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Abstract 

Although high-surface area activated carbons used as supercapacitor (SC) electrodes are 

frequently produced by KOH activation, this study shows that, when aqueous electrolytes are 

used, CO2 activation is a better choice from the point of view of SC performance, 

environment and economy. Ordered mesoporous carbons (OMCs) produced by a 

mechanochemical synthesis method from mimosa tannin are activated with KOH to use these 

materials as electrodes for SCs. A comparative analysis of the same OMCs but activated with 

CO2 is presented to examine the effect of the activation process on materials performance. 

KOH-activated materials exhibit good electrochemical performance at low charging rates, 

reaching specific cell capacitance values of 49 F g
-1

 at 0.5 A g
-1

, however, restricted access to 

microporosity and low water affinity water reduces their performance at high charging rates. 

In contrast, the best performing CO2-activated material can retain 81 % of capacitance at 20 A 

g
-1

, compared to 25 % for a KOH-activated OMC with similar properties and tested under the 

same conditions. A thorough review of the open literature suggests that CO2 activation would 

produce materials with a suitable combination of pore network connectivity and water 

affinity, resulting in SCs with high rate capability in an aqueous electrolyte. These 

conclusions were drawn by judiciously integrating the analysis of: (i) the hysteresis loop 

scanning of N2 adsorption-desorption isotherms; and (ii) water adsorption isotherms as tools 

to more accurately assess the pore network connectivity and water affinity of the materials, 

which are not generally considered when studying SC performance. 
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Highlights 

 Pore connectivity and water affinity control the performance of SCs 

 Scanning the N2 hysteresis loop allows the assessment of pore connectivity 

 Poor connectivity and hydrophobicity of KOH-activated OMCs hinder SC performance 

 Good connectivity and hydrophilicity of CO2-activated OMCs enhance SC performance 

 CO2 activation is better in terms of SC performance and sustainability 

 

 

Keywords: Supercapacitors; Ordered mesoporous carbons; Pore connectivity; Water affinity; 

Activated carbons, Tannins 

 

Word count: 8296 
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Abbreviations 

2D-NLDFT HS 2D Non-local density functional theory for heterogeneous surface 

AC Activated carbon 

CO2-AC CO2-activated carbon 

CV Cyclic voltammetry 

EA Elemental analysis 

EDL Electric double layer 

EDR Equivalent distributed resistance 

EIS Electrochemical impedance spectroscopy 

GCD Galvanostatic charge-discharge 

KOH-AC KOH-activated carbon 

MF Middle frequencies 

OMC Ordered mesoporous carbon 

PSD Pore size distribution 

SC Supercapacitor 

SWAMM Surfactant-water-assisted mechanochemical mesostructuration 

TEM Transmission electron microscopy 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 
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Nomenclature 

(p/p0)des Starting relative pressure of the scanned desorption branches [dimensionless] 

t12 Discharge time from GCD measurements [s] 

V Potential window [V] 

ABET Area calculated using the Brunauer–Emmett–Teller theory [m
2
 g

-1
] 

BO Burn-off [%] 

C0.01 Real part of the complex capacitance at 0.01 Hz [F] 

Ccell Specific cell capacitance [F g
-1

] 

CE Coulombic efficiency [dimensionless] 

Ce,BET Specific electrode capacitance normalized by BET area [F m
-2

] 

CL Carbon load [mg cm
-2

] 

Cr Real part of the complex capacitance [F] 

Cret Capacitance retention [%] 

dV/dt Slope of the discharge curve obtained from GCD measurements [V s
-1

] 

E Specific energy [Wh kg
-1

] 

f Frequency [Hz] 

fknee Knee frequency [Hz] 

I Specific applied current [A g
-1

] 

Iap Applied current [A] 

Imeas Measured current [A] 

iR Potential drop [V] 

m Mass of active material in the two electrodes of the assembled SC [g] 

O/SNLDFT Surface concentration of oxygen groups [µmol m
-2

] 

OIII/SNLDFT Surface concentration of carboxylic groups [µmol m
-2

] 

OMC-CO2-t OMC activated using CO2 during t = 15 – 120 minutes 

OMC-x-r OMC material activated by impregnation or physical mixing (x = imp or pm, 

respectively) with KOH using a KOH/OMC mass ratio of r = 3 – 8 

P Specific power [W kg
-1

] 

p/p0 Relative pressure [dimensionless] 

s Scan rate [mV s
-1

] 

