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A B S T R A C T   

Ni-rich layered oxides are considered the most promising candidates for cathode materials for use in electric 
vehicles because of their high energy density and low cost. However, the cyclability of Ni-rich layered oxide 
needs to be improved because it suffers from contact loss by microcracks owing to the large anisotropic volume 
changes during cycling. Furthermore, its unstable surface, which releases lithium impurities by water contam-
ination, must also be mitigated. To improve the adhesive force with a polyvinyl fluoride (PVdF) binder as well as 
the air-stability, a self-assembled monolayer of 1H,1H–2H,2H-perfluorodecyltriethoxysilane (PFDTES) is intro-
duced onto the surface of Ni-rich layered oxide cathode powder. A molecular functional monolayer with fluo-
rocarbons on Ni-rich layered oxide powder is delivered to achieve an ~ 13 Å thin homogeneous molecular-level 
functional coating at a negligible weight ratio. The functionalized surface improves the adhesion between PVdF 
and cathode powder by F⋯F interaction, relieving the electrode detachment. As a result, cycling failure mode is 
remarkably mitigated. The fluorinated hydrophobic surface alleviates water contamination, thereby reducing 
lithium impurities.   

1. Introduction 

LiCoO2, the first cathode for lithium-ion batteries (LIBs) developed 
by Noble laureate Prof. J. Goodenough, is still a representative cathode 
material [1–6]. Owing to the failure mode of LiCoO2, which leads to a 
poor cycle life, the practical capacity of LiCoO2 is limited to approxi-
mately 140 mAh g− 1 [7–9]. For the recent widespread LIB applications 
including electric vehicles and energy storage systems for renewable 
energy, novel candidates of high energy density cathode materials are 
required considering the insufficient capacity of conventional cathodes. 
In addition, the high price of Co negatively affects the affordability of 
LIBs with LiCoO2. 

Ni-rich layered oxides with the chemical formula LiNixCoyMnzO2 (x 
+ y + z = 1, x  > 0.8) are considered the top candidates for cathode 
materials in large LIBs owing to their high practical capacity (>200 mAh 
g− 1) and the affordability of Ni precursors [10,11]. In the battery in-
dustry as well as in academia, numerous researchers are focusing on 

utilizing Ni-rich cathode materials for commercial batteries. However, 
the oxidation state of Ni ions in Ni-rich layered oxides should be 3+, 
which should preferably be reduced to stable 2+; this reduction causes a 
phase change from the initial hexagonal phase to the NiO-like phase 
[12]. LiNixCoyMnzO2 (NCM, x + y + z = 1) layered oxides, including Ni- 
rich layered oxides, usually have secondary particle morphologies [13]. 
Unlike LiCoO2, which is simply synthesized using a solid-state mix and 
bake method, the NCM must be prepared via co-precipitation to ensure 
homogeneous transition metal distributions. In this process, the sec-
ondary particles are controlled to have a diameter of several microme-
ters with aggregated primary particles in the nanometer scale to develop 
affordable electrode casting processes [14,15]. it has recently been 
found that under large de-lithiation states of Ni-rich layered oxides, 
anisotropic volume change occurs. The different morphology and large 
volume change make Ni-rich layered oxides have a unique failure mode 
of microcracks. Notably, microcracks and volume changes become more 
severe with increasing Ni content. After the generation of cracks, the 
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electron pathway is hindered by the loss of contact between particles. 
This contact loss critically limits the electrochemical performance by 
hindering the ion/electron interface [16]. In addition, electrolyte 
penetration into the microcrack accelerates the reactive unstable elec-
trode surface of the secondary particles [17]. Many approaches have 
been investigated to reduce microcracks. Because microcracks are 
accelerated by internal electrolyte decomposition, it has been reported 
that electrolyte-phobic surface modification can successfully suppress 
these cracks [17]. This degradation mechanism is similar to the pul-
verization of silicon, in which a high-volume change of 400% occurs 
during charging and discharging. For high-volume-changing Si anodes, 
numerous types of binders for holding particles tightly during cycling 
have been suggested by various polymer concepts [18–20]. Thus, 
improving the adhesion of electrode can be the solution for microcrack. 

