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A B S T R A C T   

The increasing demand for safe energy storage has led to intensive investigations of solid-state Li+-ion con
ductors in the Li2O-M2O3–ZrO2–SiO2–P2O5 system. As a continuation of the cation substitution in this system, 
which we reported on very recently, a study of the impact of polyanionic substitutions on ionic conductivity was 
carried out here in two series, Li3+xSc2SixP3-xO12 (0 ≤ x ≤ 0.6) and Li1.2+xSc0.2Zr1.8SixP3-xO12 (0.3 ≤ x ≤ 2.8), 
with the aim of increasing ionic conductivity, determing the phase stability, and optimizing the processing 
conditions – especially decreasing the sintering temperatures – depending on the level of substitution. 

The polyanionic substitution, i.e. the substitution of (PO4)3- with (SiO4)4-, in the Li2O–Sc2O3–ZrO2–SiO2–P2O5 
system revealed that a) the sintering temperature can effectively be reduced, b) the presence of zirconium can 
limit the evaporation of lithium species even at high sintering temperatures, c) the purity of the NaSICON 
materials has a strong influence on the grain boundary resistance, and therefore on the ionic conductivity, and d) 
the silicate substitution in Li3+xSc2SixP3-xO12 (0 ≤ x ≤ 0.6) stabilized the monoclinic polymorph (space group 
P21/n) with an enhanced total ionic conductivity at 25 ◦C from 6.5 × 10− 7 S cm− 1 to 1.2 × 10− 5 S cm− 1 for x =
0 to x = 0.15, respectively, exhibiting the highest ionic conductivity at 25 ◦C among the compositions 
investigated.   

1. Introduction 

Solid-state lithium ion conductors are attracting considerable 
attention from academia and industry as solid electrolytes (SEs) for 
future all-solid-state Li batteries (ASLBs) [1–4]. The main classes of SEs 
studied so far include polymers [5,6], sulfides [7,8], and oxide ceramics 
[7,9,10], which each have individual advantages and disadvantages. 
Oxide ceramic SEs are characterized by having the widest electro
chemical stability window, excellent thermal stability and a wide tem
perature operation regime, high mechanical strength, and a high level of 
safety [11–13]. However, their major drawback is that they need to be 
processed at high temperatures, resulting in high production costs and 
undesirable reactions with other cell components. 

Solid ion conductors with a NaSICON structure (abbreviation for Na+

super ionic conductor) and especially compounds with the general for
mula Li1+xAlxM2-x(PO4)3 (M = Ti, Ge) are promising SEs due to their 

favorable ionic conductivity at room temperature (RT) [14–17], their 
relatively low density, and their relatively inexpensive precursor ma
terials, apart of Ge compounds. Li1+xAlxTi2-x(PO4)3 (LATP) and 
Li1+xAlxGe2-x(PO4)3 (LAGP) have the highest Li+ ionic conductivities at 
room temperature in this NaSICON family. A wide range of ionic con
ductivity from 10− 5 to 10− 3 S cm− 1 has been demonstrated for LATP 
materials, depending on the stoichiometry, preparation methods, den
sities, and microstructures of the sintered pellets [13,18–23]. Similarly, 
LAGP materials exhibit very high ionic conductivity from 10− 4 to 10− 3 S 
cm− 1 in a wide composition range [19,24–27]. However, the instability 
of titanium- and germanium-containing compounds against reduction to 
Ti3+ or Ge2+ in direct contact with lithium anodes leads to severe per
formance degradation [20,21]. Therefore, the application of 
NaSICON-type SEs in ASLBs with a lithium metal anode poses many 
challenges in terms of interfacial protection [28,29]. 

Increasing the electrochemical stability of NaSICON-type SEs while 

* Corresponding author. Forschungszentrum Jülich GmbH, Institute of Energy and Climate Research, Materials Synthesis and Processing (IEK-1), D-52425, Jülich, 
Germany. 

E-mail address: a.loutati@fz-juelich.de (A. Loutati).  

Contents lists available at ScienceDirect 

Open Ceramics 

journal homepage: www.sciencedirect.com/journal/open-ceramics 

https://doi.org/10.1016/j.oceram.2022.100313 
Received 20 September 2022; Received in revised form 9 November 2022; Accepted 18 November 2022   

mailto:a.loutati@fz-juelich.de
www.sciencedirect.com/science/journal/26665395
https://www.sciencedirect.com/journal/open-ceramics
https://doi.org/10.1016/j.oceram.2022.100313
https://doi.org/10.1016/j.oceram.2022.100313
https://doi.org/10.1016/j.oceram.2022.100313
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oceram.2022.100313&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Open Ceramics 12 (2022) 100313

2

maintaining high ionic conductivity and at the same time significantly 
lowering the processing temperature and shortening the processing time 
is not a trivial task. A general strategy for increasing the electrochemical 
stability is to replace “critical” redox-active ions such as Ti or Ge in the 
NaSICON structure with redox-inactive ions. Zirconium is the most 
popular element for this purpose, but the ionic conductivity of Zr-based 
NaSICONs is far inferior to that of Ti- and Ge-based compounds, and 
their sintering temperature is usually even higher than that of LATP and 
LAGP. Therefore, many studies have been carried out to improve the 
properties of Zr-based NaSICON SEs by partially replacing Zr4+ ions 
with di- or trivalent cations in the general formula Li1+(4-n)xMn+xZr4+

2- x 
(PO4)3 when M was Sc [30,31], Y [32,33], Al [34,35], Ca [36,37], Sr 
[38,39] and Fe, Cr, and In Ref. [40]. In most cases, the crystal symme
tries for NaSICON materials with the above cation substitutions are the 
rhombohedral modification (space group R3c), which has the highest 
ion conductivity [31]; orthorhombic (space group Pbcn) [29]; mono
clinic (space group P21/n) [41]; and occasionally triclinic (space group 
P1) [42], depending on composition, synthesis conditions, and tem
perature. However, a long sintering time (up to 10 h) at high tempera
tures (above 1200 ◦C) [43] is required to stabilize the rhombohedral 
phase, which results in high total ionic conductivity, but easily leads to 
undesired micro-crack formation when cooling from the high tempera
ture [44,45]. In addition, the loss of volatile lithium species at high 
sintering temperatures [46] is the reason for the increased pore forma
tion [22]. All these aspects eventually lead to the deterioration of ionic 
conductivity. Moreover, prolonged sintering at high temperatures 
inevitably increases production costs. Therefore, there is an urgent need 
to lower the sintering temperatures of Zr-containing NaSICON materials, 
either through the addition of sintering aids [46,47] or by changing the 
composition. The second approach is particularly appealing, as it would 
avoid the addition of the second phase, which may eventually lead to 
inhomogeneities in the composition, microstructure, and deteriorating 
electrochemical and mechanical properties. The main strategy in this 
investigation is polyanionic substitution. Existing examples of this 
approach include NaSICON materials with the partial substitution of 
phosphorous with silicon (Li3+xSc2SixP3-xO12 with 0 ≤ x ≤ 0.6) [48] and 
with additional Zr deficiency (Li2.8Zr2-xSi1.8-4xP1.2+4xO12 with 0 ≤ x ≤
0.45) [49]. 

