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Cathodes Coating Layer with Li-lon Diffusion Selectivity
Employing Interactive Network of Metal-Organic

Polyhedras for Li-lon Batteries

You Jin Kim, So Yeon Ko, Suji Kim, Kyung Min Choi,* and Won-Hee Ryu*

Surface modification of cathodes using Ni-rich coating layers prevents bulk
and surface degradation for the stable operation of Li—ion batteries at high
voltages. However, insulating and dense inorganic coating layers often
impede charge transfer and ion diffusion kinetics. In this study, the fabrica-
tion of dual functional coating materials using metal-organic polyhedra
(MOP) with 3D networks within microporous units of Li—ion batteries for
surface stabilization and facile ion diffusion is proposed. Zr-based MOP is
modified by introducing acyl groups as a chemical linkage (MOPAC), and
MOPAC layers are homogenously coated by simple spray coating on the
cathode. The coating allow the smooth transport of electrons and ions.
MOPAC effectively suppress side reactions between the cathode and electro-
Iyte and protect active materials against aggressive fluoride ions by forming a
Li—ion selective passivation film. The MOPAC-coated Ni-rich layered cathode
exhibited better cycle retention and enhanced kinetic properties than pristine
and MOP-coated cathodes. Reduction of undesirable gas evolution on the
cathode by MOPAC is also verified. Microporous MOPAC coating can simul-
taneously stabilize both the bulk and surface of the Ni-rich layered cathode
and maintain good electrochemical reaction kinetics for high-performance

Li—-ion batteries.

1. Introduction

Designing lithium—ion batteries (LIBs) with high energy den-
sity and stability simultaneously has been pivotal for future
electronic devices and electric vehicles.!! LiNi,Co,Mn,0, (NMC)
and LiNi,CoyAl,O, (NCA) (x+y+z = 1 and x>8), two Ni-rich lay-
ered cathodes (NLCs), are designed using cathode materials
with exceptionally high capacity and working potential, and
low-cost Ni compared to conventional LiCoO, cathodes.”?! The
high Ni content imparts a high specific capacity of more than
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200 mAh g of the cathode due to the
Ni%*/*" redox reaction at a high working
voltage; this is regardless of restraining
at the top of the 0%~ 2p band and eventu-
ally leads to a high energy density of the
cell.B] However, NLCs have a poor cycling
life, particularly at the highly delithiated
state, owing to severe degradation by side
reactions (electrolyte decomposition) on
the cathode surface. High-valence Ni ions
(Ni**, Ni*") at the highly delithiated state
promote the formation of the unwanted
disordered rock salt phase near the sur-
face and resistive cathode—electrolyte
interphase (CEI) layer. This phase aggra-
vates stability and charge transfer between
active materials, thereby degrading cell
performance. Therefore, the surface sta-
bilization of NLCs to prevent degradation
and interfacial side reactions is essential
for acquiring high energy density and
long-term stability.

Studies have demonstrated the protec-
tion of NLCs by surface coating. Dense
coating layers passivate the cathode sur-
face against electrolyte side reactions but nonporous insulating
materials hinder Li* transport across the electrode and electro-
lyte, and electron transfer via the coating layer from/to conduc-
tive carbon and current collectors. Metal-organic frameworks
(MOFs), a type of porous material, are considered coating mate-
rials due to their i) exceptional porosity (> 1000-10000 m? g}),
ii) stable and rigid structure formed by the coordination of
metal ions and organic ligands, and iii) flexibility controlled
by functional groups.”! Although multiple attempts have been
made to introduce MOFs as a bifunctional coating agent for
cathode protection and selective Li ion transport pathways, it
has not been feasible because i) their microcrystals prevent the
formation of a homogeneous film on the cathodel® and ii) large
MOF particles form a thick layer impeding charge transfer and
decreasing volumetric energy density.

Metal-organic polyhedra (MOP), a class of emerging porous
materials, are a potential substitute for MOF since they have
similar pore structures. However, each pore in MOP can be
isolated by removing the electrostatic interaction between
their unit cells.”) MOP unit cells interact with surfactants and
increase their interaction with the aqueous medium. They are
homogeneously dispersed in volatile solvents and uniformly
deposited to form a thin film by the solution-based spray
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coating process.®] Microporous MOP has merits as a spray
coating material to stabilize cathodes: i) MOP pore sizes can
be controlled for selective Li* diffusion while preventing the
same for unwanted salts in electrolytes (e.g., PF®).’>?! Facile
Li* transport through MOP-coated layers stabilizes the cathode
surface and prevents the transition of layered cathodes to other
phases (spinel or rock salt). ii) The open pores of thin layered
MOP at the cathode surface enables Li* diffusion unlike dense
and clogged coating layers of the conventional metal oxide
coating.'% iii) MOP films directly sprayed on the electrode sur-
face act as the active material route.

In this study, we proposed a facile spray-coating method
for fabricating a coating layer on an NLC using micropo-
rous MOP networks for selectively transporting Li* ions in
LIBs. We modified Zr-based MOP with alkyl chains to make
a homogeneous and microporous thin film (Figure 1). The
direct coating on the cathode forms a preconnected pathway
for ions between the cathode and current collector irrespec-
tive of electron transport through the insulating MOP layer.
Zr-based MOP with sizes below 2 nm and alkyl-based sur-
factants maintain their structure and microporosity in the
solution.! 1 Therefore, Zr-based MOP spray coating mate-
rials are stable during electrochemical reactions. We have syn-
thesized MOP [Cp;Zr;0(OH);][BDC-NH,]¢[(C,H3s),NH,],Clg]
and linked them with acyl chloride to form 3D networks.
The chemical formula of the unit forming the network is
[Cp;Zr;0(0OH);,[BDC-NH]¢ [(C,H35),NH,],Cls[CsHgClO,],
(MOPAC). The characteristics of MOPAC layers were studied
by investigating the morphology, thickness, homogeneity,
composition, and ion selectivity. The electrochemical perfor-
mance of MOPAC-coated cathodes was evaluated; the ex situ
characterization of gases evolved at the cathode was carried
out to verify its gas suppression capability. The development
of a unique microporous coating material using this metal-
organic material is a breakthrough for designing high-perfor-
mance and safe LIBs.

