:n
A4

http://pubs.acs.org/journal/acsodf

HeoO606

Rivalry at the Interface: lon Desolvation and Electrolyte Degradation
in Model Ethylene Carbonate Complexes of Li*, Na*, and Mg** with
PF,~ on the Li,Ti;O,, (111) Surface
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ABSTRACT: Spinel lithium titanate, Li,TisO;, (LTO), emerges
as a “universal” electrode material for Li-ion batteries and hybrid
Li/Na-, Li/Mg-, and Na/Mg-ion batteries functioning on the basis
of intercalation. Given that LTO operates in a variety of electrolyte
solutions, the main challenge is to understand the reactivity of the
LTO surface toward single- and dual-cation electrolytes at the
molecular level. This study first reports results on ion desolvation
and electrolyte solvent/salt degradation on an LTO surface by
means of periodic DFT calculations. The desolvation stages are
modeled by the adsorption of mono- and binuclear complexes of
Li*, Na*, and Mg*" with a limited number of ethylene carbonate
(EC) solvent molecules on the oxygen-terminated LTO (111)
surface, taking into account the presence of a PF¢~ counterion. Alongside cation adsorption, several degradation reactions are
discussed: surface-catalyzed dehydrogenation of EC molecules, simultaneous dehydrogenation and fluorination of EC, and Mg*'-
induced decay of PF4~ to PF and F~. Data analysis allows the rationalization of existing experimentally established phenomena such
as gassing and fluoride deposition. Among the three investigated cations, Mg** is adsorbed most tightly and is predicted to form a
thicker fluoride-containing film on the LTO surface. Gassing, characteristic for carbonate-based electrolytes with LTO electrodes, is
foreseen to be suppressed in dual-cation batteries. The latter bears promise to outperform the single-ion ones in terms of durability

and safety.

[l Metrics & More | @ Supporting Information

dual-ion electrolyte
at the LTO surface

B INTRODUCTION

The constantly growing renewable energy market demands
cheaper, safer, and more efficient batteries for large-scale
energy storage.l’2 Among the different batteries, the Li-ion

metal-ion batteries come across common issues. A major one is
the choice of appropriate electrode material.’ In this respect,
lithium titanium spinel oxide Li,TisO;, (LTO) represents a
“universal” electrode for both single and hybrid metal-ion
batteries since it is able to intercalate Li*, Na*, and Mg*

ones are indisputably the most versatile and widely used,
particularly for portable devices.” Notwithstanding the
undeniable advantages of these batteries, major shortcomings
are their cost and exploitation safety. A practical and
environmentally sustainable strategy to satisfying the global
demands of Li-ion batteries while avoiding their drawbacks is
the partial™® or complete replacement of Li ions as charge
carriers with ions of more abundant elements like Na, Mg, Ca,
and AL’7'" In the case of total Li replacement, leading
competitive alternatives of Li-ion batteries are Na- and Mg-ion
batteries. The partial Li replacement produces the so-called
hybrid metal-ion batteries (HMIBs), which, in principle,
combine the advantages of Li-ion batteries (high energy
density, well-established high-performance electrode materials
and electrolytes, etc.) and those of Na or Mg ones (low cost,
low toxicity, etc.).” Both single and hybrid metal-ion batteries
function according to the same mechanism comprising the
reversible intercalation of metal ions shuttling through
electrolytes between the two electrodes,' ™ which is why all

© 2021 The Authors. Published by
American Chemical Society
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ions."' ~"* The main advantages of LTO are negligible volume
change during Li* cycling reactions (so called zero-strain
insertion material),'® high electrode potential (1.55 V vs Li®/
Li*), avoidance of Li dendrite formation, nontoxicity, and
thermal stability."'

The next issue is closely related to the transport properties
of electrolytes, which in turn depend on their solvation ability.
The most commonly used class of solvents in Li-ion batteries,
the organic carbonates (i.e., ethylene carbonate (EC),
propylene carbonate (PC), dimethyl carbonate (DMC),
etc.), are also suitable for Na-ion batteries but are unpropitious

Received: August 4, 2021
Accepted: October 8, 2021
Published: October 26, 2021

https://doi.org/10.1021/acsomega.1c04161
ACS Omega 2021, 6, 29735—-29745


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hristo+Rasheev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Radostina+Stoyanova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alia+Tadjer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c04161&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04161?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04161?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04161?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04161?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04161?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/44?ref=pdf
https://pubs.acs.org/toc/acsodf/6/44?ref=pdf
https://pubs.acs.org/toc/acsodf/6/44?ref=pdf
https://pubs.acs.org/toc/acsodf/6/44?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c04161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

(b)

Figure 1. (a) Top view of the (111) face of Li,TisO,. Color code: oxygen, red; lithium, pink; titanium, blue. Fading colors signify deeper positions.
(b) Labeled oxygen types (black numbers) and adsorption sites (red numbers).

