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Transport and adsorption processes of electrolyte ions in
porous carbon materials under an applied potential control
the performance of double layer capacitors for rapidly
emerging high-power energy storage applications,[1] capaci-
tive deionization devices for water purification and desalina-
tion,[2] rotational motors for artificial muscles, microfluidic
devices, and nanorobotics.[3]

Electrochemical analysis techniques combined with struc-
tural and chemical characterization of porous carbon materi-
als offer limited prognostic abilities. Several studies revealed
significant impact of structural defects in carbon materials on
their electrosorption properties[4] and the enhanced ion
adsorption in sub-nanometer pores[5] in selected materials
systems. The observed phenomena, however, were not always
confirmed in other carbon materials or electrolytes, and the
universality of such observations remains a topic of debates in
the scientific community. The challenge comes from the
difficulty of independently tuning various material properties
needed for systematic experimental studies and from the high
complexity of realistic materials systems for ab initio simu-
lations.

To gain better insights into adsorption phenomena,
computer simulations were performed in model systems,[1a,6]

with a stronger emphasis on ionic liquid (IL) electrolyte-
s,[1a, 6c–e] which do not contain solvent molecules and thus
simplify the calculations. A recent study emphasized the
importance of taking into consideration a more realistic

structure of porous carbon materials.[7] While the obtained
modeling results are insightful, development and adoption of
complementary experimental techniques is critically needed
to directly identify both the ion transport[8] and adsorption
sites in a broad range of microporous solids as a function of
the applied potential, verifying the molecular mechanisms
previously proposed and providing guidance to future mod-
eling efforts.

Recent studies have demonstrated that small-angle neu-
tron scattering (SANS) can provide unique, pore-size-specific
information on the adsorption of confined fluids and may be
used to evaluate the density of the adsorbed molecules in
nanometer and sub-nanometer pores.[9] In this work we report
on the discovery of the unique capability of in situ SANS to
directly visualize changes in the electrolyte ion concentration
in pores of different sizes as a function of the potential applied
to any nanoporous material. In contrast to prior studies,[5] the
distribution of the ion density within the pores of different
sizes can be measured within the same material. Since
materials with different pore size distributions inevitably
exhibit different microstructures and different concentrations
of defects and surface functional groups, the proposed
method offers the unique and important ability to study the
effects of the pore size and surface chemistry independently.

The majority of electrolytes contain hydrogen atoms in
either their solvent molecules or ions or both. We show that
by monitoring changes in the distribution of the hydrogen
atoms in the nanoconfined electrolyte upon the application of
an external potential to porous carbon electrodes one can
elucidate where the ion adsorption takes place. A simplified
schematic of our experimental setup is shown in Figure 1. We

Figure 1. Experimental setup for in situ studies of ion adsorption on
the surface of microporous carbon electrodes.
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used a microporous activated carbon fabric (ACF) as binder-
free conductive electrodes for our studies (Figure S1 in the
Supporting Information). In our proof-of-concept in situ
SANS experiments we used aqueous electrolytes based on
H2SO4 solutions in H2O and D2O. Our choice of electrolyte
was motivated by a significant difference in the neutron
scattering length density (SLD) of H2O and C, and a small
difference in the neutron SLD between D2O and C.

Cyclic voltammetry (CV) studies performed in a symmet-
ric two-electrode configuration in the voltage window
between �0.6 and 0.6 V revealed nearly ideal capacitive
behavior with a rectangular shape of the curves (Figure 2a,b
and Figures S2 and S3). Analysis of the CV curves showed
a noticeably higher ACF capacitance and a better capacitance
retention in a H2O-based electrolyte (Figure 2c and Fig-
ure S2c). The experimentally determined higher ionic con-
ductivity of the H2O-based electrolyte (Figure S4) may play
a role in a better ACF capacitance retention (Figure 2c). A
higher strength of the deuterium bonds over the hydrogen
bonds[10] results in a higher viscosity of D2O than H2O

[11] and
contributes to a reduced overall mobility of the electrolyte
ions.