> COOH cl
k. NH, o
ey T+
COOH o©
Cp,Zr-O . 5
H,BDC-NH. Adi chloride
(OH)Rco2), " z W&C) o

Spray coatin
pray 9

Spray coating of MOPAC

www.small-journal.com

2. Results and Discussion

The synthesis of MOPAC, and the fabrication of MOPAC-
coated cathode are shown in Figure 2a. Zr-based MOP was
prepared from Cp,ZrCl, and 2-aminoterephthalic acid (H,BDC-
NH,). Acyl chloride, as linkers, is chemically bonded to MOP
to form a mesoporous 3D structure. MOPAC is coated on the
NLC by the direct spray process. The synthesized MOP crys-
tals are analyzed by powder X-ray diffraction (PXRD) as shown
in Figure 2b showing high crystallinity with a structure sim-
ilar to the reported structure.® The presence of the impuri-
ties remaining in the MOP pores makes the intensity different
from simulated PXRD patterns, but the similar positions of
diffraction peaks show the basal structure of the material is
the same. After the addition of acyl chloride to MOP, highly
crystalline cubic MOP of sizes 10 um were altered as shown
in Figure S1 (Supporting Information). The presence of acyl
chloride in MOPAC is identified by 'H-nuclear magnetic reso-
nance (NMR) spectroscopy. Aromatic protons showed chemical
shifts at 8.16, 8.13, and 8.01 ppm (a, b, and ¢ in Figure 2c), and
aliphatic protons showed chemical shifts at 2.2 and 1.4 ppm
(d and e in Figure 2c). The integration ratio for aromatic to
aliphatic protons was 1:4 demonstrating that acyl chloride was
added to every amine group of MOPAC. A comparison between
MOPAC and MOP by Fourier-transform infrared spectros-
copy (FT-IR) spectroscopy revealed the disappearance of the
amine group and appearance of the secondary amide group
in MOPAG; this indicated that acyl chloride binds to amine in
MOP as shown in Figure 2d. The existence of amino group can
be analyzed by ¥(C-N) bands which were observed at 1340 cm™.
In particular, the appeared secondary amide peaks after binding
acyl chloride to amine in MOP were observed at 1544 and
1350 cm™ that corresponds to the vibration of §(C-N)+§(CNH)
and §(NH)+d(OCN), respectively.

The porosity of MOP and MOPAC was compared using
N, adsorption at 77 K. Figure 2e shows a Type-I isotherm of

MOPAC network

Metal organic polyhedra-AC (MOPAC)

Figure 1. Schematic illustrations of the MPOAC-coated NMC cathode.
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MOPAC-coated cathode
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Figure 2. a) Schematic illustrations of MOPAC synthesis. b) XRD spectrum of MOP crystals and simulated MOP crystals. SEM image of synthesized
crystalline MOP crystals. ¢) '"H NMR spectrum of MOPAC. d) FT-IR spectra of MOP and MOPAC. e) N, sorption of MOP and MOPAC.

MOP indicating the presence of abundant micropores. The
Langmuir surface area of MOP and MOPAC were 36745 and
384.65 m? g7!, respectively, as indicated in Table S1 (Sup-
porting Information). Apart from retaining the micropores,
MOPAC also has mesopores. The pore size distribution of
MOP and MOPAC calculated by non-local density functional
theory (NLDFT) is shown in Figure S2 (Supporting Informa-
tion). The micropores of MOP and MOPAC are 1.0-2.0 nm,
and the mesopores of MOPAC are 4 nm. It is speculated that
mesopores were formed due to the 3D network between acyl
groups and MOP in MOPAC.

MOPAC dissolves completely in methanol to form a homo-
geneous dispersion as shown in Figure 3a which is essential
for fabricating a thin film using the spray coating method. The
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homogeneity of this solution was retained for over a year. The
solution was sprayed on the NMC cathode that was placed on
a hotplate at a temperature of 50 °C to form the MOPAC film.
The solution was sprayed every 5 s by maintaining the distance
between the cathode and spray gun at 15 cm. The surface mor-
phology of the MOPAC-coated NMC cathode analyzed by scan-
ning electron microscope (SEM) is macroscopically similar to
the pristine NMC cathode as shown in Figure 3b. However,
the cross-sectional image proves the presence of a uniformly
coated 20 nm thick MOPAC film on the entire cathode sur-
face as shown in Figure 3c. The existence of the MOPAC layer
was also confirmed by energy dispersive spectrometer (EDS)
mapping as shown in Figure 3d. The images confirm well-
distributed Zr, Mn, and Ni throughout the MOPAC-coated NMC

© 2022 Wiley-VCH GmbH
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Figure 3. Material characterizations of MOPAC coated NMC. a) The image and schematic illustration of MOPAC solution. b) SEM images of the
MOPAC/NMC surface. ¢) SEM-FIB image of MOPAC/NMC. d) EDS mapping images of MOPAC/NMC. e) Raman spectra of NMC, MOPAC, and
MOPAC/NMC. f) Raman mapping images of NMC, MOPAC, and MOPAC/NMC. g) ICP-OES data of MOPAC/NMC. h) Image and schematic illustra-
tion of penetration experiment. i) ICP-OES data of MOPAC coated separator before and after electrolyte penetration.