In this work, two series of compounds belonging to the Li1+x+yScxZr2- 

x(SiO4)y(PO4)3-y system with x + y ≤ 3 [51] were investigated with the 
aim of reducing the sintering temperature and increasing the ionic 
conductivity (see Fig. 1):  

a) The Li3+xSc2SixP3-xO12 series with 0 ≤ x ≤ 0.6 derived from the 
parent compound Li3Sc2(PO4)3 (LSP; x = 0). Beyond x = 0.6, the 
conductivity is expected to decrease due to the declining number of 
vacancies [52].  

b) Partial substitution of P5+ with Si4+ in the Li1.2+xSc0.2Zr1.8SixP3-xO12 
system with 0 ≤ x ≤ 2.8. The series is an extension of the investi
gation in the same system with the cation substitution in the solid 
solution Li1+xScxZr2-xP3O12. The Li1.2Sc0.2Zr1.8P3O12 composition 
showed the highest conductivity (2.7 × 10− 5 S cm− 1) within this 
series (see Ref. [50]). 

2. Experimental procedure 

2.1. Powder preparation 

Stoichiometric amounts of Li2CO3 (Alfa Aesar, 99%), ZrO2 (Saint- 
Gobain, 99.8%), Sc2O3 (Projector, 99.5%), and SiO2 (Alfa Aesar, 99.8%) 
were mixed in a quartz glass container and water was used as solvent. 
After the carbonates were dissolved, a small amount of nitric acid was 
added to obtain a homogeneous aqueous suspension followed by a 
stoichiometric amount of NH4H2PO4 (Merck, 99%) and stirred over
night at 250 rpm and a temperature of 70 ◦C for the slow evaporation of 

water to form a homogeneous precipitate. Subsequently, the entire ho
mogenized mixture was first heated up to 100 ◦C and then the dried solid 
mixture was fired in an oven at 300 ◦C for 5 h to form an amorphous raw 
powder. The desired materials were obtained after subsequent calcina
tion at 600 ◦C for 5 h and final sintering in Pt crucibles. 

2.2. Milling 

The calcined powders were manually ground in an agate mortar and 
the powders were then milled in a grinding bowl using ethanol and 5 
mm zirconia balls in a planetary ball mill (Fritsch Pulverisette 7 pre
mium line) at 350 rpm for 5 h, before being subsequently dried at 70 ◦C 
for 6 h. The particle size distribution was measured using a Horiba LA- 
950V2 laser diffraction particle size analyzer with ethanol as the 
dispersing medium. 

2.3. Chemical analysis 

The stoichiometry of the powders was controlled before and after 
sintering by inductively coupled plasma optical emission spectroscopy 
(ICP-OES) using a Thermo Scientific iCAP7600 spectrometer with opti
cal scale and CID semi-conductor detector, axial und radial reflection, 
and wavelengths between 166 nm and 847 nm. 50 mg of calcined 
powder was mixed with 0.5 g lithium borate in a platinum crucible and 
fired for 1 h at 1000 ◦C in a muffle furnace. The liquefied material was 
dissolved in 30 mL HCl (5%). After dissolution, the sample solutions 
were transferred to sample vials containing 0.5 mL HF and filled to a 
volume of 50 mL. This measurement was performed twice for each 
composition. 

2.4. Thermal analysis 

Differential thermal analysis and thermogravimetry (DTA/TG) 
measurements were carried out on the calcined powders using the 
STA449F1 Jupiter calorimeter coupled to the QMS 403C Aëolos mass 

Fig. 1. Exploratory research of NaSICON materials in the Li2O- 
M2O3–ZrO2–SiO2–P2O5 system. The orange surface corresponds to the theo
retical compositional limits of the NaSICON materials according to the formula 
Li1+4x+y+zZr2-x-yM3+

y (SiO4)z(PO4)3-z. The end members at the corners of the 
orange surface are given as chemical formulas. The green dots indicate the 
investigated samples. In Ref. [50] the horizontal dots from LiZr2(PO4)3 to 
Li3M2(PO4)3, (M = Al, Y, Sc) are reported. In this work, only the compositions 
of the vertical dots are investigated and discussed. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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spectrometer from NETZSCH-Gerätebau GmbH. The measurements 
were recorded in the temperature range of 25 ◦C–1600 ◦C in air with 
heating and cooling rates of 300 K/h. The dilatometry experiments were 
performed with a 402C dilatometer also from NETZSCH-Gerätebau 
GmbH. During the measurements, the shrinkage was recorded until a 
shrinkage of ~25% was reached. 

2.5. Pellet sintering 

The calcined and freshly milled powders were pressed into pellets 
with a pressure of about 150 MPa and sintered in Pt crucibles. The 
sintering temperatures were obtained from the shrinkage curves of the 
dilatometer measurements. The experimental density was determined 
geometrically after sintering and the theoretical density was obtained 
from the X-ray diffraction (XRD) refinement results. 

2.6. Crystallography 

The phase purity of the sintered specimens was measured by XRD 
from 2θ = 10◦–60◦ with a step size of 0.02◦ and a dwell time of 0.75 s. 
The measurements were recorded with a Bruker D4 Endeavor diffrac
tometer using Cu Kα radiation. The Rietveld refinements for the deter
mination of the lattice parameters of the resulting compounds were 
performed using the TOPAS V.4.2 (Bruker AXS 2008, Germany) com
puter software. 

Depending on the composition, synthesis conditions, and tempera
ture, the prevalent crystal structure for lithium-based NaSICON mate
rials is most commonly reported as either rhombohedral, monoclinic, 
orthorhombic, or triclinic. In this work, the powder XRD patterns of 
materials in both the Li3+xSc2SixP3-xO12 and Li1.2+xSc0.2Zr1.8SixP3-xO12 
series were indexed with a monoclinic or an orthorhombic structure. In 
order to determine the exact structure of the materials, a comparison of 
the XRD patterns of different relevant NaSICON materials reported in 
the literature with monoclinic structure (space group P21/n) or ortho
rhombic structure (space groups Pbcn, Pbna, Pcan) are compiled and 
presented in Fig. 2. The figure clearly shows that the XRD patterns of 
monoclinic and orthorhombic structures are nearly identical. The 

authors in Ref. [29] explain that the two polymorphs can be distin
guished by two small reflections (see black arrows), but other compo
sitions they refined with both structures resulting in same quality of the 
fitted patterns, whereas in other references this difference in the patterns 
is not observed. Therefore, it is nearly impossible to distinguish between 
the two symmetries, which was also observed and confirmed by others 
[56]. 

2.7. Electrical characterization 

For conductivity measurements, a VMP-300 multi-potentiostat 
(BioLogic) combined with a climate chamber (Vötsch VT4002EMC) was 
used. Impedance spectra were measured in the frequency range from 7 
MHz to 1 Hz. Prior to the measurements, both sides of the prepared 
dense pellets were dry-polished using SiC sandpapers up to 4000 grit and 
then sputter-coated with gold as blocking electrodes using a Cressington 
108 coater. ZView software (Scribner Associates Inc) was used to 
analyze the impedance spectra. 

