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ABSTRACT: Irreversible dissolution of transition metals (TMs) from cathode materials in lithium-ion
batteries (LIBs) represents a serious challenge for the application of high-energy-density LIBs. Despite
substantial improvements achieved by Ni doping of the LiMn2O4 spinel, the promising high-voltage
LiNi0.5Mn1.5O4 (LNMO) cathode material still suffers from the loss of electro-active materials (Mn and
Ni). This process contributes to the formation of solid−electrolyte interfaces and capacity loss severely
limiting the battery life cycle. Here, we combine static and ab initio molecular dynamics free energy
calculations based on the density functional theory to investigate the mechanism and kinetics of TM
dissolution from LNMO into the liquid organic electrolyte. Our calculations help deconvolute the
impact of various factors on TM dissolution rates such as the presence of surface protons and oxygen
vacancies and the nature of TMs and electrolyte species. The present study also reveals a linear
relationship between adsorption strength of the electrolyte species and TM dissolution barriers that
should help design electrode/electrolyte interfaces less vulnerable to TM dissolution.

KEYWORDS: ab initio molecular dynamics, transition-metal dissolution, lithium-ion battery, spinel cathode,
solid−electrolyte interface

1. INTRODUCTION

Lithium-ion battery (LIB) cathode materials can undergo
diverse electrochemically driven degradation processes causing
irreversibility upon intercalation/deintercalation of Li ions.
This includes phase transformations, structural disorder,
decomposition of the organic electrolyte, and dissolution of
transition metals (TMs). It is well established experimentally
that active metal dissolution is a common phenomenon across
LIB oxide-based cathodes regardless of their crystal structure
and chemical composition.1−5 Despite a clear correlation
between dissolution of TM ions and capacity fading of the cell
established in experiments across a variety of cathode
materials,4,5 our microscopic understanding of TM dissolution
is still insufficient. Mechanistic insights into TM dissolution are
hampered by the complexity of electrode/electrolyte interfaces
with a dynamic coupling between a variety of interfacial
processes making interpretation of experimental observations
rather challenging.
Among LIB cathode materials, spinel-structured Li-

Ni0.5Mn1.5O4 (LNMO) has attracted a lot of attention as a
promising high-voltage cathode compound (∼4.7 V vs Li/
Li+).4,6 Compared to the LiMn2O4 (LMO) spinel, LNMO is
characterized by improved stability including less pronounced
TM dissolution owing to Ni doping, which stabilizes Mn(IV)
in the crystal lattice.7,8 Although introduction of Ni by partial
substitution of Mn has decreased the amount of dissolved Mn,
complete suppression of Mn dissolution from LNMO cannot
be achieved.4,9 In addition, dissolution of Ni is observed, albeit
in lesser amounts than that of Mn.
Hunter’s disproportionation reaction 2Mn(III) → Mn(II) +

Mn(IV) is believed to play an important role in generating

Mn(II) species prone to dissolution. However, recent
experimental studies of both LMO and LNMO demonstrated
that the Mn(II) concentration at the cathode surface is also
high at the fully charged state that is expected to suppress the
disproportionation reaction.4,10 This was attributed to the key
role of cathode−electrolyte surface reactions triggering Mn(II)
formation and dissolution. Overall, it is recognized that the
cathode surface becomes more oxidative upon delithiation
promoting protonation of surface oxygen atoms, weakening
Mn−O bonds, and facilitating Mn dissolution; however, the
mechanisms of TM release and migration to the anode are not
completely understood. For example, a fluorescence spectros-
copy-based investigation of LNMO identified specific organic
fragments such as β-diketonate produced from the diethyl
carbonate (DEC) solvent, which were suggested to strongly
bind to surface Mn by forming bidentate complexes via C−O
groups and thus promote facile Mn dissolution.11 However,
whether this mechanism is operative or such complexes only
form in the electrolyte at later stages remains unclear.
Previous density functional theory (DFT) computational

