
Enhancing the capacity of supercapacitive swing adsorption CO2 
capture by tuning charging protocols and pH   
Trevor B. Binford, Grace Mapstone, Israel Temprano, Alexander C. Forse* 

Department of Chemistry, University of Cambridge, Lensfield Road, CB2 1EW, UK 
*corresponding author, E-mail: acf50@cam.ac.uk 
 

ABSTRACT: Supercapacitive swing adsorption (SSA) is 
a recently discovered electrochemically driven CO2 cap-
ture technology that promises significant efficiency im-
provements over traditional methods. A limitation of this 
approach is the relatively low CO2 adsorption capacity, 
and the underlying molecular mechanisms of SSA re-
main poorly understood, hindering optimization. Here 
we present a new device architecture for simultaneous 
electrochemical and gas-adsorption measurements, and 
use it to investigate the effects of charging protocols and 
electrolyte pH on SSA performance. We show that alt-
hough pH 7 is already near optimal, altering the voltage 
applied to charge the SSA device can significantly im-
prove performance. Charging the gas-exposed electrode 
positively rather than negatively increases CO2 adsorp-
tion capacity and causes CO2 desorption rather than ad-
sorption with charging. We also show that switching the 
voltage between positive and negative values further 
increases CO2 capacity. Previously proposed mecha-
nisms of the SSA effect fail to explain these phenomena, 
so we present a new mechanism based on movement of 
CO2-derived species into and out of electrode mi-
cropores. Overall, this work advances our knowledge of 
electrochemical CO2 adsorption by supercapacitors, po-
tentially leading to devices with increased uptake ca-
pacity and efficiency. 

Climate change is one of the greatest challenges the 
world faces in the 21st century. The Intergovernmental 
Panel on Climate Change (IPCC) estimates that to limit 
global temperature increase to 1.5 °C above pre-
industrial levels, the world needs to achieve net carbon 
neutrality by 2050.1 Although expanding renewable en-
ergy will be vital to reach this goal,2 certain industries 
such as cement manufacturing are intrinsically linked to 
CO2 emissions, while in the short term, fossil fuels will 
continue to be vital to the world economy. Carbon diox-
ide capture at point sources is currently one of the 
cheapest ways to reduce industrial greenhouse gas emis-
sions,3 and can help to close this gap. The IPCC asserts 
that all pathways to limit global warming to 1.5 °C will 

require “carbon dioxide removal (CDR) on the order of 
100-1000 GtCO2 over the 21st century”,1 where CDR 
refers to removal of carbon dioxide from the atmosphere 
rather than point emissions. Other estimates require an-
nual CO2 capture of 75-175 MtCO2 in the UK alone to 
meet net-zero targets.4 
The best-developed carbon capture technique is solvent 
scrubbing, where aqueous amine solvents are used to 
selectively absorb CO2. Heating the solvent, known as a 
temperature swing, drives CO2 out for storage and re-
turns the system to its original state.5 However, raising 
the temperature of a large volume of solvent requires 
substantial energy input, limiting efficiency. Amine sol-
vents can also corrode equipment, be poisoned by impu-
rities in the flue gas, or escape as vapor to cause envi-
ronmental damage.6 These issues mean that electro-
chemical swing adsorption, an emerging CO2 capture 
technology driven by electrochemistry, may have poten-
tial advantages.7–12 
Supercapacitive swing adsorption (SSA) is a form of 
electrochemical swing CO2 capture based on charging 
supercapacitors.13 One electrode of the supercapacitor is 
exposed to a CO2-containing gas and the other is com-
pletely soaked in electrolyte. When the supercapacitor is 
charged, CO2 is selectively adsorbed from the gas (and 
released with discharging). The effect has primarily been 
studied with activated carbon electrodes and aqueous 
sodium chloride electrolyte,14–16 an affordable and envi-
ronmentally-friendly model system. 
This system, however, has a limited CO2 capacity com-
pared to amine scrubbing, typically ~60 mmol of CO2 
per kg of adsorbent,14 while amine scrubbing can reach 
~800 mmol of CO2 per kg of solvent.17 Performance has 
been improved by adding ion exchange membranes 
above the electrodes to increase the selectivity for the 
CO2-derived ions H+, HCO3

