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To date, most coating layers for electrode materials for Li-ion batteries have been fabricated 

using the sol-gel method or atomic layer deposition (ALD), which involve complicated 

processing steps and limited candidates for coating materials. With an emphasis on solving these 

issues, herein, a new coating methodology based on a sputtering system was developed, and 

sputtered zirconium oxide was coated on Li(Ni1/3Co1/3Mn1/3)O2 (L333) cathode powders. The 

continuous movement of the cathode powders during the coating procedure and the high kinetic 

energy from the sputtering process resulted in a highly uniform coating layer with multiple 

structures exhibiting a concentration and valence state gradient of Zr, i.e., surface (mainly Zr4+) 

and doped (mainly Zr2+) layers. The ZrOx-coated L333 powders exhibited outstanding capacity 

retention (96.3 % at 200 cycle) and superior rate capability compared with the uncoated version 

in a coin cell with 1 M LiPF6 in EC:DEC liquid electrolyte. The ZrOx-coated L333 powders also 

exhibited enhanced specific capacity in a solid state battery cell with a sulfide-based inorganic 

solid-state electrolyte. The improved electrochemical performance of ZrOx/L333 was attributed 

to the synergetic effect from the surface and doped layer: physical/chemical protection of the 

active material surface, enhancement of Li-ion diffusion kinetics, and stabilization of the 

interfaces. 

Introduction 

With a growing demand for large-scale and high-performance energy 

systems, Li(Ni1/3Co1/3Mn1/3)O2 (L333) cathode material with layered 

structure has been intensively investigated for Li ion batteries (LIBs) 

for the past few decades.1–4 L333 was developed to combine the merits 

and overcome the issues of one type of transition-metal-containing 

layered cathode, e.g., LiNiO2, LiCoO2, or LiMnO2. The synergetic 

effect of Ni2+, Co3+, and Mn4+ ions constituting metal cation layers in 

L333 resulted in a high specific capacity of ~ 160 mAhg-1, stabilized 

the layered structure, and high thermal stability.5,6 

To achieve a high energy density, increasing the cell potential to a 

high limit can be considered the simplest approach. However, under 

these conditions, the cathode material becomes vulnerable for 

retaining a stable capacity because of structural and chemical 

instability, e.g., the dissolution of electrochemically active transition-

metal cations induced by the generation of HF and undesirable 

reaction between the electrolyte and active materials.7–9 In addition, 

the relatively lower rate capability of L333 is also one of the major 

drawbacks for electric vehicle applications.10,11  

Therefore, extensive efforts have been focused on improving the 

structural and chemical stabilities under severe conditions. Thin 
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surface coating layers of metal oxides, e.g., ZrO2, Al2O3, TiO2, have 

been demonstrated as an effective strategy to improve the 

electrochemical performances of cathodes.8,12–15 To date, most 

previous studies have adopted the “sol-gel”12,16,17 and “atomic layer 

deposition (ALD)” methods18,19 as the surface-coating method. The 

sol-gel method has some disadvantages because of the abundance of 

waste produced, the time-consuming nature of the process with 

required the use of numerous metal precursors and solvents, and post-

thermal treatments to solidify the coating layer. ALD consists of a 

complicated cycle, i.e., precursor and reactant exposure followed by 

gas purging; other obstacle for this method is the insufficient available 

precursors to be deposited.  

Sputtering, a well-established coating method in the semiconductor 

industry, is one of the best alternative coating methods due to its high 

coating efficiency, precise control of properties of the coating material, 

and wide range of coating materials. Despite the multi-functionality 

of the sputtering methodology, one challenge remains: when the 

conventional sputtering process is applied to powder forms of active 

materials, high uniformity of the coating layers is difficult to achieve 

because the electrode powders are irregularly exposed to the sputtered 

materials and they tend to form agglomerates. 

Herein, a new design of a sputtering system is suggested based on the 

introduction of vibration motors at the same holder, which induces 

continuous rotation and bounce of the powder of the electrode 

materials. This system is effective in uniform exposure of the active 

material powder to the sputtered matters, thereby leading to a high 

uniformity of the coating layers. Even more, because of the high 

kinetic energy of the sputtered atoms/molecules, which can be 

precisely controlled, it is possible that not only the surface but also the 

bulk region of the active materials can be simultaneously tailored with 

coating species during the sputtering procedure. By careful selection 

of coated materials with respect to the atomic/molecular size, the 

structure of the active materials, including the lattice parameters and 

local chemical states, can be modified to enhance the electrode 

kinetics. In this context, zirconium oxides were selected as protective 

materials for a L333 cathode to demonstrate the feasibility of the 

modified sputtering method as a versatile coating process. ZrO2 has 

exhibits a negative zeta potential, basic surface,20 and strong 

bonding,21 which are beneficial for trapping the HF and maintaining 

the chemical stability. Furthermore, the larger ion size of Zr than that 

of transition-metal cations in L333 is expected to expand the lattice 

parameter of the L333 cathode to facilitate the diffusion of Li ions. 