studies were carried out considering Mn dissolution from
LMO in either aqueous12 or the ethylene carbonate (EC)
electrolyte13 solutions and provided important atomistic
insights into the plausible scenarios of Mn release. For
example, it was demonstrated that even a small displacement
of Mn(III) from the equilibrium lattice site of the LMO surface
results in its reduction to Mn(II) in both aqueous and EC
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environments.12,13 It was suggested that once disproportiona-
tion has occurred, Mn(II) will most likely dissolve rather than
reattach to the surface. It was also reported based on DFT
calculations that EC molecules will decompose and protonate
the LMO surfaces promoting Mn dissolution.13−15 Theoretical
studies of LNMO are more scarce and primarily address the
bulk properties of the LNMO spinel rather than the cathode−
electrolyte interfacial behavior.16−18

The purpose of this study is twofold. First, we aim to carry
out a systematic computational investigation of Mn and Ni
dissolution from the LNMO spinel providing microscopic
information about the TM dissolution mechanism and
deconvoluting the influence of several factors on dissolution
barriers. Second, we attempt to establish a relationship
between the electrode/electrolyte chemistry and cathode
stability that can be used more generally to predict the
propensity of cathode materials to TM dissolution. To this
end, we apply ab initio molecular dynamics (AIMD)-based
rare event simulations combined with static DFT calculations
of the LNMO/electrolyte interface. The remainder of this
paper is organized as follows. First, computational method-
ology and details of the simulations are described. Then, we
present the obtained results along with the discussion of the
dissolution reaction mechanism and associated free energy
barriers of TM dissolution. Finally, we correlate the adsorption
strength of the electrolyte species on TM to the dissolution
free energy barriers, which allows us to predict TM dissolution
behavior based solely on static DFT calculations of adsorption
energies.

2. COMPUTATIONAL METHODS
LNMO can display two different Ni/Mn arrangements depending on
synthesis conditions: Ni/Mn ordered (space group P4332) and
disordered (space group Fd3̅m) cubic phases.18,19 It was demon-
strated that the ordered phase is more energetically favorable than the
disordered phase. The surfaces of ordered LNMO nanoparticles are
known to be primarily truncated by the (001) and (111) facets,20 with
Li termination of the (001) surface exhibiting the lowest surface
energy.21−24 The (001) lithiated LNMO surface was modeled within
a periodic slab model composed of four LNMO layers, a vacuum gap
of 10 Å, and an extended surface cell, resulting in an 11.57 × 11.57 ×
20.20 Å3 simulation cell. The vacuum gap was filled by 8 DEC
molecules (see Figure 1). Inorganic species (fluorine and protons)
were added into the system without modifying the number of DEC
molecules, while other carbonate-based organic molecules were
introduced by substituting one of the eight DEC molecules. All
calculations were carried out using a neutral simulation cell. TMs
(Mn, Ni) at the (001) surface are coordinated by five oxygen atoms
depicted in Figure 1 as Osub (subsurface), O3f (3-fold-coordinated),
and O2f (2-fold-coordinated).
All calculations were performed using the Vienna ab initio

simulation package (VASP)25,26 within the projector augmented-
wave (PAW) approach.27 Generalized gradient approximation
Perdew−Burke−Ernzerhof (PBE) exchange−correlation functional28

was employed in the modified form for solids PBEsol,29 which was
used in combination with DFT-D3 Grimme to account for long-range
van der Waals interactions.30 The Li, Mn_pv, O_s, Ni, C_s, H, and F
potentials (1, 13, 6, 10, 4, 1, and 7 valence electrons, respectively)
were chosen from the VASP PBE-PAW library. Antiferromagnetic
ordering was imposed on Ni and Mn in accordance with
experiments.31,32 The rotationally invariant Hubbard-type correction
was adopted with Ueff = 3.9 and 6.0 eV on the Mn and Ni 3d orbitals,
respectively.24 The evolution of the oxidation state of both manganese
and nickel was monitored through the changes in its magnetic
moment. Mn(II), Mn(III), and Mn(IV) were distinguished by net
spins of ∼4.4, ∼3.8, and ∼3.2 μB, respectively,

13 while net spins of

∼1.6 and ∼0.9 μB were used to differentiate between Ni(II) and
Ni(III) ions.33 Static calculations were done with a 2 × 2 × 1 k-point
mesh until the atomic forces were converged to less than 0.02 eV/Å.
The adsorption energy was calculated using the following equation:
Eads = E(slab + adsorbate) − E(slab) − E(adsorbate).

