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ABSTRACT

Solid-state batteries (SSBs) will potentially offer increased energy density and, more importantly, improved safety for next
generation lithium-ion (Li-ion) batteries. One enabling technology is solid-state composite cathodes with high operating voltage
and area capacity. Current composite cathode manufacturing technologies, however, suffer from large interfacial resistance and
low active mass loading that with excessive amounts of polymer electrolytes and conductive additives. Here, we report a liquid-
phase sintering technology that offers mixed ionic-electronic interphases and free-standing electrode architecture design, which
eventually contribute to high area capacity. A small amount (~ 4 wt.%) of lithium hydroxide (LiOH) and boric acid (H;BO3) with
low melting point are utilized as sintering additives that infiltrate into single-crystal Ni-rich LiNiggMny1Cog 1 (NMC811) particles at
a moderately elevated temperature (~ 350 °C) in a liquid state, which not only enable intimate physical contact but also promote
the densification process. In addition, the liquid-phase additives react and transform to ionic-conductive lithium boron oxide,
together with the indium tin oxide (ITO) nanoparticle coating, mixed ionic-electronic interphases of composite cathode are
successfully fabricated. Furthermore, the liquid-phase sintering performed at high-temperature (~ 800 °C) also enables the
fabrication of highly dense and thick composite cathodes with a novel free-standing architecture. The promising performance
characteristics of such composite cathodes, for example, delivering an area capacity above 8 mAh-cm2 within a wide voltage
window up to 4.4 V, open new opportunities for SSBs with a high energy density of 500 Wh-kg™ for safer portable electronic and
electrical transport.
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1 Introduction low cost [14-18]. In addition, it has been demonstrated that single-
crystal layered oxide cathodes exhibit good cycling stability and
rate performance in SSBs, among others [19-22]. For a practical
pouch-type solid-state cell design, it has been calculated that a
cathode loading of at least 5 mAh-cm™ is essential to achieve a
500 Wh-kg™ SSB [23]. Considering that the area capacity is highly
dependent on the specific capacity and mass loading, one should
aim to prepare a high-loading composite cathode with mixed
ionic-electronic conductive interphases, which is normally needed

Rechargeable solid-state batteries (SSBs) have been widely
explored in the hope of increasing the specific energy and, most
importantly, resolving the safety issues of lithium-ion (Li-ion)
batteries for zero-emission electric vehicles and clean energy
storage technologies [1-6]. Li metal, with high theoretical capacity
and low redox potential, is promising for utilization in SSBs
because solid-state electrolytes (SSEs) commonly offer better
resistance to Li dendrite penetration for improved Li metal battery
durability and safety [7-11]. For a solid-state Li metal battery, the for a high-energy-density SSB.

specific energy density is determined by the electrochemical Currently  explored ~ composite  cathode  manufacturing
characteristics of the cathode side and SSE, such as a high specific technologies, however, fail to even match the volumetric
capacity and high-voltage cathode material as well as a thin but performance characteristics of commercial high-energy cells (e.g.,

highly ionic conductive SSE film [12, 13]. Among various cathode 3 mAh-cm™) [24-28]. The reason is that the traditional fabrication
materials, Ni-rich layered oxide materials are very attractive method is typically based on the traditional slurry casting electrode
because of their high specific capacity, high operating voltage, and fabrication technique except for introducing polymer electrolytes
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or ionic liquids to wet the interfaces between cathode active
materials and ceramic SSEs. In composite electrodes, large volume
fractions of ceramic SSE powders or polymer electrolytes are
typically required to ensure that all active particles are uniformly
surrounded due to the high hardness of layered oxide cathodes.
The large amount of porous polymer electrolyte reduces the
density of the cathode but also induces large interfacial resistance
due to its intrinsic low ionic conductivity.

Designing three-dimensional (3D) ionic conducting scaffolds
[29,30] and in-situ polymerization techniques [31] have been
demonstrated to reduce the interfacial resistance between cathode
active material and SSE. Another strategy is co-sintering active
cathode materials and ceramic SSEs on dense SSE pellets with the
assistance of low-melting point additives, which involves separate
and slow fabrications of dense sintered SSE pellets and then
sintered composite electrodes together. Li;BO; B,O; and
Liy3Cy7By;0; sintering additives have been explored [32-34],
which not only serve as a solder that binds active materials but
also facilitate interfacial Li-ion transport. However, because
ceramic is brittle and contains defects that may induce cracking
under stress during cell assembly, SSE membranes are typically
relatively thick (> 100 um, an order of magnitude thicker than the
porous polymer membranes used in commercial Li-ion cells),
which takes extra space and mass [32-35]. Additionally, the high
melting point of the explored ceramic SSEs in combination with
their poor contact on the surface of active materials often requires
high pressure and temperature (> 600 °C), which cause serious
side reactions that lead to high interfacial resistance and low
capacity [36]. Very recently, to overcome the limitations of
conventional co-sintering manufacturing, solution infiltration of
anti-perovskite SSEs Li, gg5B0sOCl and Li, qOHCly into regular
electrodes was proposed at a low temperature of 300 °C [37, 38],
which is also compatible with traditional electrode winding
technology. Unfortunately, the air-sensitive nature of Li; JOHClyy
and operation in a moisture-free environment limit the scalability
of such a process.

