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Active Interphase Enables Stable Performance for an
All-Phosphate-Based Composite Cathode in an

All-Solid-State Battery
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Chih-Long Tsai, Shicheng Yu,* Hermann Tempel, Hans Kungl, and Riidiger-A. Eichel

1. Introduction

High interfacial resistance and unstable interphase between cathode active

materials (CAMs) and solid-state electrolytes (SSEs) in the composite cathode
are two of the main challenges in current all-solid-state batteries (ASSBs).

In this work, the all-phosphate-based LiFePO, (LFP) and Li; 3Al, 3Ti; 7(POy);
(LATP) composite cathode is obtained by a co-firing technique. Benefiting from
the densified structure and the formed redox-active Li;_,Fe, , ,Ti,Al,(PO,);
(LFTAP) interphase, the mixed ion- and electron-conductive LFP/LATP
composite cathode facilitates the stable operation of bulk-type ASSBs in
different voltage ranges with almost no capacity degradation upon cycling.
Particularly, both the LFTAP interphase and LATP electrolyte can be activated.
The cell cycled between 4.1 and 2.2 V achieves a high reversible capacity of
2.8 mAh cm™2 (36 pA cm2, 60 °C). Furthermore, it is demonstrated that the
asymmetric charge/discharge behaviors of the cells are attributed to the exist-
ence of the electrochemically active LFTAP interphase, which results in more
sluggish Li* kinetics and more expansive LFTAP plateaus during discharge
compared with that of charge. This work demonstrates a simple but effective
strategy to stabilize the CAM/SSE interface in high mass loading ASSBs.

Q. Xu, Z. Liu, A. Windmdiller, S. Basak, ). Park, K. Dzieciol, C.-L. Tsai,
S. Yu, H. Tempel, H. Kungl, Riidiger-A. Eichel
Forschungszentrum Jiilich, Fundamental Electrochemistry (IEK-9)
D-52425 Jilich, Germany

E-mail: s.yu@fz-juelich.de

Q. Xu, Rudiger-A. Eichel

Institute of Physical Chemistry

RWTH Aachen University

D-52074 Aachen, Germany

S. Basak

Forschungszentrum Jiilich, Ernst Ruska-Centre for Microscopy
and Spectroscopy with Electrons (ERC)

D-52425 ilich, Germany

Rudiger-A. Eichel

Forschungszentrum Jilich, Helmholtz Institute Munster: lonics
in Energy Storage (IEK-12)

D-48149 Miinster, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202200266.

© 2022 The Authors. Small published by Wiley-VCH GmbH. This is an
open access article under the terms of the Creative Commons Attribu-

tion-NonCommercial License, which permits use, distribution and repro-

duction in any medium, provided the original work is properly cited and
is not used for commercial purposes.

DOI: 10.1002/smll.202200266

Small 2022, 18, 2200266 2200266 (10of14)

With the increasing demand for safe
operation, high energy density and long
cycle life lithium-ion batteries, all-solid-
state batteries (ASSBs) are becoming one
of the most promising next generation
electrochemical storage systems to replace
the conventional lithium-ion batteries,
which employ organic liquid electrolytes.!
Nevertheless, many issues still need to
be resolved before ASSBs can compete
against the state-of-art batteries in energy
density and cost effectivity. Interfacial
issues including high interfacial resistance
and unstable interphase between cathode
active materials (CAMs) and solid-state
electrolytes (SSEs) are among the major
challenges, hindering the electrochemical
performance and commercialization of
ASSBs.12]

The interface between heterogeneous
particles of SSE and CAM is a region
where the structural (crystal structure and defect density),
chemical (composition and ion concentration), and electrical
(ionic and electronic conductivities) properties change from
one side to the other.*®l During the processing of composite
cathode, the interface of CAM/SSE might be modified by a new
phase (cathode electrolyte interphase) due to elemental inter-
diffusion and/or interfacial chemical reaction.®1 A suitable
interphase should have the following features: good (electro)
chemical compatibility with both the CAM and SSE, sufficient
ionic conductivity at the operation temperature and high struc-
tural and mechanical stability within the operating voltages of
the cell.01112] It s reported that enhancing the ionic conductivity
of the interphase between CAM and SSE facilities fast interfa-
cial Li* kinetics and boosts the electrochemical performance
of ASSBs.1315) Wang et al. showed that the ionic conductivity
of the LiNb,sTays0; (LNTO) interphase layer on the surfaces
of LiNiysMng3Coy,0, determined the electrochemical perfor-
mance of the LNTO-coat LiNijsMng;Cog,0,|LigGeP,S,|Liln
solid-state cell.'® Specifically, the LiNiy sMnyg 3Co,0, coated by
the highest Li* conductive LNTO exhibited accelerated interfa-
cial Li* transportation, enabling the ASSB to achieve high spe-
cific capacities of 152 and 1075 mAh g™ at 0.1C and 1C (room
temperature), respectively.
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Strategies for designing stable and ion-conductive interphase
in the composite cathode are highly dependent on the mate-
rial combinations. Attention needs to be paid to the chemical
and electrochemical compatibilities of the used CAM and
SSE. In general, the reactivity of oxide-/phosphate-based SSEs
against CAMs is lower compared with that of sulfide-based
SSEs.®77] However, oxide-/phosphate-based SSEs are typically
rigid ceramics with low elasticities and high bond dissociation
energies, making them difficult to form intimate contacts with
CAM.I*8] Insufficient contact and high porosity between CAM
and SSE can lead to a high tortuosity for ion-conduction and
a loss of contact to the active sites in the composite cathode,
which substantially limit the electrochemical performance of
the ASSBs.'"?0 In order to form sufficient interfacial adhe-
sion between oxide-/phosphate-based SSEs and CAMs, the
processing temperatures of the composite cathodes are usu-
ally quite high. This might induce side reactions because of the
accelerated elemental inter-diffusion. Literature showed that
the elemental inter-diffusion in thermally unstable CAM/SSE
combinations caused decompositions of CAM or SSE where
the decomposed byproducts acted as insulating phases, strongly
impeding the Li* transportation.'01%21-25] Thus, thermal and
chemical compatibilities of CAM/SSE at the processing temper-
ature and (electro)chemical properties of the CAM/SSE inter-
phase are the determining factors for the choice of CAM/SSE
combinations.

