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Abstract

High-voltage spinel (LiNig5Mnj 504; LNMO) has been a prospective cathode material that
may exploit the maximal voltage of 5 V for lithium-ion batteries. However, the practical
application has been hindered by the severe electrochemical instability of the Ni?* /Ni**
redox couple at such a high voltage. Herein, we coated lithium phosphate (Li3POy) on the
surface of the LNMO by a wet-coating method to improve the electrochemical stability.
The coating layer provided an effective cathode—electrolyte interphase, which prevented
the excessive decomposition of the electrolyte on the surface of LNMO cathode. The
LizPO4-coated LNMO exhibited enhanced rate capability in accordance with the lowered
solid-electrolyte interphase (SEI) and charge-transfer resistance values from electrochemical
impedance spectroscopy.

Keywords: high-voltage spinel cathode; Li-ion battery; lithium phosphate coating

1. Introduction

With recent advances in electric vehicles (EVs), hybrid electric vehicles (HEVs), and
large-scale energy storage systems (ESSs), lithium-ion batteries (LIBs) have been considered
as one of the most promising candidates for energy storage [1-3]. Enhancing LIBs” energy
density is highly desirable to meet a wide range of needs, from longer usage of portable
electronics to practical electromobility [4-6]. The energy and power densities of LIBs
are mainly determined by the voltage and capacity of the cathode materials [7,8]. While
Ni-rich cathodes such as LiNij_—,CoxMn,O; (NCM) and LiNij_,—,CoxAl,Oy (NCA)
offer relatively higher energy density, lithium iron phosphate (LiFePOy4; LFP) cathodes
are becoming more important due to better safety despite the lower energy density. For
futuristic cathode materials, it is highly preferrable to have higher operational potential
without using expensive and toxic elements such as cobalt. In this regard, high-voltage
spinel LiNigsMnj 504 (LNMO) has drawn much attention due to the high operational
voltage of ca. 4.7 V vs. Li/Li", low cost, and manganese’s environmentally friendly proper-
ties [2,9,10]. The high operational voltage is due to the active redox couples of Mn**/Mn**
and Ni?* /Ni*" at ca. 4.0 and 4.7 V vs. Li/Li*, respectively [11]. With the specific capacity of
more than 140 mAh g~!, the maximum energy density reaches 650 Wh kg !, which exceeds
that of LiCoO», LiMn,Oy, and LiFePO, materials [12,13]. In addition, the three-dimensional
crystal structure offers a high rate capability [3,14].
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However, the high-voltage spinel cathode suffers from electrochemical instability
at such high operational voltage, which often leads to the formation of impurity rock
salt (LiyNi;_,O) phases. At the same time, hydrofluoric acid (HF) from the electrolyte
decomposition elutes the transition metals from the cathode material as follows [15]:

LiPF¢2LiF + PFs 1)

PFs + H,O — 2HF + POF; )
2LiNi0,5Mn1,5O4 + 4HF — 3Nio.25Mn0'7502 + 025N1F2 + 075MI1F2 + 2LiF + 2H20 (3)

To mitigate the side reactions, many researchers have coated the high-voltage spinel
with various metal oxides [15-25]; also, doping multivalent ions has been effective to
improve the structural stability [10,23,26-30]. Lithium phosphate (Li3POj) can suppress
side reactions between the cathode material and the electrolyte by scavenging hydrofluoric
acid (HF), while the relatively high Li* conductivity (1.7 x 107 S em™!) can mitigate the
adverse impact on Li* transport kinetics. As a result, Li3PO, has been utilized as an effective
coating agent for stable interphase in Li-ion batteries [31-54]; however, investigations are
ongoing to reveal exact roles, efficient methods, and the optimal level of Li3 PO, coating for
stabilizing the high-voltage spinel LNMO cathodes [55-60].

