
Electrochimica Acta 398 (2021) 139316 

Contents lists available at ScienceDirect 

Electrochimica Acta 

journal homepage: www.elsevier.com/locate/electacta 

Fabrication and interfacial characterization of Ni-rich thin-film 

cathodes for stable Li-ion batteries 

Ming Jiang 

a , b , c , 1 , Xiaochao Wu 

d , 1 , Qian Zhang 

b , d , 1 , Dmitri L. Danilov 

a , b , Rüdiger-A. Eichel b , d , 
Peter H.L. Notten 

a , b , e , ∗

a Eindhoven University of Technology, P.O. Box 513, 5600 MB, Eindhoven, the Netherlands 
b IEK-9, Forschungszentrum Jülich, Jülich D-52425, Germany 
c SVOLT Energy Technology Co., Ltd. Wuxi City 1066, China 
d RWTH Aachen University, Aachen D-52074, Germany 
e University of Technology Sydney, Broadway, Sydney, NSW 2007, Australia 

a r t i c l e i n f o 

Article history: 

Received 25 May 2021 

Revised 19 September 2021 

Accepted 23 September 2021 

Available online 30 September 2021 

Keywords: 

Ni-rich cathode 

Lithium niobate 

CEI film 

Interface 

Thin-film batteries 

Lithium-ion batteries 

a b s t r a c t 

Ni-rich LiNi 0.6 Co 0.2 Mn 0.2 O 2 (NCM) and LiNbO 3 -protected LiNi 0.6 Co 0.2 Mn 0.2 O 2 (NCM) thin-film cathodes 

have been prepared by radio frequency (RF) magnetron sputtering. Electrochemical investigations show 

enhanced stability of LiNbO 3 -protected cathodes compared with bare LiNi 0.6 Co 0.2 Mn 0.2 O 2 . The interfacial 

interaction of LiNbO 3 and LiNi 0.6 Co 0.2 Mn 0.2 O 2 layers has been investigated by XPS depth profiling and 

demonstrated different cathode electrolyte interface (CEI) film formation processes at the electrodes. The 

results elaborate on the interaction between LiNbO 3 and LiNi 0.6 Co 0.2 Mn 0.2 O 2 , emphasizing the role of the 

LiNbO 3 layer in improving the cycling performance of Ni-rich cathodes. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Rechargeable lithium-ion batteries (LIBs) have undoubtedly be- 

ome one of the most powerful energy storage devices upon in- 

ensive studies for decades. They have been successfully applied 

n various fields, such as portable devices, electric vehicles, and 

arge-scale energy systems [1] . Over the last decades, wide-ranging 

esearch has been pursuing battery systems with higher energy 

ensity, higher safety, and lower cost for meeting the increas- 

ng demands of LIBs [ 2 , 3 ]. Cathode materials are considered the

ottleneck for further improving the battery performance to the 

ext level. Among all sorts of cathode materials, Ni-rich layered 

ransition metal oxide LiNi x Co y Mn z O 2 ( x > 0.6) has shown the

argest commercial interest as an alternative to LiCoO 2 , owing 

o its demonstrated high capacity of up to ∼200mAh/g. Despite 

 promising high energy density, Ni-rich cathodes are not yet 

ery stable compared with other conventional cathodes (LiCoO 2 , 

iMnO , LiFePO ) [ 4 , 5 ]. Ni-rich cathode suffers from several de-
2 4 
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ciencies, including transition metal dissolution, surface phase 

ransformation from layered to inactive rock-salt structure, and 

esiduals adhered on the electrode caused by electrolyte decompo- 

ition [ 6 , 7 ]. All side products comprise of a cathode electrolyte in-

erface (CEI) film on the electrode/electrolyte interface, which dra- 

atically increases the system impedance and can be detrimental 

o battery performance and lifetime [8] . 

Many candidates have been introduced as protective layers to 

tabilize the CEI film on Ni-rich cathodes. One can mention metal 

xides (Al 2 O 3 , TiO 2 , MgO, etc .) [9–11] , metal fluorides (AlF 3 , LiF,

tc. ) [ 12 , 13 ], solid-state electrolytes (Li 3 PO 4 , Li 2 ZrO 3 , etc .) [14–16] ,

arbon ( e.g. graphene, CNT) and polymers [17–20] . However, most 

aterials are Li-ion insulators with extremely low Li-ion diffusion 

oefficients, leading to low initial discharge capacities. Good Li-ion 

onductors, such as the solid-state electrolytes, can efficiently al- 

eviate electrode degradation by suppressing the CEI film forma- 

ion and providing facile Li-ion transportation across the interface. 

ithium niobate (LiNbO 3 ), a solid-state electrolyte with high ionic 

onductivity and a relatively wide electrochemical stability win- 

ow, has been applied as a coating layer on other cathode materi- 

ls (LiCoO 2 , LiMn 2 O 4 , LiNi 0.5 Mn 1.5 O 4 ) [21–23] . However, the com-

ination of LiNbO and Ni-rich cathode is rarely reported in the 
3 
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iterature. The mechanism behind the improved performance of 

iNbO 3 -coated Ni-rich cathode remains unclear, and the interac- 

ion between layers was neither studied. 