The effect of an energetic coating on the electrochemical 

performances of L333 cathodes, e.g., the specific capacity, capacity 

retention, and rate capability, was investigated using two types of 

electrolytes: an organic liquid electrolyte (1 M LiPF6 in EC:DEC) and 

an inorganic solid-state electrolyte (Li2S + P2S5 glass). In both 

electrolytes, the sputtered coating layers were effective in improving 

the electrochemical performances based on the synergetic effect of the 

sputtered materials located on the surface and implanted in the bulk 

of the L333 powders. The mechanism for enhanced performance was 

elucidated based on changes in the resistance components during 

cycling measured from electrochemical impedance spectroscopy 

(EIS), the microstructural stability observed using transmission 

electron microscopy (TEM), and the diffusion kinetics of Li ions 

investigated using the galvanostatic intermittent titration technique 

(GITT). It was also revealed that the main factor for superior 

performance of coated electrodes differed depending on the 

electrolytes. 

It is strongly believed that the modified sputtering system is a versatile 

coating process in that this methodology is applicable to mass 

production as well as serving as an advanced research tool to explore 

materials that could not been used in conventional coating 

methodologies. 

Experimental 

A. Preparation of ZrOx/Li(Ni1/3Co1/3Mn1/3)O2 cathodes 

Li(Ni1/3Co1/3Mn1/3)O2 (supplied by Johnson Controls Inc. Milwaukee, 

WI USA) was used as the starting material for the zirconium oxide 

coating. The average particle size of the NMC333 was approximately 

12 μm, and each primary particle was composed of multiple grains 

with sizes ranging from 1 to 5 μm. The radio frequency (RF) 

sputtering system was modified with mechanical vibration motors 

held by a stainless steel beam at four edges of the holder. During the 

sputtering process, the vibration motors induced the continuous 

rotation and bounce of the powder to secure uniform exposure to the 

sputtered clusters. Before the sputtering of ZrOx, the pressure of the 

chamber reached 1.0× 10-6 Torr. Subsequently, a mixture gas of Ar 

(19 sccm, purity of 99.999 %) and O2 (1 sccm, purity of 99.999 %) 

was flowed into the chamber while the base pressure was fixed at 5.0

× 10-3 Torr. The ZrOx layer was sputtered on the L333 at room 

temperature and a RF power of 80 W was applied to the Zr target 

(purity of 99.99 %). The sputtering time was varied from 1 to 3 h. 
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B. Microstructural and chemical investigation 

The observation of the surface morphology and analysis of the 

chemical element distributions were conducted using a field-emission 

scanning electron microscope (FE-SEM) (SUPRA 55 VP, Carl Zeiss 

and S4800, Hitachi). The cross-sectional samples were prepared from 

the cycled fully charged (200 cycles with a C-rate of 1C) uncoated 

and coated L333 cathodes using a dual-beam focused ion beam (FIB) 

(FEI, Nova Nanolab 200) and the diffraction patterns were obtained 

using a transmission electron microscope (TEM) (JEM-3000F, JEOL). 

X-ray photoelectron spectroscopy (XPS) data were collected using a 

PHI 5000 Versa Probe (ULVAC-PHI) and a monochromatic Al K 

X-ray source (1486.6 eV). The source power was maintained at 24.5 

W. 

C. Electrochemical investigation 

The investigation of the electrochemical performances with an 

organic liquid-state electrolyte was performed using a 2032 coin-type 

cell using 1 M LiPF6 in an EC:DEC (1:1 volume ratio) electrolyte and 

Li metal as the anode. The composite electrodes were prepared from 

the powders (uncoated and ZrOx-coated L333), acetylene black and 

polyvinylidene fluoride (90:5:5 weight ratio) in N-methylpyrrolidinon. 

Cycling testing was conducted by using constant current followed by 

holding the constant voltage (4.5 V for 30 min) for the potential range 

of 3.0 – 4.5 V vs. Li/Li+, and the C-rate was fixed at 1C (160 mAg-1), 

except for the first 2 cycles (formation cycles, C-rate of C/4). For the 

GITT measurements, a constant current flux was supplied for 37.5 

min (~ C/10) followed by a rest state for 180 min. The titration was 

continued within a potential range of 3.0 – 4.5 V vs. Li/Li+. 

For the electrochemical investigation of the all-solid-state cell, the 

glassy solid-state electrolyte was fabricated by mechanical ball 

milling from a mixture of 77.5 mol % Li2S and 22.5 mol % P2S5 at 

room temperature. A schematic of the configuration of the all-solid-

state cell is presented in ESI, Schematic 1†. Each layer in the cell was 

fabricated using the pelletizing method with a pressure between 1 – 5 

metric tons. The composite electrodes were composed of the prepared 

powders, solid-state electrolyte, and carbon black (70:30:2) and the 

pelletized In2Li alloy as the anode as well as the reference electrode. 

Cycling testing was conducted by constant current followed by holing 

the constant voltage (3.7 V for 30 min) for the potential range of 1.9 

– 3.7 V vs. In2Li, and the C-rate was fixed at C/10 (15 mAg-1). All of 

the cycling and GITT testing were conducted using a 

potentiostat/galvanostat battery cycler (BT2000, Arbin) 

Electrochemical impedance spectroscopy was performed using an AC 

impedance analyzer (1280C, Solatron analytical) in the frequency 

range of 20,000 – 0.001 Hz. To identify the changes in the resistance 

components as a function of cycle number, AC impedance spectra 

were obtained at the 3rd, 30th, 60th, 100th, 150th, and 200th cycles for 

the fully charged (4.5 V vs. Li/Li+) cell with organic electrolytes and 

the 3rd, 5th, 10th, 20th, 30th, 40th, and 50th cycles for the fully 

charged (3.7 V vs. In2Li) cell with inorganic solid-state electrolytes. 

