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Regular Article

An integrated optimization strategy by Joule heating technique enabling 
rapid fabrication of robust Li1.3Al0.3Ti1.7(PO4)3 solid-state electrolyte for 
all-solid-state lithium metal batteries
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G R A P H I C A L  A B S T R A C T

Sintering auxiliaries and dual-process sintering approach enables rapid densification of LATP SSEs. The thermal pulse welding technique further improves interfacial 
contact between the SSE and electrodes, significantly improving ASSLMBs’ electrochemical performance.
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A B S T R A C T

The advancement of high-energy–density and intrinsically safe all-solid-state lithium metal batteries (ASSLMBs) 
is crucial for the comprehensive electrification of energy consumption. Nevertheless, intrinsic defects in solid- 
state electrolytes (SSEs) and suboptimal interfacial contacts often lead to uncontrolled dendritic growth dur
ing practical battery operation. To address these challenges, this study proposes an integrated optimization 
strategy for bulk-phase defects and interfacial contacts of Li1.3Al0.3Ti1.7(PO4)3 (LATP) SSEs based on ultra-fast 
Joule heating sintering (UHS) technique. Introducing specific sintering auxiliaries and a dual-process sintering 
approach can achieve the rapid densification of LATP SSEs. Additionally, the thermal pulse welding (TPW) 
technique for the integrated anode/SSE/cathode further provides superior SSE/electrode interface contact, 
facilitating the in-situ formation of a continuous ion-conducting network for improved electrochemical kinetics. 
The optimized Li||LATP||NCM811 ASSLMBs demonstrate exceptional specific capacity (185.9 mAh/g at 0.2 C) 
and robust cycling stability (90.9 % capacity retention after 100 cycles). This integrated optimization strategy 
can offer a critical technical reference for the rapid fabrication of high-performance ASSLMBs.
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1. Introduction

The global energy crisis, marked by shortages and excessive carbon 
emissions, has initiated a transformative shift in energy production and 
consumption [1]. Developing highly efficient electrochemical energy 
storage devices with higher energy densities becomes increasingly 
crucial for future low-carbon and multi-energy-integrated society [2]. 
Such devices include alkali metal batteries, fuel cells, and solid-state 
batteries, which are at the forefront of addressing challenges in the 
ongoing energy revolution [3–5]. Among them, all-solid-state lithium 
metal batteries (ASSLMBs) have gained significant attention due to their 
potential to achieve high energy density and enhanced safety. These 
batteries employ solid-state electrolytes (SSEs) composed of ion- 
conducting materials, coupled with lithium metal anodes (specific ca
pacity ~ 3860 mAh/g, redox potential ~ 3.04 versus standard hydrogen 
electrode, SHE) and high-voltage cathodes (such as nickel-rich or high- 
voltage spinel materials) [6,7]. Despite their promise, the practical 
application of ASSLMBs still faces major challenges, particularly the 
uncontrolled growth of lithium dendrites.

Defects within the bulk phase of SSEs and poor interfacial contacts 
are two key factors contributing to lithium dendrite growth. Internal 
defects of SSEs, such as voids, cracks, and electron-conductive grain 
boundaries, create favorable thermodynamic conditions for irregular 
lithium nucleation within SSEs [8]. Furthermore, poor interfacial con
tact between SSEs and electrode also easily leads to uneven lithium-ion 
transport and inhomogeneous current density distribution, accelerating 
the growth of lithium dendrites to penetrate the SSEs [8,9]. The for
mation of lithium dendrites both on the surface and within the bulk of 
SSEs results in battery capacity degradation and structural failure of 
SSEs, ultimately causing significant safety risks [10,11]. Numerous 
studies have demonstrated that both enhancing the bulk properties of 
SSEs (e.g., density, crystallinity, and ionic conductivity) and optimizing 
the SSE/electrode interfacial contact are effective strategies to address 
these issues and enhance the electrochemical performance of ASSLMBs 
[12–15].

In the family of SSEs, Li1+xAlxTi2-x(PO4)3 (LATP, x = 0.3–0.5), as a 
typical oxide-based electrolyte, is widely used in ASSLMBs due to its low 
sintering temperature, high ionic conductivity(10− 3 to 10− 4 S cm− 1), 
voltage tolerance (~6 V) and environmental stability [16,17]. However, 
conventional high-temperature sintering (CHST) often leads to signifi
cant bulk-phase defects during the fabrication of LATP SSEs, such as 
non-uniform microstructures and suboptimal ionic transport pathways. 
Prolonged sintering induces crystallographic changes, phase segregation 
and lithium volatilization, compromising lattice stability and reducing 
ionic conductivity [18,19]. In contrast, the ultra-fast Joule heating sin
tering (UHS) technique, known for its rapid, cost-effective and 
controllable ’flash sintering,’ can efficiently enhance crystallization and 
densification of SSEs while mitigating lithium volatilization and phase 
changes [20]. Nonetheless, the intense temperature variations and 
thermal transfer induced by UHS inevitably result in uneven thermal 
expansion of the ceramic particles, generating internal stresses that 
hinder effective particle diffusion and structural reorganization [21]. To 
address these issues and optimize the bulk properties of SSEs, intro
ducing specific sintering auxiliaries suitable for UHS will be a feasible 
solution to enhance the densification of SSE bulk structures and prevent 
dendrite penetration.

Furthermore, the conventional physical stacking (CPS) method for 
anode/SSE/cathode hardly achieves effective microscopic contact be
tween the electrodes and the SSE, always emerging as a significant factor 
in the degradation of ASSLMBs [14,22]. The incorporation of a flexible 
buffer layer at the SSE/electrode interface offers a feasible solution to 
optimize this interface problem. However, it generally compromises the 
thermal stability of the battery and may induce adverse reactions under 
high-voltage conditions [23,24]. Although in-situ alloying reactions can 
establish a functional SSE/electrode interface, this method is inherently 
complex and difficult to control reliably [25,26]. Given that UHS can 

achieve rapid densification of crystalline materials without inducing 
unnecessary phase diffusion, the development of a UHS-based inte
grated interface welding technique for anode/SSE/cathode to resolve 
interface issues in ASSLMBs represents a highly advantageous solution 
[20].

