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Deactivation of Partially (dis)Charged LNMO in Contact with
Water by Electrochemical Protonation of Li(1 − x)Ni0.5Mn1.5O4

Andrea I. Pitillas, Louis L. De Taeye,* and Philippe M. Vereecken*

The development of water-based composite cathode slurries for Li-ion
batteries is hindered by adverse interactions between the battery active
material and water. Insights into interactions between H2O and
LiNi0.5Mn1.5O4 (LNMO) are studied using a thin-film model system. The
reactivity of this active material with H2O is evaluated at different lithiation
states, showing that protonation of the active material in aqueous
environments is electrochemically driven, rather than a chemical Li+/H+ ion
exchange reaction. The electrochemically driven mechanism describing the
protonation of LNMO is only present when the material is in its partially
delithiated form. These findings suggest it is possible to cast this material
from an aqueous precursor when lithiated, as long as there are no traces of it
when the electrochemical delithiation (cell charging) is carried out.

1. Introduction

LiNi0.5Mn1.5O4 (LNMO) is a next generation cathode material
with a competitive energy density and ability to deliver high
power density due to its high working potential (≈4.7V vs Li+/Li)
and fast lithium ion conduction.[1] LNMO has better thermal
stability[2] than the high Ni variants of LiNixMnyCozO2 (NMC)
and is safer due to the absence of oxygen release at high
potentials.[3,4] Further, LNMO has a lower cost[2,5,6] as it does not
contain cobalt and has a lower Ni content than the most en-
ergy dense NMC materials. Some technical shortcomings still
prevent commercial deployment of the material. A first bar-
rier that persists for spinel cathode materials such as LiMn2O4
(LMO) or LNMO is its severe capacity fading linked to transi-
tion metal dissolution (TMD).[7] Second, the material operates at
a high working potential leading to electrochemical breakdown
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of all commonly used electrolyte solu-
tions at these elevated potentials (>4.5V
vs Li+/Li) linked to oxidation of both
the salt and solvent.[8] The two degrada-
tion mechanisms are intricately linked
to one another, as TMD is acceler-
ated by the presence of protons,[9,10]

which can form as a by-product of (elec-
tro)chemical decomposition of the elec-
trolyte solution.[11]

Aside from reactions with the elec-
trolyte during cell operation, the mate-
rial can interact with solvents during
slurry casting. In particular, for aque-
ous processing, there is a risk of side-
reactions between the water-based slurry
and the battery active material. The focal

point of this article is the interaction between water and LNMO.
Cathode active material are generally (electro)chemically unsta-
ble in contact with aqueous solutions. This has been attributed to
both redox processes (such as disproportionation of LMO) and/or
cation exchange processes (Li+/H+ ion exchange reaction).[12]

The latter has been studied extensively for LiNixMnyCozO2. In
NMC, the ion exchange process is linked to either a chemi-
cal and/or an electrochemically driven process during which
Li+ is extracted from the cathode material with coinciding H+

insertion.[13] It is worthwhile to assess the existing hypotheses
for ion exchange in NMC, before evaluating the same in LNMO.

Starting with the chemical process: this process is mainly ob-
served in high pH (alkaline) solutions. Here, OH− can strongly
absorb onto the surface of materials such as NCA and NMC.[14]

The hydroxyl group coordinates strongly with Li+ or the transi-
tion metal, leading to concomitant protonation of the active ma-
terial and LiOH formation on the active material surface. Over-
all, the redox state of the transition metals is never altered in this
process. The LiOH formed on the surface can subsequently react
with CO2 to form Li2CO3:

Li+ + H2O → H+ + LiOH (1a)

LiOH + CO2 → LiHCO3 (1b)

LiOH + LiHCO3 → H2O + Li2CO3 (1c)

Through these reactions, the process can continue until the sur-
face is passivated by the stable Li2CO3 film.