Additionally, existing research has recognized that additives 

sed in conventional powder electrodes, such as conductive car- 

on and PVDF binder, also play a critical role in the CEI and SEI 

lm formation at cathodes and anodes, respectively [ 24 , 25 ]. The 

ontributions from these additives are likely to obscure reactions 

etween the electrodes and electrolytes, making it essential to fab- 

icate a simplified system to fundamentally study the electrode 

egradation mechanisms. Thin-film electrodes can provide a sim- 

le electrode configuration to study interfacial phenomena by iso- 

ating the additives from the electrodes and electrolytes. Another 

eature of the thin-film electrodes is the highly homogeneous mor- 

hology, which offers a clean and identical sample surface for anal- 

ses. Recently, several reports described thin-film electrodes for in- 

erfacial investigations. Still, the study in LiNbO 3 /Ni-rich cathode 

hin-film electrode system has not been reported before [26–29] . 

In this work, we fabricated LiNi 0.6 Co 0.2 Mn 0.2 O 2 cathodes 

bare-NCM) and LiNbO 3 -coated LiNi 0.6 Co 0.2 Mn 0.2 O 2 cathodes 

LiNbO 3 @NCM) by radio frequency (RF) magnetron sputtering. 

learly enhanced electrochemical performance was obtained with 

iNbO 3 -protected electrodes. The interaction between NCM and 

iNbO 3 and CEI film formation mechanism between the electrodes 

nd electrolyte are also illustrated. 

. Experimental 

.1. Synthesis 

All sputter deposition targets were obtained from Advanced 

ngineering Materials Co., Ltd., China. Silicon wafers and quartz 

afers with 3 ′ diameters were used as substrates. The Physical Va- 

or Deposition (PVD) machine (Kurt J. Lesker, UK) was used to pre- 

are the samples. The current collector was deposited by direct- 

urrent (DC) magnetron sputtering of Pt onto the Si substrates. 

hin-film electrodes were prepared by radio-frequency (RF) mag- 

etron sputtering, combined with post-annealing. The sputtering 

rocess was performed in an Ar atmosphere under the chamber 

ressure of 5 mTorr and the sputtering power of 70 W. After de- 

osition the thin-film samples were annealed in air at either 300, 

00 or 500 °C. 

.2. Characterization 

Scanning electron microscopy (SEM) images were taken on a 

uanta FEG 650 (FEI, USA) environmental scanning electron micro- 

cope operated at a voltage of 20 kV. X-ray diffraction (XRD) mea- 

urements were performed between 10 ° and 80 ° using Cu K α ra- 

iation using an EMPYREAN X-ray diffractometer (Panalytical, The 

etherlands). Inductively Coupled Plasma Source Mass Spectrom- 

try (ICP-MS) was analyzed by the Agilent 7900 ICP-MS (Agilent, 

SA). X-ray photoelectron spectroscopy (XPS) was performed by a 

hermo Scientific K-Alpha instrument with a monochromatic X-ray 

ource (Al K α), and depth profiling was carried out by a 500eV gas 

luster ion source beam. 

.3. Electrochemical measurements 

The electrochemical performance was tested in homemade 

eflon cells; the schematic configuration can be found in our pre- 

ious publication [30] . The surface area for both thin-film samples 

as 1.54 cm 

2 . Metallic lithium metal was used as both counter and 

eference electrodes. 1 M LiPF 6 in a 1:1 mixed solvent of ethylene 

arbonate (EC)/dimethylcarbonate (DMC) (LP30, BASF, USA) was 

sed as an electrolyte. All electrochemical tests were performed in 
2 
n Ar-filled glovebox using an M2300 galvanostat (Maccor, USA). 

alvanostatic charge/discharge cycling was operated in the voltage 

ange of 3.0 −4.1 V vs . Li/Li + . Electrochemical impedance spectro- 

copic (EIS) investigations were conducted by an Autolab PGSTAT 

02 (Metrohm-Autolab B.V., The Netherlands) with an amplitude 

f 5 mV in the frequency range from 0.1 Hz to 1 MHz. EIS fitting

rocess was performed in Zview®. 

. Results and discussion 

Ni-rich LiNi 0.6 Co 0.2 Mn 0.2 O 2 thin-films were deposited using a 

i 1.1 Ni 0.6 Co 0.2 Mn 0.2 O 2 ceramic target. Excess of Li was used to com- 

ensate for Li losses during sputtering and subsequent anneal- 

ng. SEM images and corresponding EDX elemental mapping anal- 

ses of the annealed- LiNi 0.6 Co 0.2 Mn 0.2 O 2 (NCM) thin-film sam- 

les deposited on Si substrate are shown in Fig. 1 . Compared with 

he as-deposited NCM films (Fig. S1), the thin film surface af- 

er high-temperature annealing presents a relatively rough mor- 

hology, with small sphere-like aggregated particles ( Fig. 1 a). The 

DX elemental analysis shows a uniform elemental distribution for 

he crystallized NCM film ( Fig. 1 c). It reveals that the Ni:Co:Mn 

tomic ratio is 17.64:6.32:5.78, consistent with the NCM sputter- 

ng target’s elemental ratio. Similar to the pure NCM film, the sur- 

ace of LiNbO 3 @NCM film shows the nano-sized crystalline grains 

 Fig. 1 d). The cross-section view of the film is given in Fig. 1 e.