- in the electric double lay-
er.11,18 Little energy is wasted adsorbing electrolyte ions, 
so the membrane capacitive deionization approach is 
significantly more energy efficient. However, the added 
cost and complexity from the ion-exchange membranes 
is a drawback compared to the simple SSA approach. 
Besides low capacities, an additional challenge is the 



 

lack of fundamental understanding of electrochemical 
CO2 capture by supercapacitors. To address these chal-
lenges, here we explore new charging protocols and ex-
perimental set-ups to obtain new insights into the mech-
anisms of supercapacitive swing adsorption. 
To monitor the electrochemical adsorption of CO2 by 
supercapacitors we adopted an electrochemical cell 
equipped with a gas pressure sensor for monitoring gas 
uptake and release19 (Figure 1, also see Supplementary 
Information). Briefly, symmetric activated carbon-based 
supercapacitors (YP50-F carbon, Kuraray) with 1 M 
NaCl (aq.) electrolyte are housed in a gas-tight 
Swagelok cell assembly. The top electrode is directly in 
contact with a gas reservoir filled with pure CO2.  
 

 
Figure 1. Schematic diagram of the supercapacitive swing 
adsorption device used to monitor gas pressure during elec-
trochemical measurements. 

To date, the bulk of the SSA literature has focused on 
charging the supercapacitor with the negative electrode 
exposed to the gas, which we will term negative charg-
ing. We are only aware of one published experiment in 
which the positive electrode is exposed to the gas (posi-
tive charging).13 Therefore, we examined the effect of 
both negative and positive charging (representative data 
shown in Figure 2 and the overall experiment in Figure  
S1).  
Initial experiments with negative charging revealed re-
versible electrochemical adsorption (Figure 2a). As in 
the literature,13 we observed CO2 adsorption when carry-
ing out negative charging i.e. when the cell voltage is 
varied between 0 and –1 V, CO2 is adsorbed by the su-
percapacitor. When discharging back to 0 V, the ad-
sorbed CO2 is released. In contrast to previous work13–16, 
here we employed YP50-F activated carbon, demon-
strating that electrochemical CO2 adsorption by super-
capacitors is not limited to the previously studied BPL 
activated carbon. 

Based on the measured pressure changes and the cali-
brated gas reservoir volume (see Supplementary Infor-
mation), for negative charging we obtain a CO2 adsorp-
tion capacity of 50 ± 1 mmol kg–1 (calculated per kg of 
carbon in the gas exposed electrode, error bars represent 
cycle to cycle variation on a single cell). This value is 
comparable to the 62 ± 3 mmol kg–1 reported for a simi-
lar SSA system by Zhu et al.16 We obtained an energy 
consumption of 628 ± 12 kJ mol–1 of adsorbed CO2, 
which is larger than the previously reported consump-
tion for SSA (202 ± 14 kJ mol–1)16 or membrane capaci-
tive deionization (27 kJ mol–1)11 systems. The perfor-
mance is likely hindered by the non-optimized nature of 
the SSA system in this study, and its relatively high re-
sistance (the equivalent series resistance of this cell was 
939 ± 8 Ω).  
When then charging the same cell positively (Figure 2b), 
the adsorption capacity increases significantly to 75 ± 1 
mmol kg–1 and the energy consumption decreases to 356 
± 17 kJ mol–1. When examining the gas adsorption data 
for insights to this difference (Figure 2a, 2b), variations 
in the adsorption behavior are obvious. When charging 
negatively to –1.0 V the cell adsorbs CO2 (decreasing 
reservoir pressure, Figure 2a), but when charging posi-
tively to +1.0 V the cell desorbs CO2 (increasing pres-
sure, Figure 2b); the different charging polarities have 
opposite effects on gas adsorption. An equivalent state-
ment is that decreasing the cell voltage always causes 
CO2 adsorption and increasing the voltage always causes 
desorption, regardless of the absolute voltage. This im-
plies that the limiting voltages can be chosen arbitrarily, 
rather than one limit always being 0 V. We therefore 
hypothesized that we could increase the adsorption ca-
pacity by combining the positive and negative charging 
protocols into a “switching” protocol, with –1 and +1 V 
as voltage limits.  
Excitingly, the switching protocol (Figure 2c) gives an 
even higher adsorption capacity of 112 ± 7 mmol kg–1, 
which is significantly larger than the capacity observed 
for the conventional negative charging protocol (50 ± 1 
mmol kg–1), as well as our positive charging protocol 
(75 ± 2 mmol kg–1). One limitation of this new ap-
proach, however, is the increased energy consumption 
(751 ± 31 kJ mol–1).  We predict that further optimiza-
tion of (i) the SSA device (to reduce resistance) and (ii) 
the charging protocol will lead to significantly lower 
energy consumption values in the future. Interestingly 
the shape of the adsorption profile for the switching pro-
tocol differs to that of negative and positive charging 
protocols, suggesting a change in the underlying capture 
mechanism. 
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Figure 2. Gas adsorption data from application of a negative (a) or positive (b) voltage between the gas-exposed and counter 
electrodes, as well as from changing the applied voltage between positive and negative (c). Conducted with 1 M NaCl (aq) 
electrolyte, 15 mg electrodes, and 30 mA g–1 current density. 

