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Thermodynamic Aspects of Cathode Coatings

for Lithium-lon Batteries

Muratahan Aykol, Scott Kirklin, and C. Wolverton*

Metal oxide cathode coatings are capable of scavenging the hydrofluoric acid
(HF) (present in LiPFg-based electrolytes) and improving the electrochemical
performance of Li-ion batteries. Here, a first-principles thermodynamic
framework is introduced for designing cathode coatings that consists of four
elements: i) HF-scavenging enthalpies, ii) volumetric and iii) gravimetric
HF-scavenging capacities of the oxides, and iv) cyclable Li loss into coating
components. 81 HF-scavenging reactions involving binary s-, p- and d-block
metal oxides and fluorides are enumerated and these materials are screened
to find promising coatings based on attributes (i-iv). The screen successfully
produces known effective coating materials (e.g., Al,O; and MgO), providing
a validation of our framework. Using this design strategy, promising coating
materials, such as trivalent oxides of d-block transition metals Sc, Ti, V, Cr,
Mn and Y, are predicted. Finally, a new protection mechanism that successful
coating materials could provide by scavenging the wide bandgap and low Li

The widely utilized polyvinylidene fluo-
ride binder also contributes to the produc-
tion of HF and subsequent redox-active
metal dissolution in Li-ion batteries.'!

Suppression of the dissolution of redox-
active metal is a vitally important goal
for capacity retention in Li-ion batteries.
To achieve this goal, one approach would
be to replace the LiPFg-based electrolytes
which produce HF and precipitate LiF.
However, there is currently no superior
counterpart that provides a better com-
promise between conductivity, thermal
stability, toxicity, corrosiveness and cost
effectiveness.'?l An alternative approach
is to limit the direct electrode-electrolyte
contact by placing a barrier between them.

ion conductivity LiF precipitates from the cathode surfaces is suggested.

1. Introduction

A key challenge for many Li-ion battery cathodes is to retard
the decay of their electrochemical performance and extract
capacities close to the theoretical limits over many cycles.[?!
Dissolution of the redox-active metal®# from the cathode par-
ticles is one of the primary reasons for the capacity fade often
observed in these materials. This dissolution is enhanced
in the presence of the highly corrosive hydrofluoric acid
(HF) continuously produced by degradation of the common
LiPF¢-based electrolytes.*”] The degradation reaction of LiPF,
can be written in the form,*7]

LiPF, — LiF | +PF; 1)
Solid LiF, which has a low permeability to Li-ions!®° and
electrons,!'% precipitates (|) on the electrode particles, and PFs

further reacts with any trace amount of water to produce HF as,

PF, + H,0 — 2HF + POF, 2)
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Unlike the solid electrolyte interphase
(SEI) on carbon-based anodes, the self-
evolving surface layers on cathode par-
ticles do not provide protection during
operation of the battery.!! However, a barrier can be introduced
artificially by applying a coating material to the cathode.[!314
The pioneering work of Cho et al.l'¥l demonstrated that an
Al)O3-coating on LiCoO, improves the capacity retention of
Li-ion Dbatteries. Numerous subsequent studies!">>* have
shown that Al,0;-coated cathodes exhibit improved properties.
Many other coating materials have also been investigated such
as phosphates, 222571 carbonates,”® hydroxides,*’ oxides
(such as ZnO,l5-173031  7y0, 151721232432 TiQ, [21.2332.3}
MgO,“7’2°’34‘37l SiOZ,[23’24] Cr203,[38] Nb205,[16] T21205,[16] SHOZ[ZO]
and B,05?"?3)) and fluorides (such as AlF;, 1315173941 CaF, [42]
MgF,* and LaF;*)). The oxides and fluorides have received
the most attention, and we concentrate on binary oxides and
fluorides as cathode coating candidates in this paper.

Although many cathode coating studies demonstrate
improvements in capacity retention of the Li-ion batteries, the
protection mechanisms are not completely understood.?>) One
important protection mechanism called HF-scavenging has
been suggested due to experiments that show the amount of
dissolved redox-active metal-ion is proportional to the amount
of HF in the electrolyte, and both decrease in presence of an
HF-scavenging oxide coating.'®2** Myung et al.'! have con-
firmed that Al,O; coatings react with HF and transform into
AlF, via,

ALO; +6HF — 2AIF, +3H,0 (3)

Equation (3) is a typical HF-scavenging reaction. Metal
oxides can serve as HF-scavenging coatings!’® but the extent
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of protection depends on the oxide.?3] Equation (3) shows that
a fluoride layer can form on top of an HF-scavenging oxide
coating as a product of the HF-scavenging reaction. This flu-
oride layer can provide an additional protection, forming a
permanent physical barrier!™ that restricts penetration of HF
through the oxide coating.

In addition to the protective chemical reactivity with the
electrolyte, a coating material can also react with the active-Li
in the battery, which may have undesired consequences. First,
stable oxides or fluorides in a coating are expected to absorb
Li mainly via conversion reactions with sluggish kinetics,*6l
which can lead to capacity loss at high (dis)charge rates and/
or an increase in cell polarization. Second, LiF is an undesired
product of the electrolyte degradation (Equation (1)) due to its
low permeability to Li-ions®? and electrons,!% and lithiation of
metal fluoride layers may further contribute to LiF production
and deteriorate the performance of the cathode.

Experimental efforts to discover improved cathode coatings
have often followed a largely Edisonian approach of fabricating,
cycling and disassembling Li-ion batteries. To accelerate this
process, we propose a material design framework, screening
the candidate set of materials on the basis of a target set of
attributes. Several of our screens involve the thermodynamics
of reactions of coating materials with HF and Li. However,
thermodynamic screening of a great many prospective coating
materials is hindered by the lack of experimental thermody-
namic data of fluorides in thermochemical tables*’—*! or by
the large uncertainties in the available data. Hence, we use den-
sity functional theory (DFT), a well-established first-principles
method that has extensively aided understanding and improve-
ment of electrodes and electrolytes for Li-ion batteriesl*> to
predict materials thermodynamics. We integrate DFT-based
thermodynamics with a coating design framework and pre-
sent a novel combinatorial approach to screen cathode coating
candidates for Li-ion batteries. Materials screening based on
descriptors calculated with first-principles methods, as we pre-
sent in this work, has become a prominent approach to discov-
ering new materials for various applications.

