this region.
That can be related to the expected broad DSC band (650 –
750 �C) due to the dehydroxylation of unreacted muscovite [42]
in the kaolinite-based samples. Among the kaolinite-based sam-
ples, this occurrence is associated with higher mass loss in the
sample Si/Li = 0.5 than Si/Li = 1.0, indicating higher contents of
muscovite in this sample, in agreement with the qXRD results
shown in Table 1.

The third occurrence seen in the DSC curves in a keen-edged
peak centralized at ca. 720 �C, which is associated to the melting
point of LCO (ca. 723 �C)[14]. This peak is more preeminent in
the reference samples Si/Al = 0.25 and 0.5, and in the kaolinite-
based sample Si/Li = 0.5. That indicates the higher LCO contents,
formed during the heating process due to the reaction between
the lithium orthosilicate and its absorbed CO2 (eq. (2)) [31,32],
however, the mass loss observed in the samples cannot be related
to CO2 release since the decomposition of LCO occurs about
1230 �C [14]. The final event in all samples is a wide endothermic
peak from 900 to 1000 �C, which is associated with the composi-
tion of LOS, and further agree with the qXRD results (Table 1),
resulting in higher total mass for the samples with higher contents
Fig. 7. TGA-DSC analysis of the kaolinite-based samples synthesized at Si/Li ratios of 0.5
TGA curves are shown in dotted lines, while the DSC curves are displayed with full line
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of LOS. These results indicated that all samples have good thermal
stability up to 300 �C, where structural changes start to occur.

The SEM images are shown for all reference samples, and three
kaolinite-based samples (Si/Li = 0.5, 0.7, 1.0) (Fig. 6). All phases
identified in the XRD patterns were confirmed with the SEM
images, which also show variations in the morphologies of the
lithium silicates according to the variation of stoichiometric ratios
in the systems, as described in the literature [14,15]. All samples
show the formation of stacked clusters of the lithium silicates,
indicating high cross-linking between the lithium silicates units.
The reference sample synthesized at the ideal stoichiometric ratio
for the formation of LOS (Si/Li = 0.25) shows the precipitation of
the LOS phase as a hotchpotch zeolitic structure (Fig. 6c), being also
clear noticed particles with undefined shape constituting large
blocks, which are attributed to the amorphous silicate phase. Both
samples (reference and kaolinite-based) prepared at the ideal sto-
ichiometric ratio for the formation of LMS (Si/Li = 0.5) show strong
cross-linking between the hotchpotch units in the reference sam-
ple (Fig. 6a), while the kaolinite-based samples displayed the for-
mation of a less ordered hotchpotch structure at higher porosity
being clearly noticed the growth of the lithium silicates on the sur-
face of the plate-like structure of the clay precursor.

The images of the Si/Li = 0.7 samples shows that the hotchpotch
structure is formed in both, the reference and kaolinite-based sys-
tems. In the reference sample, the hotchpotch structure is less
defined, trending to the formation of agglomerates between the
spherical units and presenting particles in a morphology resem-
bling a sea sponge, being the last associated to possible morpholo-
gies presented by LMS materials. The cross-link between the
phases is clearly seen in the SEM images, indicating that the
observed lithium silicate phases undergo similar nucleation and
growth, generating the connectivity between the lithium silicate
minerals, which is aligned with the indication of interconversion
between the polymorphs seen in the thermal analyses. The
kaolinite-based sample, on the other hand, shows the hotchpotch
structure of LOS better defined by the superposition of core–shell
and 1.0, and the reference samples synthesized with Si/Li = 0.25, 0.50 and 1.0. The
s.
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like structures, which are evident in the SEM images. The morphol-
ogy of the LMS phase in the kaolinite-based sample shows the
growth of this phase as stacked crystals on the surface of the amor-
phous material, which may indicate the preferential growth of this
phase on the surface of the amorphous precursors.