SNLDFT Surface area calculated by applying the 2D-NLDF HS theory [m
2
 g

-1
] 

V>5nm Mesopore volume in the 5 – 50 nm range [cm
3
 g

-1
] 

V2–5nm Mesopore volume in the 2 – 5 nm range [cm
3
 g

-1
] 

Vmeso Total mesopore volume [cm
3
 g

-1
] 

Vsµ Supermicropore volume [cm
3
 g

-1
] 

Vtot Total pore volume [cm
3
 g

-1
] 

Vuµ Ultramicropore volume [cm
3
 g

-1
] 

w Pore width [nm] 

wav,µ Average micropore width [nm] 

wav,meso Average mesopore width [nm] 

wav,sµ Average supermicropore width [nm] 

wav,uµ Average ultramicropore width [nm] 

Z Complex impedance [Ω] 

Zi Imaginary part of the complex impedance [Ω] 

Zr Real part of the complex impedance [Ω] 
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1. Introduction 

Supercapacitors (SCs) are devices that store energy through the creation of an electric double 

layer (EDL) caused by the accumulation of ions on the electrode surface. Since the EDL 

mechanism does not involve Faradaic reactions, SCs can deliver the stored energy at high 

power outputs. Hierarchical porous carbons with porous structures consisting of micropores 

and narrow mesopores are suitable for use as electrodes for SCs since the micropores provide 

multiple charge storage sites while the mesopores promote ion diffusion, thereby improving 

their electrochemical performance, especially at high charging rates [1]. In particular, ordered 

mesoporous carbons (OMCs) have attracted interest in the field of electrochemical 

applications due to their tunable pore size and structure. They can be synthesized by hard- or 

soft-template methods using a variety of carbon precursors. Resorcinol and phenol, both of 

petrochemical origin, are usually employed as carbon precursors in the production of OMCs. 

However, the use of biosourced precursors such as sucrose, lignin, phloroglucinol, β-

cyclodextrin extracted from starch, or tannin is becoming more common [2–8]. The final 

physicochemical properties of the OMCs change significantly depending on the choice of 

precursor and synthesis method. Therefore, materials with BET areas ranging from 300 to 

3000 m
2
 g

-1
 and pore volumes ranging from 0.4 to 4 cm

3
 g

-1
 can be found [9,10]. 

Efforts to increase the capacitance and thus the amount of energy stored in carbon-based SCs 

are primarily focused on increasing the surface area by further developing the porosity of the 

synthesized materials through a physical or chemical activation process [11,12]. Again, the 

properties of activated carbons (ACs) depend on different factors such as carbon precursor, 

activating agent, or temperature, among others. Nevertheless, chemical activation has been 

shown to generally produce materials with surface areas sometimes greater than 2000 m
2
 g

-1
, 

while physical activation achieves a maximum of ~1800 m
2
 g

-1
 [11]. The activation process 

also modifies the surface chemistry of the materials, and ACs often contain oxygen functional 
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groups that can lead to pseudocapacitance contributions further increasing the capacitance at 

low charging rates. Moreover, it is frequently reported that surface functionalities can also 

improve the wettability (or water affinity) of carbon materials [2,12–20], which would 

facilitate ion diffusion and improve surface accessibility, both of which affect the SC 

performance in aqueous electrolytes at low and high charging rates. The water affinity of 

carbon materials has been evaluated by determining water adsorption isotherms [21–26]. It 

has been shown that water adsorption at low relative pressures (below 0.2 – 0.4) is highly 

dependent on the presence of oxygen functional groups acting as primary adsorption sites. 

These adsorption sites promote the formation and growth of clusters, and the eventual filling 

of micro- and mesopores, if any, at higher relative pressures [21,22]. Since a graphitic surface 

has a weak interaction with water molecules, the presence of oxygen functional groups may 

explain a greater water adsorption at low relative pressures. Their type and amount would 

provide a good indication of the water affinity of carbon materials, i.e., their hydrophilicity or 

hydrophobicity [21,24–26]. Although these methods for assessing the wettability of carbon 

materials are already available, to the authors’ knowledge, they are not used to relate the 

affinity for water to the performance of the materials as electrodes for SCs. 

