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Solid-state electrolytes (SSEs) are promising future power sources for electronic vehicles (EVs) and devices due to their enhanced
safety features, high energy density, and nonflammability. The NASICON structure has emerged as a frontrunner in oxide-based
electrolytes, boasting high Li-ion conductivity and air stability. Nevertheless, developing high-performance oxide-based electrolytes
remains challenging due to their inherently hard and brittle nature, presenting obstacles to achieving an optimal interface between
the cathode and anode. In this study, to overcome this issue and enhance electrochemical stability and Li-ion conductivity, a new
approach employing a hybrid solid electrolyte amalgamating polymer electrolytes with inorganic Li; 3,,Alg3-Mg,Ti; ,(POy)3
powder (x=0, 0.015, 0.030, 0.045, and 0.060) was investigated. Notably, employing nanosized Li, 3Aly 3Ti; (PO4); (LATP) synthe-
sized via the sol-gel method led to a remarkable increase in ionic conductivity to 7.29x 10™*Scm™, which was attributed to
enhanced pellet density. Electrochemical analysis revealed that Li; 345Al255Mg.045T1; 7(PO4)5 exhibited superior specific capacity,
stable high current density performance, and capacity recoverability compared to LATP. This pioneering study highlights the
potential of hybrid solid electrolytes incorporating Mg-doped LATP as a promising material for practical solid-state lithium batteries.

1. Introduction

Lithium-ion batteries (LIBs) are commonly utilized in electric
and hybrid cars, as well as portable electronic devices, owing to
their environmentally friendliness and adequate energy storage
capacity [1, 2, 3]. However, serious safety problems are associ-
ated with using highly flammable liquid electrolytes in conven-
tional LIBs. These risks include electrolyte contamination,
burning risk factors, and electrode surface damage [4, 5, 6, 7,
8, 9]. All-solid-state batteries (ASSBs) have been developed to
replace flammable organic electrolyte compounds with solid-
state components to address these challenges. ASSBs are a feasi-
ble alternative to battery technology owing to their increased
safety and energy density. Three types of solid electrolytes, the
fundamental components of ASSBs, are available: inorganic,

polymer, and inorganic—organic hybrid solid electrolytes. Solid
electrolytes provide unique opportunities for improved perfor-
mance [10, 11]. Since the 1950s, when Li;N was discovered,
inorganic solid-state electrolytes (SSEs) have played a crucial
role in the development of LIBs. LisN gave excellent ionic con-
ductivity (107>Scm™" at ambient temperature) but low break-
down voltage (0.445V). A thin-film Li phosphorus oxynitride
(LiPON) was first presented by Oak Ridge National Laboratory
in 1992. The Li-ion motion in perovskite-type LiysLagsTiOs
(LLTO) was shown by Inaguma et al, a year later. At room
temperature, LLTO showed more than 2x10™>Scm™. Fu
[12, 13] created NASICON-type SSEs having conductivities
of 107 and 1.3x107°Sem™, namely Li; ;AL Ge,_(POy);
(LAGP) and Li; Al Ti,_(PO,); (LATP). All-solid-state Li bat-
teries (ASSLBs) have great promise thanks to the garnet-type
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rapid ionic conductor Li;La;Zr,O;, (LLZO), which was
described by Murugan et al. [14]. It has high thermal and chem-
ical stability and outstanding ionic conductivity (3x 10™*Scm™
at ambient temperature) [12, 13, 14, 15, 16, 17, 18].

Inorganic oxide electrolytes have received increasing atten-
tion because of their remarkable qualities, including high ionic
conductivity, low electronic conductivity, outstanding chemical
stability, extensive electrochemical windows, and robust safety
features [19]. Many studies have focused on NASICON-
structured LiMe,(PO,); (Me=Ti'", Ge**, Zr**, etc.) LATP
in this area of inorganic oxide electrolytes [20]. The strong ionic
conductivity of LATP, which is generally between 10~* and
10°Scm™" at room temperature; its exceptional chemical sta-
bility, even in the presence of ambient air or humidity, and the
financial sustainability of the manufacturing technique are the
reasons for this increased research focus. Despite the several
benefits of LATP, its application is limited by its stiffness and
poor interfacial interaction functionality, among other issues.
Nevertheless, a more urgent issue is using LATP material, as its
inability to contact lithium metal directly presents a significant
barrier. This problem is particularly apparent when using
LATP in LIBs because the addition of lithium metal causes
Ti** to be reduced to Ti’*. As a result of this reduction, a redox
reaction arises at 2.5 V vs. Li/Li*, hindering the significant ionic
conductivity shown by LATP [21, 22, 23]. The ability to interact
the material with other lower potential anode materials, such as
lithium, is restricted. A battery short circuit might result from
lithium or C4Li reducing LATP which could induce electrical
conductivity in the solid electrolyte. This results in a significant
interface impedance between the electrode and solid electro-
lyte, ultimately hindering practical application performance
and operational efficiency [7, 21, 24]. Nikodimos et al. [25,
26] reported that the diffusion channel size significantly
increased when two dopants, AI’** and Sc**, were used with
an ion with a larger ionic radius than those of Ge** and AI’".
This enhancement in ion mobility results in increased ionic
conductivity. Therefore, it is anticipated that adding a
divalent-cation dopant will increase the amount of mobile
Li* in the LATP electrolyte and improve the material’s crystal
structure, ultimately resulting in increased Li* conductivity
(25, 26].

