Nanoscale

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cuzmsmv

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/nanoscale


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 18 Nanoscale

Unusual effects of solvent polarity on capacitance for organic

electrolytes in a nanoporous electrode

De-en Jiang** and Jianzhong Wu*"

“Chemical Sciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, 37831

Department of Chemical and Environmental Engineering, University of California, Riverside, California 92521

*Corresponding authors. E-mail: jiangd@ornl.gov and jwu@engr.ucr.edu.

Abstract

Interplay between ions and solvent molecules inside the nanoporous electrodes of a
supercapacitor has not been well understood but could be a fertile ground for new insights into
the device performance. By tuning the dipole moment of the solvent in an organic electrolyte, we
find from classical density functional theory calculations pronounced oscillation of capacitance
with the pore size for a moderately to weakly polar solvent. A quantitative analysis of the
electric-double-layer (EDL) structure indicates that the capacitance oscillation shares a similar
physical origin as that in an ionic-liquid electrolyte: the oscillatory behavior arises from the
formation of alternating layers of counterions and coions near strongly charged surfaces. More
interestingly, we find that, in the large-pore region, the capacitance versus the pore size has a
volcano shape; in other words, there exists a solvent dipole moment that yields a maximal
capacitance. These theoretical predictions can be validated with future experiments and highlight
the great potential in tuning the organic solvent to achieve optimal performance of EDL

capacitors.



Nanoscale Page 2 of 18

Introduction

Electric-double-layer capacitors (EDLCs), also known as supercapacitors, have the
advantages of high power density, fast charging time (in seconds), and long cycling lifespan (up
to millions of charge-discharge cycles) in comparison to batteries,' making them increasingly
attractive for energy storage in transportation applications, such as in hybrid buses and

regenerative breaking. On the fundamental side, tuning the pore size,4'6 surface area,’

12,13 14, 15

morphology,g'11 architecture, and functionality of the electrode materials as well as
exploring the diversity of the electrolytes'®'® have yielded new insights into the rich
electrochemical behavior of electrolytes inside porous electrodes. Among many scientific issues
related to the electrode/electrolyte interface and electrolytes in porous electrodes, the question

how the surface-area-normalized capacitance of an EDLC changes with the pore size has been

pursued by both experimental® > ' and theoretical means.?*°
From the “anomalous increase” of capacitance® *' to “flat pattern™’ to long-range
oscillation®?*® and from desolvation®' to the “superionic state*’ to the EDL interference,”"*>

%% it seems that a consensus has been reached that the capacitance does increase significantly as
the pore size of the electrode shrinks to the ionic dimensions. What is more interesting is how the
capacitance changes progressively as the pore size increases from one to multiple times of the
ionic diameter. Classical density functional theory (CDFT) predicted that the capacitance of a
slit-pore electrode would oscillate with the pore size at a periodicity of ~1.4 times the ion

23,25

diameter of the ionic-liquid electrolyte. The amplitude of the oscillation is damped as the

pore size increases and becomes negligible when it is beyond about nine times the ion diameter.
The first two peaks of the oscillation have also been shown independently from all-atom

molecular dynamics simulations.*®**
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For a model electrolyte such as tetraethylammonium tetrafluoroborate (TEA-BF4) dissolved
a strongly polar solvent, CDFT predicts a relatively flat curve on the pore-size dependence of the
capacitance when the pore size is larger than two times the ion diameter.* An important question
is whether this behavior is generally valid given the diversity of organic electrolytes in
EDLCs.**™* Specifically, how would the solvent properties such as the polarity affect the
capacitance dependence on the pore size? And is there an optimal dipole moment for a given
porous electrode? In this paper, we will address these questions using CDFT and show that an

organic electrolyte capacitor displays rich behavior sensitive to the polarity of the solvent.

