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a b s t r a c t 

Nickle-rich LiNi 0.8 Co 0.1 Mn 0.1 O 2 (NMC 811) cathode material exhibits engaging properties in high energy den- 
sity and low cost, making it great potential for the next generation high-energy all-solid-state lithium batteries 
(ASSLBs). However, NMC 811 suffers from severe surface electrochemical, chemical, and voltage incompatibility 
towards solid-state electrolytes (SSE), especially thiophosphate-based electrolytes like Li 6 PS 5 Cl. Although diverse 
coating methods have been made to overcome this issue, they are typically cumbersome and expensive. A coating 
strategy that satisfied all the requirements of cost-efficiency, stability, uniformity, scalability, and easy-achieving 
is still challenging. In this work, we developed a LiOH-based surface stabilization strategy that provides a ~10 nm 

stable permeable layer on NMC 811. After one-step sintering of NMC 811 precursor mixed with LiOH, which is 
commonly used for NMC 811 lithiation process, excessive LiOH simultaneously distributes on NMC 811 particles. 
Unlike other reported methods, this coating method can be easily controlled and fabricated without additional 
complicated processes. By simply controlling the thickness of LiOH layer, which protects the Li 6 PS 5 Cl solid elec- 
trolyte materials from being oxidized, optimized cycling stability can be obtained for 600 cycles with capacity of 
130 mAh g − 1 on average at a wide electrochemical window of 2.50 − 4.20 V (vs. Li-In). 
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. Introduction 

All-solid-state Li-ion batteries (ASSLBs) are attracting much attention
ue to the satisfaction of high safety, excellent electrochemical cycling
roperty and long-term stability. To date, various solid electrolytes, in-
luding oxide, sulfide, and polymer and composite electrolytes, have
een developed for ASSLBs. Sulfide solid electrolyte is one of the most
romising candidates for ASSLBs due to their ultrahigh ionic conduc-
ivity ( > 10 − 3 S cm 

− 1 ) at room temperature. Meanwhile, sulfide elec-
rolytes are featured with soft property, which enables facile process-
ng, like cold pressing, and intimate interface contact with electrodes.
1] Among various choices, Li 6 PS 5 Cl gains wide attention because it ex-
ibits high ionic conductivity (~2 × 10 − 3 S cm 

− 1 ), low cost, and facile
ynthesis. 
For the different cathode materials in rechargeable lithium-based

atteries, layered lithium transition metal oxides (TMO) with 𝛼-NaFeO 
2 
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rystal structure have received the most attention in the past decades.
onventional LiCoO 2 (LCO) cathode, originally commercialized by Sony
n the 1990s, has been widely used in electronics, such as cell phones,
ameras, and laptops. [2] However, the high cost [3] prevented its
ractical application in automotive industry. In contrast, Ni and Mn
etals are abundant on earth. Consequently, significant research ef-
orts have been devoted to the development of TMO intercalation ma-
erials containing little or no Co in the last few years. In particular,
i(Ni x Mn y Co z )O 2 ( x + y + z = 1, NMC) is predominant due to their out-
tanding stability as well as lower cost compared with LiCoO 2 . [4–7] In
ddition, high nickel LiNi 0.8 Co 0.1 Mn 0.1 O 2 (NMC 811) is regarded as one
f the most advanced material choices in future electric vehicle technol-
gy because of their higher lithium utilization rate (discharge capacity
xceeding 200 mAh g − 1 ) [8] and relatively high average operating
oltage (3.6 V vs. Li/Li + ) [9] . 
To satisfy the requirements of energy density and safety of batter-

es, it is appealing to apply NMC 811 with Li 6 PS 5 Cl in ASSLBs. How-
ver, the sulfide electrolyte is electrochemically and chemically unsta-
021 
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le with many state-of-the-art cathode materials, especially under high
oltage, such as LiCoO 2 , LiNi 1/3 Co 1/3 Mn 1/3 O 2 , and LiMn 2 O 4 [10] . To
vercome the interfacial issue, coating is one of the most common and
fficient methods, which could not only avoid side reactions between
he highly reactive Ni 4 + and Li 6 PS 5 Cl electrolyte, where Li 6 PS 5 Cl could
e oxidized into poor ionic and electronic conductive products, such
s Li polysulfide and sulfur, [11] but also serve as a physical barrier
f the cathode material to minimize phase change and improve struc-
ural stability. [12] Several coating materials have been investigated,
nd the preferred option is to incorporate compounds containing lithium
s the coating film, such as Li 0.35 La 0.5 Sr 0.05 TiO 3 through sol-gel method.
11] Coating materials with higher conductivities are also investigated,
uch as Li 3 VO 4 (1.24 ×10 − 4 S cm 

− 1 ), [13] Li 2 ZrO 3 (3.3 × 10 − 5 S cm 
− 1 )

