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a b s t r a c t 

LiMn 0.8 Fe 0.2 PO 4 (LMFP) as high potential cathode is synthesized by a modified mechanical activation 

method and tested for use in all-solid-state high-voltage rechargeable lithium ion batteries. The influ- 

ence of synthesis condition on the atomic structure, particle size, morphology, surface area, and electro- 

chemical performance of the active material is investigated. A high dielectric constant ceramic (Al 2 O 3 ) is 

composited in Li 1.3 Al 0.3 Ge 1.7 P 3 O 12 (LAGP)-based lithium conducting hybrid solid electrolyte, and a higher 

lithium ion transference number is observed owing to the anion scavenging effect of Al 2 O 3 . An all-solid- 

state LMFP battery is constructed with a graphite anode and the hybrid solid electrolyte. At current den- 

sities of 0.1, 1, 3, and 10 C, initial discharge capacities of 156.3, 133.7, 111.8, and 71.4 mAh g −1 (91.9, 78.6, 

65.8, and 42% of theoretical capacity) are obtained with low corresponding capacity fade of 0.001, 0.02, 

0.01, and 0.013% per cycle evaluated over 300 cycles, even after charging to 4.5 V. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Lithium metal phosphate (LiMPO 4 , M = Co, Fe, Mn) is a stable 

nd promising cathode material for lithium batteries with many 

dvantages, including low cost, environmental compatibility, a long 

ycle life, and a relatively high capacity (170 mAh g −1 ) [1-22] . 

owever, LiMPO 4 has lower capacity and energy density than con- 

entional lithium metal oxide (LiMO 2 , M = Co, Ni, Mn). One ap- 

roach to exploiting the inherently high capacity and high energy 

ensity of LiMPO 4 is to use mixed olivine phosphates with the 

eneral formula LiMn y Fe 1-y PO 4 , where the proportion of Mn can 

e adjusted to tailor promising candidate materials with operat- 

ng cell voltages of 3.4–4.1 V vs. Li + /Li [ 4 , 23 , 24 ]. This is provi-

ential, because the upper end of this range is not so high that 

he organic electrolyte decomposes, and the lower bound is not 

o low that power density is sacrificed. The amount of Mn in 

iMn y Fe 1-y PO 4 is crucial, because a cathode material that contains 

oo much Mn exhibits poor cycling stability. Ma et al. fabricated 
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iMn y Fe 1 −y PO 4 thin films using a modified electrostatic spray de- 

osition and sol–gel technique. An electrode consisting of a thin 

lm of LiMn 0.4 Fe 0.6 PO 4 yielded better electrochemical performance 

han electrodes made of pure LiFePO 4 or LiMnPO 4 [25] . More- 

ver, a previous study in which the electrochemical performances 

f LiMn y Fe 1 −y PO 4 ( y = 0–1) materials were compared showed 

hat LiMn 0.4 Fe 0.6 PO 4 had a high energy density and exhibited the 

est electrochemical properties [4] . Reducing the LiMn y Fe 1-y PO 4 

article size was also beneficial for electrode conductivity. Heat- 

ng temperature is also a key factor in optimizing particle size in 

iMn y Fe 1 −y PO 4 ( y = 0–1) materials [26-29] . 

All-solid-state lithium batteries having the advantages of high 

hermal and electrochemical stability have recently attracted a 

reat deal of attention from many research groups [ 30 , 31 ]. Al-

hough studies of all-solid-state lithium batteries have focused 

ainly on improving the solid electrolyte, the choice of cathode 

aterial is also important for achieving high energy density at 

igh operating voltages. The commercially available electrode ma- 

erial LiNi 1–2 x Co x Mn x O 2 (NCM) has a layered structure that under- 

oes an unstable crystal transition at high voltages ( > 4.2 V). This 

s a drawback, because it results in rapid capacity degradation with 

ycling [ 32 , 33 ]. The LiMn y Fe 1 −y PO 4 cathode may be suitable for

https://doi.org/10.1016/j.electacta.2020.137349
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ll-solid-state lithium batteries operated at high voltages, because 

t has a stable crystal structure with covalent bonds between oxy- 

en and phosphorus. 

