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lonic liquids possess compelling properties and vast chemical
diversity, promising unprecedented performance and tunability
for advanced electrochemical applications in catalysis, sensing,
and energy storage. However, with broad tunability comes
intractable, multidimensional parameter spaces not easily tra-
versed by empirical approaches, limiting both scientific under-
standing and technological breakthroughs with these novel
materials. In this Communication, we propose an extensible figure
of merit that co-optimizes key ionic liquid properties, including
electrochemical stability window, viscosity, and molecular ion
size with respect to pore sizes of nanoporous electrodes typically
utilized in electrochemical technologies. We coupled density
functional theory (DFT) with informatics to augment physio-
chemical property databases to screen for high-performance
room-temperature ionic liquid (RTIL) candidate compounds. This
co-design framework revealed a number of promising RTILs that
are underrepresented in the literature and thus warrant future
follow-up investigations.

Room-temperature ionic liquids (RTILs) are promising for
future electrochemical applications as safe and high-perform-
ance alternatives to conventional electrolytes due to their low
volatility, large conductivity, broad chemical tunability, high
thermal stability, and wide electrochemical stability window
(ESW)."? This ensemble of exciting properties in addition to
their dual function as both solvents and electrolytes makes
this class of material important to technological roadmaps in
catalysis, sensing, gas capture, and electrochemical energy
storage (EES) devices, such as lithium ion batteries and electri-
cal double layer capacitors (EDLCs).>'" However, harnessing
the promise of RTILs to maximize EES device performance
beyond current benchmarks remains an outstanding challenge
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due to the combinatorial nature of leveraging numerous RTIL
properties to couple with the high surface-area, nanoporous
electrodes typically employed in EES devices.>"*"?

The importance of RTIL ion-pore coupling was recently
highlighted as a key factor in the rational design of future EES
devices."* A primary example of this coupling emerged in
earlier studies that showed the capacitance of RTIL-based
EDLCs varied by a factor of 1.5-2 depending on the electrode
pore size, with maximal capacitance achieved when the ion
and pore sizes matched.'” At the same time, capacitance may
be limited in electrodes when spatial confinement created by
small pores hinders the formation of a compact electrical
double layer of ions. This can be the case even if the ESW is
large, such as with ammonium-based RTILs that have values
up to ~6 V (exceeding aqueous and commercial polymer
electrolytes)."®"” Pore size has also been shown to affect ionic
transport'®'® and the melting point®® of an ionic liquid. In
addition, engineering hierarchical pore size distributions
underscores the importance of other phenomena across mul-
tiple length scales, such as transport through macropores and
ion desolvation in intermediately sized mesopores.”'
Detailed experimental™®**2® and theoretical***’ " investi-
gations revealed elucidating descriptions of the RTIL pro-
perties under nanoconfinement, yet it is challenging to extrap-
olate from these fundamental results based on a narrow para-
meter space to successfully identify RTILs with fully optimized
performance.

Experimental and theoretical tools for co-optimizing per-
formance across multidimensional parameter spaces have
been slow to develop, which critically limits the ability to capi-
talize on the technological potential of RTILs. Recent work has
made progress in this area, screening RTILs for EES appli-
cations with informatics-based approaches, which rely on com-
piled RTIL physiochemical property databases comprised of
experimental and theoretical data sets.*** This way large
parameter spaces can be searched to identify candidate RTILs
with desirable properties for EES such as low viscosity (high
ionic conductivity) or high ESW (large operational voltage
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window). However, major challenges arise due to gaps in prop-
erty spaces, key properties may be entirely missing, or critical
physics omitted that inform on true device performance (such
as ion-pore coupling).

In this Communication, we couple density functional
theory (DFT) with informatics to augment physicochemical
property databases and screen for high-performance room-
temperature ionic liquid (RTIL) candidates based on an exten-
sible figure of merit (FOM). Instead of relying on a single
descriptor as with prior studies, our figure of merit incorpor-
ates three principal factors of electrolytes that dictate perform-
ance in EES applications, including the ESW, viscosity, and
ion size. The first determines the maximal energy density; the
second is a proxy for ionic conductivity and thus power
density; and the third is related to the ease with which electro-
lyte ions can enter and fill nanopores within the electrodes.
Incorporating multiple RTIL properties (i.e., ESW, viscosity,
ion size) and structural characteristics of the electrode (ie.,
pore size) into the design criteria could provide practical gui-
dance for enhancing performance in EES devices and other
electrochemical systems.