3. Results and discussion 

3.1. Li3+xSc2SixP3-xO12 (0 ≤ x ≤ 0.6) 

Powders belonging to the Li3+xSc2SixP3-xO12 system with 0 ≤ x ≤ 0.6 
were synthesized via solution-assisted solid-state reaction (SA-SSR), as 
previously reported [51]. The ICP-OES results confirmed the nominal 
stoichiometry of the six calcined NaSICON Li3+xSc2SixP3-xO12 powders 
with x = 0, 0.06, 0.15, 0.3, 0.4, and 0.6. The analytical values are very 
close to the targeted compositions after powder preparation, i.e. the 
substitution of P5+ with Si4+ was successful with a high level of precision 
(Table 1). The obtained atomic ratios were normalized to two moles 
scandium per formula unit. With the exception of Li3Sc2P3O12, the sili
cone and phosphorous contents deviate less than the experimental error 
(3%). The lithium content was slightly lower than anticipated, which 
might be due to the uptake of small amounts of water in the Li2CO3 
during storage. 

DTA/TG measurements were carried out up to 1600 ◦C to analyze the 
formation and stability of the crystalline phase, to quantify mass losses, 
and to identify the melting points. Materials of the studied series 
Li3+xSc2SixP3-xO12 (0 ≤ x ≤ 0.6) have almost the same thermal behavior 
except for the material with x = 0.6. The TG curves show three suc
cessive mass losses accompanied by endothermic signals. As shown in 
Fig. 3a and b, the first mass loss Δm1 ≈ 0.9% was observed in the 
temperature range from 25 ◦C to 250 ◦C and is mainly associated with 
physisorbed water, whereas the second mass loss Δm2 ≈ 2% occurred up 
to 560 ◦C in two steps accompanied by an endothermic signal peaking 
around 330 ◦C, which has been attributed to the release of crystal water 
from the materials. Furthermore, the third loss Δm3 ≈ 2.6% appeared in 
the temperature range from 1300 ◦C to 1600 ◦C and is ascribed to the 
evaporation of lithium oxide from the material [57]. The evaporation of 
lithium oxide is pronounced when the materials are fully molten. The 
broad exothermic signal between 400 ◦C and 600 ◦C, which is not 
accompanied by mass loss, is interpreted as the phase formation and 

P21/n
P21/n
P21/n
P21/n

Pbcn
Pbn
Pbcn
Pbcn
Pcan

Fig. 2. XRD patterns for reported NaSICON materials with a) monoclinic 
symmetry (space group P21/n): Li2.96(Sc1.96Zr0.04)(PO4)3 (LSZP1) [ICSD N◦: 
83912] [29], LiZr2(PO4)3 (LZP) [ ICSD N◦: 91112] [53], Li3Sc2(PO4)3 (LSP) 
[ICSD N◦: 86457] [54], and LSP [ICSD N◦: 62301] [40], and b) orthorhombic 
symmetry (space groups Pbcn, Pbna, or Pcan): Li2.8(Sc1.8Zr0.2)(PO4)3 (LSZP2) 
[ICSD N◦: 83913] [29], LSP [ICSD N◦: 50421] [30], LSZP2 [ICSD N◦: 50423] 
[30], LZP [ICSD N◦: 91113] [53], and LSP [ICSD N◦: 62300] [55]. 

Table 1 
Composition of the Li3+xSc2SixP3-xO12 (0 ≤ x ≤ 0.6) NaSICON powders 
calcined at 600 ◦C for 5 h determined by ICP-OES and normalized to 2 
mol scandium per formula unit. The oxygen content was calculated on 
the basis of the cation contents.  

X Analytical stoichiometry before sintering 

0 Li2.98Sc2P2.9O11.74 

0.06 Li3.04Sc2Si0.08P2.96O12.08 

0.15 Li3.14Sc2Si0.18P2.83O12.01 

0.3 Li3.26Sc2Si0.33P2.72O12.09 

0.4 Li3.37Sc2Si0.38P2.62O12 

0.6 Li3.57Sc2Si0.59P2.41O11.99  

A. Loutati et al.                                                                                                                                                                                                                                 



Open Ceramics 12 (2022) 100313

4

crystallization region of the materials. Very sharp exothermic signals 
were detected at around 1400 ◦C, which are ascribed to the melting 
point of the materials with 0 ≤ x ≤ 0.4, whereas the sample with x = 0.6 
showed a partial melting point at 1100 ◦C followed by complete melting 
at 1170 ◦C. Weak signals at these two temperatures were also observed 
for x = 0.3 and x = 0.4. In fact, the increased silicate substitution in the 
Li3+xSc2SixP3-xO12 series leads to a decrease of the melting temperature. 
This result is in agreement with previous observations [48]. 

Dilatometry was used to determine the optimal sintering tempera
ture of the materials. In order to obtain full density for a typical pellet 
with a green density of 50%, a theoretical final value of 20.6% shrinkage 
is necessary. Larger shrinkage values obtained in dilatometer measure
ments indicate a (partial) melting of the material or a continuous plastic 
deformation of the sample induced by the low pressure of the push-rod 
[58]. The shrinkage behavior of the pellets of the Li3+xSc2SixP3-xO12 
series with x = 0, 0.06, 0.15, 0.3, 0.4, and 0.6 was recorded during 
constant heating (300 K/h) until a shrinkage of around 23% was reached 
(Fig. 3c). The shrinkage behavior of the samples strongly varies with 
increasing silicate content (Fig. 3c). The samples with x = 0 and x = 0.06 
show rather sluggish shrinkage at temperatures up to 1300 ◦C and a 
steep slope at about 1370 ◦C indicating their melting. Materials with 
0.15 ≤ x ≤ 0.4 exhibit shrinkage up to ~15% at 1050 ◦C followed by 
expansion until 1250 ◦C, 1320 ◦C, and 1340 ◦C for compositions with x 
= 0.15, 0.3, and 0.4, respectively. 

To achieve the optimum sintering conditions for each composition, 
the pressed pellets were sintered in air at different temperatures. The 

highest temperature was initially determined from the dilatometry 
measurements and optimized by lowering it by 50 ◦C in the subsequent 
tests. The sintering experiments in the furnace were carried out between 
900 ◦C and 1400 ◦C for materials with x = 0 and x = 0.06, between 
900 ◦C and 1350 ◦C for materials with x = 0.15, 0.3, and 0.4, and only 
from 900 ◦C to 1200 ◦C for the material with x = 0.6, since the pellets 
already melted at about 1220 ◦C. After several sintering tests in the same 
oven and under the same conditions (3 h, 300 K/h cooling and heating), 
the optimal sintering temperatures that yielded the highest relative 
densities were determined and are listed in Table 2. No significant 
shrinkage was observed below the given temperatures, while some 
micro-cracks were observed above them for compositions with x = 0, 
0.06, and 0.6. The sintering experiments in the furnace revealed a sys
tematic decrease in density with increasing sintering temperature for 
compositions with x = 0.15, 0.3, and 0.4. The reason for this trend is the 
volume expansion, which was already recorded by dilatometry in 
connection with deformations and the partial melting of the pellets. The 
relative densities obtained at different sintering temperatures from 
900 ◦C to 1400 ◦C are shown in Fig. 3d. 