Another issue associated with the high voltage lithium ion bat- 

ery is the electrochemical stability of the electrolytes. Although 

arbonate-based liquid electrolytes possess high ionic conductiv- 

ty, they are not suitable for high voltage lithium ion batteries 

wing to their low oxidation voltage and flammability [34-36] . 

herefore, ceramic solid electrolytes have attracted significant at- 

ention for the improvement of the safety and energy density with 

igh voltage operation. Ceramic solid electrolytes are largely di- 

ided into two classes: sulfide- and oxide-based. However, the in- 

erfacial resistance between ceramic solid electrolytes and elec- 

rodes is high, and therefore, a hybrid solid electrolyte, compos- 

ted with a small amount of liquid electrolyte, was proposed to 

ddress the aforementioned problem. Oxide-based ceramic solid 

lectrolytes are preferable for the preparation of hybrid solid elec- 

rolytes because they are more stable in moist atmosphere as 

ompared to the sulfide ceramic solid electrolytes. Among the 

xide-based ceramic solid electrolytes, NASICON structures such as 

Li 1 + x Al x X 2-x P 3 O 12 , X = Ti, Ge) have shown high ionic conductiv-

ty and high atmospheric stability [ 35 , 36 ]. The addition of a liq-

id electrolyte as an additive in the NASICON-type oxide ceramic- 

ased hybrid solid electrolyte can reduce the interfacial resistance; 

owever, the lithium ion transference number decreases owing to 

he ion aggregation of Li + with anions. High dielectric constant and 

ewis acidity of ceramics such as Al 2 O 3 , TiO 2 , and BaTiO 3 are ef-

ective in suppressing ion aggregation and improving the lithium 

on transference number [37] . 

For this study, we chose a y value of 0.8 and applied a modified

echanical activation method to prepare uniformly carbon-coated 

iMn 0.8 Fe 0.2 PO 4 for use in a high voltage all-solid-state lithium 

attery . Al 2 O 3 was added to a Li 1.3 Al 0.3 Ge 1.7 P 3 O 12 (LAGP)-based hy-

rid solid electrolyte to enhance the lithium ion transference num- 

er. Previously, favorable electrochemical properties could not be 

btained in LiMn 0.8 Fe 0.2 PO 4 cells due to the decomposition of or- 

anic electrolyte at high voltages. However, when the hybrid solid 

lectrolyte is applied in the cells, high voltage operation is possible 

nd electrochemical characteristics can be consequently improved. 

he primary objectives of this study were to optimize the process 

f synthesis and investigate changes in LiMn 0.8 Fe 0.2 PO 4 and hybrid 

olid electrolyte properties induced by the calcination temperature 

nd the addition of a high dielectric constant ceramic in order to 

ealize a high-performance all-solid-state lithium ion battery. 

. Experimental 

.1. Synthesis of LiMn 0.8 Fe 0.2 PO 4 

LiMn 0.8 Fe 0.2 PO 4 (LMFP) composites were prepared by a mod- 

fied mechanical activation method using acetylene black pow- 

er as a carbon source. The method involved rotary evapora- 

ion, high-energy ball milling, and firing steps [28] . Previously op- 

imized synthetic conditions (ball milling time) were employed 

o prepare LiMn 0.8 Fe 0.2 PO 4 in this study [27] . Acetylene black 

 ≥99.9 wt%) was purchased from Alfa Aesar. All other chemi- 

als (99%) were obtained from Aldrich. Stoichiometric quantities 

f Li 2 CO 3 , FeC 2 O 4 •2H 2 O, Mn(COOCH 3 ) 2 •4H 2 O, and NH 4 H 2 PO 4 , and

.0 wt% acetylene black were stirred with 60 wt% triply distilled 

ater at room temperature for 7 h. Solid powder was obtained 

rom the homogeneous mixture by rotary evaporation at 80 °C 

or 2 h at 60 rpm. The solid powder was ball-milled for 15 h at

oom temperature under an argon atmosphere in a hardened steel 

ial with zirconia balls at a ball-to-powder weight ratio of 10:3 

sing a SPEX mill at 10 0 0 rpm. The milled powder formed pel-

ets when calcined at temperatures ranging from 500 to 700 °C 
2 
or 10 h in a nitrogen atmosphere. For the sake of simplicity and 

o highlight the firing temperature, the samples were designated 

MF5 (500 °C), LMF6 (600 °C), and LMF7 (700 °C). 

