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Abstract: An electrical effect, the supercapacitive swing
adsorption (SSA) effect is reported, which allows for reversible
adsorption and desorption of carbon dioxide by capacitive
charge and discharge of electrically conducting porous carbon
materials. The SSA effect can be observed when an electrically
conducting, nanoporous carbon material is brought into
contact with carbon dioxide gas and an aqueous electrolyte.
Charging the supercapacitor electrodes initiates the sponta-
neous organization of electrolyte ions into an electric double
layer at the surface of each porous electrode. The presence of
this double layer leads to reversible, selective uptake and
release of the CO2 as the supercapacitor is charged and
discharged.

The discovery of new electrical effects, such as the photo-
voltaic effect, superconductivity, or the thermoelectric effect,
is a major driving force in science.[1–3] The application of
electrical potentials to matter allows for its manipulation, for
example in liquid crystal displays as well as for electrically
controlled hydrophobization and infiltration.[4–6] Herein, we
show that the charge and discharge of supercapacitor electro-
des can be utilized to achieve gas adsorption and separation.

Monolithic, cylindrical carbon electrodes with a length of
approximately 50 mm and a diameter of 13 mm (mass ca.
3.7 g) were prepared from commercially available activated
carbon (BPL carbon, Calgon). One electrode was partially
submerged, while the other electrode was fully submerged in
30 mL of an aqueous electrolyte (1m NaCl) inside a glass cell
with a volume of 135 mL (Figure 1). The sorption cell was
placed in a temperature-controlled water bath (299.00�
0.01 K) and flushed with a mixture of CO2 and N2 (CO2/
N2 = 15:85) for four hours at atmospheric pressure. The
chosen gas mixture resembles a mimic of flue gas. The system
was sealed and equilibrated for twelve hours to allow for
saturation of the electrolyte with the gas. After stabilizing the
cell pressure for twelve hours, a potential difference of 1 V
was applied using a Gamry 3000 potentiostat. The fully and
partially submerged electrodes served as anode and cathode,
respectively. The potentiostat enabled the coupling of the
SSA experiments with whole-cell cyclovoltammetry (CV;
scan rates: 1, 0.2, and 0.05 mVs�1) and galvanostatic charge–

discharge (GCD; current = 10 and 2 mA) experiments. The
CV and GCD curves obtained confirmed the capacitive
behavior of the system (Supporting Information, Figures S1–
S5). With the GCD curves in hand, the capacitance C could be
determined to be 57 F on average for all charge and discharge
curves at 2 mA. The equivalent series resistance (ESR) that
was measured from the current resistance (IR) drop was 17 W.
Reversible decreases (increases) in pressure that are associ-
ated with the charging (discharging) cycles were monitored
during these experiments (Figure 2). However, there were
significant differences in the pressure trends depending on
whether a CV or a GCD scheme was employed and the
specific parameters of the experiment. A pressure decrease
was observed during the charge step of both the CV and the
GCD experiments. The pressure increased by approximately
the same value during the discharge step suggesting that the
pressure changes are attributable to reversible adsorption of
carbon dioxide. The magnitude of this supercapacitive swing
adsorption (SSA) effect depended on the scan rate. For CV
experiments, pressure changes of approximately 3, 9, and
17 Torr were observed (Figure 2a–c) for scan rates of 1, 0.2,
and 0.05 mVs�1, respectively. The pressure changes lag
behind the applied voltage as the pressure minimum does
not occur at the maximum voltage. This delay decreases with
a decrease in the scan rate and is nearly absent for a scan rate
of 0.05 mVs�1. For the GCD experiments, reversible pressure
changes of approximately 10 and 15 Torr were observed at 10
and 2 mA, respectively (Figure 2e,d). In this case, there is no
delay for the pressure changes. The slope of the pressure
curve (Figure 2d,e) that was obtained during the charging
half cycle increases with time, which suggests that the
magnitude of the SSA effect increases with the voltage. The

Figure 1. Experimental setup for an SSA experiment with aqueous
electrolytes. Whereas the cathode is only partially submerged in the
electrolyte, the anode is fully submerged.
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amount of energy that is required for charge and recovered by
discharge may be calculated by multiplying the integration of
the area under the GCD charge and discharge curves with the
applied constant current (see the Supporting Information for
details). At 10 mA, the energy that is required for charging is
22.2 J, and the energy that is recovered is 9.5 J, which
corresponds to a charge–discharge energy efficiency of
42%. At 2 mA, the energy used for charging is 33.1 J; 24.4 J
are recovered upon discharge, which is equivalent to
a charge–discharge energy efficiency of 74 %. This reflects
the fact that the energy efficiency of a supercapacitor is
a matter of the charge–discharge rate and the ESR of the
capacitor.[7, 8] The smaller the ESR of a capacitor, the faster it
can be charged at constant efficiency. The slower the charge
rate, the higher the efficiency at constant ESR. The energy
that is used per mol of reversibly adsorbed CO2 in the
experiment at 2 mA is 103.6 kJ mol�1 (see the Supporting
Information for detailed calculations).

