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The practical deployment of batteries with superior energy and power densities is,

among other factors, prohibited by the lack of suitable electrolyte formulations. While

first-principles design promises accelerated discovery of practical battery electrolytes,

its high computational cost limits the chemical space that can be analysed through

screening. Herein, we show a computationally inexpensive approach, using descrip-

tors within the framework of conceptual density functional theory, that can provide

valuable insights into the reactivity of battery electrolyte components. By focusing

on anions in liquid electrolytes for which abundant experimental data is available for

benchmarking, we explore several descriptors against key experimental observables for

a series of salts (LiPF6, LiBF4, LiTFSI, LiDFOB, LiTDI). We show that the descrip-

tors evaluated for single species can provide insights consistent with those obtained

from experiments or more complex models, while maintaining a favourable computa-

tional cost. This establishes conceptual density functional theory as a promising tool

for high-throughput screening of electrolyte components (salts, solvents, diluents,

additives).

a)Electronic mail: matej.hus@ki.si
b)Electronic mail: robert.dominko@ki.si

1

Page 1 of 24 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 3
:2

1:
56

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6TA00383D

mailto:matej.hus@ki.si
mailto:robert.dominko@ki.si
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ta00383d


I. INTRODUCTION

Lithium-ion batteries have revolutionized energy storage, enabling the rapid expansion

of portable electronics and electric vehicles.1 However, for further electrification of society,

an additional increase in the energy density of Li batteries is crucial, expanding their range

of applications and optimizing the cost.2 Three main directions to increase Li battery en-

ergy density are (i) decreasing the battery mass by replacing a negative graphite electrode

with metallic Li,3 (ii) increasing battery output voltage by employing high-voltage posi-

tive electrode materials,4 and (iii) the use of positive electrode materials with high specific

capacity.5 A major challenge of these approaches is their incompatibility with conventional

Li-ion battery electrolytes, mainly due to Li dendrite growth and electrolyte degradation.6

New electrolytes are needed for advancing application-relevant battery technologies, which

can be proposed by systematic screening and rational design.7

Leveraging in silico screening approaches for battery electrolyte discovery is a promis-

ing avenue to accelerate the search across the extensive chemical space of electrolyte

components.8 Hitherto reported studies typically rely on density functional theory (DFT)

calculations,8,9 classical molecular dynamics (MD) simulations,10,11 machine learning of ex-

perimental data,12,13 or a combination of these methods.14–16 However, these approaches

come with important drawbacks: classical MD simulations depend on the availability of

experimentally validated force-field parameters17 with limited transferability, reducing the

predictive power for experimentally unexplored formulations. Similarly, the performance of

machine learning models remains limited to analogous formulations, performing poorly for

compositions that differ significantly from the training set.18,19 While DFT can be readily

applied to new and experimentally unexplored chemical systems, the computational cost

of quantum chemical calculations presents a practical bottleneck that severely limits the

searchable chemical space. Indeed, advances in DFT-based approaches that would allow

screening more diverse chemical spaces and, at the same time, yield experimentally relevant

descriptors have been identified as a priority research direction in computational electrolyte

design.20

As a promising remedy, we turn to conceptual DFT, which focuses on the extraction

of chemically relevant concepts and principles from DFT.21,22 While conceptual DFT has

long established itself as a standard methodology in theoretical organic chemistry,23 it has
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received surprisingly limited attention in the context of battery electrolytes,24–29 and has

not been systematically compared to experimental observables across a range of chemical

compositions.

Here, we show that descriptors within the framework of conceptual DFT can provide

valuable insights into the (electro)chemical properties of battery electrolytes at a very

moderate computational cost. As an example, we focus on anions as they strongly in-

fluence electrolyte structure, transport properties, and electrochemical behaviour.30–33 We

assess the effect of anions on the electrochemical stability of the electrolyte, the mecha-

nism of their oxidative/reductive anion decomposition, and the interaction of anions with

nucleophiles/electrophiles, by focusing on electrolytes based on LiPF6, LiBF4, lithium

bis(trifluoromethylsulfonyl)azanide (LiTFSI), lithium difluoro(oxalato)borate (LiDFOB)

and lithium 2-trifluoromethyl-4,5-dicyanoimidazole (LiTDI) salts (structural formulae of

the corresponding anions are shown in Figure 1a). This set of anions was chosen to capture

the chemical diversity (size, charge delocalization, functional groups) of battery electrolyte

salts, while remaining small enough to allow direct comparison with previous experimental

studies and costly high-level calculations rather than screen a vast theoretical configurational

space. In essence, this is a conceptual study rather than a screening endeavor.