In this study, a solid electrolyte material based on LATP
exhibited great potential for use in solid-state batteries. Employ-
ing Mg>*, a more affordable and readily available divalent cat-
ion, led to a significant increase in Lit concentration and an
expansion of diffusion channels because of its higher ionic
radius (0.72 A) than those of Ge** and AI** [26]. Herein, two
approaches to address these perennial issues are introduced,
both utilizing the doping of Mg** in a hybrid solid electrolyte.
Li; 342Aly 3 Mg,Ti; 7(POy); (or Mg-doped LATP, where x=0,
0.015, 0.030, 0.045, 0.060) was created by synthesizing a hybrid
solid electrolyte composed of polymer electrolytes and various
amounts of inorganic powders doped with Mg**. The effects of
Mg** addition on Li* conductivity and energy barrier were
carefully examined. The most attractive solution was experi-
mentally verified after computational modeling was used to
predict the ideal dopant composition for favorable LATP char-
acteristics [7, 27, 28]. Several Mg precursors were subjected to
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intensive testing to determine which would work best for
homogenized and efficient interactions with additional precur-
sors. These results are expected to advance garnet solid
electrolyte-based solid-state batteries by highlighting the impor-
tance of a comprehensive approach in designing both the bulk
and grain boundaries of the solid electrolyte for long-term bat-
tery stability.

2. Materials and Methods

2.1. Material Synthesis. The synthesis of Lij 3Aly3T1; ,(PO,);
(LATP) and Li]_3+xA10'3,ngxTi1'7(PO4)3 (Mg—doped LATP)
involved utilizing specific precursors. In the sol-gel process, pre-
cise amounts of lithium acetate dehydrate (Li (CH;COO)«2H,0,
Sigma—Aldrich, 98%), aluminum chloride hexahydrate
(AlCl3¢6H,0, Sigma—Aldrich, 99%), magnesium acetate tetrahy-
drate (Mg (CH3COO),#4H,0, Sigma—Aldrich, >99%), titanium
(IV) butoxide (Ti (OC4Hy), Sigma—Aldrich, 97%), phosphoric
acid (Sigma—Aldrich, 85 wt.% in H,0), 2-methoxyethanol (Alfa
Aesar, 99%), and poly (ethylene glycol) (PEG, Sigma—Aldrich,
Mw 200) were employed to synthesize LATP and Mg-doped
LATP nanoparticles. The mixture solution was heated in a
hydrothermal Teflon liner at 200°C for 6 hr, then gradually
cooled to room temperature. Ivory-colored powders were col-
lected after drying in a vacuum oven. Subsequently, the nano-
particles were annealed in a furnace at 525°C for 5 hr under a 5%
H,/Ar mixed gas atmosphere. For the solid-state reaction, lith-
ium carbonate (Li,COs3, Sigma—Aldrich, >99%), aluminum
oxide (AL,O3;, gamma-phase, Alfa Aesar, 99.97%), magnesium
oxide (MgO, Sigma—Aldrich, 97%), titanium (IV) oxide (TiO,,
Sigma—Aldrich, >99.5%), and ammonium phosphate dibasic
((NH,4),HPO,, Sigma—Aldrich, 98%) were utilized [29, 30, 31,
32, 33]. The resulting powder was then calcined for 2 hr at 850°C
in a hot furnace.