In this study, the textural properties of chemically and physically activated OMCs are 

thoroughly characterized and compared. Mimosa tannin, a non-toxic, inexpensive, abundant 

and commercially available polyphenolic molecule extracted from the bark of Acacia 

mearnsii trees, was used as a carbon precursor to produce OMCs through a surfactant-water-

assisted mechanochemical mesostructuration (SWAMM) soft-templating method. The 

reactivity of mimosa tannin, similar to that of resorcinol, makes it possible to use it as an 

alternative to other precursors of petrochemical origin. In addition, this biosourced precursor 

can auto-condense, allowing resins to be obtained without the need of hazardous crosslinkers 

such as formaldehyde. Thus, the SWAMM method is a fast, green and one-pot method that 
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involves only the mixing of tannin with a pore-directing agent and small amounts of water in 

a single step inside a ball mill. The formed mesophase is then directly subjected to 

carbonization to produce OMCs with a 2D hexagonal structure [27]. Chemical activation was 

performed using KOH, one of the most commonly used activation agents in the literature, as 

described in many reviews and their references [9,11,14,28–36]. Based on these literature 

reports, two methods of KOH-incorporation routes were tested, namely impregnation with 

aqueous KOH solution and direct physical mixing of KOH pellets with the OMC. The 

obtained materials were then directly compared to physically activated OMCs from a previous 

study by our group, where CO2 was used to activate the same type of tannin-derived OMCs 

produced by the SWAMM method [37]. For the textural properties, not only the surface area 

and porosity evolution were analyzed, but the connectivity of the pore network was also 

studied by scanning the hysteresis loops of N2 adsorption-desorption isotherms. In addition, 

water adsorption isotherms were obtained for both types of materials, i.e., KOH- or CO2-

activated OMCs, to evaluate their affinity for water and its relationship with their micropore 

size and oxygen surface functional groups. The results of these analyzes were used to explain 

the effect of the different activation processes on the electrochemical performance in an 

aqueous electrolyte (1 M H2SO4) of symmetric SCs using the activated OMCs as electrodes. 

Finally, a comparison with literature data on KOH- and CO2-activated carbon materials, 

tested under similar conditions, suggests that CO2 activation leads to materials with an 

appropriate combination of textural properties, pore network connectivity, and water affinity. 

These features enhance ion diffusion and surface accessibility, thus resulting in SC devices 

with high rate capability in an aqueous electrolyte (H2SO4). 
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2. Experimental 

Materials. Mimosa tannin, commercially available under the name Fintan OP, was kindly 

provided by SilvaChimica (St Michele Mondovi, Italy). Pluronic® F127, KOH, carbon black, 

PTFE (60 wt.% suspension in water) and 1 M H2SO4 aqueous solution were all purchased 

from Sigma-Aldrich and used as received. In addition, 37 wt.% HCl aqueous solution, also 

from Sigma-Aldrich, was used to prepare 1 M HCl aqueous solution. 

Synthesis. The ordered mesoporous carbon (OMC) was synthesized by the SWAMM method 

[27]. In a typical synthesis, mimosa tannin (T) and Pluronic® F27 (P) were ground together 

with water (W) in a planetary mill (PM 100, agate bowl and balls, Retsch), using a T:P:W 

mass ratio of 2:0.75:1.75. After 60 min, a paste-like material was recovered and directly 

subjected to carbonization at 900 °C under N2 atmosphere (heating rate 1 °C min
-1

, dwell time 

1 h). 

Activation. The OMC was ground in an agate mortar and activated with KOH using two 

routes: (i) impregnation with a 6 M KOH aqueous solution, and (ii) physical mixing with 

KOH pellets in an agate mortar. For materials activated by route (i), the OMC was added to 

the KOH aqueous solution and kept under stirring for 1 h, then, to remove the water, the 

dispersion was heated at 70 °C under vacuum until a slurry was obtained. Different initial 

amounts of solution were used to change the KOH/OMC weight ratio. Then, the impregnated 

OMC was subjected to heat treatment at 800 °C under N2 atmosphere (flow rate 150 mL min
-1

, 

heating rate 5 °C min
-1

; dwell time 1 h and natural cooling). For materials activated by route 

(ii), the OMC was mixed with KOH in an agate mortar, using different KOH/OMC weight 

ratios, and subjected to the same heat treatment as for route (i). For materials activated by 

route (i), prior to the heat treatment, a drying step at 70 °C under vacuum was performed until 

a slurry was obtained. All the ACs were washed to remove residues from the activation 

process, mainly carbonates, with 1 M HCl aqueous solution, then water and finally dried at 
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105 °C. The materials were labeled OMC-x-r where “x” stands for the KOH-incorporation 

route, either imp or pm for routes (i) or (ii), respectively, and “r” stands for the KOH/carbon 

weight ratio ranging from 3 to 8. 