The second mechanism for ion exchange is an electrochemical
process. Herein, the cathode active material is delithiated with
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Figure 1. Graphical summarizes the formal potentials a selection of commonly used cathodes:[16] NCA (3.6 V), NMC (3.8), LCO (3.9 V), LMO (4 V),
and LNMO (4.7 V), and the electrochemical stability window of water at pH between 0 (3.04–4.27 V vs Li+/Li) and 14 (2.21–3.44 V vs Li+/Li), indicated
by the blue box.

coinciding oxidation of the transition metal. According to litera-
ture, water/proton reduction is the reductive counterpart of the
redox reaction.[14,15] However, careful evaluation of the position
of the electrochemical equilibrium potentials associated with wa-
ter reduction and commonly used cathode active materials (as
shown in Figure 1), shows that this is unlikely. Nonetheless, an
inverse relationship between a material’s redox potential and sta-
bility in ambient atmosphere exists.[14,15] A more likely reduction
process would be oxygen reduction, as the equilibrium potential
of this reaction is positioned more closely to the insertion po-
tentials of NMC or NCA. For LNMO, these same (chemical and
electrochemical) processes have been hypothesized.[17] In their
work, a shift in the pH is observed as LNMO is submerged in an
aqueous solution. This was associated to both manganese disso-
lution and lithium-proton exchange. However, the composition
of LNMO was not analyzed after long-term storage in this solu-
tion, and the delithiation is only inferred based on the pH change.

In this article, LNMO thin-films are used as a test platform.
This system has only a single active material/electrolyte inter-
face and contains no passive components, such as carbon addi-
tives or binders, greatly simplifying interpretation of the results.
The interaction between water and LNMO and its impact on the
electrochemical performance of LNMO is evaluated at two dif-
ferent lithiation states. Using a thin-film further enables tech-
niques capable of measuring the Li+ and H+ concentration in
the active material such as ERD. The comparative analysis shows
that the interactions with water strongly depend on the lithiation
state of the material, indicating the mechanism is electrochemi-
cally driven. Based on the observed phenomena, a mechanistic
description of the interaction is postulated.

2. Experimental Section

2.1. Sputter Deposition and Annealing Conditions

The LNMO thin films were deposited by RF-sputtering using a
3’’ target from Neyco (LNMO, purity 99.9%). The depositions

were done at 55 W under Ar flow at 3 mTorr for 2h in a Kurt
J. Lesker Company sputter tool connected to a glovebox. LNMO
thin-films were deposited on a 10 nm Pt/oxidized-10 nm Ti/100
nm SiO2/Si) substrate. This substrate was prepared using a com-
mercial 100 nm thermal SiO2 coated wafer from Si-Mat as a sub-
strate. A 10 nm Ti layer was deposited by evaporation using an
Alcatel tool, followed by annealing at 800°C in O2 for 20 min
to oxidize it using an Annealsys oven As-One. A 10 nm Pt film
was evaporated on top of the oxidized titanium thin-film using
a PLS-A evaporation tool. The deposited LNMO thin films were
annealed under ambient atmosphere at 700 °C for 1 h with a
5 °C min-1 ramping rate in a Nabertherm oven. After the anneal-
ing process, the sample was cooled down at a controlled rate of
4°C min-1.

2.2. LNMO Thin-Film Material Characterization

Structural characterization was done using a Philips Panalyti-
cal X’ Pert XRD system equipped with a Cu K𝛼 X-ray source
(𝜆 = 1.5406 Å) and a linear X-ray detector. The cation ordering
was studied by Raman spectroscopy using a Horiba Jobin-Yvon
HR800 with a laser of 532 nm and using a 25%ND filter and
that had a grating of 1800 grooves/mm. The recorded spectrum
was measured with double exposure (2 × 25s) with a spike filter
to eliminate the cosmic peaks. The film composition was deter-
mined by Time of Flight - Energy Elastic Recoil Detection and
Analysis (TOF-E ERDA) using a 6SDH tandem accelerator with
a maximum terminal voltage of 2.0 MV from National Electro-
statics Corporation (NEC), Middleton (WI), U.S.A.[18,19] The mea-
surements were carried out using an iodine (127I7 +) impinging
beam accelerated to 13.636 MeV to improve mass resolution and
separate Ni and Mn in the measured spectra. SEM pictures were
obtained with a FEI Verios at a current of 0.1 nA and voltage of 5
kV. Particle-induced X-ray emission (PIXE) was used in order to
more accurately determine the Mn/Ni ratio present in the sam-
ples. PIXE measurements were recorded using 1H+ (2.3 MeV),
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Figure 2. Different LNMO samples prepared to study the replacement of Li+ by H+ in LNMO when this is in contact with water. Drawing depicting
the different samples prepared, colors given to the samples for identification, 1) pristine (lithiated) LNMO thin-film, 2) a pristine (lithiated), exposed to
H2O thin-film, and 3) a delithiated LNMO, exposed to H2O.