14] , and LiNbO 3 (10 − 5 S cm 
− 1 ) [15] surface coatings on nickel-rich

ayered oxide cathode. However, the sol-gel coating method depends
n particle morphology and structure stability, which might reduce the
apability of applications with other cathode materials, and the complex
reparation limits their further applicability in mass production. 
Conventional methods to produce the coating can be divided into

everal categories: atomic layer deposition (ALD), chemical vapor de-
osition (CVD), wet chemical methods, and dry-mixing methods. ALD
s known for its ability to deposit conformal films with atomic thick-
ess, and has been successfully used to form different coatings, such as
iAlF 4 , [16] Al 2 O 3 , [4] Al 2 O 3 -Ga 2 O 3 , [17] and ZnO [18] on NMC. How-
ver, ALD requires specialized equipment and multiple steps, so is the
VD coating method. [19] Both wet chemical methods and dry meth-
ds have also been extensively investigated. Sol-gel coating is one of
he thoroughly utilized wet chemical methods and has been used for
epositing Al 2 O 3 , [20] TiO 2 , [21] and Li 3x La 2/3-x TiO 3 [11] coating suc-
essfully. These wet chemical methods typically result in thicker and
ore irregular layers. Dry coatings tend to be ununiform and inconsis-
ent. [22] It should be stressed that the consistency and efficiency of
MC coating largely depend on the process and conditions of the coat-
ng process and NMC’s physical properties such as surface area. 
Although many efforts have been made to develop coatings for cath-

de materials in order to be used in ASSLBs, there is still a lack of a coat-
ng method protecting the interface while remain cost-efficient, scalable,
nd simple to achieve. In this work, we developed a one-step process,
nd LiOH-coated-LiNi 0.8 Co 0.1 Mn 0.1 O 2 (LiOH –NMC 811) cathode mate-
ial can be synthesized directly from the precursor without any subse-
uent treatments. This work allows the precursor to undergo lithiation
s extra LiOH forms a coating on the cathode powder simultaneously,
hich dramatically improves cathode preparation efficiency and will
ower the cost of mass production significantly. The 10% LiOH –NMC
11 has an exceptional specific capacity of 130 mAh g − 1 on average
ith an ultra-stable 600 cycles with columbic efficiency of 98% and
0% capacity retention. The method provides a new solution to stabi-
ize the cathode interface through a low-cost and scalable process to
nable high-performance ASSLBs. 

. Experimental 

.1. Precursor preparation 

Nickel sulfate hexahydrate (GFS Chemicals (Columbus, OH)), man-
anese sulfate monohydrate (GFS Chemicals (Columbus, OH)) and
obalt sulfate (GFS Chemicals (Columbus, OH)) were dissolved at a mo-
ar ratio of 8:1:1 in de-ionized water. Then metal sulfate solution (Ni
 Mn / Co), ammonia solution (32%, EMD Millipore), and sodium hy-
roxide (VWR) were fed into a continuous stirred tank reactor (CSTR)
nder nitrogen. During the entire reaction, the process parameters like
H, flow rate, and temperature were controlled based on our previous
ork. [23] After co-precipitation reaction, the suspension was filtered
nd thoroughly washed at the end of the experiment to remove resid-
al or absorbed salts. The precursor powders ( [Ni 0.8 Mn 0.1 Co 0.1 ](OH) 2 )
ere then dried overnight in an oven at 130 °C. 
506 
.2. Cathode sintering 

Precursor particles at different time were collected for cathode sin-
ering to form uniform size distribution and moderate flake thickness.
n order to synthesize the cathode active material, 1 mol of the precur-
or ( [Ni 0.8 Mn 0.1 Co 0.1 ](OH) 2 ) was mixed with (1 + x ) mol of LiOH • H 2 O
 x = 5%, 7.5%, 10%, 12.5% and 15%) (VWR), which was marked as x
iOH –NMC 811. The mixture was firstly sintered at 450 °C for 5 hrs, fol-
owed by another 15 hrs at 775 °C. Both heating and cooling rates were
 °C/min in each step. The sintering was done in a tube furnace flowed
ith pure oxygen. After cooling down to room temperature, the cathode
owder was grounded to ensure that the material did not contain any
gglomerates. 

