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A B S T R A C T

High-voltage LiNi0.5Mn1.5O4 (LNMO) with a spinel structure holds great promise for enhancing the performance 
of Li-ion rechargeable batteries (LIBs) in the mobility industry. A critical challenge remains in stabilizing Li-ion 
storage and migration within these cathode materials. Surface engineering emerges as a pivotal technology, 
significantly influencing the chemical status of LNMO particle surfaces through the application of specific 
functional materials. In this study, we present a novel synthesis of disordered spinel LNMO cathode materials 
(space group: Fd-3 m) featuring a Li-vacant topotactic subsurface and an external surface modified with K2CO3, 
achieved via a KOH-assisted wet chemistry approach. The LNMO particles are categorized into three distinct 
regions based on two compositional boundaries: bulk, (inner) subsurface, and (external) surface. The delithiated 
subsurface exhibits an intensified ordered arrangement of Ni and Mn, minimizing the formation of detrimental 
impurity phases while promoting efficient Li-ion transport throughout the spinel lattice. Furthermore, the 
incorporation of K2CO3 provides chemical protection to the external surfaces of LNMO particles, effectively 
mitigating H2O adsorption and oxidative electrolyte decomposition. These synergistic effects culminate in 
remarkable electrochemical performance (reversible discharge capacity: ~110 mA h/g at a current density of 
0.2C; discharge capacity retention: ~97 % after 100 cycles) and thermal stability of LNMO, offering significant 
insights for the advancement of superior high-voltage cathode materials for next-generation LIBs.

1. Introduction

In today’s context, reducing both costs and the risk of explosions is 
indispensable for the widespread adoption of Li-ion rechargeable bat
teries (LIBs) in the mobility industry [1,2]. In particular, the Co– and Ni- 
rich cathode materials commonly employed in commercial LIBs, such as 
LiCoO2 and LiNixCoyMn1-x-yO2 (x ≥ 0.5) with a layered crystal structure, 
face challenges arising from the increasing costs of raw materials and 
insufficient thermal stability [3–7]. Hence, Mn-rich LiNixMn2-xO4 (x = 0, 
0.5) with a spinel structure is increasingly preferred as a cathode ma
terial for large-scale LIBs due to its low material costs and exceptional 
structural integrity at elevated temperatures [8–10].

In terms of operating voltage, the two promising compositions, 
LiMn2O4 (LMO) and LiNi0.5Mn1.5O4 (LNMO), are simply divided into 4 
V- and 5 V-class spinel compounds, respectively. Despite having nearly 
identical theoretical capacities, LMO and LNMO exhibit a substantial 
disparity in energy density, which is attributed to the notable difference 
in their operating voltage (LMO: ~4 V, LNMO: ~4.7 V vs. Li+/Li) 
[11–13]. In addition, LMO, characterized by a high content of high-spin 
Mn3+ ions, undergoes significant crystal structure distortion induced by 
the Jahn-Teller effect and experiences the dissolution of Mn2+ ions from 
the surface of LMO particles into the electrolyte through a dispropor
tionation reaction (2Mn3+ → Mn2+ (↓) + Mn4+) [14,15].

Conversely, LNMO is predominantly composed of electrochemically 

* Corresponding authors at: Department of Future Energy Convergence, Seoul National University of Science & Technology, 232 Gongneung-ro, Nowon-gu, Seoul 
01811, Republic of Korea (D. Han).

E-mail addresses: junhopark@keri.re.kr (J.-H. Park), dw.han@seoultech.ac.kr (D. Han). 

Contents lists available at ScienceDirect

Chemical Engineering Journal

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

https://doi.org/10.1016/j.cej.2024.156590

Chemical Engineering Journal 499 (2024) 156590 

Available online 10 October 2024 
1385-8947/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:junhopark@keri.re.kr
mailto:dw.han@seoultech.ac.kr
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2024.156590
https://doi.org/10.1016/j.cej.2024.156590


inactive Mn4+ and active Ni2+ ions. Therefore, LNMO benefits from a 
lower content of Jahn-Teller active Mn3+ ions, which helps in avoiding 
pronounced lattice distortion during charging and discharging [16,17]. 
The consecutive redox reactions of Ni3+/Ni2+ and Ni4+/Ni3+ with a high 
operating voltage exceeding 4.7 V enable the realization of LIBs that 
combine LNMO with high-voltage anode materials like Li4Ti5O12 (LTO). 
During electrochemical cycling, LTO exhibits a voltage plateau at ~ 1.5 
V, accompanied by minimal distortion (i.e., zero-strain) in its spinel 
structure and negligible electrolyte decomposition under reduction 
conditions [18–20]. In this context, LNMO/LTO full cells with an 
operating voltage of ~ 3.2 V can offer high power and exceptional 
safety, owing to the inherent 3D Li-ion diffusion pathways and robust 
structural stability of their spinel structures.