The current understanding of cathode coatings has allowed
us to construct the following three-part thermodynamic design
framework: 1) HF-scavenging tendencies: Although several
proposals exist for dissolution mechanisms of redox-active
metal-ions from cathodes61-63 the exact mechanism of how
HF participates in dissolution reactions is not well-known. On
the other hand, coating materials have already been observed
to decrease the HF content of the electrolyte. Therefore, for
batteries where HF-scavenging is a possible protection mecha-
nism, a rational thermodynamic screening for HF-scavenging
tendencies of oxide coatings can be done by ranking them with
respect to the energetics of the scavenging reaction. 2) Cyclable-
Li loss: Li-loss can take place into any component of the coating;
i.e., an oxide coating itself, as well as a fluoride layer formed by
HF-scavenging or a directly applied fluoride coating that aims
at serving as a physical protection layer. Therefore, potential
reaction of coatings with Li is not only important for screening
the oxides but also important for the fluorides. In order to
assess the interaction of Li with coatings both before and after
their reaction with HF, we present DFT calculations of lithia-
tion voltages and implement them in our design framework via
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the following design criterion: the lithiation voltage of a compo-
nent of a coating (and subsequent layers that may form) should
be lower than the (to-be-defined) discharge cutoff voltage of the
cathode. This criterion ensures that it is always energetically
more favorable for Li to react with the cathode phase rather
than the components of the coating so that the coating does
not tend to absorb cyclable-Li during cycling. 3) LiF-scavenging
tendencies: LiF precipitates on the surface of the cathode par-
ticles due to electrolyte degradation reactions (Equation (1)).
Compared to other organic and inorganic Li-based compounds
precipitating on the electrodes, LiF has a very low room tem-
perature Li diffusivity®®®! and is a wide-bandgap insulator.'”) As
a consequence, LiF increases the interface impedancel® and is
an undesired species on the surface of a cathode particle. These
features of LiF motivate us to seek ways to scavenge LiF as a
part of our design framework. In analogy to HF-scavenging,
LiF-scavenging tendencies of coatings can be ranked based on
the energetics of LiF-scavenging reactions.

Here, we analyze a wide range of s-, p- and d-block binary
metal oxides and fluorides as cathode coating materials within
the DFT-based thermodynamic design framework outlined
above according to the HF-scavenging mechanism suggested
in experiments. We calculate the enthalpies of HF-scavenging
reactions and lithiation voltages of binary metal oxides and flu-
orides, and compare our results to the available experimental
data. We incorporate the calculated enthalpies of HF-scavenging
reactions, volumetric and gravimetric HF-scavenging capacities,
and lithiation voltages into a combinatorial design chart which
allows simultaneous comparison of all these properties. On
the basis of this comparison, we find that the enhancements
in capacity retention provided by experimentally tested coat-
ings such as Al,O;, ZrO,, TiO, and MgO are consistent with
calculated design attributes. In addition, we predict promising
and as yet unexplored or underexplored cathode coatings such
as trivalent transition metal oxides (e.g., Sc,03, Ti,O3, V,0s,
Cr,03, Mn,0; and Y,03) for batteries with HF-bearing electro-
lytes. Finally, we present the enthalpies of LiF-scavenging reac-
tions and show that LiF-scavenging could be another protection
mechanism that operates in addition to HF-scavenging.

2. Methods

2.1. First-Principles Calculations

All DFT calculations were carried out using the Vienna Ab initio
simulation package (VASP)®-%8 with projector augmented
wave (PAW) potentialsl®! and the Perdew-Burke-Ernzerhof
(PBE) formulation”%”! of the generalized gradient approxima-
tion (GGA) for the exchange-correlation functional. For all com-
pounds, we use a cutoff energy of 520 eV for the plane-wave
basis set and k-point meshes with a nominal density of 8,000
k-points per reciprocal atom, except for molecules for which uti-
lizing only the I"-point is sufficient. To compare with DFT calcu-
lations, we performed DFT+U calculations with the rotationally
invariant formulation of Dudarev et al.’?l for HF-scavenging
reactions of compounds of Fe, Co, Mn, Cr, Ni, V and Cu. The
U values reported by Wang et al.”?l were applied to oxides and
fluorides of the mentioned 3d-metals in DFT+U calculations.
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Structures were fully relaxed with respect to all internal and
external degrees of freedom of the cell, and total energies were
evaluated in a final static run. All crystal structures are from
the Inorganic Crystal Structure Database (ICSD).l The calcu-
lations were performed using the computation framework pro-
vided by the open quantum materials database (OQMD).[7>7¢]
For all reactions considered in this study, the enthalpies of com-
pounds at T = 0 K were approximated by DFT total energies
(PV contributions were neglected). Numerical values of calcu-
lated properties are available as Supporting Information.

2.2. Selection of Experimental Thermochemical Data and
Method of Error Analysis

Experimental thermochemical data were mostly collected from
the tables of JANAF*] and Kubaschewski,*®! while for data not
available in these tables, we refer to Thermochemical Data of
Pure Substances!*! or other cited literature. To calculate experi-
mental reaction enthalpies, we used experimental formation
enthalpies (AH{®). When the enthalpy of a reaction involving
multiple compounds (such as HF-scavenging and lithiation
reactions) is calculated using AH{? of each compound in that
reaction, the uncertainties in AH{® values propagate. Hence,
when available, we used the reported uncertainties (u;) in AH®
of compounds to calculate the experimental combined standalr/gl

uncertainty (CSU) of a reaction enthalpy by CSU = Zcfu,z) ,

where ¢; is the coefficient compound i takes in the reaction. We
calculated the CSU of an experimental reaction enthalpy if the
formation enthalpies of all compounds in the reaction have a
corresponding u; reported in thermochemical tables. The mean
absolute error (MAE) for a set of n number of calculated reac-

tion enthalpies is defined as MAE= n’lz|AH“p —AHS*|,
where AHS® and AH{“ are expenmental and calculated

enthalpies of the jh reaction, respectively. We should note
that since the DFT enthalpies correspond to 0 K, they should
be compared with the experimental enthalpies at 0 K when
possible. For many compounds, thermochemical tables such
as JANAF#! list AH{® values at 0 K, obtained by systemati-
cally extrapolating the finite temperature AH{® values to 0 K
via integration of experimental heat capacities. Therefore, we
calculated the experimental enthalpy of a reaction using the
AH{® reported at 0 K in such tables, but only if that exists for
all compounds in the reaction. Otherwise, if AHf® at 0 K is

www.advenergymat.de

not known for any of the compounds, we used AH{® at 298 K
for all compounds in the reaction. We estimated the difference
between 298 K and 0 K reaction energies using several HF-scav-
enging reactions (see the Supporting Information) to be around
11 meV on average. Since this energy difference is much
smaller than the average experimental uncertainty of 55 meV
(Table 1), DFT data corresponding to 0 K and experimental data
at 298 K can be safely compared.

