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Cathode Interface Construction by Rapid Sintering in

Solid-State Batteries

Jinhang Chen, Weiyin Chen, Bing Deng, Bowen Li, Carter Kittrell, and James M. Tour*

Solid-state batteries (SSBs) are poised to replace traditional organic
liquid-electrolyte lithium-ion batteries due to their higher safety and energy
density. Oxide-based solid electrolytes (SEs) are particularly attractive for their
stability in air and inability to ignite during thermal runaway. However,
achieving high-performance in oxide-based SSBs requires the development of
an intimate and robust SE—cathode interface to overcome typically large
interfacial resistances. The transition interphase should be both physically
and chemically active. This study presents a thin, conductive interphase
constructed between lithium aluminum titanium phosphate and lithium
cobalt oxide using a rapid sintering method that modifies the interphase
within 10 s. The rapid heating and cooling rates restrict side reactions and
interdiffusion on the interface. SSBs with thick composite cathodes
demonstrate a high initial capacity of ~120 mAh g~ over 200 cycles at room
temperature. Furthermore, the rapid sintering method can be extended to
other cathode systems under similar conditions. These findings highlight the
importance of constructing an appropriate SE-cathode interface and provide

good candidates due to their high ionic
conductivities.>*!  Sulfide SEs have at-
tracted much attention for their higher
conductivity (10 to 1072 S cm™') and
ease of synthesis.’8] However, a narrow
electrochemical window and poor chem-
ical stability against Li metal limit their
performance in practical applications.
The sensitivity to moisture and oxygen
hinders their mass production at a com-
petitive cost.’) Oxide-based SEs (denoted
as O-SE) possess good ionic conductivity
(~107* S cm™') and good electrochemical
stability at high voltages.l'”] Among O-SEs,
lithium aluminum titanium phosphate
(Li, ,Al,,Ti, ,(PO,);, LATP, NASICON-
type) 111 and lithium lanthanum zirco-
nium oxide (Li,La;Zr,0,,, LLZO, garnet-
type)1>77l have been widely investigated.

insight into designing practical SSBs.

1. Introduction

The demand for safer energy storage systems in portable elec-
tronics and electric vehicles has led to the development of
next-generation rechargeable battery technologies beyond cur-
rent lithium-ion batteries (LIBs). With the rapid emergence of
various types of solid electrolytes (SEs) with high conductiv-
ity and thermal stability, solid-state batteries (SSBs) have the
potential to alleviate common safety problems in LIBs by re-
placing organic liquid electrolytes with nonflammable SEs.[!?]
Inorganic SEs, including oxides and sulfides, are considered
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LATP is chemically stable in the air while
LLZO reacts with H,0 and CO, to form an
insulating LiOH and Li,CO, layer."® The
development of high-performance SSBs is
highly dependent on the composition of
SEs, fabrication, and modifications made to the interface.*-2!
For oxide-based SSBs (denoted as O-SSBs), extensive research
has been conducted on the anode interface between lithium
metal and O-SEs. Effective methods such as surface treat-
ment, interface layer coating, and alloying stabilize Li metal
and suppress dendrite growth.?2-26] Additionally, the surface
modification method can efficiently protect LATP from Ti**
reduction.[”’-2%1 However, direct contact between SEs and the
cathode active materials remains a bottleneck in the development
of 0-SSBs.[3934] Intimate physical contact and low impedance for
Li* transfer are crucial factors for efficient cathode interface con-
struction. The rigid nature of oxide ceramics causes a point-to-
point contact to the active materials; gaps and voids form after
experiencing volume changes during cycling. In addition to phys-
ical contact, chemical interaction is also essential in creating a
pathway for Li* transfer. The lattice mismatch between cathode
materials and O-SEs introduces space-charge regions due to the
deficiency of cations and anions at the interface.*]