Dissolution modeling was performed within the Born−Oppen-
heimer molecular dynamics methodology. The systems under study
were initially equilibrated during 10 ps using a time step of δt = 1 fs
with all hydrogen atoms replaced with deuterium. The Nose−Hoover
thermostat34,35 was used to keep the simulation temperature around
300 K. Slow-growth approach36 with a velocity of 0.5 Å/ps was
employed to explore the TM dissolution pathway. Each TM−O bond
breaking event was sampled separately using the slow-growth
approach with the bond distance between the dissolving TM and
oxygen atom specific to each reaction step chosen as the collective
variable (CV).37

The blue moon ensemble approach38 was employed to explore the
free energy landscape of the dissolution process. Each slow-growth
trajectory was split into a set of windows with a spacing of ∼0.1 Å,
and atomic configuration in each window was then equilibrated for 2
ps. Each equilibration was followed by 2 ps of production run to
collect force gradients along the constrained reaction coordinate.
Finally, the free energy profile was calculated through thermodynamic
integration of the averaged force gradients along the reaction path. A
similar approach has been recently employed in the dissolution
studies of LMO12,13 and other materials.39

3. RESULTS AND DISCUSSION
Complete dissolution of TMs from the ideal (100) LNMO
surface into the electrolyte solution requires breaking of all the
five TM−O bonds (see Figure 1) characterized by several
metastable states with the corresponding activation barriers.
We start our analysis by considering partial release of Ni/Mn
from the pristine LNMO surface to the surface-bound
configuration. For this dissolution step, we identify the
reaction mechanism and analyze the impact of various factors
on dissolution barriers such as protonation state of the cathode
surface, the role of oxygen defects, and electrolyte species.
Then, we consider dissolution of TMs from the surface-bound
configuration into the electrolyte solution. On the basis of the
obtained results, we establish a correlation between the

Figure 1. Simulation cell used to model TM dissolution from the
(001) LNMO surface. The dissolving TM atom is depicted in orange,
while Li, Ni, Mn, O, C, and H atoms are depicted in green, blue,
magenta, red, brown, and white, respectively. The three types of O
atoms in the first coordination sphere of TM (subsurface Osub, surface
2-fold O2f- and 3-fold O3f-coordinated) are also indicated.
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magnitude of TM dissolution barriers and adsorption strength
of the electrolyte species.
3.1. Partial Release of TM to the Surface-Bound

Configuration. In this section, we analyze dissolution of Ni/
Mn from the LNMO surface to the surface-bound config-
uration. To unveil the dissolution mechanism, we employ the
slow-growth approach choosing the TM−Osub bond distance
as a CV similar to a previous DFT study of Mn dissolution
from LMO.13 Figure 2a shows the evolution of the TM−O

bond distances upon increasing the CV, revealing a sequence
of bond-breaking and bond-forming events during dissolution.
The overall sequence of events identified by these slow-growth
simulations is found to be the same for Mn and Ni, which
agrees well with previous theoretical studies of Mn dissolution
from LMO into water12 or EC electrolyte.13