In this work, the Li3PO4 coating was realized via a straightforward wet-coating method
in contrast to conventional techniques such as atomic layer deposition (ALD) [58,61],
physical vapor deposition (PVD) [62], pulsed laser deposition (PLD) [63,64], or solid-
state reactions, which typically require expensive equipment and sophisticated processes.
The proposed method is cost-effective, scalable, and flexible in terms of equipment and
precursor selection, making it highly suitable for industrial implementation. The optimal
level of coating was found to be 1 wt% Li3POy to ensure effective surface protection while
minimizing the film and charge transfer resistance. The Li3POy4-coated high-voltage spinel
cathode exhibited a less-severe formation of cathode—electrolyte interphase (CEI), resulting
in higher thermo-electrochemical stability and enhanced rate capability due to the smaller
charge transfer resistance. This approach not only improves electrochemical performance
under ambient conditions but also significantly enhances cycling stability and capacity
retention at an elevated temperature of 60 °C. This is, to the best of our knowledge, the first
direct demonstration that Li3PO4 coating can positively contribute to the high-temperature
stability of LNMO for the practical application.

2. Methods and Materials
2.1. The Synthesis of LiNiy sMnq 504 Cathode Materials

The LiNig 5sMn; 504 (LNMO) powders of 5 g were synthesized by a sol-gel method.
A solution of citric acid (CA; DAE JUNG, Busan, Republic of Korea, 99.5%) and ethy-
lene glycol (EG; DAE JUNG, 99.5%) in a molar ratio of 1:4 was stirred on a hot plate at
80 °C for 30 min. The stoichiometric amount of Li(CH3COO),-2H,0 (DAE JUNG, 99.0%),
Mn(CH3COO); - 4H,0O (DAE JUNG, 98.0%), and Ni(CH3COO), - 4H,0 (JUNSEI, Tokyo,
Japan, 97.0%) were dissolved in deionized water. The metal salts’ solution was slowly
dropped to CA+EG solution for homogeneous reaction in a molar ratio of 1:1. Here, ho-
mogeneous reaction refers to the uniform mixing and complexation of metal salts with
citric acid and ethylene glycol, ensuring even distribution of metal ions before esterification.
It was then transferred into a pre-heated (380 °C) stainless beaker for further esterification,
which resulted in a viscous sol. The homogenized precursor was grounded and placed in
an alumina tray for calcination at 300 °C for 1 h before final sintering at 900 °C for 10 h
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LiNO; + NH,H,PO,
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in a muffle furnace (FHX-05; DAIHAN Scientific, Inc., Wonju, Republic of Korea). All the
calcination and sintering were carried out in an air atmosphere.

2.2. The Synthesis of Li3PO4-Coated LiNigsMnq 504 Cathode Materials

Figure 1 illustrates the process of coating Li3PO4 on LNMO particles. The coating
solution was prepared by dissolving stoichiometric amount of NH;H, PO, (DAEJUNG Co.,
98.0%) and LiNO3; (DAEJUNG Co., 98.0%) in isopropyl alcohol (DAEJUNG Co., 99.7%)
under sonication for 4 h and subsequent stirring at 900 rpm for 12 h. The LNMO powder
was mixed with the solution under stirring for 12 h. The coated particles were filtered,
washed, and dried at 100 °C under vacuum for 12 h. The coated powder was placed in an
alumina tray and calcined at 300 °C for 5 h in a muffle furnace. The resultant materials
were labeled as bare-LNMO, LP1-LNMO, and LP2-LNMO for 0 wt%, 1 wt%, and 2 wt%
coating of lithium phosphate (LP), respectively. To achieve the targeted mass loading of
LizPO4 on LNMO particles, 0.091 g of LINO3 and 0.057 g of NH4H;PO4 were added to the
coating solution per 5.00 g of LNMO for the LP1-LNMO sample. These quantities were
adjusted proportionally for LP2-LNMO, which contains a two times higher mass loading
of LizPO4 compared to LP1-LNMO.

Grinding

LNMO
Pristine

Stainless
beaker

I 300°C, 1 hr
* 900 °C, 10 hrs

Filtering and

100 °C, 12 hrs
300 °C, 5 hrs

Figure 1. Schematic of the preparation process of bare LNMO and Li3POy4-coated LNMO.