Herein, an integrated optimization strategy has been proposed to 
simultaneously address the bulk-phase defects in LATP SSEs and the 
interfacial contacts in ASSLMBs. For the optimization of bulk-phase 
defects, a high-performance LATP SSE is realized through a novel ul
trafast Joule heating sintering (NUHS) technique, which includes a dual- 
process sintering approach (pre-heat annealing and ultra-fast Joule 
heating treatment) with B2O3 (a liquid-phase sintering agent) and LiBF4 
(an ionic additive) incorporating into LATP powders as sintering auxil
iaries. For the optimization of interfacial contacts, the thermal pulse 
welding (TPW) technique is employed for the integrated anode/SSE/ 
cathode to enable tight interface contact. As a result, the LATP SSEs 
derived from NUHS-TPW exhibit superior crystallinity and densification 
compared to those produced through conventional high-temperature 
sintering (CHST) and conventional ultra-fast Joule heating techniques 
(CUHS), along with robust thermo-mechanical stability and resistance to 
stress erosion. The produced ASSLMBs by NUHS-TPW also demonstrate 
rapid reaction kinetics, high initial capacity and robust cycling stability 
under different operating temperatures.

2. Experimental materials/methods

2.1. Materials

All chemicals utilized were of analytical grade and did not require 
any further purification. Ammonium dihydrogen phosphate 
(NH4H2PO4), alumina (Al2O3), titanium dioxide (TiO2), lithium nitrate 
(LiNO3), isopropanol (C3H8O), anhydrous ethanol (C2H5OH), urea 
(CH4N2O) and N-methyl-2-pyrrolidone (NMP) were obtained from 
Aladdin. Boron oxide (B2O3) and lithium tetrafluoroborate (LiBF4) were 
obtained from Agilent. Aluminum foil, conductive carbon black, lithium 
foil, polyvinylidene fluoride (PVDF), lithium iron phosphate cathode 
(LiFePO4, LFP), and nickel–cobalt-manganese oxide cathode (LiNi0.8

Co0.1Mn0.1O2, NCM811) were obtained from Canrd.

2.2. Synthesis method of LATP precursor powders

The preparation of LATP precursor powders was performed by con
ventional high-temperature solid-state synthesis method. Firstly, stoi
chiometric amounts of lithium nitrate (LiNO3), aluminum oxide (Al2O3), 
titanium dioxide (TiO2), and ammonium dihydrogen phosphate 
(NH4H2PO4) at a molar ratio of 1.3:0.15:1.7:3 were weighed accurately. 
The pre-weighed powders were then introduced into a ball milling jar, 
along with a suitable amount of isopropanol. The sealed ball mill jar was 
subjected to milling at 50 rpm for 8 h. Following this, the mixture was 
transferred to an oven and dried at 80◦C for 6 h to ensure complete 
evaporation of isopropanol. The dried powders were subsequently 
transferred to a muffle furnace for calcination, with the temperature 
being ramped from room temperature to 800 ◦C at a rate of 5 ◦C/min. 
Following a 6-hour dwell at 800 ◦C, the temperature was decreased to 
room temperature at a rate of 5 ◦C/min. The dried powders were 
transferred to a vibrating sieve machine and screened through 200-mesh 
and 400-mesh standard sieves to achieve LATP precursor powders with 
consistent particle size and minimal agglomeration. The obtained 
powders are shown in Fig. S1.

2.3. Fabrication method of LATP solid-state electrolytes (SSEs)

Conventional High-Temperature Sintering Technique (CHST): The LATP 
precursor powders were placed within a metal mold and pressed into a 
ceramic green body under 10 MPa of pressure using a hydraulic press. 
The ceramic green body was situated in a crucible, with the surface 
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embedded in LATP precursor powders, and then transferred to a muffle 
furnace for high-temperature sintering. The temperature was elevated 
from room temperature to 950 ◦C at a rate of 5 ◦C/min, held at 950 ◦C for 
6 h, cooled from 950 ◦C to 750 ◦C at 2 ◦C/min, and finally cooled to room 
temperature at 5 ◦C/min. Before battery assembly, the LATP SSEs were 
subjected to grinding and polishing on a metallographic polishing ma
chine. After further cleaning with ethanol, the LATP SSEs prepared by 
CHST were obtained (LATP-CHST).

Conventional Ultrafast Joule Heating Sintering (CUHS): The com
pressed LATP ceramic green slice was placed in the Joule heating 
apparatus and annealed (120 s) with a 32 V voltage, a 20 A heating 
current and a sintering temperature threshold of 900 ◦C under N2 at
mosphere. After the Joule-heating process was completed, the sample 
was cooled gradually to room temperature. After grinding, polishing and 
cleaning with ethanol, the LATP SSEs prepared by CUHS were obtained 
(LATP-CUHS).

Novel Ultrafast Joule Heating Sintering (NUHS): The LATP precursor 
powders, along with B2O3 powder (2 wt%) and LiBF4 powder (0.5 wt%), 
were mixed and placed into a ball milling jar with an appropriate 
quantity of isopropanol. After sealing, the jar was ball milled at 50 rpm 
for 8 h, and the mixture was then transferred to an oven and dried at 
80 ◦C for 6 h, ensuring the complete evaporation of the isopropanol. The 
dried powders were placed into a metal mold and then compressed 
under a pressure of 10 MPa using a hydraulic press to form a ceramic 
green slice. The ceramic green slice was transferred into a tube furnace 
and subjected to pre-annealing treatment at 750 ◦C for 2 h, and then was 
subsequently placed into the Joule heating apparatus (as depicted in 
Fig. S2) for annealing (120 s) with a voltage of 32 V, a current of 20 A 
and a sintering temperature limit of 800 ◦C under N2 atmosphere. After 
cooling, grinding, polishing and cleaning with ethanol, the LATP SSEs 
prepared by NUHS were obtained (LATP-NUHS).

2.4. Fabrication method for Li||LATP||LFP and Li||LATP||NCM811 
batteries

CR2032 coin cells were assembled in an argon-filled glove box 
(Dellix LS750S, China), where humidity and oxygen levels were main
tained below 0.1 ppm. The NCM811 or LFP cathodes were synthesized 
via a doctor-blade coating method on LATP SSE without using a current 
collector, resulting in LATP-LFP pellet and LATP-NCM811 pellet. The 
LATP pellet with the coated cathode was assembled with lithium foil to 
form a tri-layer ’anode/SSE/cathode’ sandwich structure. The sandwich 
structure was encapsulated into a CR2032 coin cell casing within a glove 
box to complete the assembly of the lithium metal solid-state battery.