Reversible pressure changes were also observed when
a conventional constant-voltage power supply was used as the
voltage source. The pressure in the cell was continuously
monitored while the potential difference across the electrodes
was cycled between + 1 V and 0 V (relative to ground), with
the half-submerged and the fully submerged electrode
assigned to be cathode and anode, respectively. The resulting
pressure response for full cycles, which lasted 120 min each
(one hour on and one hour off), is shown in Figure 3. These
results clearly show a pressure response to the applied bias:

The pressure decreases monotonically while the supercapa-
citor is charging (bias switched on), and then returns to its
initial value (approximately) while the supercapacitor is
discharging (bias off, electrodes short-circuited). This effect
was reproducible over 50 charging/discharging cycles, with an
average pressure swing of approximately 6 Torr.

The size of the pressure changes depends on the voltage.
The pressure increased substantially from 3 Torr at 0.53 V to
31 Torr at 1.21 V for the first half cycle (Figure S6). The
energy flow during voltage-dependent experiments was
monitored using a power analyzer that was interfaced
between the constant-voltage power supply and the electro-
des; the values for the SSA effect are provided in Table S1. As
the energy (E) that is stored in a capacitor is equal to E =

0.5 CV2 (C = capacitance, V = voltage), we calculated the
ratio DP/V2, which significantly increased from a value of 11.4
(V = 0.53 V) to 20.7 (V = 1.21 V). Similarly, the DP/E ratio
increased from 0.87 to 1.71. The capacitive charging behavior
of the system can be seen from the fact that E/V2 is nearly
constant. This suggests that greater pressure changes can be
achieved at higher voltages. For a neutral aqueous electrolyte
system, the maximum voltage is restricted to approximately
1.6 V, otherwise electrolysis takes place. From a thermody-
namical point of view, the maximum voltage is restricted to
approximately 1.2 V; however, approximately 1.6 V are
possible practically in neutral solutions because of over-
voltage effects.[7]

Then, lighter and heavier electrodes were prepared, and
the magnitude of the SSA effect was determined at a voltage
of 1 V. Decreasing the mass of the electrode by a factor of 14
(0.2 g) decreased the magnitude of the pressure changes by
a factor of approximately 14 (Figures S7 and S8). Increasing
the mass of the electrodes to 7.5 g led to an approximate
doubling of the magnitude of the effect. These results show
that the effect scales linearly with the mass of the electrodes.

To assess the extent to which the observed SSA pressure
changes reflected gas separation that is due to selective
adsorption of CO2 over N2, the composition of the headspace
gas was monitored by gas chromatography. Electrodes with
masses of 7.5 g each were charged at a constant current of
2 mA between 0 and 1.2 V. Reversible pressure changes
ranging from 47 Torr (first cycle) to 39 Torr (last cycle) were

Figure 2. a–e) Pressure changes observed during cyclovoltammetric
and galvanostatic charge (dark gray) and discharge (light gray) at
1 (a), 0.2 (b), and 0.05 mVs�1 (c), as well as at 10 (d) and 2 mA (e).

Figure 3. Pressure changes measured during the charge and discharge
of electrodes with a constant-voltage power supply (1 V). During the
charge step the pressure decreases. Electrode discharge leads to an
increase in pressure.
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measured (Figure S9). At the end of three half cycles, 10 mL
aliquots of gas were sampled with a microliter syringe and the
composition of the gas was analyzed by gas chromatography.
At the end of an adsorption half cycle, the percentage of CO2

in the gas mixture was reduced by between 6.5% and 5.5%
(Table S2); this implies that more than one third of the carbon
dioxide has been removed from the CO2/N2 (15:85) gas
mixture. After completion of a desorption half cycle, the CO2

content had increased by approximately the same extent (by
between 6.1% and 5.4%). These results demonstrate that
actual gas separation of CO2 and N2 from the mixture has
taken place. The change in gas composition confirms that the
observed pressure changes are due to selective adsorption of
CO2 from the gas mixture. A good agreement between the
amount of reversibly adsorbed CO2 that was calculated from
the measured composition and the measured pressure
changes further supports selectivity of CO2 over N2 (see the
Supporting Information for details). The selectivity was
confirmed by additional experiments with pure N2. The
pressure slightly increased by approximately 0.5 Torr when
a bias of 1 V was applied (Figure S10), which indicates that N2

is slightly repelled from the supercapacitor. However, this
very small effect may also be due to a more general
phenomenon, such as the displacement of surface-adsorbed
gas by electrowetting[9] or even a density change of the
electrolyte that is due to the formation of the double layer.

The dependence of the SSA effect on the partial pressure
of CO2 was also investigated. Experiments with pure CO2

revealed an approximately four-fold increase in the effect
compared to a 15:85 CO2/N2 mixture (Figure S11). As the
partial pressure of CO2 increased by a factor of 6.7 while the
overall pressure changes only increased by a factor of 4, it may
be concluded that there is a less than directly proportional
dependence of the effect on the partial pressure of CO2.