In the absence of Faraday processes and for a similar ion
surface density the carbon capacitance per unit surface area
shall increase with decreasing average distance between the
pore walls and the center of charge of the electrolyte ions near
the surface. The size of the ion solvation shells in H2O and
D2O is similar. At the same time, since D2O is a weaker
solvent, one may expect ions in D2O to approach the
oppositely charged pore walls closer because of the lower
solvation energy and smaller free-energy barrier needed for
the distortion of the solvation shell in this solvent. Because
a small decrease in the carbon–ion charge separation leads to
a large increase in the capacitance,[6b] one should expect ACF
to exhibit a higher capacitance in a D2O-based electrolyte (in
contrast to our observations, Figure 2), if the average
concentrations of electroadsorbed ions on the carbon surface
were identical.

In situ SANS studies shed light on the origin of the
unexpected performance. Under the application of a negative
potential to an ACF working electrode (WE) in an aqueous
H2SO4 solution, H-containing cations (such as H3O

+, in the
simplistic description) replace anions (such as HSO4

� and
SO4

2�) and H2O molecules, thereby increasing the concen-
tration of H in the vicinity of the ACF surface and thus
increasing the intensity of the scattered neutron beam and
shifting the intensity curve up to higher values (Figure 3a).
When a positive potential is applied to a working electrode,
electrolyte anions replace both H-rich cations and H2O
molecules, thus decreasing the concentration of H atoms in
the vicinity of the ACF surface and decreasing the scattering
intensity (Figure 3a).

The application of a negative potential to an ACF working
electrode in a H2SO4-containing D2O solution increases the
intensity of the scattered neutron beam more than in the
other case because of a dramatically weaker scattering of
neutrons from the deuterium atoms in D2O (Figure 3 b).
Under the application of a positive potential to an ACF WE,
the change in the H concentration becomes governed by the

replacement of both cations (such as H+, HD2O
+) and D2O

solvent molecules by electrolyte anions (such as HSO4
� and

SO4
2� ions in a simplistic case). The replacement of D2O by

SO4
2� and of H+ and HD2O

+ by HSO4
� are expected to have

little impact on the scattering intensities. Because the replace-
ment of HD2O

+ and H+ by SO4
(2�) contributes to a decrease of

the H concentration in the ACF pores, whereas the replace-
ment of D2O by HSO4

� , in contrast, leads to an increase in the
H concentration, the change in the intensity of the scattered

Figure 2. Electrochemical characterization of the activated carbon
fabric in symmetric cells: cyclic voltammetry performed at different
sweep rates in 1m H2SO4 solution in a) H2O and b) D2O. c) Capacity
retention as a function of the sweep rate.

Angewandte
Chemie

4619Angew. Chem. Int. Ed. 2013, 52, 4618 –4622 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


beam is determined by the balance of both processes. In our
case, we see minimal changes in the scattering intensity when
the potential of the WE was increased from 0 to 0.6 V versus
a counter electrode (CE) (Figure 3b).

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 3c,e). It is important to
note that the variable scattering vector, Q, is inversely
proportional to the pore size (large pores are present at
small values of Q and vice-versa). In the case of the H2O
solvent, under the application of �0.6 V the scattering
intensity increases by about 6% (Figure 3c), which represents
a H enrichment of 6% within the relatively large pores. The
smallest pores (Q> 0.5 ��1) of ACF exhibit an even higher
ion adsorption capacity, as manifested by a higher H concen-
tration in such pores at negative potentials and a lower H
concentration at positive potentials.

The effect of the pore size on the ion electroadsorption
can be seen more clearly in Figure 3d, where relative changes
in the normalized scattering intensities are shown for both the
negative and positive potentials applied to the ACF WE.
Under the highest negative potential of �0.6 V the H
enrichment remains constant for pores corresponding to

Q< 0.5 ��1 but increases in small pores
corresponding to Q> 0.5 ��1. Under the
highest positive potential of 0.6 V the H den-
sity decrease is enhanced in the smallest
pores corresponding to the same Q (Fig-
ure 3d). Such observations support the
recent hypotheses of the enhanced ion
adsorption in the smallest pores.[5] In contrast
to these prior studies, where the impact of the
pore size was studied by analyzing com-
pletely different carbon materials exhibiting
not only different pore size distributions but
also different concentrations of defects and
functional groups, our manuscript presents
the first unambiguous observation of differ-
ent ion adsorption in the smallest sub-nano-
meter pores.