Phosphate-based NASICON-type Li;3Al3Ti;;(POy); (LATP)
is attractive to be employed as the SSE for ASSBs due to its
competitive ionic conductivities and good chemical stability
in ambient atmosphere.?>28 LATP is considered to have
better thermal stability with phospho-olivine LiIMPO, (M: Fe,
Mn, Co, Ni) cathodes because the oxygen atoms are tightly
bound to P with the strong covalent bonds in both LATP and
LiMPO,?% Tt was reported that the mixture of LATP and dif-
ferent phosphate-based CAMs such as LiFePO, (LFP), LiCoPO,,
and LiMngsFeysPO, showed promising thermal stabilities
at elevated sintering temperatures around 700—800 °C in an
inert atmosphere.’% In particular, the co-fired LFP/LATP exhib-
ited the most promising result, forming only a small fraction
of NASICON-type Li,FeTi(PO,); interphase.’% NASICON-
type compound is intrinsically an ion-conductor,?! which is
desired to be employed as the cathode electrolyte interphase.
In addition, Rao et al. showed improved ionic conductivity of
LiTi,(PO4); when partial Ti* is substituted by trivalent Fe’*
with the composition of Li;,, Ti, ,Fe (PO,); (x = 0.05, 0.1, and
0.15).321 In particular, Li; ;5Ti; gsFeg15(POy); achieved ionic con-
ductivity of 0.52 mS cm™ at room temperature, which is com-
parable with that of LATP.2632-34 Apart from their decent ionic
conductivities, NASICON-type LiM,(PO,); materials consisting
of transition metal ions are redox-active.?>37] Patoux et al. dem-
onstrated the reversible Li* insertion/extraction of NASICON-
type Li,FeTi(PO,); using the potentiostatic intermittent titration
technique.®’]

Although the good thermal stability of LATP against LFP
has been proved previously,?>3®! the electrochemical perfor-
mance of ASSBs made from their composite cathodes has
barely been reported. The major issue lies in the fact that the
densification temperatures of LATP prepared by conventional
synthesis methods are still too high (1000 °C) to circumvent the
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decomposition reactions of LFP and/or LATP.2%3 In our pre-
vious work, highly ionically conductive LATP can be obtained
at a low sintering temperature of 775 °C with the help of liquid
phase sintering.?¥ The reduced densification temperature of
LATP is considered to have the ability to suppress the decompo-
sition of LFP/LATP during the co-firing process. On the other
hand, like many CAMs, the redox-reaction of electrochemically
active interphase influences its ionic conductivity,?**% affecting
the Li* transport kinetics and electrochemical behavior of the
ASSB. Although the effects of a redox-active interphase on the
electrochemical performance of ASSBs are reported for com-
posite cathodes by using sulfide-based SSEs,*"*I little infor-
mation can be found for oxide/phosphate-based composite
cathodes.

In this work, highly compacted all-phosphate composite
cathodes with the industrial relevant areal capacities of
2.0-3.0 mAh cm™ were fabricated by co-firing the self-prepared
LATP and commercially available carbon coated LFP powders
in Ar atmosphere at 775 °C. LFP is chosen due to its high
safety, relatively low price, and good thermal stability com-
bined with LATP.39384] Chemical structural, microstructural,
and electrical properties of the co-fired LFP/LATP composite
cathode were characterized. Electrochemical performances of
ASSBs made from the co-fired LFP/LATP composite cathodes
were investigated and analyzed. Moreover, the influence of the
Li* transport kinetic of the redox-active interphase on the bat-
tery performance was studied.

2. Results and Discussion

2.1. Characterization of the Co-fired LFP/LATP Composite
Cathode

Since the oxidation of Fe?" in LFP to Fe3*" starts at 300 °C in
ambient atmosphere (Figure S1, Supporting Information), the
LFP/LATP composite cathode was co-fired in Ar atmosphere at
775 °C for 2 h to achieve a high relative density around 90%.

2.1.1. Structural Properties of LFP, LATP, and Co-Fired
LFP/LATP Samples

Individual components of LFP and LATP were sintered in Ar
atmosphere at 775 °C and analyzed by powder X-ray diffraction
(XRD) to exclude the effects of the thermal and atmospheric
impacts on the structural stabilities of LFP and LATP. Then,
XRD measurement was performed on the co-fired LFP/LATP
sample to analyze its phase composition. The phase composi-
tions, lattice parameters, unit cell volumes, and weight percent-
ages of each phase obtained by the Rietveld method are listed
in Table S1, Supporting Information.

For LATP sintered in Ar, as presented in Figure 1a, apart
from the pre-dominant rhombohedral NASICON-type LATP
phase in the R3¢ space group (ICSD code: 257190), a secondary
phase belonging to a variant of NASICON polymorphs with
orthorhombic structure in the Pbna space group is formed.!
It is worth noting that the standard Li,FeTi(PO,); XRD pat-
tern (ICSD code: 151919) was used as the reference Pbna phase
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Figure 1. XRD patterns and refinement results of the 775 °C Ar sintered a) LATP and b) LFP/LATP. c) ’Li MAS-NMR spectra of the 775 °C Ar sintered
LATP, where Chi2 (Chi squared) and R,,, (weighted profile residual) represent the quality of fitting. Comparison of d) ’Li and e) *'P MAS-NMR spectra

of the 775 °C Ar sintered LATP, LFP, and LFP/LATP.