In an attempt to further increase the relative density of the sintered 
pellets, an optimized two-step sintering procedure was applied [59]. The 
pellets were first subjected to the optimum sintering temperatures 
determined above (Table 2) for a short period of time (0.25 h) and then 
annealed at a reduced temperature for a longer period of time (4 h). The 
sintering conditions were systematically optimized by varying the sec
ond temperature in the range of 700 ◦C–1000 ◦C for materials with x =

Fig. 3. Thermal and dilatometry investigations of the Li3+xSc2SixP3-xO12 series (0 ≤ x ≤ 0.6): a) DTA results, b) TG results, c) sintering curves of samples with a 
constant heating rate up to 1600 ◦C, d) relative densities obtained after sintering (3 h) at different sintering temperatures. 
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0 and x = 0.06 with 50 ◦C steps and in the range of 700 ◦C–900 ◦C with 
50 ◦C steps for materials with x = 0.15, 0.3, 0.4, and 0.6. The relative 
density of the pellets was thus increased for all compositions (Table 2). 

It should be noted that the NaSICON solid electrolyte is highly sus
ceptible to Li2O loss during conventional sintering, which typically re
quires higher temperatures of about 1200 ◦C and a longer dwell time of 
several hours [34]. The lower sintering temperature and shorter dwell 
time are expected to minimize the Li2O evaporation, resulting in higher 
conductivity [60]. In contrast, higher sintering temperatures typically 
lead to a higher relative density, which also has a positive effect on ionic 
conductivity. The combination of these two approaches is the key to 
manufacturing solid electrolytes with high ionic conductivity [61]. 

In order to evaluate the possible Li2O loss after one-step and two-step 
sintering, the pellets were analyzed by ICP-OES. As can be seen in Fig. 4, 
the lithium content is lower than anticipated in all cases. However, Li2O 
loss can be limited by performing a two-step sintering procedure and the 
reduction of Li2O loss is clearly seen in Fig. 4. 

During the two-step sintering procedure, the materials were 
annealed with shorter times compared to the conventional sintering 
process used by Peng et al. [48], in which the pressed pellets of the 
materials were sintered for 6 h. The lower temperature and shorter times 
likely result in less Li2O loss, which, in turn, should result in higher grain 

boundary conductivity, as suggested by Ban et al. [62]. Therefore, the 
use of a two-step sintering procedure not only reduces the energy input 
and increases the relative density of the pellets, but also minimizes the 
loss of Li2O due to the short dwell time at a high temperature [58,59]. 
This heat treatment sequence was thus applied to sinter all samples for 
further investigations. 

XRD patterns (Fig. 5) of the studied materials Li3+xSc2SixP3-xO12 (0 ≤
x ≤ 0.6) recorded after two-step sintering (Table 2) exhibit reflections of 
the orthorhombic structure (space group Pbcn, ICSD No. 83913) [29] 
and/or reflections of the monoclinic structure (space group P21/n, ICSD 
No. 91112) [53], since both phases are almost identical and resemble 
each other in their reflection patterns, as shown in Fig. 2. However, since 
the two small reflections at 2θ = 17.7◦ and 34◦ could hardly be detected 
in all XRD patterns, the lattice parameters (see Fig. 6) were determined 
with the monoclinic. 

Moreover, a small amount of secondary phase such as orthorhombic 
Li3PO4 (ICSD No. 50058) (space group Pmnb) [63] in the compositions x 
= 0.4 and x = 0.6 were found as mentioned in Refs. [38,64]. Cubic Sc 
(PO3)3 (ICSD No. 1719) (space group I43d) was also detected as an 
impurity in the material with x = 0.6 [65]. For the unsubstituted LSP, a 
very small amount of rhombohedral P2O5 (ICSD No. 16610) [66] 
remained unreacted during the synthesis, as also reported in previous 
work [31,55], and unreacted monoclinic Sc2O3 (space group C2/m; 
ICSD no. 160218) [67] was also detected. However, for the same 

Table 2 
Melting points determined by DTA measurements, sintering parameters for the one-step sintering and two-step sintering (Ts = sintering temperature, ts = dwell time), 
and the resulting densities of Li3+xSc2SixP3-xO12 (0 ≤ x ≤ 0.6) compounds.  

Composition Melting temperature/◦C One-step sintering Two-step sintering 

Ts/◦C, ts/h Relative density/% Ts1/◦C, ts1/h Ts2/◦C, ts2/h) Relative density/% 

Li3Sc2P3O12 1410 1250, 3 89 1250, 0.25 800, 4 96 
Li3.06Sc2Si0.06P2.94O12 1410 1250, 3 90 1250, 0.25 800, 4 94 
Li3.15Sc2Si0.15P2.85O12 1390 1000, 3 88 1000, 0.25 800, 4 93 
Li3.3Sc2Si0.3P2.7O12 1100, 1390 1000, 3 78 1000, 0.25 800, 4 85 
Li3.4Sc2Si0.4P2.6O12 1100, 1380 1100, 3 68 1100, 0.25 800, 4 82 
Li3.6Sc2Si0.6P2.4O12 1100, 1170 1150, 3 90 1150, 0.25 800, 4 96  

Fig. 4. Variation of lithium content obtained from ICP-OES in the Li3+xSc2

SixP3-xO12 series (0 ≤ x ≤ 0.6) before sintering, after one-step sintering, and 
after two-step sintering. The results were normalized to 2 mol scandium per 
formula unit. The pellets were sintered at the temperatures listed in Table 2. 
Symmetry in accordance with [30]. 

Fig. 5. XRD patterns of Li3+xSc2SixP3-xO12 (0 ≤ x ≤ 0.6) after two-step sintering 
(see Table 2). ○: Sc(PO3)3, +: P2O5, ●: Li3PO4, *: Sc2O3. is the main phase for all 
samples with small amounts of an unidentified impurity phase [48]. 
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Li3+xSc2SixP3-xO12 series, it was previously detected that 
“Li3.2Sc2(PO4)3

′′

The materials in the Li3+xSc2SixP3-xO12 series demonstrate a non- 
linear dependence of monoclinic lattice parameters and the unit cell 
volume on the silicate substitution. The unit cell volume increases 
slightly up to x = 0.06, remains nearly constant up to x = 0.3, and in
creases for higher x values. The lattice parameter a increases slightly up 
to x = 0.3, decreases at x = 0.4, and increases again at x = 0.6, but b 
remains constant (Fig. 6, the crystallographic data refined with ortho
rhombic and monoclinic symmetry are listed in Tables S1 and S2 in the 
supporting information, respectively). The β angle is in the range of 
89.8◦ ≤ β ≤ 90.2◦, thus indicating the close proximity to the ortho
rhombic setting. 