The atomic structures of dissolving Mn at the initial,
intermediate, and final states are shown in Figure 2b-d. It is
seen that Mn dissolution starts with a single DEC molecule
adsorbed at the surface Mn(III) ion via the CO group.
Upon breaking of the Mn−Osub bond as depicted in Figure 2c,
Mn gets reduced from Mn(III) to Mn(II), in agreement with
the LMO case.12,13 Further increase of the Mn−Osub CV leads
to a consecutive breaking of the two Mn−O3f bonds that are
weaker than Mn−O2f. The breaking of the third Mn−O bond

enables a second DEC molecule to form a bond with
dissolving Mn(II), as shown in Figure 2d. Thus, in its final
configuration, the surface-bound TM forms a stable tetrahedral
complex with two DEC molecules and two surface O2f atoms.
These simulations also reveal that the TM release to the
surface is coupled to Li diffusion from the interior of the slab
to the TM vacancy site left behind by the dissolving TM. It is
found that this Li diffusion stabilizes the reaction intermediate
and lowers the free energy barrier of TM dissolution by 0.2 eV
relative to the delithiated surface where no Li is available to fill
the TM vacancy site. Such Li-ion diffusion should also
contribute to the irreversibility of TM dissolution.
We next analyze the kinetics of TM dissolution, and Figure 3

shows the exemplary blue moon free energy profiles of Mn
release from the LNMO surface for two cases. Figure 3a
depicts Mn dissolution in the ideal case of the pristine LNMO
surface and DEC electrolyte, whereas Figure 3b demonstrates a
dramatic role of surface protonation and the presence of F− in
the electrolyte on the magnitude of the dissolution barrier. The
formation of a stable surface-bound Mn intermediate is
considered to be complete when the free energy is plateaued
at the CV value of about 5.0 Å, consistent with the LMO
investigation.13 The binding of the third DEC molecule is
sterically hindered at the surface, while smaller electrolyte
species such as F− may bind to the dissolving Mn ion. To
provide a more systematic insight into how electrode/
electrolyte interfacial chemistry may affect dissolution, below
we analyze the influence of surface protonation, the nature of
electrolyte species, as well as the presence of a surface oxygen
vacancy on the dissolution barriers for both Mn and Ni in
detail.
It is well established that protons can be generated in the

working environment of LIBs, for example, through decom-
position of the organic electrolyte species,14 dissociation of
water,40 and hydrofluoric acid (HF) formed at high temper-
atures because of the interaction between the battery
electrolyte counterions PF6

− and traces of H2O in the
electrolyte.41 For example, it was demonstrated that the
amounts of dissolved Mn and Ni increase with temperature,
which correlates well with more rapid hydrolysis of LiPF6 at
elevated temperatures to yield HF protonating the surface.4

The formed F− anions can also strongly bind to the surface
TM ions, facilitating the dissolution process. Table 1
summarizes the free energy barriers estimated for both Mn
and Ni distinguishing the effects of surface protonation, F−

binding, and the presence of oxygen vacancy in the vicinity of
the dissolving TM in the DEC environment.
We find that protonation of the O2f surface sites does not

significantly affect the activation barrier, in agreement with the
fact that TM−O2f bonds do not break during this first
dissolution step as observed in slow-growth simulations
(Figure 1). Protonation of the O3f sites, on the other hand,
results in a substantial reduction of the TM dissolution
barriers. This is because protonation weakens surface TM−O
bonds and also contributes to the reduction of Mn24

promoting dissolution. It is seen from the table that
protonation of all four oxygen atoms neighboring the
dissolving Mn ion reduces the activation barrier by almost 1
eV with respect to the pristine surface case. As compared to
Mn, Ni is characterized by smaller (by ∼0.3−0.4 eV)
dissolution barriers than Mn. This is in general agreement
with experimental investigations demonstrating considerable
dissolution of both Mn and Ni from LNMO surfaces.4 The