To quantitatively benchmark the EES performance of RTIL
candidates in nanoporous electrodes, we derived a new figure

a. 20
[ Anion HOMO
Cation LUMO
15
o
5
310
O
5
ok . : : |
I I
Frontier orbital energy level [eV]
C 10 [ Anions
[ Cations
8_
£ 6
3
o
]

oA Nen
| B
0 . [l

2 4 6 8 10 12 14 16 18
Length, Ajon [A]

View Article Online

Communication

of merit that encompasses both electrolyte and electrode
characteristics, expressed as:

AV,
¢ = G(A1, Ap,0) X AVE)Z: X exp {a(l —%)},

where AVgsw is the ESW of the RTIL and 7 is the viscosity. Due
to the ubiquity of 1-ethyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide ([EMIM][TFSI]) in EES studies, we
express our FOM on a relative scale by normalizing the ESW
and viscosity by the corresponding values for [EMIM][TFSI],
which are AV, = 2.84V and 5° = 0.0344 Pa s, respectively.*>**
We additionally include a model parameter « to control the
degree to which viscosity is emphasized. The selected value for
this study (a = 0.1) weights the FOM such that high perform-
ance is predicted in the range of 0.05 to 0.2 Pa s in the case of
[EMIM][TFSI], for example. Viscosity values in this range are
sufficiently low to enable good capacitive performance.’” The
extent of the ion-pore size mismatch is accounted for by intro-
ducing a scaling factor

(1)
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Fig. 1 Histograms of (a) the set of anion HOMO levels (red) and cation LUMO levels (blue) considered in this work and (b) the corresponding set of
theoretical electrochemical stability windows generated by considering unique cation—anion pairs. The inset provides a graphical summary of the
ESW calculation based on the frontier orbital energy levels of the isolated ions. (c) Histograms of cation and anion size computed as the largest
interatomic distance within DFT-optimized molecular geometries in vacuum. The inset depicts the 1-butyl-3-methylimidazolium cation ([BMIM]*) as
a representative ion and its associated length metric, 4ion. (d) A histogram of RTIL viscosities for the subset of compositions that appear in both

experimental and theoretical datasets.
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Here, J; = max(4g,4a) is the maximum ion size associated
with the RTIL, Jp is the average electrode pore size, and ¢ is an
empirical parameter that controls the width of the Gaussian
function. We use a a value of 0.33 A, which was obtained by
fitting eqn (2) to the normalized capacitance vs. pore size dis-
tribution of [EMIM][TFSI] reported in ref. 15, but this function
may be readily re-parameterized depending on the pore size
distribution of the electrode material of interest. The FOM
depends linearly on the ESW of the RTIL, and in the limit of
low viscosity, it is determined solely by the ESW and the
degree of ion-pore size mismatch. On the other hand, the FOM
is reduced to zero for RTILs that have a high viscosity or a
large mismatch with the pore size.

Experimental determination of multiple properties for a
large set of RTILs is cumbersome and presents roadblocks to
progress. Instead, we combine existing experimental data with
those computed from first principles to efficiently construct a
multidimensional property map to screen RTILs candidates
using the FOM. The ESW and ion sizes were obtained from DFT
calculations, while viscosity data at standard temperature and
pressure (T = 298 K and P = 1 bar) were retrieved from the from
the NIST ILThermo database.***® While properties derived from
bulk experiments and DFT calculations under vaccuum may
differ when under nanoconfinement in real devices,'* we expect
the comparisons and trends among sets of RTILs outlined in
this study still hold as good predictors of high-performing
RTILs. Our DFT calculations were carried out for a select set of
33 cations and 77 anions to generate 2171 stable ion pairs (14.6
of the ion pairs are predicted to be unstable based on a frontier
orbital energy analysis). Incorporating viscosity as a key EES
parameter reduces the sample size of RTIL candidates to 61 due
to the limited experimental viscosity data currently available.