he thickness of NCM and LiNbO 3 layers are 200 and 300 nm, 

espectively. The interfacial contact between the layers is found 

o be compact. The elemental distribution of Nb and O in the 

iNbO 3 @NCM thin film has also been examined by EDX measure- 

ents ( Fig. 1 f). The atomic ratio between Nb and O (22.07:77.93) is 

imilar to that of the LiNbO 3 target. Note that EDX of active elec- 

rode materials often shows some unlabeled peaks related to the 

lements in the substrate, the adhesive layer, barrier layer, and cur- 

ent collector. In the present study, the irrelevant elements are ex- 

luded, and a precise elemental ratio of active material is obtained. 

XRD was employed to compare the crystal structure of the as- 

repared films under various annealing temperatures to determine 

he most optimized crystallization conditions. The diffraction pat- 

erns of the as-deposited NCM film and samples post-annealed at 

0 0, 40 0, and 50 0 °C in Fig. 2 a indicate a structural transforma-

ion from the amorphous phase to the crystalline structure with 

he sharpest peaks at the highest temperature. Compared to the 

tandard LiNiO 2 hexagonal layered structure (R-3m space group), 

he samples annealed at 400 and 500 °C are in good agreement 

ith the reference material. Notably, the film annealed at 500 °C 

isplays more distinct (101) and (104) reflections than the 400 °C 

nnealed film. It has been proven that Li-ion transportation takes 

lace along the (101) and (104) planes, while it is impeded along 

he (003) plane [29] . Therefore, post-annealing NCM thin films 

t 500 °C were further applied in all experiments. In addition, 

iNbO 3 thin-films prepared under various annealing temperatures 

ave been XRD analyzed in detail. As shown in Fig. 2 b, the as-

eposited LiNbO 3 presents an amorphous structure. However, with 

ncreasing annealing temperature, the crystallinity of the thin film 

as significantly enhanced. The characteristic peaks of the 400 and 

00 °C annealed films correspond nicely to the standard hexagonal 

iNbO 3 structure (R3cH space group). Considering that the NCM 

ayer was annealed at 500 °C, the heating process for the LiNbO 3 

ayer applied at 400 °C will not influence the crystallinity of NCM. 

A series of electrochemical examinations were carried out on 

iNbO 3 thin films to probe its feasibility as a solid-state electrolyte. 

he stability window of annealed LiNbO 3 film was investigated, 

s shown in Fig. S2a (the liquid electrolyte used in the measure- 

ent is 1M LiPF 6 , EC/DMC 1:1), and one reversible redox couple 

as found at 2.6 and 3.7 V in the cyclovoltammogram (CV). In 

ontrast to the amorphous LiNbO film, the annealed sample is 
3 
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Fig. 1. SEM image of (a) bare-NCM thin-film and (d) LiNbO 3 @NCM thin-film; Cross-sectional SEM image of (b) bare-NCM thin-film and (e) LiNbO 3 @NCM thin-film; EDX 

elemental analysis of (c) bare-NCM thin-film and (f) LiNbO 3 @NCM thin-film. 
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ore stable with a stability window ranging from approximately 

.0 to 4.2 V, comparable with what has been reported in the liter- 

ture [ 31 , 32 ]. Impedance measurements are made on a sandwich- 

tructure Pt/LiNbO 3 /Pt electrode to investigate the ionic conductiv- 

ty, as shown in Fig. S2b. The area and thickness of each micro- 

lectrode are 1 ×1 cm 

2 and 300 nm, respectively. The result re- 

ects that the annealed film delivered a higher Li-ion conductivity 

1.32 •10 −5 S cm 

−1 ) at room temperature, compared to the amor- 

hous films (3.47 •10 −7 S cm 

−1 in Fig. S2c and 2d). 

The effect of the LiNbO 3 layer coating on NCM cathodes is fur- 

her investigated by XPS depth profiling analysis. Multiple signals 

ere collected after sputtering with Ar500 + cluster ion source 

or 80 s for each collection. The evolution of the Ni 2p, Co 2p, 

n 2p, Nb 3d, and O 1s reflections for a bare-NCM film and a 

iNbO 3 @NCM electrode are shown in Figs. 3 and S3. In the Ni 

p spectra ( Fig. 3 a), two characteristic peaks located at 855.8 and 

62.5 eV are corresponding with the binding energy of Ni 3 + 2p 3/2 

nd Ni 2p 1/2 , respectively. The elemental valence of Ni in the bare- 

CM film remains consistent along with the increasing sputtering 

epth. In Fig. 3 b, two peaks of O 1s spectra are assigned to the

onding energy in M-O (M = Ni, Co, Mn; 529.1 eV) and Li 2 CO 3 (or

iOH; 532.2 eV). The existence of Li 2 CO 3 (or LiOH) is resulting from 

he chemically adsorbed species. This phenomenon has been com- 
3 
only observed in the XPS spectra of Ni-rich cathode materials 

12] . The sample was prepared in the open air. Thus a higher con- 

ent of adsorbed species was found at the sample surface, leading 

o a higher intensity of the Li 2 CO 3 (or LiOH) peak on the first sput-

ering layer [33] . 