cathode; Zr is present in MOPAC, and Mn and Ni are present
in NMC. Raman spectroscopy also further proved the existence
of MOPAC on the NMC electrode as shown in Figure 3e. Peaks
at 1344 and 1573 cm™! represent carbon having dangling bonds
of disordered graphite (D-band) and sp*bonded carbon—carbon
stretching in graphite sheets (G-band) in NMC, respectively.
The peak at 1058 cm™ represents benzene ring deformation
in terephthalates in MOPAC.[Zl Raman mapping images show
that MOPAC (presented as yellow) is homogeneously coated on
NMC (presented as blue) as shown in Figure 3f. The amount
of MOPAC coated on NMC and compositional analysis on the
coating layer was revealed by thermogravimetric analysis (TGA)
and inductively coupled plasma-optical emission spectroscopy
(ICP-OES) analysis as shown in Figure 3g. 0.2 wt.% of Zr is
present in MOPAC film indicating that 0.75 wt.% of MOPAC
was coated on NMC. This also verified that the MOPAC film
is successfully deposited on the NMC cathode surface by spray
coating.

Selective and fast Li* transport through the MOPAC film
is crucial to enhance charge transfer reaction kinetics and

Small 2022, 2206561
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stabilize the cathode—electrolyte interface against reactions with
solvents. Ion selectivity of the MOPAC film was elucidated by
comparing the relative amount of Li* and PF¢~ in the electrolyte
after their diffusion through the film. The experimental setup
of ion diffusion is shown in Figure 3h. The LiPF; electrolyte
was placed in a small vial and sealed by a cap equipped with
a MOPAC-coated membrane filter. The vial was placed upside
down and soaked in a large vial containing DMC devoid of Li*
and PFq ions. We anticipated that ions in the small vial would
diffuse to the large vial through the MOPAC-coated filter. After
1 day, the amount of the ions diffused into the large vial solu-
tion was quantified by inductively coupled plasma-optical
emission spectroscopy (ICP-OES). Li* and PF;™ in the solvent
after diffusion were 48.01% and 51.99%, respectively as shown
in Figure 3i. Compared with the initial amount of Li* (45.13%)
and PFg~ (54.86%) inside the small vial, the amount of Li*
increased while that of PFg~ significantly decreased. Thus, the
MOPAC film diffuses Li* selectively than PFg~, indicating that
it can act as an ion-selective coating layer between the cathode
and electrolyte.

© 2022 Wiley-VCH GmbH
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We selected an NMC cathode with high Ni content
(LiNig g3Mny osCog 1;0,) with poor cyclic performance to study
the effect of MOPAC coating on the electrochemical perfor-
mance of NLCs. Charge and discharge curves for NMC and
MOPAC/NMC cathodes at a rate of 0.1 C (1C = 250 mAh g}
from 2.5 to 4.3 V were evaluated after 100 cycles as shown in
Figure 4a. Both electrodes showed the same reformation in
all charge and discharge curves without any additional redox
plateau of MOPAC/NMC after 100 cycles. This established
the electrochemical inactivity of the MOPAC film during the
cycling process. The NMC electrode has the 1st discharge
capacity of 201 mAh g}, whereas the MOPAC/NMC electrode
has a slightly larger 1st discharge capacity of 215 mAh g% The
first capacity loss in the NLC relates to the irreversible structural
transition of cathodes and the continuous formation of surface
impurity by losing active Li*.l®! In addition, the trace amount
of PFg~ and HF in LiPFg continuously destructs the cathode
surface; this exacerbates lithium loss and transition to the
rock salt phase. The cathode surface protection by the MOPAC
film effectively prevents the surface structure degradation and
interfacial side reactions during the 1st cycle."! The MOPAC
film with microporous MOP particles connected by organic
linkers allows selective Li* transport from the electrolyte to
the surface and deters harmful species. MOPAC-coated NMC
suppressed the active Li* loss by protecting the cathode sur-
face and increased the less polar Li* ion diffusion rate through
selective pathways. NMC and MOPAC/NMC electrodes showed
discharge capacities of 143 and 151 mAh g™, respectively, after
50 cycles with the same discharge capacity retention rate as
the initial cycle. After the 100th cycle, the discharge capacity
of the NMC cathode drastically decreased to 100 mAh g with
a capacity retention rate of 52% due to the cathode and elec-
trolyte degradation.™ By contrast, the MOAPC/NMC cathode
maintained a high discharge capacity (126 mAh g) even after
100 cycles; it also showed higher reversible charge capacities
at different cycles as compared to those of the NMC cathode.
The capacity loss of the NLC at its highly delithiated state is
suppressed owing to the nanosized Zr domain as the surface
stabilizer on the sustainable MOPAC film. Zr on the NLC
surface enhances the NMC stability and inhibits the forma-
tion of oxygen vacancies at high voltages by forming strong
Zr—O bonds at the bulk.') The MOPAC film having abundant
nanosized Zr clusters in MOP protects the cathode surface by
reducing the unwanted Ni%* generated at a highly delithiated
state and maintaining the O3 layered structure.l” The film acts
as a stable Li* conductor and surface stabilizer for reversible Ni
redox reactions at a high voltage.