In this work, with single-crystal LiNijsMn,,,Co,; (NMC811) as
the starting material, we used low-melting-point lithium
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hydroxide (LiOH) and boric acid (H;BO;) composite additives
that show a low surface energy of 55 mJ-m™ and good wettability
against cathode materials. Additionally, indium tin oxide (ITO)
nanoparticles were coated on the surface of NMC811, which not
only improve the electrical conductivity to establish an interfacial
electron pathway but also increase the surface energy of NMC811
that further promote the densification process. Consequently, as
shown in Fig. 1(a), scalable manufacturing of the NMC811
composite cathode is enabled on Al foil, the process of which
involved infiltration of the composite additive into dense,
thermally stable electrodes at moderate temperatures (~ 350 °C) in
a liquid state and then solidification during cooling. During this
melting infiltration process, the additive converts to Li,B,O; and
LiBO, composite (denoted as LBO,). The in-situ formed LBO,
interphases not only enhance interfacial mechanical adhesion but
also facilitate lithium Li* ion transport. Meanwhile, the electrically
conductive ITO coating helps to build a fast electron pathway
between the well-connected NMC811 particles. The self-
interconnected and monothetic NMC811/LBO,/ITO cathode with
mixed ionic-electronic conductive interphases, which is normally
needed for the electrochemical reaction to occur, exhibited a high
specific capacity of 207 mAh-g™, good rate capability, and excellent
capacity retention during long-term testing. At an elevated
temperature of ~ 800 °C, as shown in Fig. 1(b), the liquid-phase
sintering process technique further promotes the densification
process and enables us to fabricate free-standing and densely
packed NMC811/LiBO/ITO composite cathodes. The compact
and thick NMC811/LBO,/ITO composite cathode shows not only
high density (4.3 g-cm™) but also high conductivity (0.94 x
10° S-cm™). Tested in a solid-state cell, a superior high area
capacity of up to 8 mAh-cm™ was achieved, exhibiting great
promise toward realization of a 500 Wh-kg™ SSB.

2 Experimental section

2.1 Materials synthesis
NASICON-type Li, ;Aly;Ti,,(PO,); (LATP) was synthesized by a

Lithium boron oxide

v Scalable manufacturing process
v Good interfacial wettability
v" Mixed conductive interphases

Mixed ionic-electronic interphases

¥ Free-standing and densely packed
¥ Conductive and interconnected interphases
¥ High mass and volumetric energy density

Figure1 Design of solid-state composite electrodes based on the liquid-phase sintering technique. (a) Schematic illustration of the low-temperature liquid-phase
sintering for scalable fabrication of the NMC811/LBO,/ITO composite cathode on Al foil and its advantages. (b) Schematic illustration of high-temperature liquid-
phase sintering of a thick and densely packed NMC811/LBO,/ITO composite cathode and its advantages.
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solid-state reaction method. The starting materials were
LiIOH-H,0 (99.95%, Sigma Aldrich), ALO; (99.99%, Sigma
Aldrich), TiO, (99.8%, Sigma Aldrich), and NH,H,PO, (99.5%,
Sigma Aldrich) powders. LiOH-H,O was heated at 250 °C for 3 h
to remove crystalline H,O prior to use. Stoichiometric amounts of
chemicals with 10 wt.% excess LIOH were hand-ground for 0.5 h
in an agate mortar. The mixed powders were then cold pressed
into pellets with diameters of 13 mm at 400 MPa. Next, the pellets
were preheated at 400 °C in air for 3 h, hand-ground into fine
powders, cold-pressed into pellets and sintered at 900 °C for 5 h.
The synthesized LATP pellet was ball milled (600 r-min™ for 5 h)
into fine nanoparticles.

LCO/LiBO/ITO composite cathode on Al foil. Raw layered
transition metal oxide LiCoO, (LCO) particles (94 wt.%), LiOH +
H;BO; (4 wt.%, Li/B molar ratio is 1), and ITO (2 wt.%) powders
were mixed in an agate mortar for 0.5 h. Then, the mixed powders
were milled with 5 wt% polyvinylidene fluoride (PVDEF)
(dissolved in N-methyl-2-pyrrolidone (NMP)) to make a slurry.
The as-obtained slurry was cast on carbon-coated Al foil. After
vacuum drying at 80 °C for 2 h, the electrode was cut into small
disks with a diameter of 12 mm. Then, the electrodes were
transferred into a tube furnace and heat-treated for 1 h at 300 °C
under high-purity Ar (99.999%) flow. The elevated temperature
rate was 5 °C-min’, and the electrodes were cooled naturally. The
LCO active material loading was 6—8 mg-cm™.

NMC811/LiBO/ITO composite cathode on Al foil. Raw
NMCS8I1 particles (94 wt.%), LIOH + H;BO; (4 wt.%, Li/B molar
ratio of 1), and ITO (2 wt.%) powders were mixed in an agate
mortar for 0.5 h. Then, the mixed powders (400 mg) were milled
with PVDF (20 mg, dissolved in NMP) to make a slurry. The as-
obtained slurry was cast on carbon-coated Al foil. After vacuum
drying at 80 °C for 2 h, the electrode was cut into small disks with
a diameter of 12 mm, followed by cold pressing under 300 MPa
for 5 min. Then, the small disk electrodes were transferred into a
tube furnace and heat-treated for 1 h at 300 °C under high-purity
Ar (99.999%) flow, with a heating rate of 5 °C-min™, and cooled
naturally. The as-obtained NMC811/LiBO/ITO composite
electrodes were directly transferred into an Ar-filled gloved box for
battery assembly. The NMCS811 active material loading was
6-8 mg-cm™.

Free-standing and thick NMC811/LiBO,/ITO composite cathode.
Raw NMC811 particles (94 wt.%), LIOH + H;BO; (4 wt.%, Li/B
molar ratio of 1), and ITO (2 wt.%) powders were mixed in an
agate mortar for 0.5 h and then cold pressed at 300 MPa for 10
min in a die with a diameter of 12 mm. The as-obtained pellet was
then transferred into a tube furnace and heated at 800 °C for 2 h
under pure O, (99.999%) flow. The obtained thick
NMCS811/LiBO/ITO pellet was polished and ultrasonically
cleaned in EtOH three times. The thickness of the
NMC811/LiBO/ITO pellet was ~ 125 mm, and the mass loading
was ~ 54 mg-cm™. A thin Au film was sputtered on the surface of
the NMC811/LiBO/ITO composite cathode prior to the
electrochemical test. The sputtering process was performed at
20 mA for 120 s.