Figure 2. (a) Representative trajectory of Mn partial release from the
LNMO surface to the above-surface position. The sequence of bond-
breaking and bond-making events is obtained from slow-growth
simulations with the Mn−Osub distance as the CV. (b) Initial
configuration; (c) intermediate configuration showing breaking of the
Mn−Osub bond and the reduction of Mn(III) to Mn(II); (d) final
configuration where the dissolving TM is located above the LNMO
surface and forms a tetrahedral complex with two electrolyte
molecules. Li, Ni, Mn, O, C, and H atoms are depicted in green,
blue, magenta, red, brown, and white, respectively. For clarity, extra
DEC molecules in electrolyte are removed, while the dissolving TM
atom is depicted in orange.
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relative amounts of dissolved Mn and Ni were determined to
vary depending on experimental conditions being affected by
morphological and chemical inhomogeneities.4 The obtained
computational results are consistent with experiments showing
more pronounced TM dissolution at the charged state.4 The
charge compensation by protons suggests that the degree of
LNMO surface protonation directly correlates with the state of
charge of the battery,42 and thus, materials at the delithiated
state should be more prone to dissolution.
Dissociation products of inorganic salts such as LiPF6,

LiBF4, and LiClO4 present in the organic electrolyte are known
to play a crucial role in the stability of electrodes and TM
dissolution can be significantly reduced by varying the type of
inorganic salt.43,44 In the case of LiPF6 or LiBF4 in the
carbonate-based electrolyte, significant amounts of metal
fluorides such as LiF, MnF2, and NiF2 are detected in the
cathode−electrolyte interface (CEI) layer causing capacity
fading.4 Here, we analyze the role of F− ions from PF6

−

decomposition45,46 on the TM dissolution kinetics. As seen
from Table 1, a single F− ion bound to the dissolving TM
species leads to a substantial reduction of the dissolution
barrier by ∼0.7−0.8 eV as compared to the DEC case. If two
F− ions participate in the dissolution reaction, the barrier is
reduced by another 0.5 (0.3) eV for Mn (Ni). Note that the
second F− ion can only bind to the dissolving TM after the
TM−Osub bond breaks at around 3 Å.
Another critical factor that should affect TM dissolution

rates is the presence of surface oxygen vacancies formed during

either electrode synthesis or LIB operation (e.g., through
protonation of surface oxygen atoms to yield H2O).

4,11,40

Because the weakening of the TM−O3f bond should have a
more pronounced impact on the dissolution barrier, we created
an oxygen vacancy at the O3f site. We find that the presence of
a single vacancy lowers the free energy barrier for Mn partial
release by ∼0.4 eV, resulting in a value of 1.61 eV for the single
F− case. It is thus expected that if TM dissolution is considered
for the most favorable case with one oxygen vacancy VO and
two F− at the LNMO surface, the rate of Mn dissolution
corresponding to the barrier of 1.0 eV using a common kinetic
prefactor of 1012 s−1 can be reasonably estimated as ∼22 h at
room temperature. It should be noted, however, that
quantitative comparison of dissolution rates between theory
and experiments is problematic because the rates are extremely
sensitive to computationally predicted values of the dissolution
barrier, whereas accurate dissolution-rate experiments are
plagued with side processes such as the buildup of the CEI
layer that can retard dissolution reactions. Simulations also
indicate that Ni has systematically lower dissolution barriers
than Mn (Table 1), while higher concentrations of dissolved
Mn than Ni are detected experimentally for LNMO.4 This
could be partially explained by the higher content of Mn in
LNMO (3:1).
In a recent experimental study of TM dissolution from the

LNMO cathode,11 it was postulated based on the observed
TM complexes that β-diketonate ligands generated upon
anodic oxidation of EC and DEC may chelate surface TMs and
facilitate their dissolution to the electrolyte. The reaction was
hypothesized to occur through a sequence of interfacial
proton-coupled electron-transfer processes involving a hetero-
lytic C−H bond cleavage, protonation of surface O atoms to
yield water, and the formation and desorption of a surficial
Mn(III) bidentate β-diketonate coordination complex. To
provide some insights into the plausibility of this mechanism,
here we examine the energetics of TM release as a bidentate β-
diketonate metal complex without examining the actual
mechanism and kinetics of formation of β-diketonate chelate
ligands at the interface. To this end, we first create an oxygen
vacancy adjacent to the dissolving TM that would be formed
when the produced water leaves the surface and then attach
the bidentate ligand, formed from either DEC or EC, to the
surface TM. It turns out that bidentate configuration is not
stable converging to the monodentate complex with TM at the
surface. The estimated adsorption energies of such mono-