The XPS depth profiles obtained with the LiNbO 3 @NCM thin- 

lm give an interesting observation of the NCM/LiNbO 3 inter- 

ace. In Fig. 3 c, the evolution of Ni 2p spectra reveals a grad-

al valence change at the NCM/LiNbO 3 interface. The O spectra of 

iNbO 3 @NCM thin-film also present the transition from the LiNbO 3 

ayer (single peak located at 530.8 eV) to the NCM layer (two 

eaks). In addition, the Nb 3d spectra extracted from LiNbO 3 @NCM 

hin-film display the valence evolution as well (Fig. S3e). However, 

or Co and Mn, both thin films showed identical elemental va- 

ences, and apparently, no valence state changes can be found at 

he interface. In Fig. S3a and S3c, the dominant valence of Co is 

o 3 + and is represented by a strong peak at 779.5 eV. For the Mn 

pectra, the binding energy of 641.9 eV indicates that the Mn ions 

ainly exist as tetravalent in as-prepared NCM film (Fig. S3b and 

3d). The results obtained on NCM films match well with the NCM 

amples prepared by other synthesis methods. [34] The correspond- 

ng Ni 2p, Nb 3d, and O 1s spectra at the NCM/LiNbO 3 interface are

ummarized in Fig. 4 . 
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Fig. 2. XRD patterns of (a) NCM thin-film and (b) LiNbO 3 thin-film under different annealing conditions. The peaks marked with a black asterisk are related to the substrates. 

Silicon and quartz wafers were used as substrates for the XRD measurements of NCM and LiNbO 3 thin films, respectively. The broad peak of the quartz wafers will overlap 

with the characterized (003) reflection of NCM thin-film. Thus silicon wafer was used in the XRD measurement of NCM thin films. 

Fig. 3. XPS depth profiling of a pristine bare-NCM thin-film for (a) Ni 2p, (b) O 1s, and a pristine LiNbO 3 @NCM thin-film for (c) Ni 2p, (d) O 1s spectra. 

4 
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Fig. 4. XPS spectra of (a) Ni 2p, (b) Nb 3d, and (c) O 1s XPS spectra extracted from the LiNbO 3 /NCM interface. 
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As displayed in Fig. 4 , the spectra of Ni 2p, Nb 3d, and O 1s

long the depth direction from the LiNbO 3 top layer towards the 

nderlying NCM layer are extracted. Fig. 4 a shows the Ni that ex- 

sted in the interlayer as Ni 2 + ions. The intensity of Ni 2 + 2p 3/2 

eak (853.6 eV) increased while the etching process approaching 

he NCM layer, and the dominant valence state of Ni ion gradu- 

lly transferred into Ni 3 + (855.8 eV), consistent with the chemical 

nvironment in pure NCM material. Accordingly, the spectra of Nb 

d presents Nb 5 + 3d 5/2 (207.1 eV) on the LiNbO 3 surface, while 

he co-existence of Nb 5 + 3d 5/2 and Nb 4 + 3d 5/2 peaks (204.2 eV) 

n the bulk of the LiNbO 3 layer (Fig. S4). This can be explained 

y insufficient oxygen exposure to LiNbO 3 during the heat treat- 

ent; the structure of the as-deposited layer is highly compact. 

he Nb 4 + peak intensity decreased in the interface layer and even- 

ually became undetectable along with an increasing sputtering 

epth ( Fig. 4 b). 

The evolution of Nb 4 + when approaching the NCM layer is re- 

ated to the escalating influence of Ni ion on Nb species. Ni re- 

eals a much stronger electronegativity than Nb [35] . Thus, the 

lectronic cloud of Nb 4 + was polarized toward Ni ions, resulting in 

he raised valence state of Nb 4 + . The lattice oxygen releasing from 

he NCM layer surface may also oxidize Nb 4 + into Nb 5 + in the in- 

erface area. In addition, O 1s spectra at the interface show the 

orrelative transformation as Ni 2p and Nb 3d ( Fig. 4 c). The sin-

le sharp peak located at 530.8 eV demonstrated the O element at 

he interface is mainly from Nb-O. With the increasing depth, the 

 1s spectra are gradually dominated by the O species from NCM 

aterial (M-O, M = Ni, Co, Mn). As discussed before, a small peak 

bserved at 532.2 eV was attributed to chemically adsorbed oxy- 

enic species (Li 2 CO 3 or LiOH), displaying an identical characteris- 

ic peak as the O spectra obtained for pure NCM films. In short, 

he interphase between NCM and LiNbO 3 layers formed during the 

eat treatment in the preparation process is associated with Ni ion 

iffusion and interaction with the LiNbO 3 films. Moreover, based 

n the XPS depth profiling analyses, the intrinsic thickness of the 

nterface is analyzed at approximately 30 nm. 