The images of the samples prepared at Si/Li = 1.0 further agrees
with the qXRD results, showing for the reference sample a clear
presence of amorphous phases, seen as large dense blocks with ini-
tial crystal growth on the surfaces. The kaolinite-based sample, on
the other hand, loses the hotchpotch structure peculiar of LOS
(which is noticed with lower definition of the stacked units) and
presents the LMS phase with more hierarchical structure between
the stacked crystalline units. Interestingly, the reference samples
prepared at Si/Li = 0.8 also presented a hotchpotch layered shape,
even though it has shown no significant amounts of LOS in its
qXRD results. That could be related to the formation of LDS, which
also could occur in such morphology [14,15].

The SEM-EDS analyses were done for two of the kaolinite-based
samples (Si/Al = 0.5 and 0.7) after the curing with the LiCl solution
Fig. 8. SEM images of the reference samples (a) and the kaolinite-based samples (b) syn
also shown (c).
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(6 molL-1) for making the SSEs disks used in the EIS measurements,
targeting to evaluate the morphological changes induced by the
presence of the lithium salt, and to analyze the elemental distribu-
tion between Si, Al and Cl in the samples. The SEM images (Fig. 7)
show a densification of the bulk structure of the samples pressed
as disks with the curing agent. It is clearly noticed that the LiCl
crystals are intercalated in the hotchpotch and hierarchic stacked
structures of the lithium silicates compounds; however, larger
voids are observed in the surface of the SSEs disks of the sample
at Si/Li = 0.5.

The EDS atomic plots (Fig. 7, top) of the SEM images further
confirms the high degree of intercalation of the LiCl crystals
between the lithium (alumino)-silicates structures. The chemical
composition of the lithium (alumino)-silicates phases contains
mainly Al, Si, and Cl (from curing agent) with a trace of Fe and K
as impurities from the metakaolin precursor. All mapped phases
showed a major fraction of Al, which indicate high probability of
isomorphic replacement of Si4+ with Al3+ in the lithium silicates
phases, being that a common occurrence in silicate minerals [43].
thesized at Si/Li = 0.5, 0.7, and 1.0. The reference samples at Si/Li = 0.25 and 0.8 are
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The mixing with the LiCl crystals seems to be more homogeneous
for the samples at Si/Li = 0.5, showing wider distribution along the
Al axis. Thereby, it is plausible to infer that the LiCl employed as
curing agent stays entrapped along the silicates chains of the
hybrid amorphous-crystalline system.

The ionic conductivities of the hybrid SSEs were evaluated for
all reference and kaolinite-based samples. Additionally, commer-
cial standards of LOS (>95%) and LMS (>97%) were prepared using
the same curing procedure employed for the synthesized samples.
The Nyquist plots obtained from the standard LOS (Fig. 8a) and
LMS materials, show that the LOS standard has the behavior of
an ionic conductor while LMS behaved as an insulator material
(DC resistance of 10.2 � 0.1 MX). These two silicates are the main
mineral phases identified in the synthesized materials; thus, it is
plausible to infer that the hotchpotch structures of the LOS zeolitic
phase play important role in the ionic conductivity of the SSEs
materials. The Nyquist plots of all reference samples also showed
a clear ionic conductor behavior after the initial curing for 48 h
at 60 �C (Fig. 8 b,c), presenting the impedance data fitting an equiv-
alent circuit of constant phase element (CPE1) parallelly connected
to a resistor (R1) representing bulk grains, CPE2 parallelly con-
nected to R2 as representation of grain boundaries and a Warburg
impedance (W) representing the electrode. All samples showed a
considerable increase in ionic conductivity after curing for two
months at room temperature, preserving the Nyquist plots with
the expected shape between the imaginary and real part of the
spectra (Fig. 8 d,e).

Among the reference samples, the samples synthesized at Si/
Li = 0.25 and 0.8 have the imaginary part of the spectra at lower
frequencies (Fig. 8 b,d inset), presenting the best behavior of ionic
conductor among all samples. These samples also present the most
ordered hotchpotch structure among all reference samples, which
indicates a potential association between the morphology of the
lithium silicates minerals and the obtained ionic conductivity.
Fig. 9. SEM-EDS analyses (atomic plots) and images of the kaolinite-based samples synt
prior to the EIS measurements. MK - metakaolin at Al-Si axis at ca. 0.5.
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Among the kaolinite-based samples, the ones done at Si/Li = 1.0,
0.7 and 0.5 are the SSEs with best ionic conductivity (Fig. 8 e, inset),
also displaying the imaginary part of the spectra at low frequen-
cies. These results further confirm the evidence that the SSEs’ ionic
conductivity can be controlled via morphological design of the
lithium silicates phases, being plausible to associate the obtained
values of ionic conductivity with the ordering degree of the stacked
structures.