2.3. Material Characterization

The crystal structure of the material was characterized by X-ray diffraction (XRD;
Miniflex-600; Rigaku Co., Tokyo, Japan) using monochromatic Cu Ko radiation in the range
of 10° to 80° (20) with a step width of 0.02° and scanning speed of 10° min~!. Rietveld
analysis of the diffraction data of the samples was performed using PDXL2 software
(version 2.8.4.0, Rigaku Co.). The morphology of the samples was imaged using a scanning
electron microscope (SEM; VEGA 3; TESCAN Co., Brno, Czech Republic). Transmission
electron microscopy (TEM; TALOS F200X; Thermo Fisher Scientific Inc., Walham, MA, USA)
was used to identify the coating layer; and the elemental information was also obtained
by energy dispersive spectroscopy (EDS) that were attached to the TEM instrument. The
strong adhesion and retention of the Li3POy4 coating on LNMO particles are attributed to
both its low solubility (Ksp = 2.0 X 10~7), which prevents removal during washing, and
thermal treatment at 300 °C, which promotes densification and stability of the coating.
During synthesis, precursor ions adsorb onto the LNMO surface, and calcination converts
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them into a uniform phosphate layer. After washing and drying, post-treatment HR-TEM,
SEM, and EDS analyses confirm that the coating remains intact, completely covering the
LNMO surface.

2.4. Electrochemical Performance

For fabrication of electrodes, slurry was prepared by mixing the cathode active material
(80 wt%), super-P (10 wt%, as a conductive agent), and a dispersion of polyvinylidene
fluoride (10 wt%, as a binder) in N-methyl-2-pyrrolidone (Sigma Aldrich Co., St. Louis,
MO, USA, 99.5%). The slurry was casted on aluminum foil using a doctor blade (Hohsen
Co., Tokyo, Japan) and dried in a vacuum oven at 80 °C for 2 h, followed by punching out
to form a cathode with a diameter of 11 mm. The coated film represents an interconnected
network of active materials, binder, and conductive agent of uniform thickness (Figure S1).
Then, 2032-type coin cells (Hohsen Co.) were assembled in the Ar-filled glove box using
the cathode and a lithium foil anode that sandwiched a separator film (Separator-2400;
Celgard Co., Charlotte, NC, USA) soaked with the electrolyte of 1 M LiPFs in EC:EMC
(3:7 w/w; PanaXetec Co., Busan, Republic of Korea). The electrode loading of the cathodes
was approximately 3 mg/cm?. The galvanostatic charge and discharge characteristics of
the cell were tested using a battery tester (WBCS3000L32; WonATech Co., Seoul, Republic of
Korea) at a voltage range of 3.5-4.9 V at different C-rates based on the theoretical capacity of
146.7 mAh/g. Electrochemical impedance spectroscopy (EIS) measurement was performed
with root mean square (rms) amplitudes of 5 mV and in the frequency range from 1 MHz
to 10 mHz; and the results were fitted with an equivalent circuit using ZView software
(version 3.2¢, Scribner Co., Southern Pines, NC, USA).

3. Results and Discussion

LiNipsMn; 504 (LNMO) were synthesized by the sol-gel method [8,65,66]. In the
sol-gel process, citric acid is used as a chelating agent that binds the metal cations for the
uniform distribution in the gel precursor [67]. During the heat treatment, the chelating
agent can reduce the particle size for improved electrochemical performance by shortening
the diffusion path of Li* ion [68].

Figure 2 shows the X-ray diffraction (XRD) characterization of the synthesized mate-
rials. Figure 2a represents the Rietveld analysis of bare-LNMO, which exhibited a cubic
spinel structure with a space group of Fd3m (Table 1) [8,69,70]. The electron conductivity
of P4332(ordered) spinel is 10~7 S/cm, while the Fd3m(disordered) spinel is 1074 S/cm,
which leads to better rate capability [66]. Because of the disordered feature of Ni and
Mn, additional electron hopping pathways may occur in contrast with P4332 phase [11].
Figure 2b shows the XRD patterns of all the samples, indicating the successful synthesis
of LNMO cathode with sufficient crystallinity. The small peaks appearing at (440) and
(400) indicate the presence of secondary phases such as LiNi;_ yO because a small portion
of oxygen is lost when LNMO is calcinated above 650 °C [20,26]. The XRD patterns of
bare- and Li3POy4-coated LNMO were largely equivalent, and a peak indicating Liz PO, was
not observed due to the amorphous characteristics [71,72]. The LNMO particles exhibit
well-developed polyhedral crystals less than 10 pm in size (Figure 3a) in line with the
highly crystalline XRD patterns; the polyhedral morphology improves the electrochemical
performance of LNMO by shortening the diffusion path of Li* ion [15]. While the overall
morphology of LP1-LNMO was similar to bare-LNMO, the surface of LP1-LNMO was
covered with fine particles of several nanometers in size (Figure 3b). The micro-sized
(~5 um) LiNip 5sMn; 504 particles used in this study offer advantages in tap density and re-
duced side reactions, making them suitable for applications prioritizing volumetric energy
density and long-term stability [73-77]. In the case of LNMO-LP], a significant amount
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of phosphorus was detected on the particle surface, supporting the successful coating of
LizPOy (Figure S2).
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Figure 2. (a) Rietveld refinement results of bare-LNMO and (b) XRD patterns of bare- and LizPO4-
coated LNMO; here, asterisk (*) denotes LiNi;_ O phase.