2.2 Characterization

The crystal structures of the synthesized LATP, poly(ethylene
oxide) (PEO)/LATP, lithium boron hydroxide, ITO and their
composites were characterized by X-ray diffraction (XRD) (Cu
Ka, A ~ 0.15406 nm). Raman spectra (Horiba evolution, 532 nm)
were carried out to further characterize the phase of LBO,. The
morphologies of LCO/LBO/ITO, NMCS811/LBO/ITO, and
PEO/LATP were examined using field-emission scanning electron
microscopy (FESEM, JSM-7600F) equipped with energy
dispersive ~ X-ray  spectroscopy  (EDS)  capability.  The
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microstructures and compositions of NMC811/LBO,/ITO were
analyzed by transmission electron microscopy (TEM) equipped
with EDS (FEI Titan 300 kV). Solid-state nuclear magentic
resonance (NMR) experiments were carried out to examine the
reaction between LiOH and H;BO; 'H NMR spectra were
recorded on a Bruker Avance III HD 300 MHz spectrometer
equipped with a resonance probe of Larmor frequency v, =
3002 MHz for 'H resonance. For the 'H spectrum, recycling
delays of 5 s and a preacquisition delay of 6.5 us were employed to
accumulate 128 transients. The 'H chemical shift was referenced
using adamantane. Time-of-flight secondary ion mass
spectrometry (TOF-SIMS) was carried out to analyze the surface
composition of NMC811/LBO,/ITO, and a Bi* ion beam (30 keV
ion energy, ~ 2 nA measured sample current) was used to analyze
100 um x 100 um areas during a 10 min acquisition time. The
electronic conductivity of ITO was tested by the I-V method,
estimated by the formula o = d/RA, where d is the pellet thickness,
A is the surface area, and R is the resistance obtained from the
measurements. The surface energy was tested on a Drop Shape
Analyzer (KRUSS DSA100) with water and diiodomethane
liquids. The  chemical compositions of NMC81I,
NMC811/LBO,/ITO-350 °C and NMC811/LBO,/ITO-800 °C
were examined by inductively coupled plasma optical emission
spectrometer (ICP-OES, Varian VISTA-MPX). To test the
mechanical property of the sintered NMC811/LBO/ITO
composite cathode, atomic force microscopy (AFM, Bruker
Dimension Icon) was carried out.

2.3 Electrochemical test

All electrodes were assembled in CR2025 coin-type solid-state cells
with Li metal as counter electrodes in an Ar-filled glovebox (H,O,
0, < 0.5 ppm). To synthesize a PEO/LATP composite SSE, 0.6 g
PEO powder, 04 g lithium bis(trifluoromethane sulfonimide)
(LiTFSI), and 0.2 g LATP nanoparticles were directly dissolved in
acetonitrile and stirred at 60 °C for 24 h. Then, the slurry was cast
on a clean Teflon film, and a PEO/LATP film with a thickness of
~ 50 um was successfully fabricated after vacuum drying at 60 °C
for 24 h. The PEO/LATP film was then cut into small disks with a
diameter of 20 mm and stored in a glovebox before use. The
PEO/LATP SSE was inserted between LCO/LBO,/ITO or
NMCS811/LBO/ITO and Li metal. The cycling voltage window
was 28-42 V for LCO/LBOJ/ITO and 25-44 V for
NMC811/LBO/ITO. All solid cells were tested at a temperature of
50 °C. Electrochemical impedance spectroscopy (EIS) tests were
performed using an electrochemical workstation (Biologic SP-300)
between 7 MHz and 0.1 Hz with an alternating current (AC)
amplitude of 20 mV. The diffusion coefficient of LB%«% was
R
2AMFIC Y
and Z,, = Ry + R, + 0w, in which R, T, A, n, F, and C are the
gas constant, absolute temperature, surface area of the electrodes,
the number of electrons, Faraday constant, and Li-ions
concentration, respectively; and ¢ is the Warburg factor calculated
by the fitted linear relationships between real resistance (Z,.) and
inverse square root of the angle frequency (w°). Galvanostatic
intermittent titration technique (GITT) technique was applied to
determine the Li* ion diffusion coefficients (D) in the
NCMS811/LBO/ITO cathode. A current pulse (0.01 A-g") of 0.5 h
followed by 3 h of relaxation time was repeatedly applied. The D;;
could be calculated according to the following equation:
2 2
Dy 4 ( i Vi ) (AES ) (t < L*/D), where 7 equals to 600 s,

T\ S AE,
ny and V, are the moles and molar volume of

NCM811/LBO/ITO, S is the geometric area of the electrodes
(1.13 em?), AE, is total change of cell voltage during constant

calculated based on the following equations: D;;-
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current pulse neglecting the IR-drop), and AE; is the change of the
steady-state voltage. The activation energy (E,) of PEO/LATP solid
electrolyte was calculated from the Arrhenius equation:

—La

k,T
conductivity, pre-exponential factor, the Boltzmann constant, the

absolute temperature, and the activation energy, respectively.

0= Aexp ( ), where 0, A, ky, T, and E, represent the ionic

24 Computational method

All calculations were performed with the Vienna ab initio
simulation package (VASP) based on density functional theory
(DFT) [39] within the generalized gradient approximation of the
Perdew-Burke-Ernzerhof (PBE) functional [40]. The interaction
between ion cores and valence electrons was treated using the
projector augmented wave (PAW) method [41]. DFT+U was
applied for the 3d orbitals of Ni (U = 6.0 eV and ] = 0 eV) [42].
The plane-wave cutoff energy was set to be 520 eV. The structures
were relaxed until all the atomic forces on each ion were less than
002 eV-A", and the energy convergence with the energy
difference was below 10° eV. The (104) surface of the layered
LiNiO, was simulated by a supercell that contained 24 Li, 24 Ni,
and 48 O atoms, and the vacuum layer in the z-direction was
approximately 20 A to avoid the interaction between vertically
periodic images. To simulate the LiBO,/LiNiO, interface, a LiBO,
slab containing 14 Li, 24 B, and 48 O atoms was stacked on the
surface of a LiNiO, (104) slab containing 24 Li, 24 Ni, and 48 O
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b

atoms. The Brillouin zone was sampled with a 1 x 3 x 1 k-point
mesh by the Monkhorst-Pack grid for geometry optimization.
Throughout the simulations, van der Waals (vdW) interactions at
the DFT-D2 level were taken into account [43-45]. The atomic
structures were visualized and plotted using VESTA.