LFP cathode on the LATP SSE (LATP-LFP pellet): The LFP cathode was 
prepared through a method involving the pre-mixing of LFP powders, 
conductive carbon black, LATP powders and PVDF powders in a weight 
ratio of 70:10:15:5. This powder mixture was then transferred to an 
NMP solvent (with a solid content of about 35 wt%) and stirred vigor
ously on a magnetic stirrer for 24 h. The resulting homogeneous LFP 
slurry was evenly coated on one side of the LATP SSE (~100 μm) and 
dried.

NCM811 cathode on the LATP SSE (LATP-NCM811 pellet): The process 
for preparing the NCM811 cathode by mixing NCM811 powders, 
conductive carbon black, LATP powders and PVDF powders in a 
70:10:15:5 wt ratio. This mixture was then added to an NMP solvent 
(with a solid content of ~ 30 wt%) and stirred vigorously for 24 h using a 
magnetic stirrer. The well-dispersed NCM811 slurry was evenly spread 
(~100 μm) over one side of the LATP SSE and dried.

Fabrication of the tri-layer ’anode/SSE/cathode’ sandwich structure: For 
the CHST and CUHS methods, the sandwich structure was formed by 
tightly bonding the LATP pellet with the cathode to the lithium foil, with 
no further treatment required. In contrast, for the NUHS method, the 
sandwich structure, after bonding the lithium foil to the LATP pellet, 
was placed into a sealed fixture and transferred to the Joule heating 
device for thermal pulse welding. The structure underwent three 

thermal pulses at 200 ◦C in a nitrogen atmosphere, achieving a tightly 
bonded interface.

2.5. Fabrication of silver paste (SP)/LATP/SP batteries

For evaluating the lithium-ion conductivity of the LATP membrane, 
high-temperature SP was applied uniformly to both surfaces of the LATP 
pellet. After high-temperature drying, symmetric SP/LATP/SP blocking 
batteries were assembled. Electrochemical impedance spectroscopy 
(EIS) was used to measure the electrochemical AC impedance of SSEs 
across a frequency spectrum of 0.01–1 MHz, enabling the calculation of 
their ionic conductivity. 

σ =
h

RA
(1) 

In the equation, σ indicates the lithium-ion conductivity (S cm− 1); h 
represents the thickness of the sample (cm); R is the impedance of the 
sample (Ω); and A refers to the surface area of the blocking electrode 
(cm2).

Furthermore, EIS tests of LATP SSE at different temperatures enable 
the calculation of the lithium-ion activation energy using the Arrhenius 
equation. The ionic conductivity (σ) at different temperatures follows 
the Arrhenius relationship: 

σ = σ0exp
(

−
Ea

kT

)

(2) 

In the equation, Ea is the activation energy. σ0 is the pre-exponential 
factor; k represents the Boltzmann constant (8.617 × 10− 5 eV/K); T is 
the absolute temperature (K).

2.6. Fabrication of Li/LATP/Stainless steel (SS) batteries

To assess the electrochemical stability window of SSEs, Li/LATP/SS 
batteries were fabricated in an Ar-filled glove box, with the SSEs placed 
between lithium foil and stainless steel electrodes. Linear sweep vol
tammetry (LSV) was conducted on these batteries over a 2.5–6.0 V range 
at a scan rate of 1 mV/s.

2.7. Fabrication of lithium (Li) /LATP/Li batteries

To determine the lithium-ion transference number (tLi+ ) of SSEs, Li/ 
LATP/Li batteries were assembled in an Ar-filled glove box, with SSEs 
placed between two lithium metal anodes. EIS and chronoamperometry 
tests were performed following the Bruce-Vincent method. The trans
ference number was calculated using the following formula: 

tLi+ =
Is(ΔV − I0R0)

I0(ΔV − IsRs)
(3) 

Where ΔV is the amplitude of applied polarization (10 mV).I0 and R0 

represent the current and interfacial resistance at the initial state 
without polarization, respectively. Correspondingly, Is and Rs are the 
parameters at the steady state.

2.8. Characterization

The morphological analysis of SSEs was conducted using field- 
emission scanning electron microscopy (FE-SEM) (Gemini SEM500), 
and elemental mapping of the material surface was performed using 
energy-dispersive X-ray spectroscopy (EDS). The crystalline structure 
and composition of the samples were characterized using X-ray 
diffraction (XRD) (PANalytical X’pert MPDPro, Netherlands), with CuKα 
radiation (λ = 1.5418 Å, 40 kV, 40 mA) providing the diffraction pat
terns. The affinity of the samples towards the electrolyte was tested 
using a contact angle goniometer (Kruss DSA100 635, Germany). Phase 
content quantification was carried out using Jade 9, with phase identi
fication and profile fitting tools used to determine the crystallinity of the 
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samples. The crystallinity was expressed as the ratio of the crystalline 
diffraction peaks’ intensity to the sum of the diffraction and scattering 
peaks’ intensities. 

C =
Id

It
(4) 

In this context, C represents the crystallinity, Id denotes the intensity 
of diffraction peaks, and It refers to the total intensity of the diffraction 
and scattering peaks.

The microcrystalline size of the sample was calculated using the 
Debye-Scherrer equation, as presented below: 

D =
0.89λ
βcosθ

(5) 

In this formula, D represents the average size of the crystallites (nm); 
λ is the wavelength of Cu Kα radiation (nm); β is the full width at half 
maximum (FWHM) in radians (rad); and θ is the diffraction angle in 
degrees (◦).

Mechanical puncture tests were performed using a universal testing 
machine (CMT4000, China) with a compression speed of 3 mm/min. 
The internal structure of the SSE was obtained using X-ray computed 
tomography (Thermo Scientific Helios 5 UX). Surface roughness and 
Young’s modulus of the SSEs were measured by atomic force microscopy 
(SPM-9700HT), and surface thermal distribution was assessed using an 
infrared thermal imaging camera (Fotric 615C). The surface contact 
angle measurements of the SSEs were conducted using a contact angle 
goniometer (JC200D1). The surface free energy of the SSEs was 
measured using the Owens-Wendt two-liquid method, with the surface 
free energy calculated based on the contact angles of water and diio
domethane on the surface of the SSEs.