Ni-rich layered oxides are faced by the issue of surface lithium im-
purities. First, the initial lithium resources for Ni-rich oxide synthesis 
should be in excess to avoid the formation of bi-phases, which are 
formed under lithium-deficient reduction conditions. Second, during 
storage, even well-prepared Ni-rich layered oxide powders release 
lithium ions when they come in contact with moisture and CO2 in the 
atmosphere through Ni ion reduction [21–23]. Ni-rich layered oxides 
with unstable Ni3+ react with moisture, forming LiOH on the surface 
[24]. The electrochemically unstable lithium impurity is decomposed 
during the charging process, thereby forming gas, and LiOH reacts with 
LiPF6, which is a salt of the electrolyte, thereby generating HF [25]. In 
the electrode fabrication processes, the increased impurity leads to the 
gelation of the slurry, inducing inhomogeneous electrode casting [26]. 
Because of these issues, the Ni-rich layered oxide should be handled in a 
dry atmosphere. To reduce impurity and mitigate surface degradation, 
surface coatings with electrochemically stable inorganic materials such 
as Li2MnO3 and Li2ZrO3 as well as organic molecule have been inves-
tigated [27–29]. 

Herein, we propose a molecular functional surface modification 
process of perfluorocarbon to enhance the adhesion with the PVdF 
binder as well as to improve the surface hydrophobicity. For this 
approach, the self-assembled monolayer (SAM) technique is suitable for 
delivering appropriate surface molecular functions. In addition, it pro-
vides only a single monolayer because of the self-terminating charac-
teristic of the process, and the surface properties can be easily controlled 
using various coupling agents, which induce intra-and intermolecular 
interactions. In this study, we first report the failure mode in which the 
particles are separated from each other and detached from the current 
collector after cycling, particularly when the areal capacity is increased 
from 1 to 3 mAh cm− 2. To improve the adhesion between the particles 
and the binder, the Ni-rich cathode materials were treated using 
1H,1H–2H,2H-perfluorodecyltriethoxysilane (PFDTES), resulting in 
self-assembled monolayers with functional groups of fluorocarbons. 
Electrolyte penetration was reduced and fluorine interaction with PVdF 
was made possible because of the nature of fluorine after the PFDTES 
coating. Thus, the contact between the particles was preserved and 
microcrack generation was suppressed after cycling. In addition, the 
hydrophobic surface coating reduces the reaction with water and im-
proves the stability of the surface in the presence of air. Such a solution 
for the macroscopic degradation using a commercial binder of PVdF has 
not been studied earlier, especially considering the loading level of the 
electrodes. 

2. Experimental details 

2.1. PFDTES surface modification 

To synthesize LiNi0.9Co0.05Mn0.05O2 (B-NCM90), Ni0.9C-
o0.05Mn0.05(OH)2 was prepared by co-precipitation using NiSO4⋅6H2O, 
CoSO4⋅7H2O, and MnSO4⋅H2O as Ni, Co, and Mn precursors, respec-
tively. Ni0.9Co0.05Mn0.05(OH)2 was mixed with LiOH⋅H2O at a 1:1.05 M 
ratio using a mortar pestle for 20 min, and the mixed powder was 

calcined at 450 ◦C for 5 h and 750 ◦C under O2 atmosphere for 12 h. 
For surface modification with PFDTES (Sigma Aldrich) by vapor 

deposition, 5 g of Ni-rich layered oxide was loaded into a custom- 
designed reactor with a glass reservoir for 0.5 mL of PFDTES. After 
sample loading and sealing the reactor, the reactor was moved inside a 
vacuum chamber. The vacuum chamber was left overnight and main-
tained at 30 ◦C using a heating mantle. Finally, the cathode materials 
were baked at 130 ◦C for 60 min. The PFDTES-treated Ni-rich layered 
oxide is referred to as F-NCM90. 