The electrochemical properties of the as-obtained thin-film 

lectrodes are shown in Fig. 5 within a voltage range of 3.0 to 

.1 V ( vs . Li/Li + ). As a reference, the performance of a commer-

ial LiNi 0.6 Co 0.2 Mn 0.2 O 2 powder electrode is also included in Fig. 5 a

nd b. The characteristic sloping voltage regions for thin-film elec- 

rodes can be found in the (dis)charge curves and are comparable 

o that for an NCM powder electrode. Obviously, the discharge spe- 

ific capacity of the thin-film electrodes is somewhat lower than 

hat of the commercial powder electrode. A probable explanation 

s that the thin-film electrode configuration is restricted by its con- 

act area with electrolyte. Consequently, the electrochemical reac- 

ion of active material is somewhat hampered during operation. A 

imilar phenomenon has been reported in other work [25] . Never- 

heless, the LiNbO 3 -coated sample demonstrates an improved spe- 

ific discharge capacity (161.4 mAh g −1 ) in comparison to the bare 
5 
CM thin-film (157.5 mAh g −1 ) ( Fig. 5 a). Fig. 5 b shows the differ-

ntial capacity (dQ/dV) plot of all electrodes obtained from Fig. 5 a. 

wo oxidation peaks appeared during the deintercalation process, 

evealing the identical phase transition for all electrodes. Accord- 

ng to the previous research, these two peaks can be identified as 

hase transformation from hexagonal (H1) to monoclinic (M) and 

onoclinic to hexagonal (H2) in Ni-rich cathodes.[ 36 , 37 ] These re- 

ults indicate that the thin films underwent the same phase trans- 

ormation process as powder electrodes. 

The cycling stability of thin-film electrodes during the first 30 

ycles is shown in Fig. 5 c. For the LiNbO 3 -protected NCM thin-film, 

t can be seen that the initial discharge capacity and coulombic 

fficiencies are higher than those of the bare-NCM thin-film elec- 

rode. The discharge capacity of both films is declining upon cy- 

ling, whereas the bare-NCM film exhibited a faster fading rate. 

ts capacity dropped 51.8% and can only deliver approximately 58.1 

Ah g −1 after 30 cycles. On the other hand, the specific capacity 

f LiNbO 3 @NCM film retained 84.1% and revealed 119.2 mAh g −1 

t the end of cycling. Furthermore, the LiNbO 3 @NCM film demon- 

trated an enhanced and steady coulombic efficiency (above 90%) 

ompared to bare NCM film of around 80%. The continuous decay 

f coulombic efficiency for the bare-NCM film suggests degradation 

f its reversible specific capacity during operation. 

The electrochemical impedance of both thin-film electrodes be- 

ore and after cycling is shown in Fig. 5 d. The Nyquist plots show 

 semicircle in the high frequency and a straight line at low fre- 

uencies, representing the charge transfer resistance (R ct ) and Li- 

on diffusion, respectively. The fitting parameters of ohmic resis- 

ance (R E ) and Rct for electrodes are presented in Table S1. For 

he pristine samples, the bare-NCM reveals a low R ct value of 11.4 

 , while the R ct of LiNbO 3 @NCM sample shows an impedance of 

3.5 Ω owing to the increase of layer thickness. However, after cy- 

ling, the initial resistance value of bare-NCM shown a significant 

ncrease and rise to 77.1 Ω . In contrast, the LiNbO 3 @NCM shown a 

odest rise in R ct to 115.1 Ω . Such behavior implies that the elec- 

rochemical kinetics of the bare-NCM sample was significantly hin- 

ered over time, suggesting some inactive species might agglomer- 

te on the electrode surface. 

To further investigate the electrode properties after cycling, 

EM and EDX were applied to explore electrode surface morpho- 

ogical and elemental evolution. In Fig. S5, the bare-NCM film’s sur- 

ace exhibited a destructive morphology with several cracks. It is 

onsidered to be induced by volume changes of the Ni-rich cath- 

de induced by cycling. The electrolyte could penetrate through 

he cracks during cycling and give rise to renewed CEI-formation 

f freshly exposed material. As discussed above, the existence of 

EI is generally seen as a factor strongly related to the capacity 

eterioration of Ni-rich cathodes. In comparison, the morphology 

f cycled LiNbO 3 @NCM thin-film electrodes presented a relatively 

ntact structure. The LiNbO 3 layer tends to protect the underly- 

ng NCM layer from structural collapse. The EDX results detected 
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Fig. 5. (a) Constant current (dis)charge curves of thin-film and powder electrodes at 0.2 C-rate. (b) Differential capacity curves of the constant current curves of (a). (c) 

Cycling performance of thin-film electrodes at 0.5 C. (d) EIS plots of pristine and cycled electrodes. 
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, and F-residuals at the surface, resulting from the CEI-formation. 

iNbO 3 @NCM films demonstrated a reduced P and F amount com- 

ared to bare-NCM thin films, suggesting a lower content of resid- 

als formed at the electrode surface. 