Results and discussion 

A. The modified RF sputtering system and its effects on the 

coating uniformity and chemical state of L333 cathodes 

Fig. 1A displays a photograph of the modified sputtering system, 

which was designed for coating on the powders. An innovation was 

performed on a substrate holder of a conventional RF sputter system. 

The planar holder was replaced by a ladle-shaped holder to contain 

the electrode powders and prohibit their loss during the sputtering 

procedure. Four mechanical vibration motors were attached to the 

edges of the ladle-shaped holder to induce continuous movement and 

rotation of the powders to aid uniform coating. 

The uniformity of the coating layer was investigated by energy 

dispersive X-ray spectrometry (EDS). Fig. 1B presents the EDS 

mapping images with selected elements of Ni, Co, Mn, and Zr 

presented in the 2-h-coated cathode powders. From the image, it was 

confirmed that sputtered Zr was uniformly distributed on the L333 

cathodes. From the X-ray diffraction (XRD) pattern for uncoated and 

coated L333 cathodes shown in ESI, Fig. S1†, it was revealed that 

sputtered zirconium oxides has an amorphous structure. 

To confirm the effect of sputtering with energetic bombardment of Zr 

oxides on the chemical structure of the LM333 electrodes, X-ray 

photoelectron spectroscopy (XPS) analyses were performed. The 

changes in the atomic concentration of the Zr and core level spectra 

of Zr 3d as a function of depth are presented in Fig. 2. As observed in 

Fig. 2A, the variation of the atomic concentration of Zr atoms shows 

a concentration gradient along with the depth within the range of 100 

nm investigated. Unlike the previously adopted coating 

methodologies, e.g., sol-gel and ALD, sputtered Zr oxides were 

present not only at the surface but also underneath the surface. Thus, 

the sputtered Zr oxides layers can be considered as the multi-layered 

structure composed of the surface covered layer with higher Zr 

concentration and Zr-doped layers formed in the bulk of L333. Fig. 

2B displays the changes in the Zr 3d core level spectra along with the 
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depth. The red lines correspond to the peak position observed in the 

Zr located at the surface for the purpose of the comparison; the peak 

position varied with the depth. Both doublet peaks gradually shifted 

to negative binding energy with increasing depth. According to a 

previous study on the XPS analysis of Zr oxides,22 it was confirmed 

that the Zr ions located at the surface have a valence state of 4+ and 

that the portion of the reduced form (Zr2+) increased with the depth 

and it is speculated that the reduction of Zr4+ ions is a result of the ion 

sputtering of Ar+, which is continuously flowed into the sputtering 

chamber during coating process.  

 

 

Fig. 1 (A) Photographs for modified sputtering system: four vibration 

motors attached to each corner of holder part to induce continuous 

movement of powders. (B) Energy dispersive X-ray spectrometry 

(EDS) mapping images of 2h-coated L333 with respect to Ni (orange), 

Co (blue), Mn (green), and Zr (red). 

Therefore, it is assumed that the surfaces of the L333 electrodes were 

decorated with ZrO2, and the reduced Zr ions, which have relatively 

larger ionic size than Ni2+, Co3+, and Mn4+, were doped into the bulk, 

inducing the structural modification of the L333 lattice. In the 

following sections, the sputtered coating layer of Zr oxides will be 

referred to as “ZrOx”. 

 

 

Fig. 2 (A) Changes in atomic concentration of Zr for uncoated (gray 

curve) and 2-h-coated (red curve) cathode powder. (B) Core level 

spectra of Zr 3d as a function of sputtering depth (0 to 40 nm) for 2-

h-coated L333 (the two red lines indicate the peak binding energy 

observed at the surface (0 nm)). 

B. The effect of sputtered ZrOx layers on electrochemical 

performances under organic liquid electrolytes 

Fig. 3A shows the cycling performance of uncoated and ZrOx-coated 

(1, 2, and 3 h) L333 cathodes tested under the organic liquid 

electrolyte (1 M LiPF6 in EC/DEC (1/v:1/v)) in the potential range of 

3.0 to 4.5 V vs. Li/Li+. At the 1st cycle, the uncoated L333 cell 

delivered a discharge capacity of 178 mAhg-1, whereas the ZrOx/L333 

cells delivered reduced capacities with increasing sputtering time, e.g., 

174, 168, and 159 mAhg-1 for 1-, 2-, and 3-h coated electrodes, 

respectively. The round-trip efficiency at the 1st cycle was slightly 

sacrificed by introducing the ZrOx coating layer; however, the 
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efficiency reached ~ 100 % for all of the uncoated and coated 

electrodes from the 3rd cycle.  

It is noteworthy that the cycling stability was greatly improved by 

ZrOx coating. For example, the discharge capacity of the 2-h-coated 

L333 electrodes surpasses that of the uncoated one after 70 cycles, 

and the capacity retention, defined as C200th/C3rd (%), of the uncoated 

L333 electrode exhibited the lowest value of 71.3 %, whereas those 

for the 1-, 2-, and 3-h coated samples were 81.7, 94.6, and 92.1 %, 

respectively (Fig. 3D). In particular, the 2-h-coated electrodes 

exhibited the most outstanding capacity retention. The specific 

capacity (delivered at a C-rate of 1 C, 3rd cycle) as well as the capacity 

retention at 100 cycles of sputtered ZrOx (2 h)/L333 electrodes (160 

mAhg-1/96.3 %) exhibited promising performance beyond those 

previously reported for surface-modified cathodes: ZrO2/L333 coated 

using the sol-gel method (150 mAhg-1/93.3 % 16 and 161 mAhg-1/86.3 % 

23) and Al2O3/L333 coated using ALD (153 mAhg-1/90.8 % 18). 