2. Results and Discussion

2.1. Design of the Oxide SE Solid-Phase Sintering

The sluggish transfer kinetics in oxide based SSBs are attributed
to high interfacial resistance at the cathode interface. Previous
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attempts to improve the physical contact between the SE and
the cathode include incorporating polymers into the SE frame-
work. These Li*-conductive polymers fill the gap between the
SE and cathode, thereby increasing the contact area and ionic
conductivity.?*-#1 However, such a polymer-containing design
can reduce the thermal stability of the SSBs. A thin layer of ma-
terials like Nb, Al,O,, and LiCoO, induced by pulsed layer depo-
sition can facilitate Li* transfer at the interface.?**!l Currently,
this method remains expensive and is not available for a high
mass loading electrode. An alternative approach to treat the cath-
ode interface is co-sintering, which allows for modifications of
both physical contact and chemical interaction. Researchers have
studied the reactivity between O-SEs, such as garnet and NA-
SICON, and common cathode active materials, such as LiCoO,
(LCO), LiFePO, (LFP), or LiNiMn,Co,_,_ O, (NMC), at differ-
ent sintering temperatures.[*] From ~550 °C, which is much
lower than the ~700 °C temperature required to form intimate
physical contact, side products such as LiCoPO,, TiO,, Co,0,,
and Li,PO, are identified. Although intimate physical contact
is observed on the interface at high co-sintering temperatures,
the interface was not chemically active for Li* transfer. Reac-
tions between O-SEs and oxide cathodes during annealing de-
grades the interfacial properties and limits the temperature range
of co-sintering. Various Li* non-conductive compounds form in
the process. Kim et al. reported the onset temperatures for LCO
and LFP cathodes are ~600 and ~500 °C, respectively.[*] In ad-
dition, during the co-sintering process, serious Li loss and ele-
ment interdiffusion also occurs on the electrode, which further
reduces the capacity of the SSBs. Li;BO; and B, 0O, have been in-
troduced as “liquid-phase” sintering aids since they melt and fill
the pores in the particles and enable intimate contact between the
SE and cathode. The formed Li,BO, interphase offers a Li* con-
ductivity of 107° S cm™!, as demonstrated by the Goodenough
group.[*’l The sintering temperature was successfully lowered
to 700 °C to reduce side reactions. Another study suggests 1%
B, 0, addition can reduce the sintering temperature from 800 to
640 °C under high pressure for 2 min in the spark plasma sin-
tering technique.[*®) The decomposition of LCO is avoided at the
lower sintering temperature and a record-high areal capacity was
achieved. However, the lower Li* conductivity of the borate layer
(~10> S cm™!) likely hindered the charge rate and capacity of
the cathode materials,*°! which makes the performance of SSBs
unsatisfactory at room temperature or requires a small amount
of liquid electrolyte to be added. In the conventional co-sintering
studies of O-SSBs, high temperature and long duration are used
to achieve an intimate contact. Hu et al. reduced the resistance
between garnet and V, O by rapid annealing of the device at am-
bient pressure under Ar. Melted V,0O; wets the solid electrolyte
at 550 °C.1>"]

In this study, we demonstrate the effectiveness of rapid sin-
tering strategies in the fabrication of thick LCO composite cath-
odes (Figures S1 and S2, Supporting Information). No obvious
degradation of oxide cathodes was observed after a fast, high-
temperature thermal treatment. The interfacial resistance was
significantly reduced. LATP was selected as the solid electrolyte
because it offers moderate ionic conductivity and good stability in
air. We investigated the reactivity between LATP and various com-
mercially available cathode materials. The reaction to form a con-
ductive interphase was limited to the surface, while the bulk cath-
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ode remained stable. Unlike the thin-film slurry coating process
in LIBs, this rapid sintering process was done in the solid phase.
Cathodes sintered in a furnace were also tested and compared.
This rapid sintering improved the density and conductivity of the
solid electrolyte, and no additional liquid electrolyte was added
between the cathode and SE. The SSBs with co-sintered cathodes
could be reversibly charged and discharged at room temperature.

2.2. Rapid Sintering of LCO-LATP Cathode

The synthesis of the LATP in a furnace is described in the Ex-
perimental Section. The synthesized LATP powder matched well
with the X-ray diffraction (XRD) patterns of LiTi,(PO,), (Figure
S3, Supporting Information). A portion of the LATP powder was
cold-pressed and rapid sintered at 980 °C for 20 s into a LATP
pellet. The rapid sintered LATP has a moderate ionic conductiv-
ity of 5.4 X 10~* S cm~! measured at 25 °C (Figure S4, Supporting
Information). No obvious decomposition or Li,CO, layer forma-
tion on the solid electrolyte was observed in XRD patterns after
the rapid sintering (Figure S5, Supporting Information).