.2. Preparation of quasi-hybrid solid electrolyte 

Hybrid solid electrolyte (HSE) was prepared using a phase 

nversion process [ 38 , 39 ]. For the hybrid solid electrolyte, 

i 1.3 Al 0.3 Ge 1.7 P 3 O 12 (LAGP) synthesized via a solid-state re- 

ction was mixed with PVdF-TrFE [poly(vinylidene fluoride- 

rifluoroethylene)] and Al 2 O 3 (size: 50 nm, dielectric constant: 8.6, 

rom Aldrich) in acetone: N -methyl pyrrolidone (NMP) (6:4 vol.%) 

olvent. The ceramic-polymer hybrid film was prepared and sub- 

equently dried to remove the solvent. The hybrid film was then 

oaked in liquid electrolyte (1 M LiPF 6 in EC/DMC) and the result- 

ng hybrid solid electrolyte contained 10 wt% liquid electrolyte as 

n additive. 

.3. Characterization 

The chemical composition of the material was determined by 

nductively coupled plasma optical emission spectroscopy (ICP- 

ES) on an Optima 4300 DV spectrometer (PerkinElmer Inc., 

altham, MA). Carbon content was determined with a CHNS 932 

lemental analyzer (LECO, St. Joseph, MI). X-ray powder diffrac- 

ion (XRD) analysis and Rietveld refinement, used for crystallo- 

raphic structural characterization, was performed on a D5005 se- 

ies diffractometer (Siemens, Munich) equipped with a Cu K α ra- 

iation source (35 mA/40 kV) and a graphite monochromator. Data 

or Rietveld structural refinement were collected from 15 ° to 120 °
2 θ ) with a 0.02 ° step interval and a step time of 10 s. The sam-

le was rotated at 30 rpm during data collection to minimize any 

referred orientation effects and statistical errors in the calcula- 

ions. The crystal structure was assigned to the Pnma space group 

nd refined with the FullProf program (CCP14) [40] . Scanning elec- 

ron microscopy (SEM) imaging was performed with a XL 30 FEG 

EM (Philips, Amsterdam). The morphology and thickness of the 

arbon coating were examined with high-resolution (HR) transmis- 

ion electron microscopy with a JEM 3010 HR-TEM (JEOL, Tokyo). 

he specific surface area was determined by the Brunauer-Emmett- 

eller (BET) method with N 2 sorption data collected on an ASAP 

020 Analyzer (Micromeritics, Norcross, GA). Thermogravimetric 

nalysis (TGA) of all materials was performed on an SDT Q600 an- 

lyzer (TA Instruments, New Castle, DE) under flowing oxygen or 

itrogen at a heating rate of 5 °C min 

−1 . 

.4. Evaluation of electrochemical properties 

To prepare the cathode, the LiMn 0.8 Fe 0.2 PO 4 active material, 

arbon black, and poly(vinylidene fluoride) binder (PVdF, Aldrich) 

ere mixed in a 92:4:4 ratio by weight and made into a viscous 

lurry in NMP. The slurry was cast onto aluminum foil and dried 

t 95 °C under vacuum for 12 h. The film was cut into 0.95 cm 

2 

ircular discs that weighed ~4.0 mg each for use as cathode ma- 

erial. The coin-type Li/LMFP half-cell was fabricated by stacking 

 300-μm thick lithium metal anode (Cyprus Foote Mineral Co.) 