The cyclic performance and columbic efficiency of NMC,
MOP/NMC, and MOPAC/NMC cathodes at 0.1 C are shown in
Figure 4b. After 100 cycles, the capacity retention of NMC and
MOP/NMC cathodes are 52% and 49%, respectively, whereas
the same for the MOPAC/NMC cathode is highest at 61%.
The lowest value of MOP/NMC may result from the high ionic
resistance of MOP layers due to localized aggregated MOP par-
ticles on the cathode surface due to the absence of acyl chlo-
ride. Alternately, the sprayed MOPAC film is well dispersed
and adheres strongly to the entire electrode without aggrega-
tion because MOP-bonded acyl molecules prevent aggregation
and induce homogeneous distribution. At the initial cycle, cou-
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lombic efficiency values of NMC and MOPAC/NMC cathodes
were 92% and 91%, respectively, which reached over 97% after
100 cycles. These similar values indicated the enhancement in
Li* transport through the nonresistive coating layer resulting
in the reversible capacity of MOPAC/NMC. The MOP/NMC
electrode showed 88% of reduced coulombic efficiency at the
initial cycle which was lower than both NMC and MOPAC/
NMC electrodes. This is because of the high ohmic resistance
and irreversible capacity due to limited Li* diffusion through
aggregated MOP on the cathode surface. Acyl chloride increases
MOPAC dispersion which helps Li* diffusion on the electrode.

The differential capacity of NMC and MOPAC/NMC cath-
odes at 2.5-4.3 V for comparing their phase changes is shown
in Figure 4c. Three redox couple peaks in each cathodic/anodic
area of both cathodes indicate the phase transition of the lay-
ered Ni-rich structure to the spinel/rock salt structure.l'®! The
NMC cathode exhibited large peak shifts at high voltages and a
rapid decrease in the intensity of cathodic/anodic regions after
repeated cycles indicating an irreversible phase transition to
the rock salt-like phase.” This transition initiates near 4.20 V
and forms weak covalent bonds between the transition metal
and oxygen.?% The charge and discharge peaks of the NMC
cathode due to irreversible phase transition are centered at 4.15
and 4.19 V at a small voltage gap of 0.04 V for the 2nd cycle,
whereas the large peak shift at a low voltage caused the disap-
pearance of the original peak after the 100th cycle. The peak
disappearance at 4.25 V for the cathode after the 100th cycle
indicates the destroyed layered structure of the NLC causing
rapid capacity decrease and large overpotential at the cathode
interface.?!l Alternately, the MOPAC/NMC electrode showed
lower voltage gap change from 0.03 to 0.04 V after the 100th
cycle. Charge and discharge peaks at 4.18 and 4.15 V for the 2nd
cycle slightly shifted to 4.21 and 4.09 V, respectively, even after
the 100th cycle, indicating that the layered structure in the Ni-
rich cathode remains intact with no drastic phase change.

The ohmic resistance of both electrodes (NMC and MOPAC/
NMC) after 100 cycles was calculated by IR drop measurements
between the end of the charge potential and the start of the dis-
charge potential (Figure 4d). The initial IR drop of NMC and
MOPAC/NMC cathodes was 28.14 and 38.95 mV, respectively.
The slightly larger IR drop of the MOPAC/NMC electrode at
the initial cycle was attributed to the inherent properties of
organic species in MOPAC. The lower IR drop values of the
MOPAC/NMC electrode after the 50th and 100th cycles were
146.78 and 183.68 mV, respectively, compared to the higher
values of the NMC electrode (50th cycle = 238.97 mV, 100th
cycle = 39798 mV). The rapid increase in IR drop of NMC after
repeated cycles is caused by the passivated outer cathode sur-
face that forms the resistive cathode electrolyte interfacial (CEI)
layer; this limits Li* diffusion and induces high ohmic polari-
zation of active materials.¥“??l This increased IR drop deterio-
rates the energy density and electrochemical performance of
the cell.M223] The MOPAC film significantly reduces instant
ohmic resistance by improving the surface conductivity of Li*
and interfacial stability for facile charge transport.

The overall resistance within the cell was compared by elec-
trochemical impedance spectroscopy of each sample electrode
after 100 cycles (Figure 4e). The bulk resistance (R,) and charge—
transfer resistance (R.) of NMC and MOPAC/NMC electrodes

© 2022 Wiley-VCH GmbH
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were investigated by equivalent circuits using Nyquist plots at
the 100th cycle. R is determined from the internal resistance and
electron conductivity of the bulk materials: the electrolyte, sepa-
rator, and electrode. R is linked to the semicircle at a low fre-
quency affected by the electrochemical reaction which is changed
by the surface coating or phase transition.? R, increases with
the number of cycles due to electrolyte depletion and microcrack
formation, and R, increases due to sluggish lithiation induced
by the structural change.”! The NMC electrode exhibits nearly
two-fold higher impedance values (R, =708 Q and R;; = 51.89 Q)
than those of the MOPAC/NMC electrode (R;=3.01 Q and R, =
25.75 Q), indicating severe degradation of the structure, particle-
to-particle contact, and interfacial charge transfer of the NMC
electrode.??l The MOPAC film enhanced the electrochemical
kinetics of electrons and ion transport, which decreased the
overall cell resistance. ALD, a uniform coating process, coats
each particle with a thin layer to stabilize the cathode surface,
but a thick coating layer using insulating metal oxides reduces
ion conductivity between particles.’””) Direct MOPAC coating on
the cathode surface instead of the cathode materials enhances
the Li* migration to the cathode surface without any interparticle
resistance. The connection between the cathode materials and
conductive carbon prior to the surface coating should be effec-
tive to facilitate both electron and ion transport.