 
The relative performances of these different charging 
protocols are consistent between independent electro-
chemical cells, though we observe some variation in 
the magnitudes of the adsorption capacities from cell to 
cell. The above results are from a cell that was first 
charged negatively, then charged positively, and finally 
charged with the switching protocol (Figure S1). When 
instead applying a positive, then negative, then switch-
ing voltage, to an independent cell (Figure S2), we 
obtain adsorption capacities of 66 ± 4, 38 ± 4, and 97 ± 
2, respectively. Very similar results were obtained 
when the experiments were repeated on two further 
cells by another researcher (Figures S3 and S4, tables 
S1 and S2). Finally, we observed some irreversible 
pressure decreases over the course of our experiments 
(Figures S1-S4). This may be due to irreversible elec-
trochemical processes such as corrosion, and suggests 
that further device and material optimization are need-
ed for practical applications. 

 

Figure 3. Effects of electrolyte pH on CO2 adsorption 
capacity when applying a positive cell voltage. Electro-
lytes contained NaCl, HCl, NaOH to achieve [Cl–] = 1 M 
and the desired pH. Error bars represent cycle-to-cycle 
variation for a single cell.  

The above results highlight an asymmetry in behavior 
depending on whether the positive or negative elec-
trode is exposed to the gas. Obvious candidates for the 
ions involved in the electrochemical capture process 

are HCO3
–, H+, and to a lesser extent CO3

2- ions 
formed from dissolution of CO2 in water. In addition to 
their different masses and radii (which affect diffusivi-
ty), the different charges on these ions result in varying 
behavior at the two electrodes. 
To examine the role of these ions, we explored the ef-
fect of varying electrolyte pH on adsorption capacity. 
Aqueous electrolytes were made with pHs of 3, 5, 7, 9, 
and 11, by combining NaCl with HCl or NaOH to 
achieve both the desired pH and a constant Cl– concen-
tration of 1 M. The Cl– concentration was held constant 
because anions have been reported to be more im-
portant than cations for SSA.15 The greatest adsorption 
capacity was obtained at pH 7, dropping off with both 
high and low pHs. This effect was observed both for 
negative (Figure 3) and positive (Figure S5) charging. 
These results imply that HCO3

– ions are particularly 
important to the SSA mechanism, since pH 7 gives the 
highest HCO3

– concentration: at low pHs, most dis-
solved carbon dioxide remains as CO2 or H2CO3, and 
at higher pHs most carbon is present as CO32–.18 It is 
only in the intermediate regime, where HCO3