Table 1. The Rietveld refinement results of bare- and LizPO4-coated LNMO.

Sample a (A) b (A) c(A) S Ruwp (%)
bare-
LNMO 8.1834 8.1834 8.1834 1.2978 3.99
LP1-LNMO 8.1813 8.1813 8.1813 1.2950 3.98
LP2-LNMO 8.1803 8.1803 8.1803 1.1701 3.66

View field: 25.4 ym | Date(m/dly): 01/28/20 Date(m/dly): 06/12/20

Figure 3. SEM images of (a) bare-LNMO and (b) LP1-LNMO.

Figure 4 shows TEM images to further identify the Li3POj layer coated on the surface
of the LNMO particles. Figure 4a,b show the coating layers on the surfaces of LP1-LNMO
and LP2-LNMO, respectively [21,24]. The thickness of the coating layers were 14 nm
and 40 nm for LP1-LNMO and LP2-LNMO, respectively, indicating that thicker LizPOy
layer was formed on the surface as the amount of coating agent increased. EDS elemental
mapping confirms the presence of phosphorus and transition metals over the particles,
indicating that Li3POy coating covers the LNMO surface completely (Figure 4c—e). The
successful incorporation of the LizPOy layer on LNMO particles was confirmed by EDS
analysis, which revealed the presence of phosphorus exclusively in the coated sample
(Figures S2 and S3). Quantitative EDS analysis revealed a phosphorus-to-nickel atomic
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ratio of 2.4 at% that corresponds to approximately 0.76 wt% LizPOy per formula unit of
LNMO, which is close to the targeted value of 1 wt%.

Figure 4. HR-TEM images of (a) LP1-LNMO and (b) LP2-LNMO. Elemental maps of (c) bare-LNMO,
(d) LP1-LNMO, and (e) LP2-LNMO.

Figure 5a,b represent the voltage profiles of the LNMO samples at 25 °C and 60 °C, re-
spectively. The plateau at 4.0 V is due to the redox reaction of Mn** /Mn**, and the plateau
at 4.7 V is due to the redox reaction of Ni?* /Ni>* /Ni**, in accordance with previously
reported LNMO cathodes with Fd3m spinel structure [7,18]. The cathode capacity decreases
with increasing Liz POy thickness as LizPOy4 constitutes additional mass that does not par-
ticipate in the intercalation reaction. Despite this aspect, the coated electrodes demonstrate
improved rate capability and thermal stability, suggesting potential for further optimization.
Bare-LNMO and LizPO4-coated LNMO exhibit similar plateaus, implying that LizPO,4 does
not participate in the electrochemical reaction during the electrochemical cycling. Previous
studies have shown that phosphorus incorporation into the bulk lattice modifies the voltage
profile due to structural changes [78]. In this study, the voltage profiles of bare-LNMO,
LP1-LNMO, and LP2-LNMO remain nearly identical, indicating that Li3PO, resides on
the surface rather than being doped into the bulk. This confirms that the coating does not
participate directly in the redox process. Instead, the LizPO4 layer acts as a passivation
layer, enhancing thermo-electrochemical stability while preserving the rate capability due
to its moderate Li* ionic conductivity (1.7 x 1072 S em™1). At 25 °C, bare-LNMO, LP1-
LNMO, and LP2-LNMO exhibit discharge capacities of 124.5, 121.3, and 111.7 mAh/g,
respectively. On the other hand, the discharge capacities at 60 °C are 110.2, 143.1, and
109.2 mAh/g, respectively. This observation evidences that the discharge capacity of the
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cathode materials significantly decreases as the loading amount of coating agent increases
over 1 wt%. Such thicker coating layer may act like an insulating shell that hinders the
ionic transport [15]. Figure 5c¢,d show cycle performances of the samples at 25 °C and 60 °C,
respectively; at 25 °C, all the samples exhibit fairly stable cycling performances (Figure 5c).
However, at the elevated temperature of 60 °C, bare-LNMO experiences severe capacity
fading (Figure 5d), due to the accelerated dissolution of transition metals and electrolyte
decomposition, resulting in severer HF attack. On the other hand, Li3PO4-coated LNMO
samples exhibit more stable cycle performance at 60 °C, supporting that Li3PO4 coating
layer provided a protecting layer on the surface of LNMO particles, preventing the struc-
tural collapse and the electrolyte decomposition during the high-voltage operation [72].
Figure 5e,f represent the voltage hysteresis profiles of the LNMO samples at 25 °C and
60 °C, respectively. Bare-LNMO samples exhibit significantly reduced capacity at 60 °C,
especially for Mn** /Mn** redox couple. This observation provides a strong evidence of
the manganese dissolution during the electrochemical cycling at the elevated temperature
of 60 °C [4,79].

