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e
lectroadsorption of organic electrolyte
ions in microporous carbons under
applied potential controls the perfor-

mance and energy storage characteristics of
commercial double layer capacitors (EDLCs)
utilized in off-shore wind turbine systems,
smart grid, uninterruptable power supplies,
energy efficient industrial equipment, such
as harbor cranes, lifts and forklifts, hybrid
engines and electronic devices.1�3

One of the first studies of the pore size
effect on electrolyte�carbon pore interac-
tions revealed that a distortion of solvation
shells is dependent on both the ion and the
solvent.4 The following studies of porous
carbons having different average pore size
suggested significant enhancement of the
surface area normalized specific capaci-
tance in small carbon micropores, where
the ion solvation shells become highly dis-
torted and the average charge separation

distances between the ion centers and
the pore walls decrease.5,6 However, the
dependence of the specific capacitance on
the carbon microstructure7 and functional
groups,8 the difference in the accessibility of
pores by gas molecules (utilized for the
surface area measurements) and by electro-
lyte ions, the lack of sufficiently accurate
models capable to deduce the carbon spe-
cific surface area and pore size distribution
from the gas sorption measurements as-
suming realistic shape of the pores,9 and
finally the variations in the electrode pre-
paration procedure (where some of the pores
could be blocked by the excess amount of a
polymer binder or by collapsed pores in case
when excessive pressure is applied) may dis-
tort the observed dependencies.10,11

Some insights about the ion adsorption in
carbon pores could be extracted from NMR
studies.12�15 The first solid-state 11B NMR
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ABSTRACT Experimental studies showed the impact of the electrolyte solvents on both the ion

transport and the specific capacitance of microporous carbons. However, the related structure�property

relationships remain largely unclear and the reported results are inconsistent. The details of the

interactions of the charged carbon pore walls with electrolyte ions and solvent molecules at a

subnanometer scale are still largely unknown. Here for the first time we utilize in situ small angle

neutron scattering (SANS) to reveal the electroadsorption of organic electrolyte ions in carbon pores of

different sizes. A 1 M solution of tetraethylammonium tetrafluoroborate (TEATFB) salt in deuterated

acetonitrile (d-AN) was used in an activated carbon with the pore size distribution similar to that of the

carbons used in commercial double layer capacitors. In spite of the incomplete wetting of the smallest

carbon pores by the d-AN, we observed enhanced ion sorption in subnanometer pores under the applied potential. Such results suggest the visible impact of

electrowetting phenomena counterbalancing the high energy of the carbon/electrolyte interface in small pores. This behavior may explain the characteristic

butterfly wing shape of the cyclic voltammetry curve that demonstrates higher specific capacitance at higher applied potentials, when the smallest pores become

more accessible to electrolyte. Our study outlines a general methodology for studying various organic salts�solvent�carbon combinations.
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studies of BF4
� anions of TEATFB confined in activated

carbon pores showed significant upshift of the 11B
peak compared to that of free electrolyte, particularly
in the smallest pores.12 Similar observations were
made by the follow up studies of Wang et al.13 The
authors distinguished two 11B peaks and assigned
them to ions present in small and large pores.13 Inter-
estingly, NMR studies on porous carbons with dual
pore size distribution showed a single NMR peak.14 The
authors explained this observation by the rapid ex-
change of the BF4

� anions between the closely located
1 and 4 nm pores of the utilized well-structured
carbon.14 Another interesting observation was that
removal (drying) of electrolyte solvent diminished
the average ion-wall distance in large pores, but did
not affect such a distance in small pores,14 providing an
experimental evidence of the stripping of the solvation
shells around the ions in the smallest pores.
Computer modeling and calculations offer comple-

mentarymeans to study ion adsorptionphenomena.16�26

However, theassumptionsandparametersused ineachof
the described models may significantly affect the ob-
tained results. In addition, the impacts of the realistic pore
structure22 and electrolyte solvent � carbon pore wall
interactions on the predicted results may be significant.
Many of the factors that affect both the transport

and the electroadsorption of ions in the carbon nano-
pores, such as electrolyte wetting, viscosity, dielectric
constant, solvation energy of ions, size of the solvation
shells and conductivity are also influenced by the
electrolyte solvent. While these factors have been
acknowledged to affect the performance of EDLCs,1