The potential profiles at selected cycles (1st, 3rd, 100th, and 200th) 

for the uncoated and ZrOx-coated (2-h) electrodes are shown in Fig. 

3B. The ZrOx/L333 electrode shows typical charging/discharging 

curves of the L333 electrode reported previously.1–4 As observed in 

the potential profiles of the uncoated L333 electrode (Fig. 3B), the gap 

between the charging and discharging profiles gradually widened with 

the cycle number. The onset potential of Li deintercalation during the 

charging process at the 3rd cycle is ~ 3.7 V, and the potential 

continuously increased and reached ~ 4.0 V at the 200th cycle, 

indicating that high polarization was developed during cycling. 

Surprisingly, the increase in polarization was greatly mitigated in the 

ZrOx/L333 (2 h) electrode, and the potential profiles of the electrode 

were independent of the cycle number except for that at the 1st cycle 

(C-rate of C/4, formation cycle). As observed in the potential profiles 

at the 1st cycle, the coated L333 electrode exhibited a slightly larger 

polarization than the uncoated electrode. This larger polarization is 

due to the increase in both the ohmic and activation polarization 

caused by the ZrOx layers. Although these contributions lead to a 

reduction in the discharge capacity (2.0 – 10.2 %) and coulombic 

efficiency (5.0 – 5.4 %) at the 1st cycle depending on sputtering time, 

the ZrOx coating layer remains effective for stabilizing the active 

material even under a high cut-off potential of 4.5 V. 

Fig. 3 (A) Discharge capacity and coulombic efficiency as a function of cycle number tested with organic liquid electrolyte (potential range: 

3.0–4.5 V vs. Li/Li+, C-rates: C/4 (first 2 cycles) and 1C (followed cycles)). (B) Potential profiles evolved during 200 cycles for uncoated and

ZrOx/L333 (2 h). (C) Comparison of rate capability between uncoated and ZrOx-coated L333 initially (left) and after 100 cycles (right) (the 

electrodes were charged/discharged with a C-rate of 1 C for 100 cycles between two cycle regimes of rate studies). (D) Capacity retention

(C200th/C3rd, %) and rate capability (C16C/C1C, %) as a function of ZrOx sputtering time. 
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Fig. 3C presents the results of a rate study performed at 2 different 

ranges of cycle numbers: the initial cycles (left Fig.) and after 100 

cycles with a 1C rate (right Fig.). The C-rates were determined with 

respect to the capacity of 160 mAhg-1. The comparison of the potential 

profiles as a function of the C-rates investigated for uncoated and 

coated L333 electrodes are depicted in ESI, Fig. S2†. In the initial 

cycle regime, the specific capacity at 1st cycle (1C) was reduced with 

an increase in the sputtering times of ZrOx, which agreed with the 

cycling performance shown in the Fig. 3A. However, as the C-rate 

increased, the capacity of the uncoated electrodes was rapidly decayed 

and exhibited the poorest capacity among all of the electrodes 

measured at C-rates of 8 and 16C. In this regime, the coated L333 with 

the thinnest ZrOx layers (1 h) exhibited the highest rate capability, 

C16C/C1C (%) (Fig. 3D). After 100 cycles at 1C rate, for all the C-rates 

investigated, it was observed that the uncoated L333 delivered the 

smallest capacity. As shown in Fig. 3D, the rate capability of all the 

electrodes was somewhat decreased compared with those obtained in 

the initial cycle regime. However, the reduction in the rate capability 

was greatly relieved in relatively thick ZrOx-coated (2- and 3-h) L333 

electrodes. Therefore, the highest rate capability was achieved in the 

2-h-coated L333 electrodes, which exhibit the most stable cycling 

retention. 

C. The mechanism for enhanced electrochemical performances of 

ZrOx-coated L333 cathodes. 

Electrochemical impedance spectroscopy (EIS) was employed on 

both the uncoated and coated L333 to identify the main factor that was 

detrimental to the cycling performance (Figs. 4A – C). In both 

electrodes, the Nyquist plots showed 2 semicircles (high- and 

intermediate-frequency region) and sloping lines (low-frequency 

region). The diameters of both semicircles of the uncoated L333 (Fig. 

4A) continuously increased with the cycle number, and the increasing 

rate of the semicircle observed in the intermediate-frequency region 

was much faster than that of the high-frequency semicircle. However, 

the Nyquist plots for ZrOx-coated L333 did not exhibit any noticeable 

change, and the semicircles were much smaller. The difference in the 

changing tendency of the Nyquist plots along the ZrOx layers is 

consistent with the changes in the potential profiles observed in Fig. 

3B. 

To separate each resistance contribution for the overall 

electrochemical reaction, an equivalent circuit model was designed, 

as shown in the inset of Fig. 4A. The circuit is composed of 3 

resistance components (the electrolyte (Re), surface layer (Rsurface), 

and charge transfer (Rct)), 2 constant phase elements (CPE), and the 

Warburg impedance (W). The fitting results are denoted as solid lines 

in Figs. 4A and B and exhibit good agreement with the measured data. 