2.2. Fabrication of Hybrid Solid Electrolytes and Cathode
Electrodes. The synthesis of a solid polymer electrolyte and
the addition of inorganic powder were used to create hybrid
solid electrolytes using the sol—gel process [34]. When bisphenol
A ethoxylate diacrylate (Mn ~688, Hannong Chemicals) and
lithium bis (trifluoromethyl sulfonyl) imide (LiTFSI, Alfa Aesar,
>98%) are combined in an 8:2 ratio, the former becomes dis-
persed in poly (ethylene glycol) dimethyl ether (PEGDME,
Hannong Chemicals). Bisphenol A ethoxylate diacrylate mixed
solution and tert-butyl peroxyneodecanoate solution (Luperox
10A, Arkema), which is utilized as a radical chain reaction
initiator, were mixed at a ratio of 100:1. Ten percent LATP
and 10% Mg-doped LATP powders were blended into a well-
mixed solution and compared to the total amounts of PEGDME
and bisphenol A. The mixture was poured into a container, and
the solution was evaporated for 3 hr using a hot plate to solidify
the electrolytes [20]. This simple procedure allowed the hybrid
solid electrolytes to be punched into discs with diameters of
16 mm. LiFePO, (LFP) powder was employed as an active
material, conductive agent, binder, and solvent in fabricating
the cathode electrode slurry. Other components were
conductive acetylene black, polyvinylidene fluoride (PVDE),
and N-methyl-2-pyrrolidone (NMP, Sigma—Aldrich, 99.5%).
The slurry was combined with poly (ethylene glycol), dimethyl
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ether, and LiTFSI in a THINKY mixer. Using a doctor blade with
a 25 ym thickness, the homogeneously mixed slurry was coated
over Al foil and vacuum-dried at 120°C. The electrode was
punched into 14 mm-diameter discs to serve as a working
electrode.

2.3. Material Characterization. The X-ray diffraction (XRD)
analysis of the powder samples was conducted using a MiniFlex
600 Rigaku instrument equipped with Cu Ka radiation (4=
1.5405A) in the 26 range of 10°-100°, with a step size of
0.0025° and scan speed of 0.3° min". To study the crystal
structure, Rietveld refinement was performed using the Gen-
eral Structure Analysis System (GSAS) software. To visualize
the unit cells in detail, the structural parameters of the synthe-
sized powders were determined using a three-dimensional
visualization system for electronic and structural analysis
(VESTA). Field-emission scanning electron microscopy (FE-
SEM) and energy-dispersive X-ray spectroscopy (EDS) map-
ping images were obtained using a Nova NanoSEM 450. High-
resolution transmission electron microscopy (HR-TEM)
images and selected area electron diffraction (SAED) patterns
were obtained using a JEOL JEM-2100F microscope. X-ray
photoelectron spectroscopy (XPS, Ka) data, collected for
chemical analysis, were analyzed by fitting the spectral results
using Origin software with X-ray photoemission spectrum spe-
cial baseline mode and the Shirley method. The binding ener-
gies were calibrated based on the Cls peak (284.6eV). The
Raman spectra were recorded using an NRS-3100 laser at an
excitation wavelength of 532 nm.

2.4. Electrochemical Measurements. The ionic conductivities
of the LATP and Mg-doped LATP pellets were assessed
through EIS, employing a 5mV AC amplitude within a fre-
quency range of 1 Hz—1 MHz using an Autolab/M101 system.
Before EIS measurement, the synthesized powders were sub-
jected to cold isostatic pressing (YLJ-CIP, MTI Korea) at
300 MPa to form disc-shaped pellets with a diameter of
approximately 12mm and a thickness of approximately
1.2mm. The pellets were then sintered at 950°C for 6 hr in
an air environment and gradually cooled to prevent thermal
shock. To facilitate the EIS measurements of the Li* conduc-
tivities, the samples were meticulously polished to remove any
traces of water, using 320-5,000 SiC grinding papers. Subse-
quently, gold (Au) was sputtered onto both sides of the pellets
to form Au/pellet/Au configurations, which served as blocking
electrodes. The relative density of the pellets was determined
using Archimedes method with a density determination kit.
Geometric shrinkage, potentially influenced by cracks or
porosities, was assessed by measuring the weight of the sample
in both auxiliary liquid and air. To prepare the cathode for full
cell evaluation, a slurry comprising 80% LiFePO, cathode (pur-
chased from MTI Corp.), 10% carbon black (Super P), and 10%
PVDEF-HFP by weight was formed in N-methyl-2-pyrrolidone
(NMP, Sigma—Aldrich, 99.5%). This slurry was then coated
onto aluminum foil, compressed, and vacuum-dried at 120°C
for 12hr to fabricate an electrode. The electrode was subse-
quently cut into discs with a diameter of 14 mm, achieving a
mass loading of ~4 mgcm™. The composite solid electrolyte

was immersed in 0.2 mL electrolyte for 10 min. The electrolyte
consisted of 1 M LiPFg in a mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) with a 50 : 50, v/v ratio. A coin
cell (CR2032) was assembled in an argon-filled glove box
(maintaining the oxygen and moisture levels below 0.3 ppm)
using a Celgard 2400 polypropylene separator. Galvanostatic
charge—discharge experiments were conducted using a WonA-
Tech (WBCS 3000) battery charger at a constant current den-
sity ranging from 0.1 C to 1.0 C (where 1 C corresponds to 160
mAhrg™' concerning the active material) within a voltage
range of 2.5-4.2 V versus Li/Li*.