The size of the effect for N2/CO2 gas mixtures as well as
for pure CO2 in thermodynamic equilibrium was investigated
by extending the time of a single adsorption half cycle until no
further decreases in pressure were observed. For the gas
mixture, the effect was found to amount to approximately 55
and 70 Torr for a voltage of 1 and 1.2 V, respectively
(Figure S12). For pure CO2, the effect was 97 Torr (1 V) and
109 Torr, respectively (Figure S13). The less than directly
proportional relationship between the change in overall
pressure and the change in the partial pressure of CO2 is
more strongly pronounced in systems at equilibrium, as the
pressure only doubles while the CO2 partial pressure
increases from approximately 0.15 atm to approximately
1 atm. As the volume of the gas sorption cell and the mass
of the electrodes are known, the magnitude of the effect could
be calculated in terms of the amount of gas (in mol) per
kilogram of carbon material to be 0.08 and 0.07 molkg�1 for
pure CO2 at 1.2 and 1 V, respectively. In terms of the surface
area, these values correspond to 1.2 � 10�7 molm�2 and 1.1 �
10�7 molm�2 (based on a 640 m2 g�1 seven-point BET surface
area for BPL carbon). For the gas mixture, the effect amounts
to 0.04 molkg�1 (1 V) and 0.05 mol kg�1 (1.2 V); these values
correspond to 6.2 � 10�8 and 7.8 � 10�8 molm�2, respectively.

Variable-temperature experiments with N2/CO2 gas mix-
tures in thermodynamic equilibrium revealed that the pres-

sure changes only weakly depend on the temperature (Fig-
ure S14). At 1.02 V, pressure changes of 55, 50, and 55 Torr
were observed at temperatures of 26, 50, and 55 8C. At 1.2 V,
the magnitude of the SSA effect increased to 67 Torr at 26 8C.
At 40 and 55 8C, the pressure first decreased and then slowly
increased. This phenomenon was more pronounced at 55 8C.
Most likely, overvoltage effects, which prevent electrolysis at
1.2 V, are overcome at higher temperatures, which leads to the
electrolytic evolution of gas. This hypothesis is further
supported by the fact that the pressure at the end of an
experiment is higher than at the beginning of the experiment.
The observation that the pressure first decreases and then
increases is due to the fact that at the beginning of an
experiment, the pressure decrease that is due to the SSA
effect is more pronounced than the pressure increase that
arises from electrolysis. As the SSA effect saturates the
pressure increase that is due to electrolysis becomes domi-
nant.

Control experiments without any electrolyte at voltages of
up to 5 kV did not show any pressure changes, which confirms
that the electric double layer is essential for the SSA effect. In
principle, the CO2 could be adsorbed either at the gas–solid
interface or at the electric double layer at the liquid–solid
interface. Physisorption at a gas–solid interface is very fast
and typically complete within seconds to minutes; however,
the SSA effect requires several hours to reach equilibrium.
This suggests that the adsorption takes place within the
electrical double layer at the liquid–solid interface, because
diffusion through a liquid is slower than diffusion through the
gas phase. In this context, electrowetting, the wetting of
a hydrophobic interface by the application of an electric
bias,[10] could play a significant role. It would be expected that
the area of the reversibly wetted interface of the gas-exposed
electrode increases (decreases) when the capacitor is charged
(discharged). This also corroborates adsorption at the liquid–
solid interface, as the magnitude of the pressure swings would
then follow electrowetting-driven changes in the area of the
liquid–solid interface, whereas they would be inversely
correlated with changes at the gas–solid interface. To inves-
tigate which roles cathode and anode play we carried out an
additional experiment, in which the half-exposed electrode
acted as the anode, and the fully submerged electrode acted as
the cathode. In this case, a reversible effect was also observed;
however, the pressure somewhat increased when the electro-
des were charged (Figure S15). This dependence on the
polarity of the bias across the supercapacitor suggests that the
SSA effect arises from the asymmetry between the interaction
of CO2 with the partially and fully submerged electrodes in
the cell. Evidently, the CO2 experiences a net stabilizing
(destabilizing) interaction when the exposed electrode is
biased as the cathode (anode); this indicates that the specific
interactions of CO2 with the cathode and anode must be
different, presumably because of the different structures of
the respective double layers. In a final control experiment, it
was demonstrated that the SSA effect was still observed when
an ionic liquid, namely tris(pentafluoroethyl)trifluorophos-
phate (EMIM FAP), was used as the electrolyte (Figure S16),
which demonstrates that the effect is not limited to CO2 in
aqueous environments.
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In conclusion, we have discovered a fundamentally new
and non-obvious electrical effect, the supercapacitive swing
adsorption effect, in which adsorption and desorption are
accomplished by the reversible charge and discharge of
supercapacitor electrodes. This SSA effect increases with
applied voltage and demonstrates a high selectivity for CO2

over N2, enabling the separation of CO2 from a mixture that
mimics the composition of flue gas from a coal-fired power
plant. The SSA effect decreases less than directly propor-
tionally with the CO2 partial pressure. The observed pressure
changes are barely temperature-dependent. Aside from CO2

separation, the SSA effect may also have implications for
other gas separations as well as for gas storage, as the SSA
effect may not be solely restricted to CO2.
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