Fig. 4C shows the variation of the resistance of the uncoated and 2-h-

coated L333 electrodes depending on the cycle number. Because the 

composition of the electrolyte and configuration of the cell were 

identical in all the electrodes, Re is independent of the cycle number 

and exhibited the same values for both electrodes. Rsurface of the 

uncoated L333 increased during the early stage of the cycle and then 

saturated. That of the coated sample did not vary with cycling, 

although Rsurface measured at the 3rd cycle was slightly higher than 

that of uncoated L333 because of the coating layer. Based on the 

change of Rsurface, it is assumed that the ZrOx layer was effective in 

suppressing the formation of the resistive surface layer, e.g., solid 

electrolyte interface (SEI) layers. Accordingly, the surface resistance 

at the 200th cycle for the uncoated and 2-h-coated L333 was 42.9 and 

28.5 Ω, respectively. The difference in the changing behavior of 

resistance became more apparent in the charge-transfer characteristics 

(Rct). Rct of coated L333 slightly increased during the early cycles and 

barely changed for the rest of the cycles, whereas that of uncoated 

L333 significantly increased with cycling. The relative changes of Rct 

(Rct, 200th /Rct, 3rd) for the uncoated and coated samples were 30.1 and 

1.7, respectively.  

When the L333 electrodes are cycled under an organic liquid 

electrolyte, it is believed that HF generated from the reaction of the 

electrolyte and trace water contents, attacks the fresh surface of L333, 

leading to detrimental side reactions: SEI layer formation and the 

dissolution of transition metal cations. For the uncoated L333, thick 

SEI layers forms and the dissolution of metal cations become severe 

because of the direct contact with the electrolyte and the product of 

the reactions. Therefore, the increase in Rsurface as well as high Rct are 

observed with cycling. However, because of the basic and negatively 

charged surface of ZrO2,20 HF could be scavenged, and the direct 

contact between the active material and HF can be  blocked by the 

surface-covered layers. The effect of sputtering time of the coating 

layer on the cycling stability is related to the capacity of HF 

scavenging. As the sputtering time increases, the possibilities of 

forming SEI layers and dissolving metal ions are reduced due to the 

higher capacity of HF trapping. Accordingly, all of the coated 

electrodes exhibited superior cycling stability compared with the 

uncoated one accompanied with stabilized Rct and Rsurface. In addition, 

overall, the capacity retention improves with increasing sputtering 

time of the ZrOx layer.  
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It has been also reported that the capacity retention is sacrificed with 

increasing cut-off potential of the charging process for layered-

structure cathodes because excessive extraction of Li leads to the 

irreversible phase transition to an electrochemically inactive 

structure.24 According to J. W. Kim et al.,5 the surface crystal structure 

of L333 undergoes a phase transition from rhombohedral structure to 

the spinel cubic structure with space group F3dm after 100 cycles. To 

confirm the effect of the ZrOx layer on the phase transition, a single 

fully charged (4.5 V) ZrOx (2 h)/L333 electrode powder was sampled 

using FIB (Fig. 4D) to obtain TEM selected area electron diffraction 

(SAED) patterns. The surface crystal structure of ZrOx-coated 

L333CM preserved the original layered-structure (space group: R-3 

m) even after 200 cycles, as demonstrated in Fig. 4F. 

To investigate why the rate capability was improved by the 

introduction of the sputtered coating layer, the diffusion coefficients 

of Li ions (DLi) of the uncoated and coated L333 were measured using 

the GITT at 4 selected cycles before and after the rate tests performed 

at 2 cycle regimes (initial and after 100 cycles). The electrodes under 

investigation were identical to those used for the rate study (Fig. 3C).  

DLi was calculated using the following equation:25 

 

 )<<,()
Δ

Δ
()(

4
=

2
22

Liτ

s

B

mB
Li D

L
τwhen

E

E

AM

Vm

πτ
D                    (1)                   

where τ is the holding time of the current per titration and mB, Vm, MB, 

and A are the active mass employed, molar volume of L333 (20.29 

cm3/mol 26), molecular weight of L333 (96.46 g/mol), and contact area 

between the electrode and electrolyte, respectively. The parameters 

ΔEs and ΔEτ are described in ESI, Fig. S3B†. 

The measured DLi as a function of the electrode potential and cycle 

number for uncoated and ZrOx-coated L333 electrodes are shown in 

ESI, Fig. S4†. Fig. 4G shows the change in the average value of DLi 

of the uncoated and ZrOx-coated electrodes as a function of the cycle 

number. The value of DLi measured at ~ 3.7 V was excluded when 

Fig. 4 Nyquist plots during cycling for uncoated L333 (A) and ZrOx/L333 (2 h) (B) measured at fully charged state at 4.5 V (the solid lines are 

fitted for the measured curves using a given equivalent circuit (inset of A)). (C) Changes in resistance (Re (electrolyte), Rsurface (surface layer), 

and Rct (charge transfer) with cycle number calculated from fitting of Nyquist plots. (D) Focused ion beam (FIB) cross-section images of fully 

charged (delithiated) ZrOx-coated (2 h) L333 powder after 200 cycles at 1C-rate between 3.0 and 4.5 V. TEM selected area electron diffraction 