3. Results and Discussion

3.1. HF-Scavenging by Binary Oxides: DFT vs Experiment

For metal oxide coatings, the HF-scavenging reaction per mole
of HF can be written in the generic form,

M, 0y, + HF - M,F+1/2H,0 4)

where we adapt the forms M,0;, and M,F to represent the
oxide and fluoride of M (with a certain oxidation state), respec-
tively, so as to simplify the HF-scavenging reaction by having a
single stoichiometry variable (x) that can describe both phases
of M. We want to rank metal oxides by the enthalpy of this reac-
tion (AH, ) which reflects the HF-scavenging tendency of
the oxide M,O;),. The DFT enthalpy of this reaction (AH )
at zero temperature and pressure can be calculated using DFT
total energies (E) as,

He [M,Oy |= ENF +1/2E35 — Evlo,, — Eip' (5)

The corresponding experimental enthalpy (AH{%:) can be
calculated using AH;™ of each compound as,

AHZ: [M, 0y, | = AHS, o +1/ 2AHP Do — AHF, o, — AH T, (6)

In Equation (5), we see that the difference between AHS; of
two different coatings depends only on the energies of M0,
and M,F, as is evident from the reaction stoichiometry of HF
and H,0 being fixed (as 1:%) for all reactions written in the
form of Equation (4). Thus, the relative ranking of coatings with
respect to AHYT; is independent of the energetic contribution
of HF and H,0 (i.e., 1/2ER% —Eff) in Equation (5), and we
can simply treat HF and H,O as isolated molecules. Neverthe-
less, to separate any DFT errors related to molecules from other
sources of errors, a correction for 1/2Eps —Efy can be found

Table 1. The mean combined standard uncertainty (mean-CSU) in experimental values and mean absolute error (MAE) of DFT values relative to
experiment for HF-scavenging enthalpies and voltages of oxides and fluorides.

Compounds® mean-CSU?) MAE
AHs e Vino,, Vg AH e V.o, Vinr
[eV HF] I\ M [eV HF] v \d
Simple 0.021 0.018 0.017 0.029 0.027 0.031
p- and d-block 0.070 0.014 0.070 0.157 0.160 0.277
All 0.055 0.015 0.053 0.125 0.128 0.219

AThere are 35 oxide/fluoride pairs with experimental uncertainties available and CSU values can be calculated for their reactions; ®)“Simple” denotes compounds of alkali
and alkaline earths, Al and Zn. “p- and d-block” denotes compounds of p- and d-block metals/semi-metals, and Be is also included in this set.
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by fitting the DFT enthalpies of simple metal compound reac- 1o ' ' j ' " 7]
tions, to the experimental counterparts (AHS%, ) (73771 As shown M,O,, +HF —MF +1/2H,0 %T; L
in Figure 1, the agreement of uncorrected AHPY. with AH®,, 1.0} oPo2e Vo

for the simple metal compound reactions is already extremely

L

good, and apparently no significant correction to DFT energies T o8t
of HF and % H,0 is required in AH % This implies even if > e+ ge2+/
there are any errors associated with DFT description of mole- I: 06 F T el i — ]
cular HF and H,0, they cancel out. E radlde Mnasg (Sa8sc02+ ovaT Fe2sP

Searching the ICSD for pairs of s-, p- and d-block binary w 04F Hg 5P5-Fe3s? ]
metal oxides and fluorides that satisfy the form of the HF-scav- II(;, '\\'/2093 gﬁha;i:;eg o
enging reaction given in Equation (4), we found 81 different = 02f - ]

reactions. However, in this set of 81 reactions, 40 reactions
have either an oxide or fluoride with an experimental formation
enthalpy not available in thermochemical tables; thus, AHg %
of these reactions cannot be evaluated using experimental data.
The remaining reactions have AH{%; available for both oxide
and fluoride, and we compare the corresponding AH%;; and
AHX: values in Figure 1 (simple metal compounds) and
Figure 2 (p- and d-block compounds). We further list the mean-
CSU and MAE values in Table 1.

While it is straightforward to calculate the experimental
reaction enthalpies using AH{®, one has to consider the prop-
agation of uncertainties when AH{?® values are linearly com-
bined, and carefully compare the magnitude of the CSU to the
calculated enthalpy. We, therefore, show the CSU values of
AH; (as error-bars) in Figures 1 and 2. Experimental uncer-
tainties in AHf® of simple metal compounds are generally on
the order of =0.01 — 0.02 eV, which leads to the relatively small
error-bars in Figure 1. Their mean-CSU is 0.021 eV HF! as

Makies
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Figure 2. Comparison of HF-scavenging reaction enthalpies of p- and
d-block metal oxides calculated by DFT (Equation (5)) with the experi-
mental enthalpies calculated using available thermochemical data (Equa-
tion (6)). The error-bars show combined standard uncertainties (CSU) in
experimental values. The superscript “a” denotes values listed in ther-
mochemical tables, “b” denotes ref. [78 79] and “c” denotes ref. [80,81]
M2.67+ corresponds to MO, reacting with HF to produce MF, and MF;.
BeO is also included in this plot. The dashed-line represents perfect
agreement with experiment.

shown in Table 1. On the other hand, AH®: of most of the
p- and d-block fluorides bear large uncertainties ranging from
10.05 to £0.4 eV. Consequently, the CSUs in experimental reac-
tion enthalpies of p- and d-block compounds in Figure 2 are