for the Rietveld refinement because the Pbna phase only con-
taining LATP elements is not available in ICSD database. The
refinement results show that the lattice constant c (20.8774 A)
of LATP is larger than that of the reported LATP sintered in air
(20.8143 A) (Table S1, Supporting Information),*¥ suggesting
the obtained rhombohedral LATP has a higher Ti/Al ratio due
to the larger ionic radius of Ti*" (60.5 pm, coordination: 6) com-
pared with that of Al** (53.5 pm, coordination: 6).¥] This agrees
with what Gellert et al. have observed that heat treatment of
Li; sAlysTi; 5(PO,)3 in Ar/H, atmosphere leads to an Al** defi-
cient LATP due to the formation of AIPO,.’! Besides, the struc-
ture transition from rhombohedral to orthorhombic NASICON
was reported for LiyIn,Ti, (PO); and LiyFe,Ti, (PO,);
when 0.4 < x < 1.0 and y > 0.6, respectively,*®#I indicating
that extensive doping of trivalent ions in LiTi,(PO,); results
in this phase transition. Attention needs to be paid that the
used intermediate LATP powders in our work were prepared
with an excess of Li by 10 wt%, which implies the formation of
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Al- and Li-rich orthorhombic NASICON-like Pbna phase could
be attributed to the synergic effects of AI** inhomogeneous dis-
tribution and Li-excess.’*% As both LATP phases contain sim-
ilar elements but are only different in stoichiometry, we name
the NASICON-type rthombohedral and orthorhombic phases as
r-LATP and o-LATP, respectively. Unlike LATP, LFP maintains
the structural integrity after sintering in Ar, evidenced by the
monophase composition (ICSD code: 97764) and the nearly
unchanged lattice parameters compared with those of the litera-
ture data (Figure S2a and Table S1, Supporting Information).5!

Figure 1b shows the XRD pattern of the co-fired LFP/LATP,
in which three different phases that belong to olivine-type LFP,
r-LATP and o-LATP are identified. The Rietveld refinement
results show that the lattices parameters of LFP in the co-fired
LFP/LATP and the sintered LFP are comparable (Table S1, Sup-
porting Information). It is noticed that the Pbna phase in the co-
fired LFP/LATP sample takes a much higher weight percentage
(22.3 wt%) than that of the physical mixtures of individually
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sintered LFP and LATP (9.0 wt%) (Figure S2b and Table S1,
Supporting Information). These results suggest that the olivine
LFP phase is not likely to be doped by a large amount of Ti*"/
AI3* ions, which have significantly smaller ionic radii compared
with that of Fe?" (78.0 pm, coordination: 6). On the other hand,
attributed to elemental inter-diffusion, the co-firing process pro-
motes the phase transition of LATP from r-LATP to o-LATP. The
larger unit cell volume of Pbna phase in the co-fired LFP/LATP
sample (864.0 A% than that in the LATP sample (862.8 A%) indi-
cates that Fe?" replaces partial Ti*" and/or AI** sites in LATP
to form a high fraction of Fe-doped o-LATP at the LFP/LATP
interface.”] As XRD can only give us an averaged unit cell
volume of the o-LATP in the co-fired LFP/LATP, the chemical
composition quantification of the formed interphase cannot be
achieved. Thus Li;_,Fe, ., Ti Al (PO,); (0 < x + y < 2, LFTAP)
is proposed as the overall interphase chemical composition.

Magic-angle spinning (MAS) nuclear magnetic resonance
(NMR) spectroscopy was performed to investigate the local
chemical environment of the Ar atmosphere sintered LATP,
LFP, and co-fired LFP/LATP (Figure lc—e). As demonstrated in
Figure 1c, the formation of o-LATP in LATP is also indicated by
’Li MAS-NMR by obtaining a shoulder of the peak at —0.1 ppm
aside from the main resonance at —1.1 ppm.°? The intensity
ratio of the peaks is 76.6 : 23.4, which agrees with the Rietveld
refinement result that the o-LATP is present in 19.5 wt% in
LATP (Table S1, Supporting Information). Besides, only one iso-
tropic resonance is obtained for 3'P MAS-NMR (—28.4 ppm) and
YAl MAS-NMR (-14.7 ppm) (Figure le; Figure S3, Supporting
Information), indicating the difference in local environments
for P and Al in r-LATP and o-LATP are negligible. The results
suggest that the structure framework of -LATP and o-LATP are
similar, but the sites for mobile Li-ions are slightly different.
Combining the NMR results with the XRD results of Ar sin-
tered LATP, the reason might be o-LATP has a higher amount
of AlOg-octahedral and occupied Li-sites than those of 1-LATP.
For LFP, the 7Li and *'P MAS-NMR spectra have isotropic reso-
nances at —1.0 ppm and 3624.4 ppm, respectively (Figure 1d,e).
Both resonances can be assigned to monophasic LFP with
wide spinning sideband (SSB) manifolds over 600 kHz. The
large SSB manifolds are due to the strong dipolar interaction
between the Fe’* paramagnetic spins and Li/P nuclei.>>

For the co-fired LFP/LATP, the ’Li MAS NMR spectrum
shows one isotropic resonance at 1.3 ppm with wide SSB mani-
folds (Figure 1d). The deconvolution of this isotropic resonance
to LFP, r-LATP, and o-LATP contributions without detailed
information on the lineshape for the different phases is impos-
sible. The 3P MAS NMR spectrum of the co-fired LFP/LATP
shows two regions for LFP and LATP phases, respectively
(Figure 1le). The similarity of 3!P resonance at the LFP region
in the co-fired LFP/LATP sample and LFP sample suggests the
local chemical environment for P in the LFP phase is hardly
changed after the co-firing at 775 °C. It is further observed
that the full width at half maximum for “Li, *'P and Al MAS
NMR spectrum of the co-fired LFP/LATP are much larger than
those for LATP, suggesting the Li-ions in different phases are
all under the influence of paramagnetic centers of Fe?* ions
(Figure 1d,e; Figure S3, Supporting Information). These indi-
cate the different phases in the composite cathode are closely
connected while the unpaired electrons of the Fe?* influence
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the local chemical environment for Li, P and Al in LATP phases
dramatically. On the other hand, broader full width at half
maximum also implies the partial substitution of Ti/Al by Fe in
the LATP phases by the formation of Fe-doped NASICON-type
LATP.