nd a LMFP-based cathode with Celgard 

@ 2200 separator film or 

 hybrid solid electrolyte (HSE). For comparison, 1 M LiPF 6 in 1:1 

v/v) ethylene carbonate (EC):dimethyl carbonate (DMC) was used 

s a liquid electrolyte. Electrochemical performance tests were car- 

ied out from 2.5 to 4.5 V at room temperature using an automatic 

alvanostatic charge–discharge unit and a WBCS30 0 0 battery cy- 

ler (WonATech, Seoul). The experiments were performed at dif- 

erent current density rates ranging from 0.1 C (0.069 mA cm 

−2 ) 

o 10 C (6.9 mA cm 

−2 ) for a 3 cm × 7 cm pouch-type all-solid-

tate C/HSE/LMFP full cell. To prepare a pouch-type full solid-state 
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Table 1 

Unit cell parameters of LMFP determined by Rietveld struc- 

tural refinement. 

Sample No. LMF5 LMF6 LMF7 

a ( ̊A) 10.3804(2) 10.3837(3) 10.3814(5) 

b ( ̊A) 6.0451(1) 6.0477(2) 6.0459(3) 

c ( ̊A) 4.71412(8) 4.7167(1) 4.7182(2) 

V ( ̊A 3 ) 295.816(9) 296.20(1) 296.14(2) 
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Fig. 1. X-ray diffraction profiles from the Rietveld refinements for LMF5, LMF6 and 

LMF7. 
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attery, the LMFP cathode film is stacked onto a piece of graphite 

node sticking on a pouch film and separated by a hybrid solid 

lectrolyte before soldering and sealing of the pouch cell. 

. Results and discussion 

The chemical composition of the samples determined by 

CP-OES analysis had a theoretical Li:Mn:Fe:P molar ratio of 

.01:0.81:0.19:0.99 ( ±0.01). Elemental analysis indicated the 

iMn 0.8 Fe 0.2 PO 4 material contained ~6 wt% carbon. The LMFP XRD 

atterns obtained from the Rietveld refinements are shown in 

ig. 1 . The data were in very good agreement and confirmed the 

s-prepared LMFP had an olivine structure in space group Pnma . 

he unit cell parameters determined by Rietveld refinement are 

isted in Table 1 (Table S1). No peaks due to impurities were ob- 

erved in any of the patterns, and the peak profiles were quite 

arrow, which indicated a well-crystallized phase. The lines at the 

ottom of Fig. 1 mark the calculated positions of the allowed re- 

ections. The narrow-excluded regions were due to contributions 

rom the cryostat. The reliability factor ( R wp ) of each sample was 

10, which suggested a good solution. All LMFP lattice parameters 

ere greater than those of LiFePO 4 [41] . The cell volume based on 

he unit cell parameters a and b was largest in LMF6 obtained at 

00 °C, but magnitude of c increased with increasing calcination 

emperature. The olivine composite synthesized at 500 °C had a 

enser structure. The transport of lithium ion in the LMFP crystal 

ccurred along the b -direction, so the short path length in LMF5 

as beneficial for fast ion diffusion. 

LiMn 0.8 Fe 0.2 PO 4 in the olivine structure exhibited a hexagonal 

lose-packed arrangement of oxygen and Li, while Mn/Fe ions were 

ocated in half of the octahedral sites. P atoms occupied one out of 

ight tetrahedral positions. One Mn/FeO 6 octahedron shared com- 

on edges with two LiO 6 octahedra. Each PO 4 group shared one 

ommon edge with a Fe/Mn-O 6 octahedron and two with LiO 6 oc- 

ahedra. The Mn/Fe-O 6 octahedra shared four corners in the cb - 

lane and were crosslinked along the a -axis by the PO 4 groups to 

orm a three-dimensional network ( Fig. 2 ). The Li ions were located 

n rows of edge-shared Li–O 6 octahedra running along the a -axis, 

hich appeared between two consecutive Mn/Fe–O 6 layers lying 

n the cb -plane [ 42 , 43 ]. 