2.5. Calculation Methods. In this study, we conducted all the
density functional theory (DFT) calculations with the Vienna ab
initio simulation package (VASP) [35]. These analyses employed
the projector-augmented wave method [36], and the exchange-
correlation potential was described by the generalized gradient
approximation (GGA) [37] within the Perdew—Burke-Ernzerhof
(PBE) parametrization. Key computational parameters included
a plane-wave cutoff energy set at 520 eV. For the cell relaxation
process, k-point meshes were configured to a 3 X3 X1 grid,
while a reduced 1 x 1 x 1 grid was used during ab initio molec-
ular dynamics (AIMD) simulations. The atomic structures of
LATP and Mg-doped LATP were derived from the LiTi,(PO,);
structure by randomly substituting Ti with Al or Mg. To satisfy
the stoichiometry, extra Li atoms were randomly inserted into
the 18e site [38].

3. Results and Discussion

XRD was utilized to investigate the crystal structures
Of Llle(PO4)3 (LTP), Li1.3A10_3Ti1.7(PO4)3 (LATP), and
Lil.345Alo_255Mg0.045Ti1_7(PO4)3 (Mg-doped LATP-IS%) syn-
thesized via sol-gel method. Rietveld refinement of the freshly
prepared samples was performed using synchrotron diffrac-
tion data. The Rietveld refinement and XRD patterns of the
doped samples are presented in Figures 1(a), 1(b), 1(c), and
1(d) [39]. The pristine NASICON structured LiTi,(PO,);
(JCPDS, 35-0754) compound exhibited a good fit with the
XRD patterns, and the crystal structure model of the Mg-
doped LATP showed a rhombohedral phase with a space
group of R3¢, consisting of octahedral TiOg and tetrahedral
PO, units (Figures 1(e) and 1(f)) [39, 40]. In the case of the
specific NASICON compounds, the relatively broad diffrac-
tion peaks suggest the formation of a crystalline structure
postannealing at 525°C, displaying a notably lower thermal
threshold compared to conventional solid-state routes due to
impurity phases like AIPO,4 and Li,TiO; [41, 42]. The pres-
ence of an impurity phase was evidenced by the XRD profiles
of Mg-doped LATP, which manifested as an expansion of the
XRD pattern within the range of 21.8°-24.3°. The synthesis of
Mg-doped LATP involved incrementally replacing AI** with
Mg*" at 10% intervals, up to 50%. For instance, in Mg-doped
10% LATP (Mg-doped LATP-10%), 10% of 0.3 mol AI’* was
substituted with 0.03 mol Mg™*, resulting in the chemical formula
Li; 33Al92;Mgp 03 T1; ,(POy);. The impurity phase, magnesium tet-
raphosphate (MgP,0;,), was detected in trace amounts beyond
40% Mg concentration. The chemical formulas at 40% and 50%
Mg-doping were determined as Li; 4,Aly15Mgp 1,Ti; 7(POy); and
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FiGure 1: Rietveld refinement results based on HR-XRD of (a) LiTi, (POy4); (LTP), (b) Li; 3Al5Ti; 7(POy4)s (LATP), and (c) Li; 345Al9255Mgo 045
Ti; 7(POy4); (Mg-doped LATP-15%). (d) XRD pattern of Li; 54 ,Aly 3—,Mg,Ti; ,(POy,)3 (x=0,0.03,0.06, 0.09, 0.12, 0.15). (e) Crystal structure model of
Mg-doped LATP with 15% dopant. (f) Octahedra of TiOg, where Al and Mg occupancy are represented by yellow and light blue contribution,
respectively, and tetrahedra of PO,. (g) Raman spectra of LATP and Mg-doped LATP-15% powders.
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Li; 45Al)15Mgo 1511 APO,)s, respectively. Using the GSAS pro-
gram, the goodness-of-fit (1) and weighted profile factor (R,
were lower than 4% and 5% across all samples, respectively.