for Mg-ion batteries.'” Successful and operational electrolyte
compositions in hybrid Li-Mg and Na-Mg cells utilize short-
chain polyethers like dimethoxyethane as solvent.'®'” The
impediment of organic carbonate usage in single or hybrid Mg-
ion batteries is associated with solvent reduction instability on
the surface of a Mg anode, which leads to the formation of a
passivating layer.”” This complication has been elegantly
resolved by the deposition of Mg**-conducting polymeric
film on the surface of the Mg anode, thus permitting the use of
organic carbonates even in Mg-containing batteries.”' In
single-cation carbonate-based electrolytes, both experimental
and theoretical studies demonstrate that Li* and Mg>" are
strongly solvated,””** while the weakly solvated Na ions diffuse
across electrolyte faster than Li* and Mg?*.**** In dual Li/Na
EC-based electrolytes, earlier computational studies reveal that
there is no competition between Li* and Na* and each ion is
solvated as fully as solvent availability permits.”® In contrast, in
dual Li(Na)-Mg electrolytes at low and moderate degrees of
solvation, the most stable species are heteronuclear complexes
Li*Mg**(EC), and Na*Mg**(EC),, which is why they
determine electrolyte behavior at the surface.”” Thus, the
ionic transport property of the Mg-based electrolyte is
improved significantly by addition of Li* or Na* ions, which
has a direct impact on the rate capability of hybrid Li/Mg- and
Na/Mg-ion batteries."”'%**

Other concerns are closely related to the processes occurring
at the electrode/electrolyte interface. Several competitive
reactions take place near the electrode surface such as ion
desolvation, ion adsorption, surface deposition of chemical
products of the electrolyte decomposition (i.e., formation of
SEI), and ion diffusion through SEL” the interplay between
which controls electrode performance.”® A critical step
preceding the intercalation of metal ions into the electrode is
their desolvation.”’ On one hand, in order to fully dissolve the
salt, the solvent has to solvate the ions very well; on the other
hand, the interaction between the cation and the solvent (i.e.,
the solvation energy) has to be moderate, ensuring
unobstructed desolvation prior to intercalation and, thus,

efficient working rates of the battery. In single-cation
carbonate-based electrolytes, the energy barriers for desolva-
tion of lithium and magnesium ion—solvent complexes are
higher than that of sodium,**** while in mixed-cation
electrolytes, the formation of binuclear complexes leads to
easier desolvation of the ions in comparison to mononuclear
Li, Na, and Mg complexes. The desolvation is also sensitive
toward the nature of the electrolyte counterion (e.g. PF,,
BF,~, TESI, etc.).34’35 In the case of incomplete solvation, the
counterion complements the coordination shell around the
metal ion, thus making the consecutive release of solvent
molecules easier.”” Most of these findings rely on molecular
modeling, where, for simplicity, the effect of the electrode
surface is not explicitly accounted for. Experimentally, it has
been well documented that for the conventional graphitic
electrode, the formation of SEI film has a direct impact on the
desolvation process.”®*” In comparison with graphitic electro-
des, the surface layer on an LTO electrode is thinner since the
electrochemical reaction takes place at a higher potential.’®
Ample research efforts have been devoted to the elucidation of
desolvation in Li* electrolytes on graphite anodes, ™' while
the desolvation processes in dual-cation electrolytes and their
dependence on the electrode surface remain unclear from a
fundamental point of view.

This study aims to gain insight into the desolvation process
in single- and dual-cation electrolytes containing Li*, Na*, and
Mg** with account of a model (111) surface of LTO. Ethylene
carbonate is selected as solvent due to its polarity and high
coordinating affinity toward Li*, Na*, and Mg**. The
desolvation stages are modeled by the adsorption of mono-
and binuclear complexes of Li*, Na*, and Mg** with a limited
number of ethylene carbonate molecules on the oxygen-
terminated LTO (111) surface. To rationalize the electrode
surface effect on the desolvation process, the findings are
compared with corresponding results obtained in vacuo and in
implicit solvent. The counterion (PF4~) presence and its role
in the desolvation process are also discussed. To the best of
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Figure 2. Initial (left) and optimized (right) geometry of Li*(EC); at @. An aspect exhibiting the planarity of the vinylene carbonate (boxed) and

the adsorbed hydrogens (encircled) is chosen.

Figure 3. Optimized geometries of Mg?*(EC); placed at @ (left) and at ® (right).

our knowledge, this has not been reported in the literature so
far.

B RESULTS AND DISCUSSION

Adsorption Sites for Li*, Na*, Mg**, and EC on the
(111) Surface. The model surface is the oxygen-terminated
(111) LTO. The model is constructed to preserve the
stoichiometry and the symmetry of the oxide bulk. The
oxygens at the surface are nonidentical, since they differ both
in height/depth and in the type of closest neighbors: 3Ti, 2Ti/
1Li, 2Ti, and 1Ti/1Li (Figure 1). Thus, eight types of oxygen
(black numbers) featuring different charges can be distin-
guished (Table S2).

The metal ions from the electrolyte are expected to adsorb
at positions with copious oxygen proximity. The surface
oxygens define 10 dissimilar adsorption sites as illustrated on
Figure 1 (red numbers). The adsorption sites include positions
on top of a metal node (ie, sites @ and @) or in cavities
formed by oxygen and metal atoms (the remaining sites).
Inspection of the model (111) plane shows that each possible
adsorption site is surrounded by three oxygens, defining
triangles of different surface area as well as different oxygen
types and summed charges. These data are collected in Table
S3 (Supporting Information). To determine the most
attractive adsorption site, we have placed a single metal ion
at each position presented in Figure 1b and optimized the
geometry of the system. The results obtained (Table S4)
showed that @ and ® are the most preferred sites for
adsorption, while the least favorable position is @ (Supporting
Information).