with a sample normal, using a 30 mm2 detector of ultra-low en-
ergy with a energy resolution of nominal 160 eV.The K emission
lies were used for the Mn and Ni, while the L emission lines were
used for Pt.

2.3. Electrochemical Characterization

The electrochemical characterization was done in a glovebox
under an argon atmosphere (O2 and H2O ⩽ 1ppm) using a
3-electrode Teflon cell clamped on the cathode thin film us-
ing an O-ring with an inner area (equal to the area of LNMO
to the electrolyte) of 0.63 cm2 as shown depicted in schemati-
cally in Figure S1a (Supporting Information). Two lithium metal
strips were used as counter and reference electrodes, while the
LiNi0.5Mn1.5O4 thin-film was set as the working electrode. All
electrochemical experiments were performed using an in-house
electrolyte. The electrolyte was a 1M LiClO4 (battery grade, dry,
with a purity of 99.99% from Sigma–Aldrich) in propylene car-
bonate (PC) (anhydrous from 99.7% from Sigma–Aldrich).

2.4. LNMO Delithiation Pretreatment Conditions

For some of the experiments, an electrochemical (de)lithiation
pretreatment was carried out. The pretreatment consisted of one
constant-current charge–discharge cycle (≈ 1 C = 5 μA cm-2) to
check the performance of the cathodes, followed by a constant
current charge at the same current, up to a potential 4.8V ver-
sus Li+/Li. This conditions corresponds to complete delithiation.
However, in these thin-films, any degradation caused by the elec-
trolyte will lead to self-discharge (i.e. lithiation of LNMO). After
delithiation, the sample was immediately rinsed in PC to min-
imize self-discharge by the electrolyte. However, some partial
lithiation remains inevitable. Therefore, the LNMO is described
as partially delithiated. After rinsing, the sample was loaded into
a Buchi oven inside a glovebox and dried under vacuum at 80°C
overnight to remove any solvent traces. The cleaned sample was

subsequently exposed to H2O. Exposure to water was done out-
side of the glovebox. The sample was dipped in water for 1 min
and dried at 100 °C in vacuum to get rid of any remaining wa-
ter traces. The time in which the samples were kept outside
the glovebox was minimized, and the samples were immediately
placed back in the glovebox after the exposure and drying steps.
For these samples, the two different areas studied are indicated
schematically as the delithiated and pristine areas (see Figure 2
below - Note that the color change between the different lithiation
states and upon water exposure is not as clear as depicted in the
schematic representation, this is just added for clarity).

3. Results and Discussion

3.1. Thin-Film Deposition and Characterization

LNMO thin films were fabricated using RF-sputtering. The as-
deposited films were thermally annealed to form the desired
spinel phase of LNMO. Figure 3 summarizes the results of
structural analysis by means of X-ray diffraction (XRD), Raman
spectroscopy and SEM of LNMO deposited on a 10 nmPt/10
nm-oxidized Ti/100 nm SiO2/Si. XRD confirmed the crystalline
structure associated with the cubic spinel phase (Figure 3a). The
cubic spinel phase exhibits two types of cation ordering, ordered
LNMO (P4332) and disordered LNMO (Fd-3m), which are hard to
distinguish from diffraction patterns obtained using XRD. Ra-
man spectroscopy was used to determine the cation ordering of
the LNMO thin films. After annealing, the characteristic peaks
of disordered LNMO (Fd-3m) around 164, 397, 496, 597, and
637 cm−1 (Figure 3b) were observed, which are in good agree-
ment with the reported values in literature. The SEM images of
(Figure 3c) shows a ≈70 nm thin film with a continuous and
closed polycrystalline morphology.