In case of a D2O solvent (Figure 3d,b,f),
the negative polarization increases the neu-
tron scattering intensity more dramatically
because the scattering contrast between
carbon and D2O is much smaller than
between carbon and H2O. Under the appli-
cation of �0.6 V the concentration of H
increases by about 35% in large pores (Fig-
ure 3e). However, in sharp contrast to the
H2O solvent studies (Figure 3c,d), cation
adsorption is significantly reduced in the
smallest pores (Q> 0.4 ��1) in case of a D2O
solvent (Figure 4e,f).

The apparently smaller surface area of
the ACF accessible to electrolyte ions
explains the previously measured lower spe-
cific capacitance observed in a D2O-based
electrolyte (Figure 2 c). If the energy of the
solvent–pore wall interface could be

neglected as traditionally assumed, the observed reduction
of cation adsorption upon changing the solvent (compare
Figure 3d,f) could not be explained, because the ion solvation
energy is, in fact, smaller in D2O than in H2O and thus
a distortion of the solvation shells and permeation of partially
desolvated ions into the smallest pores should be easier in
D2O. Therefore, we postulate that D2O–pore wall interactions
obstruct ion access to a portion of the ACF surface. Such
interactions should be greatly enhanced in the smallest pores,
where interaction potentials of the solvent molecules with
both sides of the pore walls overlap.[12] As a result, the relative
concentration of ions becomes strongly reduced within sub-
nanometer pores (Figure 3 f).

Two separate scenarios may lead to the reduced accessible
surface area of the ACF in the D2O-based electrolyte: either
the attraction of D2O to the pore surface is so strong in the
smallest pores that the replacement of the surface-adsorbed
D2O molecules by cations becomes energetically unfavorable
or, in contrast, the hydrophobic carbon surface combined with
the higher carbon/D2O-based electrolyte interfacial energy
prevents electrolyte access to the smallest pores. To identify
which hypothesis is correct, we measured the relative degree
of the ACF pore filling by both solvents and the relative

Figure 3. In situ neutron scattering experiments on ACF electrodes immersed into H2O (a,
c, and d) and D2O-based (b, e, and f) electrolytes under application of a potential between
the WE and CE: a and b) SANS patterns, c and e) SANS profiles normalized by the 0 V
one, and d and f) relative changes in the intensity of the normalized SANS profiles.
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strength of the solvent–pore wall interactions. SANS per-
formed on dry ACF and on ACF infiltrated with H2O and
D2O media provided valuable insights (Figure 4). A negative
SLD of H2O (�0.56 � 1010 cm�2) increases the neutron con-
trast between carbon and H2O saturated pores, leading to
stronger scattering from H2O-saturated ACF (Figure 4a). At
the same time, a positive SLD of D2O (6.4 � 1010 cm�2) being
close to that of carbon (4 � 1010 cm�2) leads to a weaker
scattering from D2O-saturated ACF (Figure 4a). By decon-
volution of the total scattering patterns (Figure 4a) into the
scattering from the fiber outer surfaces, scattering from pores
and incoherent background (see Figure 4b as an example) we
could identify the degree of pore filling over a broad pore size
range. The saturation of the ACF pores with H2O leads to
a parallel shift of the ACF scattering curve at all Q values with
a factor of about 1.3 (Figure 4c), which is a ratio of the
scattering intensities from H2O-saturated and dry ACF at the

value of the scattering vector corresponding to the maximum
scattering intensity. This indicates that all the pores are evenly
filled with H2O. In contrast, saturation with D2O leads to a Q-
dependent decrease in the scattering intensity (Figure 4c),
indicating that a significant portion of the smallest pores (Q>

0.3 ��1) is not completely filled with D2O. Vapor adsorption
isotherms collected at 293 K (Figure S5) further confirm the
SANS results. H2O adsorption was observed at slightly lower
relative pressures, indicating stronger interactions with
carbon pore walls. More impressively, nearly 250 cm3 g�1 less
D2O was adsorbed on the ACF surface at a relative pressure
of 0.8 (Figure S5), indicating incomplete filling of pores by
D2O, as suggested by Figure 4c.