3 Results and discussion

3.1 The effects of the low-melting-point additives and
ITO nanoparticle coating

To reveal its structural evolution of LiOH and H;BO; composite
additive, XRD, Raman spectra, X-ray photoelectron spectroscopy
(XPS) and solid-state NMR spectroscopy were performed.
Monoclinic phase lithium boron hydroxide with a composition of
LiB;O,(OH), formed at 200 °C, while some nonreacted LiOH was
detected (Fig. 2(a)). At a temperature above 350 °C, Li,B,O, with a
tetragonal crystalline structure was detected to be the main
component with some amount of monoclinic LiBO, (Fig. 2(b)).
With increased temperature, the LiBO, ratio increases. Raman
spectra was carried out to further characterize the phase of LBO,
synthesized from 350 to 800 °C (Fig. 2(c)). For LBO, sintered at
350 °C, two obvious bands at 778 and 721 cm™ are due to the
groups of six-membered rings with one BO* tetrahedron and
metaborate chain [46,47], respectively. The groups of six-
membered rings with one BO* tetrahedron is attributed to the
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Figure2 Crystal structure evolution of lithium boron oxide and the effects of an ITO nanoparticle coating on the sintering of NMC811 composite cathodes. (a) XRD
diffraction patterns of LIOH and H;BO; composite calcined at 200 and 350 °C. (b) XRD diffraction patterns of LIOH and H;BO; composite calcined at 350 and 800
°C. (c) Raman spectra of the as synthesized LBO, at varying temperatures. (d) Li 1s XPS spectra of LiOH and H;BO; composite calcined calcined from 200 to 800 °C.
(e) 'H NMR spectrum of the as-mixed LiOH and H;BO; composite and that calcined at 350 °C. (f) Surface energy comparison of the as-mixed LiOH and H;BO,
composite, NMC811 and NMC811/ITO composites. (g) Density of NMC811/LBO, with and without ITO nanoparticle coating at elevated temperatures from 350 to
800 °C. (h) Conductivity of NMC811/LBO, with and without ITO nanoparticle coating at elevated temperatures from 350 to 800 °C.
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Li,B,O, glass with a relative low Li content. The band at 515 cm™
is corresponded to the group of isolated diborate. With increased
temperature from 450 to 800 °C, the band intensity between 920
and 968 cm” becomes strong, indicating the formation of
orthoborate that is the main structure group of LiBO, with a high
Li/B ratio [48]. The Raman spectra further confirmed that the
structure of the synthesized LiBO, consists of Li,B,O, and
LiBO,.The XPS spectra further confirmed the above chemical
reactions. Regarding the Li 1s spectra in Fig. 2(d), the main peaks
shift to Li,B,O, and LiBO, at 350 and 600 °C, respectively. The
LiOH signal was observed below 600 °C, and the excess LiOH
continuously reacted with boron oxide and formed lithium boron
oxide with a higher molar ratio of Li to B at elevated temperatures.
The 'H solid-state NMR spectrum of obviously shifted from 6.4 to
5.9 ppm (Fig. 2(e)), further demonstrating the reaction of LiOH.
The composite additive shows an extremely low surface energy of
55 mJ-m~ (Fig. 2(f)). According to the dihedral angle equation at
the liquid-solid interfaces [49], additives with a lower y,4 should
have wettability in contact with single-crystal NMC811 particles
(shown in Fig.S1 in the Electronic Supplementary Material
(ESM)) during low-temperature sintering. In addition, electrically
conductive ITO nanoparticles were coated on the surface of
NMCB811. The XRD diffraction peaks of ITO (Fig. S2(a) in the
ESM) show characteristic patterns of In,O; and SnO,. Also, in the
high-resolution TEM image two different line spacings of 0.5 and
0.35 nm were observed (Fig.S2(b) in the ESM), which are
corresponded to In,O; (200) and SnO, (110). Both XRD and TEM
confirm the phase nature of ITO. With the ITO particles coating,
the surface energy of NMC increased from 65 to 74 mJ-m™ that
further promoted the wetting property of the grains. It is known
that surface energy is related with crystal structure, surface
morphology or roughness and elemental composition. For the
single crystal NMC811 with smooth surface, the coating nano-
sized ITO particles not only increase surface area but also improve
the surface roughness, which may increase the surface free energy.
The liquid-phase sintering was enabled by the composite additives
and ITO nanoparticle coating resulted in densely packed NMC811
pellets. For example, as shown in Fig. 2(g), the densities of
NMCS811/LBO/ITO are 3.87, 3.99, 412, and 4.3 gcm™ when
sintered at 350, 450, 600, and 800 °C, respectively. Without ITO
coating, the NMC811/LBO,, pellets show lower densities of 3.48,
3.69, 3.92, and 4.18 g:em™ when sintered at 350, 450, 600, and
800 °C, respectively.