Model and method

We consider a model supercapacitor as shown in Figure 1 where a positive potential of 1.5V
relative to that of the bulk electrolyte is applied to the confining walls of the porous electrode
represented by a slit pore. The confined electrolyte can exchange ions and solvents with a
reservoir of the bulk electrolyte. Due to the symmetric nature of the EDLC electrodes (namely,
both electrodes are the same material), the negative electrode will be at -1.5 V relative to the
bulk value, yielding a voltage window of 3.0 V, close to the commonly applied voltages for the
non-aqueous electrolytes (2.3 — 2.7 V). For simplicity, the ions are modeled as charged hard
spheres of 0.5 nm in diameter; the solvent molecules are tangentially connected dimers of hard
spheres with opposite charges. The size of each monomer of the solvent molecule is fixed at 0.3
nm in diameter, while the polarity or the dipole moment is tuned by changing the monomeric
charges. The organic nature of the solvent is represented by the variation in the dipole moment.
In all theoretical calculations, the salt concentration in the bulk is fixed at 1.5 M at 298 K, as

used in the experiment.” Since the cation and the anion are of the same size in our model system,
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the simulation results will be symmetric between the positive and negative electrodes. In other
words, we only need to simulate a single electrode for one type of applied potentials (such as a
positive potential); the exchange of ions and solvents with the reservoir can be handled using the

grand canonical ensemble.**
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Figure 1. A model supercapacitor mimicking an organic electrolyte in porous electrodes: a slit pore of
width d is used to represent the positive and negative electrodes and the confined electrolyte is in

equilibrium with a bulk reservoir (See text for detailed explanation).

Given the reservoir electrolyte (1.5 M at 298 K for a solvent of a specific dipole moment),
the pore width (for example, d =1.0 nm), and the applied potential (U=1.5 V), we calculated the

density profiles of cations, anions, and solvent molecules self-consistently by minimizing the
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free energy of the system. From the converged density profiles of ions inside the single electrode,
we can obtain the electrode surface charge density (Q) according to macroscopic charge
neutrality. The integral capacitance is simply determined as C = Q/U (where Uis 1.5 V in our
case), since the electrode potential at the point of zero charge is zero due to the symmetric cation
and anion used in our model setup (Figure 1). For a detailed explanation of the CDFT method,
we refer the reader to our previous papers.>>2> %% Compared with the all-atom molecular
dynamics simulation, coarse-grained CDFT is much more computationally efficient and usually
one simulation can be finished within a couple of days on a single processor. Therefore, it allows
one to explore many pore sizes leading to a large size. In contrast, all-atom MD simulation is
much slower and usually one simulation takes weeks to months to finish on a supercomputer or a
computer cluster. Due to this limitation, all-atom MD simulation can explore only a few small
pore sizes.”* ** Of course, all-atom MD simulation can provide much more atomic detail in terms
of interaction at the electrode/electrolyte interface, but the coarse-grained model is sufficient for
the purpose of the present work to address the capacitance vs. pore size relationship in organic-

electrolyte EDLCs of various polarity.

Results and discussion

Our theoretical investigations are directed at examining two parameters on the capacitance: (i)
the pore width d and (ii) the solvent dipole moment. Figure 2 shows how the capacitance
changes with the pore size for the model EDLC with an organic electrolyte of different solvent
dipole moments. Here the most polar solvent has a dipole moment of 3.40 Debye, slightly
smaller than that for acetonitrile (3.91 Debye).*” As the polarity decreases from 3.40 Debye to

2.55 Debye (close to the dipole moment of acetone which is 2.88 Debye*®), one sees little change
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in the basic features on the pore-size dependence of the capacitance: the curve shows a large
peak at 0.5 nm (the ion diameter), a trough at 0.75 nm, and a more-or-less flat curve beyond 1.0
nm. However, as the solvent dipole moment is further decreased from 2.55 Debye to 1.70 Debye
(close to the dipole moment of tetrahydrofuran, which is 1.75 Debye™), a qualitatively different
picture emerges. The capacitance now oscillates with the pore size in a way intimately
reminiscent of what was observed for ionic-liquid supercapacitors.”® To our knowledge, this is
the first prediction of capacitance oscillation for an organic electrolyte supercapacitor. When the
dipole moment of the solvent is lowered to 0.85 Debye, we see that the capacitance oscillation is