To determine the Li+ diffusion coefficient, cyclic voltammetry (CV) 
tests were conducted on Li/LATP/LFP batteries at various scan rates 
(0.1–0.5 mV/s). The Li+ diffusion coefficient was calculated using the 
following Randles-Sevcik equation: 

Ip = 2.69 × 105 × n3/2 × A × D1/2 × ϑ1/2 × C0 (6) 

where Ip is the peak current, n is the number of electrons involved in 
the redox process, A is the electrode area, D is the Li+ diffusion coeffi
cient, C0 is the Li+ concentration, and ϑ is the scan rate. Fitting the 
relationship between the peak current and the square root of the scan 
rate allowed the derivation of the Li+ diffusion coefficients for the three 
LATP SSEs.

Charge and discharge experiments were performed with a Neware 
battery testing system within the voltage windows of 2.8–4.2 V (vs. Li/ 
Li) for NCM811 batteries and 2.5–3.8 V (vs. Li/Li) for LFP batteries. EIS 
tests were conducted over a frequency range from 0.01 to 10 kHz.

3. Results and discussion

Regarding the bulk densification of LATP SSEs during the conven
tional ultrafast Joule heating process, abrupt temperature changes and 
non-uniform heat transfer generate significant internal stresses, 
impeding the ordered diffusion and restructuring of particles 
[21,27,28]. By adding a suitable amount of B2O3 (a liquid-phase sin
tering agent) and LiBF4 (an ionic additive) powders to the LATP pre
cursor, the internal stress during sintering can be minimized and 
consequently improving the bulk density of LATP SSEs [29,30]. As 
shown in Fig. 1a, when the LATP particles retain their crystalline shape 
and expand during heating, the molten B2O3 acts as a ‘lubricant’ to 
facilitate the diffusion and realignment of particles. LiBF4 fills the voids 
and converts to LiF with elevated temperatures, promoting grain 
boundary fusion and replenishing lithium loss [31]. As shown in Fig. 1b, 
1c and 1d, after pre-annealing treatment at ~ 750 ◦C for 2 h to ensure 
the additives to uniformly distribute around the LATP particles, ultrafast 
Joule heating (~120 s, 32 V, 20 A) was performed. Notably, the separate 

use of B2O3 or LiBF4 could cause wide or irregular grain boundaries, as 
seen in Fig. S3. The optimized powder formulation, along with the 
special dual heat treatment in the NUHS process, results in LATP SSEs 
with improved bulk densification and superior ionic conductivity. 
Furthermore, the TPW (~22 s, ~750 ◦C) technique, as shown in the 
heating curve in Fig. S4, enables rapid anode/LATP/cathode bonding at 
the micro scale, preventing lithium spillage and phase changes in the 
SSEs [32]. The optimized interface could also reduce ionic transport 
distances and enhanced interfacial lithium-ion transport (Fig. 1e and 
1f). In conclusion, advancements in sintering and process optimization 
are able to produce robust LATP SSEs (bulk-phase strategy) and 
improved SSE/electrode interfaces (interface strategy) for high- 
performance ASSLMBs.

To evaluate the effectiveness of NUHS, the morphology and structure 
of LATP SSEs fabricated via CHST, CUHS and NUHS were analyzed 
(their preparation processes are also illustrated in Fig. S5). LATP-CUHS 
SSE exhibited internally well-ordered ceramic microstructures, yet 
conspicuous voids among particles were still observed with irregular 
grain growth patterns across various regions (Fig. 2a). These substantial 
voids acted as barriers to lithium-ion transportation across grains, 
thereby constraining the efficacy of ionic diffusion pathways. This 
phenomenon likely arose from the uneven thermal diffusion and abrupt 
temperature gradients, creating heterogeneous heating environments, 
impeding controlled grain growth [27,28]. In Fig. 2b, the surface of 
LATP-CHST SSE was coated with irregular paste-like residues, poten
tially attributed to the decomposition of secondary phases induced by 
prolonged high-temperature sintering [31,33]. In comparison, LATP SSE 
synthesized by NUHS (LATP-NUHS) exhibited a compact and uniform 
surface microstructure. The ceramic particles were tightly bonded by 
liquid-phase sintering agents (Fig. 2c), enabling a notable reduction in 
intergranular impedance, as illustrated in Table S1. Additionally, EDS 
mapping (Fig. S6) revealed a homogeneous distribution of Li, Ti, Al, P, B 
and O elements within the LATP-NUHS SSE, which were instrumental in 
achieving uniform particle alignment and reinforcing grain boundary 
consolidation.

The defect ratios and crystal structure of various samples were 
further investigated to assess the effects of NUHS on the internal struc
ture of LATP SSEs. X-ray computed tomography (X-CT) and 3D recon
struction techniques were first employed to characterize the defects 
within various LATP SSEs. Detected defects larger than 1 μm3 (including 
pores, voids and cracks) were size-color-coded in the reconstructed 
images. As shown in Fig. 2d and 2e, both LATP-CUHS and LATP-CHST 
exhibited numerous defect regions with total defect rates of 5.68 % and 
2.67 %, respectively. According to the normalized defect size distribu
tion calculation in Fig. S7a and S7b, LATP-CUHS had the highest defect 
number among these three samples, including 72.86 % small pores 
ranging from 1 to 1.0 × 101 μm3, 16.97 % voids ranging from 1.0 × 101 

to 1.0 × 102 μm3, and 10.17 % large cracks ranging of > 1.0 × 102 μm3. 
This result was mainly attributed to the fact that the ultra-fast Joule 
heating sintering could hardly provide enough time for grain growth and 
grain boundary healing [34]. Although LATP-CHST exhibited a reduced 
defect number compared with LATP-CUHS, the conventional high- 
temperature sintering will induce the formation of a higher percentage 
of voids (44.44 %) and large cracks (22.17 %). The larger defect size 
could increase the risk of stress-induced failure and dendrite penetration 
for SSEs. By comparison, as depicted in Fig. 2f and Fig. S7c, LATP-NUHS 
after bulk-phase optimization exhibited the lowest total defect rate of 
only 0.01 % and the fewest defects, composed almost entirely of small 
holes (99.83 %), demonstrating the high structural densification of 
LATP-NUHS as well as the effectiveness of the introduced sintering 
auxiliaries and the dual-process sintering approach.