Among the samples cured for 48 h at 60 �C, the one with highest
ionic conductivity ((8.57 ± 0.65) � 10-5 S/cm) was the reference
sample synthesized at stoichiometric amounts of LOS (Si/
Li = 0.25), showing enhanced ionic conductivity when compared
to the respective commercial standard (Fig. 9a, Table S2). Consider-
ing the high contents of amorphous silicates (73%) in this reference
sample, it is plausible to infer that the formation of the LOS hotch-
potch structure along the surface of the amorphous silicate, facili-
tates the hopping of the lithium ions between the amorphous-
crystalline interfaces. The second highest value of ionic conductiv-
ity ((3.41 ± 1.67) � 10-5 S/cm) was obtained for the kaolinite-based
sample done at Si/Li = 1.0. This sample have high amorphous con-
tents (82.9 %) and majority formation of LMS (13.2 wt%) over LOS
(1.8 wt%) phase. Among the kaolinite-based samples, the Si/
Li = 1.0 shows morphological evidence of higher degree of ordering
in the stacked structures of the lithium silicates phases (Fig. 6).
That suggests stronger contributions from the morphology of the
obtained lithium silicates to the obtained values of ionic conduc-
tivity. Analyzing the SEM images concomitantly with the results
of ionic conductivity (Fig. 6 and Table S2), it is clearly noticed that
the dismantling of the hotchpotch structure leads to losses in the
ionic conductivity properties of the materials. (See Figs. 10-12).

The revaluation of the samples after 2 months curing at RT
(dried at 60 �C for 48 h prior the EIS measurements) showed con-
siderable increase in ionic conductivity when compared with the
freshly made samples (Fig. 9b, Table S2); however, the values of
hesized at Si/Li = 0.5 (right) and Si/Li = 0.7 (left), after the curing with LiCl 6 molL-1



Fig. 10. Nyquist plots obtained for the standard (a) standard, (b) reference and (c) kaolinite-based samples (c) cured at 60 �C for 48 h. Subsequent evaluation of the reference
(d) and kaolinite-based samples after 2 months curing at room temperature (e).
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IC preserve similar trend as the one observed to the samples cured
at 60 �C for 48 h. Therefore, after 2 months curing at RT, the refer-
ence sample at Si/Li = 0.25 and the kaolinite-based sample at Si/
Li = 1.0 were still the samples with the highest ionic conductivity
values: 1.42 � 10-4 and 1.30 � 10-4 S/cm, respectively. That may
indicate that the cross-linking between the hybrid phases
increased over time, thus enhancing the hopping of the lithium
ions in the developed SSEs system.

It is also noticed that the kaolinite-based samples with highest
ionic conductivities values (Si/Li = 0.5, 0.7 and 1.0) presented high
contents of LMS (>13.2 wt%) and amorphous silicates (>66.4 wt%).
In this set of samples, a direct relation between the ratios of LOS/
13
LMS and crystalline/amorphous phases (Table 1, qXRD) on enhanc-
ing the ionic conductivity was noticed: high LOS/LMS ratios fol-
lowed by high crystalline/amorphous ratio (Si/Li = 0.5 and 0.7)
lead to high values of ionic conductivity, while decreasing the
LOS/LMS ratio required lower crystalline/amorphous ratio for
enabling good ionic conductivity (Si/Li = 1.0). The reference sam-
ples showed similar trends except the sample at Si/Li = 0.8, which
seems not to suffer major influences from the absence of the LOS
phase, displaying good values of ionic conductivity at high amor-
phous contents (61 wt-%). Therefore, the physico-chemical charac-
terization of the SSEs presented in the current work shows the
presence of amorphous and crystalline phases interconnected via