Nevertheless, unlike LMO, the commercialization of LNMO con
tinues to face obstacles due to the formation of an unstable interface 
between LNMO particles and the electrolyte, especially in high-voltage 
regions [21,22]. Typical conventional organic electrolytes employed 
in LIBs are susceptible to decomposition through their oxidation re
actions in these regions. This undesirable process leads to the formation 
of thick, poorly conductive cathode-electrolyte interface (CEI) layers on 
the LNMO particles, thereby impeding the transfer of Li+ ions across 
these layers [23,24]. Furthermore, the electrochemical instability of 
LNMO surfaces at high states of charge induces structural deterioration 
and the dissolution of transition metals (Ni, Mn), subsequently accel
erating the capacity degradation of LNMO during cycling [25–27].

To improve the cycling performance of LNMO under high-voltage 
conditions, ongoing research includes optimizing synthetic processes 
[28–31], chemical compositions [32–34], and particle morphologies 
[35,36] for LNMO, as well as developing compatible electrolytes and 
additives with superior oxidation resistance [37,38]. Moreover, 
considering the severe deformation of the spinel structure and the for
mation of low-conductive CEI layers on the surfaces of LNMO particles, 
it is indispensable to protect these surfaces from direct contact with the 
electrolyte. Indeed, a variety of functional materials, such as metallic, 
carbon-based, and lithiated compounds, have proven effective when 
applied to the LNMO surfaces [39–42]. The proposed coating materials 
can enhance the chemical stability and electrical/ionic conductivities at 
the LNMO/electrolyte interfaces based on their functionality. However, 
as the content of these materials increases, the gravimetric and volu
metric capacities of LNMO tend to diminish due to the increased accu
mulation of electrochemically inactive coating layers on its surfaces. 
Additionally, typical surface coating technologies are ineffective in 
directly altering the chemical status in the immediate internal region 
around LNMO surfaces, known as the (inner) subsurface, because they 
predominantly affect the exterior of particle surfaces [10]. These inad
equate techniques encompass mechanical dry coating methods as well as 
chemical wet processes, including co-precipitation, sol–gel, chemical 
vapor deposition (CVD), and atomic layer deposition (ALD) [39].

Hence, we considered a novel process to simultaneously modify the 
chemical bond structure on the external surface and the chemical 
composition in the subsurface of LNMO. To achieve this, an aqueous 
solution of potassium hydroxide (KOH) was introduced as a chemical 
reagent to alter both the surface configuration and subsurface chemistry 
of LNMO. First, hydroxide ions (OH–) adsorbed on the external surface of 
LNMO particles can selectively extract Li+ ions from the bulk of LNMO 
while preventing the dissolution of Ni and Mn into the aqueous solution 
[43–45]. When the identical procedure is conducted in acid environ
ments, the ionic exchange between H+ and Li+ ions leads to substantial 
metal dissolution, thereby disrupting the pristine spinel framework of 
the LNMO bulk [46,47]. Lu et al. recently proposed La(OH)3 as a Li-ion 
capturer to enhance the surface stability of Ni-rich layered oxide cath
ode materials [48]. This reconstructed surface, consisting of a deli
thiated epitaxial layer and Li-ion conductive LiLaO2 nanoparticles, 
alleviated the reactivity between the cathode oxides and organic elec
trolytes. Second, KOH chemically produces thermally stable potassium 
carbonate (K2CO3) on hydrated active surfaces by reacting with CO2 

molecules dissolved in a KOH solution via a CO2 capture reaction (2KOH 
+ CO2 → K2CO3 + H2O) [49]. Specifically, the adsorption of K+ ions 
onto the surface of hydrated LNMO particles is preferred over H2O 
adsorption, as it reduces surface energy [50]. In addition, we anticipated 
that the pre-existing K2CO3 component would inhibit the thickening of 
CEI layers during cycling and facilitate Li-ion migration by providing 
more conductive channels compared to Li2CO3, the main inorganic 
component of typical CEI layers [51,52].

In this study, we first developed LNMO cathode materials featuring a 
Li-vacant topotactic subsurface through a KOH-assisted wet chemistry 
method. This approach resulted in improved Li-ion kinetics and storage 
properties in the bulk of LNMO particles, attributed to the delithiated 
subsurface and the K2CO3-enriched external surface (Scheme 1). 
Furthermore, these synergistic effects not only eliminated detrimental 
secondary phases (e.g., LixNi1-xO) and adsorbed H2O molecules, but also 
mitigated thermal degradation within the LNMO lattice.