XRD analysis of the LATP SSEs revealed that the main diffraction 
peaks of these three LATP SSEs and LATP precursor powders corre
sponded well with the standard XRD patterns of LiTi2(PO4)3 with 
NASICON-type structure (Fig. 2g and Fig. S8), confirming the synthesis 
of pure-phase and high-crystallinity LATP SSEs [35]. The slight 
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deviations observed in the XRD patterns of LATP-NUHS and LATP-CUHS 
compared to the standard LiTi2(PO4)3 could result from the sintering 
auxiliaries. According to further analysis using Jade 9.0 software, the 
average microcrystal sizes of LATP-CUHS, LATP-CHST and LATP-NUHS 
in the primary diffraction peak directions including (104), (113), (024), 
(211), (116), (300), (223), (134), (042) and (410) were calculated as 
51.62 nm, 60.69 nm and 51.38 nm, respectively (Fig. 2h), presenting 
significant grain growth compared to the LATP precursor powders 
(33.93 nm) [36]. Although LATP-CUHS and LATP-CHST possessed the 
larger microcrystal size compared to LATP-NUHS, due to the presence of 
more voids and cracks, their crystallinity and relative LATP phase con
tent were lower than those of LATP-NUHS (98.99 % and 96.26 %) 
(Fig. 2i).

To gain a more comprehensive insight into the NUHS mechanism, 
the structural evolution of LATP-NUHS throughout the Joule heating 
sintering preparation process was dynamically monitored. NUHS con
sists of two key steps: pre-annealing step and UHS step. In this study, 
SEM was used to monitor the structural changes of LATP SSE during 
these two steps. As shown in Fig. S9 and S10, compared to LATP SSEs 
without any heat treatment, the densification of LATP SSEs was 
moderately improved after pre-annealing step, with the liquid-phase 
sintering agent and ionic additive tightly bonding the ceramic 

particles together. During the melting sintering stage (~800◦C) of the 
UHS step, the LATP particles in the early stage of melting sintering (1 s) 
possessed a smooth surface and no particle encapsulation was observed 
(Fig. 3a), suggesting that volatile impurities were effectively removed 
under ultrafast heating. The particles were driven by surface energy to 
re-diffuse and rearrange with the onset of necking phenomena [37]. As 
shown in Fig. 3b, the particles were surrounded by some uniformly so
lidified glassy phase materials, which were detected by EDS to be a 
mixture of B2O3 and LiF, serving lubricating and densification functions 
(Fig. S11). During the mid-stage of melting sintering (15 s), the LATP 
particles were melted and adhered together but some pores still were 
remained (Fig. 3c). Internal grains aggregated into larger crystals, grew 
directionally and expelled voids with the aid of sintering auxiliaries, 
thereby gradually enhancing the densification of LATP SSE during this 
stage (Fig. 3d). Notably, as the sintering process was driven by the 
reduction of surface energy, LATP preferentially grew along the (113) 
crystal plane with the lowest surface energy [32]. In the final stage of 
Melting Sintering (30 s), distinct grain boundaries were observed among 
the ceramic particles (Fig. 3e), with internal grains adhering closely and 
regular morphology (Fig. 3f), suggesting the successful formation of 
high-densification LATP SSE by NUHS technique.

The thermal and mechanical stabilities of various LATP SSEs and 

Fig. 1. Schematic of the integrated optimization strategies for bulk and interface using the UHS. a) The incorporation of liquid-phase sintering agent and ionic 
additive for bulk phase optimization of the LATP SSEs. b) Pre-annealing procedure. c) Schematic of the Joule heating apparatus for LATP SSEs. d) High-temperature 
synthesis procedure using ultra-fast Joule heating sintering technique. Schematic of TPW technique for integrated anode/SSE/cathode. e) The conventional physical 
stacking approach. f) The TPW approach for integrated anode/SSE/cathode.
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their surface robustness were evaluated as shown in Fig. 4. An infrared 
thermographic system was utilized to monitor the surface thermal dis
tribution of LATP SSEs under extreme temperatures ranging from 100 to 
200 ◦C. LATP-NUHS achieved a uniform and stable thermal distribution 
at both 100◦C and 200 ◦C without ’hotspots’ being observed (Fig. 4a). In 
contrast, LATP-CHST and LATP-CUHS exhibited more ’hotspots’ zones 
due to heat accumulation and uneven heat transfer resulting from their 
bulk-phase defects (Fig. 4b and 4c). In particular, numerous ’hotspots’ 
even existed at a heating condition of 100 ◦C in LATP-CUHS, likely due 
to its high defect number and low crystallinity as explained in Fig. 2. 
These ’hotspots’ could induce the selective deposition/distribution of 
lithium ions during charging and discharging of ASSLMBs, creating 
thermodynamic conditions to accelerate the growth of lithium dendrites 
[38,39]. The thermal ignition test in Fig. S12 further revealed the non- 
flammable nature of LATP-NUHS. The surface free energies of various 
LATP SSEs were measured by contact angle test using water and diio
domethane as testing liquids (Fig. S13). The highest surface free energy 
of LATP-NUHS (75.84 mN m− 1) among these three LATP SSEs also 
implied its highest interface affinity toward electrodes [40]. Moreover, 
the root mean square roughness (Ra) of LATP SSEs was quantified using 
atomic force microscopy (AFM). LATP-NUHS exhibited the lowest 
average root mean square roughness (14.2 ± 2.4 nm) compared to 

LATP-CHST (66.1 ± 3.2 nm) and LATP-CUHS (137.2 ± 10.7 nm) 
(Fig. 4d). The AFM surface images of LATP SSEs revealed that LATP- 
NUHS had a smooth surface (Fig. S14), while LATP-CHST and LATP- 
CUHS displayed visible voids on their surfaces, consistent with the ob
servations from SEM. The smooth surface facilitates the wettability of 
LATP SSE to lithium, preventing uneven lithium deposition caused by 
current focusing [41].