3.0 ' ' ' ' ' much higher than that of simple metal compounds (as high as
M.O,, +HF —MF +1/2H,0 ~0.30 eVgHF’1 for several reagions). Relativi-CSU v(aluesg(i.e.,
25+ Rb 1 CSU /|AH]) range from =5% to over 100% in experimental
- H@g‘\CK AHZe of p- and d-block compounds. Furthermore, there are
% o0l @\Na ° 1 large discrepancies between AH{® reports in thermochemical
> ’ S e tables and more recent literature, ranging from =0.1 eV (e.g.,
< e TR FeF,’® and MnF,%) to =0.5 eV (e.g., FeF;7). Consequently, a
E 15t © i Li E straightforward validation of AHZj; by comparing to AH%;
Du_ \Ca: for p- and d-block metal compounds is hindered by the large
T 1ol .‘H”\Mg i 1 uncertainties and discrepancies in experimental data, unlike
<:F ’ o ! the s-block compounds. Nevertheless, the difference between
| @ i the mean-CSU of 0.070 eV HF! and the corresponding DFT
0.5 | N ! ] MAE of 0.157 eV HF " is relatively small, which implies DFT
i calculations can provide an acceptable level of accuracy in
0.0 ) ) L ) enthalpies of HF-scavenging reactions of p- and d-block metal
00 05 10 15 20 25 30 oxides. Thus, a DFT treatment of Equation (4) can help sys-
_AH... Experiment / eV HE" tematically study the thermodynamics in p- and d-block metal

s-HF

Figure 1. Comparison of HF-scavenging reaction enthalpies of simple
metal oxides (M,O,; where M is an alkali or alkaline-earth metal, Al or
Zn) calculated by DFT (Equation (5)) with the experimental enthalpies
calculated using available thermochemical data (Equation (6)). Using
DFT energies for HF and H,O results in an excellent agreement with
experiment, obviating the need for energy corrections for molecules.>77]
The error-bars show combined standard uncertainties (CSU) in
experimental values. The dashed-lines show the enthalpy limit
AH,_¢[Li,O], below which voltage of M,F is always higher than the cor-
responding M,O, ;. The dotted-line represents perfect agreement with
experiment.

oxide HF-scavenging reactions.

For several d-block metal compounds, we further tested the
calculated enthalpies of HF-scavenging reactions involving Fe,
Co, Mn, Cr, Ni, V and Cu with the DFT+U method as well.
Although applying U slightly decreases the MAE from 0.157 to
0.149 eV HF, the decrease is an order of magnitude smaller
than the mean-CSU of 0.070 eV HF! in experiments. So, the
use of DFT+U for these reaction enthalpies does not provide
a significantly more accurate description than DFT. Conse-
quently, we report and use mainly the results of the DFT calcu-
lations in this work.
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3.2. Lithiation Reactions of Protective Layers: DFT vs
Experiment

Lithium can be trapped in the protective layers (both oxide and
fluoride) during cycling. In this section, we evaluate the average
lithiation voltages of binary oxides and fluorides via DFT cal-
culations and compare them to the voltages calculated from
experimental data. For oxides and fluorides, overall conversion
reactions can be written as,

M, Oy, +Li— xM+1/2Li,0 (7)
M,F+Li — xM+ LiF 8)
respectively. When approximated at T = 0 K, Gibbs free energy
of the lithiation reactions in Equation (7) and (8) reduce to their

enthalpies, which can be evaluated via DFT total energies as,

AHE™[M,0,, |= xEq™ +1/ 2ER — Eve,, — B2 (9)

AHET [M,F]=xEY" + EQf" — Eny —ERY (10)

respectively. The experimental counterparts of these enthalpies
can be calculated from the formation enthalpies as,

AHE?[M,0y, |=1/2AHf 0 — AH o, (t
AHE? [M.F] = AHE, — AHES, (12)

With the enthalpies defined above, the average DFT or experi-
mental voltage upon transfer of n electrons can be calculated as,

Vi =—AHy[i]/ne (13)

for the conversion reaction of compound i. Since intermediate
reaction steps or direct lithium insertion into phases are not
considered in Equation (7) and (8), the calculated voltages corre-
spond to average voltages (vs Li metal) of conversion of M0y,
and M,F, which we denote as Vy,0,, and Vyr, respectively. Cal-
culated DFT voltages of oxides and fluorides are compared to
the experimental counterparts calculated from AH{? available
in thermochemical tables*’*% in Figure 3.

The accuracy of DFT lithiation voltages can be assessed
by comparing the MAE in DFT voltages to the mean-CSU in
experimental counterparts listed in Table 1. Similar to the HF-
scavenging reactions, DFT voltages are also highly accurate for
simple metal compounds (both for oxides and fluorides) since
their MAE is small and similar to the mean-CSU of experi-
mental voltages. On the other hand, while the mean-CSU in
voltages of p- and d-block metal oxides is still small (0.014 V),
that of corresponding fluorides is large (0.070 V) due to large
uncertainties in AH{® of fluorides. The difference between
DFT MAE and mean-CSU in experimental values, however, is
around 0.15-0.20 V for both oxides and fluorides. Therefore, we
conclude that current DFT calculations for p- and d-block metal
oxides and fluorides provide an acceptable level of lithiation
voltage accuracy on the order of approximately £0.20 V.

www.advenergymat.de

From Equation (9)—(13), one can show that a simple relation
exists between the lithiation voltages and the HF-scavenging
enthalpies:

Viro =Var =€ (AH, e [M, Oy |- AH, ¢ [Li,0)) (14)

This relation tells us for a given metal M in a certain oxidation
state, Vyp,0,, becomes larger than Vi only if AH, [MxOI,z]
of the HF-scavenging reaction is more negative than that of Li,
AH, ¢ [Li,O]. Hence, except for a few s-block metals; namely,
M = Rb, Cs, K, Sr, Na and Ba (see Figure 1), Vyy s of a binary
fluoride is greater than Vj,,, of’its corresponding binary oxide.
This trend is expected from the larger electronegativity of fluo-
rine compared to oxygen,® and it means that fluorides often
have a higher tendency to react with Li than oxides. As seen in
Figure 4, the difference between Vi and V,,,,, values varies
between approximately 1.0 and 1.5 V. In Figure 4, among the
81 pairs of M, 04, and M,F, coatings that are out of the region
enclosed by the dashed line (which is an arbitrary cutoff voltage
of 3.0 V) will potentially absorb Li during discharge.