In contrast to the metal cations, the solvent is insensitive to
the dissimilar surface sites. Upon adsorption, however, the
optimized geometry of a bare EC molecule results in
dehydrogenation (Figure S2a). Planar vinylene carbonate
(VC) is formed, while the abstracted hydrogens are bound
to the surface. This EC instability is in line with the

experimentally established gas generation upon LTO soaking
in pure ethylene carbonate.*”

Adsorption of Mononuclear M*(EC),, Complexes and
Their Desolvation. As a starting point, models of single ions
with zero to three ECs placed on adsorption sites @ and @ of
the rigid Li, Ti;O,, surface are constructed (Figures 2 and 3).
After geometry optimization, the data about the charges and
averaged distances from the cation (Li*, Na*, and Mg*") to the
EC carbonyl oxygens and to the oxygens from the spinel
surface, as well as the energy difference between the two
adsorption positions at different degrees of solvation are
collected in Tables 1 and 2. All adsorbates placed at @ retain

Table 1. Energy Difference E® — E® (in eV) between
(EC),-Metal-Ion Clusters Placed Initially at Positions ® and
® Depending on the Degree of Solvation n

n Li* Na* Mg2+
0 0.40 0.49 218
1 0.20 0.30 b

2 0.19 0.28 0.83
3 a 0.07 0.06

“Placement at @ results in EC degradation to VC + adsorbed 2H,
while placement at ® does not, so comparison is impossible. “Upon
optimization, the cluster moves from @ to @.

their position, whereas some of those placed initially at @
deviated toward either ©® or @. Nevertheless in all cases, the
complexes adsorbed at @ had lower energy than those
positioned initially at @ (Table 1). This demonstrates that
the conclusions drawn for the preferred surface sites of the
“naked” single ions hold for their EC complexes as well.

On the other hand, the energy difference E® — E®
decreases with the increase of ECs, which indicates that the
fully solvated ions are indifferent to the inhomogeneity of the
surface and only become sensitive to the different adsorption
sites after a certain degree of desolvation. Not only the number
but also the orientation of the EC molecules matter: Models
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Table 2. Values of AIM Charges (gq) and Average Distances (in A) from Cations to EC Carbonyl Oxygens (MP*-Oy) at
Different Degrees of Solvation and to the Spinel Oxygens (M**-O,,) upon Adsorption at Site @ and @ (Figure 1b)

n qui’ Li*-Ogc Litosp Ine
® 0 0.98 1.96 0.93
1 0.88 1.88 2.09 0.91
2 0.90 1.89 2.37 (2)° 0.91
3 0.90 1.92 3.10 (2)° 0.92
® 0 0.94 2.02 0.92
1 0.89 1.92 2.14 0.91
2 0.89 1.96 2.34 0.90
3 0.93 1.90 3.49 0.91

Na™-Ogc Na*-O,, Ivg Mg**-Ogc Mg*"-0,,
241 1.73 2.10
224 2.53 “ “ “
2.26 2.63 1.75 1.97 2.09 (2)°
2.32 2.79 1.68 2.03 2.19 (2)°
2.28 1.74 1.96
2.29 241 1.73¢ 1.99¢ 2.04°
2.30 2.52 1.69 2.03 215
235 2.69 1.76 2.06 2.30

“Mg**EC converged to the same geometry irrespective of the initial placement. bTypicalIy, the cation is coordinated by three oxygens from the

spinel; the exceptions are given in parentheses.
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Figure 4. Free energy of desolvation in vacuo (red circles), in implicit solvent (blue triangles), and at the (111) face of Li, TisO,, (black squares).

Numerical data can be found in Table SS.

with the EC normal to the surface are less stable than those
with ECs (roughly) parallel to the surface (Figure S2b).
Obviously, the ECs also interact with the surface, although this
van der Waals interaction is an order of magnitude weaker than
the ionic-type coupling of the ion with the surface. However,
this interaction is sensitive to the kind of metal ions (Li*, Na*,
or Mg**) and their adsorption position, as well as to the
number of EC molecules. Particularly in the case of Li'
adsorbed at position @, the optimization of Li*(EC); resulted
in the abstraction of two hydrogen atoms from each of the
CH, groups of an EC molecule and in conversion of the
nonplanar ethylene carbonate into a planar VC, evolving an H,
molecule (Figure 2). This did not occur in the (EC), models
of Na*, Mg*, or Li" at site ®. Thus, the data disclose the
complexity in the interaction of EC with the LTO (111)
surface that could be related to experimental observations of
gassing of LTO after storing in EC-based electrolytes.*>** It is
thought that Ti centers on the LTO surface could act as a
catalyst for solvent decomposition or oxygen atoms from the
(111) plane could initiate the dehydrogenation and decarbon-
ylation of alkyl carbonate solvents.”>** Gassing is a well-
established phenomenon when LTO is used as an electrode in
lithium-ion batteries, but it is underinvestigated in sodium- and
magnesium-ion batteries. Our findings allow to predict that the
availability of Li" ions in carbonate-based electrolytes will
provoke more gassing reactions on LTO in comparison with
Na* and Mg** ions.