neither has an in-depth understanding of their impacts
been identified, nor any prognostic abilities been
developed. In fact, comparison of acetonitrile (AN)
versus a less polar (yet with higher dielectric constant)
propylene carbonate (PC) solvent showed inconsis-
tently either higher27,28 or lower capacitance29 in
combination with the same salt, but depending on
the porous carbon.
In our recent studies, we pioneered the use of small

angle neutron scattering (SANS) to directly visualize
proton adsorption in microporous carbons under vari-
able potentials applied in aqueous (H2O and D2O)
solutions.30 In case of H2O-based electrolyte that
wettedwell the carbon surface, we observed enhanced
proton adsorption in subnanometer pores, while in
case of D2O-based electrolyte that did not wet some of
the smallest pores, we observed greatly diminished
proton adsorption in such pores.
In the current study, we aimed to further utilize the

high penetrating power of neutrons and high cross
section of neutron scattering on H in combination with
the high neutron absorption cross section of B to reveal
the pore size dependencies of electroadsorption of
ions from H-containing and B-containing tetraethyl
ammonium tetrafluoroborate (TEATFB) salt solution

in AN. The observed ability to monitor the changes in
the ion concentration in carbon pores of different size
may open the door to a quantitative analysis and better
understanding of the solvent effects, thus demystify-
ing many of the described above phenomena related
to electrolyte nanoconfinement under an applied electric
field. We shall emphasize that in contrast to many prior
studies, where the impact of pore size was studied by
analyzing completely different carbons,5,6,10,11 our experi-
ments allow unambiguous observation of the different
ion adsorption in various pores of the same material.

RESULTS AND DISCUSSION

Carbon Characterization. To avoid any impacts of the
polymer binder on both the neutron scattering and the
ion electrosorption, we have utilized a binder-free
activated carbon fabric (ACF) for our study. Scanning
electron microscopy (SEM) studies show long interwo-
ven strands of individual carbon fibers of 10�15 μm in
diameter (Figure 1a). High resolution transmission
electron microscopy (TEM) analysis revealed a highly
disordered carbon microstructure with small pore
below 2 nm in size distinguishable at the very edges
of the TEM samples (Figure 1b, top). No contamination
could be detected.

X-ray diffraction (XRD) analysis confirmed the re-
sults of TEM studies and showed a pattern very typical
for highly disordered carbons (Figure 2a). The two very
broad yet visible peaks could be assigned to diffraction
on (002) and (101) family of planes of disordered
graphite. The N2 adsorption/desorption isotherms col-
lected at 77K were utilized to calculate the pore size
distribution (Figure 2b) assuming the slit shape of the
pores, which is a typical assumption for activated
carbons.31�33 Nearly all of the pores are within
0.4�2 nm in characteristic dimensions, similarly to that
of the microporous activated carbon (AC) powder

Figure 1. Electron microscopy of the ACF samples: (a) SEM
micrograph showing morphology and diameter of the
individual fibers; (b) high resolution TEMmicrograph show-
ing the disordered microstructure and micropores present
within the activated carbon of ACF.
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utilized in the majority of commercial EDLCs. X-ray
photoelectron spectroscopy (XPS) was used to inves-
tigate the possible presence of functional groups on
the surface of the electrodes. Such groups may induce
Faradaic reduction�oxidation (redox) reactions8,34

and thus affect the specific capacitance of the elec-
trodes as well as the distribution of electrolyte and ions
within the ACF pores. As expected, the XPS studies
showed only a veryminor content of oxygen present in
the ACF samples (3 atom%, Figure 2c,d), similar to that
of AC powders commonly used in commercial devices.
Raman spectroscopy analysis (not shown for brevity)
similarly demonstrated very similar microstructure of
ACF and commercial AC powders. As such, we con-
clude that the selected ACF may serve as an excellent
model system for our studies.

Electrochemical Measurements. A 1 M solution of
TEATFB in AN is a common electrolyte of many com-
mercial EDLCs. However, to improve the sensitivity of
the SANS experiments to hydrogen, we had to select a
deuterated version of the solvent (d-AN) for in situ

SANS measurements. An ideal EDLC, having an infi-
nitely small real component of complex impedance,
shall exhibit the CV curves of a perfect rectangular
shape34 with a constant current or capacitance mea-
sured at all of the applied voltages. The CV studies of
the actual porous carbon electrodes provide informa-
tion about the relative ion storage capacities as well as
the ion transport kinetics. The distortion of the CV
curves at the transient regions, where the current
directions are abruptly inversed (top left and bottom
right portion of the curves, Figure 3) is mostly related
to the ionic component of the EDLC resistance,

originating, in our case, from the limited rate of ion
transport within the relatively large diameter of the
ACF having a small average pore size (Figure 2b) and
possibly some bottleneck pores present.