The fabrication process for LCO-LATP composite cathodes is
shown in Figure 1a. To achieve a thick cathode layer, the compos-
ite cathode layer was composed of LCO as well as LATP powder
and conductive carbon black for ionic and electronic conductiv-
ity. The cathode mixture was sprayed on the LATP powder to en-
sure intimate particle contact, and the mixture was cold pressed
into a monolithic pellet (%160 MPa). The compressed compos-
ite cathode was placed into the space between two carbon papers
connected to electrodes (Figure S1, Supporting Information) and
heated to the target temperature (see details in Experimental Sec-
tion). A precise temperature control was achieved in different tri-
als (Figure S2, Supporting Information). The rapid sintering de-
vice provides stable and high-energy output with voltages up to
63 V.5051 The rapid sintering temperature from 700 to 1000 °C
was further controlled by varying the resistance of the carbon pa-
per sheets (Figure 1b). The emission spectrum of the reaction
was recorded by an infrared thermometer to acquire the tem-
perature curves. The heating duration was programmed to be
5 s and two pulses were applied. The rapid heating and cooling
rates enabled a fast thermal treatment. The rapid sintering pro-
cess can be carried out in air since LATP possesses high stability
against CO, when compared to a garnet solid electrolyte. With the
rapid sintering device, LATP and LCO-LATP composite pellets
are annealed within 10 s. Their density and mechanical strength
are greatly enhanced. Digital and scanning electron microscopy
(SEM) images of sintered pellets are shown in Figure 1c—f. The
LATP pellet (Figure 1c) showed a high relative density of 95%
and a large grain size (Figure 1d). X-ray diffraction (XRD) pow-
der patterns of synthesized and commercial LATP are in good
agreement (Figure S3 Supporting Information). Electrochemi-
cal impedance spectroscopy (EIS) of the LATP symmetric cell,
tested at 25°C, is shown in Figure S4 (Supporting Information).
XRD powder patterns of rapid-sintered LATP pellets (980 °C for
20 s) are shown in Figure S5 (Supporting Information). The high-
resolution transmission electron microscopy (HRTEM) image
(Figure S6, Supporting Information) indicates a high crystallinity
of as-obtained LATP. The interplanar spacings of nanocrystalline
grains of 0.42 and 0.60 nm correspond to (104) and (012) lattice

© 2023 Wiley-VCH GmbH

85U80 7 SUOWILLOD 3AIER1D 3|dedldde aup Aq pausenob afe sajole YO ‘8SN JO Sa|N. 10} Aeud)8uluO 4|1 UO (SUOTIPUOD-pUe-Swelwoo A3 1 AfeIq1 Ul [UO//:SAnY) SUORIPUOD pue SWe | 8 885 *[1202/80/90] U0 AriqiTauliuo AW ‘AIseAIUN IXUeYS Aq ZvE.0€202 [IWS/Z00T OT/I0p/wo A8 1M Afeiq1jeul|uoy/:sdny wolj papeojumod ‘g ‘v20z ‘6289€TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

a LCo

889 2
&

(on

C

——980 °C
~=1000- ——920°C
£
o 800+
S
% 600-

o e
[0)
o 400+
g Heating rate: 1000 °C s
st 200 Cooling rate: 400 °C s*!
2 4 6 8 10
Time (s)

www.small-journal.com

®© ©® 6

Pressing &%‘4&8 Sintering

thickness
_~0.45 mm

Figure 1. a) Schematic diagram of cathode preparation and rapid sintering procedure. b) Temperature measurement curves during the rapid sintering
process. c) Digital and d) SEM images of rapid sintered LATP solid electrolyte pellet. e) Digital and f) SEM images of rapid sintered LATP/LCO-LATP

double-layer pellet.

planes of LATP, respectively. In LCO-LATP pellets (Figure 1e), the
two layers merged into a monolith with good physical contact af-
ter the thermal treatments. The thickness of LATP and cathode
layer can be controlled at 200 to 300 um and ~100 um, respec-
tively (Figure 1f). This solid-phase rapid sintering reaction leads
to the combination of the SE and the cathode composite layers
without any liquid electrolyte addition.

Taking a pure LATP sintered pellet, cathode composite pow-
der was sprayed and pressed onto its surface and a second pulse
was applied on the carbon paper to heat the coated LATP pellet to
700-980 °C. After the treatment, the adhesion between the LATP
layer and mixed cathode layer was greatly enhanced, which sug-
gests grain boundary growth between LATP and mixed cathode
particles. Unlike the point-to-point contact between pristine LCO
and LATP particles, continuous, joined regions on the edges ap-
peared in the sintered LATP-mixed cathode pellets. This is val-
idated by SEM images before and after rapid sintering (Figure
S7, Supporting Information). The LATP is more porous in the
cathode layer compared to the dense pure LATP layer due to the
short rapid sintering duration. The dense LATP layer separates
Li metal from the LATP-LCO cathode and facilitates Li* transfer
as the bulk electrolyte. The less dense LATP in the cathode layer
enables better contact with the LCO particles and reduces crack
formation after volume changes during cycling.