Furthermore, a more general trend emerging from the
geometry analysis (Table 2) is that both types of averaged
distances between the cation and the closest oxygens— to the
EC oxygens (MP*-Ogc) and to the spinel surface oxygens
(MP*-O,)—decrease upon desolvation; this makes the oxygen
packing of the metal ion more compact and numerically closer
to the respective lattice values of the corresponding oxides.

Another observation is that these distances are always larger for
adsorption at @ than for adsorption at ®. This is less
pronounced for Na*, more significant for Li*, and most marked
for Mg?*. This seems to be in contradiction with the above
discussed fact that site ® is more favorable from an energetic
point of view. However, an inspection of the geometries shows
that while Na* always makes contact with three spinel oxygens
irrespective of the adsorption site, the other two cations more
often make two contacts when placed at @ and three contacts
when positioned at @/® (Figure 3). On the other hand, while
the distance to the ECs depends only on the strength of the
ion—solvent interaction, the distance to the spinel oxygens is
restricted by the lattice parameters of the surface to values
larger than 1.9 A. Thus, the observation is in line with the
difference in the surface areas presented in Table S3.

The charge transfer between ions and surroundings depends
on the type of cation, too. The positive charge of the
monovalent ions is highest in the absence of solvent and lowest
in the presence of one EC irrespective of their position on the
surface. In other words, charge transfer grows with desolvation,
but when the solvent is removed completely, the electron
density exchange with the surface is weaker, specifically at @
and particularly for Li*. The results for Mg** do not show any
clear dependence neither on the number of ECs nor on the
type of adsorption site. On the average, the charge loss is less
than 10% for monovalent ions and above 15% for Mg**.

The desolvation energy of the three ions was calculated
according to eq 1 and represented in Figure 4 and Table SS.
The results are compared with earlier studies on the
desolvation energy of the same ions in vacuo and in highly
polar (¢ ~ 90) implicit solvent.”” As expected, the removal of
the last solvent molecules is growingly endothermic in a
relatively narrow range in polar medium. The presence of the
surface compensates for the lost solvent molecules. The
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Figure 5. Optimized geometries of the last steps of desolvation of binuclear complexes: Li*Na*(EC),_, (left), Li*'Mg**(EC),_, (center), and

Na*Mg**(EC),_, (right). Color code: Li*, pink; Na*, violet; Mg*", yellow.

Table 3. Values of AIM Charges (q), Distances between Cations, and Average Distances from Cations to EC Carbonyl
Oxygens (M?*-Ogc) and to the Spinel Ones (M**-O,,) at Different Degrees of Solvation n upon Adsorption at the (111) Face

of Li,Ti;0,,”
Li*Na*(EC),
n R(Li*-Na*) R(Li*-Ogc) R(Na*-Ogc) R(Li*-O,,) R(Na*-O,,) q(Li*) q(Na*)
0 6.82 1.95 2.29 0.88 0.91
1 4.08 2.02 2.67 2.18 2.36 0.89 0.91
2 3.10 1.99 2.58 224 2.45 0.89 0.91
Li'Mg**(EC),
n R(Li*-Mg*) R(Li*-Ogc) R(Mg**-Ogc) R(Li*-O,,) R(Mg**-0,,) q(Li*) q(Mg™)
0 6.99 1.96 1.96 0.97 1.75
1 5.86 5.60 2.00 1.99 2.04 0.91 1.75
2 3.90 476 1.99 1.99 2.05 0.88 1.76
Na*Mg**(EC),
n R(Na*-Mg*") R(Na"-Ogc) R(Mg**-Oxc) R(Na™-O,,) R(Mg™-0,,) q(Na*) q(Mg™)
0 7.11 228 1.96 0.92 1.72®
1 5.90 5.39 2.06 228 2.04 0.88 173 ®
2 3.54 3.77 2.04 2.32 2.08 0.87 ® 1.75 @

“All entries for distance are in A.

difference in the desolvation behavior in polar and nonpolar
environments depends on the charge density of the cation—
the higher the charge density of the ions, the more prominent
the medium influence. For the monovalent ions, the
desolvation energy profile at the surface is strictly parallel to
the one in solvent, shifted up by ~5 kcal/mol for Li* and by
~9 kcal/mol for Na*, which signifies that the implicit solvent
models give a trustworthy estimate of the surface phenomena.
The higher values at the surface are partly due to the
simplicity of the model, including only the polarity of the
electrode surface but ignoring the polarity of the electrolyte.
However, the difference between the desolvation energy of
free-standing clusters in vacuo and at the electrode surface can
provide a rough estimate of the adsorption energy. Figure 4
and Table S6 reveal that the adsorption on the surface of Na*
is the weakest while that of Mg*" is the strongest, i.., the
higher the charge density of the adsorbing ions, the stronger
the interaction with the surface. This is in good agreement with
the charge loss variations upon desolvation (Table 2).
Adsorption of Binuclear M;P*M,%"(EC), Complexes
and Their Desolvation. In dual-ion electrolytes, earlier
studies revealed that the scarcity of solvent favors the

formation of hetero-binuclear complexes of the type
MM (EC),.”” Therefore, we have modeled all binuclear
combinations of Li*, Na’, and Mg** with n = 0, 1, 2, 3
adsorbed on the studied surface (Figure S and Figure S3).
Unlike the single-cation EC clusters, in this case, the
adsorption cannot be equally favorable for both ions, so we
tested different starting geometries. The averaged results for
the structural characteristics are collected in Table 3 and Table
S7.