3.3. A Combinatorial Design Approach for HF-Scavenger Coatings
3.3.1. The Design Chart for Cathode Coatings

The HF-scavenging tendencies and lithiation voltages are the
two principal thermodynamic parameters we have discussed,
the former being important for screening oxides and the latter
being important for screening both oxides and fluorides. We
can also define two additional design attributes; namely, the
volumetric HF-scavenging capacity (Qy) and the gravimetric
HF-scavenging capacity (Q¢) as the number of moles of HF
the oxide coating can scavenge per unit volume and per gram,
respectively. A high Qy is desired because it is inversely related
to the volume of the Li* diffusion barrier that is placed between
the cathode and the electrolyte. The gravimetric counterpart Q¢
should also be high to design lighter cells with higher capaci-
ties; i.e., it directly affects the specific capacity and energy den-
sity of the battery.

We combine these four properties we want to optimize in
a design chart in Figure 5, where HF-scavenging tendencies
of oxides (—~AH,_;) and lithiation voltages of fluoride layers
forming as a product of HF-scavenging (or coated directly) are
compared as a function of Qy and Q¢. Upon discharge, Li will
thermodynamically prefer to react with the coating component
that has the higher voltage. Hence, we select Vi instead of
Vim,0,, as a design parameter in Figure 5 because Vir>Vu,o0,,
for almost all cases as we have already shown in Figure 4 via
analyzing Equation (14). The only exception to this are a few
s-block metal compounds but this is not critical, because their
oxides and fluorides both have very small conversion voltages
in Figure 4 (below =1.0 V) which would presumably not be
reached upon discharging a typical Li-ion battery (a typical dis-
charge cutoff voltage is often around 3.0 VI18-20.2834)) Figure 5
consists of four different plots brought together. For each metal
oxide/fluoride pair that appears in the 81 HF-scavenging reac-
tions we devised, there is a unique point in each panel that can
be connected by drawing horizontal and vertical lines. These
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Figure 3. Calculated average voltages for oxides and fluorides versus voltages estimated from experimental formation enthalpies. Voltages for oxides
and fluorides correspond to conversion reactions M,O, +Li— xM+1/2Li,O and M,F +Li— xM+LiF, respectively, and they are calculated as described
in Equations (9-13). The error-bars show combined standard uncertainties (CSU) in experimental values.

lines combine to form property rectangles. For example, the
property rectangle sketched for Al** in Figure 5 encloses coat-
ings inferior to the oxide/fluoride of AI**. For materials that are
close in every panel such as Al** and Mg?*, we expect a similar
coating performance in terms of the metrics in Figure 5.

3.3.2. Constraints on the Design Parameters: the Criteria of Screening

For the HF-scavenging tendencies of oxides, we put forward
a simple criterion; i.e., the larger —~AH, i, the more effective

> 5
I o °
@ &
> 4 v o
g of
oK) SRm— o ‘
o, o5 % |
S T
% 2 o Q’;& ' & s-block
> o) iv p-block
c o7 1O 3d-block
21 2 0 4d-block
£ [Oh a8 O 5d-block
: 0faa® i
[T I
=) |
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DFT Lithiation Voltage [Oxide] vs. Li/ V

Figure 4. DFT average lithiation voltages of s-, p- and d-block
metal oxides and fluorides, via the conversion reactions of the form
M,0;, +Li— xM+1/2Li,0 and M,F+Li— xM+LiF, respectively. The
dashed-line is an arbitrary discharge cutoff voltage (i.e., the lowest voltage
attained during the discharge) of 3.0 V for a sample cathode to be coated.
If a prospective coating for this sample cathode has a lithiation voltage
lower than the discharge cutoff of the cathode (i.e., the components of
the coating lie in the window enclosed by the dashed-lines), the coating
will not tend to absorb lithium.

the coating will be at scavenging HF. However, there should
also be a lower limit for —AH, y; that ensures the preferential
reaction of HF with the coating in the presence of the cathode,
but it requires knowing the enthalpy of reaction of HF with
the cathode. Therefore, to estimate a lower limit for —AH_,
we adopt simple HF-attack reactions analogous to Equation (4)
for common cathode materials listed in Table 2. These reac-
tions are not meant to be prescriptive of the actual dissolution
mechanisms that would take place via solvated ions (for which
Benedek and van de Walle introduced a hybrid computational
method[®!)). Nevertheless, reactions in Table 2 provide us with
estimates for the magnitudes of the enthalpies of the HF-attack
reactions for typical cathode materials in a form consistent with
Equation (4) so that we can compare their —AH, ,;z to that of
the coatings. We see that the reaction enthalpies in Table 2 are
around —0.3 eV HF! for almost all cathode materials listed
except for LiMnO, (which means fewer coatings can provide
preferential HF-scavenging for LiMnO, cathodes compared to
other cathodes listed in Table 2). Thus, since we are searching
for oxide coatings that preferentially react with HF in pres-
ence of cathode particles, we constrain —AH, yz to have a
lower bound of 0.3 eV HF L. For example, Al,0;3 coatings have
been shown to preferentially react with HF to form AlF;,[180]
and the HF-scavenging tendency —AH, s = 0.76 eV HF ! of
Al,O; is more than twice as large as 0.3 eV HF L. To deter-
mine an upper bound is not as straightforward because the
HF-scavenging tendency is related to the general reactivity of a
compound. For example, HF-scavenging tendency of alkaline-
earth oxides increases in the order MgO < CaO < SrO < BaO
as seen in Figure 1, which is identical to the pattern followed
by the surface reactivity of these materials.®”! Thus, very large
—AH, y; values suggest an extremely reactive coating, which
may show a tendency to react also with materials present in
the cell, other than HF. However, we cannot quantify a precise
value of —AH, ¢ that would indicate an “excess reactivity.”
Upon screening, we select —AH, y of CaO as an upper limit.
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Figure 5. The design chart for comparing HF-scavenging tendencies of oxides (—AH,_), lithiation voltages of their corresponding fluorides relative to
an arbitrary discharge cutoff of 3.0 V (Vi —3.0), Qy and Q¢ of 81 metal-oxide coating candidates for Li-ion battery cathodes. Compounds are labeled
with their cations for simplicity. Sample property rectangles are drawn for A** and Mg?*. Such a rectangle for a material shows that it is thermodynami-

cally a better coating than materials that remain inside.