2.3. Temperature-Dependent Interphase Formation of LATP-LCO
Composite Cathodes

Cathode decomposition and interphase formation are strongly
related to the sintering temperature and duration. Further inves-
tigations of the reaction conditions of rapid sintering were made
to determine the possible interphases between LCO and LATP
in the mixed cathode layer. The phase stability of LATP and LCO
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was predicted by density-functional theory (DFT) calculations. A
negative Gibbs free energy change suggests the reaction is highly
thermodynamically favorable at various molar ratios.[*!] Previous
studies suggest that the crystalline domain size of LCO and LATP
decrease at 300-500 °C and LCO starts to react with LATP to form
Li,0, Li;PO,, and Co,0, at temperatures >600 °C.[*>*] This re-
activity was confirmed with furnace sintering experiments. The
composite cathode in this experiment was composed of LCO,
LATP and acetylene black (AB) with a mass ratio of 70:27:3. The
function of AB powder is to increase the electrical conductivity of
the cathode. The resulting composite cathode pellet was heated
in the furnace at 580, 640, or 700 °C for 1 h before the char-
acterizations. SEM images of the furnace sintered cathode pel-
lets suggests that physical contact between the LCO and LATP
particles began at 640 °C. Sintering at 700 °C introduced grain
growth, which provides close contact (Figure S8, Supporting In-
formation). However, the XRD pattern revealed the formation of
Li,PO, and Co,0, side products at 640 °C while the same side
products also accumulated at 700 °C (Figure 2a). No obvious side
products are identified at lower sintering temperatures. Single-
phase LCO by itself is thermally stability in air up to 900 °C.>?]
The reaction between LCO and LATP leads to LCO decomposi-
tion at a lower temperature.!*243

For comparison, additional LCO, LATP and AB composite
cathode pellets were annealed under rapid sintering conditions.
The temperature increased to the target temperature in ~1 s
(Figure 1b). The rapid sintering procedure was carried at 700,
850, or 980 °C and the XRD pattern was acquired of each rapid
sintered pellet. No obvious side product was detected at 700 and
850 °C (Figure 2b). However, LATP and LCO intensity was greatly
reduced at 980 °C. This is due to side reactions both at the inter-
face and in the bulk particles. Li; PO, and Co;0, were identified
as the major side products, like the pellets sintered in the fur-
nace. The pellets became olive-green in color likely due to the
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Figure 2. a) XRD powder patterns of LCO-LATP furnace sintered pellets at 580 °C (black), 640 °C (red), and 700 °C (blue). The corresponding peaks
are marked with symbols. b) XRD powder patterns of LCO-LATP rapid sintered pellets at 700 °C (black), 850 °C (yellow), and 980 °C (blue). c) XRD
powder patterns of LCO-LATP furnace sintered pellets at 640 °C (red) and LCO-LATP rapid sintered pellets at 850 °C (orange). d) XPS spectra of pristine
LCO-LATP pellets (black), furnace sintered pellets at 640 °C (orange), LCO-LATP rapid sintered pellets at 850 °C (red). The peaks are deconvoluted into
Co** (green) and Co?* (pink). e) EIS of the LCO-LATP cells before and after sintering, tested at 25 °C. The curves are pristine LCO-LATP pellets (black),
furnace sintered pellets at 640 °C (red), furnace sintered pellets at 700 °C (blue) and rapid sintered pellets at 800 °C (orange). f) Reactivity between LCO
and LATP in furnace sintering and rapid sintering as related to the temperature.

formation of Co;0, (Figure S9, Supporting Information). The
pellets sintered at 640 °C in the furnace and rapid sintered at
850 °C were compared in Figure 2c. The LCO cathode pellet
was further analyzed by the X-ray photoelectron spectroscopy
(XPS) before and after the sintering. The spectra, presented in
Figure 2d, were recorded, and deconvoluted to probe the Co oxi-
dation states. According to the XPS results in previous studies,>*!
the Co 2p; , peaks at 779.7 and 781.6 eV are assigned to Co’* and
Co?* and the Co 2p, , peaks at 794.8 and 796.8 eV are assigned to
Co’* and Co?*, respectively. In the pristine LCO-LATP cathode
which is not sintered (denoted as LCO-LATP NS), Co** domi-

Small 2024, 20, 2307342

2307342 (4 of 10)

nates. The Co**:Co?* ratio decreased significantly after furnace
sintering at 640 °C due to the formation of Co,0, species on the
surface that was identified in the XRD (Figure 2a). In the rapid
sintered at 850 °C (RS 850) sample, the Co**:Co?* ratio also de-
creased compared to the pristine sample, but the ratio is lower
than the furnace sintered at 640 °C (FS 640) sample. The result
suggests a more obvious Co** reduction happens in the furnace
sintering, which likely results in the thick insulating layer forma-
tion and the cathode capacity loss.