The bulk optimization strategy for LATP SSEs can significantly 
enhance the densification and crystallinity. To assess the ionic conduc
tivity and the effects of the interface optimization strategy on battery 
performance, electrochemical impedance spectroscopy (EIS) was per
formed on the LATP SSEs and corresponding solid-state batteries before 
and after applying the TPW technique. As shown in Fig. 5a, the EIS 
curves for a silver paste (SP)||LATP||SP battery configuration were 
firstly presented to highlight the key impedance characteristics of 
various SSEs. The EIS spectra revealed two R-C semicircles in the high- 
frequency and mid-frequency regions. For NASICON-type solid-state 
electrolytes, these two R-C semicircles correspond to the contributions 
of the grain bulk (Rbulk) and grain boundary (Rgb) to the ionic imped
ance, respectively. The total impedance (Rtot) comprises Rbulk and Rgb 
[42,43]. The low-frequency semi-infinite diffusion line indicated 
lithium-ion blocking at the SSE/electrode interface, as illustrated by the 

Fig. 2. Surface morphology and structural analysis of various LATP SSEs. a-c) SEM and optical images of LATP-CUHS, LATP-CHST and LATP-NUHS. d-f) Internal 
structure imaging for LATP-CUHS, LATP-CHST and LATP-NUHS based on X-CT. g) XRD patterns. h) Microcrystalline sizes of LATP powder and various LATP SSEs. i) 
Crystallinity and effective phase content of LATP SSEs. Three times repeated experiments were carried out and the error bars were shown in Fig. 2h and 2i.
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equivalent circuit in Fig. S15. The intercepts of the semicircle with the 
real axis at high and low frequencies corresponded to the bulk resistance 
(Rbulk) and total impedance (Rtot) of the SSEs. The Rbulk of LATP-NUHS 
was calculated as 280.6 ± 2.3 Ω, lower than that of LATP-CHST (363.5 
± 4.3 Ω) and LATP-CUHS (301.3 ± 10.6 Ω), indicating its lower bulk 
resistance resulting from the smaller microcrystal sizes. Although LATP- 
CUHS and LATP-NUHS exhibit similar Rbulk values, the introduction of 
sintering auxiliaries enhances the densification of LATP and fills the 
voids between ceramic particles. This results in a significantly lower Rgb 
for LATP-NUHS (392.7 ± 5.0 Ω) compared to LATP-CUHS (1715.6 ±
11.7 Ω). The detailed impedance and conductivity values of the LATP 
SSEs obtained from the impedance spectra were listed in Tables S1 and 
S2. LATP-NUHS achieved a total conductivity of 3.8 × 10− 4 S cm− 1, 
which was also higher compared to LATP-CHST (2.1 × 10− 4 S cm− 1) and 
LATP-CUHS (1.3 × 10− 4 S cm− 1).

Besides, the Li+ activation energy of LATP SSEs was quantitatively 
calculated using the Arrhenius equation. The Li+ activation energy 
values for LATP-NUHS, LATP-CHST, and LATP-CUHS were 0.27 eV, 
0.30 eV, and 0.37 eV, respectively (Fig. 5b). A lower activation energy 
corresponds to a lower energy barrier for lithium-ion transport. Further 
lithium-ion transference number (tLi+ ) tests revealed that LATP-NUHS 
exhibited the highest transference number (0.98) compared to LATP- 

CHST (0.96) and LATP-CUHS (0.91) (Fig. S16). A low tLi+ can lead to 
rapid voltage decay during cycling due to concentration polarization. As 
a single-ion conductor, the tLi+ of LATP should ideally approach 1. The 
reduced tLi+ of LATP-CUHS may be attributed to the presence of a large 
number of electron-conductive defects, which contribute to the total 
charge transport [44]. In contrast, the introduction of ionic fillers 
effectively fills these electron-conductive defects with the single-ion 
conductor LiF, significantly suppressing electronic conduction in 
LATP-NUHS. The combination of lower lithium-ion energy barriers and 
fewer electron-conductive defects may explain the high lithium-ion 
conductivity of LATP-NUHS.

EIS tests on Li||LATP-NUHS||LFP batteries before and after TPW 
technique were further conducted (Fig. 5c), to evaluate the interface 
optimization strategy for integrated anode/SSE/cathode. The corre
sponding equivalent circuit models are shown in Fig. S17, where Rb 
represents the total resistance of LATP, interlayers, electrodes and bat
tery packaging materials. Rgb, Rint and Wo correspond to the grain 
boundary resistance of LATP, the SSE/electrode interfacial resistance 
and Warburg impedance, respectively [45]. After thermal pulse weld
ing, the interfacial resistance (Rint) of the Li||LATP-NUHS||LFP battery 
significantly decreased from 879.1 ± 4.3 Ω to 496.7 ± 3.7 Ω with the 
Rgb value remaining nearly constant. This result demonstrated that 

Fig. 3. Structural evolution of the LATP SSE during the Joule heating sintering process in NUHS. a-b) Surface and cross-sectional structures of the LATP SSE at 1 s 
into the melting sintering stage. c-d) Surface and cross-sectional structures of the LATP SSE at 15 s into the melting sintering stage. e-f) Surface and cross-sectional 
structures of the LATP SSE at 30 s into the melting sintering stage.
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thermal pulse welding could effectively improve the interface contact 
and reduce the interfacial resistance between the SSE and electrode, 
facilitating fast and stable interface ion transport.

To verify the improved interface contact for integrated anode/SSE/ 
cathode after applying the TPW technique, the above Li||LATP-NUHS|| 
LFP batteries were disassembled to observe LATP-NUHS/electrode in
terfaces. As shown in Fig. 5d, before applying the TPW technique, poor 
physical contact was observed at anode/LATP-NUHS interface, with a 
gap up to ~ 8 μm. After applying the TPW technique, the lithium foil was 
firmly bonded to the SSE surface with minimal overflow of molten 
lithium at the edges, which could effectively avoid potential short cir
cuits. The interface contact between the composite cathode and the 
LATP-NUHS also plays an crucial role in interface ion transfer. As shown 
in Fig. 5e, the gaps at the cathode/LATP-NUHS interface were further 
reduced after treatment with the TPW technique. The active particles 
within the composite cathode were embedded more effectively into the 
micropores of LATP-NUHS, forming a continuous and dense network for 
ion and electron conduction.