To avoid active-Li loss into a coating, lithiation voltages of the
coating components should be lower than the lowest voltage
attained during the discharge of the battery. For Li-ion batteries,
a typical discharge cutoff is around 3.0 V, and we include this
value as an illustrative limit in the form Vy —3.0 in the lower
panels of Figure 5. A coating with a negative Vy; value sat-
isfies this criterion. On the other hand, there is no apparent
reason to demand the coating voltage to be as low as possible,
so we do not adopt a lower voltage limit as a criterion.

3.3.3. Validation of the Design Framework

Capacity retention attained in the presence of coatings tested
under identical experimental conditions can be compared with
the design chart in Figure 5 to see whether the experimental
trends are captured with the current thermodynamic design
approach. For example, the ranking of capacity retention in the
presence of coatings tested by Kim et al.?3 is ZrO, > Al,0; >
TiO, > B,03; > SiO, > bare (uncoated LiCoO,). Compared to

Adv. Energy Mater. 2014, 4, 1400690
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other materials they tested, our calculations show both Al,O;
and ZrO, have higher HF-scavenging tendencies with good
scavenging capacities, and their fluorides AlF; and ZrF, have
low lithiation voltages. Therefore, Al,O; and ZrO, are expected
to be good coatings, in agreement with findings of Kim et al.
Our screen predicts SiO, and B,0; to be inferior to TiO, due
to lower HF-scavenging tendencies and higher lithiation volt-
ages. This result is also consistent with observations. However,
the significant performance drop with SiO, and B,0; coatings
observed by Kim et al. hints at the presence of an additional
drawback of these HF-scavenging coatings; i.e., SiF, and BF;
are not stable solids at room temperature. The HF-scavenging
reactions of SiO, and B,03, therefore, cannot produce protective
fluoride layers, and consumption of the oxide by HF eventually
exposes LiCoO, particles to HF during cycling. As a further test
of this hypothesis, a P,0O5 coating also has an HF-scavenging
product (PFs) that does not form a solid phase around room
temperature. The findings of Cho and co-workers®® confirm
our hypothesis by showing that P,Os-coating actually deterio-
rates the capacity retention of LiCoO,, the excessive capacity

wileyonlinelibrary.com
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loss likely being a consequence of PFs replenishing the elec-
trolyte with HF via Equation (2). Thus, we conclude that HF-
scavenging can provide an effective protection mainly when the
oxide coating can form a stable fluoride phase, and we take this
into account upon screening.

With a Li-Co-Ni-Mn-O based cathode, Myung et al.l'l showed
the following coatings can be ranked by the capacity retention
they provide as Al,O3 > ZnO > Ta,05 > ZrO, = Nb,05 > Bare,
but this time the differences between coatings are not as pro-
nounced as in the work of Kim et al.l?l This ranking of coatings
is consistent with our calculations of HF-scavenging tenden-
cies (except that we predict ZrO, to be better than Ta,0s.) In
further support of our hypothesis of stable fluoride formation
for extended protection, Myung et al. also suggested that the
lower electrochemical performance of Nb,O5 and Ta,0s5 coated
cathodes results from NbFs and TaF5 having low melting points
(<100 °C). These low melting points imply that the produced
fluoride layers are at higher homologous temperatures, and
hence more susceptible to temperature-induced failure, near
operating temperatures. In contrast to Myung et al., ZrO, is
even better than Al,03 on LiCoO, in ref. [23] This suggests the
performances of coatings with similar attributes in Figure 5
(such as Al,0; and ZrO,) may strongly depend on additional
factors such as the cathode material, coating morphology, thick-
ness or fabrication method, etc. However, the overall agree-
ment with the experimental trends indicates that the criteria
we employ in our framework constitute a valid set of measures
for screening performances of metal oxides as cathode coating
materials.

3.3.4. Screening Materials to Find Promising Coating Candidates

Among the set of 81 candidates, 40 materials passed the pref-
erential HF-scavenging and discharge cutoff voltage screens.
From this set, we further eliminate high HF-scavenging ten-
dency s-block oxides and low melting point fluorides (as
explained in previous section) and obtain 27 HF-scavenger
coating candidates shown in Figure 6. In this figure, to com-
pare HF-scavenging capacities (Qy and Q) of these com-
pounds on a common scale, Qy and Q¢ are normalized via
dividing by their largest values in this set (i.e., that of BeO). We
also provide average normalized capacities that assume Qy and
Qg are equally important. While materials that are known to be
effective coatings (e.g., Al,O3, MgO, TiO, and ZrO,) are already

www.MaterlalsVIews.com

(-3 Table 2. Enthalpies of reactions of common cathode materials with HF.  identified by our screening approach, several new candidates
"] For all cathodes, we a;sumed a react|9n form analogous to Equ.atlor) 4. are also predicted in Figure 6. In this section, we discuss the
-8 Products of the reactions are determined via the grand canonical linear roperties of these promising coatines alone with the alread
< programming (GCLP) method!®%#3-%5 as the ground state phases at the ~ P OP p 8 & 8 ¥
A given composition in the corresponding chemical space. tested ones.
- In agreement with its high protection performance con-
; : 15-23 :
; Reaction Enthalpy [eV HF-'] firmed in many experlme.nts,[ : ] A¥203 has an exceptionally
- - good combination of attributes in Figure 5, not only among
™8 1/4 LiCoO, + HF — 1/4 LiCoF 4+ 1/2 H,0 -0.32 .
the p-block compounds but also among the entire set of com-
1/4 LiNiO + HF — 174 NiF; + 1/4 LiF +1/2 H,0 032 pounds we consider. There is no other binary oxide in Figure 5
1/8 LiFePO, + HF — 1/8 FeF,+ 1/8 LiPF5+ 1/2 H,0 -0.28 that simultaneously provides higher —AH, y, Qy and Qg than
1/8 LiMn,O, + HF — 1/8 MnF,+ 1/8 LiMnF, + 1/2 H,0 -0.29 Al,03. MgO and BeO are very close to Al,O; and have high Qy
1/4 LiMinO, + HF 14 LiMAF, + 1/2 H,0 065 and Qc, but BeO has an obvious drawback in battery manu-

facture due to toxicity concerns. Other s-block metal oxides
provide the largest —AH, y values and lowest voltages in
Figure 5 with scavenging capacities considerably lower than
Al,O; or MgO. The performances of s-block compounds are
likely to be hampered by low e- and/or Li* conductivities they
or their HF-scavenging products (such as the undesired LiF
in case of Li,O) possibly have, while their reactivities may also
impede their performance. Although it has lower Qy and Q¢
values than Al,03, Ga,0; is the only other p-block compound
with an acceptable combination of attributes.