The CO2-activated OMC data from our previous study are presented for comparison [37]. 

Briefly, CO2 activation was carried out at 900 °C for times ranging from 15 to 120 min. 

Herein, CO2-activated samples are referred to as OMC-CO2-t, where t stands for the 

activation time in minutes. 

Morphological characterization. TEM images were acquired with a JEOL JEM – ARM 200F 

Cold FEG instrument operating at 200 kV and equipped with a spherical aberration probe 

corrector. For observation, low-power sonication was used to disperse the powdered samples 

in ethanol, and then a drop of the suspension was deposited on a carbon-coated copper grid 

(200 mesh) and allowed to dry in air before being placed in the equipment. In addition, a 

Bruker D8 ADVANCE X-ray diffractometer was used to perform small-angle X-ray 

diffraction (XRD) measurements. The corresponding device is equipped with an X-ray source 

with a Cu anode (operated at 40 kV and 40 mA), a graphite monochromator, and a 

scintillation detector. Data for the (100) bands were recorded, using silver behenate as 

reference for height correction. 

Textural properties. N2 and CO2 adsorption isotherms (at -196 and 0 °C, respectively) were 

acquired using automatic adsorption devices, namely 3Flex and ASAP 2020 for N2, and 

ASAP 2420 for CO2 (Micromeritics). Secondary vacuum outgassing at 110 °C was carried 

out before adsorption analysis. Hysteresis loop scanning of the N2 isotherms was performed 

using the following process: (i) adsorption was recorded until the relative pressure (p/p0) 

reached a value of 1, then desorption was carried out until p/p0 = 0.2; (ii) adsorption was 

again recorded until a relative pressure of less than 1; (iii) desorption was recorded until p/p0 

≈ 0.3 – 0.4; finally, steps (ii) and (iii) were repeated while gradually decreasing the maximum 
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value of p/p0 reached during adsorption in step (ii). The BET area (ABET, m
2
 g

-1
) of the as-

synthesized and activated OMCs was calculated using the Microactive® software 

(Micromeritics) and following the criteria suggested by the IUPAC [38]. The SAIEUS® 

software (Micromeritics) was used to apply the 2D non-local density functional theory for 

heterogeneous surface (2D-NLDFT HS) to the N2 and CO2 isotherms, allowing obtaining the 

pore size distributions (PSDs). From these data, textural properties such as surface area 

(SNLDFT, m
2
 g

-1
), total pore volume (Vtot, cm

3
 g

-1
), ultramicropore volume (Vuµ, cm

3
 g

-1
, pore 

width, w < 0.7 nm), supermicropore volume (Vsµ, cm
3
 g

-1
, 0.7 < w < 2 nm), and mesopore 

volume (Vmeso, cm
3
 g

-1
, 2 < w < 50 nm) were calculated. In addition, the average pore width 

(wav, nm) at different ranges was calculated by: 

     
  

  
  

 
 
   

  
  
  

 
 

 

 (1) 

Chemical composition. Elemental analysis (EA) was performed in a Vario EL Cube analyzer 

(Elementar) to measure the bulk contents of C, H, N, S, and O. Prior to measurements, the 

samples were dried at 105 °C to remove moisture, and then a small amount of material (~2 

mg) was placed in the equipment to be burned in a furnace from which the gas is separated 

using trapping and chromatographic columns. A thermal conductivity detector quantifies the 

gases from which carbon, hydrogen, nitrogen and sulfur contents can be calculated. The 

oxygen content was measured separately in another column using a similar procedure. 

An ESCAPlus OMICROM system was used to perform X-ray photoelectron spectroscopy 

(XPS) to study the surface chemistry of the materials. The device has an area of analysis of 

1.75 × 2.75 mm, an Mg X-Ray source (1253.6 eV, operated at 15 kV and 15 mA), and was 

equipped with a hemispherical electron energy analyzer. Survey scans were carried out using 

a pass energy of 50 eV, and 20 eV were used for high-resolution scans. To obtain the atomic 
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content of each element and identify the different C and O functionalities, the CASA software 

was used to treat the C1s and O1s peaks of the XPS spectra. 

Water affinity. The water affinity of KOH- and CO2-activated OMCs was evaluated through 

water adsorption isotherms at 20 °C obtained with a 3Flex adsorption device (Micromeritics). 

Prior to the adsorption analysis, the samples were outgassed at 110 °C. An apparent water 

affinity constant was calculated from the slope of the isotherms in the low relative pressure 

range, p/p0 < 0.2. 