2. Experimental

2.1. Material preparation

LiNi0.5Mn1.5O4 (LNMO) cathode materials were synthesized via co- 
precipitation-assisted hydrothermal followed by solid-state reactions. 
For the synthesis of referenced LNMO (referred to as R-LNMO), we 
prepared “Solution A” by homogenously mixing NiSO4⋅6H2O (0.3942 g) 
and MnSO4⋅H2O (0.7605 g) in deionized (DI) water (45 mL) with 
continuous stirring for 15 min. “Solution B” was prepared by adding 
NH4HCO3 (0.711 g) to DI water (15 mL) and stirred for 10 min. Sub
sequently, co-precipitation reactions were initiated by dropping Solu
tion B into Solution A. Throughout the entire process, N2 bubbling was 
employed to prevent the oxidation of transition metals (Ni, Mn). A green 
solution observed during the co-precipitation reactions served as evi
dence for the divalent state of Ni ions [53]. The co-precipitated green 
solution was carefully transferred into a Teflon-lined autoclave (100 mL) 
and then maintained at a temperature of 200 ℃ for 32 h. After the hy
drothermal reactions were completed, the autoclave reactor was grad
ually cooled to room temperature (RT) in ambient air. Following 
centrifugation, a high-purity product (i.e., metal carbonate with a Ni to 
Mn atomic ratio of 1:3) was obtained through washing with DI water 
and ethanol to remove residual sulfate radicals. It was then moved into a 
vacuum oven and dried at 120 ℃ for 12 h. Finally, the metal carbonate, 
utilized as the metal precursor for the R-LNMO synthesis, was converted 
into a metal oxide by heating it at 500 ℃ for 2 h under a flow of air gas (2 
L/min). Then, stoichiometric amounts of the metal oxide and Li2CO3 
were uniformly mixed using a double shaking mixer. At this time, we 
added 5 wt% excess of the Li2CO3 precursor to the mixture to 
compensate for the Li loss upon heating at high temperatures. The 
precursor mixture was crystallized into R-LNMO via consecutive heating 
at 400 ℃ for 2 h, 600 ℃ for 2 h, and 800 ℃ for 3 h under a flow of air gas 
(2 L/min).

To prepare surface-modified LNMO (referred to as LNMO_KOH), R- 
LNMO was uniformly dispersed and stirred in a KOH (1.25 M) aqueous 
solution for 30 min. N2 bubbling was employed throughout the disper
sion to prevent the oxidation of transition metals in R-LNMO. Finally, 
LNMO_KOH was obtained by washing the KOH-treated LNMO with DI 
water, followed by drying it in a vacuum oven at 120 ℃ for 12 h. The 
overall synthesis processes for R-LNMO and LNMO_KOH are depicted in 
Fig. 1.

2.2. Physicochemical characterization

The crystal structures of the (Ni, Mn) carbonate precursor, R-LNMO, 
and LNMO_KOH samples were analyzed via X-ray diffraction (XRD; 
X′Pert PRO MPD, PANalytical) using Cu Ka radiation (λ = 1.5406 Å) 
with a 2θ range spanning 15◦ to 75◦. Ex-situ XRD analyses were per
formed on R-LNMO and LNMO_KOH after 100 charge/discharge cycles 
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under identical conditions. To further obtain the crystallographic in
formation of the materials, Raman spectroscopy (LabRAM HR-800, 
Horiba) was employed. The particle morphologies of the samples were 
observed using field-emission scanning electron microscopy (FE-SEM; 
JSM-7900F,JEOL). The surface areas of R-LNMO and LNMO_KOH were 
estimated via Brunauer–Emmett–Teller (BET) analysis (BET; ASAP 
2420, Micromeritics). Field-emission transmission electron microscopy 
(FE-TEM; JEM-2100F, JEOL) equipped with an electron energy loss 
spectroscopy (EELS; Libra 200 MC TEM, Carl Zeiss) was employed to 
compare the atomic arrangements in the subsurface and bulk of the 
LNMO_KOH particles. To determine the chemical compositions of the 
two samples, inductively coupled plasma-optical emission spectrometry 
(ICP-OES; ICP-OES 720, Agilent) was used. The chemical bond struc
tures on the surfaces of the R-LNMO and LNMO_KOH particles were 
confirmed using Fourier-transform infrared spectroscopy (FT-IR; 
ALPHA-P, Bruker). We estimated the oxidation states of transition 
metals and surface chemistry before and after cycling via X-ray photo
electron spectroscopy (XPS; K-alpha+, Thermo) analysis. All the 
collected XPS spectra were calibrated using a C–C bond with a binding 
energy of 284.8 eV. A thermogravimetric analysis-differential scanning 
calorimetry (TGA-DSC; TGA/DSC1, Mettler-Toledo) was performed up 
to 1000 ℃ in an N2 atmosphere at a heating rate of 50 ℃ min− 1.

2.3. Electrochemical characterization

First, a slurry was prepared with a weight ratio of the active material, 
conductive carbon (Super-P), and polymer binder (polyvinylidene 
fluoride, PVDF) of 80:10:10. The slurry was pasted onto an Al foil and 
then dried in a vacuum oven at 120 ℃ for 12 h. The dried electrodes, 

with a diameter of 14 Φ, were used as the working electrodes. We 
adopted Li metal as the reference and counter electrodes for the 2032 
coin cells. The cells were assembled in an argon-filled glove box using an 
electrolyte composed of 1 M LiPF6 dissolved in a mixed solvent of 
ethylene carbonate (EC), ethyl methyl carbonate (EMC), and dimethyl 
carbonate (DMC) in a 1:1:1 vol ratio.