In this work, we estimate the ESW of RTILs by employing
the approach described in ref. 38. Briefly, the ESW is estimated
as the difference between the cation LUMO level and anion
HOMO level in vacuum, which correspond to the cathodic and
anodic stability limits of the RTIL, respectively (section S1 of
the ESIf). Histograms of the cation LUMO and anion HOMO
levels are shown in Fig. 1a. While both histograms are skewed
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towards lower energy levels, the anion HOMO levels exhibit a
relatively broader spread. The resultant distribution of ESW
values is shown in Fig. 1b, which is skewed towards higher vol-
tages, with a majority of the predicted RTILs having ESWs of
<3 V. Interestingly, many of the RTILs in the tail of the ESW
histogram are composed of PFs~, B(CN),~, and BF,” (see ESIf),
which have previously been identified as components of prom-
ising candidate RTILs for EES applications.'®3*3941

To compute the RTIL ion size, we extracted the largest
interatomic distance (i.e., length) from DFT-optimized mole-
cular geometries as a proxy for size to capture trends (Fig. 1c).
Although, some ions are anisotropic in their geometry and
thus have narrower dimensions in certain orientations, this
metric provides an upper bound with respect to a given pore
size. The histograms of cation and anion sizes overlap in a
fairly narrow range, indicating that for many RTILs a large
size discrepancy between cation and anion size exist. Further,
our analysis assumes that the largest ion dictates the perform-
ance to conserve parity under positive and negative voltages
biases, which consequently means that the size of cations is
often the determining factor. The bulky nature of these mole-
cular salts is immediately apparent, with all RTIL ions exhibiting
sizes larger than common aqueous salts (some nearly 10x larger).
This size difference is worth noting because ion-pore coupling
may play a meaningful role in EES performance in larger pores
and/or a larger range of pore sizes than for aqueous salts.

Fig. 1d presents a histogram of RTIL viscosity values for the
subset of 61 stable compositions identified with DFT calcu-
lations. In contrast to the relatively small composition-depen-
dent shifts observed in RTIL ESWSs, RTIL viscosity values may
span 2-3 orders of magnitude, underscoring the fact that RTILs
with similar ESWs may exhibit vastly different transport pro-
perties. Large variations in viscosity translate to large variations in
ionic conductivity and hence may have an important impact on
the power density of EES devices.*> Moreover, RTILs with lower
viscosity exhibit higher degrees of fluidity, indicating that they
may be more apt to infiltrate into porous electrodes. Although
surface tension of the electrolyte and chemical functionalization
of the electrode surface also likely influence infiltration, they are
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Fig. 2 Property maps depicting the scaled ESW vs. viscosity of the set of ionic liquids considered in this work in the (a) flat interface limit and under
nanoconfinement with (b) 10.0 A and (c) 7.5 A pore sizes. The marker associated with [EMIMI[TFSI] is highlighted in red and a contour plot of the
figure of merit is included in each figure as a visual guide. The full progression of figure of merit values as pore size evolves from 3.0 to 13.5 A can be

view in the supplementary movie in the ESL{
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neither widely tabulated quantities nor straight forward to incor-
porate in our figure of merit. However, the physics governed by
these factors may be implemented in future developments.

To illustrate the effect of ion size in our FOM, ¢, we con-
sider the extreme cases at a microscopically flat interface that
can be fully wet by RTILs versus nanoporous electrodes
wherein confinement may hinder wetting and infiltration/
intercalation. In Fig. 2a, we plot RTIL ESW scaled by G against
viscosity in the limit of a flat interface.>®*" In this context, we
can set G = 1 universally since there are no nanoconfinement
effects, hence ¢ depends solely on the ESW and viscosity of the
RTIL. We additionally show { as a contour map, with the
highest performing candidates appearing near the top-left
corner of the plot (large AVgsw, small 7). [EMIM][TFSI], which
sets the relative scale of the FOM, has { = 1 and is highlighted
with a red marker. Interestingly, we find that the data is clus-
tered in two regions, with { ~ 0.75 appearing as a natural
boundary. Of the 61 RTILs considered in this work, we identify
14 candidates with { > 0.75. We consider these to be high-per-
forming candidates as they are clustered near [EMIM]|[TFSI]
within the property map, suggesting that they exhibit a similar
anomalously high capacitive performance.'> Properties of
these 61 RTILs are summarized in the ESL.¥

As we approach the other extreme of nanoconfinement
where ion size effects become prominent, we find that that our
candidate list becomes more nuanced. In Fig. 2b and c, we
consider pore sizes of 1p = 10 and Ap = 7.5, which are typically
pore sizes found in nanoporous carbon electrode materials.>?