The morphology of co-fired LFP/LATP sample was investi-
gated by using scanning electron microscopy (SEM) and scan-
ning transmission electron microscopy (STEM) with energy
dispersive X-ray analysis (EDX). The SEM images show that the
co-fired LFP/LATP sample is compact with clearly two phases
in the form of micron-sized grains (Figure S4b, Supporting
Information). Determined by the EDX mapping of Ti, Al, and
Fe in the STEM image, the light and dark-gray contrast particles
in the SEM image are LFP and LATP, respectively (Figure 2a;
Figure S4b, Supporting Information). It is worth noting that
grain size of LFP after co-firing is roughly doubled compared
with that of pristine LFP (Figure S4a,b, Supporting Informa-
tion). The Ti, Al, and Fe elemental distributions for LFP, LATP
particles and across their interfaces were further investigated
by using the high magnification EDX analysis. As illustrated in
Figure 2a, the elemental distribution of Fe in LFP and Ti, Al
in LATP are quite homogeneous in their bulks, while different
elemental inter-diffusion zones across the interface between
LFP and LATP particles can be found. By examining the atomic
percentage of Ti, Al and Fe from the EDX line scans across the
LFP/LATP interfaces, different thicknesses of elemental inter-
diffusion zones with Ti, Al, and Fe concentration gradients
were determined (Figure 2b,c; Figure S5, Supporting Informa-
tion). Some interfaces show relatively thin inter-diffusion zones
of =40 nm (e.g., Line 1, Figure 2b), while thicker ones can be
up to =100 nm (e.g., Line2, Figure 2c). When compared to the
particle size of LFP and LATP (=1 um), a rough estimation sug-
gests the elemental inter-diffusion zone taking up about 8-20%
volume of the co-fired LFP/LATP sample, which is consistent
with the XRD results.

To study the structural properties of the formed LFTAP
interphase, high resolution transmission electron microscopy
(HRTEM) was performed. Determined by the bright field TEM
image, the dark and light-gray contrast particles should belong
to LFP and LATP, respectively (Figure 2d). Figure 2e shows
the interfacial region indicated in the TEM image (gray box in
Figure 2d), which consists of three connected HRTEM images
across the LFP/LATP interface. Lattice fringes of LFP and LATP
are clearly present in the HRTEM images, indicating their
high crystallinity (Figure 2e). The diffraction pattern of LFP
region agrees well with olivine LFP in the Pnma space group
(Figure S6b,f, Supporting Information). Further magnifying the
HRTEM image in the LFP region, the interplanar spacing of
0.35 and 1.05 nm corresponding to the (11 1) and (1 0 0) lattice
planes of LFP, respectively, are well recognized (Figure 2f).1>%
In the LFP/LATP interfacial region, diffraction patterns of
LFP and LATP are overlapped (Figure S6c,d,gh, Supporting
Information). Nevertheless, they suggest the observed LATP
(Figure 2d) belongs to o-LATP in the Pbna space group. Accord-
ingly, the magnified HRTEM images show interplanar spacings
of 0.32 and 1.13 nm, matching well with the (21 2) and (0 0 1)
lattice planes of Pbna phase, respectively (Figure 2g,h). It needs
to be mentioned that the LATP particle which is not in direct
contact with LFP (Figure S6a, Supporting Information) shows
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Figure 2. Microstructural analysis of the co-fired LFP/LATP. a) STEM image and corresponding elemental mapping of Fe, Ti, and Al (low/high color
bar represents the atomic intensity of the relevant element). b,c) Fe, Ti, and Al atomic percentage distributions across the LFP/LATP interface (line
positions are indicated in (a)). d) TEM image and e) HRTEM image (a connection of three HRTEM images) from the gray box shown in (d). Magnified

HRTEM images from the f) blue, g) green, and h) orange boxes are shown in (e), respectively.

the structure of -LATP in the R3c space group. This validates
that the phase transition of LATP is preferentially to take place
near the LFP/LATP interface because of the incorporation of Fe-
ions in LATP lattice (Figure S6a,e,i, Supporting Information).
These results agree well with the previous discussion that the
diffusion of Fe into LATP structure may trigger the phase tran-
sition of LATP from 1-LATP to Fe-doped o-LATP (LFTAP).l*
More TEM and HRTEM images in a different area of the
co-fired LFP/LATP sample are demonstrated in Figure S7,
Supporting Information. The results are comparable with those
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of the above measurement that the Pbna phase is formed at
the interfacial region between LFP and LATP. Further HRTEM
measurements were performed on pristine and Ar sintered
LFP powders to check the influence of the sintering process
on the carbon coating of the used LFP. They show that carbon
coating is not affected after heating the pristine LFP in Ar
because amorphous carbon layers are identified in both the
pristine and Ar sintered LFP powder samples (Figure S8a,b,
Supporting Information). Whereas, for the co-fired LFP/LATP,
carbon layers are only observed on those surface regions of LFP
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particles where they were not attached to LATP (Figure S8c,
Supporting Information). This indicates that the carbon on the
LFP/LATP interfacial regions might react and be released as gas
phases. In this scenario, the carbon is partially oxidized and to
maintain charge neutrality, a minor reduction of the Ti*" to Ti**
at the LFP/LATP interface is expected.

2.1.2. Electrical Properties of the Co-Fired LFP/LATP Composite
Cathode

The total ionic and electronic conductivities of the co-fired
LFP/LATP sample (o; and o, respectively) were determined
by using electrochemical impedance spectroscopy (EIS) in the
temperature range of 50-150 °C. Figure 3a displays a typical
Nyquist plot of the co-fired LFP/LATP sample measured at
60 °C. It is acknowledged that the intrinsic electronic conduc-
tivities of LFP and LATP are both very low (at room tempera-
ture: =10 mS cm™).5%%7] Nevertheless, the measured Nyquist
plot shows no blocking tails, suggesting no blockage for elec-
tron transport. Therefore, the co-fired LFP/LATP composite
cathode can be regarded as a mixed ionic and electronic con-
ductor, which is required for the operation of ASSBs.