The galvanostatic charge/discharge profiles of each cell were ob
tained at a current density of 0.2C (where 1C = 100 mA h g− 1) in the 
voltage range between 3.5 and 4.8 V (vs. Li+/Li). Electrochemical 
impedance spectroscopy (EIS) analysis was performed in the frequency 
range of 0.01 to 100 kHz, and the acquired data were processed using 
Zview software. Galvanostatic intermittent titration technique (GITT) 
profiles were obtained by repetitively charging (or discharging) at a 
current density of 0.1C for a pulse duration (τ) of 20 min, with a resting 
period of 3 h between each step. All electrochemical tests and analyses 
were conducted at RT.

3. Results and Discussion

Fig. 2(a) presents the XRD patterns for the R-LNMO and LNMO_KOH 
samples. Initially, the XRD pattern for the (Ni, Mn) carbonate precursor 
corresponded to the rhombohedral MnCO3 phase (indexed to JCPDS 
Card #83–1763), with the exception of a minor peak shift (Figure S1). 
The substitution of Ni2+ ions, which have a smaller ionic radius 
compared to Mn2+ ions, reduces the overall d-spacing of the lattice 
planes in the MnCO3 precursor, resulting in a shift of the XRD peaks to 
higher angles by the Bragg’s law [54]. The sharp characteristic peaks 
observed in the diffraction patterns for R-LNMO and LNMO_KOH sug
gest the successful formation of crystalline LNMO materials with a spinel 

Scheme 1. Impact of a Li-vacant topotactic subsurface and K2CO3-enriched external surface on the Li-ion kinetics and storage properties of LNMO particles.

Fig. 1. Schematic representation of the synthesis processes for R-LNMO and LNMO_KOH.
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structure. This is because all the experimental peaks matched those in 
the XRD pattern of a typical LNMO phase (indexed to JCPDS Card 
#80–2162). However, due to the nearly identical atomic scattering 
factors of Ni and Mn, it is challenging to determine whether the spinel 
structure of LNMO is ordered (space group: P4332) or disordered (space 
group: Fd-3 m) through XRD analysis [55]. In contrast, Raman spec
troscopy is commonly used to distinguish between these two different 

crystal structures. Even a subtle variation in the atomic arrangements of 
Ni and Mn can impact the vibration modes of cation–anion bonds in the 
LNMO spinel lattice [56]. Fig. 2(b) displays the Raman spectra of R- 
LNMO and LNMO_KOH. Consequently, both structures were identified 
as disordered spinel structures because an ordered spinel structure, 
which has lower symmetry in crystallography, would exhibit more vi
bration modes in the region of the Raman spectra marked in the green 

Fig. 2. (a) XRD patterns, (b) Raman spectra, (c, d) magnified XRD patterns for R-LNMO and LNMO_KOH.

Fig. 3. Low- and high-magnification SEM images of (a, b) R-LNMO and (c, d) LNMO_KOH.

T. Jeong et al.                                                                                                                                                                                                                                   Chemical Engineering Journal 499 (2024) 156590 

4 



box [56,57]. However, the Raman band of LNMO_KOH observed at ~ 
576 cm− 1 (assigned to the Mn–O bond), with higher intensity compared 
to R-LNMO, demonstrates the oxidation of Mn induced by the KOH 
treatment [58,59]. Meanwhile, from the magnified (111) peaks shown 
in Fig. 2(c), we confirmed that the characteristic peaks for R-LNMO 
shifted to higher angles after the KOH treatment. At the same time, the 
full width at half maximum (FWHM) value, which is inversely propor
tional to the crystallite size according to the Scherrer equation, was 
larger for LNMO_KOH compared to R-LNMO. These results indicate that 
the average lattice parameters and crystallite size of LNMO_KOH were 
smaller than those of R-LNMO. Interestingly, for R-LNMO, distinctive 
minor peaks (2θ ≈ 37.5◦, 43.5◦) corresponding to impurity phases like 
LixNi1-xO were detected, but these peaks disappeared in LNMO_KOH 
(Fig. 2(d)).