2.2. Electrochemical test 

To fabricate the composite electrode, an active material, B-NCM90 or 
F-NCM90, was homogenously mixed with polyvinylidene difluoride 
(PVdF, KF1100, Kureha) binder and DENKA BLACK conducting agent at 
a weight ratio of 96:2:2. N-methylpyrrolidinone solvent (Aldrich) was 
added to the mixture to control the viscosity of the slurry. The slurry was 
thoroughly mixed using PDM-300 automatic mixing equipment (KM 
tech). The homogeneous slurry was cast on Al foil and dried in a con-
vection oven at 120 ◦C for 10 min. The areal capacities of the electrodes 
were controlled to 1 mAh cm− 2 and 3 mAh cm− 2 and precisely pressed to 
obtain a density of 3.3 g cm− 3 using a roll-press machine. After roll- 
pressing, the electrodes were dried at 120 ◦C in a vacuum oven 
overnight. 

All electrochemical tests were performed by fabricating 2032 type 
coin half-cells, which were assembled using the prepared composite 
electrode as the cathode and lithium foil as the anode. A polypropylene 
separator was inserted between the two electrodes to block direct con-
tact between the cathode and anode. Then, 1 M of LiPF6 in a mixture of 
ethylene carbonate and diethyl carbonate (1:1 ratio by volume) was 
used as the electrolyte (Panaxetec, South Korea). All 2032-coin cells 
were assembled in an argon-filled glove box. All cycling tests were 
conducted using a battery cycle (LAND CT2001A, China). 

The half-cells were charged in the CC/CV mode. First, the cells were 
charged to 4.3 V vs. Li/Li+ in the galvanostatic mode under a constant 
voltage of 0.2C, and a constant voltage of 4.3 V was applied until the 
current density became less than 0.05C (1C = 200 mA g− 1). Subse-
quently, the cells were discharged to 2.5 V under 0.2C. After the initial 
cycle, the cells were charged and discharged under 0.5C, and the CV 
condition and voltage range were the same as in the first cycle. For rate 
capability test, the cells charged at same condition and discharged under 
0.2, 0.5, 1.0, 2.0, 10 and 20C. Electrochemical impedance spectroscopy 
(EIS) measurements were performed using a Ziva Lab MP2 (Won-A- 
Tech, South Korea) with a voltage amplitude of 5 mV in the frequency 
range of 600 kHz to 0.01 Hz. For EIS measurements, all the cells were 
charged in the CC/CV mode and stabilized for an hour after charging. 

2.3. Materials characterization 

X-ray diffraction was performed to confirm the changes in crystal 
structure before and after PFDTES coating using a Rigaku SmartLab 
diffractometer with Cu Kα radiation in the 2 θ range of 10–80◦ and a scan 
rate of 5◦ min− 1. The morphologies of B-NCM90 and F-NCM90 were 
observed using field emission scanning electron microscopy (FE-SEM, 
JEOL, JSM 7800F, Japan). Detailed surface images of B-NCM90 and F- 
NCM90 were obtained using field emission transmission electron mi-
croscopy (FE-TEM, FEI, TALOS F200X, UK). The chemicals on the sur-
face were confirmed by XPS analyses using a PHI 5000 VersaProbe II 
instrument with an X-ray Al anode as the source. The surface is etched 
using Ar ion beam for depth profiling. The binding energies of carbon 
and carbon bonds from the C 1 s signal of all spectra were matched at 
285 eV. FT-IR spectra were recorded by preparing B-NCM90 and F- 
NCM90 electrodes on IRTracer-100, Shimadzu. The water and electro-
lyte contact angles were measured by dropping water and electrolyte on 
the pellets consisting of only B-NCM90 and F-NCM90 powder using an S. 
E.O co. Ltd, Phoenix-MT contact angle meter. To evaluate the adhesion 
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strength of the bare and PFDTES electrodes, 3 M tape was attached to the 
electrodes, and the peeling force was measured by pulling the tape using 
a universal testing machine at a peeling rate of 1 cm min− 1 (UTM, Ins-
tron 5569). 