As shown in Figure 3a, the Nyquist plot of the co-fired LEP/
LATP sample can be fitted using the inserted equivalent cir-
cuit.”® The circuit has two parallel R/CPE combinations cor-
responding to the two semicircles on the Nyquist plot. The
high- and low-frequency semicircles reflect the parallel com-
bination of ionic response (R;/CPE;) and electronic response
(R./CPEg,), respectively. The intercept of the low-frequency
semicircle with x-axis at the lowest frequency represents
the electronic shunt resistance R, due to the ionic transport
pathway can be regarded as open as a result of the extremely
high ionic impedance at low frequencies. Due to the system
complexity, the separation of the bulk, homogeneous grain
boundary and heterogeneous grain boundary (LFP/LFTAP,
LFP/LATP, and LFTAP/LATP) ionic contributions is chal-
lenging even when the ultra-high frequency EIS (up to 3 GHz)
was used for the measurement. Therefore, the R;/CPE; com-
bination with the capacitance of 1.6 x 107 F (C;) stands for
the total ionic transport of the system. The sample/electrode
interfacial capacitance of 1.2 X 107 F (Cy,,) and the sample geo-
metric capacitance of 6.5 X 1072 F (Cyeom) are in agreement
with literature values, demonstrating the feasibility of this
assignment.[>%>]

Based on the obtained ionic resistance (126.9 Q) and elec-
tronic resistance (171 Q), the ¢; and o, of the co-fired LEP/LATP
are calculated to be 0.99 and 741 mS cm™ at 60 °C, respectively.
These are sufficiently high for battery operation at 60 °C due
to the much higher o, than o; when considering each de-/
intercalation only need a pair of Li-ion and electron. It is worth
noting that the grain boundary resistances in NASICON-type
compounds are usually =10 times higher than that of the bulk,
implying the grain boundary resistance mainly determines the
total ionic conductivity of the co-fired LFP/LATP.B46061 Ag the
LFP/LATP interface is modified by a thick layer (40-100 nm) of
LFTAP interphase, the ionically conductive nature of LFTAP is
the determining factor for the sample to achieve the high o;.
The o, of the sample was further verified to be 728 mS cm™
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at 60 °C by DC measurement, which is consistent with the
EIS result (Figure S9a, Supporting Information). Such high
electronic conductivity originates from continuous electron
pathways around LATP and LFP particles, synergistically con-
structed by the remaining carbon on LFP surfaces and the
LFTAP interphase. The electronic conductivity of the complex
LFTAP phase, one of the “polyanion” compounds, is promoted
by the high valence cation non-stoichiometry doping effect.?
Moreover, as a consequence of carbon oxidation and loss
during co-firing, Ti*" may partially reduce to Ti** to form mul-
tivalent LEFTAP composite interphase, which could increase the
concentration of electron carriers and further enhance the o, of
the sample.[®3]

Based on the obtained ¢; and o, at different measured tem-
peratures, the activation energies of ionic and electronic con-
ductivities (E,(Li) and E,(e), respectively) are calculated to be
0.29 and 0.07 eV, respectively (Figure 3b; Figure S9b, Supporting
Information). The E,(Li) of the co-fired LFP/LATP sample is in
agreement with the reported total ionic activation energies of
LATP.346465] The obtained E,(Li) is much lower than that of
the lowest theoretical energy barrier of 0.60 eV in pure LFP, ¢
suggesting that the ion transport inside the composite cathode
is mainly through the NASICON-type LATP and LFTAP phases.
Besides, attributed to the shortened electronic diffusion path in
the dense co-fired LFP/LATP composite cathode, a low E,(e) of
0.07 eV is achieved.

To further demonstrate the improved Li* and e~ trans-
port capabilities, the electrical properties of the co-fired LEP/
LATP are compared with those of the cold-pressed LFP/LATP
(room temperature isostatic pressed at 500 MPa for 30 s). It
is evidenced from Figure 3c that the ionic and electronic con-
ductivities of the co-fired LFP/LATP are about three orders
of magnitudes higher than those of the cold-pressed LEP/
LATP (Nyquist and Arrhenius plots for the cold-pressed LFP/
LATP are shown in Figure S9c and S9d, respectively, Sup-
porting Information). Besides, the E,(Li) and E,(e) of the
co-fired LFP/LATP are much lower than those of the cold-
pressed LFP/LATP. Graphical images of physical contact for
cold-pressed LFP/LATP and sintering contact for co-fired LFP/
LATP are comparatively explained to understand the under-
lying reasons for the significantly enhanced Li* and e~ mobili-
ties by co-firing (Figure 3d). The cold-pressed LFP/LATP is
highly porous (relative density: =60%) with weak mechanical
strength and physical point contacts between LFP/LATP parti-
cles. The interfacial area between the cold-pressed LFP/LATP
is extremely limited due to rather poor contacts. Consequently,
Li* can only migrate through very narrow interfaces made by
point contacts, resulting in a high tortuosity for both ionic
and electronic conductions. In contrast, LFP and LATP com-
posite cathode is able to be densified into high relative density
around 90% after co-firing at 775 °C. The compact structure
is beneficial for shortening the diffusion pathways for both
ions and electrons. Moreover, in the present case, elemental
inter-diffusion at the high sintering temperature promotes the
formation of conductive LFTAP interphase, which not only
enhances the mechanical strength of the composite cathode
by establishing firm sintering bridges between LFP/LATP par-
ticles but also facilitates fast Li*/e™ transportations at the LFP/
LATP interface.["’]
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Figure 3. a) The fitted Nyquist plot of the co-fired LFP/LATP pellet measured at 60 °C with inserted equivalent circuit model b) Arrhenius plots for
the ionic (E,(Li)) and electronic (E,(e)) conductions, respectively. c) Comparison of electrical properties of the cold-pressed LFP/LATP and co-fired
LFP/LATP (60 °C). d) Schematic illustration of a cold-pressed LFP/LATP composite cathode and a co-fired LFP/LATP composite cathode and their
respective transportation of ions and electrons. Sample size description, thickness (L): 0.88 mm, diameter (d): 9.45 mm for the co-fired LFP/LATP, and
L: 0.92 mm, d: 10.15 mm for the cold-pressed LFP/LATP.
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2.2. Electrochemical Performance of Co-Fired LFP/LATP
Composite Cathode in ASSB

To study the electrochemical performance of the co-fired LFP/
LATP composite cathode, ASSBs consisting of the co-fired
LFP/LATP composite cathodes, modified salt in polymer
P(EO)sLiTFSI solid electrolytes and Li metal anodes were
fabricated and tested. Detailed properties of the used polymer
electrolytes are discussed in the supporting information. Prin-
cipally, the co-fired LFP/LATP composite cathode contains
three electrochemically active components of LFP, LFTAP and
LATP. LFP is a well-known CAM that undergoes two-phase
electrochemical reactions accompanied by flat charge/dis-
charge voltage plateaus (Fe**/Fe*") at around 3.5 V versus Li/
Li*.[%8] Previous studies have reported the redox reactions of
Fe?*/Fe** and Ti**/Ti*" in Lij,Fe,Ti,_(PO,); NASICON-type
frameworks take place at around 2.7 and 2.4 V versus Li/Li*,
respectively.>>%] Meanwhile, Li insertion/extraction in LATP
is observed by Amiki et al. using cyclic voltammetry measure-
ment in a P{LATP half-cell.”% They showed the redox reaction
of Ti**/Ti*" in LATP occurs at around 2.4 V versus Li/Li*, which
is comparable with that of Ti**/Ti*" in Liy,,Fe,Ti,_,(PO,); and
LiTi,(PO,);.35386970 Therefore, the cells were cycled under a
constant current density of 36 HA cm™ at 60 °C in three dif
ferent voltage ranges of 41-2.8 V, 41-2.5 V, and 4.1-2.2 V to
study the electrochemical behavior of the co-fired LFP/LATP
composite cathode. The evolution of cell polarizations was
monitored by EIS measurements.