II. COMPUTATIONAL METHOD

First-principles calculations were performed at the DFT level, employing a long-range-

and dispersion-corrected hybrid functional ωB97X-D.34 Molecular geometries were optimized

within the def2-TZVPD basis set,35,36 while the def2-QZVPD basis set36,37 was employed for

single-point calculations. The DFT calculations were performed using Gaussian 16 (ES64L-

G16RevC.02).38 Basis sets were obtained through Basis Set Exchange (BSE).39 Pymatgen40

and Multiwfn41 were used to handle input/output files. Visual Molecular Dynamics (VMD)42

was used for visualization. The convergence criterion for geometry optimization was set

using the Opt=tight keyword to apply the following convergence thresholds: maximum

force < 1.5 · 10−5 Eha
−1
0 , root mean square (RMS) force < 1.0 · 10−5 Eha

−1
0 , maximum

step < 6.0 · 10−5 Å, and RMS step < 4.0 · 10−5 Å. Vibrational analysis was performed to

verify the minima of the potential energy surface through the absence of vibrational modes

with imaginary frequencies. In models that include implicit solvation, the EC:EMC 3:7
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blend (ϵ = 18.5)43 was mimicked with the solvent parameters of acetone (ϵ = 20.5), which

is deemed an adequate approximation.44,45 Li+-anion association strength is reported as

the opposite of the Li+-anion binding energy ∆E. In the calculation of bond dissociation

energies, the geometries of all species were optimized.

III. RESULTS AND DISCUSSION

A key parameter limiting the output voltage of a battery cell is the electrochemical

stability window (ESW) of the electrolyte,46 i.e., the range in volts between its limits of

oxidative and reductive decomposition. Therefore, we first focus on the effect of the Li salt

by comparing the ESW of 1 M solutions of the five salts in ethylene carbonate (EC) : ethyl

methyl carbonate (EMC) (3:7 weight ratio), a typical solvent blend and salt concentration

used in commercial Li-ion batteries.47 Delp et al. experimentally investigated the ESWs

of these systems by cyclic voltammetry (CV) measurements using a glassy carbon working

electrode (Figure 1b).48 Experimentally, ESWs of electrolytes (disregarding small irreversible

peaks that likely originate from impurities) widen, as follows: LiTDI < LiDFOB < LiTFSI

< LiBF4 < LiPF6.

We begin by exploring a simple descriptor of global anion stability, the absolute hardness

η.49 It is defined as the second derivative of energy with respect to the number of electrons:

η =
1

2

(
∂2E

∂N2

)
Z

.
=

1

2
(EN+1 + EN−1 − 2EN) (1)

Here, E indicates the energy, N the number of electrons, and Z the number of nucleons

(i.e., emphasizing the fixed atomic nucleus). Absolute hardness was introduced as a quan-

titative extension of the qualitative hard and soft acids and bases (HSAB) theory.50 In this

context, anions of battery electrolytes can be viewed as HSAB bases, with η quantifying

their hardness/softness character. We rank the five anions from soft to hard based on their

absolute hardness in the gas phase in Figure 1c. Remarkably, the ranking of anions based

on a simple descriptor of η qualitatively aligns with the experimental ESW of corresponding

1 M EC/EMC electrolytes. This supports the intuitive correlation between the electronic

stabilization of an anion (η) and the ESW of the corresponding electrolytes. This holds as

long as the stability is governed by the anion rather than by solvent or impurity oxidation,

and the modeling of anions in the gas phase emphasizes intrinsic anion properties without