Mn/Fe–O 6 octahedra had two axial oxygen atoms (O1, O2) and 

our equatorial oxygen atoms (O3, O3). The six Mn/Fe–O bonds 

ere categorized as 1(O1) a + 1(O2) a and 4(O3) e ( Fig. 3 ). The

lectron interactions in the lattice distorted the Mn/Fe–O 6 octahe- 

ra, as the O1–Mn/Fe–O2 bond angle deviated from 180 ° The O3–

n/Fe–O3 angles along the equatorial plane perpendicular to the 

1–Mn/Fe–O2 line were larger and smaller than the expected 90 °, 
ausing distortion that formed a pair of scissors 42 . The differences 

n all three axes in the samples were a measure of the high degree

f distortion and anisotropy induced by the calcination tempera- 

ure, as maximum scissoring was observed in LMF5. One equato- 

ial bond was the smallest observed (64.85 °), while the other large 

118.74 °). The difference between the angles in LMF7 was small- 

st among the samples. The geometry of the Mn/Fe–O 6 octahedra 

n LMF7 was unusual, as the length of the O3–Mn/Fe–O3 bonds 

hat formed the larger angle was smaller by 0.01–0.02 Å, while 
3 
he other two bonds were longer by 0.01–0.02 Å. However, the 

um of the bond lengths of the O3–Mn/Fe bond of the larger angle 

nd the Mn/Fe–O3 bond of the smaller angle remained 4.36 Å in 

ll samples. The length of the axial Mn/Fe–O1 bond in LMF7 was 

he shortest among the samples, but the Mn/Fe–O2 bond length in 

MF5 was shortest by 0.02–0.03 Å. Hence, Mn/Fe–O1 coherence in 

MF7 was strongest among the samples, while Mn/Fe–O2 coher- 

nce in LMF5 was stronger than in the other samples. 

Calculations from SEM and BET analysis showed that the av- 

rage particle size increased significantly with increasing synthe- 

is temperatures from 500 °C to 700 °C. The SEM images are 
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Fig. 2. Local networking geometry of Mn/Fe–O 6 and Li–O 6 octahedra and PO 4 tetra- 

hedra in LiMn 0.8 Fe 0.2 PO 4 . 
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hown in Fig. 4 , and Table S2 lists the particle properties of the

iMn 0.8 Fe 0.2 PO 4 samples according to calcination temperature. It 

an be seen in Fig. 4 that the average particle size increased with 
Fig. 3. Distances and angles of Mn/Fe–O bonds in the M

4 
ncreasing temperature, while the most uniform size distribution 

as achieved at 500 °C. Based on the BET surface area measure- 

ents, LMF5 had the largest surface area of all the samples. LMF7 

nd LMF6 differed in BET surface area and pore volume, but their 

ore sizes were nearly equal. The ratio of the surface area of 

ach sample to that of LMF7 decreased from 1.43 (LMF5) to 1.41 

LMF6) to 1 (LMF7), while the ratio of average pore volume de- 

reased from 1.64 (LMF5) to 1.42 (LMF6) to 1 (LMF7). Thus, the 

verage pore volumes and surface areas of the composite particles 

argely depended on the calcination temperature, as LMF5 had the 

argest surface area and largest average pore volume and exhib- 

ted more uniform morphology. Larger surface area and pore vol- 

me increased the effective area of overlap between the electrode 

aterials and the electrolyte, thereby improving ion transferabil- 

ty. The TG/DTA curves of the LMF5 sample obtained in (a) air and 

b) nitrogen atmosphere are displayed in Fig. S1. In the range be- 

ween room temperature and 200 °C, some weight loss was seen 

n both TG curves that corresponded to the elimination of water. 