Increasing capacitance at higher values of the
applied voltage (Figure 3) and forming so-called “but-
terfly wing” or “V” or “U” or “dumbbell” shape of the CV
curves can be observed in various types of carbon
electrodes, including organic or ionic liquid electro-
lytes which permit larger maximum voltage and in
some cases in neutral aqueous electrolytes.35�37 Var-
ious research groups offered different explanations to
the observed deviations from the rectangular shape.

One of the earliest discussions on the experimen-
tally observed dependence of capacitance on carbon
electrode potential was initiated by Randin et al. while
investigating the double layer formation on a basal

Figure 2. Characterization of the physical and chemical properties of the ACF samples: (a) XRD pattern, (b) pore size
distribution, (c) survey, and (d) fine structure C1s XPS spectra.

Figure 3. Electrochemical characterization of the ACF elec-
trodes in a symmetric two-electrode setup using 1 M
TEATFB/d-AN electrolyte: CV measurements collected at
three different sweep rates, 1, 10, and 50 mV 3 s

�1, showing
a significant distortion of the rectangular shapeof an “ideal”
EDLC for all measurements. A “butterfly wing” shape is
clearly observed at slower sweep rates.
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plane of pyrolytic graphite.38 The capacitance of a
graphite/electrolyte interface (we will call it a double
layer capacitance, CDL) was approximated by two
components in a series: the capacitance of a space
charge within graphite (CSC) and the capacitance of an
electrolyte layer (Ce). Assuming that the latter should
be independent of the electrode itself (and thus
could be approximated by relatively high values of
∼20 μF/cm2 observed on the metal surfaces), Randin
et al. suggested that the overall capacitance must be
governed by the CSC, as the smallest of the two,
according to their estimations. If the expression for
CSC within a graphite electrode sample can be approxi-
mated by that for a pure intrinsic semiconductor,
then CSC shall be proportional to a hyperbolic cosine
(a “U”-shape function) of a linear function of an elec-
trode surface potential (VS):

38

CSC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Fεεoe2

2kT

r
3 cosh

eVS
2kT

� �
(1)

where e is the electronic charge, k is the Boltzmann's
constant, T is the absolute temperature, F is the charge
carrier density, ε is the dielectric constant of a carbon,
and εο is the permittivity of free space.

However, for both graphite and most porous car-
bons (except for semiconductor single-walled carbon
nanotubes, SWCNTs39,40), a more appropriate model
might be ametal-likematerial with free charge carriers,
but a low charge carrier density. In this case,41

CSC ¼
ffiffiffiffiffiffiffiffiffi
2εεo

p
3

F(VS)ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ VS

0
F(V) dV

s (2)

where F(Vs) is the charge carrier density, which now
depends on the carbon surface potential. By applying a
similar model to graphene (assuming 2D free electron
gas within graphene as amodel), Xia et al. showed that
the experimentally observed “U”-shape dependence of
the CDL on the surface potential could bematchedwith
such a theory quite precisely if one assumes that
charge carrier density F(Vs) in graphene has two con-
tributions: (i) a potential-induced (induced by changes
from the potential of zero charge, PZC) one and (ii) a
larger one induced by defects/dopants and indepen-
dent of the electrode potential.37

Alternative explanations have also been discussed.
For example, when performing modeling on double
layer formation in carbons immersed in ionic liquids,
Kiyohara et al. and Skinner et al.42 assumed that under
no applied potential and even at small voltages elec-
trolyte does not enter the small pores because the
volume exclusion interactions in such pores were
assumed to be so strong that they repelled ions from
the pores. When increasing the applied voltage and
wetting the carbon pores by electrolyte, a rapid in-
crease in specific capacitance should thus take place,

giving rise to the “U” or “dumbbell” -shape CV depen-
dence. In other simulations, Kondrat et al.25,26 assumed
the opposite: complete pore filling by ionic liquid
induced due to the attraction of ions to electrically
conductive pores induced by the image forces. How-
ever, the authors acknowledged that both scenarios
could fundamentally be plausible, depending on the
energy contributions in a particular carbon/electrolyte
system.