Figure 3. Averaged free energy gradients (left axis) and the corresponding free energy profiles (right axis) of Mn partial release to the surface-
bound state are shown as estimated in blue moon simulations: (a) from pristine LNMO surface, leading to the formation of Mn intermediates with
two DEC molecules, and (b) from LNMO surface where all four surface oxygen atoms neighboring the dissolving Mn are protonated, leading to
the formation of a stable Mn intermediate with two DEC molecules and one F− anion (shown in light blue).

Table 1. Free Energy Barriers of Mn/Ni Partial Release
from the LNMO Surface to the Surface-Bound
Configuration in the DEC Electrolyte (ΔF1#)a

ΔF1# (eV)

system Mn Ni

pristine LNMO 3.45
4H/LNMO 2.68 2.37
4H/LNMO + 1F− 2.03 1.62
4H/LNMO + 1F− + 1VO 1.61
4H/LNMO + 2F− 1.4 1.3

a4H/LNMO denotes the case in which four oxygen atoms adjacent to
the dissolving TM are protonated. 1F− and 2F− stand for the cases
with one or two fluorine ions attached to the dissolving TM, while
1VO corresponds to the creation of one surface oxygen vacancy in the
immediate vicinity of the dissolving TM.
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dentate complexes with surface Mn are about −2.1 eV for
decomposed EC (formed via H-abstraction and rind opening)
and only −0.6 eV for decomposed DEC (formed according to
the mechanism proposed earlier11). We are able to stabilize the
bidentate TM complexes only at the later stages of TM
dissolution when TM is already in the surface-bound
configuration (see the corresponding atomic structures in
Figure 4); however, this should not reduce the activation

barrier significantly. The obtained results indicate that the
proposed mechanism is unlikely to lead to substantially
reduced activation barriers of TM dissolution, while the
experimentally observed diketonate metal complexes from
DEC may be formed when TM is already partially dissolved to
the surface.
3.2. TM Dissolution from the Surface-Bound Config-

uration. In this section, we consider the next step of TM
dissolution at the LNMO surface into the electrolyte through
sequential breaking of the two remaining TM−O2f bonds
starting from the surface-bound configuration shown in Figure
2d. The associated atomic structures along the dissolution
pathway for the case with one F− are shown in Figure 4, while
the barriers are listed in Table 2.

The free energy barrier for breaking the first TM−O2f bond
is estimated to be around ∼0.2 eV (from state a to state b in
Figure 5), while the introduction of a second F− leads to its
spontaneous breaking. Spontaneous bond breaking can also
occur through the second protonation of this O2f atom that
results in the creation of H2O. In comparison to the breaking
of the first TM−O2f bond, the breaking of the second TM−O2f
bond is energetically expensive, as seen from Table 2. The
average free energy barriers to break the last Mn−O2f bond are
∼1.3 eV for 1F− and ∼0.5 eV for 2F−, respectively.
3.3. Correlation between TM Dissolution Barriers and

Electrolyte Adsorption Strengths. Modeling TM dissolu-

tion reactions at the fully ab initio footing as presented above
remains challenging. Although critical mechanistic insights into
dissolution dynamics can be obtained using AIMD-based
simulations, it is desirable to come up with a simple descriptor
that might be used to predict the propensity of a material to
dissolve. In this regard, the adsorption energy of the electrolyte
species seems to be a natural choice. In the case of CEIs, it is
reasonable to expect that stronger adsorption of the electrolyte
species will lead to lower dissolution barriers through
weakening structural TM−O bonds to alleviate their breaking.
Here, we test this correlation on the example of LNMO by
plotting dissolution barriers of TMs versus adsorption energies
of the electrolyte species (see Figure 6). Adsorption energies