n air, the weight of LMF5 increased at 350 °C; however, no weight 

ncrease occurred under nitrogen. Air causes a relative weight gain 

ith the complete oxidation of iron metal to the ferric state. Metal 

xidation occurs primarily in Fe 2 + sites, because Mn 

2 + is more sta- 

le than Mn 

3 + in an oxygen atmosphere [44] . Rapid weight loss 

as observed in carbon-coated LMF5 in air around 500 °C due 

o the decomposition of carbon. The carbon content in synthe- 

ized LMF5 was approximately 8.0% based on weight lost during 

GA. The carbon content of LMF5 matched the value determined 

y elemental analysis. From the TG curves obtained under nitro- 

en, we were able to conclude that the carbon coating did not de- 
n/Fe–O 6 octahedral geometry of LiMn 0.8 Fe 0.2 PO 4 . 
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Fig. 4. SEM images of LMF5, LMF6, and LMF7 at different calcination temperatures. 
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Fig. 5. Initial charge–discharge curves (a) and cycle behaviors (b) of 

Li/LiMn 0.8 Fe 0.2 PO 4 cells according to synthetic temperature. 
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ompose, and the LMFP cathode material was stable up to 850 °C. 

he performance of LMF5 in electrochemical tests was better than 

hat of the other two samples. The LMF5 delivered higher charge 

nd discharge capacities when tested at a current density of 0.1 C 

0.069 mA cm 

−2 ) ( Fig. 5 a). The initial charge capacities of LMF5,

MF6, and LMF7 were 160, 153, and 122 mAh g −1 , respectively. 

he discharge capacities of LMF5, LMF6, and LMF7 were 158, 146, 

nd 119 mAh g −1 , respectively. Thus, LMF5 exhibited better perfor- 

ance with a high active material utilization of 92.7% during dis- 

harge. When compared to LMF6, the difference of initial discharge 

apacity was about 10 mAh g −1 , but the difference in capacity was 

round 30 mAh g −1 when comparing LMF6 and LMF7. Thus, when 

alcination temperature was increased from 600 °C to 700 °C, the 
5 
haracter of material changed significantly. These results were con- 

istent with our SEM observations. The discharge capacities of the 

aterials on cycling are shown in Fig. 5 b. The discharge capaci- 

ies of all samples gradually increased with the number of cycles. 

 possible reason for the gradual increase in discharge capacity 

as the formation of fissures in the carbon layers as the num- 

er of cycles increased. These fissures facilitated penetration of the 

lectrolyte into the particles [45] . The LMF5 exhibited nearly sta- 

le performance up to cycle 55, with a minor increase in capacity 

rom an initial value of 158 mAh g −1 to 163 mAh g −1 , after which

t remained stable. The discharge capacities of LMF6 and LMF7 

ere 146 and 119 mAh g −1 , respectively. These values were not 

nly lower than those observed with LMF5, but they also indicated 

ower discharge capacities after 55 cycles. The charge-discharge ef- 

ciency and stability were better in LMF5. 

An all-solid-state LMFP battery was fabricated with 

i 1.3 Al 0.3 Ge 1.7 P 3 O 12 (LAGP) lithium-conducting ceramic synthesized 

y a solid-state reaction. The resulting LAGP powder (75 wt%) 

as then composited with PVdF-TrFE [poly(vinylidene fluoride- 

rifluoroethylene)] (10 wt%), Al 2 O 3 (5 wt%) and a liquid electrolyte 

10 wt%) [ 46 , 47 ]. The hybrid solid electrolyte (HSE) had a flexible

lm form ( Fig. 6 a) with a homogeneously distributed polymer 

nd conducting ceramic ( Fig. 6 b). Although the composited liquid 

lectrolyte occupied the ceramic-ceramic and polymer-ceramic 

oundaries, the HSE appeared as a solid film. Notably, Al 2 O 3 as a 

igh dielectric constant and Lewis acidity ceramic plays the role 

f a scavenger to trap (PF 6 
−) anions, thereby allowing a high ionic 

onductivity of 4.5 × 10 −3 S cm 

−1 at 30 °C ( Fig. 6 c). Moreover, the

SE had a high oxidation voltage ( > 5.0 V), which enables charging 

t high voltages (Fig. S2) and high thermal stability to 465 °C (Fig. 