– ions 
predominate, that maximal adsorption capacity is 
achieved. 
A limitation of this experiment is the lack of measure-
ment of the actual pH during cell operation. The listed 
values were accurate when the solution was first made, 
but as electrochemical experiments progress this will 
change due to (i) CO2 dissolution which causes pH 
decreases,20,21 and (ii) any selective H+ adsorption by 
the carbon surface which may increase the pH. The pH 
in electrode micropores may also vary significantly 
from the bulk solution, and even between different 
pores.18 Further study is therefore important before 
making firm conclusions regarding pH effects. 
The previously proposed mechanisms14,16 for SSA 
struggle to account for our new observations, and we 
therefore outline a new mechanism to rationalize the 
results. The mechanism must account for the key find-
ings that CO2 adsorption is observed for negative 
charging (Figure 2a) and CO2 desorption is observed 
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for positive charging (Figure 2b), and that bicarbonate 
is a key CO2-derived species. Given that a supercapaci-
tor is a symmetric electrochemical cell, one would ini-
tially anticipate identical CO2 adsorption whether 
charging positively or negatively. However, our cell 
design (Figure 1) breaks the cell symmetry, placing 
one electrode in closer contact with the CO2 gas reser-
voir. In our hypothesized mechanism, we therefore 
focus on the gas-exposed electrode (Figure 4), and the 
movement of CO2 derived species into and out of this 
electrode when charging. 

 
Figure 4. Schematic showing the proposed mechanism for 
the movement of CO2 and ions with charging. Other cati-
ons (e.g. Na+) will behave analogously to H+, and anions 
(e.g. CO3

2- and Cl–) to HCO3
+). 

The direction of movement of CO2 gas observed exper-
imentally is depicted in Figure 4 (by curved red ar-
rows), along with the expected movement of CO2-
derived ions based on charge balancing arguments 
(straight arrows). For negative charging, we observe 
that CO2 adsorbs into the cell during charging. Under 
these conditions, we anticipate HCO3

– desorption from 
the negative electrode.22 This desorption should reduce 
the concentration of CO2 in the negative electrode 
(since CO2 and HCO3

– are in equilibrium), thereby 
providing a driving force for CO2 adsorption into the 
negative electrode. Conversely, for positive charging, 
the electrosorption of bicarbonate into the positive 
electrode provides a driving force for CO2 release. We 
note electrosorption of H+ may also impact CO2 cap-
ture,7,10 though the concentration of these species is 
expected to be very low at pH 7. 
Finally, the electrolyte ions (Na+ and Cl–) must also 
play a significant role in electrochemical CO2 adsorp-
tion. When deionized water is used as an electrolyte in 
the literature, excluding any supporting electrolyte 
ions, a somewhat lower adsorption capacity is ob-
tained.14 We hypothesize that there is either cooperativ-
ity or competition between the electrosorption of these 
ions and the CO2-derived ions. The electrolyte ions 
may promote CO2 adsorption (e.g. via Lewis acid-base 
interactions) or desorption (perhaps through competi-
tion for adsorption sites). The differences in diffusivi-
ties between Na+, Cl–, H+, and HCO3

– further compli-

cates this issue. Ultimately, more experimental and 
theoretical work must be done to fully unravel the 
mechanisms of electrochemical CO2 capture by super-
capacitors.  
Overall, this study has shown that simple changes to 
charging protocols can significantly increase the ad-
sorption capacities of supercapacitive swing adsorp-
tion. Charging with the positive electrode exposed to 
gas increases adsorption capacity and decreases energy 
consumption, and a “switching” protocol further in-
creases capacity. This moves SSA further towards the 
performance required for commercial viability. It also 
brings new insights into the mechanism of CO2 cap-
ture, and we propose a new model to account for su-
percapacitive swing adsorption. 

 
Supplementary Information 

Supplementary Information is available with experi-
mental methods, and additional electrochemical gas ad-
sorption data (PDF). 
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Experimental Methods 
Device construction. Electrochemical gas adsorption experiments were carried out with a 

custom made device (Figure 1). A symmetric supercapacitor with 1 M NaCl (aq.) electrolyte was 
sandwiched between a bottom current collector and a titanium mesh contacting a top current 
collector, while the volume above the mesh was filled with pure CO2 gas (Sigma Aldrich 99.9 
atom% 12C). A potentiostat (Biologic, VSP-3e) attached to the two current collectors applied a 
potential across the electrodes to charge the supercapacitor. By monitoring the gas reservoir with 
a pressure transducer (Omega, PX309-030A5V), we measured the CO2 taken up or released by 
the SSA effect. Titanium was used for the current collectors and mesh to minimize corrosion. 
Chloride ions are particularly corrosive, so stainless steel is unsuitable for material in contact with 
the NaCl electrolyte. 