further enhanced, as indicated by the greater amplitudes.
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Figure 2. Integral capacitance (at 1.5V relative to the bulk electrolyte) versus the pore size for several
organic electrolytes of different polarities. Different lines correspond to solvents with different dipole

moments.
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Figure 3. Reduced density profiles of cations, anions, and the solvent segments inside a 4.0-nm slit pore
at 1.5V surface potential: (a) 2.55 Debye; (b) 1.70 Debye. The two positively charged walls are positioned
at z=0 and z=4 nm, respectively. Reduced density for an ion or segment is defined as po’, where p and ©

are the number density and diameter of the ion or the segment, respectively.

What causes the capacitance oscillation when the solvent polarity is reduced? To answer this
question, we analyzed the EDL structure inside a 4.0-nm slit pore. In this case, there is little
interaction between the EDLs from the opposite walls. Figure 3a shows the reduced density
profiles for the organic electrolyte with the 2.55-Debye solvent. One can see that the EDL is
dominated by a contact layer of counterions (green peak in Figure 3a) and aligned dipoles (pink
and black peaks in Figure 3a). The picture is similar to what we observed for the supercapacitor
with a 3.4-Debye solvent.”* Beyond the contact layer, the ionic densities show little change with
the distance from the surface.

Next we analyze the system with a solvent of 1.70 Debye dipole moment (Figure 3b). One
distinctive feature of this system is that cations and anions form alternating layers inside the pore,

while the solvent density is negligible beyond the contact layers. Although the layered structures
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next to a charged surface have been well documented at the ionic liquid/electrode interface,* *

no previous report indicates that such behavior can also happen for an organic electrolyte inside
a slit pore. We also analyzed the EDL structure of the organic electrolyte with the 0.85-Debye
solvent and found that the density profiles of ions and the solvent dipoles are similar to those of
the system with the 1.70-Debye solvent.

Because of the similarity in the pore-size dependence of the capacitance behavior, it would
be instructive to compare the oscillatory patterns between the organic electrolyte and an ionic
liquid.? We found that the degree of capacitance oscillation for the organic electrolyte with the
1.70-Debye solvent matches very well that of the ionic liquid (Figure 4). This is a very
interesting comparison given the great similarity in terms of peak positions and amplitudes of the
oscillation between the two electrolytes. One way to understand this similarity is that, as we
reduce the dipole moment of the solvent, solvent molecules are excluded from the slit pore so
that the organic electrolyte behaves like an ionic liquid: cations and anions form alternating
layers near the charged surfaces and the interference of the ionic layers leads to capacitance

oscillation.>* %>

What is unique with the organic solvent is that the degree of the oscillation can
be further enhanced by tuning the dipole moment of the solvent, as shown in Figure 2. This
enhancement is caused by the relative tendency to drive ions into the pore: When the dipole
moment of the solvent is further weakened, the ions now have a higher tendency to go into the
pore and form layered structures that lead to even stronger capacitance oscillation. Indeed, the

EDL structure for the 0.85-Debye solvent displays alternating layers of cations and anions of

higher densities in the pore than those of the 1.70-Debye solvent.
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Figure 4. Comparison of integral capacitance (at 1.5V relative to the bulk electrolyte) versus the pore size

between an organic electrolyte with a 1.70-Debye solvent (Figure 1) and an ionic liquid.”