3. Results and discussion 

Field emission scanning electron microscopy (FE-SEM) was per-
formed to investigate the surface and particle morphologies of the pre-
pared samples, and the results are shown in Fig. 1. In B-NCM90 powder, 
primary particles were aggregated as secondary particles (Fig. 1a) 
because the NCM layered oxide precursor, NixCoyMnz(OH)2, was 

prepared via a routine co-precipitation method. The proposed coating 
process did not alter the morphology of the secondary particles because 
F-NCM90 has the same particle morphology as shown in Fig. 1d. The 
morphology of the secondary particles for the cathode must be 
controlled to make the slurry casting process affordable. Thus, devel-
oping a coating method that can be performed while preserving the 
initial secondary particle is beneficial for the electrode manufacturing 
process. The detailed surfaces of the B-NCM-90 and F-NCM90 cathode 
materials are shown in the high-magnification FE-SEM images in Fig. 1b 
and e. The surface of the cathode was clean, and the primary particles 
had a rectangular shape with sharp edges. The coating layer derived 
from PFDTES is assumed to have a thickness in the Angstrom level, 

Fig. 1. Low and high-magnification SEM images of B-NCM90 (a and b) and F-NCM90 (d and e) powders. TEM images of (c) B-NCM90 and (f) F-NCM90.  

Fig. 2. (a) C 1s, (b) F 1s, and (c) Si 2p XPS signals of B-NCM90 and F-NCM90 powders. (d) F 1s XPS signals of B-NCM90 and F-NCM90 electrodes before etching. (e) 
FT-IR spectra of B-NCM90 and F-NCM90 electrode. (f) Maximum peeling force of B-NCM90 and F-NCM90 electrode. 
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which is not distinguishable via FE-SEM analysis. The PFDTES with a 
linker group of triethoxysilane forms chemical bonding of Si-O-Si be-
tween oxide surface of the substrate and SAM precursor by condensa-
tion. After formation of single molecular layer coating, this SAM 
technique terminates spontaneously because of absence of active linker 
group of triethoxysilane. Despite the coating layer is too thin to be 
observed clearly in Fig. 1e, the relatively blurred SEM image supports 
the changes in the surface electronic conductivity after the PFDTES 
coating. In addition, small lithium impurity particles at the nanometer 
scale were only observed on B-NCM90 (yellow circle in Fig. 1a). This 
indicates that the bare sample has a well-ordered crystalline structure, 
which is also confirmed by the results of the XRD analyses in Figure S1. 
The crystal phase of B-NCM90 is indexed to the α-NaFeO2 layered 
structure with the R3-m space group from the XRD pattern. In both XRD 
patterns, distinct doublets of (006)/(102) and (108)/(110) were 
observed, demonstrating highly ordered crystallization [30,31]. A 
routine coating process requires a post-heating process to convert the 
coating precursor to a final stable coating substance. Especially in Ni- 
rich oxide cathodes, high-temperature calcination causes cation mix-
ing because of the similar sizes of Li+ and Ni2+ ions. However, SAM 
treatment does not require high-temperature calcination. In Figure S1, 
the ratio of the (003)/(104) peaks was almost 1.43, which indicates 
that the cation mixing of F-NCM90 was almost preserved after surface 
modification [32]. 

The TEM images of B-NCM90 and F-NCM90 are shown in Fig. 1c and 
f, respectively. The (104) facet (0.204 nm) was observed for B-NCM90, 
as indicated in Fig. 1c. The surface of B-NCM90 was also terminated by a 
dark matrix, which is thought to be a metal oxide, NCM90. In contrast, F- 
NCM90 has an additional bright layer with a thickness of approximately 
1.3 nm, which matches well with the length of a disordered SAM with a 
decyl carbon chain. Only a single molecule reacts with the target ma-
terial, and a siloxane bond is formed between adjacent Si-OH molecules. 
Although the surface coating is inactive for energy storage, the 1.3 nm 
ultrathin surface coating does not significantly harm the energy density. 
Conventional surface modification with inorganic materials leads to the 
formation of a massive coating layer, which usually decreases the energy 
density of LIBs by several weight percent [12]. A high amount of coating 
reduces the energy density of LIBs. Therefore, an almost negligible 
amount of SAM surface coating is highly effective for high energy 
densities. 