.3. The soluble base content (SBC) test 

The Soluble Base Content (SBC) Test was conducted with Accumet-
omm software connecting to a pH electrode. The pH electrode was
rstly calibrated with standard solutions of 4.0 and 7.0 at room tem-
erature. The calibrated slope should be greater than 99.0%. 5 g of as-
intered cathode powder was transferred from oxygen-filled tube fur-
ace directly to avoid further air exposure. Then 100 g of de-ionized
DI) water was added in a closed flask and stirred for 10 min. The slurry
as then filtered immediately and about 98–99 g of clear solution was
btained. 90 g of the clear solution was taken for the pH titration exper-
ment and can be kept in an open 250 ml glass flask. During the pH titra-
ion experiment, the electrode was inserted into the clear solution with
ontinuous stirring. The addition of acid (0.1 M HCl, Sigma-Aldrich)
as started in 30 s. The acid was added at a rate of 0.5 ml/min. pH data
oints were recorded every 3 s until a value below pH-3.0 was achieved.
Only two contributions are considered to be present in the whole

ase: (1) LiOH and (2) Li 2 CO 3 . Two inflection points can be seen in
 normal pH titration. The first is at a pH of 8.4, while the second is
t a pH of 4.7, approximately. Both inflection points are Li 2 CO 3 type
ases, and they can be used to calculate the amount of Li 2 CO 3 type
ase. The Li 2 CO 3 value is deducted from the total base to obtain the
iOH type base. The values are corrected for the sample mass and the
ercentages of solution used in the pH titration experiment to yield the
weight-specific soluble base content" (per g of cathode). The results can
e expressed in terms of wt.% of LiOH or wt.% of Li 2 CO 3 , which goes
ack to the concept of soluble base as "impurity." 
The SBC values can be calculated by [24] : 

BC − Li 2 CO 3 ( wt% ) = 

( V2 − V1 ) × 𝐶 𝐻𝐶𝑙 × 𝑀 𝐿𝑖 2 𝐶𝑂3 

1000 ×
{ (

𝑊 𝐿𝑀𝑂2 × 𝑊 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 

)
∕ 𝑊 𝐷𝐼𝑤𝑎𝑡𝑒𝑟 

} × 100 ( % ) 

BC − LiOH ( wt% ) = 

( 2 × V1 − V2 ) × 𝐶 𝐻𝐶𝑙 × 𝑀 𝐿𝑖𝑂𝐻 

1000 ×
{ (

𝑊 𝐿𝑀𝑂2 × 𝑊 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 

)
∕ 𝑊 𝐷𝐼𝑤𝑎𝑡𝑒𝑟 

} × 100 ( % ) 

herein: 
V1,V2: ml of acid at inflection point 1, 2 (V2 > V1); 
C. concentration of HCl (0.1 mol/L); 
W: weights of sample LiMO, used solution and stirred water; 
M: molecular weights. 

.4. Structure characterization 

Scanning Electron Microscope (SEM) images of the particles was ob-
ained with JEOL JSM 7000 F at 5 kV operating voltage for the precursor
nd 10 kV for the cathode with an energy-dispersive X-ray spectroscopy
EDS) detector. PANalytical Empyrean was used with the Cu K 𝛼 source
 𝜆 = 1.54178 Å) to conduct X-ray diffraction (XRD) and data was ob-
ained with a step size of 0.03° and a spinning dwell time of 60 s. Rietveld
efinement results are obtained by FullProf software. 
High-angle annular dark-field scanning transmission electron mi-

roscopy (HAADF-STEM) images were obtained at the Electron Mi-
roscopy Center (EMC) of Rice University. The samples were prepared
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Fig. 1. (a) Schematic of the one-step coating process of LiOH coated NMC 811; (b) Configuration of ASSLB; (c) Schematics of NMC/Li 6 PS 5 Cl interfacial incapability 
without coating; (d) Schematics of NMC/Li 6 PS 5 Cl interfacial side reaction with insufficient coating; (e) Schematics of NMC/Li 6 PS 5 Cl interface with optimized coating; 
(f) Schematics of NMC/Li 6 PS 5 Cl interface with superfluous coating. 
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ith Focused Ion Beam (FIB, ThermoFisher Helios Nanolab 660) at
0 kV and polished at 5 kV for cross-section view, subsequently. 
X-ray photoelectron spectroscopy (XPS) data for NMC 811 samples

ncluding both pristine and particles coated with LiOH were acquired
sing PHI 5000 VersaProbe II system (Physical Electronics). The X-ray
ource was operating at 25 W equipped with monochromatic Al K 𝛼 ra-
iation (h 𝜐 = 1486.6 eV) which was set at Ar + -ion and electron beam
ample neutralization, fixed analyzer transmission mode. The base pres-
ure in the XPS chamber was ~1 × 10 − 8 torr. The spectra of all samples
ere collected at a pass energy of 23.50 eV and electron escape an-
le of 45° to the sample plane. The spot size for X-ray beam was set
o be 100 𝜇m. The spectrum was calibrated against C –C at 284.8 eV.
he Shirly background data were subjected from all spectra. The spec-
ra were fitted to multiple Gaussian-Lorentz peaks by using the software
ackage (Multipack) that Physical Electronics provided. 