In our prior studies on the same ACF in aqueous
electrolytes, we observed a near-perfect rectangular
shape of the CV curves (Figure 2 of ref 30). According to
our recent discussion about the pseudocapacitance
detection34 and our XPS studies (Figure 2c), we believe
that these samples exhibit virtually no pseudocapaci-
tance (which may, in principle, increase capacitance at
a zero voltage, thereby flattening the CV curve). There-
fore, this lack of the “U”-shape in the CVs of the ACF
previously recorded in aqueous electrolytes34 must
indicate that either (i) CSC is largely independent of
the applied potential in aqueous electrolytes, in a
direct contrast to the predictions of the eqs 1 and 2
or (ii) CDL is dominated by Ce and not by CSC, which is
again in contradiction tomost of the prior art discussions.
If (i) is a correct hypothesis, then one can conclude that
the potential-induced charge carrier density of ACF must
remain very small within the potential range applied to
electrodes so that the total number of charge carriers is
mostly determined by the voltage-independent defects/
dopants-induced charge carrier density. In this case a
question arises: why in our organic electrolyte does the
CSC of the same material suddenly become voltage-
dependent (see Figure 3)? Can defects/dopants-induced
charge carrier density become voltage-dependent in
some electrolytes? If (ii) is a correct hypothesis, then
another question arises:what is the reason for the voltage
dependence of Ce in our organic electrolyte? Is it possible
that at least some of the smallest pores expel electro-
lyte (or electrolyte ions) under a zero (or small) electrode
polarization, but gradually become filled with electrolyte
ions upon increasing the applied voltage?

Searching for possible answers we conducted SANS
studies, as described below.

SANS Analysis. Our experimental setup (Figure 4)
used for in situ SANS analyses has been described in
our prior work.30 Briefly, ACF electrodes are placed into
an optical quartz cuvette section of the hermetically
sealed chamber equipped with three (3) electrical
feedthroughs. Both the working and counter ACF
electrodes (WE and CE) are positioned parallel to the
cuvette side-to-side at a distance of ∼3�5 mm from
each other so that the incoming neutron beam only
hits the working electrode (WE), as shown in Figure 4.
The diffraction patterns from theWE are then collected
using a two-dimensional (2D) neutron detector, normal-
ized to the transmission, corrected for the backgrounds
(scattering from empty cell and blocked beam) and
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analyzed based on three-phase model developed and
applied recently for quantifying the adsorption of super-
critical fluids and gases in nanoporous materials.43 Po-
tentiostat controls the potential of the WE vs a CE or vs a
reference electrode (RE).

Since d-AN was used in our studies, the only source
of hydrogen present in the electrochemical system
studied was in the N(C2H5)4

þ cations (BF4
� anions

contain no hydrogen). The application of a positive
potential results in an overall decrease in scattering
intensity (black curve with black looking up triangle
symbols in Figure 5a). Similarly, the application of a
negative potential results in an overall increase in
scattering intensity (blue curvewith blue looking down
triangle symbols in Figure 5a). Such trends could be
expected since the H-containing TEATFB cations must
be electrosorbed into the pores under application of a
negative potential, and expelled (replaced) with the
non-hydrogen containing anions and solvent mol-
ecules at a positive potential. In addition, due to
approximately 20% of the BF4

� anions containing
neutron-absorbing B10, the neutron scattering inten-
sity is attenuated with the higher presence of BF4

�

anions in the pores. This will strengthen the overall
trends observed by ∼32% according to our calcula-
tions conducted considering the number of H and B
atoms in each ion and the values for the neutron
scattering and attenuation cross sections, respectively.
The application of a positive potential fills the pores
with higher concentrations of BF4

� anions, resulting in
a further overall decrease in scattering intensity. The
application of a negative potential reduces the con-
centration of BF4

� anions in the pores, resulting in an
overall further increase in scattering intensity. The
observations of the shifts in scattering intensity with
the applied voltages validate our methodology and

corroborate trends we observed in our previous stud-
ies with aqueous solutions.30

To gain insights into the adsorption of ions within
the pores of different sizes, we normalized the SANS
intensities to a zero voltage SANS profile (Figure 5b).
Under the application of �2 V, the scattering intensity
increases by ∼10%, which could be approximated as
the H enrichment of 7.5% within the relatively large
pores. Under the application of þ2 V, the scattering
intensity decreases by ∼7%, which manifests the H
depletion of 5%. A slightly larger increase in the
scattering intensity under a negative potential than
the corresponding decrease under a positive potential
could be related to slightly higher initial concentration
of BF4