4
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FIG. 1. Stability of electrolyte components explored in this work. (a) Structural formulae

of PF –
6 , BF –

4 , bis(trifluoromethanesulfonyl)azanide (TFSI–), difluoro(oxalato)borate (DFOB–), 4,5-

dicyano-2-(trifluoromethyl)imidazole-1-ide (TDI–) salt anions, ethylene carbonate (EC) and ethyl

methyl carbonate (EMC) solvent molecules, and H2O and HF molecules as common impurities. (b)

Experimental reduction (left) and oxidation (right) cyclic voltammetry curves of various 1 M salt

in EC:EMC (3:7 wt%) solvent mixtures. (This panel is reprinted from Delp et al.48 with permission

from Elsevier.) (c) Chemical hardness of the investigated anions, without accounting for solvent.

(d) Stability windows of investigated anions, solvents, and impurities. Oxidation limit is determined

as the ionization potential of the corresponding species, whereas reduction limit is determined as

the electronic affinity of the species-Li+ cluster.

the influence of the solvent. Nevertheless, we recover the same qualitative trend if we include

the implicit solvation of anions via the integral-equation-formalism polarizable continuum

model (IEF-PCM)51 or the solvation model based on the solute electron density (SMD)52

(Table S1). When accounting for solvent, all anions appear softer (0.9–2.0 eV) but their

relative ordering remains unchanged. Similarly, Jaramillo et al. show that solvation effects

stabilize anions and destabilize cations in terms of η. While implicit solvation is sufficient

for qualitative trends, explicit solvation is required to achieve a quantitative agreement with

experiment.53
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The experimental determination of ESW is limited by the potentials at which reduction

and oxidation of the electrolyte occur. While η provides a valuable approximation, it is more

rigorous to address oxidation and reduction separately. To shed light on the species and

effects limiting the ESW, we separately investigate the five anions, both solvent molecules,

and the two common impurities: H2O and HF. Trace amounts of both impurities are known

to heavily impact the electrolyte (electro)chemistry.54–56 Trace H2O is always present in

organic solvents, while HF is formed via the hydrolysis of PF –
6 anions.57 We approximate

the stability window based on the vertical ionization potential of the species and the vertical

electronic affinity of the Li+-species pair:

IPLi/Li+ =
(EN−1 − EN)

e0
− 1.4 V (2)

EALi/Li+ = −(EN+1 − EN)

e0
− 1.4 V (3)

where e0 is the elementary charge and 1.4 V represents a conversion constant from the

absolute potential scale58 to the Li/Li+ reference. In accordance with previous reports, EA

is reported for Li+-species pairs.45,59

The stability windows in the gas phase are shown in Figure 1d. The trend of anion

IPLi/Li+ agrees with the experimentally determined oxidative stability of the corresponding

electrolytes. On the other hand, anion EALi/Li+ has values well below those of the solvent

or the impurities. This suggests anion-limited oxidative stability and impurity- and solvent-

limited reductive stability.

Thus, we focus on anion and solvent oxidation by comparing the vertical IP in the gas

phase with the adiabatic IP in the implicit solvent (Figure 2a). The anion ordering by the

experimental oxidative stability (Figure 1b) aligns well with the ordering of vertical IP in the

gas phase. Still, these results cannot explain the comparable experimental oxidative stability

of LiBF4 and LiPF6 electrolytes. Considering adiabatic IP in the implicit solvent, the IP

of EMC and EC drops below those of BF –
4 and PF –

6 , pointing to solvent-limited oxidative

stability in the case of LiBF4 and LiPF6. This behavior agrees with an earlier report on

reduced, solvent-dependent oxidative stability of systems with small difference between IP

of anion and solvent60 - as for BF –
4 and PF –

6 in the present case.

Similarly, we compare EA (electron affinity) of Li+-solvent and Li+-impurity pairs in Fig-

ure 2b EAs of Li+-anion pairs are not shown here as they are substantially lower (Figure 1d).
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FIG. 2. Redox properties of investigated species: (a) Ionization potentials (IP) for solvent

molecules and anions. Vertical IP in the gas phase and adiabatic IP in the implicit solvent are

shown in purple and gold, respectively. (b) Electron affinity for Li+-solvent and Li+-impurity pairs.