The chemical composition of the LNMO thin films was de-
termined using two complementary analysis techniques. Time
of Flight - Energy Elastic Recoil Detection and Analysis (ToF-E
ERDA) and Particle-Induced X-ray Emission (PIXE) were used
to determine the Li, Ni, Mn, and O atomic fractions. The Ni
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Figure 3. Structural analysis of the LNMO thin films prepared by RF-
sputtering on 10 nmPt/30 nmTiO2/100 nmSiO2/Si substrates prepared
after annealing in air at 700 °C. a)LNMO thin film XRD pattern with the
peaks assigned to the LNMO Miller indices, according to the reference
file 80-2162 and reference patterns for the substrate Pt (00-004-0802) and
TiO2 (01-089-6975).b)Raman spectra of a pristine sample showing a Fd3m
cation ordering, where * corresponds to the Si peak from the substrate.
c)SEM Cross-section of a ≈ 70nm LNMO thin film showing continuous
film with columnar grain morphology.

content cannot be quantified accurately by ToF-E ERDA alone,
due to the low detection efficiency of recoiled nickel events under
the experimental conditions used. Consequently, PIXE was used
to determine the atomic Mn to Ni ratio more accurately. This ra-
tio was then used to correct the underestimated Ni content from
TOF-E ERDA. The Mn/Ni ratio was found to be 2.7 (see Table 1),
close to the expected ratio (Mn/Ni= 3) and in accordance with the
previously reported ratio of 2.7 for sputtered LNMO thin-films.[20]

3.2. Electrochemical Characterization of LNMO After Water
Exposure at Different Lithiation States

The mechanism behind replacement of Li+ by H+ was eval-
uated on lithiated (x = 1) and partially delithiated (× ˜0.5)
LixNi0.5Mn1.5O4 thin films. These samples were exposed to water
and compared to a pristine sample (i.e., as-deposited LNMO with
x = 1, which was not exposed to water) in terms of electrochemi-
cal performance and composition. The samples are schematically
represented in Figure 3. The partially delithiated area is confined
to the surface inside the O-ring. For more details on the mea-
surement set-up see Figure S1 (Supporting Information). For
ease of reading, the following labels will be used throughout the
text: pLNMO (blue area, as-deposited), eL1NMO (green area, as-
deposited, exposed to water), and eL0.5NMO (red area, delithi-
ated to x = 0.5, exposed to water). The electrochemical measure-
ments on the three types of samples comprised cyclic voltamme-
try, followed by galvanostatic charge–discharge to evaluate how
water exposure altered the electrochemical performance.

The resulting CV curves are shown in Figure 4. The pristine
reference sample (pLNMO) shows the characteristic double peak
for LNMO at 4.7 and 4.78 V versus Li+/Li corresponding to oxi-
dation of Ni+II to Ni+III, and Ni+III to Ni+IV, respectively. The in-
set highlights a small current signal in the 4 V region. This is
indicative of some redox activity associated with Mn, which can
oxidize from Mn+III to Mn+IV in disordered LMO. A compari-
son of the pLNMO sample and the lithiated sample exposed to
H2O (eL1NMO) is shown in Figure 4a. Only minor changes can
be observed in the cyclic voltammogram, such as a slight shift
of the main peaks in the 4.75 V region toward higher potentials
and a slight decrease of the anodic peak currents for the water
treated sample. The small anodic peak observed in the 4 V-region
is observed to shift to lower potentials and a small cathodic peak
becomes more distinguishable. The sample that was delithiated
prior to exposure to H2O (eL0.5NMO) is affected more severely
by this exposure. Here, LNMO is nearly completely electrochem-
ically inactive, with no discernible anodic or cathodic peaks in
the CV.

Following the cyclic voltammetry, galvanostatic charge–
discharge cycling was performed (see Figure 4b,c). Overall,

Table 1. Composition based only on ERD and composition based on cor-
rected ERD by PIXE for nickel content correction.