To assess the impact of the KOH treatment on the morphology of 
LNMO particles, FE-SEM images of R-LNMO and LNMO_KOH are 
depicted in Fig. 3. For the (Ni, Mn) carbonate precursor, we observed 
large spherical secondary particles with dense surfaces and a diameter 
of ~ 5 μm (Figure S2). This specific morphology remained unchanged 
even after calcining the mixed precursor of (Ni, Mn) carbonate and 
Li2CO3 for the synthesis of R-LNMO (Fig. 3(a) and 3(b)). However, the 
surface roughness and porosity of the R-LNMO particles increased in a 
KOH solution (Fig. 3(c) and 3(d)), likely due to the dissolution of hy
drophilic Li compounds such as LiOH. The ICP-OES analysis results for 
R-LNMO and LNMO_KOH, as presented in Table 1, revealed that ~ 20 % 
of Li+ ions were extracted from R-LNMO after the KOH treatment. This 
process contributed to the reduction in the average lattice parameters, 
crystallite size, and impurity levels of R-LNMO (Fig. 2(c) and 2(d)). 
Notably, the Ni/Mn molar ratio in R-LNMO was preserved, in contrast to 
the Li/(Ni + Mn) ratio, indicating minimal transition metal dissolution 
from the R-LNMO particles into a KOH solution. This characteristic 
played a crucial role in preventing the collapse of the disordered spinel 
structure of LNMO_KOH, even in a strong basic aqueous solution, which 
is in agreement with the previous XRD results (Fig. 2(a)). The specific 
surface areas of R-LNMO and LNMO_KOH, determined via BET analysis, 
were confirmed to be 4.0778 and 6.2923 m2 g− 1, respectively. Due to the 
increased surface area and roughness resulting from the dissolution of 
residual Li and chemical Li-ion extraction, the porous secondary parti
cles of the LNMO_KOH sample could enhance electrolyte penetration 
and Li-ion diffusion into the smaller primary particles. Additionally, K+

ions were presumed to be weakly bound to the extensive surface of 
LNMO_KOH particles rather than infiltrating into the subsurface, given 
that the size of K+ ions is too large to occupy both the pre-existing 
tetrahedral (8a) and octahedral (16d) sites [8,16,50]. Hence, the K/ 
(Ni + Mn) ratio was not taken into consideration when determining the 
chemical composition of LNMO_KOH (Table 1).

To trace the variation in atomic content (Li, K) and lattice spacing 
from the surface to the bulk of LNMO_KOH, we conducted FE-TEM/EELS 
analysis on the cross-sectional LNMO_KOH specimen prepared using a 
focused-ion beam (FIB) (Figure S3). As shown in Fig. 4(a), the amount of 
Li+ ions abruptly decreased within the subsurface region (<0.1 μm) of 
LNMO_KOH. Conversely, the majority of K+ ions were confined to the 
surface of LNMO_KOH particles. The Li K-edge and K L-edge EELS 
spectra of LNMO_KOH, observed at five different sampling points 
marked with each distinct color, also demonstrate such relationships 
(Fig. 4(b) and 4(c)) [60,61]. As mentioned in the Introduction, OH– ions, 
which are electrostatically coupled with K+ ions on the external surface 

of LNMO_KOH particles in a KOH aqueous solution, could stably extract 
Li+ ions from the subsurface. As a result, the d-spacing of the (111) 
plane in the LNMO lattice decreased in the subsurface (~ 0.48 nm) 
compared to the bulk (~ 0.49 nm) (Fig. 4(d) and 4(e)). It should be 
noted here that the crystal structure and atomic arrangement of R-LNMO 
are identical to those of LNMO_KOH in the bulk because LNMO_KOH 
was derived from R-LNMO through the KOH surface treatment. Addi
tionally, unlike the bulk domain corresponding to R-LNMO, a more or
dered atomic arrangement, indicated by bright and dark alternating 
patterns, was clearly distinguishable in the subsurface of LNMO_KOH 
particles, resembling the TEM image of an ordered spinel LNMO re
ported in the latest literature [4,34]. Therefore, a topotactic transition 
occurred when Li+ ions in the subsurface of the R-LNMO particles 
reacted with the OH– ions adsorbed on the external surface, consistent 
with the results in Fig. 2(c). Furthermore, Li+ ions could be extracted 
from the LixNi1-xO impurity as well as the primary LNMO phases in the 
subsurface of R-LNMO particles (Fig. 2(d)).

Fig. 5 displays the XPS and FT-IR spectra of R-LNMO and LNMO_
KOH. First, from the O 1 s XPS spectra (Fig. 5(a) and 5(b)), LNMO_KOH 
showed a lower content of adsorbed H2O molecules compared to R- 
LNMO. This finding coincides with the results from the FT-IR spectra of 
both materials depicted in Figure S4, where the characteristic peaks for 
H2O (~1,630 cm− 1) and K2CO3 (~1,566 and ~ 1,447 cm− 1) were 
identified in the R-LNMO and LNMO_KOH spectra, respectively. The 
presence of K+ ions on the external surface of the LNMO_KOH particles 
was also confirmed by the K 2p XPS spectra shown in Figure S5, which is 
in agreement with the ICP-OES results (Table 1). Additionally, the XPS 
binding energies for C–O and C = O bonds, characteristic of A2CO3 (A ≡
Li, K) compounds, were lower for LNMO_KOH than for R-LNMO (Fig. 5
(c) and 5(d)). On the surfaces of LNMO particles for both R-LNMO and 
LNMO_KOH, Li2CO3 readily forms as a result of the chemical reactions 
between Li residues and CO2 gas molecules in the vicinity of the parti
cles. However, the binding energies between C and O atoms in the CO3

2– 

component of A2CO3 could be reduced due to the weakened ionization 
energy-relative screening effect resulting from the replacement of Li+

with K+ ions following the KOH surface treatment [62]. The observed 
decrease in adsorbed H2O molecules and the formation of the K2CO3 
component on the external surfaces of R-LNMO particles can be attrib
uted to the spontaneous chemical reaction between KOH and CO2 (i.e., 
2KOH + CO2 → K2CO3 + H2O) in a KOH solution [49,50].