are evaluated from static DFT calculations of single-species
adsorption atop the dissolving TM. For simplicity, adsorption
energies are estimated without taking into account the
difference in solvation free energies because of the difference
in the static dielectric constants.47 Dissolution barriers are
estimated for the case when each electrolyte species adsorbed
atop TM is embedded in the DEC solution. This means that
when the TM dissolves to the surface-bound configuration, it
will form additional bond with a DEC molecule from
electrolyte, making comparison between different systems
more consistent. Also, all the four oxygen atoms at the surface
neighboring the dissolving TM are protonated.
The filled symbols in Figure 6 correspond to the cases for

which both dissolution barriers and adsorption energies are
calculated in this study, whereas the open symbols stand for

Figure 4. Atomic structures of the bidentate β-diketonate Mn
complexes with decomposed EC (a) and decomposed DEC (b)
fragments upon dissolution. Nondecomposed DEC molecules and
fluorine species in the first coordination sphere of Mn are also shown.

Table 2. Activation Barriers for Breaking the First (ΔF2#)
and Second (ΔF3#) TM−O2f Bond (TM = Mn, Ni) in the
Surface-Bound Configuration with All Four Oxygen Atoms
Adjacent to the Dissolving TMs Being Protonated

TM no of F− ΔF2# (eV) ΔF3# (eV)
Mn 1 0.20 1.27

2 spontaneous 0.52
Ni 1 0.20 1.15

2 spontaneous 0.30

Figure 5. Structural snapshots of the initial surface-bound state (a),
intermediate state with one TM−O2f bond broken (b), and final state
with both TM−O2f bonds broken (c).

Figure 6. Correlation plots between adsorption energies of electrolyte
species (ΔEads) and TM dissolution barriers (ΔF1#) for Mn (in blue)
and Ni (in green). The filled symbols show the calculated values,
whereas the open symbols depict predictions of dissolution barriers
based on the DFT-computed adsorption energies.
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predictions of the activation barriers based on computed
adsorption energies. It is seen that there is a clear linear
relation between adsorption strength and dissolution barriers
with F− characterized by the lowest (highest) barriers
(adsorption energies), followed by Cl− and decomposed EC.
Nondecomposed organic molecules exhibit weaker adsorption.
These results allow one to predict that, for instance, the
presence of Cl− that may form as a result of ClO4

−

decomposition should lead to less severe dissolution than in
the case of F−. Though carried out for the most commonly
employed electrolyte species, a similar analysis of adsorption
strength can be extended to screen a broader range of
electrolyte moieties to predict TM dissolution across various
cathode materials.

4. CONCLUSIONS

In this work, we have conducted a systematic analysis of
various factors affecting dissolution of TMs (Mn, Ni) from the
LNMO spinel cathode based on AIMD free energy
calculations. The identified dissolution mechanism qualita-
tively agrees with previous computational studies of Mn release
from the LMO spinel.12,13 The results show that TM
dissolution to the surface-bound state is the rate-limiting step
of the overall process with Ni exhibiting slightly smaller
dissolution barriers than Mn. Therefore, the larger amounts of
dissolved Mn than Ni from LNMO observed experimentally
could be attributed to the higher content of Mn at the cathode
surface.
The analysis reveals that each of the considered factors

surface protonation, oxygen vacancies, and strongly adsorbed
electrolyte speciescan significantly lower activation barriers.
Our calculations also indicate that the previously hypothesized
mechanism of TM dissolution involving chelating β-diketonate
species formed upon DEC oxidation at the LNMO surface11 is
unlikely to constitute the primary mechanism of TM
dissolution because these species cannot bind strongly to the
dissolving TM. Although this may occur at the later stages of
dissolution, for instance, by chelating the surface-bound TM,
this cannot reduce the overall activation barrier substantially.
By correlating adsorption energies and dissolution barriers,