The variation of the monoclinic lattice parameters during the pro
gressive anionic substitution of (PO4)3- by (SiO4)4- is not primarily due to 
the different ionic radii of Si4+ (0.26 Å) and P5+ (0.17 Å) in the tetra
hedral coordination [68], as this does not necessarily lead to a small 
volume increase of the tetrahedra. The electrostatic redistribution of 
charges and the additional uptake of Li+ ions are more important factors 
here. 

The ionic conductivity of the six compositions studied was 

determined from impedance spectra measured at 25 ◦C. The Nyquist plot 
of the impedance spectra is shown in Fig. 7a, and the equivalent circuit 
used is also shown. For all samples, only one semicircle emanating from 
the origin at high frequencies and a straight line at low frequencies 
corresponding to the electrode polarization were observed. 

The radius of the semicircle decreases with increasing silicate sub
stitution in Li3+xSc2SixP3-xO12 up to x = 0.15 and subsequently increases 
again. Phenomenologically, the sample with x = 0.15 thus shows the 
highest ionic conductivity along the series. From the capacities of the 
semicircles the relative permittivity constants were calculated (see 
Fig. S1 in the supporting information). 

The total conductivity of the samples was calculated with Equation 
(1): 

σ =
L

A R
Equation 1 

In which L and A represent the pellet thickness and electrode surface 
area of the specimen, respectively, and R is the total resistance derived 
from the fitted impedance spectra. The total ionic conductivity values at 
25 ◦C as a function of composition are listed in Table 3, and the evolution 
of the total ionic conductivity is shown in Fig. 7b. The total ionic con
ductivity initially increases with increasing x, and the maximum value of 
1.2 × 10− 5 S cm− 1 was obtained with Li3.15Sc2Si0.15P2.85O12. The 
observed increase in total conductivity can be mainly attributed to the 
substitution of silicate in Li3+xSc2SixP3-xO12 and the additional Li+ ions 
needed for charge balance. Consequently, more lithium ions led to a 
significant improvement in ionic conductivity. 

The subsequent decrease in ionic conductivity can be attributed to 
two reasons. On the one hand, further increasing the lithium and silicate 
content seems to destabilize the NaSICON structure and generate an 
increasing amount of Li3PO4, especially for the composition with x =
0.6. On the other hand, the highest ionic conductivity value can also be 
attributed to the densification process and the quality of the ceramic 
material. Even when the lithium content is increased, the compositions 
with x = 0.3 and x = 0.4 exhibit poor ionic conductivity due to their low 
relative density. It is known that samples with a density below 90% can 
easily lose up to 90% of their ionic conductivity [46]. Therefore, the 
potential conductivity of Li3.3Sc2Si0.3P2.7O12 and Li3.4Sc2Si0.4P2.6O12 
may be about one order of magnitude higher than was measured. The 
results are very similar to those of Peng et al. [48]. The ionic conduc
tivity of LSP is lower compared to some of the reported values in the 
literature [29,30,32,48,56,69–71]. The activation energy Ea of the ionic 
conductivity of all compounds was obtained from impedance measure
ments at different temperatures and using the Arrhenius law (Equation 
(2)), where σt is the total conductivity at the absolute temperature T, A is 
a pre-exponential constant containing the number of charge carriers, 
jump distance and attempt frequency and k is the Boltzmann constant. 

σtT =Ae−
Ea
kT Equation 2 

The activation energy values were calculated from the slope of ln σtT 
versus inverse temperature in the temperature range of − 40 ◦C–100 ◦C 
as shown in Fig. 7c. The calculated values of Ea after linear fitting are 
summarized in Table 3. The activation energy of Li3+xSc2SixP3-xO12 
specimens varies between 0.19 eV and 0.24 eV without any clear trend. 
These values are comparable with literature data of other NaSICON-type 
materials [e.g. 12,18,20,49]. 

Overall, optimizing the sintering conditions resulted in increased 
ionic conductivity along the Li3+xSc2SixP3-xO12 series compared to the 
data reported by Peng et al. [48]. Nevertheless, the obtained ionic 
conductivities are still too low for battery applications. 

3.2. Li1.2+xSc0.2Zr1.8SixP3-xO12 (0 ≤ x ≤ 2.8) 

The powders belonging to the Li1.2+xSc0.2Zr1.8SixP3-xO12 system (0 ≤
x ≤ 2.8) were also synthesized by SA-SSR. The ICP-OES results are 
summarized in Table 4. The obtained atomic ratios were normalized to 

Fig. 6. Variation of monoclinic lattice parameters and unit cell volume of the 
Li3+xSc2SixP3-xO12 series (0 ≤ x ≤ 0.6). 
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1.8 mol zirconium per formula unit. The final compositions of the 
calcined solid electrolyte powders are close to the nominal 
stoichiometry. 

The coupled thermogravimetric DTA/TG study shows that the six Si- 
containing materials, chosen from the Li1.2+xSc0.2Zr1.8SixP3-xO12 (0.3 ≤
x ≤ 2.8) system, clearly have the same thermal behavior except for the 
material with the lowest silicate content (x = 0.3), as shown in Fig. 8a 
and b. The TG curves show four temperature regions with mass losses. 

The first weight loss occurs below 200 ◦C and is attributed to the 
release of moisture. The second weight loss starts at about 300 ◦C and 
can be attributed to the evaporation of crystal water and the emission of 
carbon dioxide. In the DTA curves, this weight loss is accompanied by 
the presence of an endothermic broad signal centered at 350 ◦C. This 
endothermic signal was detected for all compositions except for x = 1.8 
and x = 2.3. The third weight loss between 800 ◦C and 950 ◦C only af
fects the powders with x = 2.3 and x = 2.8 and is associated with an 
endothermic signal at about 950 ◦C and 980 ◦C, respectively. This 
endothermic peak is very likely a partial melting of these two samples 
and the reason for the first strong shrinkage in the dilatometry curves 
(Fig. 8c). The fourth weight loss appears in the temperature range from 
1300 ◦C to 1400 ◦C, which has been attributed to the evaporation of 
Li2O. The exothermic peaks observed at 1050 ◦C and at 1150 ◦C in the 
DTA curves, which are not accompanied by mass losses, probably 
correspond to the decomposition of the compounds. The melting point 
of the materials with x = 0.3 and x = 0.8 could not be clearly detected. 
Only the materials with x = 2.3 and x = 2.8 show three exothermic 
peaks, indicating a complex decomposition behavior between 950 ◦C 
and 1200 ◦C. 

The sintering behavior of the calcined powders was examined by 
dilatometry. The pellets shrink up to ~23% between 1030 ◦C and 
1220 ◦C. The sintering behavior is almost identical for all materials. 
With the exception of the samples with higher silicate content (x = 1.8, 
2.3, and 2.8), which, as mentioned above, exhibit multiple-step 
shrinkage behavior, the other pellets show the onset of sintering be
tween 850 ◦C (x = 0.3) and 950 ◦C (x = 0.8, 1.3) and the maximum 
shrinkage rate at about 1050 ◦C. 