All samples maintained reasonable coulombic efficiency (CE) at room temperature
(~97% at 0.05C and ~99% at 1C), but the effects of the coating became more pronounced at
the elevated temperature of 60 °C (Table S1). The bare sample exhibited a sharp drop in CE
to 59.2%, indicating significant parasitic reactions. In contrast, the 1 wt% and 2 wt%-coated
samples maintained higher CE values of 76.5% and 72.8%, respectively, confirming that
the Lis POy coating effectively suppresses side reactions at elevated temperatures. These
results demonstrate that Li3POy coatings enhance coulombic efficiency, particularly under
thermally and kinetically challenging conditions.

Differential capacity (dQ/dV) plots visualize the redox reactions of Mn3* /Mn** (4.0 V
vs. Li/Li*) and Ni?*/ Ni**/Ni** (4.7 V vs. Li/Li%*) during the phase changes of the
LNMO cathodes upon repeated cycling at 25 °C and 60 °C (Figure 6). The dQ/dV plots
of Li3POy-coated LNMO samples exhibit larger overpotential compared to bare LNMO,
especially upon lithiation (discharging process); among the Li3POy4-coated LP1- and LP2-
LNMO samples, LP2-LNMO with the larger amount of Li3PO4 coating brings about larger
overpotential compared with LP1-LNMO. These observations imply that the coating layer
effectively protects the active materials, accompanying with the hindered ionic transport
especially during the lithiation of active materials. Although there were no significant
differences in the electrochemical characteristics during the initial cycles at 25 °C and
60 °C, bare LNMO suffered from noticeable degradation after 30 cycles at 60 °C. These
observations evidence the effectiveness of the LizPO, coating to mitigate the side reactions
on the electrode surface during the operation of LNMO cells at higher temperature.

Figure 7 shows the rate capability of all LNMO samples at various C-rates from 0.05C
to 5C at 25 °C. As shown in Figure 7a,b, LP1-LNMO sample exhibited the best capacity
retention up to the 5C rate, suggesting that the Li3PO,4 coating of moderate thickness
enhances the rate performance of LNMO cathodes. The capacity values of bare LNMO
were 129.2 and 4.6 mAh g~ ! at 0.05C and 5C, respectively; on the other hand, the capacity
values of LP1-LNMO were 123.8 and 43.7 mAh g~ ! at 0.05C and 5C rate, respectively. This
improved rate capability can be due to the enhanced ionic transport by coating Li-ion
conducting LisPOy4, which provides stable CEI by protecting the electrode surface from
the side reactions at higher electrode potential. However, LP2-LNMO with an excessive
coating layer exhibited the worst rate capability probably due to the blockage of the path
for charge transfer reaction as the electron tunneling becomes exponentially challenging as
the thickness of insulating layer increases [15]. As a result, the highest rate capability was
achieved for LP1-LNMO with a moderate thickness of LisPOy4 coating, emphasizing the
importance of the optimal thickness of the coating layer for higher rate capability.
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Figure 5. The charge—discharge curves at (a) 25 °C and (b) 60 °C. Cycling performance at 0.05C at
(c) 25 °C and (d) 60 °C. Hysteresis plots LNMO electrodes at (e) 25 °C and (f) 60 °C.