� anions in carbon pores. The smallest pores
(Q > 0.2 Å�1) of ACF exhibit even higher ion adsorption
capacity, as manifested by higher scattering intensities
for these pores, indicative of higher H concentration

Figure 5. In situ neutron scattering experiments on ACF
electrodes immersed into 1 M TEATFB/d-AN electrolyte
under an application of a potential between the WE and
CE: (a) SANS patterns, (b) SANS profiles normalized by the 0 V
one, (c) relative changes in the intensity of the normalized
SANS profiles.

Figure 4. Schematic of the SANS measurements setup for
in situ experimental studies of ion electrosorption phenom-
ena in microporous carbon electrodes: the neutron beam
only hits theworking electrode (WE) during the collection of
the scattered and transmitted neutron diffraction patterns
using a 2D neutron detector. The edge of the counter
electrode (CE) is located at least 5 mm away from the
perimeter of the beam. The electrochemical cell is herme-
tically sealed (not shown for simplicity).
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and lower B10 concentration at negative potentials,
and lower scattering intensities for these pores, indi-
cative of lower H concentration and higher B10 con-
centration at positive potentials. Figure 5c, where
relative changes in the normalized scattering intensi-
ties are shown for both the negative and positive
potentials applied to the ACF WE, shows the effect of
pore size on ion electroadsorption even more clearly.
The statistical uncertainties of the reported results
(error bars indicated) are smaller than the trends
observed. Such finding indeed supports many pre-
viously reported results that indicated the possible
enhancement of organic electrolyte ion adsorption in
the small subnanometer pores of many porous carbon
materials.5,6

These results are also in line with our previous SANS
studies of ion adsorption in H2SO4 solutions in H2O,
where electrolyte was found to completely wet the
carbon surface, including the smallest pores.30 However,
as previously discussed, we observed greatly diminished
proton adsorption in such pores if the electrolyte solvent
did not wet them, as in the case of a D2O-based electro-
lyte.30 Therefore, we were highly interested to identify if
d-AN would penetrate into the smallest pores.

To answer this important question, we conducted
SANSmeasurements on dry ACF and on ACF infiltrated
with d-AN. By deconvoluting the total scattering pat-
terns into the scattering from the fiber outer surfaces,
scattering from pores and incoherent background we
could identify the degree of pore filling over a broad
pore size range.30 If d-AN completely and uniformly
wetted all the pores, we would see a parallel vertical
downshift of the ACF scattering curve at all Q-values
with some normalization factor (due to smaller con-
trast between carbon and deuterated solvents than
between carbon and air). But in contrast to our ex-
pectation, we observed that the saturation of ACF with
d-AN leads to a Q-dependent decrease in the scatter-
ing intensity (Figure 6), indicating that a significant
portion of the smallest pores (Q > 0.2 Å�1) is not
completely filled with d-AN and thus exhibits a stron-
ger scattering intensity. Since the molecular radius of
the d-ANmolecule is∼2.1 Å,44,45 it is not expected that
the size of the d-AN molecule will limit access to the
smallest pores (∼0.5 nm in size). Thus, this incomplete
wetting likely originates from the high carbon/d-AN
interfacial energy, which may prevent the electrolyte
access to the smallest pores.

To independently confirm the lack of complete
wetting of ACF, we have conducted d-AN solvent
infiltration/displacement experiments, where we mea-
sured themass (and thus volume) of d-AN displaced by
ACF. Assuming the “true density”of carbon inACF to be
in the range of 2�2.2 g/cm3, we estimate that at least
0.05�0.1 cm3/g of ACF pore volume remains solvent-
free. From the observations of both (i) ion enrichment
in the smallest (Q > 0.2 Å�1) pores under applied

potential (Figure 5c) and (ii) the absence of electrolyte
in such pores under no potential (Figure 6), we con-
clude that the application of potential to ACF electro-
des induces electrowetting of d-AN-based electrolyte.
Furthermore, such a conclusion may additionally ex-
plain the “butterfly wing” shape of the CV curve
because higher surface area becomes accessible for
ion storage at higher voltages (Figure 3). Since the
smallest electrolyte-free pores (Figure 6) are expected
to exhibit the highest area-normalized capacitance,16

electrowetting such pores may, in principle, account
for the ∼30% observed increase in capacitance at 2 V
(Figure 3). Therefore, our results may challenge the
universality of a commonly accepted model of a
carbon space charge dependence on the applied
voltage, initially proposed to explain the CV shape.