The pressed pellets were sintered at different temperatures to adjust 
the optimal sintering temperature for each composition. The sintering 
experiments in the furnace were carried out between T10% and T20%, 
corresponding to 10% and 20% shrinkage in the dilatometry curves, in 

Fig. 7. a) Nyquist plot of impedance spectra at 25 ◦ C after accounting for the 
sample dimensions. The equivalent circuit for data fitting is also shown. b) 
Total ionic conductivity at 25 ◦C depending on the silicate content in 
Li3+xSc2SixP3-xO12 (0 ≤ x ≤ 0.6). c) Arrhenius plot of σt of Li3+xSc2SixP3-xO12 (0 
≤ x ≤ 0.6) measured in the temperature range of − 40 ◦C–100 ◦C. 

Table 3 
Resulting densities of ceramics densified in two sintering steps, ionic conduc
tivity at 25 ◦C and activation energy for Li3+xSc2SixP3-xO12 (0 ≤ x ≤ 0.6).  

X Relative density/% σ25◦C/S cm− 1 Activation energy/eV 

0 96 0.2 × 10− 5 0.21 
0.06 94 0.46 × 10− 5 0.24 
0.15 93 1.20 × 10− 5 0.19 
0.3 85 0.95 × 10− 5 0.20 
0.4 82 3 0.76 × 10− 5 0.21 
0.6 96 0.41 × 10− 5 0.24  

Table 4 
Composition of Li1.2+xSc0.2Zr1.8SixP3-xO12 powders with 0 ≤ x ≤ 2.8 
calcined at 600 ◦C determined by ICP-OES and normalized to 1.8 mol 
zirconium per formula unit. The oxygen content was calculated on the 
basis of the cation contents.  

x Analytical stoichiometry before sintering 

0 Li1.21Sc0.21Zr1.8P3.02O11.99 

0.3 Li1.53Sc0.21Zr1.8Si0.31P2.70O12.01 

0.8 Li2.02Sc0.20Zr1.8Si0.75P2.08O12 

1.3 Li2.60Sc0.19Zr1.8Si1.27P1.71O11.98 

1.8 Li2.95Sc0.19Zr1.8Si1.78P1.31O12.02 

2.3 Li3.59Sc0.21Zr1.8Si2.28P0.75O11.99 

2.8 Li4.11Sc0.21Zr1.8Si2.82P0.22O12.01  
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increments of 20 ◦C for 3 h in air. The resulting optimum sintering 
temperatures in relation to the densification of the materials are shown 
in Fig. 8d. The relative density increases gradually with increasing sin
tering temperature up to 1200 ◦C, and the highest densities of 89% and 
91% were obtained for compositions with x = 0.3 and x = 0.8, respec
tively. The composition with x = 1.3 exhibited the highest relative 
density of 90% at 1060 ◦C and melted at 1070 ◦C. 

Almost identical behavior was observed for the composition with x 
= 1.8, which exhibited the highest relative density of 93% at 1120 ◦C 

and melted at 1140 ◦C. Materials with high silicate content (x = 2.3 and 
x = 2.8) showed the highest relative density of 94% at 1050 ◦C and 
1040 ◦C, respectively, and melted at around 1060 ◦C. As an overall 
result, sintering of the pellets in the furnace at T20% showed a high 
relative density for all compositions. Two-step sintering was also carried 
out with this set of compositions to improve the quality of the ceramics. 
The relative densities are summarized in Table 5. Increasing the partial 
anion substitution of silicate for phosphate in Li1.2+xSc0.2Zr1.8SixP3-xO12 
lowered the sintering temperature from 1280 ◦C to 1200 ◦C (x = 0, see 

 

 

  

Fig. 8. Thermal and dilatometry investigations of the Li1.2+xSc0.2Zr1.8SixP3-xO12 series (0.3 ≤ x ≤ 2.8): a) DTA results, b) TG results, c) sintering curves with a 
constant heating rate up to 1400 ◦C, and d) relative densities obtained at different sintering temperatures after one-step sintering. 

Table 5 
Melting points determined by DTA measurements, one-step sintering and two-step sintering parameters, and resulting densities of Li1.2+xSc0.2Zr1.8SixP3-xO12 (0.3 ≤ x 
≤ 2.8) compounds. For comparison, the values for Li1.2Sc0.2Zr1.8P3O12 are included (see Ref. [50]).  

Composition Melting temperature/◦C One-step sintering Two-step sintering 

Ts/◦C, ts/h Relative density/% Ts1 (◦C,ts1/h) Ts2 (◦C,ts2/h) Ts/◦C, ts/h 

Li1.2Sc0.2Zr1.8P3O12 1520 1280, 3 85 1280, 0.25 980, 3 94 
Li1.5Sc0.2Zr1.8Si0.3P2.7O12 1380 1200, 3 89 1200, 0.25 800, 4 93 
Li2Sc0.2Zr1.8Si0.8P2.2O12 1290 1200, 3 91 1200, 0.25 800, 4 94 
Li2.5Sc0.2Zr1.8Si1.3P1.7O12 1070 1060, 3 90 1060, 0.25 800, 4 91 
Li3Sc0.2Zr1.8Si1.8P1.2O12 1140 1120, 3 93 1120, 0.25 800, 4 94 
Li3.5Sc0.2Zr1.8Si2.3P0.7O12 1060, 1160 1050, 3 94 1050, 0.25 800, 4 96 
Li4Sc0.2Zr1.8Si2.8P0.2O12 1040, 1150 1040, 3 94 1040, 0.25 800, 4 95  
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Ref. [50], and x = 0.3, respectively) to 1040 ◦C with x = 2.8. 
After sintering at temperatures associated with 20% shrinkage, the 

lithium content was slightly lower than the desired compositions (Fig. 9) 
due to weight losses during sintering. Nevertheless, this result is very 
promising with respect to the loss of Li2O, since the evaporation of Li2O 
was much higher for the Li3+xSc2SixP3-xO12 series (Fig. 4). The substi
tution of phosphate with silicate in the Li1.2+xSc0.2Zr1.8SixP3-xO12 series 
lowered the sintering temperatures while reducing the evaporation of 
lithium species. 

These results are in good agreement with the weight losses above 
1200 ◦C in the DTA curves of both series, which were attributed to the 
evaporation of lithium oxide from the materials in the temperature 
range from 1300 ◦C to 1600 ◦C. The weight loss in the Li3+xSc2SixP3-xO12 
series was Δm3 ≈ 2.58%, but only ≈1.53% in the Li1.2+xSc0.2Zr1.8SixP3- 

xO12 series. Δm3 was calculated according to equation (3) in the tem
perature interval mentioned above. 

Δm3 =Σ
Δmi

n
Equation 3  

with Δm3 = mean value of the third mass loss of all compounds i, which 
is attributed to the evaporation of Li2O from the materials, n = number 
of compounds. 

The results show that Li2O vaporization was affected by the sintering 
process and the presence of zirconium in the composition. 

The XRD patterns of the materials Li1.2+xSc0.2Zr1.8SixP3-xO12 with 0.3 
≤ x ≤ 2.8 after sintering at temperatures listed in Table 5 are shown in 
Fig. 10. The patterns of the materials with 0.3 ≤ x ≤ 1.8 were refined 
with monoclinic. 