The ITO nanoparticle coating was demonstrated to enhance
the electrical conductivity of the NMC811 cathode. Both EIS (Fig.
S3(a) in the ESM) and direct current (DC) polarization (Fig. S3(b)
in the ESM) were used to test the intrinsic ionic conductivity of
ITO, the electronic conductivity calculated from EIS and DC
polarization were 10.53 and 10.58 S-cm™, respectively. The high
intrinsic electrical conductivity of ITO can be used to bridge
poorly electronically contacted regions in an NMC811 electrode;
that is, the ITO nanoparticle coating with a highly crystalline
nature has the function of an electronic pathway. The
conductance of ITO-coated NMC811 obeys the following:

o o . . .
G= (M—i-ﬂ), where d is the diameter and o is the

dNMCSll leO
conductivity of the NMC811 or ITO film. The diameters of the
NMCS811 particles and ITO were ~ 1 pym and ~ 50 nm,
respectively. The electrical conductivity of NMCS811 varied
between 10 and 10* S:cm™, depending on the state of charge of
the material [50,51]. This value is more than 5 orders of
magnitude lower than that of ITO. Hence, an ITO film of 1 nm
provides enhanced conductance parallel to any NMC811 electrode
thinner than 100 um. Note that the coating nature of ITO here is a
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noncontinuous  particle configuration, and the electrical
conductivity improved here will be smaller than that of the ITO
film coating. The impedance of NMC811/LBO,, pellets with and
without ITO is shown in Fig. S4 in the ESM. As calculated in Fig.
2(f), the conductivities of NMC811/LBO,/ITO pellets are 9.1 x
10, 2.73 x 10%,4.01 x 10, and 9.4 x 10 S-cm™ when sintered at
350, 450, 600, and 800 °C, respectively. The conductivities of the
NMCS811/LBO, pellets without ITO coating are much lower,
namely, 6.25 x 10, 1.96 x 10%, 6.5 x 107, and 8.3 x 10* S-cm™
when sintered at 350, 450, 600, and 800 °C, respectively. EIS (Fig.
S5 in the ESM) was carried out to determine the Li-ion diffusion
coefficients of LBO, at 350 and 800 °C. The calculated diffusion
coefficient (D,;+) are 6.94 x 10" and 1.12 x 10™ cm*S™ for LBO,
sintered at 350 and 800 °C, respectively. It is concluded that both
densely packed NMC811/LBO,/ITO pellets and mixed-conductive
interphases were successfully fabricated, which was enabled by a
liquid-phase sintering technique with low-melting-point additive
and ITO coating. The highly conductive and compact
NMC811/LBO,/ITO composite cathode with mixed-conductive
interphases is expected to contribute to high mass loading and
specific capacity, which results in high area capacity and energy
density.

3.2 Scalable manufacturing of high-voltage single-crystal
Ni-rich cathode solid-state electrodes enabled by low-
temperature liquid-phase sintering

Figure 3 shows the morphology of the as-fabricated
NMCS811/LBO,/ITO composite cathode directly sintered on
Au/carbon-coated Al foil. The Au/carbon coating film used here
prevents the reaction between LiOH and Al foil, which may form
a high-resistance Li-Al layered double hydroxides compound [52,
53]. With the slurry-cast single-crystal NMC811, LiOH, H;BO;,
and ITO composites on Al, under a low temperature of 350 °C,
the LiOH and H;BO; composite melts and infuses into the
electrode and completely wets the interfaces of NMC811 and ITO
nanoparticles. After cooling, the NMC811 particles were
embedded uniformly in the LBO, matrix, and no voids or cracks
were observed (Fig.3(a)). Such perfect wetting reduces the
interfacial impedance at the multiple interfaces between active
materials, SSE and ITO nanoparticles. At the electrode scale, the
cross-sectional SEM image and corresponding elemental mapping
shown in Fig.3(b) reveal that uniformly distributed NMC811
particles were successfully covered by ITO nanoparticles and melt-
infiltrated by LBO,. No change in the crystallinity of NMC811
took place during melt infiltration, as evidenced by the XRD
patterns (Fig. S6 in the ESM). For the TEM image of a single
NMCS811/LBO,/ITO particle (Fig. 3(c)), the NMC811 particle was
coated by ITO nanoparticles and LBO,. Both the NMC811 and
ITO particles were fully covered by LBO, due to the good
wettability, even though ITO showed a separate configuration. At
a high magnification (Fig.3(d)), LBO, was found to have a
thickness of 7 nm and strongly bonded to NMC811 and ITO
particles. For the high-resolution TEM images shown in Figs. 3(e)
and 3(f), crystalline planes with d-spacings of 0.2 and 0.5 nm were
observed, corresponding to NMC811 (104) and In,O; (200),
respectively. The high-angle annular dark-field (HAADF) TEM
image and related EDS elemental mapping (Fig.3(g)) further
demonstrated good wettability of LBO, and ITO nanoparticle
coating on the surface of single-crystal NMC811. The shapes of
the Ni, Co, and Mn signals were the same as those of the NMC811
core, while the In and Sn signals are not uniform revealing the
nanoparticle coating morphology of ITO. The outline of the band
B signal covered not only NMC811 but also ITO nanoparticles,
implying the uniform and complete coating of LBO, We
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Figure3 Morphology of the fabricated NMC811/LBO,/ITO (350 °C) composite cathode. (a) SEM image of NMC811/LBO,/ITO composite cathode. (b) Cross-
sectional SEM image of the NMC811/LBO,/ITO composite cathode on Al foil and corresponding elemental mapping of Ni, Al, In, and B. (c) TEM image of
NMC811/LBO/ITO particle. (d) TEM image showing the interfaces between NMC811 and the LBO,/ITO coating. (¢) High-resolution TEM image of NMC811 in
(d). (f) High-resolution TEM image of ITO in (d). (g) HAADF TEM image of NMC811/LBO,/ITO and corresponding elemental mapping of Ni, Co, Mn, O, B, In,

and Sn.

fabricated and demonstrated that LBO, not only serves as a binder
that improves the structural integrity and mechanical stability but
also facilitates Li-ion transport between contacted NMCB811;
moreover, ITO nanoparticles can function as electronic pathways
that enhance the electrical conductivity of the composite cathode.
A manufacturing technique based on melt infiltration that enables
both NMC811/LBO,/ITO composite cathodes and the formation
of mixed conductive interphases has thus been designed; more
importantly, the method applied here is compatible with
traditional slurry casting and calendaring technology.