View Article Online
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For both pore sizes, we observe that a number of scatter points
are suppressed to { = 0 due to extensive ion-pore size mis-
match, effectively filtering the candidate list for pore-size com-
patible RTILs. The suppression of ¢ is reflective of the decrease
in capacitive performance reported by Largeot et al. when elec-
trode pore size deviated from the effective ion size of
[EMIM][TFSI], as shown in Fig. 2b. Physically, the decrease in
capacitive performance with larger pore sizes was attributed to
a larger average distance between the molecular ion center and
the charged pore wall."> Conversely, when the pore size is
made smaller than the ion size, the performance is similarly
predicted to decrease as the ion cannot physically be accom-
modated within the pore volume. In comparison to Fig. 2a, we
find that in the case of 10 A pores our methodology identifies
a small subset of 2 candidates with ¢ > 0.75 out of the original
14 candidates, while for 7.5 A pores we identify another subset
containing 5 candidates.

Rational selection of RTILs to complement varying degrees
of electrode porosity is a foundational requirement for co-
design. In the case of multimodal pore size distributions,*® a
co-design framework is especially important to select specific
RTIL mixtures to target multiple pore sizes within a single
electrode material.** Fig. 3 illustrates how our framework
guides this selection process, with { vs. pore size plotted for
the 14 high-performance candidates from Fig. 2a. This subset
of RTILs already possesses desirable viscosity and ESW values,
however our FOM predicts each compound to be maximally
effective over a specific range of pore sizes. The inset sche-
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Fig. 3 The RTIL figure of merit for EDLC performance plotted as a function of electrode pore size for (A) 1-ethyl-3-methylimidazolium tetracyano-
borate [EMIm][B(CN)4], (B) 1-ethyl-3-methylimidazolium tetrafluoroborate [EMIm][BF,], (C) 1-(2-hydroxyethyl)-1-methylpyrrolidinium bis(trifluoro-
methanesulfonyl)imide [C,OHmMPyrr][TFSI], (D) 1,3-dimethylimidazolium bis(trifluoromethanesulfonyl)imide [DMIm][TFSI], (E) 1-ethyl-3-methyl-
imidazolium bis(trifluoromethanesulfonyl)imide [EMImI[TFSI], (F) 1-(2-methoxyethyl)-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide
[COC,mPyrr][TFSI], (G) 1-(2-hydroxyethyl)-3-methylimidazolium tetrafluoroborate [EtOHMIm][BF,], (H) 1,2-dimethyl-3-propylimidazolium bis(trifl-
uoromethanesulfonyl)imide [DMPIm][TFSI], () 1-(2-hydroxyethyl)-3-methylimidazolium bis(trifluoromethanesulfonyl)imide [EtOHMIm][TFSI], (J) 1,3-
diethylimidazolium bis(trifluoromethanesulfonyl)imide [DEIM][TFSI], (K) 1-(2-methoxyethyl)-1-methylpiperidinium bis(trifluoromethanesulfonyl)
imide [COC,mPipl[TFSI], (L) 1-butyl-3-methylimidazolium tetrafluoroborate [BMIm][BF4], (M) 1-butyl-3-methylimidazolium bis(trifluoromethane-
sulfonyl)imide [BMIm][TFSI], (N) 1-butyl-3-methylimidazolium hexafluorophosphate [BMIm][PFg].
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matics in Fig. 3 depict multiple scenarios of generic cation
and anion infiltration into nanoscale slit pores spanning the
pore size axis. For example, the FOM is maximized when the
optimal pore-ion size matching criterion is met. In contrast,
the FOM is low when the pore size is smaller than that optimal
criterion as ions do not fit inside the pore, or when the ions
can fit but are highly disordered inside the largest pores due
to excessive free volume.