Most importantly, for Ni-rich cathode material, a relatively in- 

act structure helps to survive HF attack from the electrolyte. HF 

s stemmed from the reaction between LiPF 6 salt and trace H 2 O in 

he electrolyte, as described in reaction (1) [ 33 , 38 ]. 

iP F 6 + H 2 O → LiF + P O F 3 + HF (1) 

 O F 3 + L i + + n e − → LiF + L i x P O y F z (2) 

HF is highly toxic to most electrodes because HF tends to re- 

ct with active material and leads to structural fatigue and tran- 

ition metal dissolution. Regarding metal dissolution, it has been 

eported that nickel dissolution is one of the strongest degradation 

echanisms of Ni-rich cathodes [39] . ICP test of the electrolyte af- 

er cycling is presented in Fig. S6 to evaluate the transition metal 

issolution status for both electrodes. The result indicated that the 

iNbO 3 @NCM sample had a lower amount of dissolved metal ions 

han bare-NCM, showing the capability of the LiNbO 3 layer for in- 

ibiting the transition metal dissolution caused by HF. 

XPS depth profiling was again employed to allow a more in- 

epth insight into the chemical evolution of components in both 

hin films after cycling. For the bare-NCM electrode, as shown in 

i 2p spectra in Fig. 6 a, the peaks on the first two layers are

ignificantly different from those of pristine NCM film, indicating 

 Ni-consisted product generated on the surface. For the Co and 

n spectra, no such striking transformation can be observed along 

ith the layer depth (Figures S7a and S7b). In the O 1s spectra 

 Fig. 6 b), the peak development further revealed the complexity 
6 
f the chemical environment on the electrode surface. Moreover, 

 and F-contained residuals are detected that are generated in the 

elatively deeper layers inside the NCM film ( Fig. 6 c and d). The F

s peak located at 685.1 eV is assigned to LiF, and the P 2p peak lo-

ated at 135.0 eV is assigned to Li x PO y F z . Both LiF and Li x PO y F z are

ecomposition products of LiPF 6 (reaction 2) and have been con- 

rmed to be unfavorable to Li-ion transportation due to the high 

mpedance [ 38 , 40 ]. Therefore, this finding suggests that the cracks 

n the cycled NCM film accelerate electrolyte penetration and the 

ormation of undesirable reaction products. 

XPS depth profiling of elements in LiNbO 3 @NCM thin film is 

lso demonstrated in Figs. 6 and S7. No noticeable evolution can 

e seen in the Ni 2p ( Fig. 6 e) and Nb 3d spectra (Fig. S7e) peaks

ompared with those of the pristine sample, suggesting the sta- 

ility of the NCM/LiNbO 3 interface during the (dis)charge process. 

he valence state of O also displays a neglectable change after cy- 

ling ( Fig. 6 f). Similarly, Co 2p and Mn 2p spectra remained the 

elatively consistent chemical states after cycling (Figures S7c and 

7d). In particular, according to the depth profiles of F 1s and P 2p, 

nly the first few layers are found in which residuals of P, F-species 

an be found, implying the intact structure of LiNbO 3 @NCM thin 

lm ( Fig. 6 g and h). The lower content of LiF and Li x PO y F z at the

lectrode surface is associated with the fact that the LiNbO 3 layer 

ignificantly suppresses the decomposition of LiPF 6 . Hence, one can 

onclude that the underlying NCM material was protected from 

lectrolyte corrosion and that its electrochemical performance was 

ess damaged than the bare-NCM thin-film electrode. 

Subsequently, a more detailed analysis of the composition of 

EI film generated at the electrode/electrolyte interface can be 

ade. Figs. 7 and S8 provide the analysis of corresponding XPS 

pectra obtained from the surface of both thin films. For the bare- 
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Fig. 6. XPS depth profiling analysis of the cycled bare-NCM thin-film for (a) Ni 2p, (b) O 1s, (c) F 1s (d) P 2p spectra, and cycled LiNbO 3 @NCM thin-film for (a) Ni 2p, (b) O 

1s, (c) F 1s (d) P 2p spectra. The red marked lines in panels (a) and (b) represent the existence of the NiO-type rock-salt layer. (For interpretation of the references to colour 

in their figure legend, the reader is referred to the web version of this article.) 
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CM film, the Ni 2p spectra shown a rather complex development. 

s indicated in Fig. 7 a, the initial Ni ion exited as Ni 2 + (854.5 eV)

nd Ni 3 + (855.2 eV) in the pristine electrode. While after cycling, 

hree new Ni-contained phases can be found at the surface. The 

eak located at 861.2 eV is ascribed to NiO, resulting from the 

ide reaction in the Ni-rich cathode, such as cation disorder dur- 

ng the (dis)charging [41] . In addition, the peak at 857.2 eV can be

ttributed to the binding energy of the Ni-F bond in NiF 2 , which 

ay be induced by the reaction between the dissolved Ni 2 + ion 

nd the decomposition products of LiPF 6 : POF 3 and HF [42] . 