Based on LATP-NUHS, LFP batteries fabricated by both the conven
tional physical stacking method (LATP-NUHS-CPS) and the TPW tech
nique (LATP-NUHS-TPW) were subjected to 50 cycles at a high current 

density of 0.3 mA cm− 2. As shown in Fig. S18, the capacity of the Li|| 
LATP-NUHS-CPS||LFP battery rapidly decayed below 50 mAh/g at 
0.3 mA cm− 2. In contrast, the Li||LATP-NUHS-TPW||LFP battery main
tained a capacity of over 100 mAh/g with a Coulombic efficiency 
exceeding 99 %. This result demonstrated that the tight SSE/electrode 
interface contact significantly enhances the rate capability of ASSLMBs. 
Following cycling, the LATP-NUHS-TPW SSEs were extracted, and their 
anode sides were examined. As illustrated in Fig. S19, the LATP-NUHS- 
CPS SSE underwent significant structural degradation after high-current 
cycling, whereas the LATP-NUHS-TPW maintained structural stability 
after 50 cycles, with only minimal secondary reaction products on the 
surface. Further analysis of the anode side of the LATP-NUHS-CPS SSE 
and LATP-NUHS-TPW SSE after 50 cycles was carried out by SEM 
(Fig. 5f), with energy-dispersive spectroscopy data presented in 
Fig. S20. Lithium deposition on the LATP-NUHS-TPW SSE was uniform 
with a smooth and well-defined solid electrolyte interphase (SEI) layer. 
However, the LATP-NUHS-CPS SSE displayed irregular lithium deposits 
and numerous micro-cracks during the lithium plating/stripping pro
cesses (Fig. 5g), compromising the structural integrity of SSE. These 
results demonstrate that the interface optimization strategy for inte
grated anode/SSE/cathode based on thermal pulse welding technology 

Fig. 4. Thermal, mechanical and surface roughness analysis of LATP SSEs. a-c) 3D infrared thermographic imaging under 100◦C and 200◦C for LATP-NUHS, LATP- 
CHST and LATP-CUHS. d) Root mean square roughness of LATP SSEs. Three times repeated experiments were carried out and the error bars were shown in Fig. 4d. e) 
Compressive stress–strain behavior of LATP SSEs. f) Young’s modulus assessment via stress–strain curves of LATP SSEs.
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can significantly enhance the interface connection between SSE and 
electrode, further improving the uniformity of lithium deposition and 
strengthening the structural stability of ASSLMBs even under high- 
current cycling conditions.

Detailed electrochemical characterization and testing are presented 
in Fig. 6 to systematically verify the electrochemical performance of 
LATP-NUHS based on this integrated optimization strategy. The elec
trochemical windows of various LATP SSEs were measured via linear 
sweep voltammetry as shown in Fig. S21. Compared with LATP-CUHS 
exhibiting significant changes in response current between 3.59 V and 
3.75 V, both LATP-CHST and LATP-NUHS exhibited a wide electro
chemical window ranging from 2.5 to 6 V, ensuring their stable elec
trochemical behavior in high-voltage environments [46]. To evaluate 
the interfacial stability of lithium in prolonged contact with LATP and its 
ability to suppress lithium dendrites, we conducted repeated charge/ 
discharge tests on Li||LATP||Li batteries at a current density of 0.1 mA 
cm− 2 (Fig. 6a). Among the tested SSEs, LATP-NUHS exhibited the lowest 
overpotential of 58 mV after 250 h of cycling. In contrast, LATP-CUHS 
showed significant voltage polarization at 44 h, followed by an abrupt 
drop in overpotential at 47 h due to soft short-circuiting caused by 
continuous lithium dendrite penetration. When the current density was 

increased to 0.3 mA cm− 2, LATP-CHST demonstrated a rapid rise in 
internal resistance after multiple lithium dissolution-deposition cycles, 
resulting in short-circuit failure at 101 h (Fig. 6b). These results 
demonstrate the superior stability and dendrite suppression capability of 
LATP-NUHS for lithium anodes. Further cyclic voltammetry tests on Li|| 
LATP||Cu batteries confirmed that lithium ions in LATP-NUHS could 
effectively deposit and strip on bare copper foil. Compared with LATP- 
CHST, LATP-NUHS showed higher response currents and a smaller 
redox potential gap (Fig. S22), indicating better reversibility and faster 
electrochemical reaction kinetics at the cathode side [47].

To assess the kinetic performance of LATP SSEs in LFP batteries, CV 
tests were performed on Li||LATP||LFP batteries at different scan rates. 
Figs. 6c and S23 reveal distinct redox peaks for all three batteries, 
corresponding to lithium-ion intercalation and deintercalation in the 
LFP cathode. Among them, Li||LATP-NUHS-TPW||LFP exhibited the 
highest current response and less pronounced voltage polarization at 
higher scan rates, indicating superior reaction kinetics [48]. Fig. 6d 
showed a linear relationship between Ip and ϑ1/2 at scan rates ranging 
from 0.1 to 0.5 mV/s, consistent with the Randles-Sevcik equation, 
confirming that lithium-ion diffusion in the cathode is the rate-limiting 
step. As shown in Table S3, the DLi-reduction and DLi-oxidation values for Li|| 

Fig. 5. Comparison of the ionic conductivity of various LATP SSEs and effects of the interface optimization strategy. a) EIS curves of various LATP SSEs in SP||LATP|| 
SP batteries. Three times repeated experiments were carried out in Fig. 5a. b) Arrhenius plots and the activation energies (Ea) of LATP SSEs. c) EIS curves of the Li|| 
LATP-NUHS||LFP batteries fabricated using CPS and TPW techniques. d) Anode/LATP-NUHS interface before and after applying TPW technique. e) Composite 
cathode/LATP-NUHS interface before and after applying the TPW technique. f-g) SEM images of the anode side of the LATP-NUHS-TPW and LATP-NUHS-CPS SSEs 
from Figure e after 50 cycles.
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LATP-NUHS-TPW||LFP battery, derived from the Ip − ϑ1/2 relationship, 
are 1.7 × 10− 10 cm2/s and 1.8 × 10− 10 cm2/s, respectively, markedly 
surpassing the reported LFP batteries fabricated using the CPS method. 
This enhancement is likely due to the TPW technique, which densifies 
the cathode structure and improves ionic transfer at the interface, 
thereby accelerating the overall electrochemical reaction kinetics.