All models feature identical trendlines in the variation of the
monitored parameters: upon desolvation in the adsorbed
clusters, the distance between the cations and from the cations
to the solvent increases and the one to the surface decreases.
However, the range of variation is markedly dissimilar. Since
the (EC); complexes have a completely different orientation
versus the surface (Figure S3 and Table S7), these results are
incomparable with the (EC),_, ones and are therefore not
presented in the main text.

In monovalent combinations, the ion—EC distance changes
in a concurrent manner for the two cations, Li" keeping
somewhat closer than Na®. In heterovalent combinations,
however, the monovalent ion is completely desolvated,
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whereas Mg”* behaves as in a single-ion model (Table 3).
Regarding the average distance to the spinel oxygens, the
cations exhibit identical conduct irrespective of the partner ion.
The larger number of ECs shields the repulsion and keeps the
cations at a distance within the range of 3—4 A: The higher the
charge density, the farther. Upon complete removal of the
solvent, the cations diffuse to energetically favorable sites on
the surface at ca. 7 A apart.

The data for the charges is influenced by the fact that in the
presence of solvent, typically only one of the cations adsorbs at
preferred positions. However, it is obvious that the positive
charge of the partner with lower charge density remains
constant or slightly grows upon desolvation. Inversely, the
charge of the partner with higher charge density decreases
more sizably upon desolvation. These trendlines can be
regarded as an indication that in binuclear clusters, alongside
shielding, the solvent molecules mediate some charge exchange
between the cations.

The desolvation penalty of the dual-cation clusters (Table 4)
is lower than the sum of the desolvation energies of the single

Table 4. Energy Change (in kcal/mol) upon Desolvation of
Dual-Ion/EC Clusters at the Spinel Surface®

n' Li'Na* Li*‘Mg?* Na*Mg?*
2 15.81 22.34 15.74
25.77 35.02 32.69

“y* denotes the number of the removed EC molecule in the
corresponding desolvation step.

cations with the same number of ECs (Table S5 and Figure 4),
which can be interpreted as an indication that binuclear
complexes are more prone to desolvation. Naturally, the
combination Li"Mg** requires the largest energy input, and
Li'Na" requires the smallest. This may be of significance in the
search for electrolytes for Mg-ion batteries.

Furthermore, for adsorbed binuclear complexes, the data
indicate that EC is not interacting chemically with the LTO
surface unlike the case of adsorbed single Li*-complexes. The
weaker “electrode—solvent” interaction reflects the stronger
involvement of EC in the complex with two ions rather than in
that with one ion (Figures 2, 3, and ), thus avoiding the
gassing.

Counterion Effect on the Surface Behavior of Mono-
and Binuclear Complexes. The above considerations
referred solely to the desolvation conduct of cations, since
they are the focal point of our interest. The next step is the
inclusion of a counterion in the calculation scheme.

It is impossible to assess the desolvation energy of PFg~
employing the same calculation protocol used for the cations
because the process of anion desolvation is accompanied by
side reactions, which makes the scheme inapplicable. The bare
PF,” is repelled by the surface at about S A (Figure 6, top).
The complex PF,"EC undergoes an intricate transformation
(Figure 6, middle), during which one EC hydrogen is adsorbed
at the surface, its place taken by a fluorine. As a result, a
fluorinated EC and a neutral PF; molecule are formed, the
negative charge being spread on the surface. Bearing in mind
that PFs is a highly reactive gas at room temperature, its
formation is more than unwanted. However, this is repeated in
the case of PF, (EC),—one of the ECs is fluorinated, the
other EC is dehydrogenated and converted into vinylene
carbonate, three hydrogens are adsorbed at the surface (two of

Figure 6. Optimized geometry of PF¢~ (top), initial and optimized
geometry of PF,"EC (middle), and PF,™(EC), (bottom) at the LTO
surface.

them at a distance allowing the formation of H,), and a neutral
PF; is released (Figure 6, bottom).

We expected that the proximity of a cation would change the
picture, so we modeled the ion pairs Li'PF,(EC),, n = 0, 1,
and 2 (Figure 7). The optimized geometries revealed that the
counterion plays the part of a solvent molecule as it does in the
absence of an electrode surface.””

The bare Li*PF,~ pair adsorbs in a predictable manner on
the LTO surface, the anion complementing the coordination of
Li*. In Li*PF,~ EC, the attraction of Li* holds the EC molecule
close to the LTO surface, which results in the catalytic
dehydrogenation of EC and formation of VC. Li*PF,~ (EC),
displays the behavior of Li* (EC); in which one solvent
molecule is replaced by PF,"—even the distances Li*-Og¢ and
Li*-Fppe~ are identical (Table 5)—and again, one of the ECs is
converted into a VC. Similar destructive effects are observed
for the respective complexes of Na* and Mg** (Table S8).