.5. Fabrication of ASSLBs 

The fabrication of all-solid-state lithium batteries (ASSLBs) was con-
ucted in a glovebox with oxygen and water amounts lower than
.05 ppm. NMC 811 powder which was coated with different amount
f LiOH (5%, 7.5%, 10%, 12.5%, and 15%) were manually mixed with
507 
i 6 PS 5 Cl powder at a weight ratio of 70:30 to make the cathodes. In a
omemade pressurized cell, 200 mg of Li 6 PS 5 Cl was first pressed into a
ellet with a diameter of 12.7 mm under a pressure of 100 MPa. Then,
0 mg of prepared cathode powder was cast onto one side of the pellet,
nd In-Li foil was placed on the other side. A piece of Cu foil and Al
oil are selected as the current collector for anode and cathode, respec-
ively. After the subsequent pressing under a pressure of 300 MPa, the
SSLBs with a sandwiched structure were assembled. An extra pressure
f 50 MPa was applied during measurement. 

.6. Electrochemical characterization of ASSLBs 

All the ASSLBs are tested with an electrochemical station (Biologic
P150) at room temperature. The rate and cycling performance were
easured with galvanostatic cycling with potential limitation protocol
etween the cutoff voltages of 2.5 and 4.2 V (vs. Li-In). The current
as based on the area of SSE pellet (12.7 mm in diameter). The cyclic
oltammetry (CV) was carried in the range of 2.5–4.2 V (vs. Li-In) at
 scan rate of 0.1 mV/s. Electrochemical impedance spectroscopy (EIS)
as conducted with an amplitude of 10 mV in the frequency range of
 MHz to 10 mHz. 
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.7. Electrochemical testing in liquid electrolyte 

Cathode powder (x% LiOH –NMC 811), conductive carbon (super
65), and dissolved polyvinylidene fluoride (PVDF) in N-Methyl-2-
yrrolidone (NMP) were uniformly mixed. The slurry was then cast
nto an aluminum foil and then dried for 8 hrs. at 60 °C. Electrode
iscs with a diameter of 12 mm were punched and pressed to achieve
he desired porosity before assembly into the coin cells. Any excess sol-
ent was evaporated after being dried in the vacuum oven for 8 hrs. A
olypropylene-polyethylene-polypropylene (MTI Corporation) tri-layer
embrane with 25 μm was chosen as the separator. Liquid electrolyte
onsisted of an ethylene carbonate (EC)/Ethyl Methyl Carbonate (EMC)
omposition (3:7 wt ratio) with 1.0 M LiPF 6 . Electrochemical perfor-
ance tests were performed with an Arbin (Model BT2043) instrument.
he first two cycles were usually measured with a current density of
/10 (1 C = 200 mA / g), followed by C/2 for the subsequent cycles. Fur-
hermore, the rate performance was checked at different C rates (C/10,
/5, C/2, C, 2C, 3C, 5C and 10C), where both the charge and discharge
ates were varied. 

. Results and discussion 

A schematic diagram of the one-step coating process is shown in
ig. 1 a , in which the precursor ( [Ni 0.8 Mn 0.1 Co 0.1 ](OH) 2 ) is firstly com-
ined with an additional amount of LiOH. The excess LiOH • H 2 O played
wo roles in this step: (1) it compensated for the loss of lithium during
he calcination process; (2) the residue lithium formed a coating layer
n the NMC particles at the same time. Compared to other reported
ethods, such as ALD, CVD, wet-chemistry and dry-mixing methods,
his one-step method shows great advantages in simplifying the proce-
ure: it does not involve any complex preparation; moreover, it has no
equirement of the equipment or coating materials, which saves plenty
f costs and is appliable to various cathode system. The comparison of
ifferent coating processes is shown in Table S1 . 
Fig. 1 b demonstrates the configuration of ASSLBs assembled with

iOH coated NMC 811 as cathode, where Li 6 PS 5 Cl was mixed to en-
ure the Li-ion transfer. Li-In was used as anode to avoid the interface
eaction between Li and Li 6 PS 5 Cl. Figs. 1 c-f illustrate the mechanism
f LiOH coating at the interface between NMC 811 and Li 6 PS 5 Cl. As
hown in Fig. 1 c , Li 6 PS 5 Cl can be oxidized by NMC 811 at physical
ontact without interfacial engineering, and this reaction will be fur-
ig. 2. (a-e) SEM of precursors obtained from: (a) 3–6 h; (b) 9–12 h; (c) 15–18 h; (d
recursor particles from 21 to 24 h. 