NaSICON symmetry (P21/n) [29] and with orthorhombic symmetry 
(Pbcn) [53] (see also Tables S3 and S4 in the supporting information), 
since both phases are similar in their reflection patterns, as shown in 
Fig. 2. The results are in good agreement with the reported data for the 
composition Li3Sc2(PO4)3 [70]. The compositions with x = 2.3 only 
crystallized with monoclinic symmetry with (P21/n). The XRD patterns 
of the material with x = 2.8 exhibited complete decomposition. 

The materials with x = 2.3 and x = 2.8 clearly show the presence of 
several secondary phases such as orthorhombic Li3PO4 with space group 
Pmnb (ICSD No. 50058), monoclinic ZrO2 (P21/c; ICSD No. 60900) [72], 
and orthorhombic Li2SiO3 (Ccm21; ICSD No. 853) [73]. In addition, 
tetragonal ZrSiO4 (I41/amd; ICSD No. 100243) [74] was also observed as 
an impurity phase in different amounts – not only for the decomposed 
materials (x = 2.3 and x = 2.8), but also for the compositions with 0.3 ≤
x ≤ 1.8. Using Rietveld refinements, the ZrSiO4 content in materials with 
x = 0.3, 0.8, 1.3, 1.8, 2.3, and 2.8 was estimated to be 5, 11, 12, 14, 16, 
and 13 wt%, respectively (Table 6). From these values and the appear
ance of ZrSiO4 over a wide range, it is clear that only a smaller fraction of 
the silicate substitution is incorporated in the NaSICON structure than 
expected. The molar amount of silicate in both phases can be calculated 
from the densities of Li1.2Sc0.2Zr1.8P3O12 (3.09 g cm− 3 [50]) and ZrSiO4 
(4.56 g cm− 3 [73]) and the molar masses (Table 6). The silicate content 
in the NaSICON phase is always lower than the nominal value, and from 
the derived trend it can be deduced that coexistence with ZrSiO4 starts at 
x < 0.2. These results indicate a continuous destabilization of the 
NaSICON materials along the series until decomposition occurs, which 
was detected at 960 ◦C and 980 ◦C in the DTA curves of the materials 
with x = 2.3 and x = 2.8, respectively, together with the various phases 
recorded by XRD. 

Fig. 11 shows the variation of the refined cell parameters and cell 
volume of the Li1.2+xSc0.2Zr1.8SixP3-xO12 (0.3 ≤ x ≤ 1.8) series. The cell 
parameters were refined based on orthorhombic and monoclinic sym
metry for the NaSICON phases. The converted monoclinic values of 
Li1.2Sc0.2Zr1.8P3O12 (see Ref. [50]) are given for comparison. 

In the orthorhombic system, a slight enlargement of the lattice is 
observed in the a, b, and c directions until x = 0.8, at which point the 
lattice shrinks again in all three directions. In the monoclinic system, the 
lattice parameters a and c are the first to show shrinkage, while the 
lattice parameter b remains almost constant. The cell volume decreases 
in both modifications, but decreases first in the monoclinic lattice from 
x = 0 to x = 0.2. The subsequent region of almost constant volume shows 
that the solubility limit for the silicate substitution is already reached at 
x = 0.2 and likely even earlier, since a small amount of ZrSiO4 has 

Fig. 9. Variation of lithium content obtained from ICP-OES in the 
Li1.2+xSc0.2Zr1.8SixP3-xO12 series with (0.3 ≤ x ≤ 2.8) before and after sintering. 
The results were normalized to 1.8 mol zirconium per formula unit. The pellets 
were sintered at temperatures listed in Table 5. 

Fig. 10. XRD patterns of Li1.2+xSc0.2Zr1.8SixP3-xO12 with (0.3 ≤ x ≤ 2.8) after 
sintering at temperatures referring to the optimum densification: 1200 ◦C (x =
0.3, 0.8), 1060 ◦C (x = 1.3), 1120 ◦C (x = 1.8), 1050 ◦C (x = 2.3), 1040 ◦C (x =
2.8). +: ZrO2, ●: Li3PO4, ○: Li2SiO3,: ZrSiO4. 
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already been formed. The following volume decrease of the ortho
rhombic lattice between x = 0.3 and x = 1.8 can be interpreted as the 
first stage of destabilization of the NaSICON lattice. Impedance spectra 
were measured at 25 ◦C, and the Nyquist plots of Li1.2+xSc0.2Zr1.8SixP3- 

xO12 with 0.3 ≤ x ≤ 1.8 are shown in Fig. 12. The fitted curves using the 
given equivalent circuit are also shown. For all samples, only one 

semicircle was observed at high frequencies, starting at the origin. The 
radius of the semicircle increases with increasing silicate substitution. 
The material Li1.5Sc0.2Zr1.8Si0.3P2.7O12 with the lowest silicate content 
(x = 0.3) thus shows the smallest Rt along the series. The total con
ductivity of the samples was calculated using Equation (1) and the 

Table 6 
Fractions of NaSICON polymorphs and impurities in the Li1.2+xSc0.2Zr1.8SixP3-xO12 series (in wt.%) as well as the molar distribution of silicate between ZrSiO4 and the 
NaSICON phase.  

X Mono-clinic/wt.% Ortho-rhombic/wt.% ZrSiO4/wt.% ZrO2/wt.% Li3PO4/wt.% Li2SiO3/wt.% ZrSiO4/mol Silicate in NaSICON/mol 

0.3 40 55 5 0 0 0 0.12 0.18 
0.8 42 47 11 0 0 0 0.24 0.56 
1.3 48 40 12 0 0 0 0.26 1.04 
1.8 55 31 14 0 0 0 0.29 1.51 
2.3 68 0 16 8 6 2 – – 
2.8 Decomposition  

Fig. 11. Variation of orthorhombic (filled symbols) and monoclinic (open 
symbols) lattice parameters and unit cell volume in the Li1.2+xSc0.2Zr1.8SixP3- 

xO12 series (0 ≤ x ≤ 1.8). 

Fig. 12. a) Nyquist plot of impedance spectra at 25 ◦ C of Li1.2+xSc0.2Zr1.8SixP3- 

xO12 (0.3 ≤ x ≤ 1.8) after taking the sample dimensions into account. The 
equivalent circuit is also shown. b) Arrhenius plot of σt of Li1.2+xSc0.2Zr1.8SixP3- 

xO12 (0.3 ≤ x ≤ 1.8) measured in the temperature range of − 40 ◦C–100 ◦C. 
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values are listed in Table 6. 
The highest ionic conductivity (9.2 × 10− 7 S cm− 1) is achieved for 

the material Li1.5Sc0.2Zr1.8Si0.3P2.7O12 with the lowest silicate content, 
and any further increase in silicate content leads to a sharp decrease in 
ionic conductivity. In contrast, the silicate-free material 
Li1.2Sc0.2Zr1.8P3O12 has a higher conductivity than Li1.5Sc0.2Zr1.8

Si0.3P2.7O12 (Table 6), showing that substitution with (SiO4)4- is not 
beneficial throughout the series. These results are consistent with the 
XRD studies. The excess of non-substituting silicate forms a large 
amount of ZrSiO4, as is clear from the XRD patterns in Fig. 10, starting 
with the material Li1.5Sc0.2Zr1.8Si0.3P2.7O12, which only has two peaks 
assigned to ZrSiO4. The increasing amounts of precipitates of Li3PO4, 
ZrO2, Li2SiO3, and ZrSiO4 have a significantly negative influence on 
ionic conductivity. 