Li O Mn Ni

ERD Dis. 0.127 ±0.007 0.601± 0.020 0.209 ± 0.011 0.063a)

ERD+PIXE Dis. 0.125±0.007 0.592±0.021 0.206 ±0.011 0.078a)

a)
Error could not be estimated for Ni.
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Figure 4. Lithiation and delithiation behavior in 1M LiClO4 in PC. a) Cyclic voltammograms at 1mV s-1 (2nd and 3rd cycles). b) Discharge (filled symbols)
capacity of the pristine sample (○), lithiated, exposed to H2O (⋄) and delithiated, exposed to H20 (◁) cycled at 1 C. c) Charge and discharge potential-
capacity curves for cycle 20 at ≈ 1 C (≈5 μA cm-2).

from the discharge capacities as a function of the cycle num-
ber, the pLNMO and eL1NMO behave similarly. In the charge–
discharge curves presented in Figure 4c, two plateaus are ob-
served at 4.7 and 4.78V versus Li+/Li, which correspond to
the twin peaks observed in the cyclic voltammogram. A dis-
parity is observed between the charge and discharge capac-
ities (see Figure 4c; Figure S4, Supporting Information) be-
tween the two samples. For the pLNMO sample, charge and
discharge capacities of 560 and 440 mAh cm-3 were mea-
sured, respectively. The same discharge capacity is measured af-
ter water exposure, but a higher charge capacity of 640 mAh
cm−3, is observed. The significant difference between charge
and discharge capacity is the consequence of oxidation of the
organic electrolyte at these high potentials. In contrast, no
(de)lithiation plateaus are observed in the eL0.5NMO, showing
that the water exposure results in an electrochemically inactive
film.

3.3. Physico-Chemical Analysis of Water Exposed LNMO
Thin-Films

The presence of either H+ or Li+ within the different LNMO
thin films was studied by Time-of-Flight-Energy Elastic Recoil
Detection Analysis (ToF-E ERDA). Figure 5a–c shows the ToF-E
ERDA depth profiles for the pLNMO, eL1NMO, and eL0.5NMO.
Hydrogen is detected at the surface regardless of the lithia-
tion state of the sample and whether or not the samples were
exposed to water. This is linked either to hydrocarbon con-

tamination at the sample surface[20] or/and to protonation of
the dangling bonds at the surface, that is, hydroxyl surface
groups.[21]

Notably, the hydrogen concentration significantly differs in the
bulk of the thin films for the three samples. The pLNMO sample
showed a negligible proton count in the bulk of the thin film, as
observed from Figure 5a and Table 2 with an average H/O ratio of
0.013, which can be considered a baseline value for background
contamination. For the eL1NMO (see Figure 5b and Table 2), the
hydrogen content increased slightly while the lithium content de-
creased accordingly, suggesting minor Li+ to H+ exchange might
have taken place. However, given that the Li/O ratio decreased
only by ≈ 0.01, while the H/O increased by ≈ 0.01, this indi-
cates that this effect is negligible. This is in good agreement with

Table 2. Theoretical ratio expected assuming a stoichiometric LNMO (i.e.,
LiNi0.5Mn1.5O4) versus experimental ratios of the different areas pristine,
lithiated, exposed to H2O and delithiated, exposed to H2O. The ratios were
calculated by dividing the fractions obtain for each of the elements within
the bulk (180·1015 to 410·1015 at cm-2) of the layer. The lithium content in
the table has been corrected taking into consideration the abundance of
6Li.

Ratios
Theoretical

Pristine Lithiated, Delithiated,

exposed to H2O exposed to H2O

H/O 0.00 0.013 ± 0.002 0.021 ± 0.002 0.107 ± 0.011

Li/O 0.25 0.249 ± 0.009 0.237 ± 0.009 0.107 ± 0.004

Adv. Mater. Interfaces 2024, 11, 2400003 2400003 (5 of 9) © 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 2024, 16, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202400003 by IM
E

C
, W

iley O
nline L

ibrary on [30/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

Figure 5. TOF-E ERDA depth profile of LNMO: a) Pristine: As sputtered
after annealing. b) After annealing, exposed to H2O. c) After annealing,
electrochemically delithiated and exposed to H2O. Note, the lithium con-
tent represented in this graphs is only 7Li.

