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Abstract: Electrochemical quartz crystal microbalance (EQCM)
technique provides a direct assessment to the behavior of
electroadsorbed ions and solvent molecules confined in mi-
cropores of activated carbon electrodes in contact with practically
important aprotic electrolyte solutions. The estimated value of the
solvation number equal to 3 is evident for a partial desolvation of
Li* cations when adsorbed in carbon micropores.

Highly microporous activated carbons (ACs) are attractive
practical materials used in high power energy storage devices
(supercapacitors),* capacitive deionization of nonpotable water
(desalination),? nontraditional production of renewable electric
energy based on the difference in water salinity,® and more. The
common feature of these devices and technologies is the ability of
the ACsto store electric charge reversibly within the electric double
layer (EDL), composed of electronically charged carbon poreswalls
counterbalanced by layers of oppositely charged, electrostatically
adsorbed ions, transported from the electrolyte solution into the
pores. While amajor effort has been made to understand the relation
between the pore/ion size ratio and the specific capacitance of
carbon electrodes,*® less attention has been paid to their kinetic
behavior, studied commonly by conventional electroanalytical
techniques (voltammetry, electrochemical impedance spectroscopy,
etc). It was recently demonstrated” that thin composite carbon
electrodes in electrochemical quartz crystal microbalance (EQCM)
measurements demonstrate a clear gravimetric response that enables
the sensitive probing of compositional changes in the electrodes
microporous structure during their charging under a wide variety
of dynamic conditions.

The goa of this communication is to demonstrate the unique
ability of the EQCM to reflect such compositional changes in
microporous ACs in contact with important nonaqueous systems
such as propylene carbonate (PC) solutions of quaternary (tetraalkyl)
ammonium sdts, (TAA)BF,, where TAA denotes tetra-ethyl, -butyl,
and -octylammonium cations (TEA™, TBA™ and TOA™, respec-
tively). The EQCM responses obtained using moderately solvated
TEA™ 2 dlightly solvated, bulkier TBA™ and TOA™ cations with
degraded pore size commensurability, and, finally, highly solvated
Li* cations® provide important fingerprints of the adsorbed ions
and solvent molecules, confined in nanometer size pores of the AC
electrodes upon their charging. Facile decomposition (desolvation)
of adsorbing Li"(PC)x solvo-complexes alows for the direct
assessment of the confined ion solvation number. The result
obtained corroborates well with the recent quantum-chemical
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characterization of the same solvo-complexes based on the density
functional theory (DFT).*°

In order to reach the above goal, a typical microporous AC Y P-
17 (Kuraray, Japan) was chosen with a BET surface area of 1600
m?g ! and an average particle size of around a few micrometers
(for other structural details and the technique of coating the crystal
with a carbon slurry, see Supporting Information, sections 1 and
2). Note that the carbon micropores with their width d < 2 nm
account for about 87% of the total pore volume (Figure S1C), and
55% of the total pore volume relates to the micropores narrower
than 1.2 nm. Thus, a large number of carbon micropores are
inaccessible to TOA™ cations (the diameter is 1.12 nm) but are
perfectly permeable for the smaller TEA™ cations (the diameter is
0.68 nm; see Table S1 and Figure S1C).

Cyclic voltammetric curves (CV's) of carbon electrodes obtained
simultaneously with their EQCM responses for three different
(TAA)BF, sdlts (Figure 1A) show a spectacular ion-sieving effect®
asthe size of the cation increases. The bulky TOA™ cations resulted
in a55% decreasein the reversible charge at the negatively charged
carbon surface, compared to that for the much smaller TEA*
cations. Note that the smallest Li* cation (0.152 nm, see Table
S1), which is highly solvated in PC, shows practically the same
reversible charge as that obtained with the TEA™ cation (Figure
1B).
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Figure 1. CVs of a carbon-coated quartz crystal electrode in 0.1 M
TEABF,, TBABF,, TOABF,, LiBF, solutionsin propylene carbonate (PC)
as indicated. Scan rate 20 mV s™%