3). 

Raman spectra of the HSE containing a liquid electrolyte addi- 

ive (1 M LiFP 6 salt in EC/DMC) were measured over the frequency 

ange of 0–3500 cm 

−1 . Raman spectroscopy is advantageous for in- 

estigating Li + - PF − pairs, especially in the range 730–750 cm 

−1 ; 
6 
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Fig. 6. (a) Photograph, (b) SEM image, and (c) ionic conductivity of the hybrid solid electrolyte (HSE + Al 2 O 3 ). Deconvoluted Raman bands (d, e) of PF 6 
− anion in the region 

736–750 cm 

−1 and (f) Chronoamperometry results for HSE without Al 2 O 3 and HSE with Al 2 O 3 . 
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his is because the strong mode, corresponding to the contraction- 

xpansion of the entire PF 6 
− ion stretching the vibrational mode 

f PF 6 observed at ~742 cm 

−1 , is sensitive to interactions (Li + - 

F 6 
−) [48] . The solid lines depicted in Fig. 6 (d, e) denote the results

f the experimental spectra bandfit, using Lorentzian profiles. Two 

eaks are observed in the spectra of HSE containing 10 wt% liq- 

id electrolyte: first, at ~742 cm 

−1 , which is due to the symmetric 

tretching vibration of free PF 6 
− anions, and second, at ~744 cm 

−1 , 

hich is due to Li + - PF 6 
− ion pairs. With the addition of the

igh dielectric constant Al 2 O 3 ceramic, the ion pair signal is signifi- 

antly decreased. The ion pairing in HSE decreased by the scaveng- 

ng of anions of the liquid electrolyte additive, thereby increasing 

he lithium transference number. The lithium transference num- 

er (t Li + ) was measured using chronoamperometry following the 

ruce-Vincent method, as shown in Fig. 6 f. The calculated t Li + ob- 

ained by comparing the maximum and equilibrium current values 

re 0.72 and 0.81 for the HSE without Al 2 O 3 (LAGP 80 wt%, PVdF-

rFE 10 wt% and liquid electrolyte 10 wt%) and HSE with Al 2 O 3 ,

espectively. In comparison, the lithium ion conductivity for both 
6 
ypes of HSE is considerably larger than that for the conventional 

iquid electrolyte, ~0.4 [49] . This may be because of the contribu- 

ions from the lithium conducting LAGP solid electrolyte. Moreover, 

he addition of Al 2 O 3 increased the lithium ion conductivity in the 

SE because the high dielectric constant ceramic traps the anion 

PF 6 
−), thereby promoting the movement of free lithium ions. This 

xperimental evidence confirms the contribution of Al 2 O 3 in the 

SE to the ion transport mechanism. 

The all-solid-state battery prepared with a LMF5 cathode, 

raphite anode, and HSE (containing Al 2 O 3 ) performed satisfacto- 

ily at 25 °C, even at higher current densities (Fig. S4). The ini- 

ial charge-discharge properties of the LMF5 solid battery at higher 

urrent densities of 0.1, 1, 3, and 10 C, corresponding to 0.063, 0.63, 

.89, and 6.3 mA cm 

−2 , are shown in Fig. 7 a. The initial charge

apacities were 158.1, 135.2, 113.9, and 81.5 mAh g −1 , and the 

ischarge capacities were 156.3, 133.7, 118.8, and 71.4 mAh g −1 . 