(SAED) patterns from center (E) and surface region (F) of the particle (the specific sites where SAED patterns were obtained are denoted with

dashed circles in D). (G) Change in Li ion diffusivity of uncoated and ZrOx-coated L333 as a function of cycle number (each cycle selected 

for measuring the diffusivity corresponded to before and after the rate study shown in Fig. 3C). 
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averaging DLi because this value showed the largest deviation from 

that at the other potentials. DLi of uncoated L333 measured before the 

1st rate study (4.35 × 10-10 cm2/sec) is comparable to the values 

reported in previous studies (1.5 – 6.6× 10-10 (cyclic voltammetry),2 

1.8 – 4.1× 10-10 (GITT),26 and 4.4 × 10-10 (EIS)27). Initially, all the 

DLi values of the ZrOx-coated L333 electrodes were smaller than those 

of the uncoated one and declined as the sputtering times increased. 

The reduced DLi observed in the coated electrodes results from the 

impeded Li ion diffusion through the ZrOx layer. At the end of the 1st 

rate test, DLi of the uncoated electrode was decreased compared with 

the initial value because of irreversible electrochemical processes, e.g., 

phase transition and formation of the SEI layer. However, the Li 

diffusion kinetics of the ZrOx-coated electrodes was improved from 

the initial values. The increase in DLi of the coated samples is assumed 

to be related to the transformation of ZrOx layers into Li-ion 

conducting materials induced by the interaction with the reaction with 

Li ions in the electrolyte or initially involved in the active material 

during the early stage of repeated cycling. In effect, various 

stoichiometric LiyZrOz are known as materials exhibiting high Li-ion 

conductivity ranging from 4.9× 10-5 to 2.4× 10-4 S/cm.17,28 As the 

transformation proceeded, the diffusion of Li ion though the coating 

layers was no longer restricted, and DLi of the coated electrodes 

recovered to the original value of L333. In addition, the recovery rate 

of DLi is inversely proportional to the sputtering time of the ZrOx layer 

because thinner coating layers are more favored for fast 

transformation into Li-ion conducting materials, i.e., LixZrOy. 

Therefore, the most outstanding power performance observed in the 

1st rate study (Fig. 3C) was obtained in the 1-h-coated L333 electrode 

exhibiting the highest DLi. In addition, as confirmed in Fig. 2, Zr 

atoms were distributed in the bulk region in reduced form. Because of 

the relatively larger ion size of those atoms than Ni, Co, and Mn ions, 

it is possible that the lattice parameters of L333 were modified or 

expanded upon the doping of Zr, which can facilitate the diffusion 

kinetics of Li ions. 

During the 100 cycles after the 1st rate test, DLi of uncoated as well as 

coated electrodes decreased but at different decreasing rates, i.e., the 

reduction in DLi of the uncoated electrodes was more remarkable than 

that of the coated one. In these cycling regimes, the decrease in DLi is 

related to the accumulation of microstructural instability, which arise 

from the formation of resistive layers retarding the movement of Li 

ions or collapse of the diffusion path of Li near the surface of active 

materials, accompanied with a high charging potential. Therefore, as 

the protecting effect of coating layers increases, the reduction in DLi 

is relieved. The order of DLi after the 2nd rate test was 2-h, 3-h, 1 h-

coated, and uncoated L333, and this tendency was consistent with the 

rate capability (C16C/C1C, %): 32.3, 22.0, 16.5, and 1.8 % for 2-h, 3-h, 

1 h-coated, and uncoated L333, respectively. 

Therefore, the superior rate capability of coated L333 electrodes is 

attributed to the sputtered layer coated with high kinetic energy, which 

induced synergetic effects of the surface layers and doped layer inside 

the bulk, although only the surface layer was formed by the 

conventionally used coating processes. The major role of the surface 

and doped layers, which were introduced by the modified sputtering 

method with a single step, was the physical/chemical protection of 

active materials and enhanced Li-ion diffusion kinetics, respectively. 

D. The effect of sputtered ZrOx layers on electrochemical 

performances under inorganic solid electrolytes 

With the strong need for new types of LIBs, e.g., large-scale batteries 

for EVs and printable batteries realized by 3D printers, the importance 

of the solid-state electrolyte (SSE) with various merits of high 

resistance to flammability and high flexibility to the design of the cell 

has been emphasized. A sulfide-based glassy material, Li2S (77.5 

mol %) + P2S5 (22.5 mol %), was selected as the SSE for investigating 

the cycling behavior of the ZrOx-coated L333 electrodes because the 

this SSE is considered to exhibit high ionic conductivity based on the 

high polarizability as well as free volume for hopping of mobile Li 

defects.29–32 

Fig. 5A shows the changes in the discharge capacity and coulombic 

efficiency of uncoated and ZrOx-coated L333 cycled with solid-state 

electrolyte for 50 cycles. All-solid-state cells were assembled in a 

stainless steel framework (schematic S1) and cycled between 1.9 and 

3.7 V (vs. In2Li) with a C-rate of C/10. The In2Li alloy was used as 

the counter electrode because this alloy is known to exhibit better 

stability against SSE than pure Li.33 Fig. 5B shows the effect of 

sputtering time on the 1st discharge capacity and capacity retention 

(C50th/C1st, %). ZrOx layers are beneficial for achieving high cycling 

stability, and the capacity retention is continuously increased with 

sputtering time: 50.2, 79.6, 83.1, and 84.7 % for the uncoated and 1-, 

2-, and 3 h-coated electrodes, respectively. It is noteworthy that the 

ZrOx layers also contributed to improving the discharge capacity of 

the entire cycles investigated and that the delivered capacity increased 

with sputtering time. The discharge capacities of the 1st cycle for the 

uncoated, 1-, 2-, and 3-h-coated L333 were 77.4, 86.4, 98.5, and 109.3 

mAhg-1, respectively. These results are opposite from those cycled 

under organic liquid electrolytes in that the coating layer affected the 
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reduction of the specific capacity of early cycles. The potential 

profiles (ESI, Fig. S5†) during cycling also revealed that smaller 

polarization was observed in the ZrOx-coated L333 electrodes and the 

magnitude of polarization decreased with increasing sputtering time.  