Now that we have shown that the capacitance may oscillate for an organic electrolyte when
the dipole moment of the solvent is below a certain value, the next question is how the
capacitance varies with the pore size for strongly polar solvents. To address this question, we
consider systems with solvent dipole moment larger than 3.40 Debye, given that a popular
solvent such as acetonitrile has a dipole moment of 3.91 Debye.*” Figure 5 presents the case of
an organic electrolyte with a solvent molecule of the 4.50-Debye dipole moment, which is
between those of acetonitrile and propylene carbonate (4.9 Debye) — another popular solvent for
EDLCs. Although the overall picture is similar between the 3.40-Debye and 4.50-Debye
electrolytes, two distinctive features stand out: (a) the first peak at 0.5nm (the ion diameter) is in
fact not corresponding to the capacitance maximum any more; (b) the capacitance maximum

occurs at 1.5 nm, three times the ion diameter.
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To understand this abnormal behavior, we again examine the EDL structure of ions and the
dipoles inside the 1.5nm slit pore for the 4.50-Debye solvent (Figure 6a). We observe that the
EDL structure is now in fact dominated by the aligned dipoles (pink peak at 0.15 nm and black
peak at 0.45 nm) and that the density of counterions (green peak at 0.25 nm) next to the charged
wall is less than one third of the negative pole of the dipole. More interestingly, there is a minor
amount of dipoles that are anti-aligned against the wall (black peak at 0.15 nm and pink peak at
0.45 nm). Figure 6b shows a cartoonish picture of the main features of the EDL structure. These
anti-aligned dipoles consist of a new feature for the 4.50-Debye solvent, since they are absent for

the 3.40-Debye solvent.
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Figure 5. Integral capacitance (at 1.5V relative to the bulk electrolyte) versus the pore size for organic

electrolytes of different solvent polarity: 3.4 Debye vs. 4.5 Debye.

10
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Figure 6. (a) Reduced density profiles of cations, anions, and the solvent segments inside the 1.5-nm slit
pore at 1.5V surface potential for the organic electrolyte with a dipolar solvent of 4.5 Debye. The two
positively charged walls are at z=0 and z=1.5 nm. (b) A cartoonish picture to show the main features of

the EDL structure, with the anti-aligned dipoles labeled in orange.

Figure 5 shows that, for the system with the solvent dipole moment of 4.5 Debye, the
capacitance becomes relatively insensitive to the pore size beyond certain range and its value at
the asymptotic limit is comparable to that for the first peak where the pore size approaches the
ionic dimension. Hence it would be interesting to examine how this asymptotic limit (for
example, the capacitance at 4.0 nm) depends on the dipole moment of the solvent. The results
from the DFT predictions are plotted in Figure 7a, which shows, surprisingly, a volcano shape as
the dipole moment varies from 2.5 to 5 Debye. The capacitance first increases with the solvent

dipole moment, reaches a maximum at about 4.0 Debye, and then decreases.

Why is there such a volcano shape? It certainly results from the interplay of ions and solvent
molecules confined in the nanoporous electrode and may be understood as follows. As the

solvent varies from weak-to-moderate polarity, more solvent molecules enter the slit pore and the

11
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majority of them are aligned against the charged wall together with the counterions (Figure 3a).
Due to the smaller size of the solvent segments than the counterions (see Figure 6b), the presence
of the solvent molecules leads to a smaller effective distance of the layer of the oppositely
charged mobile ions (negative poles and anions in Figure 6b) to the charged wall, hence a larger
capacitance. At the peak-position dipole moment (4.0 Debye), about 50% of the counterions
(anions) and 80% of the coions (cations) are excluded from the pore in comparison with those of
the 3.4 Debye case (Figure 7b). When the dipole moment is further increased, the strong polarity
of the solvent now leads to a reduction of the net charges in the slit pore (namely, further
expulsion of counterions while the amount of coions already reduced to negligible), hence a
smaller capacitance. In short, it is the interplay between ions and solvent molecules at the
charged electrode surface that leads to the volcano shape in Figure 7a. How general this shape is
for other situations (such as different pore geometry and more realistic solvents and salts)
remains to be explored. We hope that more advanced CDFT models or all-atom molecular