To examine the kinetic properties of the MOPAC film under
fast cycling, the cycle performance of NMC and MOPAC/NMC
electrodes at a high C-rate of 1.0 C (250 mA g™) was investi-
gated (Figure 4f). An acyl chloride-coated NMC (AC/NMC) and
MOP/NMC electrodes were evaluated initially. NMC showed
initial activation for several cycles due to high ohmic resistance
applied by a sudden large current, and its capacity retention
rate was 58%. The initial capacity of AC/NMC increased rapidly
up to 213 mAh g and irreversibility decreased to 166 mAh g'.
This drastic decrease in capacity is due to the reaction between
active materials of NMC and hydrochloric acid (HCI) in the
electrolyte.?8] Acyl chloride hydrolyzes to form carboxylic acid
and HCL?! The rapid dissolution of Li and transition metals
from NMC by HCI, formed by acyl chloride hydrolysis, leaches
the electrode.?” Therefore, the AC/NMC electrode showed
very low cycle performance at a high current. The MOP/NMC
electrode showed the initial discharge capacity as 0 for several
cycles at a high rate of 1.0 C. This is because of the limited Li*
diffusion to the aggregated site of the MOP-coated layer at the
cathode surface. Even after initial activation, the high overpo-
tential applied to the surface aggregated MOP layer resulted in
a low cycle performance than NMC. Alternately, MOPAC/NMC
showed the highest cycle performance of 68% compared to the
initial capacity due to the favorable chemical combination to
form a stable composite. The composite also showed the least
activation cycle, highest specific capacity, and highest capacity
retention even at a high current density due to several factors:
i) the smallest overpotential applied to the surface coating layer,
i) fast charge transport to the cathode surface, and iii) protec-
tion of the layered NMC structure for multiple cycles.

CV curves between 3.0 and 4.5 V under different scan rates
from 0.1 to 1.0 mV s7! for NMC and MOPAC/NMC electrodes
are shown in Figures 4g h. Both electrodes have similar curves
and Ni redox couples. The oxidation peaks and reduction peaks
of Ni?* to Ni**/Ni*" appeared at 3.80 and 4.25 V, and 3.65 and
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4.05 V, respectively.?!l Since no extra peaks were observed apart
from redox couples (Ni?*/Ni**) for the MOPAC/NMC electrode,
it indicates that MOPAC does not participate in electrochem-
ical reactions. The MOPAC/NMC electrode showed a higher
current for Ni2*/Ni*" than that of the NMC electrode at higher
scan rates implying a higher electrochemical activity.??! Electro-
chemical kinetics of NMC and MOPAC/NMC electrodes were
analyzed by CV curves and the Randles-Sevcik equation as
shown in Figure 4i. The peak current increases with increasing
scan rates, and the peak current shift to high and low potentials
during oxidation and reduction, respectively. This shift is due to
the increased flux of ions and polarization.’3l The Li* diffusion
coefficient of electrodes was estimated by the Randles—Sevcik
equation from CV curves at various scan rates. The peak cur-
rent can be described by a function of the square root of the
applied scan rate according to Equation 1.:5¢34

I,=2.69°x10°n*?AD}*v"*C (1)

where I, denotes the peak current (A), n denotes the number of
electrons involved in the electrochemical process, A denotes the
electrode area (cm? g7'), Dy; denotes the Li diffusion coefficient
(cm s7Y), v denotes the scan rate (V s7), and C denotes the con-
centration of Li* ions (mol cm™). A linear relationship between
peak currents at each scan rate and the square root of applied
scan rates displays Li* diffusion analyzed from the slope. The
slopes of NMC and MOPAC/NMC electrodes obtained from the
oxidation and reduction peak reveal the extraction and insertion
of Li* for charge compensation of Ni?*/Ni**. The MOPAC/NMC
electrode shows a higher slope corresponding to high Li* dif-
fusion than the NMC electrode during the redox reaction. The
formation of a resistive CEI film on the NMC cathode surface
exposed directly to the electrolyte slows Li* diffusion; this conse-
quently increases the polarization of the electrode and reduces
the peak current.®>! Conversely, the increasing peak current
and high rate of the MOPAC/NMC electrode are affected by
facile interfacial Li* diffusion through the MOPAC film; this
film simultaneously suppresses the formation of unfavorable
resistive film by protecting the oxidized electrode surface from
electrolyte decomposition at high charging potential.l*®!

The surface morphology of each electrode after 100 cycles was
observed by SEM as shown in Figure 5a. The uneven layer on
the surface of the aged NMC electrode is assumed to be the CEI
layer consisting of products from electrolyte decomposition:1*’)
organic species, carbonates, and transition metal fluorides
(ROCO,Li, POF?*, Li,CO;, LiF?, NiF;, etc.). These products are
deposited at the surface of the NLC, and TM dissolution is also
aggravated by acidic compounds (HF).®® This resistive CEI film
on the aged cathode impedes charge transfer at the interface at
high overpotential and degrades its conductivity. Alternately, the
surface morphology of the MOPAC layer remained intact on the
MOPAC/NMC electrode after aging and was devoid of unwanted
deposits. The homogeneous MOPAC structure constantly main-
tained the smooth surface layer of the electrode during the
charge/discharge process by improving the interfacial stability of
the electrode and preventing passivation. Thus, a stable MOPAC
layer effectively suppresses the formation of a CEI layer.

The chemical composition of the outer electrode layer
after 100 cycles was examined by XPS (Figure 5b). Peaks

© 2022 Wiley-VCH GmbH

85UB017 SUOWWIOD 8AIea.D 3(qedljdde ayy Aq peusencb ae 3ol VO ‘8sN JO S9InJ 10} A%Iq1T8UIIUO A1 UO (SUOTIPUOD-PUR-SWR)ALI0O" A3 1M ALRIq 1 U1 |UO//STIL) SUORIPUOD pue SWe | 841 88S *[2202/2T/.2] uo Akeidiauluo A8 |im AiseAiun suswom BunAuwsoos Aq T95902202  11WS/Z00T OT/I0P/W0D A8 |1 Afe.d jpul|uoy//:sdny wouy pepeojumod ‘0 ‘62895T9T