A comprehensive summary of the lattice parameters and
crystal structure is provided in Tables S1, S2, and S3. Notably,
the lattice parameters of Mg-doped LATP-15% were observed
to be larger than those of LATP, rendering it more conducive
to Li* diffusion. This enlargement is attributed to the larger ionic
radius of Mg”* than those of Ti** and AI**. Specifically, the a, b,
and ¢ values and the unit cell volume of Mg-doped LATP-15%,
exhibited slight increases due to the larger ionic radius of Mg**.
Given the radii A" (0.505 A) and P°* (0.17 A), the replacement
of Mg”* ions at the 12c site, rather than the 18e site is favorable.
Additionally, varying amounts of Li were incorporated into the
Mg-doped LATP to facilitate charge compensation for AI’* and
Mg**, enhancing the diffusion channel size and Li" ionic mobil-
ity. The Mg occupancy was determined to be 0.0225, while the Al
and Ti occupancies were found to be 0.1275 and 0.8500, respec-
tively. Notably, when Mg was doped into the Al or Ti sites, the
Wyckoft position remained the same, i.e., 12¢ (refer to Table S4).
Raman spectroscopy was employed for further structural investi-
gation, as illustrated in Figure 1(g) [39]. The region surrounding
the highest peak at a Raman shift of 960—1,020 cm ™" corresponds
to the symmetric stretching vibration area of (PO,)*". Compar-
ing LATP and Mg-doped LATP, the Raman mode of Mg-doped
LATP appeared wider due to lattice distortion and atomic disor-
der within the tetrahedral and octahedral structures [43].

XPS was utilized to investigate the chemical properties of
the solid electrolyte/liquid electrolyte interface (SELEI). XPS
measurements were performed on the LATP and Mg-doped
LATP surfaces that were in contact with the Li metal anode,
and an Mg 1s peak was observed for Mg-doped LATP. Fol-
lowing cycling, the XPS full survey spectra of the LATP and
Mg-doped LATP pellets are shown in Figure 2 [39]. The
binding energy range of the detected peaks in the Mg 1s
spectra was 1,300-1,310 eV, with the peak at 1,305 eV. How-
ever, the Mg 1s peak was not observed in the LATP spec-
trum. Furthermore, at 465.82 and 460.61eV, the Ti 2p
spectra split into Ti 2p;, and Ti 2p;,,, respectively. The
formation of a peak around 134eV, resulting from PFy,
appeared in the high-resolution P 2p spectra obtained after
cycling. The Ti 2p, P 2p, and Al 2p XPS data show no
changes during cycling, suggesting that Li metal did not
reduce them, which may be avoided because of the develop-
ment of a SELEI layer. All elemental binding energies of
LATP and Mg-doped LATP were identical, except for Mg.

Among the investigated materials, Mg-doped LATP-15%
exhibited the highest ionic conductivity. SEM was employed to
capture the morphologies of the LATP and Mg-doped LATP-
15% samples. Figures 3(a) and 3(b) show LATP and Mg-doped
LATP-15% synthesized via solid-state reaction, each exhibiting
sizes exceeding 1 um. Notably, Mg-doped LATP-15% displayed
an uneven grain size distribution, larger than LATP’s, attribut-
able to lattice distortion and volume expansion phenomena.
Similarly, Figures 3(c) and 3(d) show the morphologies of
the powders synthesized via the sol-gel method. While LATP
displayed irregular characteristics, as observed previously,
Mg-doped LATP exhibited even more pronounced unevenness,

manifesting as nanoparticle sizes ranging from approximately 50
to 300 nm. This disparity in morphology between LATP and
Mg-doped LATP underscores the influence of the synthesis
method and composition on the resulting structures, potentially
affecting their respective electrochemical properties. Further-
more, TEM images (Figures 3(e) and 3(f)) provide a more
detailed examination of the nanoparticle powders synthesized
via the sol-gel method, offering more precise insights into their
morphologies. The expansion observed in the Mg-doped sam-
ples may be explained by fluctuations in the surface energy or
lattice strain [44, 45].

EDS mapping analyses (as depicted in Figure 4(a)) were
conducted on the Mg-doped LATP powder, revealing a homo-
geneous dispersion of elements (Al, Mg, Ti, P, and O) within
the grains. Despite the uniform Mg doping in LATP, the SAED
pattern (Figure 4(b)) illustrates distinct dots arranged within
the matrix, confirming the preservation of the NASICON
structure in Mg-doped LATP [38]. Additionally, Figure 4(c)
highlights the (113) phase, a prominent LTP peak observed by
HR-TEM, with a measured d-spacing of 0.36 nm. This charac-
terization underscores the structural integrity and elemental dis-
tribution within Mg-doped LATP, suggesting its potential
suitability for various applications, particularly in electrochemical
devices where such features are critical to performance and stabil-
ity [39]. Figure S1 shows sintered pellets prepared at 950°C using
LATP and Mg-doped LATP powders under two distinct synthesis
conditions. In the case of solid-state reactions, the grain sizes of
LATP and Mg-doped LATP (Figure S1) were approximately ten-
fold larger compared to those synthesized via the sol-gel method,
as seen in the sintered pellets of the as-prepared LATP and Mg-
doped LATP nanoparticles (Figure S1), respectively [46].