(c) Li+–anion association strength for investigated anions.

Despite significant quantitative differences between vertical (gas phase) and adiabatic (im-

plicit solvent) EA, the EA increases, as follows: EMC ≈ EC < H2O < HF. The EC < H2O

< HF ordering agrees with experimental reduction potentials.54,55 For LiPF6-based elec-

trolytes, this suggests that anode passivation proceeds via sequential reduction of HF and

H2O impurities, followed by solvent reduction. This could explain the extended reductive

stability of the LiPF6-based electrolyte and agrees with the seminal work of Peled et al.,

proposing a LiF-dominated inner solid electrolyte interphase (SEI), Li2O/LiOH-dominated

intermediate SEI, and organic outer SEI.61

Let us explore other salts beyond LiPF6. The EA for Li+-anion− species (Figure 1d) can-

7
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not explain the differences in experimental reductive stability (Figure 1b). Interestingly, the

reductive stability does correlate with the anion association strength (Figure 2c, Supplemen-

tary Discussion 1, Table S2): the stronger the ionic association, the stronger the reductive

stability. We hypothesize this could be related to a higher population of contact ion pairs

and ionic aggregates in electrolytes with strongly associating anions, given the tendency for

ion-pair formation in EC:EMC-based electrolytes.62 This explanation is analogous to the

reasoning behind the improved reductive stability of super-concentrated electrolytes, i.e.,

the significant population of contact ion pairs and aggregates tends to shift the reduction

from solvent molecules to anions,63 which have lower EA.

Anions not only contribute to the electrolyte ESW, but can also modulate the com-

position of the SEI and cathode electrolyte interphase (CEI).30,32,64 A rational design of

anion-derived interphases depends on the understanding of the underlying anion decom-

position mechanisms. This motivates us to explore how the electronic structure of anions

responds to the extraction and addition of electrons, mimicking oxidation and reduction,

respectively. This response can be characterized via the Fukui function f(r⃗):65

f(r⃗) =

(
∂ρ(r⃗)

∂N

)
Z

(4)

where ρ(r⃗) is the electron density. Given the discontinuity of ρ(r⃗) with respect to N ,66 it is

meaningful to define the oxidative Fukui function f−(r⃗) and the reductive Fukui function

f+(r⃗), and approximate them via finite differences:

f−(r⃗)
.
= ρanion(r⃗)− ρneutral(r⃗) (5)

f+(r⃗)
.
= ρdianion(r⃗)− ρanion(r⃗) (6)

where ρanion(r⃗), ρneutral(r⃗) and ρdianion(r⃗) are electron densities of the anion, neutral radical

and dianion radical, respectively.

The oxidative/reductive Fukui functions for DFOB–, TFSI–, and TDI– anions are il-

lustrated in Figure 3a (isosurface values are provided in Table S3, while in Figure S1 we

separately show positive and negative isosurfaces). The Fukui functions are evaluated in the

IEF-PCM implicit solvent, except for f+ of DFOB–, which is evaluated in the gas phase (the

corresponding IEF-PCM f+ is shown in Figure S2). The Fukui functions of BF –
4 and PF –

6 are

8
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not reported due to the degeneracy of their frontier molecular orbitals (see Supplementary

Discussion 2).

FIG. 3. Response of the anions to oxidative/reductive perturbation. (a) Oxidative (top)

and reductive (bottom) real-space Fukui functions for DFOB–, TFSI–, and TDI– anions. For clarity,

only the positive isosurface is shown. B, C, F, N, O, S atoms are shown in pink, tan, cyan, blue,

red, and yellow, respectively. (b) Proposed mechanism of the initial stage of reductive and oxidative

decomposition of TFSI– anion based on bond dissociation energetics.