508 
her accelerated at an elevated potential. [11] The side products, such
s Li polysulfide and sulfur at the interface, come with poor electronic
nd ionic conductivities, although prevent Li 6 PS 5 Cl from further degra-
ation, they greatly impede the diffusion of Li + and leads to loss of
apacity and lower energy density. [11] 
When only a low amount of extra LiOH was applied, as shown in

ig. 1 d , the thin LiOH coating layer incompletely covered on the inter-
ace. At the interfacial area where LiOH is not sufficiently covered, the
xidation reaction is only partially impeded. In another words, Li 6 PS 5 Cl
an still in contact with NMC directly, this could lead to irreversible side
eactions at the interface, and generate passivated products, and a sig-
ificant increase of interfacial resistance. As more LiOH applied, the
oating should be thicker and ensure a more comprehensive coverage
n NMC 811 particles, when the coating achieves a balance that en-
ble Li-ion diffusion and fully coverage as a protective barrier to avoid
hysical contact, as shown in Fig. 1 e , the optimization condition occurs.
t this circumstances, since Li 6 PS 5 Cl is soft and deformable in pressur-
zed condition, LiOH coating can fully cover the interfacial area between
MC 811 and Li 6 PS 5 Cl. The LiOH layer, herein, allows Li-ion diffusion
hile preventing electrons transfer, thus, protects Li 6 PS 5 Cl from side
eactions. It should also be mentioned that LiOH coating layer will not
ffect the electrons pathway among NMC particles. In the cathode elec-
rode layer, coated NMC 811 particles will also be pressed, which will
ause fracture of LiOH coating at NMC/NMC interface ensured by rigid
echanical property of NMC particles. This makes it possible to allow
lectrons transfer among NMC particles, and ensure the electrochemical
ntercalation/deintercalation reactions. When the LiOH coating layer is
uperfluous, like in Fig. 1 f , even though electron transfer is almost com-
letely prevented between NMC 811 and Li 6 PS 5 Cl, the diffusion of Li + is
lso greatly limited. Thus, electrochemical reaction can be suppressed,
esulting in a high capacity lose and low Coulombic efficiency. To study
he effect of the thickness of the coating, we developed a process starting
ith the precursor of NMC 811. Precursors were synthesized through the
o-precipitation reaction, which is similar to our previous work. [22] 
Figs. 2 a-e compares NMC 811 precursor morphology that formed

uring different time interval. Particles from 3 to 6 h. ( Fig. 2 a ) have an
rregular morphology with thin flakes. The secondary particles become
arger and more spherical due to the insertion of primary particles with
ontinuous reaction progresses, as shown in Fig. 2 b , where flakes often
row to be thicker as well. The large particles no longer grow much after
8 h. ( Fig. 2 c ) due to the kinetic equilibrium of insertion and crystal-
) 21–24 hrs; (e) 27–30 h.); (f) Zoom-in figure of the surface morphologies for 
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Fig. 3. SEM of NMC 811 precursor and cathodes sintered with various amount of extra LiOH: (a) precursor from 21 to 24 h.; (b) 5%; (c) 7.5%; (d)10%; (e) 12.5%; 
(f) 15%; (g) SEM images of 10%ex LiOH –NMC 811; (h) EDS mappings for Ni and O elements; (i) XRD patterns of 5–15% ex LiOH –NMC 811 s. 
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ization in the reaction system. This kind of spherical morphology helps
chieve high density for NMC cathode material in application. Compar-
ng Fig. 2 d and 2 e , after 24 h the number of irregular shaped small
articles is increased, which is not favorable for surface modification.
mong them, the precursor displays tens of micron-sized spherically
haped particles at 21–24 h ( Fig. 2 d ) with a nearly uniform size dis-
ribution ( d = 12 μm approximately) and uniform surface morphology
 Fig. 2 f ), which are chosen for surface coating. 
509 
The XRD analysis was conducted on the precursor of 21–24 h. Sam-
le, shown in Figure S1 . The spectra of [Ni 0.8 Mn 0.1 Co 0.1 ](OH) 2 com-
ound is similar to the spectra of pure 𝛽-Ni(OH) 2 . [25] All diffraction
ines are indexed to a hexagonal structure with a space group of P ̄3 m1.
Thus, precursor powder from 21 to 24 h. ( Fig. 3 a ) was used to

chieve a uniform coating. At a molar ratio of 1: (1 + x ) (where x = 5%,
.5%, 10%, 12.5%, 15%), the precursor was combined with LiOH salts.
o compensate lithium loss during sintering, extra 5% of LiOH was
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Fig. 4. Cross-section STEM images of 10% LiOH –NMC 811 particle and XPS spectra of 10% LiOH –NMC 811 compare with pristine NMC 811. (a) Cross-section 
HAADF-STEM image of 10% LiOH –NMC 811; (b) and (c). HAADF images (at different scale), inset shows the corresponding FFT pattern of NMC layered structures; 
(d-i) XPS spectra of the pristine and 10% LiOH –NMC 811: (d) C 1 s, (e) Li 1 s, (f) O 1 s, (g) Ni 2p3, (h) Mn 2p3 and (i) Co 2p3. 
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dded as to synthesis the pristine NMC 811. SEM images of NMC 811
athodes with x excess LiOH are shown in Figs. 3 b-f , and it can be
learly observed that the spherical morphology of particles was main-
ained even after the thermal treatment process, whereas major varia-
ions can be observed between the surface morphology of particles with
ifferent x LiOH. There is no apparent coating structure formed on the
econdary particles of NMC 811 at points where x is less than 10%; with
dditional LiOH applied, those primary particles were gradually covered
y a layer of secondary phase structure formed from excess LiOH; when
 is greater than 10%, the secondary particles of NMC 811 were com-
letely covered with LiOH. 
The accurate amount of LiOH in each cathode material was calcu-