The grains came into contact throughout the sintering
process and began merging, leading to grain growth. Parti-
cles synthesized via solid-state reactions exhibited larger
pores between grains, resulting in the formation of numerous
grain boundaries [47]. In contrast, the sol-gel method pro-
duced much smaller particles, allowing for denser packing
between the particles within the sintered pellet [48]. Conse-
quently, after sintering, smaller pores were present between
the grains, with fewer grain boundaries, as shown in Figure S2.
This comparison highlights the impact of the synthesis
method on grain size, pore distribution, and grain boundary
formation in the resulting sintered pellets, influencing their
overall properties and performance in various applications.

EIS was performed on the synthesized samples to under-
stand further how the dopants affected the ionic conductivity
of the electrolytes. Figure 5(a) shows Nyquist plots of the
LATP and Mg-doped LATP pellets at room temperature
[39]. The initial semicircle observed at high frequencies indi-
cates the bulk resistance region, while the subsequent semi-
circle corresponds to the grain boundary resistance region.
The total resistance (R,), comprising bulk resistance (Ry)
and grain boundary resistance (Rg,), was determined from a
semicircle fitted using the eissal software. The inset in
Figure 5(a) illustrates the equivalent circuit model, where R,
denotes bulk resistance, R, denotes grain boundary resistance,
and CPE represents grain boundary capacitance. This equiv-
alent circuit model aids in understanding the electrical
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Ficure 2: Continued.
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FIGURE 3: SEM images of (a) LATP and (b) Mg-doped LATP synthesized by solid-state reaction. SEM images of (c) LATP and (d) Mg-doped
LATP nanoparticles synthesized by sol-gel method. TEM image of (e) LATP and (f) Mg-doped LATP nanoparticles.
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FIGURE 4: (a) (al) SEM images and EDS mapping area for elements (a2) Al, (a3) Mg, (a4) Ti, (a5) P, and (a6) O. (b) SAED pattern and (c) HR-

TEM image of Mg-doped LATP.

behavior of the pellets by delineating the contributions of the
bulk and grain boundary components to the overall imped-
ance, which is essential for analyzing their electrochemical
performance and conductivity characteristics. The ionic con-
ductivity (o) of LATP and Mg-doped LATP can be calculated
as follows:

c=—, (1)

where [ represents the thickness of the electrolyte pellet, A
denotes the area of the electrolyte disc, and R signifies the
resistance. Figure 5(a) illustrates that Mg-doped LATP
exhibited a lower resistance than LATP, enabling the deter-
mination of the high ionic conductivity of Mg-doped LATP.
Nyquist plots in Figure 5(b), measured at temperatures rang-
ing from 25 to 60°C for LATP electrolytes, reveal a consistent

semicircle representing the grain boundary and a tail indica-
tive of electrode polarization across all temperatures [39].
These results demonstrate a decrease in resistance with
increasing temperature and a corresponding increase in fre-
quencies for bulk conduction. At room temperature, the cal-
culated ionic conductivities were 0.116 mScm ™" for LATP
and 0.385mScm™ for Mg-doped LATP. The introduction
of Mg ions increased the Li-ion concentration owing to
charge neutrality and affected the lattice parameters, thus
expanding the Li-ion channels as pathways [49]. As the tem-
perature increased, the resistance of sintered LATP gradually
decreased, leading to an increase in ionic conductivity from
0.116 mSem™" at 25°C to 1.042 mS cm™! at 60°C. Figure 5(c)
shows the bulk ionic conductivity with a green line (y-axis on
the right) and the grain boundary ionic conductivity with a
black line (y-axis on the left). Impedance data at various
temperatures were fitted using the same equivalent circuit,
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FIGURE 5: (a) Nyquist plot of SS//LATP//SS and SS//Mg-doped LATP//SS at RT. (b) Nyquist plot of LATP at different temperatures. (c) Bulk
and grain boundary ionic conductivities of LATP and Mg-doped LATP at various temperatures and fitting curves. (d) Total ionic conduc-
tivity and relative pellet density values of LATP and Mg-doped LATP.

enabling the determination of the conductivity of the LATP
and Mg-doped LATP electrolytes at different temperatures
to calculate the activation energy. Ionic conductivity follows
the Arrhenius law as follows:

Ea
o= ovewp -5 @

where E, is the activation energy, k; is the Boltzmann con-
stant, and o, is the pre-exponential factor.