No side product between LCO and LATP was detected by XRD
after rapid sintering at 850 °C while Li;PO, and Co;0, were
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detected as a secondary phase after sintering at 640 °C in the fur-
nace (Figure 2c¢). To determine the effect of grain and interphase
formation on the interfacial contact at the cathode interface, the
conductivity of LATP/LCO-LATP pellets was tested by electro-
chemical impedance spectroscopy (EIS). The LATP/LCO-LATP
pellets were produce by the rapid sintering process and Ag paste
was deposited on both sides of the discs as the block electrode.
The pellets not sintered or sintered in the furnace at 640 and
700 °C (denoted as FS 640 and FS 700, respectively) were used for
comparison (Figure 2e). From the equivalent circuit (Figure S10,
Supporting Information), R, is the charge transfer resistance and
double layer capacitance on the LCO-LATP interfaces and Z, is
for the diffusion impedance inside of the LCO-LATP cathode.
The cell before thermal treatment exhibited high interfacial re-
sistance, suggesting poor LCO-LATP contact. The furnace sin-
tered cathode reduced the R, to 700 Q cm? at 640 °C. The re-
sults indicate that an ion-conductive interphase, such as Li; PO,
and Co,0,, formed in the furnace sintering process. Li;PO, is re-
ported to improve the Li-ion transport and possess an ionic con-
ductivity of 107°-107% S cm~1.54%] Co,0, addition increased the
ionic conductivity of composite polymer electrolytes and yttria-
stabilized zirconia.l**>’] The results suggest the initial interphase
between the layers is composed of partially crystallized Li;PO,
and Co;0, before complete degradation of the LCO and LATP
at higher temperature. The RS 850 sample has a R, reduced to
400 Q cm?. The low resistance is due to the intimate contact and
efficient Li* transfer in the formed interphase.

The reactivity between LATP and LCO and the difference of
two sintering methods have been summarized in Figure 2f.
In the furnace sintering method, the side reaction initiates at
~500 °C and serious degradation is found >700 °C. In the tran-
sition region, the molar ratio of reaction species and interphase
morphology is related to the particle size and sintering duration.
The small particles are more susceptible to solid-phase reactions.
The side products accumulate, and the thickness of the inter-
phase increased during the sintering. These interfacial proper-
ties contribute to the ionic conductivity of the cathode. The thick
interphase and serious interdiffusion degrades the performance
of the cathode in SSBs. Here the pellet was sintered for 1 h in
the furnace. It was found that the necessary temperature for in-
timate physical contact formation is ~700 °C, while Co;0, and
Li, PO, side products were observed at that temperature. This re-
sult demonstrates that it is challenging to form an active inter-
face in the furnace. However, the reaction temperature window
was extended to over 800 °C with the rapid sintering process.
Due to the short annealing duration, the reaction was limited
to the contact area and no reaction in the bulk material was de-
tected up to 850 °C. Much degradation was detected over 980 °C.
The high temperature significantly accelerated the solid-phase
reaction between LATP and LCO and the decomposition was al-
most complete within ~10 s. The differences of reactivity indicate
that the thermodynamically favored reactions between LCO and
LATP can be restricted by the reaction kinetics with rapid heat-
ing and cooling rates. The rapid sintering technique enables the
study of this reaction at the timescale of seconds; the results sug-
gest the reaction temperature plays a more important role than
the reaction duration.

The ion-conductive interphase formation has a major effect on
the behavior of the cathode. Conductive grain boundary growth
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requires high sintering temperature, which is at least 640 °C
in the LCO-LATP system as determined by the furnace sinter-
ing conditions. The contact of LCO and LATP was observed in
the SEM images before and after thermal treatment in Figure 3.
The morphology of pristine hand-mixing LCO-LATP cathode is
shown in Figure 3a. The poor point-to-point contact was caused
by the rigid nature of LATP ceramic and LCO particles. The LATP
framework itself is not continuous enough without the sintering
treatment. An obvious gap of 0.5 pm can be identified by en-
ergy dispersive X-ray (EDX) analysis (Figure 3b). Co and Ti, P
elements correspond to LCO and LATP, respectively. The lack of
physical contact slows electron and ion transfer in the cathode.
After at the process to produce RS 850, the contact between LATP-
LATP, as well as LCO-LATP, was greatly enhanced (Figure 3d)
and a 1 pum thick interphase was introduced between LCO and
LATP particles. The intensity of Co decreased while the intensity
of P and Tiincreased in the transition layer. The counts of Ti over-
lap with P very well, which confirms the good stability of LATP in
the rapid sintering process. In the FS 640 sample, intimate physi-
cal contact was also observed (Figure 3g). Due to the low sintering
temperature, the LATP was not densely sintered. By comparison,
the thickness of the transition layer is >2.5 pm (Figure 3h). This
suggests high interdiffusion on the interface that might lead to
capacity loss. The reaction models were shown in Figure 3cf,i.
The island-like LCO particles (shown in blue) are surrounded
by the LATP network (shown in green). The particle distribu-
tion in the cathode composite was confirmed by SEM images
(Figure S11, Supporting information). To reduce the gap and con-
struct efficient Li* transfer pathways in the cathode (Figure 3c),
an appropriate sintering treatment is necessary for the O-SEs. A
long sintering process can form a good physical contact but the
crystalline side product formation and deep interdiffusion lowers
the overall cathode performance (Figure 3i). During the rapid sin-
tering, a thinner interphase was formed at higher sintering tem-
perature but with a much shorter duration (Figure 3f). The chem-
ical composition of the layer cannot be identified by XRD, and it
is more amorphous. The low-crystalline domain can be identi-
fied around the LCO particles in HRTEM images after rapid sin-
tering at 850 °C (Figure S12, Supporting information). Based on
the previous studies, the thin, amorphous interphase possesses
a higher ionic conductivity compared to the thick, crystallized in-
terphase in the O-SE systems.[®5°1 The amorphous nature of the
interphase introduced by rapid sintering might be beneficial to
the transfer in the cathode pellets.