The data in Table S show that the ion—counterion distance
is essentially constant irrespective of the EC number, but the
distances from Li* to the LTO surface are larger than those in
the absence of counterion (Table 2). With the increase of ECs,
the counterion gets closer to the solvent and farther from the
surface. While the charge of Li* remains constant, that of the
counterion grows with the number of ECs. Although no
desolvation energy can be quantified, the observations give
evidence that the account of the counterion will not change the
established trendlines; it would rather facilitate the cation
desolvation, but this occurs at the expense of solvent
destruction and formation of unwelcome by-products.

In the presence of a counterion, solvent destruction is not
only a specificity of lithium complexes with EC. The same
picture is observed when Li* is replaced by Na* (Figure 7 and
Table S8). In Na*PF, EC, Na* is coordinated simultaneously
by the counterion, the solvent molecule, and three oxygen
atoms from the LTO surface. This pattern of complexation
leads to the close proximity of EC to the LTO surface, which
in turn makes favorable the release of at least 1 H from the
solvent molecule.

In Mg**PF, EC, the simultaneous interaction of Mg** with
the LTO surface and counterion produces a decomposition of
PF¢~ with the release of neutral PF; and a F~ anion, the latter
being bonded to the adsorbed Mg** (Table S8 and Supporting
Information). The addition of one EC does not prevent the
decomposition of the counterion: Mg** is coordinated by three
oxygens from LTO, the released from PF4~ fluoride ion, and
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Figure 7. Optimized geometry of Li*PF¢~ (top), initial, intermediate, and optimized geometry of Li'PF,"EC (middle), and optimized

Li*PF (EC), (bottom) at the LTO surface.

Table 5. Values of AIM Charges (q) and Average Distances
from Li* to the Closest PF;~ Fluorines, EC Carbonyl (Li*-
Ogc) Oxygens, and Spinel (Li*-Oy,) Oxygens upon
Adsorption at the (111) Face of Li,TisO,, at Different
Degrees of Solvation n. Distances from Li* to P and from P
to the LTO Surface

Li*PF¢” (EC),

distance, A charge
Li*- Li*- P- p-
Li*P Li“F Oy O, Opx Ou L  PB"
2.82 1.96 224 4.09 0.89 -0.73

2.80 1.92 4.80 2.46 4.59 4.37 0.90 —0.83
2.83 1.95 1.96 3.68 4.14 4.79 0.89 —0.86

[ S =

the EC carbonyl oxygen. The next EC molecule fills in the
coordination of Mg, thus preserving the integrity of the
counterion but invoking EC decomposition. This means that
in single-cation Mg electrolytes, the noncoordinated Mg’* tears
off a F~ from PF", while the well-coordinated Mg>" initiates
EC dehydrogenation. The decomposition reactions of EC on
the LTO surface mimic the already mentioned phenomenon of
LTO gassing in carbonate-based electrolytes. Judging by the
amount of released hydrogen in our simulations, it can be
inferred that, irrespective of the presence of counterions, the
gassing of LTO in EC-based electrolytes is more intense in the
presence of Li* ions than that of Na* or Mg>".

The dual-ion complexes display different behavior from the
mononuclear ones upon adsorption on LTO. The main
difference comes from the robustness of EC even in the
presence of PFg This is illustrated on Figure S4 for
homonuclear Li*—Li" and Figure 8 for heteronuclear Li*—
Mg** complexes. In homonuclear complexes, PF¢~ serves as a
bridge between the two Li ions sharing the EC, while the
introduction of a second EC leads to desorption of the entire
complex from the LTO surface as the cations are sharing two
solvent molecules and the counterion.

The stronger drive of Mg®" for coordination determines
some peculiarities upon the adsorption of heteronuclear dual-
cation complexes on LTO surface: The EC molecule becomes
nonreactive toward the LTO surface including in the presence
of counterion (Figure 8, Table 6, and Figure S4). This signals

b e 1EC

0EC
>{ +8.43

kcal/mol

Figure 8. Optimized geometry of Li*Mg**PF¢"(EC),, n = 0, 1, and 2
at the (111) LTO surface.

that in dual-ion electrolytes, the gassing of LTO will be
suppressed in comparison with single-ion electrolytes.