TEABF, was selected for a detailed CV and EQCM character-
ization of the AC electrodes as a function of the supporting
electrolyte concentration. Figure 2A shows the related CVswith a
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characteristic V-shaped minima, sharpening with dilution of the
electrolyte solution, and accompanied by mass changes of the
carbon electrode due to adsorption/desorption of the ions (Figure
S3). From a simple electrostatic consideration, these are believed
to be anions or cations, as the potential is swept positively or
negatively, respectively, from the potential of zero charge (pzc).
In order to quantitatively correlate the mass changes of the adsorbed
ions and solvent molecules with the potential-induced variation of
the electrode charge density, one should know at least one reference
point on each axis (potential and mass change): (i) the potentia of
zero charge (evaluated as 3.08 V versus Li/Li™ by three independent
methods; see Figure $4) and (ii) the so-called potential of zero mass
change (pzmc) that separates the mass changes of the electrode due
to adsorbed anions and cations (Figure $4 and Table S1). Owing
to the essentially broad minimum in the mass change curves at
small charge densities, the pzmc can be ascribed to the pzc, thus
simplifying the assessment of the mass of the adsorbed ions versus
charge density. Prior to quantifying the EQCM responses under
consideration, we verified that the scan rate below 50 mV st
prevented the mass versus potential curves from undesirable kinetic
limitations of charging the AC electrode (Figure S5).
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Figure 2. CVsof acarbon-coated quartz crystal electrodein 0.1 and 0.025
M TEABF4/PC solutions (A), and the related treated EQCM responses, I'
vs Q (B). Three domains with the characteristic different I'/Q slopes for
the 0.025 M solution are indicated. The slope within domain |1 (the broken
blue line) is equal to the theoretical slope of the broken red straight line
calculated from the Faraday law. The different values of the slopes of the
T versus Q plot within domains | —I1I are discussed in detail in the main
text.

It is advantageous to present the total mass changes due to
adsorbed ions and solvent (ug per 1 cm? of piezoactive area of the
crystal) and their individual contributions by the changes of the
amounts of these species (i.e., their population), I', expressed in
nmol cm2. The values of T" appearing in the curves of Figure 2B
were thus obtained by dividing the experimental mass change of
the electrode due to adsorption of anions and cations (at Q > 0 and
Q < 0, respectively) by the molar masses of the unsolvated ions.
The method alowing for such a separation was adapted from the
approach used to separate ion and solvent fluxes in doped
conducting polymers.** Figure 2B shows the plots of T versus
charge density for two different concentrations of TEABF,,
corresponding to the CVs shown in Figure 2A. The theoret-
ical changes of the amount of the adsorbed cations and anions,
calculated from the Faraday law, are shown for comparison as the
two red broken straight lines (Figure 2B), originating from Q = 0,
with equal absolute values of their slopes (since we used a
symmetrical 1:1 TEABF, salt). A quantitative analysis is further
performed for the positively charged carbon surface (adsorption of
anions, which are poorly solvated in aprotic solutions as compared

to small, highly solvated Li™ cations).* It should be emphasized
that this type of plot, I" versus Q, is quite typical for the slightly
solvated (bulky) ions, as was earlier reported for the adsorption of
Cs" cations on the AC in aqueous solutions.”

Within domain | (near the pzc, 0.025 M TEABF,/PC solution,
the electrode charge densities Q < 0.26 mC cm™?) the experimental
curve has a shallow minimum, attributed to a cation—anion mixing
due to a breakdown of perm-selectivity in AC micropores (adsorp-
tion of counterions, here BF,~ anions, is accompanied by desorption
of the related co-ions, i.e. TEA™ cations). On the one hand, this
conclusion is in agreement with the narrower minimum on the I'
versus Q plot for the more dilute solution as compared to the
concentrated one (Figure 2B), and on the other hand, it is fully
consistent with the view of ions and solvent molecules, confined
in carbon micropores, obtained by molecular dynamics (MD)
simulations.*** At intermediate charge densities (domain I1), the
slope of the experimental T versus Q plot (0.26 < Q < 0.90 mC
cm2, R? = 0.991; see the broken blue line in Figure 2B) becomes
equal to the theoretical slope (the broken red line). Finally, the slope
increases to the point that the experimental I versus Q curve crosses
the theoretical straight line at the limit of high electrode charge
densities (domain 111, Q > 0.90 mC cm™?).

In order to describe the increase in the I'/Q ratio with electrode
charge density, we propose several plausible scenarios of the
potential-dependent dimensional changesin porous AC electrodes.
Within domain |, the total porous volume in microporous carbons
may be conserved, since in place of the excluded (desorbed) co-
ions the counterions enter the pore (adsorb). Recent MD studies
not only confirm partitioning of both the counterion and co-ionsin
nanometer size pores of ACs™ but also predict a distinct ordering
(densification) of the PC molecules adsorbed in carbon micropores
once the TEABF, sdlt is introduced into PC solvent.*®

The theoretical T'/Q ratio observed typicaly within domain Il
implies that as the charge density increases, the ions enter the
accessible pores’ volume effectively without their solvation shells.
The energy cost of striping the BF,~ ions from the solvated PC
molecules is surprisingly small (ten times smaller than for the
Li*(PC)4).*2 However, in order to be adsorbed, the anions still need
some free space in carbon micropores. This can be ensured by a
charge-induced expansion of the carbon micropores due to the
eongation of the C—C bonds (proved, e.g., for carbon nanotubes'>).
Moreover, the increase in length of the activated porous carbon
sample upon increasing charge density, closely resembling the
classical electrocapillary effect, has been discovered long ago, using
Moire deflectometry.’” Finally, within domain 11, the high I'/Q
ratio may be caused by the high extent of elongation of the C—C
bonds, resulting in distortion of the carbon hexagonal rings with
increasing charge density,*® and/or implies a strong, charge density
induced deformation of the carbon micropores, originated from the
interplay between the increased electrostatic and volume exclusion
interactions.™* Since the population of ionsin microporous ACsis
controlled by the electrode charge density, the increasing deforma-
tion of carbon micropores leads to their expansion, allowing an
additional amount of solvent molecules to enter the carbon
micropores thus effectively increasing the resulting I'/Q ratio as
compared to the theoretical one.