We inferred the oxidation states of the central transition metals (Ni, 
Mn) in the subsurface of LNMO particles based on their Mn 3 s, Mn 2p, 
and Ni 2p XPS spectra. In principle, the average oxidation states of Ni 
and Mn in LNMO active materials are close to + 2 and + 4, respectively. 
However, high-temperature calcination inevitably leads to significant 
oxygen deficiencies, especially in the subsurface of LNMO particles, 
resulting in the presence of Mn3+ and Ni3+ ions within the disordered 
structure of R-LNMO [56]. In addition, to compensate for the chemical 
extraction of Li+ ions from R-LNMO, Ni and/or Mn should oxidize, 
thereby maintaining the charge neutrality of LNMO_KOH even after the 
KOH surface treatment. As a result, Fig. 5(e) shows that the energy 
splitting between the two distinct peaks (ΔEMn3s) decreased from ~ 4.79 
to ~ 4.65 when ~ 20 % of Li+ ions were extracted from the subsurface of 
R-LNMO particles. Simultaneously, the Mn 2p XPS peak positions shifted 
to higher binding energy values (Figure S6). These observations imply 
that the Mn ions in the octahedral sites of the R-LNMO subsurface lattice 
were oxidized by the KOH surface treatment. Here, the average oxida
tion states of Mn in R-LNMO and LNMO_KOH were estimated to be ~ 
3.59 and ~ 3.74, respectively, using the formula Mn oxidation state ≈
8.95 – 1.12ΔEMn3s [63,64]. By contrast, there was negligible variation in 
the peak positions of the Ni 2p XPS spectra of both materials (Figure S7).

Fig. 5(f) shows the FT-IR spectra of R-LNMO and LNMO_KOH 
observed in the range of 800–400 cm− 1. FT-IR analysis is highly sensi
tive to the vibrational behavior of cation–anion bonds, similar to Raman 
analysis, which varies depending on the atomic arrangements of Ni and 
Mn. As disorder between Ni and Mn within the spinel lattice increases, 

Table 1 
Results of the ICP-OES analysis for R-LNMO and LNMO_KOH.

R-LNMO LNMO_KOH

Li/(Ni þ Mn) 0.49 0.4
Ni/Mn 2.7 2.7
K/(Ni þ Mn) − 0.009 (adsorbed)
Chemical compositions Li0.98Ni0.54Mn1.46O4 Li0.8Ni0.54Mn1.46O4
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the peak intensity ratio of Mn–O (~611 cm− 1) to Ni–O (~574 cm− 1) 
stretching modes increases [16,65]. Therefore, the reduced Mn–O/Ni–O 
peak intensity ratio in LNMO_KOH compared to R-LNMO signifies a 
more ordered subsurface structure in LNMO, resulting from the Li-ion 
extraction and subsequent Mn oxidation [21]. Specifically, the lower 
Mn3+/Mn4+ atomic ratio in LNMO, induced by chemical or electro
chemical delithiation, can lead to a partial phase transformation of the 
LNMO spinel structure from a disordered to an ordered state [34].

To interrelate the physicochemical characteristics and electro
chemical performance of R-LNMO and LNMO_KOH, we first compared 
the galvanostatic charge/discharge cycling profiles of the materials, as 
shown in Fig. 6(a) and 6(b). At a current density of 0.2C (where 1C =
100 mA h/g), the charge/discharge curves of R-LNMO and LNMO_KOH 
exhibited almost identical configurations typical of disordered LNMO. 
However, the initial discharge capacities of R-LNMO and LNMO_KOH 
were ~ 83 and ~ 107 mA h/g, respectively. After the first cycle, these 
capacities gradually increased and reached their maximum values after 
20 and 5 cycles for R-LNMO (~89 mA h/g) and LNMO_KOH (~110 mA 
h/g), respectively.

Figure S8 presents the GITT curves for R-LNMO and LNMO_KOH 

during the first cycle, providing quantitative insights into the Li-ion 
kinetics within the bulk of LNMO particles. For each pulse duration 
(τ) applied in the GITT tests, the open-circuit voltage (OCV) and closed- 
circuit voltage (CCV) values, in conjunction with their differences, can 
be extracted from the GITT curves as a function of the state of charge 
(SOC). Using these values and other physical parameters such as the 
actual/molar mass, molar volume, and specific surface area of the active 
materials, we determined the Li-ion diffusivities with respect to the SOC 
for both materials (Fig. 6(c)) [66]. As a result, the Li-ion diffusivity of 
LNMO_KOH was found to be at least 10 times higher than that of R- 
LNMO during the first cycle. This suggests that the Li-deficient, low- 
impurity, and relatively ordered subsurface environment promotes the 
overall migration of Li+ ions through the bulk of the LNMO particles. As 
previously discussed in Fig. 5(f), the ordered spinel phase in LNMO in
creases due to the oxidation of Mn3+ to Mn4+ ions [21,34], and the 
disordered core–ordered shell structure of LNMO improves Li-ion ki
netics and structural stability during cycling by leveraging the advan
tages of each phase [65]. Indeed, the degree of the ordered Ni/Mn 
arrangement in LNMO_KOH increased concurrently with the oxidation 
of Mn in the subsurface of R-LNMO particles (Fig. 5(d)), which benefits 