Preparation of carbon films. All electrodes were made from activated carbon (YP-50F, 
Kuraray, which was found to perform favorably compared to activated carbons used in the 
literature) and polytetrafluoroethylene (PTFE, 60% wt. dispersion in water, Aldrich) mixed in a 
ratio of 95:5 by weight. The PTFE serves as a binder to hold together the electrode and make it 
more malleable for rolling out into a film. First, activated carbon was dispersed in several mL of 
ethanol in an ultrasonic bath, then mixed with the PTFE dispersion on a watch-glass. The mixture 
was continually stirred with a spatula to ensure through mixing. As the ethanol evaporated, drying 
portions of the mixture were gathered into a single mass, until enough ethanol evaporated that 
the collected carbon and PTFE had a dough-like consistency. After kneading and adding 
additional ethanol as necessary to achieve the desired consistency, the carbon was transferred 
to a glass sheet and rolled to a uniform thickness with a steel rolling pin. The material was then 
transferred with a razor blade to aluminum foil, which was folded into a wallet and placed into a 
vacuum oven overnight at 80-100 °C to remove residual ethanol/water. 

After drying, circular electrodes were cut from the carbon film using a steel punch (0.5 inch 
diameter). Each electrode was cut to achieve a mass within 10% of 15 mg, and trimmed down if 
necessary (e.g. due to uneven film thickness). The mass of each electrode was recorded three 
times, with the mass recorded as the mean of the measurements and the error as the deviation 
from that mean. Filter paper (Whatman 55 mm Cat No. 1001-055) was used for a separator, cut 
into a circle slightly less than the diameter of the current collector. This minimized chances of a 
short circuit, such as from a misaligned electrode or bending titanium mesh contacting the 
opposite current collector. 

Before assembly of the device, the electrodes were soaked to ensure good wetting and 
infiltration of the electrolyte into the activated carbon micropores. Either both electrodes (cells A1 
and A2) or only the bottom electrode (cells B1 and B2, as well as the cells used in the pH 
variation experiment in Figures 3 and S5) were soaked for 2 hours. In the case of the cells with 
only one soaked electrode, the soaked electrode was used in the bottom, non-gas exposed, side. 
For cells B1 and B2 the separator was soaked alongside the bottom electrode. For cells A1, A2 
and the cells for the pH study (Figures 3 and S5), the separator was only briefly soaked in 
electrolyte (for a few seconds) before assembly. Qualitatively similar results were obtained with 
both symmetric and asymmetric soaking (see figures and tables below). 

Electrochemical gas adsorption experiments. The device was charged with a protocol 
adapted from Zhu et al.1 A constant current (30 mA / g of the gas-exposed electrode) was applied 
until a target cell potential between the electrodes was reached. This potential was then held for 
30 minutes (to give more time to equilibrate), then a 30 mA/g constant current applied to return 
the system to the initial potential, and a final 30 minute potential holding step. This procedure 
was repeated for the desired number of cycles. 

For each charge/discharge cycle, the amount of CO2 adsorbed was calculated by taking the 
difference between the peaks and troughs of the amount of gas in the reservoir. This was 
calculated from the pressure transducer data (smoothed over a window of 100 seconds) using 



the ideal gas equation 𝑝𝑉 = 𝑛𝑅𝑇. The volume of the reservoir was calculated during the process 
of dosing CO2 into the cell, based on pressure measurements of the added gas (using Boyle’s 
Law P1V1 = P2V2). The cell was kept in a 30 ºC incubator to control the temperature, though the 
initial temperature increase when first putting into the incubator is associated with the initial rise 
in the calculated amount of gas in the cell. To account for any linear changes in pressure over 
time each peak value was compared to the mean of the two adjacent troughs. The amount of gas 
adsorbed in one cycle was then normalized by the mass of carbon in the gas-exposed electrode 
to give the adsorption capacity in mmol/kg. The overall adsorption capacity was taken as the 
mean of adsorption capacities for each cycle, and the error calculated using a 95% confidence 
interval with the Student’s t-test.  