Figure 4a, ¢, e presents the charge—discharge profiles for
the first ten cycles of the cells discharged down to 2.8, 2.5, and
2.2 V, respectively. For the cell with discharge cut-off voltage
at 2.8 V, the charge- and discharge-plateaus are found at =3.5
and =3.3 V, respectively, corresponding to the redox process of
LiFePO, <> FePO, (LFP <> FP, I’/I). For the cell with discharge
cut-off voltage at 2.5 V, the charge-discharge profiles con-
tain two redox processes. In addition to the redox-reaction of
LFP < FP at 3.5/3.3 V (I'/I), another oxidation/reduction pro-
cess at 2.9 V/2.7 V (II’/1) is observed, which is consistent with
the Li* de-intercalation/intercalation voltages of Fe**/Fe?" in
LFTAP.! For the cell with discharge cut-off voltage at 2.2 V, the
third pair of charge/discharge-plateaus belonging to the redox-
reaction of Ti*/Ti** in LFTAP and LATP at 2.5 V/2.3 V (II1I'/11I)
is discovered. These verify that all the constituting components
(LFP, LFTAP, and LATP) in the co-fired LFP/LATP composite
cathode are electrochemically active.

The capacities of the cells with discharge cut-off voltage at 2.8
and 2.5 V continuously increased with the increasing cycling
numbers (Figure 4a,c). Firstly, by comparing the Nyquist plots
of the fresh and cycled cells, it is found that the total cell resist-
ances are reduced upon cycling for both cells until reaching
relatively steady states at the 7th cycle with a minimum total
cell resistance =300 Q (Figure 4b,d ). The decline of total cell
resistance is mainly attributed to the enhanced Li* transport
capabilities within the MSPE and the contact improvement
of the composite cathode/MSPE and MSPE/Li interfaces (see
Figures S11,5S12, Supporting Information, and the following
discussion in the Supporting Information for more detail).
Such effects are reflected by the reducing slopes of charge/
discharge curves for LFP. Secondly, the co-fired LFP/LATP
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composite cathode could have poor diffusion properties of Li-
ions and electrons within the large grain-sized LFP (=1 um)
and LFP primary particle agglomerates (Figure S4, Supporting
Information).”7?l The low Li*/e" kinetic in the bulk LFP leads
to high concentration polarization, representing by the sloped
discharge profiles approaching the end of discharge for LFP
(Figure 4a,c). Consequently, the inner-cores of some large LFP
particles are electrochemically inaccessible, resulting in a low
capacity in the first few cycles. Nevertheless, it seems LFP in
the co-fired LFP/LATP composite cathode could be activated by
charge-discharge because taking out of Li-ions allows higher
transportations of both ions and electrons within LFP./374
Therefore, more active sites are available for the next charge-
discharge cycle until a steady state is reached. The cell with dis-
charge cut-off voltage at 2.2 V has the same trend of increasing
capacity until the 4th cycle (Figure 4e,f). Then, the capacity
slightly reduces and maintains almost constant from the 7th to
10th cycle.

In the 10th cycle, cells with discharge cut-off voltage at 2.8,
2.5, and 2.2 V can achieve specific discharge capacities of 150.7,
170.1, and 245.6 mAh g, respectively. Here, the specific capaci-
ties of the cells are calculated based on the mass loadings of
LFP. For the cells with discharge cut-off voltage at 2.8 V, only
Fe2"/Fe3" redox reaction in LFP takes place that the discharge
capacity obtained solely comes from LFP (Figure 4a). For the
cells with lower discharge cut-off voltages (2.5 and 2.2 V),
higher discharge capacities are reached which are mainly
attributed to LFTAP and LATP in the composite cathode are
involved in the redox processes, contributing additional capaci-
ties (Figure 4c,e). It is important to mention that the evalua-
tion of LFTAP capacity contribution is challenging because the
LFTAP discharge plateaus are assumed to be influenced by the
lithiation process of FP due to the concentration polarization.
Nevertheless, the overall utilization of the loaded LFP and LATP
can be calculated for the cell with discharge cut-off voltage at
2.2 V. Based on the areal loading of LFP (11.5 mg cm™) and
LATP (9.7 mg cm™2) in the composite cathode as well as their
respective theoretical capacities (LFP: 170 mAh g! and LATP:
119 mAh g, 90.3% of the theoretical capacity of the loaded
materials are delivered that the cell can achieve a high dis-
charge areal capacity of 2.8 mAh cm™ after the 10th cycle.
This suggests that the LFTAP and LATP in co-fired composite
cathode have good Li* de-intercalation/intercalation properties.
Also, the LFTAP interphase is quite stable regarding activating
all components in the co-fired LEP/LATP composite cathode.