we have also determined a linear relationship between these
two quantities, showing that strongly adsorbed species should
lead to more facile TM dissolution. This suggests a simple
descriptor (adsorption energy) that can be used to predict the
propensity of cathode materials to TM dissolution as a
function of electrolyte chemistry.
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of Aqueous Dissolution of Lithium Manganate Spinel from First
Principles. J. Phys. Chem. C 2012, 116, 4050−4059.
(38) Bucko, T. Ab Initio Calculations of Free-Energy Reaction
Barriers. J. Phys.: Condens. Matter 2008, 20, 064211. DOI: 10.1088/
0953-8984/20/6/064211
(39) Klyukin, K.; Rosso, K. M.; Alexandrov, V. Iron Dissolution
from Goethite (α-FeOOH) Surfaces in Water by Ab Initio Enhanced
Free-Energy Simulations. J. Phys. Chem. C 2018, 122, 16086−16091.
(40) Wang, H.; Xie, X.; Wei, X.; Zhang, X.; Zhang, J.; Huang, Y.; Li,
Q. A New Strategy to Stabilize Capacity and Insight into the Interface
Behavior in Electrochemical Reaction of LiNi0.5Mn1.5O4/Graphite
System for High-Voltage Lithium-Ion Batteries. ACS Appl. Mater.
Interfaces 2017, 9, 33274−33287.
(41) Yamane, H.; Inoue, T.; Fujita, M.; Sano, M. A Causal Study of
the Capacity Fading of Li1.01Mn1.99O4 Cathode at 80 °C, and the
Suppressing Substances of its Fading. J. Power Sources 2001, 99, 60−
65.
(42) Du Pasquier, A.; Blyr, A.; Courjal, P.; Larcher, D.; Amatucci,
G.; Gerand, B.; Tarascon, J.-M. Mechanism for Limited 55 C Storage
Performance of Li1.05Mn1.95O4 Electrodes. J. Electrochem. Soc. 1999,
146, 428−436.
(43) Fu, M. H.; Huang, K. L.; Liu, S. Q.; Liu, J. S.; Li, Y. K. Lithium
Difluoro(oxalato)borate/Ethylene Carbonate + Propylene Carbonate
+ Ethyl (Methyl) Carbonate Electrolyte for LiMn2O4 Cathode. J.
Power Sources 2010, 195, 862−866.
(44) Gallus, D. R.; Schmitz, R.; Wagner, R.; Hoffmann, B.; Nowak,
S.; Cekic-Laskovic, I.; Schmitz, R. W.; Winter, M. The Influence of
Different Conducting Salts on the Metal Dissolution and Capacity
Fading of NCM Cathode Material. Electrochim. Acta 2014, 134, 393−
398.
(45) Sloop, S. E.; Pugh, J. K.; Wang, S.; Kerr, J. B.; Kinoshita, K.
Chemical Reactivity of PF5 and LiPF6 in Ethylene Carbonate/
Dimethyl Carbonate Solutions. Electrochem. Solid-State Lett. 2001, 4,
A42−A44.
(46) Kawamura, T.; Okada, S.; Yamaki, J.-i. Decomposition reaction
of LiPF6-based electrolytes for lithium ion cells. J. Power Sources 2006,
156, 547−554.
(47) Xu, K. Nonaqueous Liquid Electrolytes for Lithium-Based
Rechargeable Batteries. Chem. Rev. 2004, 104, 4303−4418.
(48) Towns, J.; Cockerill, T.; Dahan, M.; Foster, I.; Gaither, K.;
Grimshaw, A.; Hazlewood, V.; Lathrop, S.; Lifka, D.; Peterson, G. D.;
Roskies, R.; Scott, J. R.; Wilkins-Diehr, N. XSEDE: Accelerating
Scientific Discovery. Comput. Sci. Eng. 2014, 16, 62−74.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b06010
ACS Appl. Mater. Interfaces 2019, 11, 20110−20116

20116

http://dx.doi.org/10.1088/0953-8984/20/6/064211
http://dx.doi.org/10.1088/0953-8984/20/6/064211
http://dx.doi.org/10.1021/acsami.9b06010