EIS measurements were conducted on fully charged (3.7 V) uncoated 

and coated L333 electrodes at the 3rd, 10th, 30th, and 50th cycles, and 

the related Nyquist plots are presented in ESI, Fig. S6†. The changes 

of each resistance component (Re, Rsurface, and Rct) with cycle number 

were calculated using the same equivalent circuit model used for 

simulating the liquid cells, and the results are presented in Fig. 5C. In 

both electrodes, Re is independent of the cycle number but exhibited 

a higher value than that of the liquid electrolyte because of the 

retarded Li ion transport, lower conductivity than conventional liquid 

electrolytes,34,35 and thicker SSE layer (~ 900 μm). In the uncoated 

L333 electrodes, the contribution of the surface-layer-related 

resistance additionally participated in increasing the total resistance, 

whereas the increase of the resistance in the liquid-electrolyte-based 

cells was mainly caused by Rct (Fig. 4C). Rsurface increased during 

early cycles and then stabilized and Rct exhibited a tendency of 

increasing but with smaller changes than those observed in the 

uncoated L333. The better charge transfer kinetics and surface 

stability obtained by the ZrOx layer were responsible for the superior 

specific capacity from the beginning of cycling as well as the cycling 

stability.  

Based on the results that the coated electrodes exhibited lower Rsurface 

and Rct than the uncoated one even at the initial cycle and the 

remarkable reduction in capacity compared with that obtained in 

liquid cells observed in the uncoated electrodes (ESI, Fig. S7†), it can 

be assumed that the interfaces between SSE and L333 are detrimental 

for reversible Li-ion insertion/extraction.  

When the interface between L333 and SSE was formed, a certain 

amount of Li ions was diffused into L333 to achieve equilibrium with 

Fig. 5 (A) Discharge capacity and coulombic efficiency as a function of cycle number tested with solid-state electrolyte (potential range: 1.9 

– 3.7 V vs. In2Li, C-rate: C/10). (B) 1st discharge capacity, retention, and coulombic efficiency of 1st cycle as a function of sputtering time.

(C) Changes in resistance (Re, Rsurface, and Rct) with cycle number for uncoated and ZrOx-coated L333 (2 h) measured at fully charged state 

(3.7 V). (D) Potential profiles during early stage of 1st charging of uncoated L333 (under liquid and solid electrolyte) and ZrOx/L333 (2 h) 

(solid electrolyte). 
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respect to the chemical potential of Li. Because of the electron 

conduction in L333, the concentration gradient of Li on the side of 

L333 was relieved. Therefore, the Li ions contained on the side of SSE 

were additionally moved to L333 to achieve another state of 

equilibrium. As a result, a wide Li-deficient layer was developed on 

the side of SSE, which is highly resistive,34 causing high resistance 

(Fig. 5C) and low coulombic efficiency (Fig. 5B). As observed in Fig. 

5D, a noticeable abnormal potential step (~ 3.1 vs. In2Li) was 

observed for uncoated electrode during 1st charging (gray-colored 

line), whereas the same active material assembled with a liquid 

electrolyte (black-colored line) was charged without any sign of those. 

It can be deduced that abnormal potential steps were a result of 

deintercalation of Li ions, which is transferred from SSE during the 

equilibrium process, prior to that originally existed in the cathodes. 

However, the undesirable reaction involved in the potential profiles of 

charging was effectively mitigated by the coating layer, as 

demonstrated in Fig. 5D (red-colored line). The suppressed 

undesirable reaction reflected the higher coulombic efficiency of the 

1st cycle: 52.9, 55.6, 61.9, and 65.2 % for the uncoated, 1-h, 2-h, and 

3-h-coated electrodes, respectively (Fig. 5A). In the interface region 

of coated L333, Li ions also diffused into ZrOx/L333 from SSE 

because of the differences in the concentration of Li ions between SSE 

and ZrOx. However, unlike for the uncoated L333, the concentration 

gradient across the interface was not altered because of the electrically 

insulating ZrOx. Therefore, prohibited additional diffusion of Li from 

SSE led to a narrower thickness of the Li-deficient region compared 

with the uncoated electrodes. As the width of Li-deficient region is 

increased, the interfaces may be acted as barriers that increase the 

charge transfer resistance as well as enlarge the polarization between 

de/lithiation reaction potentials. In fact, at the 2nd cycle, larger 

polarization was recognized with decrease in sputtering time (ESI, Fig. 

S8†). 

We can suggest that an additional surface coating layer of SSEs 

deposited on ZrOx/L333 as the most promising strategy to further 

improve the cycling stability as well as specific capacity at the level 

obtained in liquid-based cells. 