Additionally, rate capability and long term cycling perfor-
mance of the cells with discharge cut-off voltage at 2.8 and 2.5 V
were evaluated to elucidate the interphase stability of the co-
fired LFP/LATP composite cathode. After ten charge-discharge
cycles at a current density of 36 UA cm™2, the cells were cycled
at higher current densities up to 144 HA cm™ and then returned
to 36 A cm™ (Figure S13a,b, Supporting Information). The
specific discharge capacities for the cells with discharge cut-off
voltage at 2.8 and 2.5 V are found to be 151, 96, 64, 45 mAh
gland 170, 123, 83, 57 mAh gL, respectively, at cycling current
density of 36, 72, 108, 144 uA cm™ (Figure S13c,d, Supporting
Information). With increasing the current density, the discharge
capacities decrease, the overpotentials and concentration polari-
zations increase for both cells, implying the rate performance
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Figure 4. Galvanostatic charge and discharge profiles of cells cycled in the voltage range of a) 41-2.8 V, ¢) 4.1-2.5 V, and e) 4.1-2.2 V (cycle number 1, 4,
7,10 charge/discharge profiles are shown for each cell, specific capacity is calculated based on the mass loading of LFP). Nyquist plots and inserted
equivalent circuits of the fresh cells and cycled cells in the voltage range of b) 4.1-2.8 V, d) 4.1-2.5 V, and f) 4.1-2.2 V.
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of the ASSBs is limited by the Li* transport kinetic in the MSPE
and the composite cathode. Nevertheless, the discharge capaci-
ties can be fully recovered to the initial values when the cur-
rent density is decreased to 36 @A cm™ for both cells, demon-
strating that the interphase of the composite cathode is stable at
high current densities regardless of being activated or not.
Interestingly, it is found that the charge plateaus of Fe?* «»
Fe’* in LFTAP (II') and Ti**Ti*" in LFTAP/LATP (III') are
shorter than their respective discharge plateaus (II and III)
(Figure 4c,e). In the meanwhile, the cells display substantially
larger charge plateaus of Fe?* <> Fe3' in LFP than their dis-
charge plateaus. To study this asymmetric charge-discharge
behavior, asymmetric charge-discharge measurements of the
cell cycled in the voltage range of 4.1-2.5 V were performed after
ten constant current charge-discharge cycles at 36 HA cm™. As
presented in Figure 5a, when the cell is charged at a constant
current density of 36 A cm™ and discharged with increasing
current densities from 36 to 144 HA cm™2, the discharge capacity
of the cell reduces quickly from 165 mAh g at 36 A cm™ to
45 mAh g at 144 A cm™2. In contrast, when the cell is charged
with increasing current densities from 36 to 144 HA cm™ and
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discharged at a constant density of 36 HA cm™, the discharge
capacity of each cycle is only slightly reduced from 165 mAh g
at 36 A cm™ to 125 mAh g™ at 144 pA cm™ (Figure 5b).
Besides, it is worth noting that the discharge plateaus of
Fe?* <> Fe’* in LFTAP are present regardless of changing
charge/discharge current densities. However, their respective
charge plateaus are substantially shorter or even disappeared
under higher discharge current densities (72 pA cm2). These
imply that the discharge process is more sluggish than that of
charge, which might lead to partial Li-ions transiently interca-
lating into the LFTAP lattice and gradually diffusing to FP to
reach a higher lithiation degree during discharge.

To further analyze the Li* transport properties in the co-fired
LFP/LATP composite cathode at different charged/discharged
states, EIS measurements of the cell with discharge cut-off
voltage at 2.2 V were carried out at various states of charge
(Figure 5c¢). Figure 5d lists the total resistances of the cell at
seven different charged/discharged states in the 11th cycle
obtained from the measured Nyquist plots (Figure S14, Sup-
porting Information). The total resistances of the cell obtained
at the end of discharge for the 10th (point 0) and 11th (point 6)
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Figure 5. Asymmetric charge-discharge profiles measured at 60 °C of the cell cycled in the voltage range of 4.1-2.5 V; a) the cell is charged at a constant
current density of 36 LA cm™ and discharged at increasing current densities; b) the cell is charged at increasing current densities and discharged at
36 WA cm™. c) Galvanostatic charge—discharge profiles along time and the corresponding d) total resistance of the cell cycled in the voltage range
4.1-2.2 V at various states of charge/discharge referring to points indicated in (c).
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cycles are consistent with each other, demonstrating the cell is
in a constant state after each discharge. This also suggests that
the resistance of MSPE maintains steady during the charge-
discharge process and the interfacial contacts between MSPE/
composite cathode and MSPE/Li have reached optimum condi-
tions. The change of total cell resistance is mainly ascribed to
the different Li* transport kinetic originating from the co-fired
LFP/LATP composite cathode at various charged/discharged
states.

At the beginning of charge and end of discharge (cf. points
0 and 6, respectively), LFP, LFTAP and LATP are in “com-
pletely” lithiated states and the cell exhibits the highest resist-
ance. This is attributed to the sluggish Li* diffusion because of
the reduced number of free Li* vacancy/interstitial sites at the
fully charged state.>7%] Experimentally, it is also discovered that
the total resistance of the cell that discharged to 2.2 V after ten
cycles (=450 Q) is higher than those of the cells with discharge
cut-off voltages at 2.8 and 2.5 V (=300 Q) (Figure 4b,d,f). As del-
ithiation proceeds, the freeing up of partial Li* sites in LFTAP
and LATP may positively affect the Li* transport kinetic. Thus,
at point 1 (2.6 V) and point 2 (3.0 V), the composite cathode
with delithiated LFTAP and LATP have smaller resistances than
those of point 0/6 (2.2 V). Point 3 (4.1 V) has slightly higher
resistance compared with that of point 1 (2.6 V) and point 2
(3.0 V). The reason could be that the deeply charged electrodes
may have a lower Li* diffusion coefficient due to the non-suf-
ficient Li* available.”778] Besides, attributed to the increased
electrochemical potential of FP at the end of charging, a resis-
tive space charge layer between FP and LFTAP could be formed
as a result of their Li* concentration difference.”” During dis-
charge, unexpectedly, the total resistance of the composite
cathode at point 4 (2.8 V) is considerably higher than that of
point 2 (3.0 V) despite principally they should have the same
lithiation states of LFP, LFTAP, and LATP. The similar phe-
nomenon is observed when comparing the resistance at point
5 (2.5 V) and point 1 (2.6 V). These suggest that Li-ions trans-
port under higher resistance in discharge than that of charge,
aligning with the observed phenomena of different charge/dis-
charge responses for the cell cycled between 4.1 and 2.5V to the
increased current densities (Figure 5a,b).