Fig. 4. (a) Mapping the atomic distribution of Li and K from the surface to the bulk of LNMO_KOH. (b) Li K-edge and (c) K L-edge EELS spectra of LNMO_KOH. FE- 
TEM images of LNMO_KOH obtained from (d) the bulk and (e) the subsurface.
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stable Li-ion storage and migration in LNMO_KOH.
In contrast to the GITT electrochemical method, EIS analysis is 

effective for evaluating the interfacial charge interactions between 
LNMO particles and the electrolyte. Here, we collected the EIS spectra of 
R-LNMO and LNMO_KOH after an initial discharge to half of their 
maximum practical capacity (Fig. 6(d)). These spectra reflect the effects 
of K2CO3-enriched CEI layers formed on the surfaces of LNMO particles 
following the oxidative decomposition of the electrolyte during the 
initial charge. The inset in Fig. 6(d) depicts the equivalent circuit model 
used to fit and interpret the spectra acquired from R-LNMO|Li and 
LNMO_KOH|Li half cells. The quantitative parameters derived from the 
Nyquist plots of EIS spectra are tabulated in Table S1, where the charge 
transfer resistances at the LNMO cathode/CEI and CEI/electrolyte in
terfaces are denoted as Rct(C) and RCEI, respectively. Both Rct(C) and 
RCEI were reduced as a result of the KOH surface treatment, suggesting 
that Li-ion transfer could be enhanced through the K2CO3-enriched CEI 
layers formed on the LNMO surfaces with a large reaction area. After 20 
cycles, the differences in both Rct(C) and RCEI between R-LNMO and 
LNMO_KOH were significantly increased (Figure S9). This finding in
dicates that the formation of K2CO3-enriched CEI layers facilitates Li-ion 
transfer even under conditions where detrimental electrolyte 

decomposition occurs consistently. In addition, applications of K2CO3 as 
an electrolyte additive or coating chemical have reported that K2CO3 
formed on the surfaces of active particles contributes to stabilizing 
electrode/electrolyte interfaces by reducing the contact area and 
inhibiting undesirable side reactions between the active particles and 
the electrolyte [51,52,67].

In summary, the higher reversible capacity and the fewer number of 
cycles required to complete cell activation for LNMO_KOH compared to 
R-LNMO could stem from the following significant aspects of superior
ity: (1) enhanced Li-ion migration through the Li-deficient, topotactic 
subsurface with an intensified ordered arrangement of Ni and Mn; (2) 
reduced detrimental impurity phases (e.g., LixNi1-xO) and adsorbed H2O 
molecules; (3) increased external surface area induced by chemical Li- 
ion extraction; and (4) chemical protection of the external surface 
from oxidative electrolyte decomposition in high voltage regions by 
partially replacing Li2CO3 with K2CO3.

Fig. 7(a) illustrates the cycling performance of R-LNMO and 
LNMO_KOH evaluated at a current density of 0.2C. After 100 cycles, R- 
LNMO and LNMO_KOH maintained ~ 91 % and ~ 97 % of their 
respective initial capacities. Improvements in Li-ion kinetics at both the 
subsurface and external surface of LNMO_KOH particles not only 

Fig. 5. XPS Spectra of (a, b) O 1 s, (c, d) C 1 s, and (e) Mn 3 s for R-LNMO and LNMO_KOH. (f) FT-IR spectra of R-LNMO and LNMO_KOH in the range of 
800–400 cm− 1.
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increased the reversible capacity but also enhanced capacity retention 
compared to R-LNMO. Moreover, the ex-situ XRD patterns shown in 
Fig. 7(b) demonstrated the outstanding structural integrity of LNMO_
KOH even after 100 cycles. On the contrary, R-LNMO still exhibited the 
LixNi1-xO impurity phase, observed at 2θ ≈ 37.5◦, 43.5◦, with a rock-salt 
structure that hinders Li-ion transport into/out of the LNMO primary 
phase during cycling [18,32]. Surprisingly, ex-situ Raman analysis 
revealed that the degree of the ordered Ni/Mn arrangement in 

LNMO_KOH was enhanced with cycling (Figure S10). Considering the 
benefits of ordered spinel LNMO with superior structural stability 
[18,21], further studies are imperative to verify the undisclosed mech
anism of the phase transition toward a more ordered spinel character of 
LNMO with a Li-vacant topotactic subsurface.