Conclusions 

A new coating methodology based on the modification of a sputtering 

system was developed to improve the electrochemical performances 

of Li(Ni1/3Co1/3Mn1/3)O2 cathodes for Li-ion batteries. Highly uniform 

coating layers were obtained because of the continuous moving or 

rotation of cathode powders during the sputtering process with the aid 

of vibration motors. From a chemical aspect, the sputtered ZrOx layers 

exhibited a concentration gradient expanding into the bulk region of 

the cathodes, and the valence state of Zr was changed from 4+ at the 

surface to 2+ in the bulk region, referring to the surface and doped 

layers, respectively. In a cell cycled under an organic liquid electrolyte, 

1 M LiPF6 in EC:DEC, all of the coated cathodes exhibited superior 

capacity retention and rate capability, although a slight reduction in 

the specific capacity during the early stage of cycle numbers also 

occurred. It was confirmed that the unchanged and lower polarization 

during 200 cycles observed in the coated cathodes was due to the 

suppression of the increase of the charge transfer resistance (Rct), 

which exhibited a significant increase in the uncoated cathode. The 

rate capability was closely dependent on the sputtering time and cycle 

numbers. During the early state of cycle numbers, because of the 

kinetic limitation for the transformation of ZrOx to Li-ZrOx (Li ion 

conductor), the coated cathode with shorter sputtering time exhibited 

the highest power performance. However, as the cycle number 

increased, the effect of the irreversible electrochemical reaction, e.g., 

phase transition and cation dissolution, on the rate capability became 

dominant. In these cycle regimes, the coated sample exhibiting the 

most outstanding capacity retention provided the fastest 

intercalation/deintercalation of Li ions, as demonstrated by the 

changes in DLi with cycle number. Additionally, it was revealed that 

the interfaces formed between the L333 cathodes and sulfide-based 

solid electrolytes are detrimental for reversible charge/discharge 

processes as well as Li storage capacity. By introducing the interposed 

ZrOx layers, the interface was effectively stabilized, and the coated 

samples could deliver a higher capacity than the uncoated sample. The 

modified sputtering technique developed in this study is powerful 

because of its applicability to any type of coating material and because 

it meets the requirements of various application fields for 

electrochemical energy storage. 
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Captions of Figures 

 

Fig. 1 (A) Photographs for modified sputtering system: four vibration motors attached to each corner of holder part to induce 

continuous movement of powders. (B) Energy dispersive X-ray spectrometry (EDS) mapping images of 2h-coated L333 with 

respect to Ni (orange), Co (blue), Mn (green), and Zr (red). 

 

Fig. 2 (A) Changes in atomic concentration of Zr for uncoated (gray curve) and 2-h-coated (red curve) cathode powder. (B) Core 

level spectra of Zr 3d as a function of sputtering depth (0 to 40 nm) for 2-h-coated L333 (the two red lines indicate the peak 

binding energy observed at the surface (0 nm)). 

 

Fig. 3 (A) Discharge capacity and coulombic efficiency as a function of cycle number tested with organic liquid electrolyte 

(potential range: 3.0–4.5 V vs. Li/Li+, C-rates: C/4 (first 2 cycles) and 1C (followed cycles)). (B) Potential profiles evolved 

during 200 cycles for uncoated and ZrOx/L333 (2 h). (C) Comparison of rate capability between uncoated and ZrOx-coated L333 

initially (left) and after 100 cycles (right) (the electrodes were charged/discharged with a C-rate of 1 C for 100 cycles between 

two cycle regimes of rate studies). (D) Capacity retention (C200th/C3rd, %) and rate capability (C16C/C1C, %) as a function of ZrOx 

sputtering time. 

 

Fig. 4 Nyquist plots during cycling for uncoated L333 (A) and ZrOx/L333 (2 h) (B) measured at fully charged state at 4.5 V (the 

solid lines are fitted for the measured curves using a given equivalent circuit (inset of A)). (C) Changes in resistance (Re 

(electrolyte), Rsurface (surface layer), and Rct (charge transfer) with cycle number calculated from fitting of Nyquist plots. (D) 

Focused ion beam (FIB) cross-section images of fully charged (delithiated) ZrOx-coated (2 h) L333 powder after 200 cycles at 

1C-rate between 3.0 and 4.5 V. TEM selected area electron diffraction (SAED) patterns from center (E) and surface region (F) 

of the particle (the specific sites where SAED patterns were obtained are denoted with dashed circles in D). (G) Change in Li 

ion diffusivity of uncoated and ZrOx-coated L333 as a function of cycle number (each cycle selected for measuring the diffusivity 

corresponded to before and after the rate study shown in Fig. 3C). 

 

Fig. 5 (A) Discharge capacity and coulombic efficiency as a function of cycle number tested with solid-state electrolyte (potential 

range: 1.9 – 3.7 V vs. In2Li, C-rate: C/10). (B) 1st discharge capacity, retention, and coulombic efficiency of 1st cycle as a 

function of sputtering time. (C) Changes in resistance (Re, Rsurface, and Rct) with cycle number for uncoated and ZrOx-coated 

L333 (2 h) measured at fully charged state (3.7 V). (D) Potential profiles during early stage of 1st charging of uncoated L333 

(under liquid and solid electrolyte) and ZrOx/L333 (2 h) (solid electrolyte). 
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