Although the calculated metrics were generally consistent from one cycle to the next (within 
~10%), there were occasional outlier cycles. These are evident in the gas in reservoir vs time 
plots as deviations from a smooth, roughly sinusoidal curve. Such outliers are attributed to rapid 
changes in temperature (due to other activities in the lab) or intermittent leaks in the cell (caused 
by poor seals, perhaps from corrosion by electrolyte interaction with the metal of the cell). Any 
results from these cycles were excluded from the analysis above to calculate the reported data. 
  



Supplementary Figures 
 

 

 
Figure S1. Overall experiment and representative cycles from positive, negative, and switching 
cycling protocols on cell A1 (same as in main body of this paper). Conducted with 1 M NaCl (aq) 
electrolyte, 15 mg electrodes, and 30 mA g-1 current density. Anomalous peaks presumed to be from 
short-term temperature changes. In additional to the reversible adsorption, gradual irreversible 
pressure reductions are observed throughout the experiment, which may arise due to irreversible 
electrochemical processes such as corrosion. 



 

 
 Figure S2. Overall experiment and representative cycles from negative, positive, and switching 
cycling protocols on cell A2. Conducted with 1 M NaCl (aq) electrolyte, 15 mg electrodes, and 30 mA 
g-1 current density. Anomalous peaks presumed to be from short-term temperature changes. 

 

 



 
Figure S3. Overall experiment and representative cycles from negative, positive, and switching 
cycling protocols on cell B1. Conducted with 1 M NaCl (aq) electrolyte, 15 mg electrodes, and 30 mA 
g-1 current density. Anomalous peaks presumed to be from short-term temperature changes. As 
opposed to cells A1 and A2, only the electrode not directly exposed to the gas was soaked with 
electrolyte (the gas-exposed electrode was wetted with a few drops of electrolyte). 

 

 

 



 

 
Figure S4. Overall experiment and representative cycles from positive, negative, and switching 
cycling protocols on cell B2. Conducted with 1 M NaCl (aq) electrolyte, 15 mg electrodes, and 30 mA 
g-1 current density. Anomalous peaks presumed to be from short-term temperature changes. As 
opposed to cells A1 and A2, only the electrode not directly exposed to the gas was soaked with 
electrolyte (the gas-exposed electrode was wetted with a few drops of electrolyte).  



 
Figure S5. Effects of electrolyte pH on CO2 adsorption capacity when applying a negative cell voltage. 
Electrolytes contained NaCl, HCl, NaOH to achieve [Cl–] = 1 M and the desired pH. 
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Table S1. Adsorption capacities (in mmol kg-1) and energy consumption (in kJ mol-1) for two cells that 
were cycled with first a negative charging protocol, then positive, then switching. Each cell was 
assembled and run by a different researcher to minimize biases. Cell A1 had both electrodes soaked; 
cell B1 had only electrode not exposed to gas soaked. 

Cell A1 B1 

 Adsorption 
capacity / mmol 
kg-1 

Energy 
consumption / kJ 
mol-1 

Adsorption 
capacity / mmol 
kg-1 

Energy 
consumption / kJ 
mol-1 

Negative 50 ± 1 628 ± 12 55 ± 5 445 ± 85 

Positive 75 ± 1 356 ± 17 108 ± 2 
217 ± 22 

Switching 112 ± 7 751 ± 39 111 ± 3 596 ± 48 

 

Table S2. Adsorption capacities (in mmol kg-1) and energy consumption (in kJ mol-1) for two cells that 
were cycled with first a positive charging protocol, then negative, then switching. Each cell was 
assembled and run by a different researcher to minimize biases. Cell A2 had both electrodes soaked; 
cell B2 had only electrode not exposed to gas soaked. 

Cell A2 B2 

 Adsorption capacity / 
mmol kg-1 

Energy 
consumption / kJ 
mol-1 

Adsorption 
capacity / mmol 
kg-1 

Energy 
consumption / kJ 
mol-1 

Positive 66 ± 4 348 ± 27 75 ± 2 252 ± 14 

Negative 38 ± 4 819 ± 47 48 ± 6 588 ± 43 

Switching 97 ± 2 803 ± 20 123 ± 2 621 ± 12 
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