The most remarkable feature of transition metal oxide coat-
ings is that in every panel of Figure 5, they occupy the region
between Al,0;/MgO, and the cluster of p-block compounds
close to the center of the plot. Several 3d-block compounds, and
mostly the trivalent 3d-metal oxides, exhibit HF-scavenging ten-
dencies and capacities much closer to Al,O; than the rest of the
p- or d-block compounds as shown in Figure 5 and 6. Sc,05 is
a prominent one among these, very close to Al,0; and MgO in
terms of all parameters. The rest of these viable coating candi-
dates are Ti,O3; V,03, Cr,0;, Mn,0; and TiO,. Among these,
TiO,[21:233233] and Cr,051¥ have already been reported to pro-
vide acceptable levels of protection. ZrO, and Y,0; stand out
among the 4d-block compounds. ZrO, has attracted significant
attention as a cathode coating,['>-17-21:232432 while we could find
only a single study® regarding Y,0;. HfO, is a reasonable can-
didate from the 5d-block but its drawback is only a relatively
small Q.

3.4. LiF-Scavenging by Binary Fluorides

A concept we have introduced is scavenging the LiF precipi-
tate from the cathode surface. LiF is a wide-bandgap material
and has low Li* diffusivity. Fluorides, whether applied directly
as coatings or produced by HF-scavenging reactions, can serve
as LiF-scavengers if they react with LiF and yield stable ternary
compounds. The generic LiF-scavenging reaction of a fluoride
M,F can be written as,

aM,F + LiF — (M,F), (LiF) (15)

An exhaustive search for LiF scavengers requires a large
database of ternary (M,F),(LiF) compounds in all Li-M-F sys-
tems. However, the number of known Li-M-F compounds avail-
able in the ICSD is already very limited. To predict new ternary
compounds, one would need to carry out a massive set of DFT
calculations even for a single Li-M-F system (e.g., see ref. [46]
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Figure 6. Coating candidates that pass the applied screens versus their
normalized HF-scavenging capacities. Averages of the normalized scav-
enging capacities are also shown. Compounds are labeled with their
cations for simplicity.

for the Li-Fe-F system), and such a high-throughput structure
prediction is beyond the scope of this work. Here, we simply
introduce the LiF-scavenging concept, and we instead utilize
the ternary Li-M-F compounds available in the ICSD. The enu-
merated LiF-scavenging reactions and their enthalpies (AH, )
are listed in Table 3.

In support of the existence of a LiF-scavenging mechanism,
a phase in the form (M,F),(LiF) was observed by Liu et al.¢
when nano-Al,0; was soaked in a LiPFg based electrolyte.
They identified reactions that involve HF and LiF, and lead to
AlF; and Li;AlF; formation on the cathode surfaces. This val-
idates our prediction (Table 3) of the stability of Li;AlF with
respect to AlF; and LiF; i.e., AlF; can react with LiF to produce
Li;AlF;. Sun and co-workers!3% also proposed that AlF; may be
reducing the LiF precipitation on LiCoO,. Moreover, LiF forma-
tion was observed to be significantly retarded in presence of a
TiO, coating,**! in accord with our prediction (Table 3) of the
stability of Li,TiFs. Our hypothesis, therefore, is supported by
experimental observations. LiF-scavenging can be an important
mechanism which contributes to the performance of coatings
like Al,0;, ZrO, and TiO, (and their fluoride counterparts).
Among the compounds that are already tested experimentally
or those we have indicated to be promising, Al**, Be?*, Cr’*,
Ga*, Mn*, Nb>*, Pt*, Ta>*, Ti**, Y>* and Zr** oxides/fluorides
can potentially reduce LiF-precipitation on cathode particles by
forming stable ternary Li-M-F compounds, as listed in Table 3.

3.5. Beyond the Current Thermodynamic Framework

Our analysis in the preceding sections focuses on the impor-
tant phenomena of HF-scavenging, Li-loss into components
of a coating and LiF-scavenging concept, which are mainly
related to the thermodynamic mechanisms of cathode protec-
tion by coatings. In this section, we discuss the limitations of
the current framework and suggest possible future studies
that can help further understand the cathode protection
mechanisms.

www.advenergymat.de

The forms of the reactions given in Equation (4), (7), (8)
and (15) are assumed in accordance with the experimental
observations. The actual reaction paths may exhibit interme-
diate steps involving ternary or quaternary compounds such as
metal-oxyfluorides, -hydroxides or other metal-complexes, with
or without lithium. For instance, hydration of coatings can be
important to overcome the water regeneration issuel?*! in Equa-
tion (4), since it causes further acid production. Also, we con-
sider lithiation to occur by the reactions in Equation (7) and (8)
which give average voltages, whereas the actual lithiation path
may involve ternary Li-M-F compounds or Li insertion. Such
intermediate steps of reactions should be explored for specific
cathode coatings in future studies. In addition, although we
select fluorides as the products of HF-scavenging reactions,
there are a large variety of anions other than F- in the electrolyte
that a metal cation can bind to, such as (OH)’, PF¢ or (CO3)%,
etc. However, to incorporate such anions into the thermody-
namic framework requires knowledge of the activities of these
ions in the electrolyte, which are not always readily available. In
summary, all reactions we consider are measures of the overall
processes, biased by the selection of the reactants and products
according to the experimental observations. Nevertheless, the
selected reactions yield results consistent with the experimental
capacity retentions, as we have shown in previous sections.