E _ kT, 2L (3)
‘ (Ty - Ty) 23

According to Equation (3), the activation energy (E,)
values for LATP, Mg-doped LATP-10%, and Mg-doped
LATP-15% were determined as 0.43, 0.355, and 0.305eV,
respectively. Notably, Mg-doped LATP-15% exhibited a
lower E, than LATP, indicating faster migration of Li-ions
within Mg-doped LATP electrolytes. Mg-doped LATP nano-
particles, synthesized via the sol-gel method, demonstrated
an enhanced ionic conductivity of 0.729 mS cm™', surpassing
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FIGURE 6: (a) Li* probability density isosurfaces of Mg-doped LATP and (b) LATP. (c) Atomic position of Li and Mg, and probability density

differences between Mg-doped LATP and LATP.

that of LATP at 0.554 mScm ™" (Figure 5(d)) [39]. However,
when the magnesium concentration exceeded 50%, the ionic
conductivity of Mg-doped LATP decreased due to the produc-
tion of impurities by magnesium, leading to a decrease in pellet
density [50]. Utilizing the Archimedes method to determine
the relative density of the pellets revealed a proportional rela-
tionship between ionic conductivity and relative density. The-
oretical density values for LATP (2.92 gcm ) were employed
to calculate relative density. The kinetics of charge diffusion are
significantly influenced by the interfacial interaction between
ceramics and polymers when polymer phases are used as the
electrolyte. The reason for this discovery is that pure ceramics
have certain intrinsic properties, such as strong ionic or cova-
lent bonding and noticeable brittleness, which naturally
obstruct heat and charge transmission as well as diffusion pro-
cesses. In contrast, incorporating metals, polymers, or other
phases with ceramic matrices in hybrid composites results in
a significant decrease in activation energy and interfacial resis-
tance. The secondary phases are responsible for this improve-
ment because they provide increased toughness, flexibility, and
the creation of more effective ion or electron transport pathways.
For this reason, hybrid composites outperform pure ceramics,
especially where high conductivity and quick diffusion are
required [51]. Table S5 provides data on the bulk density, total
density, and ionic conductivity for various Mg concentrations,
including nanoparticle Li; 5,,Aly3_,MgTi; (POy4)s. The smal-
ler particle size facilitated larger interfacial contact areas and
expanded the cross-sections for Li* diffusion channels. Conse-
quently, incorporating divalent Mg as a doping element, repla-
cing Al and Ti, increased Li-ion concentrations and enhanced
ionic conductivity. Figure S3 shows an inorganic polymer
hybrid-type solid electrolyte prepared using the solution casting
technique. By introducing a polymer, the electrolyte can be for-
mulated in such a way as to facilitate better wetting and adhesion
to the electrode surfaces, mechanical properties, flexibility, and
stability. This enhanced contact minimizes interfacial resistance,
thereby improving overall cell efficiency and reducing losses
during charge—discharge cycles. Therefore, while the ionic

conductivity of bulk Mg-doped LATP may indeed be satisfac-
tory. The introduction of a polymer in the electrolyte formula-
tion is likely aimed at optimizing electrode—electrode contact,
improving mechanical properties, enhancing chemical stability,
or a combination of these factors to ultimately enhance the
overall performance and reliability of the solid-state battery
system.

To investigate the enhancement of ionic conductivity by
Mg*" doping, we conducted theoretical calculations using
AIMD for a comprehensive qualitative and quantitative
analysis. In this process, we aimed to ascertain whether the
Li* channels underwent expansion or contraction by calcu-
lating the probability density [52], P(r), at a temperature of
800 K. The isosurfaces representing the probability densities
for Mg-doped LATP and LATP are depicted in Figures 6(a)
and 6(b). For a direct comparison between Mg-doped LATP
and LATP, we calculated the difference in probability density
after normalizing P to ensure that f oPdr =1, where Q repre-
sents the volume of the unit cell. As illustrated in Figure 6(c),
near Mg>*, the probability density differences are positive
indicating that the Li" transport channel in Mg-doped LATP
was broader than that in LATP.

Using the open-source Zeo++ software [53], we measured
the size and volume of the Li* transport channel following the
removal of Li atoms from the relaxed crystal structures. The
channel size was defined as the largest radius of the free sphere
that could pass through the framework structures remaining
after Li atoms were removed. The channel volume is defined
as the occupiable volume of the Li*-sized sphere through the
transport channel. As shown in Figures 6(a) and 6(b), substitut-
ing AI** with Mg** resulted in a 7% increase in channel size and
a 6% increase in channel volume. As expected, doping with
Mg’*, which has a larger ionic radius than Ti*" and AI*, offers
two distinct benefits. First, the introduction of a large radius
dopant like Mg** results in the expansion of both the lattice
parameters and Li* transport channels. Second, to maintain
charge neutrality after Mg>* is introduced, adding extra Li*
ions increase the concentration of mobile carriers for ionic
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conduction. These synergistic effects lower the activation energy
(E,) of the electrolyte and enhance its ionic conductivity.