Among the materials of the Li3+xSc2SixP3-xO12 series (0 ≤ x ≤ 0.6), 
Li3.15Sc2Si0.15P2.85O12 shows the highest ionic conductivity (1.2 × 10− 5 

S cm− 1) at 25 ◦C with a relative density of 93% after sintering in two 
steps at 1000 ◦C and 800 ◦C for 0.25 h and 4 h, respectively. The anal
ogous series with sodium-based NaSICON materials,i.e. Na3+xSc2SixP3- 

xO12 with 0 < x < 0.8 [75,76], was investigated earlier and showed 
increasing conductivity before reaching a maximum at x = 0.4, after 
which point there was an unfavorable ratio of the amount of charge 
carriers to vacancies. The Na3.4Sc2Si0.4P2.6O12 material crystallized with 
the rhombohedral structure, and an ionic conductivity of 6.9 × 10− 4 S 
cm− 1 at 25 ◦C was reported with a relative density of 92 %. 

The material with x = 0 in the Li1.2+xSc0.2Zr1.8SixP3-xO12 series (0 ≤
x ≤ 2.8) showed the highest ionic conductivity (4.8 × 10− 5) at 25 ◦C 
with a relative density of 94%. An almost identical series of sodium- 
based NaSICON materials with the formula Na3+xScxZr2-xSi2PO12 (0 ≤
x ≤ 0.6) was reported by Ma et al. [51]. An optimum total ionic con
ductivity of 4.0 × 10− 3 S cm− 1 at 25 ◦C was achieved with 
Na3.4Sc0.4Zr1.6Si2PO12; a relative density of 95% was obtained by free 
sintering at 1260 ◦C for 5 h. The XRD patterns of this compound show 
the presence of a mixture with 55 and 45% of monoclinic and rhom
bohedral symmetry, respectively. 

The comparison of lithium-based NaSICON materials with sodium- 
based analogues shows that the highest values of ionic conductivity 
can be obtained with the sodium-based NaSICON materials [51,75,76], 
and we can conclude that the materials with zirconium in their structure 
have a higher ionic conductivity than materials with scandium. 

The activation energy Ea of the ionic conductivity of all compounds 
except x = 2.3 and 2.8 was obtained from impedance measurements in 
the temperature range of − 40 ◦C–100 ◦C as shown in Fig. 12b and 
summarized in Table 7. The Ea of Li1.2+xSc0.2Zr1.8SixP3-xO12 (0.3 ≤ x ≤
1.8) specimens decrease from 0.26 eV to 0.11 eV with increasing x. 
Whereas the Ea values for x = 0.3 and 0.8 are again in good agreement 
with previous work, the samples with x = 13 and 1. 8 show exceptionally 
low activation energies. These low activation energies may be explained 
with the increasing amount of ZrSiO4 which leads to an excess of lithium 
oxide in the matrix, the formation of additional lithium compounds and, 
hence, to an enhanced hygroscopicity of the samples. Therefore it 
cannot be excluded that the low Ea values in combination with the low 
ionic conductivities are a result of mixed Li+/H+ conductivity. 

4. Conclusions 

Materials of the Li3+xSc2SixP3-xO12 series with 0 ≤ x ≤ 0.6 derived 
from the parent compound Li3Sc2(PO4)3 and the partial substitution of 
P5+ with Si4+ in the Li1.2+xSc0.2Zr1.8SixP3-xO12 system with 0 ≤ x ≤ 2.8 
were prepared via solution-assisted solid-state reaction. Rietveld 
refinement of room temperature powder XRD patterns revealed the 
incidence of mixed orthorhombic and monoclinic symmetry in all cases. 
Optimizing the sintering conditions through two-step sintering led to 
enhanced relative density and limited Li2O loss because the sample is 
exposed to shorter durations at high temperature (depending on 
composition) and increased ionic conductivity. The total ionic 

conductivity initially increases with increasing x in the Li3+xSc2SixP3- 

xO12 series and the maximum value of conductivity (1.2 × 10− 5 S cm− 1) 
was obtained with Li3.15Sc2Si0.15P2.85O12. This trend can be mainly 
attributed to the substitution of silicate in Li3+xSc2SixP3-xO12 and the 
additional Li+ ions needed for charge balance. Consequently, more 
lithium ions led to a significant improvement in ionic conductivity. 
Although the ionic conductivity was improved along the series, it still 
remains a level that is unfavorable for battery application. 

The series Li1.2+xSc0.2Zr1.8SixP3-xO12 was synthesized for the first 
time and the highest ionic conductivity was achieved for the material 
Li1.5Sc0.2Zr1.8Si0.3P2.7O12 with the lowest silicate content (9.2 × 10− 7 S 
cm− 1). Any further increase in silicate content leads to a sharp decrease 
in ionic conductivity. Therefore, it can be concluded that this Zr- 
containing series showed the highest ionic conductivity without sili
cate substitution. Because of the increasing amounts of additional pha
ses, the substitution with (SiO4)4- is not beneficial throughout the series. 

For comparison, the total ionic conductivity of Na3.4Sc0.4Zr1.6

Si2PO12 is 4.0 × 10− 3 S cm− 1 at 25 ◦C in the analogous series of sodium- 
based NaSICON materials, which is one of the best values of all sodium- 
based NaSICON materials. In addition and in contrast to the Li- 
NaSICONs, a complete substitution with (SiO4)4- can be achieved 
without Sc substitution. This shows that the larger Na+ ion can better 
stabilize the Zr-containing NaSICON structure and can also better 
tolerate polyanionic substitutions. 

Declaration of interest statement 

The authors declare no conflict of interest, and they have no estab
lished conflicting financial interests or personal relationships that may 
have influenced the research presented in this paper. 

Acknowledgements 

The authors thank the German Federal Ministry of Education and 
Research (BMBF) for financial support within the projects Festbatt- 
Oxide (13XP0173A) and Festbatt2-Oxide (13XP0434A). They would 
also like to thank Mr. V. Bader and Ms. M.-T. Gerhards for technical 
support with thermal treatments and DTA/TG measurements, respec
tively. In addition, the authors thank their colleagues at ZEA-3 (For
schungszentrum Jülich) for carrying out the ICP-OES measurements. 
The authors take responsibility for the content of this publication. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.oceram.2022.100313. 

References 

[1] F. Wu, J. Maier, Y. Ya, Guidelines and trends for next-generation rechargeable 
lithium and lithium-ion batteries, Chem. Soc. Rev. 49 (2020) 1569–1614. 

[2] C. Sun, J. Liu, Y. Gong, D.P. Wilkinson, J. Zhang, Recent advances in all-solid-state 
rechargeable lithium batteries, Nano Energy 33 (2017) 363–386. 
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