ated based on the sum of the soluble base content (SBC) results listed
n Table S2 . Since LiOH is chemically unstable in air or water, LiOH
as partially converted into Li 2 CO 3 during measurement. However, it
as still reasonable to assume the original amount of LiOH base on the
oncentration of Li + (LiOH and Li 2 CO 3 ) in total. 
Fig. 3 g shows the surface morphology of 10% LiOH coated NMC 811

articles at lower magnification. From the figure, it can be observed that
he particle possesses a smooth and uniform surface morphology. This
oating layer was generated onto the NMC 811 particles simultaneously
uring cathode sintering process. The anticipated homogeneous distri-
ution of characteristic transition metals Ni and O are observed from the
DS mapping results shown in Fig. 3 h . All elements detected are dis-
ributed homogeneously on the particles and no other impurities have
een detected. 
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The XRD patterns of LiOH-coated NMC 811 materials are shown in
igs. 3 i . All diffraction peaks could be indexed to the hexagonal NaFeO 2 
tructure with the R ̄3 m space group in which the 3a, 3b, and 6c octa-
edral sites are occupied by Li, TM, and oxygen atoms. No other phase
ontaining crystalline Li was found for the coated samples. Fig. S2 shows
he XRD refinement results of x% LiOH –NMC 811 and Table S3 lists the
efined lattice parameters of the samples. For each of them, the Chi 2 

s 2.95, 2.80, 3.57, 3.75, and 2.83, demonstrating the excellent fit and
ccurate structural data collected. The unit cell volumes did not change
uch compared to the pristine NMC 811 (5% LiOH –NMC 811). There-
ore, LiOH coating shows no negative effects on crystal structure of NMC
11 cathode particles. Furthermore, the identical c/a values (4.9472,
.9505, 4.9501, 4.9530, and 4.9532 are all about 4.95) and the simple
plitting of the diffraction peaks (108)/(110) for all samples ( Fig. 3 c )
ndicate the formation of a well-ordered layered structure. 
The interface of the active material particle was examined by cross-

ection STEM to further confirm the presence of the coating layer at the
urface of the modified NMC 811 sample. Fig. 4 a describes the cross-
ection view of 10% LiOH –NMC 811 particle with STEM characteristics.
he technique of FIB was used for cutting the 10% LiOH –NMC 811 par-
icle and polishing to obtain a better view of the cross-section, followed
y measuring internal morphology and distribution of components. As
hown in the HAADF-STEM images Fig. 4 b , the tightly packed particle
s covered by a uniform nanosized LiOH coating layer, with a thickness
f 10 nm approximately. Fig. 4 c shows the interphase grain boundary
etween NMC 811 and LiOH. There is no separation observed, which
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Fig. 5. Electrochemical performance of ASSLBs with bare NMC 811 and LiOH coated NMC 811 cathodes. (a) Cycling performance of the x% LiOH –NMC 811 electrode 
at 0.126 mA cm 

− 2 (0.1C); (b) Discharge capacity distribution at different LiOH coating ratios; (c) The galvanostatic charge–discharge voltage profiles of the 10% 

LiOH –NMC 811 electrode between 2.5 and 4.2 V (vs. Li-In) at a current density of 0.126 mA cm 
− 2 ; (d) Rate performance at current densities ranging from 0.126 to 

1.26 mA cm 
− 2 ; (e) Long-cycling performance of ASSLB with 10% LiOH –NMC 811 at 0.1C. 
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urther confirmed the coating was successfully generated onto NMC 811
articles. 
In order to investigate the existence of LiOH coating on NMC 811,

he X-ray photoelectron spectroscopy (XPS) spectra for both pristine and
0% LiOH –NMC 811 are displayed in Figs. 4 d-i , respectively. In the
 1 s XPS spectra ( Fig. 4 d ), peak at 285 eV corresponds to adventi-
ious carbon from the internal calibrator, the other peak at 290 eV is
riginated from Li 2 CO 3 . [26] After the normalization of the peak in-
ensities of the adventitious carbon, 10% LiOH –NMC 811 displays a
lightly higher amounts of the residual Li 2 CO 3 . The higher concentra-
ion of Li 2 CO 3 on LiOH –NMC is reasonable due to the extra amount
iOH coated outside of NMC particle surface, and since the eventual
ontact with air during testing, LiOH can turn into Li 2 CO 3 easily, which
urther increase the amount of Li 2 CO 3 on the surface of LiOH –NMC par-
icles. 
Of the Li 1 s spectra ( Fig. 4 e ), 10% LiOH –NMC 811 reveals a relative
uch larger concentration of Li than that of the pristine NMC 811 due
o the existence of LiOH coating, thinking of the approximate concen-
ration of Li 2 CO 3 , this could be an evidence proving the composition
f coating is LiOH mainly. The O 1 s spectra ( Fig. 4 f ) also consist of
511 
wo peaks, corresponding to the LiOH peak at 532 eV from the surface
oating layer and the O 