In contrast to anions, which are only slightly solvated in aprotic
solvent solutions, the much stronger solvated Li* cations™ tend to
bring a part of their solvation shell at a surprisingly low charge
density with the concomitant raiseinitsI' /Q ratio as compared to
the theoretical one (Figure 3). The I" versus Q plots for the carbon
electrode measured in 0.05 and 0.10 M LiBF4/PC solutions
demonstrate a clear reduction of the I" (total = ions + solvent) for
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a more concentrated solution (Figure S6), implying a better
screening (i.e., a shorter Debye length) of the long-range electro-
static repulsion between heavily charged walls of AC micropores,
which is expected to effectively decrease the pore deformation
(expansion).*

Figure 3 demonstrates clearly agradual increase in confinement
of the cations in the accessible AC micropores in the sequence:
Li" < TEAT < TBA* < TOA™ resulting in a peculiar coupling (in
this series) of a diminishing solvation ability of the cations with
the increasing tendency for breaking down the carbon pores perm-
selectivity. Looking closely at the respective slopes of the I (total)
versus Q plots, one can note that the flattening of the major portion
of the cathodic I" versus Q curve with the increasing size of the
cation (and, hence decreasing the accessible microporous volume
of the activated carbon, Figure S1B) can be regarded as the
extension of the lower T'/Q ratio near the pzc toward higher negative
charge densities. This implies that the bulkier cations are less
effective (as the counterions) in keeping the electroneutrality in
the carbon pores during their charging, forcing the smaller (and
hence more mobile) co-ionsto play an increasing role in the charge
compensation mechanism (compare with the likely mechanism in
electroactive polymers).*®
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Figure 3. Amount of cations and anions, I', adsorbed at negatively and
positively charged carbon surface, respectively, as a function of the charge
density, Q, for the different salts dissolved in PC, which were measured in
parallel to the CVs shown in Figure 1. The theoretical I" versus Q plots
(the broken black straight lines) were calculated on the basis of the Faraday
law. The inset compares the amount of solvent molecules (the solid red
curve), accompanying adsorption of the Li* cations (the left broken black
ling). Their ratio is close to 3, confirming the partial desolvation of Li™
cations confined in carbon micropores.

It isinstructive to emphasize the outstanding ability of the EQCM
measurements to reveal coadsorption of solvent molecules, ac-
companying adsorption of highly solvated cations. Li* cations form
stable solvo-complexes with four PC molecules®**? (considered
as aprimary solvation shell) with an average diameter of 1.19 nm,°
which is close to the size of the unsolvated TOA™ cation, 1.12 nm
(Table S1). The confinement of these cations in the microporous
carbon appears to be drastically different. The TOA™ cations are
much less polarizable and, hence, less adjustable for the confinement
in the subnanometer size carbon pores compared to the more flexible
Li*(PC)4 solvo-complexes.®® A recent MD study of the family of
Li*(PC), solvo-complexes has clearly demonstrated a remarkable
adjustment of the PC molecules to varying concentrations of Li
salt irrespective of the space confinement,** which is believed to
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be one of the major contributions to the enhanced differential ca-
pacitance in subnanometer size carbon pores.*

The insert in Figure 3 compares the amount of PC molecules
(the solid red curve), accompanying the adsorption of Li* cations
(the left broken black line). Their ratio is close to 3, confirming a
partial desolvation of the Li* cations, confined in carbon mi-
cropores.*®

In summary, we demonstrated herein the unique ability of EQCM
measurements to provide a direct assessment to the solvation
number of Li* cations, confined in AC micropores, and to reflect
the enhanced breakdown of perm-selective behavior in carbon
micropores in the presence of the bulky quaternary ammonium
cations, extended toward higher negative charge densities of the
carbon surface. These are new features of EDL structure in
microporous AC carbons, demonstrated for both slightly and highly
solvated ions, which appear to be in good agreement with recent
molecular dynamic studies of highly porous carbons and carbon
nanotubes. Applying the EQCM, we envisage further important
breakthroughs in our understanding of charging mechanisms in
microporous electrodes and the dynamics of ions and solvent
molecule transport phenomena.
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