To confirm the chemical composition of the coating, X-ray 

photoelectron spectroscopy (XPS) was performed with Ni-rich layered 
oxides before and after PFDTES coating (B-NCM90 and F-NCM90). 
Fig. 2a shows C1s spectra of B-NCM90 and F-NCM90. The spectra were 
deconvoluted into five chemical bonding peaks (C–C/C–H at 285, 
C–O at 286, and C––O at 288.0 CO3 at 290, and C–F 291.5 eV). The 
chemical component of PFDTES was confirmed by the higher area of the 
C–C/C–H and C-F bonding peaks from the PFDTES coating of F- 
NCM90 than those of B-NCM90. In addition, the strong peaks of the F 1s 
and Si 2p spectra of F-NCM90 demonstrated that the PFDTES coating 
was successfully developed over a broad surface area of active material. 
This clearly shows that PFDTES with end and space groups of per-
fluorocarbons and olefin carbon and the linker group of Si covered the 
surface of the Ni-rich layered oxide. Additionally, lithium carbonate 
impurities were reduced on F-NCM90 by the light-blue peak of car-
bonate shown in Fig. 2a. This indicates that the PFDTES reduces the 
lithium surface impurities, which are a critical issue because they 
develop gas-phase bi-products and inhomogeneous electrode slurry 
casting by the gelation of slurry. In order to investigate interaction be-
tween PVdF binder and surface of the active materials, the composite 
electrodes were investigated by XPS and FT-IR. Fig. 2d shows F 1s 
spectra of B-NCM90 and F-NCM90 electrodes. The peak related to PVdF 
is observed at 687.5 eV for B-NCM90 electrode. This peak shifts to 688.5 
eV for F-NCM90 electrode. The interacted F atom has the reversed bal-
ance of net charge owing to F⋯F interaction [33]. Thus, the electron 
density of this atom is decreased, shifting the peak to higher binding 
energy [34]. To clearly confirm the F interaction, XPS depth-analysis is 
performed. The peak shifting related F interaction is not observed after 
etching since interacted atoms are removed by Ar ion beam. (Figure S2 
a and b). FT-IR spectra of B-NCM90 and F-NCM90 electrodes are 
depicted in Fig. 2e. The peak position of CF2 anti-symmetric stretching 
which is observed around 870 cm− 1 from the B-NCM90 electrode is shift 
to higher wavenumber for F-NCM90 electrode. This result is well 
matched with the previous result that fluorophilic interactions are 
observed at the higher wavenumber of IR spectra [35]. F⋯F interaction 
between PVdF and F-NCM90 is clearly confirmed through XPS and FT-IR 
results. The strong adhesive force of the F-NCM90 electrode was 
investigated using a peeling test. The maximum forces applied when 
peeling the electrode of the B-NCM90 and F-NCM90 cathodes are shown 
in Fig. 2f. A high peeling force of 0.747 N was required to remove the 
electrode of F-NCM90, whereas a relatively low value of 0.599 N was 
sufficient for the bare cathode. Since the binder and surface 

Fig. 3. (a) The first voltage profiles and (b) cycling performances of the half-cells with B-NCM90 and F-NCM90 cathodes. Voltage profiles of the (c) B-NCM90 and (d) 
F-NCM90 half-cells for the 10th to 50th cycles. Cross-sectional SEM images of the (e) B-NCM90 and (f) F-NCM90 cathodes after 60th cycles. Nyquist plots with the 
fitted solid lines of the B-NCM90 and F-NCM90 half-cells at (g) the 1st and (h) 60th cycle. 
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fluorocarbon from F-NCM90 are tightly held to each other though F 
interaction, the high load is required for scrapping the tape from elec-
trode. The non-covalent fluorine interaction between PVdF and the 
perfluorinated molecular function of PFDTES encourages a high adhe-
sive force. Therefore, F⋯F intramolecular interactions from molecular 
coating were realized between the PVdF and PFDTES cathode surface 
modifications. 