he �V between the average charge and discharge potentials of 

e 2 + /Fe 3 + and Mn 

2 + /Mn 

3 + , which corresponded to the mid-points 

f the curves, increased with current density. At the low discharge 
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Fig. 7. (a) Initial charge–discharge curves and (b) cycle performances of C/HSE + Al 2 O 3 /LMF5 all-solid-state lithium batteries at 0.1, 1, 3 and 10 C-rates. 
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ate of 1 C, the cells performed exceedingly well with high active 

aterial utilization ( > 83%). A reasonable active material utilization 

f > 42% was attained at the high 10 C-rate as well. This excellent 

erformance at high current density is not observed with all-solid- 

tate batteries. From the profile, we concluded that the redox reac- 

ion of Mn did not readily occur at high current densities. The de- 

rease in the discharge capacity and increase of �V at higher cur- 

ent rates was attributed to limitations of LiMn 0.8 Fe 0.2 PO 4 in meet- 

ng the demands of faster reaction kinetics at higher C-rates. This 

as due to intrinsic low electronic conductivity and slow lithium 

on diffusion at the LiMn 0.8 Fe 0.2 PO 4 /Mn 0.8 Fe 0.2 PO 4 solid interface. 

The long-term cycle performance of the LMF5 solid battery up 

o 300 cycles at different C-rates is shown in Fig. 7 b. Remarkably 

ood long-term cycling properties were observed in the cathodes 

t all C-rates evaluated in this study at a high charge voltage of 

.5 V. After completion of 300 cycles, the discharge capacities re- 

lized at C-rates of 1, 3, and 10 were 129.86, 123.96, and 68.85 

Ah g −1 , respectively. LMF5 showed > 92% retention of its initial 

ischarge capacity at the 300th cycle at a C-rate of 1. In addi- 

ion, the cell performed equally well at C-rates of 3 and 10, re- 

aining > 97% of its initial discharge capacity at the 300th cycle. 

f all the C-rates studied, the calculated capacity fade per cycle 

ased on the initial discharge capacity of the cell and the follow- 

ng 300 charge-discharge cycles was very low (0.001–0.02%). Fig. 

5 shows the penetration safety of the LMF5-based all-solid-state 

attery. Although the solid battery is punctured by a gun, it works 

afely without explosion. This render LMF5 and HSE with Al 2 O 3 a 

ery promising cathode and electrolyte material for high-voltage, 

ll-solid-state batteries capable of safely delivering reliable perfor- 

ance at room temperature. 

. Conclusion 

The effects of calcination temperature on the structural, mor- 

hological, and electrochemical properties of LiMn 0.8 Fe 0.2 PO 4 syn- 

hesized by a modified mechanical activation process were inves- 

igated for use as a cathode in high-performance all-solid-state 

atteries. Rietveld refinement analysis indicated the formation of 

ure-phase materials with changes in cell parameters caused by 

ncreasing calcination temperature. The length and angle of the 

n/Fe–O bond in Mn/Fe–O 6 octahedra changed with variations 

n synthesis temperature. The LMF5 had a crystal structure that 

llowed rapid lithium ion transfer. Scanning electron microscope 

nalysis revealed a substantial increase in particle size with in- 

reasing calcination temperature above 500 °C. A relatively low 

eaction temperature of 500 °C produced well-crystallized, small 

articles with uniform sizes (60 nm) and morphologies. Lithium 

ons in LMF5 exhibited excellent charge-discharge kinetics. A LAGP- 

ased hybrid solid electrolyte was prepared for use in a high volt- 

ge solid-state battery, and Al O was added to the hybrid solid 
2 3 

7 
lectrolyte to enhance the lithium ion transference number. Conse- 

uently, the lithium ion transference number was significantly im- 

roved to 0.81. The LMF5 solid battery material prepared at 500 °C 

n combination with the HSE exhibited initial discharge capacities 

f 156.3, 133.7, 111.8, and 71.4 mAh g −1 at C-rates of 0.1, 1, 3, and

0 C, respectively. Cycling at different current densities revealed 

he good performance capabilities of the LMF5-based solid battery, 

hich had a low capacity fade even at the high current density of 

0 C. LiMn 0.8 Fe 0.2 PO 4 active material and hybrid solid electrolyte 

ith Al 2 O 3 exhibiting reliable electrochemical performance in an 

ll-solid-state battery at high charging voltages were realized by 

dopting the modified mechanical activation preparation process 

t an optimal synthesis temperature of 500 °C and incorporating a 

igh dielectric constant ceramic in the hybrid solid electrolyte. 
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