2.4. Electrochemical Performance of SSBs Containing the
LCO-LATP Composite Cathodes

To evaluate the effects of interphase after treatment, the sintered
cathodes were tested in the SSBs. Li metal was used as the anode
and a PVDF-HFP layer (Figure S13, Supporting Information) was
employed to avoid the LATP reduction against Li. The LCO active
material mass loading is ~#10 mg cm~2 and the charge/discharge
rates are set to be 0.05 C (1 C = 130 mA g~'). The battery can be re-
versibly charged and discharged between 2.8 and 4.2 V at 25 °C.
The RS 800 cathode exhibited a high average CE of 99.8% and
a capacity retention of 75% in the initial 200 cycles (Figure 4a).
To our knowledge, the cycling stability is the highest in the

© 2023 Wiley-VCH GmbH
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Figure 3. SEM images of a) pristine LCO-LATP, d) LCO-LATP rapid sintered pellets at 850 °C and g) LCO-LATP furnace sintered pellets at 640 °C. EDX
elemental distribution on the LCO-LATP interface for b) pristine LCO-LATP, e) LCO-LATP rapid sintered pellets at 850 °C, and h) LCO-LATP furnace
sintered pellets at 640 °C. Diagrams illustrating the proposed interfacial morphology for c) pristine LCO-LATP, f) LCO-LATP rapid sintered pellets at

850 °C and i) LCO-LATP furnace sintered pellets at 640 °C.

O-SE systems at room temperature and even at an elevated tem-
perature (Table S1, Supporting Information). The LCO-LATP
cathode shows typical capacity—voltage profiles (Figure 4b) and
good reversibility at higher rates (Figure 4c). No obvious mechan-
ical failure was detected after the cycling (Figure S14, Support-
ing Information). The results demonstrate the effectiveness of
the rapid sintering strategy in constructing the amorphous inter-
phase between LCO and LATP. It indicates the feasibility of long
cycling of thick O-SE cathodes at room temperature by introduc-
ing an intimate and robust interphase. The capacities were com-
pared in Figure 4d (recorded after 10 cycles after 0.05 C). The red
curve suggests there is an obvious capacity loss in the furnace sin-
tered cathode pellets if no sintering additive is added. The high-
est capacity was ~60 mAh g~! in the FS 640 sample. The capacity
trend of RS samples is shown in the black curve. Low sintering
temperatures (700 and 750 °C) did not produce continuous con-
tact and ion transfer channels, resulting in low capacities. If we
assume the LCO cathode material did not decompose in the sin-
tering, and the practical capacity is ~#140 mAh g=!, the LCO uti-
lization ratio was 10-30% in the poor-contact cathodes. Medium
temperatures (800 and 850 °C) were effective to introduce a con-
ductive interphase between LCO and LATP particles and the re-
action was limited on the surface due to the short annealing du-
ration. The initial capacities were over 120 mAh g=!. When high

Small 2024, 20, 2307342
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temperatures (>900 °C) were applied to the cathode, the capacity
decreased because of the side product accumulation and interdif-
fusion. The RS 980 sample showed almost no reversible capacity.
The capacity plot indicates the precise temperature control is crit-
ical to achieve high capacity even in a shorter sintering process.