To test the NMC811/LBO,/ITO (350 °C) cathode in a solid cell,
a PEO/LATP composite SSE with a thickness of 50 pm was
fabricated (Fig. S7(a) in the ESM). The incorporation of ionically
conductive and pure-phase LATP nanoparticles (Fig. S7(b) in the
ESM) into the PEO matrix improved the mechanical strength and
ionic conductivity. As shown in Fig.4(a), the resistances of
PEO/LATP are 63.2, 434, 31.0, and 22.4 Q-cm® at 30, 40, 50, and
60 °C, respectively. Figure 4(b) shows the Arrhenius plot (In(R™)
vs. 1,000/T) of PEO/LATP, with an estimated activation energy of
28.75 kJ-mol™. PEO/LATP showed good cycling stability against Li
metal anodes (Fig. S8 in the ESM). Not a single drop of ionic
liquid or gel electrolyte was utilized in the solid-state cells, in
contrast to the majority of other reported SSB studies. ICP-OES

was used to examine the elemental contents, the results are shown
in Table S1 in the ESM. The chemical ratio of pristine NMC is
LiNiy,C0p0sMngeOs06 For the NMC811/LBO/ITO-350 °C
assuming the Ni ratio in the NMC is constant, the Ni content of
the coated samples decreased to 46.879 wt.%, so the content of
coating materials is 5.5 wt.%. The Li ratio increased to 7.385 wt.%,
there may exist excess LIOH. In a recently published paper [54],
the excessive LIOH was demonstrated to penetrate and coat on the
surface of NMC811, resulting in preventing the solid electrolyte
from oxidation. The interfacial impedance of the as-assembled
solid-state NMC811/LBO,/ITO cell is shown in Fig.4(c). The
semicircles at high frequency and low frequency are attributed to
the resistance of the PEO/LATP SSE and the multiple interfaces of
both the cathode/SSE and Li/SSE. The interfacial resistance here is
on the same order as that of the NMC liquid cell, revealing fast
electron/Li ion transport. All solid-state cells were tested at 50 °C
within a wide voltage window of 2.5-4.4 V, and 1 C was defined
as 200 mAh-g” in the following context. At a current rate of
0.05 C, the NMC811/LBO,/ITO electrode showed an initial
specific capacity of 207 mAh-g* with a Coulombic efficiency of
84.5% (Fig. 4(d)). After 40 cycles, the specific capacity remained at
1669 mAhg' The charge-discharge curves of the
NMC811/LBO,/ITO solid-state electrode (Fig.4(e)) exhibited a
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Figure4 The solid-state electrochemical performance of the NMC811/LBO/ITO (350 °C) composite cathode. (a) Impedance test of PEO/LATP SSE at different
temperatures. (b) Arrhenius plots of ionic conductivities of PEO/LATP SSE. (c) The impedance of NMC811/LBO/ITO SSB at 30 and 50 °C. (d) The cycling
performance of NMC811/LBO,/ITO and NMC811/PVDF/CB SSBs at 0.05 C (1 C = 200 mAh-g") in a voltage window of 2.5-4.4 V at 50 °C. (e) Charge-discharge
profiles of the NMC811/LBO,/ITO SSB in (d). (f) Charge-discharge profiles of the NMC811/PVDF/CB SSB in (d). (g) Long-term cycling performance of
NMCB811/LBO,/ITO SSBs sintered at 200, 350, and 450 °C at a rate of 0.2 C. (h) Charge-discharge profiles of NMC811/LBO,/ITO sintered at 200, 350, and 450 °C
SSBs in (g). (i) The rate performance of NMC811/LBO,/ITO SSB. (j) Charge-discharge profiles of NMC811/LBO,/ITO SSB at different current rates. (k) Calculated

diftusion coefficient from GITT of NMC811/LBO,/ITO.

typical shape compared with that of other reported single-crystal
NMCS811 cathodes in liquid cells, and the average discharge
voltages at the 1%, 20", and 40" cycles were 3.72, 3.70 and 3.67 V,
respectively. In a sharp contrast, the NMC811/PVDF/CB cathode
only delivered a specific capacity of 124 mAh-g" because its
interfacial impedance was nearly an order higher than that of
NMC811/LBO,/ITO (shown in Fig.S9 in the ESM). Obvious
decomposition of PEO was observed during the second charge
process (Fig. 4(f)) due to the lack of LBO, and LiOH protection.
At the 4™ cycle, the NMC811/PVDEF/CB electrode completely
broke down due to the continuous decomposition of PEO.

The long-term cycling performance of NMC811/LBO,/ITO is
shown in Fig. 4(g). A specific capacity of 99 mAh-g™ was retained
after 160 cycles, which represents no capacity fade compared to
the initial cycle at 0.2 C. Sintering of NMC811 composite cathode
at 200 °C led to a low specific capacity and quick capacity fading
during the first 20 cycles was observed and only 30.6 mAh-g"
maintained after 100 cycles at 0.2 C (Fig. 4(h)). This may be
caused by the lack of continuous mixed-conductive LBO,/ITO

interphases. However, the NMC811/LBO,/ITO electrode sintered
at 450 °C showed a very low capacity of 22.3 mAh-g" after 100
cycles (Fig. 4(h)). The carbon/Au coating film used here prevents
the reaction between LiOH and Al foil and shows resistance to the
formation of high-resistance Li-Al layered double hydroxides
compounds [52,53]. As shown in Fig.S10 in the ESM,
NMCS811/LBO/ITO directly sintered on pure Al foil only
delivered an initial specific capacity and Coulombic efficiency of
79 mAh-g and 57.2%, respectively, due to a large polarization.