2 − ion peak at 528 eV in NMC 811 particles in-
ide. [27] The corresponding peak located at 532 eV is in accordance
ith LiOH, and the higher intensity identifies the composition as LiOH.
he peak for Li 2 O should be at 530 eV, which is not detected. Thus,
e conclude the coating layer is LiOH rather than Li 2 O. By comparison,
ignals of O 

2 − , Ni, Mn and Co from NMC 811 were not observed in the
iOH –NMC particles( Figs. 4 f-i ), this can be addressed by the coating
ully covered the NMC particle surface and no TM signals could be cap-
ured. It also confirmed the NMC particles were fully covered by LiOH
oating, and the composition of the coating layer can therefore be de-
cribed as LiOH. 
The electrochemical performance of x LiOH –NMC 811 s is investi-

ated in ASSLBs to further evaluate the significance of the interface en-
ineering. Although conductive carbon increases the electronic conduc-
ivity of the cathode, it significantly improves the oxidation of Li 6 PS 5 Cl
t high voltage ( > 3 V). Therefore, at the interface between the Li 6 PS 5 Cl
nd carbon, a layer of decomposed products would form. These prod-
cts at the interface will, to some degree, prevent further reaction. Be-
ause of their low ionic conductivity, the decomposed products would
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Fig. 6. Comparison of capacity retention and discharge capacity at the 200th cycle. 
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ncrease the ion transport resistance in the cathode, which will com-
romise the cell performance. No conductive additives are added in the
athode portion to prevent the degradation caused by carbon. Without
arbon, electrons can still transfer among NMC particles. LiOH coated
MC particles will be compressed in cathode electrode layer. Due to
he small thickness of LiOH layer compared to NMC particles, during
he pressing process, the LiOH coating layer is hard and brittle, it will
racture at the point contact of the NMC particles, which allows elec-
ron transfer. [28] On the contrast, at the interface between NMC and
i 6 PS 5 Cl, thinking of the deformability of Li 6 PS 5 Cl, it is much easier to
aintain the LiOH coating structure. Thus, the LiOH layer can play the
ole of protecting the interface between NMC and Li 6 PS 5 Cl. 
To avoid the side reaction between Li 6 PS 5 Cl and Li metal, Li-In is se-

ected as the anode. All ASSLBs tests are conducted at room temperature
fter being assembled. The cycling performance at a constant current
ensity of 0.126 mA cm 

− 2 (approximately 0.1C) of the x LiOH –NMC 811
as also investigated after 3 cycles of formation conducted at the cur-
ent density of 0.126 mA cm 

− 2 , and the results are shown in Figs. 5 a and
 b . The 10% LiOH –NMC 811 cell delivers a capacity of 159 mAh g − 1 at
he 1st cycle and 144 mAh g − 1 at the 50th cycle with 99.2% capacity
etention, while the samples of x = 5%, 7.5%, 12.5% and 15% showed
ower capacity and capacity retention, from 98.6 to 127.9 mAh g − 1 and
6.2% to 97.0% respectively. Since we did not do formation cycles ini-
ially for those cells, the capacity retentions are calculated based on the
ischarge capacity at the third cycle. With the increasing of x, it can be
asily found that the capacity will increase until x reaches 10% as high-
st point, and capacity decrease after that. If the coating is too thin or
ncomplete, it cannot fully protect the Li 6 PS 5 Cl from reacting with NMC
11, leading to the decomposition of the Li 6 PS 5 Cl electrolyte and the
ormation of side products at the interface. And the ion transfer would
lso be impeded by side products. As for a superfluous coating thickness,
he ion transfer could be significantly restricted by the coating layer due
o inadequate ionic conductivity of LiOH. 
512 
Fig. 5 c shows the charge and discharge profiles of 10% LiOH –NMC
11 in the first three cycles at 0.126 mA cm 