previously reported theoretical predictions that the Li+/H+ ex-
change reaction is only slightly favorable (ΔG° = -0.2 eV) for
spinel materials, as has been reported for LiMn2O4 (LMO).[22]

Interestingly, the eL0.5NMO sample exposed to water (see
Figure 5c) shows a large bulk proton concentration throughout
the film, suggesting H+ insertion into the partially delithiated
LixHyNi0.5Mn1.5O4 film takes place. The Li/O ratio of 0.107 cor-
responds to a Li-ion state-of-charge x = 0.43, meaning that the
sample was not fully delithiated, as expected, due to severe elec-
trolyte decomposition during and after the galvanic step at 1 C.
The H/O ratio was also 0.107, corresponding similarly to a pro-
tonation state-of-charge of y = 0.43 (see Figure 5 and Table 2).
The total state-of-charge of the samples is 0.86, close to 1, in-
dicating an almost fully half lithiated, half protonated thin film
(Li0.43H0.43NMO).

As the lithiated sample exposed to water did not show a sig-
nificant hydrogen concentration in-depth, the degradation mech-

anism of LNMO by a Li+/H+ ion exchange reaction can be ex-
cluded. This is contrary to what happens to other cathode mate-
rials such as for example NMC. However, the electrochemically
delithiated sample, exposed to water, showed a significant con-
centration of hydrogen in the whole depth of the thin film, indi-
cating an alternative mechanism is causing protonation.

Raman spectroscopy was performed on the same set of
samples as ERD to detect traces of other compounds being
formed on the electrode surface (e.g., carbonate and hydroxide
compounds)[23] after exposure of two of the samples to water, as
well as to observe any changes in the LNMO structure itself af-
ter water exposure. The comparison of the Raman spectra for the
pristine sample and the eL1NMO (see Figure 6a) shows no sig-
nificant differences between the two spectra, nor the presence of
additional bands corresponding to carbonates or hydroxides after
water exposure. Hence, this suggests that the slight electrochem-
ical differences for the eL1NMO might stem from small surface
reconstruction. The Raman spectrum agrees with the ERD re-
sults, showing Li+/H+ exchange is negligible in LNMO when the
material is fully lithiated. The results of ERD and Raman sug-
gest that fully lithiated LNMO can be processed in aqueous or
atmospheric conditions without being detrimental effects to the
electrochemical performance or composition of the material.

More pronounced differences can be observed between the
eL0.5NMO and the pristine samples (see Figure 6b). While no
carbonate and hydroxide compounds were detected for the ex-
posed sample, the crystalline structure of the LNMO was to

Figure 6. Raman spectras a) Pristine versus lithiated, exposed to H2O.
b) Pristine versus delithiated, exposed to H2O, and c) a comparison of
the (111) X-ray diffraction peak of LNMO after water exposure at different
lithiation states.

Adv. Mater. Interfaces 2024, 11, 2400003 2400003 (6 of 9) © 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 7. Figure depicting the commonly postulated self-discharge of high-voltage cathodes in the presence of an electrolyte versus the self-discharge
mechanism in water.

be significantly affected. In this case, a clear broadening of
the bands can be observed. This can be linked either to pro-
ton insertion which introduces atomic disorder and thus band
broadening, together with shifts in peak positions.[24] The bands
in between 570 and 650 are related to the Mn-O modes in
the MnO6 octahedron.[25] The presence of broad bands sug-
gests induced structural changes. For instance, this can be
linked to the appearance of a spinel phase of lower symmetry[25]

(e.g., 𝜆-MnO2).[26]

Finally, Figure 6c shows a comparison of the (111) peak of
LNMO measured by XRD after water exposure at different lithi-
ation states. Proton insertion can impact the lattice parameter of
transition metal oxide active materials. This is well documented
for layered structures.[27] The impact of the protonation on the
lattice constant will be extracted from this (111) peak. A peak
shift of 0.09° from 18.57° for the eL1NMO to 18.48° for the
eL0.5NMO was observed between the two samples. Partially pro-
tonated Li0.43H0.43NMO has a lattice constant of 8.31 Å, slightly
larger than the lithiated counterpart with a lattice constant of
8.27 Å.