Our screening methodology is based on bulk thermodynamic
aspects to reveal the general trend among various HF-scavenger
coating candidates, but the actual performance of the coating
can depend on additional factors such as the cathode material,
as well as uniformity, morphology and thickness of the coating.
The specific criteria we give here for HF scavenging energies
and lithiation voltages may need adjustments for a particular
cathode material. Complete surface coverage with compounds
stable against acids may provide adequate physical protection,
while the HF-scavenging mechanism is suggested to be of par-
ticular importance when coatings are rough or patchy.l'”! Coat-
ings or subsequently formed layers may also be amorphous.’
However, we do not expect the slightly higher energies of amor-
phous phases to significantly alter the thermodynamic tenden-
cies revealed here. In contrast, we note that kinetic properties
such as Li* or e- transport may be significantly affected by
the degree of crystallinity of the material.*® Ensuring unin-
terrupted Li* transport through the coating components is a
key factor in designing coatings that do not diminish the rate
capability of a Li-ion battery. Computational investigation of
such kinetic processes, however, is often an intricate task that
requires focusing on a smaller set of materials than we consider
in this work. Therefore, our work serves as an initial discussion
of the thermodynamics of a particular failure mechanism, i.e.,
that of HF attack, and identifies the thermodynamically prom-
ising materials prior to kinetic investigations, which will be the
subject of future studies.

It is also important that both reactants and products are
stable solids in the presence of electrolytes and at operating
temperatures of Li-ion batteries. For example, we have already
taken into account during screening that although they can
scavenge HF, materials such as SiO,, B,03;, Nb,Os or Ta,Os
are likely to have performances inferior to other candidates due
to unstable or low melting point fluorides at operating tem-
peratures. A different example is the LiF-scavenging product
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LiAsFg, which is already known to be a salt for Li-ion battery
electrolytes, and may tend to dissolve in the electrolyte. Further-
more, it must be ensured that the Li* and e- conductivity of the
products of LiF-scavenging reactions are superior to LiF itself.
Finally, there are also other qualities expected from a coating,
such as good adhesion to cathode surface, cost-effectiveness,
and more importantly good Li* and e- conductivity, which we
do not take into account in our thermodynamic analysis.

4, Conclusion

In this study, we have introduced a thermodynamic framework
for screening cathode coating materials for Li-ion batteries
with HF-bearing electrolytes. The framework is based on four
attributes: i) HF-scavenging tendencies, ii) volumetric and iii)
gravimetric HF-scavenging capacities of oxides, and iv) tenden-
cies of cyclable-Li loss into components (oxides and fluorides)
of the evolving coating. Of the 81 HF-scavenging reactions
enumerated among the s-, p- and d-block binary metal oxides
and fluorides, about half of the reactions lack enough experi-
mental thermochemical data to calculate reaction energies, and
the majority of the rest have large combined standard uncer-
tainties. Employing DFT-based thermodynamics, we have con-
ducted a systematic analysis of binary oxide/fluoride coating
candidates by incorporating all four attributes (i-iv) in a com-
binatorial design scheme. We have demonstrated that some of
the cyclable-Li might be lost into metal fluorides, due to their
lithiation voltages being around 1.0 to 1.5 V higher than the
corresponding oxides. The enhancements in capacity reten-
tion observed in experiments when the cathode particles are

wileyonlinelibrary.com
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(- Table 3. LiF-scavenging reactions and enthalpies calculated with DFT. In  coated with metal oxides such as Al,03, ZrO,, TiO, or MgO are
" Li-Cs-F system, we only list two reactions and do not further list those  found to be consistent with the current thermodynamic design
(- § for LiCs,F3, Li,CsFs, LisCsF, and LisCs,Fs since none of them are stable .
P with respect to CsF and LiF approach. Further comparison of our results for p-block com-
A pounds with experimental data helped us demonstrate that HF-
scavenging is effective only when a solid fluoride layer can form
| Reaction AH,_ ¢ Reaction AH,_ ¢ ging Y ) . . 4
wll _71 '4 as a product of the HF-scavenging reaction. While Al,0; —the
E [eV LiFT] [V LiFT] most widely studied cathode coating— and MgO outperform
AIF; + 3LiF — LisAlFg ~0.118 MnF, + LiF — LiMnF, ~0.096 most of the p- and d-block compounds, trivalent d-block oxides
AsFs + LiF — LiAsFg -0.938 LiMnF, + LiF — Li,MnFs  -0.009 5,03, T1_203’ VZQS’ Cr203j MnZO% and Y%Q3 are predicted to be
AF+ 5 LIF > LIAGF 0524 MnE. 4 2LiF o LiMnF 0.395 competitive coatings. Design attributes (i-iv) of these materials
U b HA e Mrav st RNt are closer to Al,03; and MgO than the rest of the p- or d-block
AuFs + LiF — LiAuF, -1.050 NbF, +2LiF — Li,NbFg  -0.147 metal oxides. Furthermore, we have shown that LiF-scavenging
BaF, + LiF — LiBaF, 0.118 NbFs + LiF — LiNbF4 -0.736 might be one of the protection mechanisms that successful
BeF, + 2LiF — Li,BeF,  ~0.125 PdF, + 2LiF — Li2PdF, ~0.609 coatings exhibit. The current DFT-based approach can reduce
he experimental eff requir i r novel in
BiFs + LiF — LiBiF, -0.142 PtF, + 2LiF — Li,PtFg -0.665 the experimental efforts requ ed o d scover novel coating
o - _ _ materials optimized for systems with an LiPFg-based electro-
BiFs + LIF = LiBiFe ~0.8%6 ROF + LiF — LIRbF, ~0.070 lyte and residual water (where HF-attack can be a degrada-
CoFs + LiF — LiCoF, -0.083 RuF, + 2LiF — Li;RuFg -0.143 tion mechanism), when combined with information regarding
CrF; + 3LiF — Li;CrFg -0.136 ScFs + 3LiF — LisScFg 0.018 kinetic and electronic aspects; namely, ionic and electronic con-
CrF, + 2LIF — Li,CrFg  —0.404 TaFs + LiF — LiTaFg 0877 ductivities of the components of a coating.
CsF + LiF — LiCsF, -0.017 TiF, + 2LiF — Li,TiFg -0.731
3CsF + LiF — LiCssF 0.087 YF; + LiF — LiYF -0.207 . .
o ’ ) Supporting Information
GaFs +3LiF — Li;GaFg ~ —0.153 ZrFy + 2LiF — Li,ZrFg -0.246
ing Infc jon i ilable fi h il line Li
GeFy+2LiF - Li,GeFg  -0.545  Li,ZrFg+2LIF — LijZrFy  —0.008 ?r‘;iz"t’g”ithnofrmat'o” is available from the Wiley Online Library or
InFy + LiF — LilnF, -0.102
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