− 2 . It delivers a high dis-
harge specific capacity of 158.87 mAh g − 1 at the first discharge cy-
le, then 145.12 and 144.89 mAh g − 1 in the following cycles. The 10%
iOH –NMC 811 also demonstrated good rate performance, as shown
n Fig. 5 d . The battery was tested at various charge / discharge cur-
ent densities from 0.1 to 1C with five cycles performed at each cur-
ent density. The average reversible specific discharge capacities of 10%
iOH –NMC 811 are 159.3, 146.3, 130.5 and 119.4 mAh g –1 at 0.1, 0.2,
.5 and 1C, respectively. When the discharge current density went back
o 0.1C at the end, the discharge capacity was almost recovered to the
riginal value at the same rate for 161.9 mAh g –1 , further demonstrat-
ng the excellent rate capability. The long-term cycling results of 10%
iOH –NMC 811 at 0.1C were shown in Fig. 5 e . After about 100 cycles,
he signal becomes noisy, this could be caused by temperature fluctua-
ions during the test. The 10% LiOH –NMC 811 has an exceptional spe-
ific capacity of 130 mAh g − 1 on average with an ultra-stable 600 cycles
ith columbic efficiency of 98% and 90% capacity retention, verifying
he excellent structural stability of 10% LiOH –NMC 811 cathode during
he charge / discharge process. 
Nonetheless, the LiOH –NMC 811 particles performed differently in

he cells with liquid electrolyte. As shown in Fig. S3 , an extra 5% LiOH
ample gives the highest capacity for both cycle and rate tests. The ca-
acity decreases significantly with an increased amount of LiOH. It is
ot surprising to see the difference. As for the NMC cathode applied in
iquid electrolyte system, it takes great advantages of voids in the sec-
ndary NMC particles, which can increase the accessibility of the liquid
lectrolyte to the surface of NMC; however, this is not the case in the
olid electrolyte system. [29] The presence of the LiOH layer blocked
he immersion of liquid electrolyte into secondary particles of NMC 811
nd the ion transfer between liquid electrolyte and cathode material is
imited. 
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The cross-section elementary mapping results for elec-
rode/electrolyte interfacial region before and after cycle were
resented in Fig. S4 . It is clear the as prepared electrode/electrolyte
hows uniform and compact structure, Li 6 PS 5 Cl was homogeneously
ixed with the LiOH –NMC 811 particles at cathode layer, with excel-
ent aggregation at the interface with NMC, which will ensure the ion
ransfer. After the cycle test was finished, the ASSLB was disassembled,
nd the electrode/electrolyte interfacial area was mapped again for
omparison. The structure of NMC particles did not change after cy-
ling. Also, NMC particles were still fully wrapped in Li 6 PS 5 Cl structure
ithout separation or cracking, further confirm the LiOH coating layer
id not cause side reactions at the interface. The cycle performance
lso confirmed it. 
A comparison among this work and serval recent researches on NMC

oating, such as lithium niobium oxide coating via ALD on NMC 811
ith PEO-based electrolyte (ALD-LNO –NMC 811), [30] lithium phos-
hate on NMC 811 by ALD (ALD-LPO), [31] Li-Ti-O coating on NMC 811
y solvothermal method (Solution-based LTO –NMC 811), [32] Tung-
ten Oxide Coating on NMC 811with a sol − gel method (WO –NMC 811),
33] and chemical vapor deposition of polyaniline (PANI) nanoparti-
les on NMC 532 (CVD-PANI-NMC 532), [19] is graphed in Fig. 6 . At
he 200th cycle, the LiOH –NMC 811 in this work shows a capacity of
30 mAh g -1 and 99.1% capacity retention. The capacity retention after
00 cycles was also greatly enhanced. The substantially improved elec-
rochemical performance of 10% LiOH –NMC 811 so far largely comes
rom interface design, which successfully blocked the reaction between
MC and Li 6 PS 5 Cl, stabilized Li 6 PS 5 Cl to 4.0 V (vs Li / In) and optimized
athode ion diffusion. Compared to the previous research, the coating
pproach is much simpler and does not require extra step or equipment.

. Conclusion 

In summary, we have developed a time- and cost-effective one-step
intering process to prepare LiOH coated NMC 811 material as the cath-
de for ASSLBs using Li 6 PS 5 Cl as solid electrolyte. Using a LiOH in-
erfacial coating layer generated simultaneously during NMC 811 cath-
de sintering that only conducts ions but not electrons, the interface is
ecured due to the absence of electronic pathway for the sulfide elec-
rolyte decomposition reaction. The 10 nm LiOH coating layer is able
o stabilize the interface between the cathode and the Li 6 PS 5 Cl elec-
rolyte so as to enhance the cyclability of the NMC 811 material, re-
ulting in an outstanding coulombic efficiency ( > 99%), excellent cycla-
ility (~130 mAh g –1 for 600 cycles) and satisfactory rate capability
119.4 mAh g –1 at 1C). Furthermore, this strategy offers an alternative
or stabilizing the cathode interface via a low-cost and scalable pro-
ess that enables high-performance ASSLBs. It also provides an efficient
trategy for developing advanced coating on other cathode materials for
olid-state lithium-ion batteries, which can also be extended to other
calable high-performance electrochemical applications. 
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