Moreover, a peak representing Ni 0 is also identified at 850.1 eV. 

 possible explanation of this is as follows: The dissolved Ni-ions 
7 
n the electrolyte reduce at the anode surface and form metallic Ni 

pecies. Then, the metallic Ni species partially transport from the 

node side to the cathode surface during cycling. Recently, several 

eports have reported the chemical crossing of CEI/SEI components 

etween the cathode and anode. These results indicate that the 

EI is not only formed by electrolyte decomposition at the cath- 

de surface but also the transportation of anodic components [43–

5] . For example, Zhang et al . found that a modified separator can 

ffectively suppress the chemical crossover from the anode to the 

athode in a cycled LiFePO 4 /Li cell [44] . Hamers et al. identified 

hat the deposition of anodic species (LiP m 

F p O n , C x H y O z ) at the

iNi 0.5 Mn 0.3 Co 0.2 O 2 surface could be mitigated by using an Al 2 O 3 
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Fig. 7. XPS surface analysis of the pristine and cycled bare-NCM thin-film for (a) Ni 2p, (b) O 1s, (c) C 1s spectra, and the pristine and cycled LiNbO 3 @NCM thin-film for (d) 

Ni 2p, (e) O 1s, (f) C 1s spectra. 

c

o

4

t

o

b

t

6

i

M

t

A

i

t

C

e

a

(  

t

c  

c  

f

C

fi

s

[  

s

l

athode coating [43] . Other researchers also reported the presence 

f the Ni 0 signal in the XPS spectra at cycled cathode surfaces [46–

8] . 

Fig. S8a and S8b display the Co and Mn spectra collected from 

he cycled bare-NCM electrode surface. With no new peaks found 

n both spectra, Co and Mn elements carried out a relatively sta- 

le behavior during cycling. In particular, the Mn 2p spectra has 

wo major peaks located at 641.3 eV (representing Mn 

3 + 2p 3/2 ) and 

42.4 eV (representing Mn 

4 + 2p 3/2 ). The content of Mn 

3 + 2p 3/2 

ncreased slightly at the cycled electrode. The higher amount of 

n 

3 + results from the oxygen loss in the Ni-rich cathode when 

he surface structure transformed from layered to rock-salt phase. 

s-formed Mn 

3 + tends to partially reduce into Mn 

2 + and dissolve 

nto the electrolyte, consequently declining the electrode’s capacity 

o some extend [49] . 
8 
The O 1s and C 1s spectra also provide information about the 

EI component formed at the electrode surface. For the bare-NCM 

lectrode before cycling ( Fig. 7 b), the dominant peaks are located 

t 529.0 and 531.1 eV. They can be associated with the M-O bond 

M = metal) in NCM and C-O bond in Li 2 CO 3 , respectively. While af-

er cycling, a relatively strong peak emerged at 533.7 eV, which 

an be ascribed to lithium alkyl carbonates (ROCO 2 Li) [ 33 , 38 ]. Ac-

ordingly, in the C 1s spectra ( Fig. 7 c), two peaks can be detected

or the pristine electrode. The peak at 584.8 eV is related to the 

-C bond in the occasional carbon contamination. It has been con- 

rmed that most samples that have been exposed to the atmo- 

phere will have a detectable quantity of carbon on the surface 

38] . The peak at 288.5 eV is the binding energy of O-C = O and

hould be attributed to Li 2 CO 3 . In cycled bare-NCM, a new peak 

ocated at 285.1 eV was identified, corresponding to the chemi- 
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Fig. 8. Schematic diagram of the CEI film formation at bare-NCM (a) and LiNbO 3 @NCM thin-film electrodes (b). 
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L

al state C-O-C in ROCO 2 Li. Although the generation mechanism 

f ROCO 2 Li is remaining unclear, several different reaction routes 

ave been proposed in previous reports: [50–53] . 

OC O 2 R + Me O 

− → ROC O 2 
− + M e 2 O (3.1) 

OC O 2 
− + L i + → ROC O 2 Li (3.2) 

OC O 2 R + L i + + e − → ROC O 2 Li + R ∗ (4) 

iP F 6 → LiF + P F 5 (5.1) 

 F 5 + ROH → P O F 3 + HF + RF (5.2) 

 O F 3 + ( C H 2 O ) 2 CO → P O F 2 ORF + C O 2 (5.3) 

 O F 2 ORF + L i + + e − → P O F 2 OR + LiF (5.4) 

 O F 2 ORF + L i + + e − → P O F 2 OR + LiF (5.5) 