As illustrated in Figure 6, a schematically drawing is
employed to understand the phenomena of asymmetric total
cell resistance upon charging and discharging processes. Since
the major part of composite cathode resistance originates from
the charge transfer resistances through the heterogeneous
interfaces, the evolution of LFP/LFTAP and LFTAP/LATP inter-
facial barriers upon Li* uptake/extraction is depicted graphi-
cally. In general, the interfacial barrier between LFP and LFTAP
is higher than that between LFTAP and LATP because the
NASICON-LFTAP interphase has crystallographic heterogeneity
with olivine-LFP and homogeneity with NASICON-LATP.[280]

It can be seen in Figure 6 that during stage III” and II” in
charge, the processes of Li* de-intercalated first from LFTAP
and LATP, and then from LFTAP are rather fast and smooth
due to the highly ionic conductive NASICON-type LETAP/LATP
and the small LFTAP/LATP interfacial barrier. With increasing
the depth of charge, despite a higher LFP/LFTAP interfacial bar-
rier, the delithiation process of LFP (I’) could proceed consist-
ently and continuously because the Li* flux is always moving

Small 2022, 18, 2200266 2200266 (11 of 14)

www.small-journal.com

to more ionic conductive components. When it comes to the
discharging process, the transportation of Li* flux through
LATP—LFTAP—LFP enables the lithiation of FP (I). However,
the fast movement of Li* flux from LATP to LFTAP and the
slow movement from LFTAP to LFP introduce a rate mismatch
in the charge transfer direction. Besides, the phase transforma-
tion from FP to LFP is more sluggish than that from LFP to FP,
especially at higher current rates.’#2 According to the widely
accepted “shrinking-core” model of LFP, a resistive LFP shell
is formed with a continuous shrinking of the FP core upon
discharge.®®l In our ASSB system, although the co-fired LFP/
LATP composite cathode is operated at a relatively low current
density, the micro-sized LFP grain could still suffer from insuf-
ficient Li* diffusion through the progressively thicker LFP shell.
Therefore, high concentration polarization and obvious voltage
drop during discharge are observed. When the discharge
voltage meets the reduction potential of the Fe’" in LFTAP
interphase, instead of lithiating FP, Li-ions favor to occupy
the Li* sites in LFTAP with shorter diffusion length. Conse-
quently, a Li* enriched zone is formed in the interfacial region
between LFP/LFTAP, impeding Li* transport kinetic at the end
of stage I. Meanwhile, on account of the high electrochemical
potential of the unlithiated FP, some Li-ions are forced to
move from the Li* enriched LFTAP interphase to LFP during
stage II, enabling a slight reduction of the LFP/LFTAP inter-
facial resistance and allowing gradual movement of Li-ions
to FP to reach a higher lithiation degree.®¥ While LFP is
approaching the fully discharged state, Li-ions start to stably
occupy available Li* sites throughout bulk LFTAP and LATP
during stage IT and III.

The hypothesis of transient Li* intercalation into LFTAP
is in accordance with the experimental observation. For the
cells with discharge cut-off voltages at 2.5 and 2.2 V, the dis-
charge plateaus (II and III) are more extended compared with
the charge plateaus (II” and III') (Figure 4c,e). Moreover, the
hypothesis mutually corroborates with the diminished charging
plateaus of LETAP for the cell cycled between 4.1 and 2.5 V with
increasing discharge current densities (Figure 5a). Based on
these, it can be concluded that the active LFTAP interphase acts
as a “double-edged sword,” which could lead to a higher com-
posite cathode resistance during discharge than that of charge
and, on the other hand, serve as a temporarily “reservoir” to
store Li-ions, mitigating the inferior Li* transport kinetic within
bulk LFP and allowing Li* diffusion spontaneously into FP in a
longer time spatial.

3. Conclusion

In summary, a robust and densified composite cathode was pre-
pared by co-firing a homogeneous mixture of LFP active mate-
rial powders and LATP electrolyte powders. After co-firing, a
crystallized NASICON-type LFTAP interphase formed between
LFP and LATP particles. Attributed to the compacted structure
and ionic conductive LFTAP interphase, the co-fired LFP/LATP
composite cathode possesses competitive ionic and electronic
conductivities of 0.99 and 741 mS cm™ at 60 °C, respectively.
ASSBs composed of the co-fired LFP/LATP composite cath-
odes, solid polymer electrolytes and Li metal anodes were stably
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Figure 6. lllustration and comparison of the charge/discharge stages of the co-fired LFP/LATP composite cathode in the voltage range of 4.1-2.2 V
with schematically depicted normalized Li* concentration (C;*) in LFP (blue), LFTAP (green), and LATP (orange), Li* occupancy sites (red and purple
solid circles represent stably and transiently occupied Li* sites in LFTAP, respectively) and interfacial barrier profiles for Li* transportation (the different
charge/discharge stages of I’/1, II’/I1, and III’/Il are corresponding to the galvanostatic charge—discharge profiles in Figure 5c).

cycled in three different voltage ranges of 4.1-2.8, 4.1-2.5, and  the electrochemically active interphase on the electrochemical
4.1-2.2 V. Attributed to the high structural stability of the co-  behavior of all-phosphate based composite cathode and pro-
fired LFP/LATP composite cathode, extra reversible capacity  vides insights for interphase design in the composite cathode
could be delivered from the redox reactions of the formed to build bulk-type ASSBs with stable battery performance and
LFTAP interphase and LATP by lowering the discharge cut-off  industry relevant areal capacities. The co-firing method can be
voltage to 2.5 and 2.2 V, respectively. In addition, the asym-  potentially applied to high voltage phosphate cathodes such as
metric charge-discharge profiles of the ASSBs by activating the ~ LiMnPO,, LiCoPO,, or LiNiPO,, owing to their similar crystal-
LFTAP interphase reveal that the Li* kinetic in the co-fired LFP/  lization temperatures and the same crystallographic structure
LATP composite cathode depends strongly on the direction of  compared with those of LFP. Thus, energy and power densities
phase transformation. The charge process is smooth and bar-  of the relevant ASSBs could be further improved.

rier-less with reduced composite cathode resistance by freeing
up the Li* sites in the LFTAP interphase. In contrast, the dis-
charge process is sluggish because of the enrichment of Li* in
the LFP/LFTAP interfacial region due to the redox-active nature
of the LFTAP interphase. This work highlights the effects of  See the Supporting Information.

4. Experimental Section
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