We first focus on the electrochemical decomposition of DFOB–, an important additive in

high-voltage Li-ion batteries.67 The oxidative Fukui function f− changes its sign along the

B O bond, suggesting its cleavage under oxidizing conditions. Indeed, the cleavage of the

B O bond has been proposed several times68–71 as the initial stage of oxidative DFOB– de-

composition, leading to a favorable passivation of the positive electrode via CEI formation.72

The characterization of reductive decomposition is experimentally more challenging, as it

competes with the solvent reduction,72 which is typically more favoured (vide supra). How-

ever, recent ab initio molecular dynamics (AIMD) simulations identified the C O(cycle)

and B F cleavage as drivers of reductive decomposition of DFOB– in a polyethylene oxide

matrix on Li(100).73 This is in line with the reductive Fukui function f+, which points to

the reductive C O(cycle) cleavage. Henceforth, we refer to a chemical bond along which
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the oxidative or reductive Fukui function changes its sign as the bond of the oxidative Fukui

inversion or the bond of the reductive Fukui inversion.

In TFSI–, the bonds of oxidative and reductive Fukui inversion are S C and N S, respec-

tively. We complement these results by evaluating the bond-breaking energetics upon elec-

tron attachment/removal (Table S4), which support C S-cleavage-driven oxidative TFSI–

decomposition and reductive decomposition via breaking of the N S (Figure 3b). Previ-

ously, the oxidative decomposition was attributed to the S C cleavage in an organic battery

electrolyte74 and to the N S cleavage in WiS.75 On the other hand, studies on the reduc-

tion of TFSI–-containing ionic liquids76,77 and ether-based battery electrolyte78 suggest a

reductive decomposition via the N S cleavage, while the C F cleavage was proposed for

the LiTFSI WiS electrolytes.75,79 The oxidative/reductive Fukui inversions adequately point

to breaking-prone chemical bonds, as evidenced from the agreement with the bond-breaking

energetics and most previous reports.

Bond dissociation energies for TDI– suggest the formation of fluorine radicals and fluoride

anions under oxidative and reductive conditions, respectively (Table S5). The corresponding

Fukui functions also point to the possibility of C F bond breaking in both cases. We note

that Fukui functions could also point to ring opening, while bond dissociation energetics

suggest that this mechanism is less favorable. Previous reports have also reported the

decomposition of TDI– via the cleavage of the C F bond.80,81

Noteworthily, Fukui function may fail to predict the correct product under kinetically

controlled ambident reactivity.82 In anionic systems with significant delocalization error,

analytical evaluation of the Fukui function was shown to perform better than the finite-

difference approximation.83 Overall, while Fukui functions do provide important insights

into species response to oxidative/reductive perturbation, we believe they should be inter-

preted with care and complemented by other methods.

Another important aspect of electrolyte reactivity is their tendency for speciation with

nucleophilic and electrophilic species. For example, a nucleophilic attack of H+ on EC

triggers a chemical cascade that compromises all battery components.84 Keeping the focus

on the three anions, we evaluate them using the dual descriptor (DD) ∆f(r⃗),85 a metric

that allows the identification of nucleophilic and electrophilic sites.86 We evaluate it as the
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difference between the corresponding Fukui functions (in the gas phase):

∆f(r⃗) = f+(r⃗)− f−(r⃗) (7)

A (more) positive ∆f(r⃗) indicates a (more) electrophilic region, and a (more) negative ∆f(r⃗)

indicates a (more) nucleophilic region. Positive (red) and negative (blue) DD isosurfaces are

shown in Figure 4a (isosurface values are provided in Table S6), indicating electrophilic and

nucleophilic regions, respectively.

FIG. 4. Local nucleophilicity and electrophilicity of DFOB–, TFSI–, and TDI anions

identified via dual descriptor. (a) Positive (red) and negative (blue) isosurfaces of the dual

descriptor. Colour code for atoms is the same as in Figure 3a. (b) Structural formulae of anions

with atoms color based on the value of the condensed dual descriptor.