The 1st voltage profiles of the B-NCM90 and F-NCM90 half-cells are 
shown in Fig. 3a. The areal capacities of all cells were controlled to be as 
high as 3 mAh cm− 2. The charge/discharge capacities of the B-NCM90 
and F-NCM90 half-cells were 236.4/196.4 and 236.3/200.5 mAh g− 1, 
respectively. These similar capacities indicate that the thin and homo-
geneous coating by molecular monolayer deposition did not critically 
hinder Li ions and electrons. Conversely, the F-NCM90 cell had a slightly 
higher discharge capacity than the bare cell. The volume of Ni-rich 
layered oxide increased during the charging process up to 4.1 V vs. Li/ 
Li+ and shrank during the charging process. In the case of F-NCM90, the 
perfluorinated molecular function on the surface enabled strong adhe-
sion by F⋯F interaction with the PVdF binder, thus holding the particles 
tightly. Therefore, the contact-loss failure mode of B-NCM90 between 
the particles was considered to be relieved by the PFDTES surface 
modification. The cycle performances of the B-NCM90 and F-NCM90 
half-cells are shown in Figure 3b. No significant difference was 
observed between the samples until the 30th cycle. However, the 
discharge capacity of the bare cell rapidly decreased and reached 125.0 
mAh g− 1 after the 40th cycle. However, this capacity fading was miti-
gated for the F-NCM90 cell. The capacity retention increased from 
63.6% to 83.9%. The voltage profiles of the bare cell from the 10th to 
50th cycles are shown in Figure 3c. The polarization continuously 
increased every 10th cycle. However, in the case of the F-NCM90 cell, 
the polarization was highly preserved without severe deterioration 
(Figure 3d). The rapid capacity fading of the bare sample is not a 
common degradation phenomenon of Ni-rich layered oxides. The failure 
mode of the bare cell was not thought to originate from the degradation 
of the cathode material itself but from the electrode system with a high 
areal capacity of 3 mAh cm− 2. To clearly find out the origination of the 
polarization increase. The cycling performances of cells with thin elec-
trodes of areal capacity of 1 mAh cm− 2 are tested. The bare cell did not 
show such a rapid capacity fading and F-NCM90 shows slightly high 
capacity at 100th cycle (Figure S3a and b). The surface electrolyte 
decomposition can be understood by Coulombic efficiency (C.E.) Also, 
those average C.E. values are not largely different (99.3 & 99.1%). From 
this result, although the surface passivation derived from PFDTES mit-
igates the surface side reaction, the improvement in high loading case is 
not due to the alleviating the side degradation. Current LIB technologies 
are based on thick electrodes, which can increase the energy density of 
cells by increasing the proportion of the active materials and reduce the 
ratio of inactive supporting matrices such as current collectors and 
separators. The harsh conditions of the thick electrode make it more 
difficult to preserve the electron and Li-ion pathways. Their discon-
nections due to large volume changes cause high polarization, limiting 
cell performance. Therefore, PFDTES is more effective for thick 
electrodes. 

To elucidate the capacity fading behavior, postmortem cross- 
sectional analyses were performed. Cross-sectional SEM images of the 
B-NCM90 and F-NCM90 electrodes at the 60th cycle are shown in Fig. 3e 
and f. In the B-NCM90 electrode, microcracks of the secondary particles 
were easily observed because of large volume changes. This failure mode 
has been widely discussed in previous studies on Ni-rich electrodes [36]. 
With respect to the electrode system, a large gap between the Al foil 
current collector and the electrode sheet was observed. A volume change 
in the single particles of the active material leads to significant changes 
in the thickness of the electrodes. The weak binding adhesive on the 
surface of the current collector could not hold the repeating large vol-
ume changes during cycling. Therefore, the thick electrode with more 
volume changes has more oppression in this failure mode, accelerating 