3.4. Mechanistic Description of Electrochemical Protonation

The protonation of LNMO is not driven by an ion-exchange
reaction. Based on the observations, we postulate an elec-
trochemical mechanism driving protonation, as described in
Equation (2).

4Li1−xMn1.5Ni0.5O4 + 4yH+ + 4ye− ↔ 4Li1−xHyMn1.5Ni0.5O4 (2)

Both proton and electrons are released upon breakdown of water
as:

y(2H2O − 4e− ↔ O2 + 4H+) (3)

The anodic breakdown voltage of water w.r.t. Li+/Li depends on
the pH and reaches a maximum value of approximately 4.28V ver-
sus Li+/Li (equivalent to 1.23V vs SHE) for pH= 0. Consequently,
LNMO will spontaneously decompose water upon delithiation,
as the potential exceeds 4.75V versus Li+/Li. Combining both re-
actions leads to the overall electrochemically driven protonation
reaction:

4Li1−xMn1.5Ni0.5O4 + 2yH2O ↔ 4Li1−xHyMn1.5Ni0.5O4 + yO2 (4)

The mechanism is also schematically depicted in Figure 7.
An alternative source of electrons at the LNMO surface is the

oxidative breakdown of the electrolyte itself. On the one hand,
this can lead to spontaneous lithiation of the LNMO (i.e., self-
discharge), on the other hand, it could lead to protonation of the
solution by forming the free H+. Conseqeuntly, electrolyte break-
down at high voltage cathodes (once delithiated) has a second or-
der effect. Both protons are generated and the electrolyte is re-
duced during electrolyte oxidation. The electrogenerated protons
are inserted into the active material and render the material inert.

4. Conclusion

Protonation of LNMO, a high energy-density cathode material,
upon exposure to water was studied in this work. It is generally

Adv. Mater. Interfaces 2024, 11, 2400003 2400003 (7 of 9) © 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 2024, 16, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202400003 by IM
E

C
, W

iley O
nline L

ibrary on [30/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

recognized that water exposure has a detrimental effect on cell
performance and is a serious issue for Li-ion battery cell manu-
facturing using aqueous processes. This is generally ascribed to
an ion exchange process in which Li+-ion are exchanged for H+.
To study whether these protonation/replacement reactions occur
in LNMO, we have developed a new approach using a thin-film
model system. A planar LNMO thin-film at two different states
of charge was brought in contact with H2O. By combining XRD,
ERD, Raman, and electrochemical characterization, we showed
that the Li+/H+ does not affect LNMO when this material is fully
lithiated. However, proton insertion and the coinciding reduction
of Ni are clearly observed in delithiated LNMO upon water expo-
sure. The protonation is electrochemically driven, and only hap-
pens at for charged (delithiated state). This is in contrast to the
(partially) chemical nature of the H+/Li+ exchange reactions in
for example, NMC. Protonation of the LxNMO into HyLixNMO
makes it electrochemically inactive as the protons are much more
strongly bonded to the oxygen in the spinel lattice. The funda-
mental mechanisms prescribing decomposition of LNMO upon
exposure to water were unravelled. The core finding shows that
protonation of LNMO does not happen spontaneously when lithi-
ated LNMO is exposed to water. This finding suggests that if
LNMO is processed from an aqueous solution, there will be no
(electro)chemical degradation of the material linked to the in-
teraction with water itself. However, trace amounts of water in
the electrode can still de-activate the LNMO through protonation.
Consequently, the electrode slurry drying process remains a crit-
ical step in the manufacturing. Electrolyte additives or artificial
interface coatings are an interesting route to create a more stable
cathode-electrolyte interface (CEI), which suppresses side reac-
tions on the electrode surface. However, many of the protective
coatings developed are based either on deposition processes us-
ing aqueous solutions,[28,29] or water vapor as a co-reactant, as in
atomic layer deposition.[30] This work shows that these methods
can only be applied to fully lithiated LNMO. A thin-film model
system is an excellent tool to study these modification to the ac-
tive material surface as well.
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