To investigate the detailed effect of LizPO4 coating on LNMO, electrochemical

impedance spectroscopy (EIS) analysis was conducted before and after 30 cycles at 25 °C

and 60 °C (Figure 8). The lithium-ion diffusion coefficients of LNMO cathodes were evalu-

ated using EIS data (Table S2), revealing an order-of-magnitude lower Li* diffusivity for LP-

coated LNMO. This is consistent with literature reports indicating that surface-passivating

coatings, while enhancing interfacial stability, often introduce additional interfacial resis-

tance and hinder lithium transport kinetics. The EIS data was fitted by the equivalent circuit

of Figure 8d, and the temperature-specific resistance values obtained by fitting are given in

Tables 2 and 3. The equivalent circuit comprises the electrolyte solution resistance (R)),
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SEI film resistance (Rgm,), the charge transfer resistance (Rt), and the Warburg impedance,
which is related with the solid-state Li* ion diffusion [14,21]. Before cycling, there was
no clear tendency in the size of semi-circle resistance that includes R, and Rey; in fact,
LP1-LNMO exhibited the largest resistance among them. However, the repeated cycling
of bare LNMO cells resulted in substantially increased Rg)y, and Rt values, which were
1~2 orders of magnitude larger than Li3PO4-coated LNMO cells, both at 25 °C and 60 °C.
At 25 °C, R and Rt of LP1-LNMO after 30 cycles were 11.8 () and 8.5 (), respectively,
which were significantly lower than 90 Q) and 390 () for bare LNMO. Cycling at 60 °C
aggravated bare LNMO severely, resulting in even larger Rg), and Rt values of 2232 ()
and 12,000 O3, which were substantially larger than 13 ) and 2890 () for LP1-LNMO in the
equivalent condition. These observations suggest that 1 wt% of Li3POy coating effectively
suppressed the formation of excessive SEI film, ensuring more stable interphase during the
repeated cycling, especially at the elevated temperature of 60 °C.
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Figure 6. dQ/dV plots of bare and LP-coated LNMO cells: after cycling at 25 °C for (a) 2 and
(b) 30 cycles and after cycling at 60 °C for (c) 2 and (d) 30 cycles.

Table 2. Fitted parameters of EIS data after 30 cycles at 25 °C.

Rsol (9)) Rﬁlm Q) Rt )
Bare LNMO 2.41 4+ 0.06 90+ 1 390 4+ 30
LP1-LNMO 2.50 11.8 £ 0.6 8.5+ 0.6