In heteronuclear complexes, the Mg** ion dictates the
manner of coordination of PF,~ and EC. In the absence of
solvent and in the presence of one EC molecule, Mg2+ tears off
a F~ and a neutral PF; is released. One solvent molecule keeps
the two cations closer than without a counterion (Table 6)
although Li* is at an unfavorable for adsorption position,
because after the abstraction of F~, MgF" is less repulsive than
Mg*". For the same reason, the fully desolvated cations stay
closer compared to the case without PF4~. When two ECs are
available, Mg*" coordinates both of them, and attracting a PF4~
fluorine and the three underlying surface oxygens secures the
full coordination number of 6, pushing away Li*. Although a
precise quantification of the free energy of desolvation cannot
be accomplished due to the multiple processes taking place
upon desolvation (anion destruction, ionic bond formation,
surface diffusion, adsorption, etc), the total energy change of
the stages of solvent removal of the last EC is much smaller in
the presence of a counterion, even though the latter is
destructed. However, the presence of Mg®* in dual-ion
electrolytes stimulates the degradation of the counterion in
the last stages of desolvation of dual-ion complexes. This
implies that a fluorine-rich solid electrolyte interface will be
formed on LTO. This is in agreement with our experimental
data on the surface characterization of LTO used as an anode
in hybrid metal-ion batteries.'**°
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Table 6. Values of AIM Charges (q), Average Distances from the Metal Cations to the Closest PF,~ Fluorines, to the EC
Carbonyl (M?*-Ogc) and to the Spinel (M**-O,,) Oxygens upon Adsorption at the (111) Face of Li,Ti;O,, at Different
Degrees of Solvation n. Distances from P to EC and to the LTO Surface of Adsorbed Homonuclear Li*(PF¢)Li*(EC), (see
Figure S4) and Heteronuclear Li*(PF; )Mg**(EC), Dual-Ton Complexes

Li*(PF67)Li*(EC),

distances (A) charges
n \Lit-,Lit \Li*-Opgc AL Ol Lit0,  ,Li*O, Li"-F LLit-F~ P-Ogc P-O. Lit LLi* PF,~
0 5.83 2.06 2.18 3.65 1.82° 4.19° 0.90 0.89 -0.71
1 3.05 2.07 2.06 2.01 2.16 1.94 1.80° 347 6.04 0.89 0.92 —0.93¢
2 2.60 1.95 1.94 3.58 3.62 1.89 1.87 3.69 6.25 0.90 0.90 -0.93
Li*(PE")Mg™* (EC),
distances (A) charges

n Li*-Mg*  Li*-Ogc  Mg"-Opc  Li*-O, Mg™"-O, Li*-F Mg*-F~  P-Ogc P-Oguy Li* Mg** PFs /PE%, E~
0 5.88 2.03 2.11 4.49 1.82° 5.34¢ 0.99 1.73 —0.027, —0.76
1 3.53 2.02 2.38 2.01 2.16 3.72 1.847 3.97 6.04 0.89 1.74 —0.01%, —0.72
2 4.43 4.04 1.99 2.03 2.50 5.83 1.94% 3.80 5.10 0.89 1.76 —0.94"

“PF instead of PF,~. "Mg*'PF4".

B CONCLUSIONS

Two groups of conclusions can be outlined from the
performed model studies: (i) deductions associated with the
choice of model and (ii) interpretation of some experimental
results as well as prediction of the LT O behavior toward single-
and dual-cation carbonate-based electrolytes.

The model is a compromise between the truthfulness of the
physical picture of the process and the computational cost. It
comprises several types of interactions: individual interactions
of cations and ECs with the surface and interactions among the
adsorbates. Moreover, the surface is built of three types of
atoms (Li, Ti, and O), and the stoichiometry and the
symmetry of the bulk oxide is maintained. All these
complexities require the construction of a model in which
some implicit and explicit interactions are neglected but the
physical essence of the phenomenon is retained. Therefore, we
have used a computational scheme for energy calculation,
where the surface is sort of a “spectator” in the sense that it
appears on both sides of eq 1. Nevertheless, the model is quite
reliable as it describes successfully several well-known
experimental facts related to the electrochemical properties
of LTO as an anode.

In the last stage of desolvation of mononuclear complexes of
Li*, Na*, or Mg’ in single-cation electrolytes, the interaction
of EC with the LTO surface is intensified particularly in the
presence of the counterion, leading to solvent degradation and
the formation of unwelcome by-products. These reactions are
more favorable in Li*-containing electrolytes than in Na'- or
Mg**- electrolytes, irrespective of the availability of counter-
ions. This explains the gassing of LTO in Li" carbonate-based
electrolytes and permits to infer that the gassing will be
suppressed in Na* and Mg** electrolytes. This optimistic
modeling result is worth experimental confirmation.

Among the three investigated cations, Mg2+ is adsorbed
most tightly, even when fluorinated, while Li" is desorbed most
easily. This indicates that Mg*" will form a thicker fluoride-
containing film on the LTO surface.

In dual-ion electrolytes, the binuclear complexes are more
prone to desolvation in comparison with mononuclear ones.
The interaction of EC with the LTO surface is suppressed in
dual-ion complexes. However, the slightly solvated binuclear

complexes interact preferably with the counterion leading to a
release of F~ from PF™.

We trust that the elucidation of the rivalry between LTO-
mediated desolvation, degradation, and adsorption can be used
as guidelines in understanding of the complex processes
occurring at the electrode—electrolyte interface in hybrid-
cation batteries emerging as powerful and safe energy storage
technologies.