To systematically evaluate the impact of bulk and interface inte
gration optimization on ASSLMBs, we conducted long-term cycling tests 
on Li||LATP||LiFePO4 batteries with various LATP SSEs at 0.2C. LATP- 
NUHS-TPW exhibited the highest initial discharge capacity of 152.5 
mAh/g with a prolonged charge–discharge plateau (Fig. S24). After 100 
cycles, its polarization voltage could still remain stable (ΔE < 100 mV) 
(Fig. S25). The capacity of LATP-NUHS-TPW (150.1 mAh/g) at 100 
cycles was significantly higher than that of LATP-CHST (98.5 mAh/g) 
and LATP-CUHS (47.1 mAh/g), with a Coulombic efficiency of 98.5 % 
and a capacity retention rate of 98.4 % (Fig. 6e). In contrast, ASSLMBs 
with LATP-CUHS maintained only 34.4 % capacity retention after 100 
cycles due to extensive grain boundaries and high interface ionic 
transfer impedance.

To evaluate the actual performance of various LATP SSEs under 
higher voltages (~4.2 V), we further assembled Li||LATP||NCM811 coin 
batteries for long-term cycling tests at 0.2C, and the results were dis
played in Fig. 6f and Fig. S26. LATP-NUHS-TPW maintained the highest 

initial capacity of 185.9 mAh/g, with a capacity retention rate of 90.9 % 
after 100 cycles and a low polarization voltage during cycling 
(Fig. S27). At the 100th cycle, the specific capacity of LATP-NUHS-TPW 
remained at 168.1 mAh/g, significantly exceeding than that of LATP- 
CHST (76.7 mAh/g) and LATP-CUHS (46.3 mAh/g). Fig. 6g presents 
the rate performance and reversibility of various LATP SSEs, where 
LATP-NUHS-TPW possessed the highest specific capacity among these 
three LATP SSEs at charge–discharge rates ranging from 0.05C to 0.5 C. 
When the current density was reduced from 0.5 C to 0.1 C, the discharge 
specific capacity of LATP-CUHS could recover to 190.1 mAh/g again.

This integrated optimization strategy for bulk and interface also 
enabled ASSLMBs to operate across a wider temperature range. After 
being sealed in an oven (80 ◦C) or a refrigeration chamber (0 ◦C) for 
cycling, the optimized Li||LATP-NUHS-TPW||NCM811 batteries still 
successfully illuminated LED strips (Fig. 6h). In cyclic tests conducted in 
a temperature and humidity chamber, ASSLMBs demonstrated a 
Coulombic efficiency of over 90 % and stable cycling performance even 
at freezing temperatures. At an elevated temperature of 80◦C, which is 
usually problematic for liquid batteries, the ASSLMBs achieved a specific 
capacity of 187.3 mAh/g and stable cycling (CE ~ 99 %) (Fig. 6h). These 
findings attested to the robust reliability of LATP-NUHS-TPW based 
batteries. In addition, compared with previously reported ASSLMBs 
based on LATP SSEs (Fig. 6i, Table S4 and S5), the ASSLMBs fabricated 

Fig. 6. Electrochemical characterization of various LATP SSEs. a) Constant current cycling performance of Li||LATP||Li batteries at 0.1 mA cm− 2. b) Constant current 
cycling performance of Li||LATP||Li batteries at 0.3 mA cm− 2. c) The CV curves of the Li||LATP-NUHS-TPW||LFP battery at different scan rates. d) Ip − ϑ1/2 rela
tionship derived from the CV curves of Li||LATP||LFP batteries. e) Long-term cycling performance of Li||LATP||LFP at 0.2 C. f) Long-term cycling performance of Li|| 
LATP||NCM811 at 0.2 C. g) Rate performance of Li||LATP||NCM811 from 0.05 C to 0.5 C. h) Long-term cycling performance of Li||LATP-NUS-TPW||NCM811 at 0 ◦C 
and 80 ◦C. i) Capacity comparison of ASSLMBs from recent literature with the ASSLMBs based on LATP-NUHS-TPW.
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by this integrated optimization strategy better also exhibit better per
formance in both cycling capacity and stability, highlighting the prac
tical potential of this integrated optimization strategy in future high- 
performance ASSLMBs.

4. Conclusion

In conclusion, an integrated optimization strategy was developed to 
address bulk-phase defects in LATP SSEs and interfacial contacts in 
ASSLMBs, leveraging the advanced Joule heating technique, thereby 
enabling a comprehensive improvement in the performance of 
ASSLMBs. In the optimization of bulk-phase defects in LATP SSEs, the 
addition of sintering auxiliaries (B2O3 and LiBF4) enabled uniform 
ceramic particle arrangement during ultra-fast high-temperature sin
tering, yielding LATP SSEs with a crystallinity of 98.99 % and a defect 
rate as low as 0.01 %, along with excellent thermal stability and me
chanical strength. In the optimization of interfacial contacts in 
ASSLMBs, high frequency thermal pulse welding technique via UHS 
ensured intimate anode/SSE/cathode contact (interfacial resistance 
reduced to 496.7 ± 3.7 Ω), enabling a unified ion-conducting network in 
ASSLMBs. As a result, both optimized LFP and NCM811 batteries 
through this integrated optimization strategy exhibited high initial ca
pacities of 152.5 mAh/g (with a capacity retention rate of 98.4 % after 
100 cycles at 0.2 C) and 185.9 mAh/g (with a capacity retention rate of 
90.9 % after 100 cycles at 0.2 C), respectively, with a high application 
potential over a wide temperature range. This proposed novel integrated 
technique utilizing ultra-fast Joule heating sintering technique will 
provide a crucial technical reference for the efficient synthesis of 
advanced LATP SSEs and the broader application of Joule heating 
technology in the battery field.
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