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

www.small-journal.com

(a) 45 (b)oog (c)
42y, % 2004
g ‘ < 1801
~ 36 < 160] =
2 3ol —2nd \ = 1401 o nmc 2
= 57 —50th \ g 1201 o MOPINMC 2
g oy 100th | | 81001 , MOPACINMC 8§
> 4-5- L L L L ' 0 m i 1 1 1
§ 4] YoPOmeE S S 4] MOPACINMC
€ 39] N z g 5]
0 <
5 36 5 5 ]
3.3 £ o]
3.0 ﬁ o ® NMC (=] 1
27 © ggJ ® MOPINMC 51
24 € © MOPAC/NMC ]
- L 1 1 1 'l 1 1 L 1 i i 1 L 4 A A A i A i A i
0 50 100 150 200 3 85771070 30 40 50 60 70 80 90100 24 2.7 30 33 36 39 42 45
Specific Capacity (mAh/g) 8 Cycle Number (#) Voltage (V)
150 T
(@) 400] o o Ry s | B < NMC
o~ MOPAC/NMC *  MOPAC/NMC % 200 :?A%Em(l\:n c
S:300- E 100 o _» MOPAC/NM(Q
E S £ e
5200 | N
a E 50
o 100+
o1 0+ ' ; r 0 ‘>
0 20 40 60 80 100 0 20 40 60 80 100 0 10 20 30 40 50 60 70 80 90100
Cycle (#) Re(Z)/Ohm Cycle Number (#)
8 8 : 8
(g) 6- NMC (h) 61 MOPAC/NMC (i) 6] e NMC b=7 823 oo
= » MOPAC/NMC "
44 44 < : > i
= T 4 .
é 24 ?, 24 :g 2
%- 01 = 01 = 0+
£ -2 2 - S 24
3 £ -~
O 4 O 4 S -4
-6 -6 o 64 D=0.11 s

283032343638404244486
Voltage (V VS. LilLi *)

283032343638404244456
Voltage (V VS. Li/Li *)

0304 050607 0809 10
V112 (mV s-\)wz

Figure 4. Electrochemical characterizations. a) Charge/discharge voltage curves of NMC and MOPAC/NMC electrodes. b) Differential capacity (dQ/dV)
plots of charge/discharge curves of NMC and MOPAC/NMC electrodes. c) Cycle performances and coulombic efficiency of NMC and MOPAC/NMC
cathodes at a current density of 25 mA g7'. d) IR drop measurements of NMC and MOPAC/NMC cathodes for 100 cycles. e) Electrochemical imped-
ance spectroscopy (EIS) of NMC and MOPAC/NMC cathodes after 100 cycles. f) Cycle performances of NMC, MOP/NMC, AC/NMC, and MOPAC/
NMC cathodes at a current density of 250 mA g™'. Cycle voltammograms of the g) NMC cathode and h) MOPAC/NMC cathode at a scan rate 0.1,
0.2,0.3, 04, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 mV s7. i) Randles—Sevcik plot of peak current versus square root of the scan rate in NMC and MOPAC/

NMC cathodes.

corresponding to the binding energy of Zr3ds,, were observed
at 184.8 and 182.2 eV for Zr—O in Zr 3d spectra of MOPAC/
NMC. The distinct peaks of Zr—0O in MOPAC indicate Zr nan-
oparticles that remain stable at the surface even after repeated
cycles.?! The O 1s spectrum represents the chemical state of
existing oxygen species at the electrode surface. The peak at
529 eV is attributed to the lattice oxygen of NMC, while the peak
at a higher binding energy of 532.4 eV represents the active
oxygen of Li,CO; and LiOH. MOPAC/NMC shows a smaller
intense peak for active oxygen than NMC in the O 1s region.
The small peak of 0% in the composite implies the reduced
amount of Li,CO; or LiOH at the surface after cycling.*’!

Small 2022, 2206561

2206561 (7 of 12)

The MOPAC film not only stabilizes the lattice oxygen of the
cathode but also restrains the surface lithium residues by
reducing the acid attack and electrolyte decomposition.

Ex situ XRD characterized the structural changes of NMC
and MOPAC/NMC electrodes during the electrochemical pro-
cess (Figure 5c). The XRD spectrum of the NMC electrode
before cycling confirms a well-layered R3m structure with
strong crystalline peaks representing (003) and (104) planes at
18.9° and 44.7°, respectively.!l The degree of cation mixing, a
qualitative indication of maintenance of the layered structure, is
usually determined by the ratio between integrated intensities
[(003) and (104)] of peaks.[*!l The peak intensity ratio (I903)/I(104)
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Figure 5. Ex situ measurements and DEMS analysis. a) High-resolution SEM images of NMC and MOPAC/NMC after 100 cycles. b) Ex situ XPS
spectra of Zr 3d and O 1s of NMC and MOPAC/NMC after 100 cycles. c) Ex situ XRD patterns of NMC and MOPAC/NMC after 100 cycles, and the
XRD patterns of NMC before cycling. Ex situ d) O,, e) CO,, and f) CO evolution during initial charging of NMC and MOPAC/NMC measured by DEMS.

of the NMC electrode after cycling drastically decreased from
2.19 to 0.02 as the crystallinity of the (003) plane almost disap-
peared. This decrease is attributed to the disruption of the R3m
structure by an irreversible phase transition from H2 to H3
with active oxygen evolution generating a disordered surface
area: the rock salt phase of NiO.*¥! The structural change in
the MOPAC/NMC electrode was moderately aggravated since
Ti003)/ T 104 after cycling was 0.22. The surface protection with
MOPAC restrained the Li*/Ni?* mixing during the charge—dis-
charge process. The MOPAC layer stabilizes the crystal struc-
ture of layered NMC and imparts superior cycling stability with
rapid charge transfer and Li diffusion.