On the other hand, for the LiNbO 3 @NCM thin film electrode, 

he surface component development after cycling displayed a rela- 

ively different trend. In Fig. 7 d, the Ni spectra inhibited two peaks 

t 850.1 eV and 861.2 eV, attributing to Ni-F bond in NiF 2 and Ni 0 

p 3/2 , respectively. According to Fig. 7 a, ions generated from dis- 

olved Ni during cycling, the products of NiF 2 and metallic Ni are 

lso formed at the LiNbO 3 @NCM electrode surface, similar to the 

are-NCM electrode. Meanwhile, Fig. S8c shows the XPS spectra of 

he Nb element, where a new peak located at 205.8 eV assigned 

o Nb 4 + 3d 5/2 appearing at the cycled electrode. Accordingly, the 

resence of Nb 4 + could be due to the reduction effect of metal- 

ic Ni towards Nb 5 + . Likewise, regarding the O 1s and C 1s spec-

ra ( Fig. 7 e and 7 f, respectively), the characteristic peaks of Li 2 CO 3 

nd ROCO 2 Li were also found at the surface. However, compared 

ith bare-NCM, the LiNbO 3 @NCM electrode displayed a weaker 

eak intensity overall, especially for the ROCO 2 Li component. This 

omparison suggests that the electrolyte decomposition and resid- 

als formation on the electrode surface can be suppressed by the 

iNbO layer. 
3 

9 
Based on XPS depth profiling and surface analysis, the chemical 

volution of the CEI film at the electrode surface is illustrated in 

ig. 8 . For the bare-NCM electrode ( Fig. 8 a), an inactive NiO-like

ock-phase layer triggered by cation-mixing and structural tran- 

ition formed on the electrode surface during cycles. Meanwhile, 

he electrolyte component was decomposed and reacted on the 

lectrode surface, creating various residuals, such as LiF, Li x PO y F z , 

OCO 2 Li, etc [54–56] . On the other hand, the diffusing Ni-ions 

aused by the HF attack kept reacting with decomposition sub- 

tances and turned into NiF 2 . Notably, traces of P and F-containing 

esiduals can be detected deeper inside the electrode, suggesting 

hat the CEI film not only occurs at the electrode surface. It is 

ainly due to the growth of cracks and structural deterioration 

f the electrode, leading to a severe electrolyte penetration dur- 

ng cycling. As reported, most substances that consisted of CEI film 

LiF, NiF 2 , ROCO 2 Li) are bad Li-ion conductors [33] . The relatively 

igh impedance will hinder Li-ion transport, leading to fading of 

he electrochemical performance fading. 

In contrast, the LiNbO 3 @NCM electrode demonstrated the ab- 

ence of a NiO-like layer on the NCM/LiNbO 3 interface. It contained 

ewer inactive products in the CEI film formed at the electrode sur- 

ace ( Fig. 8 b). The inactive products only existed on the first few

lectrode layers, showing that the LiNbO 3 layer successfully pre- 

ented the underlying NCM material from electrolyte penetration 

nd HF attack. The presented analyses indicate that the stability 

f the NCM/LiNbO 3 interface during cycling and the existence of 

he LiNbO 3 layer can effectively inhibit HF corrosion, suppress elec- 

rolyte decomposition, and eventually mitigate the CEI film growth. 

. Conclusions 

LiNi 0.6 Co 0.2 Mn 0.2 O 2 and LiNbO 3 -coated LiNi 0.6 Co 0.2 Mn 0.2 O 2 

hin-film electrodes were fabricated via sputtering deposition 

n silicon substrates. Chemical and structural characterization 

evealed that the obtained films were of the desired crystallinity. 

PS depth profiling was intensely applied to collect information 

rom the LiNbO 3 /LiNi 0.6 Co 0.2 Mn 0.2 O 2 interface and CEI film for- 

ation at the electrodes. An interface with a thickness around 

0 nm was identified between LiNi 0.6 Co 0.2 Mn 0.2 O 2 and LiNbO 3 

ayers, caused by Ni 2 + ions diffusion from LiNi 0.6 Co 0.2 Mn 0.2 O 2 in 

he LiNbO 3 layer. The electrochemical tests showed that LiNbO 3 / 

iNi0.6Co0.2Mn0.2O2 electrode possesses enhanced stability and 
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itigated the impedance increase after cycling compared to bare 

iNi 0.6 Co 0.2 Mn 0.2 O 2 electrodes. 

Post-mortem analyses revealed the stability of the LiNbO 3 / 

iNi 0.6 Co 0.2 Mn 0.2 O 2 interface and showed the elemental distribu- 

ion in the CEI of both thin-film electrodes. The LiNbO 3 layer 

as found to maintain a compact morphology and effectively 

uppress cation-mixing, resist HF attack and restrain electrolyte 

ecomposition, leading to an alleviated CEI film growth. The 

esiduals unfavorable to Li-ion transport were detected in fewer 

mounts at the surface of LiNbO 3 /LiNi 0.6 Co 0.2 Mn 0.2 O 2 electrodes. 

his work presents a simple solution to isolate active material 

rom carbon additives and binders. The interaction between Ni- 

ich LiNi 0.6 Co 0.2 Mn 0.2 O 2 cathode and LiNbO 3 , as well as the CEI

lm formation between the electrode and electrolyte, was demon- 

trated. More information on interfacial behavior during cycling 

an be obtained by more advanced characterization methods, such 

s in situ atomic-scale techniques. Considering the LiNbO 3 is a 

romising solid-state electrolyte with high ionic conductivity and 

 wide stability window, the present work also contributes to the 

evelopment of stable all-solid-state Li-ion batteries. Eqs. ( (2) , 3.1 ), 

 3.2 ), ( (4) , ( 5.1 ), ( 5.2 ), ( 5.3 ), ( 5.4 ), ( 5.5 )) 
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