2.5. Applications of Rapid Sintering in NMC and LFP Cathodes

NMC and LFP cathode materials are possible candidates for use
in batteries for electric vehicles. NMC features high voltage and
high specific capacity while LFP provides lower cost and toxic-
ity. To investigate the feasibility of the rapid sintering method
in other common cathodes, rapidly sintered LFP and NMC811
composite cathodes were assembled and tested in the same con-
figuration. The optimized sintering temperatures of NMC and
LFP are 800 and 600 °C, respectively, which suggests that differ-
ent conductive interphases can be successfully produced with the
rapid sintering technique in other cathodes. The thermal stabil-
ities of NMC and LFP with LATP are up to ~600 and ~450 °C,
respectively, in the furnace. The rapid sintering method allows
for the formation of an efficient interphase at higher tempera-
ture without oxidizing the bulk cathode. Similar resistance de-
crease behaviors are observed (Figures S15 and S16, Supporting

© 2023 Wiley-VCH GmbH
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Figure 4. a) Cycling stability of rapid sintered LCO-LATP pellets at 850 °C. The LCO active material loading is ~10 mg cm~2 and the charge and discharge

rates were set to 0.05 C (1 C = 130 mA g~') in a voltage range of 2.8-4.2 V.

The initial areal capacity is #0.8 mAh cm™2. b) Charge—discharge capacity—

voltage profiles of LATP/LCO-LATP SSB. c) Rate performance of the LATP/LCO-LATP SSB. d) Comparison of specific capacity of LCO-LATP pellets at
different sintering conditions; furnace sintering and rapid sintering pellets are shown in red and black, respectively.

Information). The cycling performance of NMC811 and LFP
cathodes is shown in Figure 5. The SSB with NMC-LATP RS
800 cathode exhibited a capacity of ~#140 mAh g™' and can
be cycled over 200 cycles with a high-capacity retention of
75% (Figure 5a). The capacity—voltage curve shows a typical
NMC character and the activation behavior in the initial 10
cycles was observed. Similarly, LFP exhibited a high capacity
of 140 mAh g=! at a range of 2.0-3.7 V (Figure 5d). The re-
versible charge and discharge behavior was also noticed be-
low 2.8 V due to the formation of a redox species during sin-
tering. The extra reversible capacity was also noticed in pre-
vious research on a LFP-LATP system.[>°) The thermal stabil-
ities of NMC and LFP cathodes during sintering are summa-
rized in Figure 5¢,f. The rapid sintering method has extended
the sintering window from 600 to 800 °C for NMC and 400
to 600 °C for LFP. The lower thermal stability of LFP com-
pared to NMC and LCO is likely due to its intrinsic stabil-
ity and a smaller particle size. The characterization data of
NMC-LATP and LFP-LATP cathodes are shown (Figures S17
and S21, Supporting Information). Continuous interphase for-
mation between LATP and NMC/LFP particles can be noticed
after the rapid sintering process while no obvious side prod-
ucts were identified in the XRD patterns. The high reversible
capacities of SSBs with various rapid sintered cathode demon-
strates that the rapid sintering technique is a general method
for introducing a conductive interphase without any sintering
additive.

Small 2024, 20, 2307342 2307342

3. Conclusion

In summary, we developed a solvent-free method to construct
a stable oxide solid electrolyte cathode interface under ambient
conditions. The amorphous transition layer induced by rapid sin-
tering reduced the interfacial charge transfer resistance. The re-
action temperature has been raised from 640 °C in the furnace
to 850 °C during the rapid sintering process, without degrada-
tion. The reaction initiates on the edges and no obvious cathode
material degradation was observed. The method can be applied
to different cathode active materials. SSB with LCO-LATP com-
posite cathodes charge and discharge reversibly at a high mass
capacity ~#120 mAh g=! and areal capacity 0.5-1.0 mAh over 200
cycles. The rapid sintering method is also applicable in construct-
ing conductive interphases in the NMC and LFP cathodes. This
work provides a general method to fabricate SSBs with NASI-
CON solid electrolyte and cathode materials in a low-cost, scal-
able way.

4. Experimental Section

Materials: Li,CO; (99.0 wt%, Millipore-Sigma), Al,O; (<50 nm
particle size, Millipore-Sigma), TiO, (99.8 wt%, Millipore-Sigma)
and NH4H,PO, (98.5 wt%, Millipore-Sigma) precursors were used
to synthesize the LATP solid electrolyte. Poly(vinylidene fluoride-co-
hexafluoropropylene)  (PVDF-HFP), 1-methyl-2-pyrrolidinone (NMP,
99.5 wt%, Millipore-Sigma), bis(trifluoromethane)sulfonimide lithium
(LiTFSI) salt (99.95 wt%, Millipore-Sigma), and tetraethylene glycol