Since both SANS and sorption measurements indicate
incomplete access of D2O to the small pores, we conclude that
the higher energy costs of maintaining a stronger deuterium
bond network (compared to a hydrogen bond network) at the
sub-nanometer proximity to the hydrophobic carbon surface
is responsible for the formation of D2O-based electrolyte
depletion regions and for the dramatic difference between the
electroadsorption of D2O- and H2O-based electrolyte ions in
the smallest carbon nanopores.

We acknowledge that the idea that improved wetting
properties may affect the specific capacitance of carbon is not
new. Indeed prior studies reported a higher surface-area-
normalized capacitance in porous carbon materials after
surface oxidation, which improved the electrolyte wetting.[13]

These and similar studies, however, did not take into
consideration that the modification of the carbon surface
chemistry likely increased the concentration of defects and
opening of bottle-neck pores during oxidation may similarly
increase the capacitance. Furthermore, no experimental
studies have provided any insight on how the electrowetting
phenomenon may counterbalance the insufficient carbon
wetting by the solvent. As such, the impact of carbon
wettability by the solvent on the specific capacitance has
generated much controversy. In contrast, in our studies we
unambigously show for the first time that the poor solvent
wetting may indeed prevent electrolyte access to sub-nano-
meter pores even under the applied potential. More impor-
tantly, we demonstrate the capability of SANS to directly
estimate the critical pore size, below which the inner surface
area of carbon materials may not be accesible by electrolyte
ions.

Multiple prior studies also observed a noticeable impact
of organic electrolyte solvents on the carbon capacitance.[14]

The majority of such studies focused on acetonitrile (AN) and
propylene carbonate (PC) used in commercial electrochem-
ical capacitors. While AN offers higher ionic conductivity and
is more polar, it exhibits a nearly 45% lower dielectric
constant than PC. Interestingly, in different porous carbon
materials (and thus different pore size distributions and
surface chemistries) the AN-based electrolytes inconsistently
showed either higher[14a,b] or lower capacitance[14c] than PC-
based electrolytes with an identical salt. In spite of the
significant efforts, rather limited fundamental understanding
of the solvent effects has gained so far. Our studies show
a new route capable of demystifying the impact of the solvent
and of revealing how the electrolyte–electrode interfacial

Figure 4. Neutron scattering experiments on dry ACF electrodes as
well as on ACF immersed into H2O and D2O: a) SANS patterns.
b) Deconvolution of the total scattering from dry ACF into scattering
from the incoherent background, fiber surface, and pores. c) Neutron
scattering from meso- and micropores in the studied samples. In (c)
dashed lines represent scattering from dry ACF normalized to a max-
imum intensity of the neutron scattering curves of ACF immersed into
two liquids: the red dashed line represents a normalization factor of
0.0775, and the blue dashed line represents a normalization factor of
1.3.
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energy may have impact on the ion adsorption in pores of
different sizes.

Finally, we would like to point out the unique capability of
SANS to identify the degree of ion adsorption in pores of
different sizes at no applied potential. This is an important
question as the degree of pore filling affects the voltage
dependence of the capacitance.[15] Several research groups
suggested the opposite scenarios for the ion-filled small
micropores. For example, Kiyohara et al.[16] suggest in their
model that ions are expelled from small pores, when the
porous electrode is not polarized. In contrast, Kondrat et al.
assume the opposite based on the estimate of the role of
image forces in the electrode that attract ions to electronically
conductive pore walls.[17] By measuring lower neutron scatter-
ing intensity on an ACF electrode immersed in pure solvents
than in electrolytes based on such solvents (Figure 5a,b ) we

conclude that H-containing ions do enter the carbon pores
without applied potential in case of both H2O and D2O
solvents. More importantly, this H enrichment is stronger
inside the smallest pores in both of these solvents (Figure 5c).
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