electrode detachment. Thus, the thin electrode at 1 mAh cm− 2 did not 
exhibit severe delamination failure, as shown in Figure S4a. This is 
consistent with the fact that the above-mentioned fading mode occurs 
when the loading level increases. The thick electrode matrix exhibits 
more volume changes because it has the same volume expansion ratio. 
The high volume change caused more severe pressure in this failure 
mode. However, the contact between the PFDTES-coated cathode ma-
terials and between the particle and current collector was highly pre-
served even in the thick electrode at 3 mAh cm− 2. This can be explained 
by the enhanced adhesion force due to the F⋯F attractive interaction 
between PVdF and surface fluorocarbon on the Ni-rich layered oxide. In 
addition, a significant difference was observed in the rate of evaporation 
of NMP in which the binder is dissolved. In other words, the NMP on the 
electrolyte side where the solvent is more exposed to air than on the 
other sides was vaporized more rapidly at the current collector side. 
Therefore, the binder moved up to the electrolyte side with NMP 
evaporation. However, the F interaction increased the drift force, the 
direction of which was opposite to the movement of PVdF between the 
binder and surface-modified particles. Thus, detachment is mitigated in 
the PFDTES-coated electrode. In addition, it is revealed that the 
electrolyte-phobic surface layer reduces electrolyte wetting, suppressing 
electrolyte decomposition at the boundary of the primary particle, and 
internal gas evolution [17]. To check the electrolyte-phobicity, the 
contact angle was measured by dropping he electrolyte on B-NCM90 and 
F-NCM90 pellets. The contact angle of B-NCM90 is 11.4◦ and that of F- 
NCM90 is 72.6◦ (Figure S5 a and b). The high contact angle of F-NCM90 
supports that the PFDTES-SAM reduces the wettability. The rate capa-
bility test was also conducted, the result reveals that electrolyte wetting 
is not significantly worsened to limit electrochemical performance 
under the routine current conditions of 0.2, 0.5 and 1.0C and F-NCM90 
has low capacity under the high current density of 10 and 20C compared 
with B-NCM90 (Figure S5 c). In these regards, this SAM technique is 
highly effective to improve cycle life by mitigating the internal side 
reaction. 

To investigate the electrochemical failure behavior in detail, elec-
trochemical impedance spectroscopy (EIS) was conducted to analyze the 
components of the resistance of the B-NCM90 and F-NCM90 cells at 3 
mAh cm− 2 areal capacity after the 1st and 60th cycles. The Nyquist plots 
obtained from the EIS results shown in Fig. 3g and h indicate two 
distinct semicircles. The fitted results are inserted, and the equivalent 
circuit is shown in the inset of Fig. 3g; the diameter of the semicircle 
represents the degree of resistance. The high-frequency semicircle on the 
left side and the low-frequency semicircle on the right side are corre-
lated to the surface film and charge transfer resistance, respectively. The 
intercept on the real resistance axis, where the semicircle of the surface 
film resistance begins, reflects the internal Ohmic resistance, which in-
cludes the contact resistance. To The total resistance from the PFDTES 
cell was larger than that from the bare cell for the 1st cycle. This is 
caused by the reduced interfacial reaction area, which in turn is caused 
by the surface coating; this hinders surface ion transport and electronic 
conductivity. After the 60th cycle, the contact resistance of the bare 
sample was drastically increased due to contact loss from the microcrack 
[17]. The contact Ohmic resistance of B-NCM90 cell greatly increased 
from 2.7 to 12.38 Ohm after 60th cycle. In contrast, the PFDTES coating 
mitigated the increase in the Ohmic resistance at 60th cycle. So, the 
fitted resistance of F-NCM90 is 2.5 and 6.8 Ohm at the 1st and 60th 
cycle, respectively. The contract loss by microcracks was highly relieved 
by the strong adhesive force of the F⋯F interactions. The contact re-
sistances of the bare cell with an areal capacity of 1 mAh cm− 2 were 
measured before and after cycling, and the results are shown in 
Figure S4 b. As can be seen, contact resistances are similar before and 
after the cycling. This shows that the increase in contact resistance after 
cycling is dominant when the loading level increases. 