Several factors may explain significantly stronger
electrowetting of d-AN-based electrolytes compared
with previously reported D2O-based electrolytes.30

First, one should expect that a higher interfacial energy
between a polar D2O and a hydrophobic carbon sur-
face (compared to that between a less polar d-AN and
carbon) should create a stronger energy barrier to
overcome during electrowetting. Second, we observe
that increase in capacitance at higher voltages be-
comes more pronounced at above 0.5�0.6 V
(Figure 3) when we apply larger potential (up to 2 V
in case of d-AN-based electrolyte vs 0.6 V in case of
D2O-based electrolyte). This higher potential provides
stronger driving force for filling electrolyte-depleted
regions within carbon nanopores.

CONCLUSIONS

Potential-dependent electroadsorption of N(C2H5)4
þ

cations and BF4
� anions in acetonitrile solution by

binder-free microporous activated carbon fabric elec-
trodes was studied by a combination of electrochemical
measurements and in situ SANS technique using a
custom-built hermetic apparatus. TEM and Raman spec-
troscopy measurements confirmed highly disordered
microstructure of the studiedmaterial, while XPS showed

Figure 6. Neutron scattering experiments on dry ACF elec-
trodes as well as on ACF immersed into d-AN: neutron
scattering from micropores in the studied samples. The
dash line represents scattering from dry ACF normalized
by 0.0991 to amaximum intensity of the neutron scattering
curves of ACF immersed into d-AN.
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minimal content of functional groups present on the
carbon surface. Nitrogen sorption measurements
showed pores within 0.4�2.2 nm, similar to that of
activated carbons used in commercial devices. Cyclic
voltammetrymeasurements showed a “butterflywing”
shape of the CV curves, which is often observed in high
surface area carbon materials and commonly ex-
plained by the gradual increase in a carbon space
charge at higher applied voltages. We have demon-
strated for the first time the unique ability of SANS to
monitor organic electrolyte ion adsorption in carbon
pores as a function of the applied potential and pore
size. Furthermore, our in situ SANS measurements

revealed that ion adsorption is strongly enhanced in
the smallest subnanometer pores, in spite of their
incomplete wetting by the electrolyte solvent. There-
fore, an alternative explanation to the characteristic
shape of the CV was proposed: electrowetting of the
smallest pores at increasing device potentials. The
methodology outlined in this paper can be used to
investigate and compare ion adsorption in various
other organic electrolytes and porous carbons with
different microstructure, shape and size of the pores
and surface chemistry for gaining better fundamental
understanding of ion sorption phenomena for energy
storage and other applications.

METHODS
Commercially available ACF (ACC-507-20) were purchased

from Kynol and used to analyze electrosorption of ions in
organic electrolytes. For electrochemical testing, the activated
carbon fabric of∼300 μm in average thickness was cut into strips
of approximately 1 cm in width. Four strips were used for WE
and CE in in situ experiments. These tests were performed in a
symmetric two-electrode configuration using hermetically sealed
beaker-type cells (Figure 1) assembled in a He-filled glovebox. For
ex situ electrochemical experiments, the electrodes and separator
(Whatman grade GF/B glass microfiber filter) were dried under
vacuumat 110 �C for 24handassembled inCR2016 coin cells in an
Ar-filled glovebox. For the ex situ experiments, we performed tests
to measure response of the WE individually while ensuring a
minimal cross-contamination of organic solvents. Throughout
the course of these experiments, one electrolyte was investigated:
1 M tetraethyl ammonium tetrafluoroborate (TEATFB, Sigma
Aldrich) which was diluted to 1 M concentration in deuterated
acetonitrile (99.96%, Cambridge Isotope Laboratories).
Electrochemical characterization of ACFwas performed using

cyclic voltammetry (CV). Cyclic voltammetry was performed
using a Gamry Potentiostat with the potential being swept from
0.0 to 2.0 V at scan rates of 1�1000 mV 3 s

�1. The integrated-
average gravimetric capacitance of each electrode was calculated
from the CV data (in symmetric, two-electrode configuration)
according to