Gases produced during high voltage charging were meas-
ured for NMC and MOPAC/NMC cathodes by ex situ differ-
ential electrochemical mass spectrometry (DEMS) as shown
in Figure 5d—f. The potential of NMC and MOPAC/NMC elec-
trodes was increased up to 4.3 V after the first charging to ini-
tialize the gas evolution at the cathode by oxidation of lattice
0?%". This produces O,, CO,, and CO as a result of interfacial
reactions with the electrolyte (Figure S3a, Supporting Infor-
mation).* After initial charging, an immediate quantitative
analysis of the evolved gases within the battery was conducted
by integrating the pressure change of each gas. Since an equal
amount of H, was evolved from both NMC and MOPAC/NMC
electrodes, no moisture contamination was observed on the
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cathode surface during the electrode fabrication (Figure S3b,
Supporting Information). NMC and MOPAC/NMC electrodes
showed negligible differences in the integrated areas of O, evo-
lution; the MOPAC/NMC electrode exhibited a slightly higher
area (Figure 5d). O, production at both electrodes arises from
the trace concentration of saturated O, within the battery that
remains after CO, and CO conversion. Hence, an almost equal
amount of O, was detected for both samples. A noticeable dif-
ference was observed for CO, and CO evolution at the NMC
and MOPAC/NMC electrodes as shown in Figure 5ef. CO,
and CO are produced at the NMC cathode by two processes:
the electrolyte decomposition by releasing lattice oxygen and
electrochemical oxidation of surface Li,COj3 at a potential above
4.25.162%] 43 7% and 16.0% less CO, and CO were evolved at
the MOPAC/NMC cathode, respectively, than those at the NMC
cathode after the initial charging. A decreased evolution of
gases at the MOPAC/NMC electrode indicates that the MOPAC
film successfully reduces side reactions and stabilizes the lat-
tice oxygen by preventing the formation of lithium residues at
the surface. Thus, MOPAC coating reduced major gases gener-
ated at the high voltage charging region, thus improving the
lifespan of the cathode and reinforcing the safety of the battery
during its operation.

The beneficial function of spray-coated MOPAC layers
to improve the stability and performance of Ni-rich layered
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Figure 6. Schematic diagrams of functional effects of thin MOP film coated cathode achieving high performance and safety in high Ni-layered cathode.

cathodes are summarized in Figure 6. Uniformly and thinly
deposited microporous MOPAC at the cathode surface has
several advantages: i) The porous structure of MOP selectively
accommodates Li* while preventing the absorption of unwanted
electrolyte species (PF4") or byproducts by the cathode surface.
MOPAC pores form a selective pathway for Li* to diffuse toward
the electrode—electrolyte interface. ii) The spray coating method
enables the facile electron transport between active and conduc-
tive materials below the coating layer. The spray-coated MOPAC
film creates a preconnected electron pathway, while the coating
around each particle causes particle-to-particle resistance due to
the thick coating layer formed along the spheres. iii) The cathode
stability is achieved by the surface MOPAC film. The film blocks
the degradation of the bulk cathode due to the collapsed surface
structure and maintains the original structure during cycling.
iv) The MOPAC layer suppresses gas evolution at the cathode
during the high charging state. CO, and CO formation induced
by O, evolution was significantly reduced by the MOPAC film
due to the suppression of electrolyte degradation or surface
lithium. Therefore, it is demonstrated that the microporous
MOPAC layer is an effective coating material for the long life
and safe operation of the Ni-rich layered cathode in LIBs.

3. Conclusions

In this study, dual functional coating, enabling surface stabili-
zation and facile charge transfer on the NLC, was successfully
synthesized from microporous and Li* selective MOPAC. The
layer was added to the cathode surface by the simple spray
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coating method. MOP was modified by linking acetyl chloride
to form MOPAC. MOPAC was homogeneously dispersed in
organic solvents and the solution was used for a thin coating
of the electrode surface. The 3D porous structure was retained
in the coating. The discharge capacity and cycle performance
of the MOPAC-coated NLC are improved compared to those
of pristine and MOP-coated cathodes as the pores of MOPAC
readily accept Li ions. This aids in selective Li ion diffusion
at the cathode. Simultaneously, the MOPAC film improved
the structural stability of the bulk and surface of the cathode
during cycling because the selective ion path in MOPAC pre-
vents lattice degradation of the bulk structure at a high voltage.
Moreover, the diffusion of the electrolyte to the cathode surface
was also inhibited. The resistance and rate of the cathode were
improved by the coating. The coating minimized particle-to-par-
ticle resistance and accelerated Li* diffusion through the tun-
able pores in MOPAC. The coating significantly reduced CO,
and CO evolution when charged to a high voltage because the
electrolyte decomposition and surface deterioration of cathodes
were effectively suppressed. Therefore, MOPAC has several
advantages as a promising cathode coating for designing safe
and high-performance LIBs. We believe that the application of
MOPAC coating and the spray coating method will enhance the
performance of existing LIB cathodes.

4. Experimental Section

Synthesis of MOPAC: MOP crystals were prepared by Cp,ZrCl, and
2-aminoterephthalic acid (H,BDC-NH,). Cp,ZrCl, (17.5 mg, 0.06 mmol)
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and H,BDC-NH, (5.4 mg, 0.03 mmol) were dissolved in a solution
of DEF (1 mL) and H,O (150 L) in a 20 mL screw-capped vial. The
solution was heated at 60 °C for 8 h until the formation of a yellow
precipitate. The yellow precipitate was washed thrice with DEF using a
centrifuge (8000 rpm for 10 min). The sample was collected by removing
the solvent under vacuum and dried for 24 h at room temperature. MOP
was obtained by sequentially immersing the sample in methanol for
24 h. Finally, the sample was collected by removing the solvent after 24 h
using a freeze dryer.