The first set of peaks in Fig. 3 centered near 7.4 A identifies
popular RTILs, including [EMIM][B(CN),], [EMIM][BF,], and
[EMIM][TFSI|. Two other less commonly studied RTILs,
[C,OHmPyrr|[TFSI] and [DMIm][TFSI], also appear in this pore
size regime. Interestingly, our FOM predicts these RTILs to
have similar capacitive performance as [EMIm][TFSI] for pore
sizes between 7-8 A, while [EMIm][B(CN),] and [EMIM][BF,]
outperform [EMIM][TFSI]. This trend is consistent with experi-
mental measurements of capacitive performance for the same
set of [EMIm]*-based RTILs using porous carbon electrodes.*®
Also consistent with our predictions, prior experiments using
carbon electrodes with a mean pore size of 7.6 A revealed
[EMIm][BF,] to exhibit a greater capacitive performance over
[DMPIm][TFSI] for low current densities.*®

At slightly larger pore sizes (8.0-9.3 A), several alternative
RTILs are predicted to have comparable performance to the
optimized [EMIm][TFSI] case, including [COC,mPyrr]TFSI],
[EtOHMIm][BF,], [DMPIm][TFSI], [EtOHMIm][TFSI],
[DEIm][TFSI], and[COC,mPip][TFSI]. These are not heavily rep-
resented in experimental EES literature, yet they have been
cited as promising candidates for electrochemical applications
due to their large ESWs and high(low) ionic conductivities
(viscosities).””*° Based on our FOM, this set of alternative
RTILs can provide good performance in these intermediate
pore sizes, whereas the more common [EMIm]'- and
[BMIm]'-based RTILs may be less effective.

For even larger pore sizes 9.5-10.5 A, [BMIm]'~containing
RTILs emerged as the most compelling candidates, with maxi-
mized performance predicted at 9.9 A and on par with opti-
mized [EMIm][TFSI]. Both experiments®® and simulations®"*>
indicate that increasing the alkyl chain length on the imidazo-
lium cation decreases capacitance. Our FOM predictions reveal
a similar trend comparing [EMIm]’ to [BMIm]" (e.g:, the [BF,]”
and [TFSI]” cases), even when evaluated at their optimized
pore sizes of 7.4 A to 9.9 A, respectively. Our down-selected
candidates do not contain ions with sizes larger than ~10 A,
even though our initial screening considered several larger
ions. For example, we analyzed RTILs containing quaternary
phosphonium cations (see ESI Table S1}), but these were pre-
dicted to have low FOM values due to their high viscosities
(>0.5 Pa 5).>>>* Promising RTIL electrolytes that meet the size-
matching criterion in pores larger than 11 A may be detected
using our framework by considering an expanded set of RTILs
in the future.

In summary, we developed a quantitative figure of merit
based on a combination of tabulated experimental physico-
chemical data and first-principles electrochemical calculations
to evaluate the performance of RTILs for EES devices. Our figure
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of merit is predicated on the ESW and viscosity of the RTIL elec-
trolyte, as well as the degree of size mismatch between RTIL
ions and electrode pores. Our analysis identified several known
high performance RTIL electrolytes, while simultaneously iden-
tifying several candidate RTIL electrolytes that are underrepre-
sented in the literature. Importantly, our figure of merit provides
approximate bounds for the electrode pore size that would yield
optimal EDLC device performance when paired with a specific
RTIL electrolyte, providing a useful guide for the co-design of
electrode and electrolyte materials for EES applications.

While future experimental work is needed to further vali-
date our figure of merit, we envision several potential ways to
refine our analysis. Specifically, the chemical hardness and
static polarizabilties of RTILs may be proxies for the propensity
for charge transfer and the dielectric properties, respectively.
Future refinements may also include kinetic descriptors for
ion transfer between the bulk electrolyte and pore interior.
Our framework assumes that cations and anions are equally
available for nanopore filling. In real carbon electrode
materials, there may be hierarchical pore size distributions
that influence ion transport rates to the nanopore entrance,
and thus additional parameterization may be needed.
Nevertheless, data scarcity challenges require the adoption
of additional predictive methods to help augment physico-
chemical property data sets of useful parameters (e.g., dielectric
permittivity). Finally, the present co-design framework relies on
known RTILs and established pore structures, yet it is important
to work toward more predictive methods that could guide syn-
thesis of new RTIL chemistry and porous electrode materials to
outperform state-of-the-art EES devices.
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