Fig. 7(c) and 7(d) display TGA curves of R-LNMO and LNMO_KOH. 
The observed weight loss (0.86 %) of R-LNMO at ~ 100 ℃ (i.e., the 
boiling point of H2O) suggests inherent susceptibility of LNMO particle 

Fig. 6. Charge/discharge cycling profiles (C-rate: 0.2C) of (a) R-LNMO and (b) LNMO_KOH. (c) Li-ion diffusivity derived from the GITT curves of R-LNMO and 
LNMO_KOH for the first cycle. (d) EIS spectra of R-LNMO and LNMO_KOH collected at a 50% depth of discharge (DOD50).

Fig. 7. (a) Cycling performance (C-rate: 0.2C) and (b) ex-situ XRD patterns (after 100 cycles) of R-LNMO and LNMO_KOH. TGA curves of (c) R-LNMO and 
(d) LNMO_KOH.
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surfaces to humidity, as supported by previous XPS and FT-IR analyses 
(Fig. 5(a) and S4). In contrast, the presence of K2CO3 components 
formed on the LNMO surfaces appeared to prevent the adsorption of H2O 
molecules (Fig. 7(d)). Given that even trace amounts of H2O in organic 
electrolytes can generate HF, which accelerates the dissolution of tran
sition metals from the LNMO particles into the electrolyte [68,69], the 
absence of adsorbed H2O molecules likely contributed to the excellent 
cycling performance of LNMO_KOH. At elevated temperatures between 
600 ℃ and 800 ℃, both LNMO materials showed similar weight loss due 
to thermal decomposition induced by oxygen evolution from the spinel 
lattices [70]. Although LNMO_KOH was prepared by chemically 
extracting ~ 20 % of Li+ ions from R-LNMO, it demonstrated enhanced 
thermal stability compared to R-LNMO, even at temperatures exceeding 
800 ℃, where an irreversible phase transition from spinel to cation- 
deficient rock-salt structure occurs. This is important because the 
chemical reactivity of LNMO at the CEI layers generally increases with 
SOC or the degree of delithiation, potentially compromising the struc
tural stability of LNMO at high temperatures [8]. The superior structural 
integrity of LNMO_KOH is associated with a high proportion of a ther
mally stable, ordered Ni/Mn arrangement in its subsurface, while 
effectively minimizing the presence of unstable impurity phases therein. 
Consequently, KOH-assisted chemical delithiation technology is ex
pected to promote improvements in the electrochemical performance 
and thermal stability of LNMO cathode materials.

4. Conclusion

In conclusion, we have successfully developed LiNi0.5Mn1.5O4 
(LNMO) cathode materials with enhanced Li-ion kinetics and storage 
properties through a KOH-assisted wet chemistry method. The resulting 
surface-modified LNMO (LNMO_KOH) exhibits a Li-vacant topotactic 
subsurface and a K2CO3-enriched external surface. Both the referenced 
LNMO (R-LNMO) and LNMO_KOH were confirmed to possess disordered 
spinel structures, as demonstrated by the results of the Raman analysis. 
Notably, the KOH treatment led to a decrease in the average lattice 
parameters, crystallite size, and impurity levels of R-LNMO, indicating 
the effective chemical extraction of Li+ ions from the subsurface. While 
the ICP-OES analysis revealed that ~ 20 % of Li ions were extracted from 
R-LNMO, the Ni/Mn molar ratio in R-LNMO remained unchanged after 
the KOH treatment. In contrast to Ni, the oxidation of Mn due to the Li- 
ion extraction enhanced the ordered atomic arrangement of Ni and Mn 
in the subsurface of LNMO_KOH particles. These findings were corrob
orated by the FE-TEM/EELS and XPS analyses. Additionally, the KOH 
treatment facilitated the removal of adsorbed H2O molecules and the 
formation of K2CO3 on the external surfaces of R-LNMO particles 
through a chemical reaction between KOH and CO2 (i.e., 2KOH + CO2 
→ K2CO3 + H2O). Improvements in the charge/discharge cycling per
formance and thermal stability of LNMO were also observed following 
the KOH surface treatment. Remarkably, LNMO_KOH exhibited superior 
electrochemical performance, achieving a high discharge capacity of ~ 
110 mA h/g and an impressive capacity retention of ~ 97 % after 100 
cycles at 0.2C. By contrast, R-LNMO delivered a discharge capacity of ~ 
89 mA h/g and a capacity retention of ~ 91 % under the same cycle 
number and current density. These enhancements can be attributed to 
improved Li-ion migration facilitated by the Li-deficient, topotactic 
subsurface with an intensified ordered Ni/Mn arrangement, reduced 
levels of detrimental impurity phases and adsorbed H2O molecules, as 
well as K2CO3-assisted chemical protection of the external surface of 
LNMO particles. Therefore, this study establishes a foundation for the 
development of novel high-voltage cathode materials by optimizing the 
subsurface and external surface properties of active particles, which 
contributes to improvements in their charge storage capacity and Li-ion 
kinetics.
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