Lithium impurities of Ni-rich layered oxide electrodes due to water 
contamination from the air are a critical issue hindering slurry-electrode 
fabrication and stable packaging because they generate gas-phase bi- 
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products during cycling. In this regard, to verify the surface hydrophilic/ 
hydrophobic characteristics after PFDTES treatment, the water contact 
angle was measured by preparing pellets with only active materials. For 
the B-NCM90 sample, the water droplet was immediately soaked by the 
pellet as soon as the water encountered the pellet, and the contact angle 
was measured to be as low as 10.9◦ (Fig. 4a), while the contact angle was 
dramatically increased to 63.4◦ after PFDTES coating. The contact angle 
results confirmed that the PFDTES-coated electrode surface was modi-
fied to repel water with high hydrophobicity. To evaluate the presence 
of lithium impurities on the surface of the cathode materials, XPS was 
performed after the B-NCM90 and F-NCM90 powders were exposed to 
air for 3 days. Ni-rich layered oxides have unstable air-contact storage 
characteristics. XPS results of B-NCM90 presents this unstable surface 
behaviors in Fig. 4c-e. The carbonate peak of B-NCM90 at 290 eV was 
significantly higher than that of F-NCM90 (Fig. 4c) in C 1s, and a very 
large CO3/OH peak was observed for B-NCM90 in O 1s. In contrast, the 
increase in the carbonate peak was not severe for F-NCM90. Ni-rich 
layered oxides suffer from Li+/H+ ion exchange when they come in 
contact with H2O molecules, increasing the amount of LiOH on the 
surface. LiOH spontaneously changes to Li2CO3 in the presence of car-
bon dioxide. The lattice ‘O’ signal and Ni 2p spectra of B-NCM90 are 
lower than those of F-NCM90 because impurities cover the surface. It is 
explained that the impurity formation is relieved by hydrophobic sur-
face of PFDTES. Thus, the unnecessary reaction is alleviated after the 
PFDTES coating by blocking the reaction between the Ni-rich layered 
oxide and water. 

Fig. 5 shows a schematic diagram of the failure mode of the bare 
electrode. Ni-rich layered oxide has large volume changes even in a 
single charging process. In detail, the c-lattice was elongated during 
charging up to 4.1 V vs. Li/Li+. From 4.1 V to the end of charging, the c- 
lattice was contracted, thus reducing the volume of Ni-rich layered 

oxides. The largest force was exerted on the bottom region where the 
volume-changing active materials and the constant current collector are 
located. In comparison to other cathode substances, the volume change 
of Ni-rich layered oxide is relatively high. Thus, the Ni-rich cathode 
more suffer from a repeating volume change during the charge and 
discharging process. The particles are separated from each other as well 
as from the current collector after repeated cycling. The isolated parti-
cles could not participate in the electrochemical reaction, which caused 
capacity fading. In contrast, after the PFDTES coating, the NCM90 sur-
face was covered by fluorocarbon, enabling the intermolecular F⋯F 
interaction, which improved the adhesion with the PVdF binder. 
Therefore, the delamination was greatly mitigated for F-NCM90. 

4. Conclusions 

The total stress derived from the volume change of the Ni-rich 
layered oxide during the charging process increases with increasing 
areal capacity. This causes detachment between the cathode powders as 
well as the cathode materials and current collector after repeated 
cycling. The polarization increases sharply. To preserve the contact 
between the particles, the Ni-rich layered oxide was modified using 
PFDTES with a fluorine-terminated end group. Because of the surface 
coating layer with fluorine, intermolecular F interactions with PVdF 
becomes possible. The adhesion between the cathode materials and 
binder was improved, and the particles were endured by volume 
changes. The polarization was highly mitigated, and the cycle perfor-
mance was improved. In addition, this modification changed the surface 
characteristics from hydrophilic to hydrophobic. The electrolyte pene-
tration into the secondary particles was significantly reduced, sup-
pressing the internal side reaction and microcrack generation. 
Hydrophobic properties are also effective against reactions with water 

Fig. 4. Water contact angle of (a) B-NCM90 and (b) F-NCM90 pellets. (c) C 1s, (d) O 1s, and (e) Ni 2p XPS signals of B and F-NCM90 powders exposed to air for 
3 days. 

Fig. 5. Schematic diagram of the detachment degradation behavior for bare NCM 90 (top) and for the improvement of adhesion between with binder and PFDTES- 
coated NCM90 (bottom). 
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molecules. H+ is inserted in the Ni-rich layer when the material is in 
contact with H2O. Simultaneously, Li+ is extracted from the structure. 
The lithium impurity of Ni-rich layered oxide is highly increased after 
storage in air. However, this unnecessary reaction is prevented after the 
PFDTES coating. 
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