For preparing MOPAC, MOP (10.7 mg) was dissolved in a mixture
of acetonitrile (1.7 mL) and distilled water (1.7 mL) in a 20 mL vial.
Triethylamine (TEA) (6.67 ul) was added to the solution to optimize the
pH of the solution until it turned pale yellow. Adipoyl chloride was added
to the solution which turned transparent yellow. The mixture was heated
in an oven at 120 °C for 2 days. After the completion of the reaction,
a brown powdered form was obtained. The powder was washed thrice
with MeOH using a centrifuge. A saturated solution of MOPAC was
prepared in MeOH. This yellow transparent solution was obtained by
centrifuging at 8000 rpm for 10 min.

Preparation of the MOPAC-Coated NMC: The MOPAC/NMC electrode
was prepared using the spray coating method. The MOPAC solution
(0.8 mg mL™") was prepared in methanol, and 2 mL of the solution was
injected into a spray gun. The solution was sprayed on NMC (placed on
a hotplate at 50 °C) after every 5 sec. The distance between the hotplate
and spray gun was maintained at 15 cm. After coating MOPAC on NMC,
the MOPAC/NMC film was obtained which was dried under vacuum for
2 h at room temperature.

Material Characterization: Powder X-ray diffraction (PXRD) patterns
were obtained using a Bruker D8 Advanced (TRIO/TWIN) instrument
at 1600 W (40 kV and 40 mA). X-rays were scanned at an interval of
4° per min from 5° to 20° using a silicon holder. 'H NMR analysis of
digested MOFs was detected with a Bruker Advance 11l HD 500 NMR
spectrometer. Dried MOF powder(3 mg) was digested and dissolved
in the mixture of DMSO-dg (700 pL) and hydrochloric acid (200 uL) by
sonication for the sample preparation. Gas adsorption was analyzed
using a BELSOPR-max (MicrotracBEL Corp.) gas adsorption analyzer.
For pretreatment, samples were placed in a sample cell and dried at
120 °C for 24 h. A 77 K liquid nitrogen bath was introduced to measure
N, sorption. Fourier transform infrared spectrophotometer (FT-IR,
Nicolet 1S50, Thermo Fisher Scientific) was used to investigate the
structure of the synthesized MOPAC. The ATR-diamond mode was
used and the IR scan range was 32 scans for 2 min. The morphology
and surface of the samples were verified using a field emission scanning
electron microscope (FESEM, JEM-7600F, JEOL). A focused ion beam
(FIB) was performed with a Quanta3D FEG (FEI Company). Fourier
Transform Raman Spectroscopy (FT-Raman, Advancelll HD500,
Bruker) was used to examine the existence of MOPAC on the cathode.
Measurements were obtained using a Raman module mounted in the
sample compartment of the Nicolet iS50 spectrometer (Thermo Fisher
Scientific Co., Waltham, MA, USA).

Electrochemical Characterization: Slurries were prepared by mixing
85 wt.% of the active material (LiNigg3MngosCoo110, MSE Supplies
LLC), 8 wt.% of the conductive material (Super-P), and 7 wt.% of a
polyvinylidene fluoride (PVDF) binder in N-methylpyrrolidone (NMP)
using a planetary centrifugal mixer (AR-100, MDBROS Co., Ltd.).
The prepared slurries were cast on a thick doctor blade (200 mm) to
achieve a nominal loading of =10 mg cm™2. The fabricated electrodes
were vacuum dried at 110 °C before assembling in a cell. Coin half cells
were assembled in an Ar-purged glove box (O, and H,0 < 0.1 ppm,
MBraun, Korea) with the prepared electrodes as the working electrode
(14 mm diameter), Li as the counter electrode (90 uL of 1 m LiPFg in
ethylene carbonate (EC)/diethyl carbonate (DEC), 1:1 by volume),
5 wt.% fluoroethylene carbonate (FEC) as the electrolyte, and Celgard
2500 sheet (diameter = 19 mm; Whatman Co., Ltd.) as the separator.
Electrochemical experiments were performed at room temperature. The
potentio—galvanostat (WBCS3000, WonATech, Korea) was tested for
the assembled cell by applying a constant current density of 25 mA g™"in
the voltage range of 2.5-4.3 V versus Li/Li*.
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DEMS: The DEMS cell (CA-4-IWOS, Wellcos Co.) was prepared in
an Ar-filled glove box. A perforated plate at the bottom of the cell and
glass fiber (GF) membrane were utilized as the separator to measure the
evolved gas in the coin cell system. The coin cell was sealed by a top/
bottom SUS plate with a leak-free Si ring. The assembled DEMS test cell
was connected to a benchtop DEMS instrument (HPR-20 R&D, HIDEN).
The two Teflon tube lines of the cell were connected to the gas inlet and
outlet. The outlet was connected to a mass spectrometer to monitor gas
and vapor evolution. Stainless steel plates were connected to the top
and bottom of the inner cell with a jig. After connecting the cells and
lines, the entire line was vacuumed for 30 min to adequately remove any
unnecessary components from the tube. Ar (99.999% purity), the carrier
gas, with a flow of 10 cc min™ was injected into the line for 30 min to
calibrate the baseline pressure by a constant gas flush. The valve was
closed to collect and measure the gas that was generated from the cell.
After aging, a galvanostatic charge with 25 mAh g™' was applied to the
cell until its potential was 4.3 V versus Li/Li*. The accumulated gases in
each sample during charging were detected by DEMS. The MASsoft 10
(Hiden Analytical) software was employed to acquire data and control
the parameters of the mass spectrometer.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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