(7 of 10) © 2023 Wiley-VCH GmbH
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Figure 5. a) Cycling stability of rapid sintered NMC-LATP pellets at 800 °C. The cells were tested at 25 °C. b) Charge—discharge capacity—voltage profiles
of the LATP/NMC-LATP SSB. c) Cycling stability of rapid sintered LFP-LATP pellets at 800 °C. The cells were tested at 25 °C. d) Charge—discharge capacity—
voltage profiles of the LATP/LFP-LATP SSB. e) Reactivity between NMC and LATP in furnace sintering and rapid sintering in relation to the temperature.
f) Reactivity between LFP and LATP in furnace sintering and rapid sintering in relation to the temperature.

dimethyl ether (TEGDME) were used for the PVDF-HFP membrane
fabrication. LCO (99.8 wt%, Millipore-Sigma), NMC811 (Single crystal,
MTI corporation), LFP (MTI corporation) were used as the cathode
materials. Highly conductive acetylene black (ABHC-01, Soltex Corpora-
tion) was used as the conductive additive in the cathode. Lithium chips
(D =16 mm, t = 0.6 mm, 99.9 wt%, MTI Corporation) were used as the
anode of SSBs.

LATP Synthesis:  The LATP solid electrolyte was synthesized by heating
the Li,CO3, Al, 05, TiO,, and NH4H, PO, precursors. The precursor pow-
ders were mixed in a stoichiometric ratio, except that 10% Li,CO; excess
was used to mitigate Li loss, and ball-milled for 6 h with isopropyl alcohol.
Then the mixture was dried and heated at 850 °C for 12 h. The obtained
LATP powder was ball-milled for 6 h with isopropyl alcohol and dried.

Cathode Pellet Preparation: The obtained LATP powder was pressed
into pellets (3 ton, ~#150 MPa) with a 15 mm Pellet Press Die Set (pur-
chased from Pellet Press Die Sets). The pellet was annealed with the rapid
sintering device at 980 °C for 30 s. The mixed cathode powder, consisting
of 70% LCO (or LFP or NMC), 27% LATP, and 3% acetylene black was
hand mixed for 30 min. The mixture was sprayed onto the LATP pellet and
pressed again (3 ton, ~150 MPa).

Furnace Sintering Process: The double-layer SE-cathode was placed in
a Al,O; crucible and heated to the target temperature with a heating rate
of 20 °C min~" and a cooling rate of 5 °C min~'. The pellet was kept at
target temperature for 1 h.

Small 2024, 20, 2307342
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Rapid Sintering Process:  The electric diagram of the rapid sintering sys-
tem is shown in Figure Sla (Supporting Information). The total capaci-
tance of the capacitor bank is 1.5 F. The system was capable of charging
to a voltage of 0-63 V and a current of 0-100 A. Two carbon papers (Toray
Carbon Paper 060, FuelCellStore) attached to a glass slide were used as
the heating element and sample holder (Figure S1b,c, Supporting Infor-
mation). The temperature was controlled by changing the resistance of
the carbon papers. The pellets were put in between the carbon papers,
which were connected to the rapid sintering system. The voltage was set
to 15 V and the sintering time was 5 s. Two pulses were applied on the
sample.

Electrochemical Performance Measurements: 20 pL of 4 mg mL™" acety-
lene black suspension in NMP was dropped onto the cathode ma-
terial side and dried overnight in the oven. The cathode pellet was
placed on a thin PVDF-HFP polymer layer (Figure S13, Supporting In-
formation). The membrane was rinsed with 1 m LiTFSI in TEGDME,
dried with a Kimwipe before assembly. A Li metal foil was used as
the anode. The electrode was then pressed and sealed in a 2032-type
coin cell inside an Ar-filled glovebox (O, content <0.5 ppm, H,O con-
tent <0.5 ppm). Electrochemical impedance spectroscopy (EIS) was
measured at room temperature between 100 kHz and 0.01 Hz with
an amplitude of 10 mV. The coin-cells were charged and discharged
on a battery working station (LANHE Corporation, China) in air at
25°C.

© 2023 Wiley-VCH GmbH
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Characterizations: XRD was performed by the Rigaku SmartLab sys-
tem with a filtered Cu Ka radiation (1= 1.5406 A). XPS spectra were taken
by the PHI Quantera XPS system under a pressure of 5 x 107° Torr. The
survey spectra were collected with a step size of 0.5 eV and a pass energy
of 140 eV, and elemental spectra were collected with a step size of 0.1 eV
and a pass energy of 26 eV. All XPS spectra were calibrated using the C 1s
peak at 284.8 eV as the reference. The SEM images and element analysis
by EDS were taken on the FEI Helios NanoLab 660 DualBeam SEM system
under a voltage of 10 kV and a working distance of 10 mm.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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