Celectrode ¼ 2Ccell ¼ 2
(dU=dt) 3m

 !
3 f
Z 2:0V

0V

I(U) dU

�
Z 0V

2:0V

I(U) dUg 3
1
2 3

1
2V

(3)

where dU/dt is the scan rate,m is the mass of each electrode in a
symmetric cell, and I(U) is the total current. Thecapacitanceof each
electrode was calculated from the CV data according to

Celectrode ¼ I(U)
(dV=dt) 3m

 !
(4)

where dV/dt is the instantaneous scan rate at the WE measured
with the respect to theCE,m is themass of each electrode, and I(U)
is the total current.
Scanning electron microscopy (SEM) measurements were

performed using a LEO 1550 microscope (Carl Zeiss, Germany).
XPS was performed on a Kratos Axis Ultra with an Al kR X-ray

source. An Ar filled sample transport chamber was used to prevent
air exposure between drying and analysis. The sample was dried at
150 �C overnight, and loaded into the transport chamber in an Ar
filled glovebox. The elliptical analysis spot sizewas∼300� 700μm.
The detector pass energy was set to 80 eV for the survey spectrum
and20eV for thehigh resolutionspectrum,witha step sizeof0.1eV.

TEM experiments were performed on a High-Resolution
Transmission Electron Microscope (FEI Tecnai F30, accelerating
voltage of 300 kV).
SANS experiments were conducted at ORNL General Purpose

SANS instrument with a neutron wavelength of λ = 4.75 Å and a
wavelength spread, Δλ/λ of 0.13. Two sample-to-detector dis-
tances, 10 and 0.3 m, were used to cover a Q range between
Qmin of 0.008 Å

�1, and Qmax of 0.9 Å
�1, where Q = 4π sin(θ)/λ is

the scattering vector and 2θ is the scattering angle. The sample-
to-detector distance was chosen to cover a broad range of
scattering vectors Q up to 0.9 Å�1. Average acquisition time for
each scattering curve was approximately 60 min. Scattering
patterns were corrected for instrumental background, the trans-
mission and detector efficiency. The raw 2D data were azimuth-
ally averaged to produce the 1D profile, I(Q) versus Q. The data
were placed on an absolute scale (cm�1) using precalibrated
standards. The measurements were conducted at room tem-
perature. SANS patterns were recorded from dry ACF electrodes,
ACF infiltrated with d-AN and with 1 M TEATFB/d-AN electrolyte
at different applied voltages to monitor the changes in the
distribution of hydrogen ion concentrations as a function of pore
size. For the solvent-wetting measurement, the ACF sample was
immersed in the solvent for 24 h before the measurement. ACF
samples were sealed in the quartz sample holders with internal
thickness 2 mm. The following equation was used for the
deconvolution of the scattering intensity patterns into three
terms:

I(Q) ¼ A

Qn
þ C

1þ (jQ � Q0jξ)m þ B (5)

where the first term describes the scattering from the fiber
surface (A is a constant and n is the fractal dimension), the
second termdescribes the scattering frommeso- andmicropores
(C is a constant, Q0 is the position of the maximum, which is
related to the characteristic spacing ξ between pores, and m is
the Lorentzian exponent) and the constant B represents the
incoherent background.
The normalized SANS intensities were obtained by dividing the

scattering intensities measured at a certain potential (I(Q,V) by the
scattering intensities measured at zero potential I(Q,V = 0) as

Inormalized(Q, V) ¼ I(Q, V)=I(Q, V ¼ 0) (6)

The relative changes in the normalized intensity as a function
of scattering vector were obtained by subtracting the normal-
ized scattering intensity measured at Q = 0.4 Å from the
normalized intensity:

ΔInormalized (Q, V) ¼ I(Q, V)=I(Q, V ¼ 0) � Inormalized(0:4 Å
�1
, V) (7)

This procedure was selected to show Q-domain (Q > 0.4 Å�1)
corresponding to subnanometer pores in which the variation of
the normalized intensity is most pronounced.
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The statistical uncertainty of normalized intensity was calcu-
lated as follows:

δInormalized(Q, V)
Inormalized(Q, V)

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δI(Q, V)
I(Q, V)

� �2

þ δI(Q, V ¼ 0)
I(Q, V ¼ 0)

� �2
s

(8)

where δI(Q,V) is the measured uncertainty.
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