B METHODS AND MODELS

Periodic calculations were performed utilizing the projector-
augmented wave (PAW) method"”** as implemented in the
Vienna Ab initio Simulation Package (VASP 5.4.4).**~>" DFT
was employed using the PBE parameterization for the
exchange and the correlation energy functionals.””>> A plane
wave energy cut-off of 450 eV was applied, and the I" point was
used to sample the Brillouin zone. The electron partial
occupancies were obtained according to the Gaussian smearing
scheme together with a smearing parameter of 0.05 eV. The
atomic coordinates of the adsorbed ions and the EC molecules
on the surface were optimized toward an energy convergence
criteria of 107* eV between two consecutive geometric steps,
and subsequently, the charge distributions were calculated
using Bader’s quantum theory of atoms in molecules
(QTAIM)** as implemented in the Bader program.’® The
Gaussian 09 program56 at the B3LYP/6-31G**/SMD>" %
level of theory was used for geometry ogtimization of the
isolated cation—organic complexes. VESTA®" was used for the
visualization of optimized periodic structures. Aspects that best
visualize the system geometries are selected for the figures.

Simple systems containing a TiO, molecule, a metal ion, and
an ethylene carbonate molecule were modeled first (Figure S1
and Supporting Information). Free energy calculations (Table
S1) reveal that in implicit solvent, most favorable for both Li*
and Na* are: the solvation when the alkali ion is between TiO,
and EC, and the desolvation when the M*TiO, complex moves
away from EC.

For the subsequent model calculations, the (111) oxygen-
terminated surface of Li,Ti;O;, was chosen, as the (111) facet
is the most commonly observed one in high-resolution TEM
images.””*® The experimental study of Kitta et al. concluded
that two terminations of the 111-surface are visible: oxygen-
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rich and cation-rich.”* Applying the ab initio thermodynamics
approach, the oxygen-rich surface is determined to be the most
stable one at potentials above 2 V vs Li*/Li’ in nanosized
LTO.°>® Furthermore, the O-terminated (111) surface with
stoichiometric Li coverage was theoretically calculated to be
the ener;etically most stable surface of LTO by other authors
as well.®

It is in these reasons that we chose the (111) face of
Li,Ti;O,, with a maximum number of oxygens exposed to
represent the electrode surface. In order to prepare our model
surface, the positions of the atoms from a published crystal
structure of Li, TisO,* were optimized in bulk (with a 520 eV
energy cut-off), and the relaxed structure was reoriented and
cut. The produced slab was repeated three times along the x
axis and twice along the y axis (Figure 1). Along the z axis, a
~S A thick slab of the spinel was cut, and the cell length was
set to 30 A to ensure that in all of the subsequent calculations,
a large enough vacuum layer will be present. On top of the
model slab, M*(EC),, (M" = Li*, Na*, Mg**; n = 0 + 3) and
M,/ M,?*(EC), (M""M,?" = Li'Na*, Li'Mg**, Na"Mg**; n = 0
+ 3), as well as single-cation- and part of the dual-cation (EC),
complexes (n = 0 + 2) with PF,~, were placed at different
locations on the (111) face. Only the geometries of the
complexes were optimized, assuming a rigid crystal structure of
the Li,TisO;, slab. The most favorable adsorption positions
depending on the degree of solvation are determined, and the
desolvation and adsorption energies, where possible, were
estimated as the energy changes.

Eyesory = Elslab + complex(EC),_,] + E[EC]
— E[slab + complex(EC),] (1)

E(n) = EOskb [complex(EC),] — E™**"™[complex(EC),]
@)

Since in eq 1, the energy of the slab appears in two terms
with opposite signs, to reduce the computational effort, no
dipole and dispersion corrections were applied. The effect of
the number of k-points and the thickness of the slab turned out
to be systematic and small with respect to the results (Figure
SS, Tables S9 and S10, and Supporting Information) but quite
substantial in terms of computational load, so we stuck to the
minimal yet physically reasonable model.

The bare cations, counterion, and EC molecule were
optimized at different positions on the surface. The solvated
cationic clusters were preoptimized in earlier studies’’ and
placed at selected positions on top of the model surface. A box
with the same dimensions was utilized for all periodic
calculations (x/y/z = 17.71/20.47/30.0 A), including single
ions or molecules.
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The Supporting Information is available free of charge at
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(Figure S1) Minimalistic models of M*TiO,EC; (Figure
S2a) bare EC on LTO surface; (Figure S2b) EC
orientation versus the surface; (Figure S3)
MP*M,%*(EC); at the (111) LTO surface; (Figure
S4) Li*Li'PF4(EC), at the (111) LTO surface; (Figure
SS) model slabs with increased thickness along the z
axis; (Table S1) free energy of decomplexation of the
minimalistic models; (Table S2) AIM charges of the

different oxygen types on the model surface; (Table S3)
adsorption sites with the closest oxygen types; (Table
S$4) total and relative energy and AIM charges of single
ions adsorbed at different sites on the electrode surface;
(Table SS) free energy of desolvation in vacuo, in
solvent, and on the LTO surface; (Table S6) stabilizing
effect of the LTO surface upon desolvation; (Table S7)
distances and charges in adsorbed M;"*M,"(EC);
(Table S8) distances and charges in adsorbed
Na*PF, (EC), and Mg*'PF,~ (EC),; (Table S9)
desolvation energy computed with different number of
k-points; (Table S10) size effect of the slab along the z
axis; ranking of surface adsorption sites; analysis of
Table S4; counterion effect on adsorbed MF*(EC),;
sample input file containing the Cartesian coordinates of
the surface; effect of k-point number; effect of slab
thickness on charges and desolvation energy (PDF)
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