The mixed ionic-electronic conductive interphases of
NMC811/LBO,/ITO (350 °C) enabled favorable rate performance
in a solid-state cell. As shown in Fig. 4(i), the specific capacities of
NMC811/LBO/ITO are 193.7, 1604, 116.2, 84, 63.1, and
49.1 mAh-g" at 0.1, 02, 0.3, 0.4 and 0.5 C, respectively. The
corresponding charge-discharge voltage profiles at 0.1, 0.2, 0.3,
04, and 0.5 C are shown in Fig. 4(j), with average discharge
voltages of 3.72, 3.60, 3.53, 349 and 3.43 V, respectively. To
understand the rate performance of NMC811/LBO/ITO, the
GITT was carried out to determine the diffusion coefficient with
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different Li contents (Fig. S11 in the ESM). As shown in Fig. 4(k),
during the discharge process, the diffusion coefficient was typically
10™ cmS™ before a drop off for x > 0.8, causing slow Li kinetics,
thereby leading to the first capacity loss [55]. The trend of the Li
coefficient variation at different Li contents was similar to that in
liquid cells, implying that solid-state lithiation does not change the
lithiation mechanism.

This liquid-phase sintering technology can also be applied to a
single-crystal LCO cathode; the SEM image of pristine LCO
particles is shown in Fig. S12 in the ESM. After melt infusion of
LBO, into ITO-coated LCO, the LCO embedded uniformly in the
LBO, framework should enable fast Li ion/electron transport at
the SSE/LCO interfaces (Fig. S13 in the ESM). When tested in a
solid-state cell, the interfacial resistance was 530 and 231 Q-cm™ at
30 and 50 °C (Fig.S14 in the ESM), respectively. At a rate of
0.05 C (1 C = 140 mAh-g™'), the initial capacity was 124 mAh-g”,
with a Coulombic efficiency of 87.4% (Fig. S15 in the ESM). When
the current was increased to 0.1 C, the specific capacity was
105 mAh-g™ and was maintained at 79 mAh-g™ after 120 cycles.

3.3 Free-standing and dense NMC811 composite cathode
enabled by high-temperature liquid-phase sintering

To design SSBs that have extremely high energy density, free-
standing thick and densely packed solid-state composites are a key
enabling technology, with which we can use very thin (< 10 um)
SSE films. Surprisingly, liquid-phase sintering technology with the
LiOH and H;BO; additive and ITO coating on NMC811 enabled
us to prepare millimeter-thick NMC811/LBO,/ITO cathodes in a
free-standing configuration (see the inset in Fig.5(a)) at a
temperature of 800 °C. Taking advantage of the dense packing and

346.0 nm

Height sensor m
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high mechanical strength, the NMC811/LBO/ITO cathode
maintained its free-standing state after polishing to ~ 125 ym
thick. This result indicates that we can achieve safe and high-
energy-density SSBs. The NMC811/LBO,/ITO pellet showed a
densely packed configuration, and the primary single-crystal
NMCB811 grains grew together and were strongly interconnected
by the in situ-formed LBO, phases. The mixed conductive
interphases and compact nature facilitate fast Li*/electron
transport; thus, a total conductivity of 0.94 x 10 S.cm™ was
delivered. TOF-SIMS was employed to study the surface
composition of NMC811/LBO/ITO (Fig.5(c)). The Li
distribution revealed the uniform distribution of single-crystal
NMCB811 particles and the LiBO, interphase. The signal of B
covered both the Ni and In signal shapes, implying the complete
coating nature of LBO,. The EDS elemental mapping in Fig. S16
in the ESM further confirms that the NMC811 particles were fully
covered by ITO and strongly bonded with LBO,, ultimately
resulting in a compact, free-standing cathode. No change in the
NMCB811 crystalline structure was observed after liquid-phase
sintering, as confirmed by the XRD patterns in Fig. S17 in the
ESM. To test the mechanical property of the sintered
NMC811/LBO,/ITO composite cathode, AFM was carried out.
For the composite cathode sintered at 350 °C shows a relatively
dispersive  morphology  (Fig.5(d)), the  corresponding
Derjaguin-Miiller-Toporov (DMT) modulus is 3,759 MPa (Fig.
5(e)). By contrast, the composite cathode sintered at a higher
temperature at 800 °C shows a dense morphology with smooth
crystals observed (Fig. 5(f)), indicating the strong bonding nature
between different crystals. As a result, the composite cathode
sintered at 800 °C exhibits a higher DMT modulus of 4,674 MPa
(Fig. 5(g)). High temperature sintering not only improves the

B 126 GPa

-2.5 GPa
DMT modulus

16.6 GPa

-3.3 GPa

1.0 pm

DMT modulus

Figure5 Fabrication and characterization of free-standing and compact NMC811/LiBO,/ITO (800 °C) composite cathodes. (a) Cross-sectional SEM image of the
NMCB811/LiBO/ITO composite cathode; the inset is a photograph of the sintered pellet. (b) High-resolution SEM image of the NMC811/LiBO,/ITO composite
cathode. (c) TOF-SIMS elemental mapping of NMC811/LiBO,/ITO pellets: Li, B, Ni, and In. The scale bar is 10 um. (d) AFM image of NMC811/LBO,/ITO pellet
sintered at 350 °C. (¢) The DMT modulus mapping of the area in (d). (f) AFM image of NMC811/LBO,/ITO pellet sintered at 800 °C. (g) The DMT modulus

mapping of the area in (f).
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conductivity but also enhances the mechanical strength of
NMC811/LBO,/ITO composite cathode.