Fig. 11. Ionic conductivity of the standard (LOS, LMS), reference and kaolinite-based samples in function of the Si/Li ratios. The error bars represent the standard deviation
between triplicate measurements. Set of results exceeding the triplicate had the outliers eliminated via Q statistical test. The top graph shows the ionic conductivities
obtained with 48 h of curing time while the bottom graph displays the obtained ionic conductivity after 2 months of curing time.
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a hierarchical morphology, which supports the validity of the
hypothesized mechanism in Fig. 1: the hopping of the Li+ is
enabled in the synthetic materials due to combined mechanisms
of the segmental motion of the amorphous silicate layers with
induction of Schottky and Frenkel defects on the crystalline phases.
The Schottky defects are expected to be created in the lithium sil-
icates phases due to the isomorphous replacement of Si4+ with Al3+

in the silicate minerals, which is shown in the EDS-mapping of the
kaolinite-based SSEs. However, the Schottky defects may not be of
high relevance for the current materials since the reference mate-
rials do not have Al in their composition. The Frenkel defects are
14
caused by intercalated growth of different silicates phases and
maximized during the curing procedure (with the LiCl crystals
intercalation in the SSEs disks).

The Arrhenius plot was fitted for the kaolinite-based sample at
the molar ratio Si/Li = 1.0, after 2 months of curing (Fig. 9). It shows
the expected trend of increment of ionic conductivity with the
raise of temperature. The linear fitting of the Arrhenius plot indi-
cates that the activation energy for the hopping of Li+ ions in the
given system is 0:12e V, which is comparable with the activation
energy reported for the meta-stable superionic conducting mate-
rial (Li7P3S11, Ea from 0.12 to 0.18 eV [27]). That indicates that



Fig. 12. Arrhenius plot for the sample synthesized at Si/Al = 2.0, Li/Al = 2.5, Si/Li = 1.0.
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the proposed SSE systems can be promising materials to enable the
production of efficient SSEs, which, in turn may enable also recy-
cling methods of industrial waste-stream rich in silicate minerals.
4. Conclusions

The current work has demonstrated the potential of designing
hybrid amorphous-crystalline systems of lithium silicate phases
as promising materials for applications in SSEs. The findings of
the current work demonstrate that the hopping of Li+ ions can be
facilitated via synergetic mechanisms between amorphous and
crystalline phases. That has been noticed to be enabled by ordered
hierarchical silicates structures, obtained from hybrid amorphous-
crystalline systems, where the polymeric chains of the amorphous
silica intercalate with the hotchpotch structures of lithium silicate
zeolites. The degree of ordering observed in the morphological
structures of the materials showed direct relation with the
obtained ionic conductivities, evidencing the facilitated hopping
of the Li+ ions via the combined mechanisms of the segmental
motion of the amorphous sheets with structural defects of the
crystalline phases. Among the hybrid synthesized materials, the
samples with highest ionic conductivity were obtained for the ref-
erence sample Si/Li = 0.25 (1.42 � 10-4 S/cm) and the kaolinite-
based sample Si/Li = 1.0 (1.30 � 10-4 S/cm). Both samples pre-
sented high amorphous contents, however they also showed
well-ordered morphological structure, agreeing with the proposed
combined mechanism for the Li+ hopping in the hybrid materials.

In view that the silicate materials employed as precursors in the
current work (kaolinite and amorphous silica) are highly abundant
in industrial waste-streams. The current results open new research
pathways to enable the recycling of silicates waste-streams in bat-
teries applications. However, the complexity of the presented sys-
tem still requires follow-up research to elucidate the optimal
synthetic conditions for maximized ionic conductivity. The
follow-up studies of this research are evaluating other important
15
characterization aspects of the SSE materials (electrochemical win-
dow, cation transference number and mechanical strength), as well
as the assembly of the proposed SSEs in battery cells and the influ-
ence of carbonation on the performance of the materials. More-
over, future investigations will analyze the role of the LCO phase
in the performance of the SSEs: a detrimental effect can be avoided
by performing the synthesis in inert conditions, while a beneficial
impact could enable routes of carbon capture and utilization for
producing the materials. It is expected that the pioneer approach
of the current research may inspire the development of novel
classes of silicates SSEs, based on the interface effects between
amorphous and crystalline silicate phases.
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