LP2-LNMO 1.90 + 0.05 67 £6 18+ 6




Energies 2025, 18, 3387 10 of 15

— T T T T T T T T 600 T T
T 140 | 0.05C 0.1C 0.2C 0.5C 1C 2C 5C 1 S o
2 120 L P | é 500 L —_ — \.\ J
< YV = Y~ \'
é 100 yvvwvy et § 1 < 400} \ '\. _
> \ ®ecce >
2 80} vvvey \ { =
S \ @ 300} 1
® 60 VVWTIIII i GC) "
Q 2 \
S ol ®eces | > 200 | ]
% —=— Bare LNMO & 100 ™ Bare LNMO
s 20 —e—LP1-LNMO 1 ¢ 997 —e—LP1-LNmO ]
£ ol —v—LP2-LNMO | u —v— LP2-LNMO
8 1 1 1 1 1 1 1 1 Ot L L ]
=) 0 5 10 15 20 25 30 35 40 100 1,000
Cycle number Power density (W/Kkg)
(C) 50 T T T T T T (d ) 50 T T T T T T T
Bare LNMO LP1-LNMO
T 48 B T 481 ﬂ B
Q 4.6 Q 4.6
s 1T 3 ™70 1
D 44 4 2L a4t .
Z 42} { 2 a2l -
() (]
D 40} 1 4ot -
g 3.8 R g 3.8 F R
36 2C 1C 0.5C 0.2C 0.4C 0.05C 36 2C 1C 0.5C 0.2C 0.1C 0.05C
’ 1 1 1 1 1 1 I ' 1 1 1 1 1
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Discharge capacity (mAh g=) Discharge capacity (mAh g=)
Figure 7. Rate capability of LNMO electrodes with different level of Li3POy coating: (a) discharge
capacity and (b) the relative capacity retention at varied C-rates at 25 °C. Discharge curves at different
C-rates for (c) bare-LNMO and (d) LP1-LNMO.
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Figure 8. EIS spectra of LNMO cells (a) at the initial state, (b) after 30 cycles at 25 °C, and (c) after
30 cycles at 60 °C. (d) Equivalent circuit used for fitting the data. All EIS measurements were
conducted at 25 °C using 1 M LiPFg in EC:EMC (3:7 w/w) as the electrolyte.
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Table 3. Fitted parameters of EIS data after 30 cycles at 60 °C.
Rgo1 (€2) Reiim (€0) Rt (QO)
Bare LNMO 3.31 2232 12,000 4= 8000
LP1-LNMO 6.6 +0.2 13+6 2890 £ 20
LP2-LNMO 6.4+0.2 550 + 40 2440 £ 60

As a manganese-rich compound, LNMO is particularly vulnerable for the manganese
dissolution because of Jahn-Teller distortion of Mn** during the electrochemical operation.
The high-voltage operation makes the manganese dissolution severe, and other side reac-
tions at the higher voltage lead to the electrolyte starvation and the altered surface structure
that is inactive for Li* (de)intercalation [72]. In addition, the high-temperature operation
accelerates those side reactions including manganese dissolution and HF attack, resulting
in extremely high charge transfer resistance for bare LNMO cathode [5,16,72]. Li3PO4
coating of LNMO cathodes effectively addresses those problems by protecting the surface
from the side reactions such as HF attack, Mn dissolution, and electrolyte decomposition,
resulting in improved electrochemical and thermal stability.

4. Conclusions

In this study, Li3PO4-coated LiNigsMn; 504 (LNMO) cathode materials were suc-
cessfully synthesized via a simple wet-coating method. The formation of a stable Li3PO4
protective layer significantly enhanced the electrochemical performance of the cathodes.
The surface coating not only improved cycling and rate capabilities but also effectively sup-
pressed undesirable interfacial reactions between the LNMO cathode and the electrolyte,
particularly under high-voltage and high-temperature conditions. The electrochemical
impedance spectroscopy (EIS) results revealed that the 1 wt% LizPO4 coating effectively
reduced both film resistance and charge-transfer resistance, indicating excellent interfa-
cial stability. These findings demonstrate that applying a LizPOj4 layer with controlled
thickness can suppress side reactions and enhance charge-transfer kinetics of high-voltage
spinel cathodes. This suggests a promising strategy for the development of next-generation
lithium-ion batteries with higher energy density and improved safety. Furthermore, the
simplicity and scalability of the proposed coating process indicate its potential applicabil-
ity to industrial-scale electrode manufacturing. Future research should focus on further
optimization of the coating thickness and uniformity, as well as exploring the compatibility
of LizPOy coatings with other high-energy cathode materials and electrolytes. These efforts
could provide deeper insight into interfacial stability and contribute to the advancement of
durable and safe high-voltage lithium-ion batteries.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en18133387/s1, Figure S1. SEM image of bare-LNMO electrode
after the slurry coating on aluminum substrate. Figure S2. EDS patterns of (a) bare- and (b) LP1-
LNMO. Figure S3. Elemental mapping of SEM images for (a) bare-LNMO and (b) LP1-LNMO.
Table S1. Coulombic efficiency (%) of bare and Li3PO4-coated LiNi0.5Mn1.504 cathodes at different
C-rates (0.05C and 1C) and temperatures (25 °C and 60 °C). Table S2. Warburg factor (¢) and
corresponding diffusion coefficients (D), derived from the slope of the Z,., vs w22 plots of the
impedance data at 25 °C before cycling.
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