To explore the practical viability of LATP and Mg-doped
LATP solid electrolytes in solid-state lithium batteries, we
conducted experiments by assembling full cells with a
Li-metal anode and LFP cathode (see Figure 7) [39]. The
galvanostatic charge—discharge curves of LATP and Mg-
doped LATP at a current density of 0.1 C are depicted in
Figures 7(a) and 7(b), respectively. The capacities of subse-
quent cycles exceeded those of the first cycle. Initially, Mg-
doped LATP exhibited a relatively low initial Coulombic effi-
ciency of 93.7%. This is attributed to the inactivity of solid
electrolyte during the first cycle, particularly during the dis-
charge step, leading to incomplete contact with the electrode
(Figure 7(c)). However, with Li-ion migration during the ini-
tial cycle, the interface contacts between the LEP electrode and
hybrid-type solid electrolyte improved, thereby enhancing the
cycling stability. Over 70 cycles at 0.1 C current density, Mg-
doped LATP demonstrated a higher specific capacity of 155.2
mAhrg™' compared to LATP’s 140.5mAhrg ', with a high
Coulombic efficiency exceeding 99.1%. Furthermore, galva-
nostatic charge—discharge tests were conducted at a higher
current density of 0.2 C (Figures 7(d) and 7(e)). Even at
double the current density, Mg-doped LATP maintained a
slightly higher specific capacity of 140.6 mAhrg™' compared
to LATP’s 136.1 mAhr g', with stable Coulombic efficiency
over 98.4% (Figure 7(f)). The results suggest that stability
between the lithium anode and the hybrid solid electrolyte
is achieved through meticulous interface engineering. This
process involves introducing a protective interlayer to prevent
direct contact and mitigate side reactions. The hybrid solid
electrolytes are designed for chemical and electrochemical
compatibility with lithium metal, minimizing undesirable
reactions. Enhanced mechanical properties help accommo-
date volume changes and stress at the interface, preventing
cracks or voids. Additionally, improved ion conductivity,
achieved through additives or secondary phases, ensures effi-
cient lithium-ion transport, reducing high-resistance interfa-
cial layers and promoting stable cycling performance.

Rate performances of LATP and Mg-doped LATP-5%,
10%, 15%, and 20% were evaluated at specific current densi-
ties of 0.1 C, 0.2C, 0.5 C, and 1.0 C (Figure 7(g)). Mg-doped
LATP-15% demonstrated significant specific capacities of
143.7, 136.5, 102.5, and 53.7mAhrg ', respectively, with
increasing current density, outperforming LATP. At 1.0C
current density, Mg-doped LATP-15% exhibited the highest
specific capacity compared to Mg-doped LATP-5%, 10%,
and 20%. Notably, Mg-doped LATP-15% displayed superior
stability and higher energy density at high current densities
compared to LATP. Upon reverting to the initial 0.1 C cur-
rent density, LATP and Mg-doped LATP-15% maintained a
stable capacity of 149.3 mAhrg ' for 50 cycles (Figure 7(h)).
Figure 7(i) illustrates the coin cell assembly of a half-cell with
a hybrid solid electrolyte containing LFP and Li metal as the
cathode and counter electrode, respectively. Rate perfor-
mances revealed Mg-doped LATP-15% as optimal, offering
superior specific capacities and energy densities at high cur-
rent densities. Both materials maintained a stable capacity
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upon returning to their initial conditions, showing potential
for practical use in solid-state lithium batteries. Overall, Mg-
doped LATP enhanced battery performance, highlighting its
suitability for advanced energy storage applications.

4. Conclusions

In conclusion, our study introduced a new Mg-doped LATP
oxide material synthesized through a sol-gel method and
solid-state reaction and integrated it into a hybrid-type solid
electrolyte for lithium battery applications. Through rigorous
analysis, including Rietveld refinement, we demonstrated that
Mg-doped LATP offers wider diffusion channels for Li-ions,
leading to an enhanced ionic conductivity of 7.29 X 10*Scm™.
The slight increase in unit cell volume of Mg-doped LATP
compared to that of LATP contributes to reduced grain resis-
tance, further improving its performance. Notably, our findings
reveal that nanoparticle LATP, synthesized via the sol-gel
method, exhibits superior ionic conductivity compared to
bulk powder obtained through a solid-state reaction, attributed
to its higher pellet density. Using a hybrid solid electrolyte
composed of polymers and inorganic materials addresses the
challenge of insufficient surface contact with the electrode,
thereby enhancing overall performance. Through galvanostatic
charge and discharge analyses, Mg-doped LATP demonstrated
a higher specific capacity than LATP while exhibiting stable
high current density performance and capacity recoverability,
as evidenced by the rate performance analysis. This enhance-
ment, coupled with favorable surface properties and stability at
high current densities, suggests that the hybrid solid electrolyte
incorporating Mg-doped LATP is a promising candidate for Li
metal batteries, with the potential to suppress lithium dendrite
formation in the foreseeable future.
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