In DFOB–, the boron atom appears strongly electrophilic, in agreement with the non-

redox reactivity87,88 of DFOB– with nucleophilic components of SEI, leading to a ring opening

via attack on the boron atom. On the other hand, carbonyl oxygen atoms are the most

nucleophilic, aligning with ring opening, induced by coordination of the Li+ electrophile to

carbonyl oxygen atoms.89

The nitrogen and sulphur atoms are nucleophilic and electrophilic centres of the TFSI–

anion, respectively. The speciation of the TFSI– anion has been investigated via AIMD

simulations for WiS electrolytes, revealing that the proton attaches to the nitrogen of TFSI–,

forming a superacid HTFSI,90 in agreement with DD. An AIMD simulation of nucleophilic
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OH– attack on TFSI– in the gas phase environment showed that OH– preferentially attacks

the sulphur atom.91 However, simulations that explicitly include water solvent molecules

indicated a preferential nucleophilic substitution at the carbon atom, driven by steric effects91

that DD cannot capture. On the other hand, a nucleophilic attack of OH– on the sulphur

atom of [MgTFSI]+ contact ion pair, explicitly solvated by diglyme, was also observed by

AIMD, in line with DD.92

In TDI–, the values of DD are rather low. The most electrophilic region appears to

be the carbon atom of the cyano group, while the cyclic carbon atom, to which CN

is bonded, appears the most nucleophilic. This does not agree with the experimentally

observed coordination of Li+ and the proton of H2O to the nitrogen atoms of TDI– (cyano

or cyclic).93,94 We probe nucleophilicity of TDI– sites by evaluating energetics for a model

nucleophile (H+), confirming the cyclic N atom as the most favourable site (Figure S3).

While DD successfully identified the most nucleophilic site it failed for the most electrophilic

site, likely due to a low magnitude of DD and small variation in DD across the anion, possibly

related to the strong chemical and thermal stability of LiTDI-containing electrolytes.93,95

Projection of DD values to specific atoms can be more useful, especially in the context of

high-throughput approaches. We achieve this by partitioning the species charge into CM5

partial charges,96 obtaining an atom-specific condensed dual descriptor (CDD). CDDs are

illustrated in Figure 4b, with the corresponding numerical values provided in Figure S4.

CDDs match the real-space DDs well and allow a direct comparison of reactive centres

between the various anions: B of DFOB– stands out as a very strong electrophile, while

N of TFSI– and carbonyl O of DFOB– are moderate nucleophiles. All other atoms exhibit

significantly weaker electrophilicity/nucleophilicity.

To assess its predictive power, CDD is tested against the binding energies of anions with

representative model species: electrophile H+ and nucleophile OH– (Table I, Figure S3).

We observe a linear correlation between the CDD maximum and H+ binding energy, despite

small energy differences between TFSI– and DFOB– (Figure S4). While CDD fails to predict

a slightly more favourable OH– binding to TDI– compared to TFSI–, presumably due to the

proximity of a strongly nucleophilic N, the strong nucleophilicity of the B atom of DFOB–

with large CDD indeed leads to much stronger OH– binding to DFOB– compared to both

TDI– and TFSI–.
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TABLE I. Condensed dual descriptor minima/maxima for TDI–, TFSI–, and DFOB– along with

H+/OH– binding energies in the gas phase and in water (SMD).

TDI– TFSI– DFOB–

min CDD / e0 −0.07 −0.22 −0.19

∆Egas

H+ / eV −12.33 −13.20 −12.96

∆ESMD
H+ / eV −11.09 −11.49 −11.38

max CDD / e0 0.06 0.08 0.59

∆Egas
OH– / eV 2.23 2.31 1.53

∆ESMD
OH– / eV −3.79 −3.42 −5.00

IV. CONCLUSION

In conclusion, we have shown that descriptors from the framework of conceptual DFT can

be used to understand the behavior of anions in battery electrolytes, including some impor-

tant aspects of their (electro)chemical reactivity. While some descriptors are too simplistic

to accurately predict all observables, they capture the key trends remarkably well, making

them suitable for quick screening of the extensive chemical space, e.g., for the initial layers

of the computational funnel approach.97 In addition to anions, the descriptors discussed in

this work can be used to study solvent, diluent, and electrolyte additive molecules. More

broadly, this framework could also be applied to other systems, where anions play a key

role, such as electrolytes for Li-mediated nitrogen reduction reaction98 or electrochemical

CO2 reduction.99 We believe this work will motivate the community to utilize the variety

of tools that conceptual DFT offers and accelerate the design of advanced electrolytes for

electrochemical energy storage/conversion.
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