dynamics simulations would answer this question in the near future.
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Figure 7. (a) Integral capacitance (at 1.5V relative to the bulk electrolyte) of an organic electrolyte in a
4.0-nm pore versus the solvent dipole moment; (b) the average reduced densities of counterions and
coions inside the 4.0-nm pore with 1.5 V surface potential.
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Whereas there have been many theoretical studies on the applications of ionic liquids for
EDLCs,> 2223 27:29:3054 pelatively few publications have been devoted to organic electrolytes* *>
3536 despite the fact that the latter is broadly employed in commercial supercapacitors. In this
work we have shown that the interplay between solvents and ions inside a nanopore may result in
very rich electrochemical behavior, adding to the already many experimental findings and recent

computational insights about organic electrolytes in EDLCs.**™*

Despite the simplicity or
ideality of the model systems, the dipole moments of many organic solvents used in EDLCs
actually fall right into the range we considered in this work. For example, propylene carbonate
has a dipole moment of 4.9 Debye, sulfolane 4.8 Debye, y-butyrolactone 4.27 Debye,
dimethylsulfoxide (DMSO) 3.96 Debye, and acetonitrile 3.91 Debye.* Interestingly, the latter
three solvents have dipole moments at the top of the volcano plot in Figure 7a. Of course, one
has to consider the salt and also the electrode material in addition to the solvent when discussing
the capacitance of an EDLC. Nevertheless, the present theoretical results suggest that there
indeed seems to be a range of optimal dipole moments for the organic solvent when all other
things (the salt and the electrode material) being equal.

In the present coarse-grained CDFT approach the polarity of the solvent is varied by the
molecular dipole moment for their theoretical convenience, in order to precisely control the input
parameter and obtain a qualitative trend of capacitance versus polarity. There are other
commonly used approaches to classify solvent’s polarity, such as the macroscopic dielectric
constants. The microscopic dipole moments and the macroscopic dielectric constants for polar

liquids are related by the Onsager equation and the Kirkwood extension, and recent

developments show a very good empirical correlation between the dielectric constants and the

13
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molecular properties including the dipole moment as a leading term.”’ For the range of dipole
moments we are interested here (2.5 to 5 Debye), the dielectric constants are in the range of 21 to
64, namely, moderately to strongly polar. For example, acetone has a dipole moment of 2.88
Debye and a dielectric constant of 21; acetonitrile, 3.91 Debye and 38; y-butyrolactone, 4.27
Debye and 42; propylene carbonate, 4.9 Debye and 64.*

One more thing to note here is that our model electrolyte provides no atomic details and the
pore model is only one-dimensional. To be able to treat the real electrolytes and the real porous
materials, more advanced models have to be developed for both the electrolytes and the electrode
materials. From the perspective of the classical DFT method, one still needs to develop the

numerical techniques to treat a multidimensional model, which is worthy of substantial efforts

given the efficiency and attractiveness of the CDFT method.

Summary and conclusions

To sum up, we have explored from the classical density functional theory the capacitance
dependence of the pore size for the electric-double-layer capacitors with an organic electrolyte —
a salt dissolved in a polar organic solvent. By tuning the dipole moment of the solvent molecules,
we have shown that the capacitance variation with the pore size may exhibit an oscillatory
pattern when the polarity of the solvent is reduced below a certain value. This new prediction for
an organic electrolyte of moderate to weak polarity resembles what was found for ionic liquid
supercapacitors. A quantitative analysis of the EDL structure of these less polar organic
electrolytes showed that the cations and anions form alternating layers against the charged walls
inside the slit pore. Analogous to the ionic liquid, interference of these alternating layers leads to

capacitance oscillation. For more polar solvents, we found that the maximum capacitance shifts

14
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away from the first peak at the pore size of the ion diameter to a pore size several times the ion
diameter. This shift is accompanied by an EDL structure now dominated by the solvent dipoles —
most of them aligned and some anti-aligned against the charged walls. More interestingly, we
found that there exists an optimal dipole moment that yields a maximum in the large-pore
capacitance. Our work here illustrates rich behavior of the organic electrolytes inside porous

electrodes and suggests new experiments for selecting organic electrolytes for EDLCs.
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