The solid-state electrochemical —performance of the
NMC811/LiBO/ITO (800 °C) cathode was also tested using a
PEO/LATP SSE paired with a Li metal anode. ICP-OES was used
to examine the elemental contents, the results are shown in Table
S1 in the ESM. For the NMC811/LBO,/ITO-800 °C, assuming the
Ni ratio in the NMC is constant, the Ni content of the coated
samples decreased to 46.487 wt.%, so the content of coating
materials is 6.3 wt.%. The Li ratio increased to 7.138 wt.% for
NMC811/LBO,/ITO-800 °C. At 800 °C, the LiOH precursor
mainly compensated the Li loss during high temperature sintering
and react with boron oxide. The mass loading in this case was
54 mg-cm™ based on the total mass of NMC811, LiBO, and ITO.
At alow current of 0.02 C (Fig. 6(a)), an initial specific capacity of
174 mAh-g* with a Coulombic efficiency of 75% was observed.
When the current was increased to 0.05 C, the specific capacity
was 120.9 mAh-g?, and no capacity fading was observed after
30 cycles. During a long-term cycling, the thick and densely
packed NMC811/LBO,/ITO electrode, the cell delivered a capacity
of 61 mAh-g after 60 cycles at 0.1 C (Fig. S18 in the ESM). The
polarization ~ voltage was larger than that of the
NMCS811/LBO,/ITO cathode on the Al film (Fig. 6(b)). As shown
in Fig. 6(c), the area capacity and voltage of NMC811/LiBO,/ITO
are among the best of the recent published work [13,19, 21, 54,
56-59], revealing its great potential to achieve high energy density.
Within the thick and compact NMC811/LiBO,/ITO cathode, a
2 x 10 layered pouch cell was designed, and the details are
described in Fig. 6(d) and Table S2 in the ESM. The pouch cell
with a thick, Ni-rich NMC811/LiBO,/ITO cathode, such as with a
thickness exceeding 80 pm, as illustrated in Fig. 6(e), is expected to
deliver a high energy density of 500 Wh-kg™.

34 Suppressing oxygen activity and side reactions

At the interface between the LiNiO, (104) surface and LiBO,, the
B atom preferentially bonds with the surface O of LiNiO, but not
with Li or Ni, as shown in Fig. 7(a). The interfacial B-O bonds are
stronger than the Ni-O bond, as indicated by the stronger
localized electron density for the former in the electron
localization function (ELF) plot (Fig. 7(b)). ELF values of 1 and 0

—
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indicate perfectly localized and completely delocalized electrons
within the bond, respectively [60]. The average B-O bond has a
short bond distance (1.387 A), and the localized electron density of
O polarizes toward B, which suggests a covalent bonding nature.
For the oxygen local structure, we consider two types of O
coordination: Type-I lattice O is coordinated by three Ni atoms
and three Li atoms (inset of Fig.7(c)); type-II surface O (now
becoming an interfacial O) is coordinated by one B atom, two Ni
atoms and two Li atoms (inset of Fig. 7(d); the strong B-O bond
pulls the O atom away from the center of the original "octahedral"
site). Figure 7(d) shows that the strong B-O bond effectively
lowers the energy of the O 2p states, which have fewer high-
energy states close to E; than that of lattice O (Fig.7(c)). A
significant energy-level lowering is achieved through the strong
covalent B-O bond, which greatly stabilizes the interface O atom.
The above results clearly demonstrate that the chemical nature of
reactive wetting is the selective B-O bonds formed at the
LiBO,/LiNiO,; interface, and the superior stability has an electronic
structure origin that effectively suppresses interface oxygen
activity. This explanation rationalizes the design of reactive-
wetting lithium boron oxide coating materials with selective
bonding, which not only ensures uniform complete coverage but
also stabilizes the surface oxygen atoms [61]. The interfacial B-O
bond was also demonstrated to suppress side reactions between
NMCS811 and PEO/LATP SSE, thus enabling stable cycling at a
high cutoff voltage of 4.4 V.

4 Conclusions

In summary, a compatible SSB manufacturing technique
including composite cathode architecture and mixed ionic-
electronic interphases design enabled by liquid-phase sintering has
been proposed. Low-melting-point LiOH and H;BO; composite
additive is utilized to infiltrate into a dense, thermally stable
electrode at a moderately elevated temperature (~ 350 °C) in a
liquid state, which then solidifies during cooling. In addition, the
ITO nanoparticle coating not only helps to build an electronic
pathway but also increases the surface energy of NMCS811
powders, which further promotes the densification process. The
liquid-phase sintering and ITO nanoparticle coating enable the
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Figure 6 (a) The cycling performance of thick and densely packed NMC811/LiBO,/ITO SSB. (b) Charge-discharge profiles of the NMC811/LiBO,/ITO SSB in (a).
(c) The voltage and area capacity comparison of this work with previous reported works. (d) Design of a pouch-type SSB with an NMC811/LiBO,/ITO composite
cathode, PEO/LATP SSE and thin Li film. (e) The specific energy of the pouch cell versus the composite cathode thickness with a 50 pm thick PEO/LATP SSE.
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Figure 7 Interfacial B-O bond suppressing oxygen reduction. (a) Atomic structure of a simulated interface between the LiNiO, (104) surface and LiBO,. (b) 2D slices
of the ELF of the simulated interface in (a). (c) Projected density of states (DOS) and schematic local environment of lattice oxygen coordinated by three Ni and three
Liatoms. (d) DOS and schematic local environment of interface oxygen coordinated by one B atom, two Ni atoms and two Li atoms.

fabrication of free-standing, high-density, and thick composite
cathodes containing NMC811 and LiCoO, layered oxides. Tested
in a solid-state cell, a high area capacity of 8 mAh-cm™ within a
wide voltage window up to 4.4 V is achieved, which is expected to
be used to fabricate 500 Wh-kg™" SSBs. The higher energy density
is enabled by a new solid cell architecture design, thick and highly
dense packed cathode, high specific capacity Ni-rich NMC811
active material and mixed ionic-electronic conductive interphases
that not only improve the mechanical stability but also facilitate
fast Li ion/electron transport. We expect that not only
conventional oxide active materials but also conversion-type (e.g.,
S and Li,S) cathodes will be compatible with the proposed
technique here.
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