Electrochemical characterization. The studied carbon material was mixed with carbon black 

and PTFE in a weight ratio of 85:5:10 to prepare a paste from which disk-shaped electrodes (5 

mm diameter) were cut. The carbon load (CL) of the electrodes was 9.1  0.4 mg cm
-2

 and 

their thickness was 285  14 µm, i.e., similar characteristics to those used in commercial 

devices. The electrodes were impregnated with 1 M H2SO4 used as an aqueous electrolyte and 

placed in a two-electrode cell with gold current collectors for testing. The SC cells were 

assembled using two electrodes of the same material and similar mass, separated by a porous 

glass fiber mat, and the electrochemical characterization was carried out using a VSP-300 

electrochemical workstation (Bio-logic). Cyclic voltammetry (CV) curves were obtained 

within a potential window of 1 V and the specific cell capacitance (Ccell, F g
-1

) was calculated 

using the following equation: 

       
        

    
 (2) 

where Imeas represents the measured current in A, s the scan rate in mV s
-1

, V the potential 

window in V, and m the mass of active material in the two electrodes in g. Galvanostatic 

charge-discharge (GCD) curves, also performed using a potential window of 1 V, were used 

to calculate Ccell from the equation: 
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 (3) 

where Iap represents the applied current in A, based on the mass of active material in one 

electrode in g, m is again the mass of active material in the two electrodes in g, and dV/dt is 

the slope of the discharge curve in V s
-1

, determined using the upper half of the curve and 

after removing the potential drop (iR) [39,40]. Using the values of Ccell obtained from the 

GCD tests, the specific energy (E, Wh kg
-1

) and power (P, W kg
-1

) were calculated through: 

   
 

   
        

    
   (4) 

       
 

     
 (5) 

where V1 = V – iR and V2 = 0 in V, and t12 is the time required for complete discharge of 

the SC in s. The frequency response of the materials was evaluated by means of 

electrochemical impedance spectroscopy (EIS) measurements performed at open-circuit 

voltage using a sinusoidal signal with an amplitude of 10 mV and a frequency ranging from 

10 mHz to 100 kHz. The EIS measurements provided the complex impedance of the system 

Z, whose real and imaginary parts (Zr and Zi, respectively, both in ) were used to obtain the 

Nyquist plots, and from which the real part of the complex capacitance (Cr, F) was calculated 

by: 

     
   

       
 (6) 

where |Z| is the modulus of the complex impedance in , Zi is the imaginary part of the 

complex impedance in , and f is the frequency of the sinusoidal signal in Hz. 
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3. Results and discussion 

3.1. Morphology and textural properties 

Figure 1 shows TEM images of the as-synthesized and activated OMCs, where it is possible 

to observe their 2D hexagonal geometry before (Figure 1a and 1d) and after activation (Figure 

1b, 1c, 1e, and 1f). These images show that the activated OMCs retain their ordered structure 

regardless of the KOH-incorporation route and even when high KOH/carbon mass ratios were 

used, see Figure 1b and 1e for the impregnation route (imp) and Figure 1c and 1f for the 

physical mixing route (pm). Small-angle XRD patterns, shown in Figure 1g and 1h, exhibit 

the characteristic (100) band, confirming the presence of the ordered structure and evidencing 

that the mesostructure was preserved after activation, independent of the KOH-incorporation 

route. Small-angle XRD results also revealed that the mesostructure is better preserved after 

KOH-activation than after CO2-activation. Indeed, a lesser deformation of the (100) band is 

observed with increasing r than with increasing activation time (t) under CO2 atmosphere, see 

the OMC-CO2-t series of Figure 1i. In addition, it should be noted that the position of the (100) 

band shifts in opposite directions for KOH- and CO2- activated materials, which could be 

explained by the different mechanisms of activation. KOH activation creates microporosity 

through the intercalation of metallic K into the carbon framework [41]; this increases the 

thickness of the pore walls and produces an overall widening of the unit cell. This therefore 

explains the slight shift of the (100) band position to lower values of 2, which are associated 

to larger d100 interplanar spacing as shown in Figure S1 of the Supplementary Information 

(SI). On the contrary, CO2 activation develops porosity through partial gasification of the 

material, which causes weakening of the mesoporous structure and its partial collapse. Such 

collapse would lead to a reduction in the d100 interplanar spacing (see again Figure S1), thus 

explaining the shift to higher values of 2. This behavior is in agreement with the previous 

remark of a better preservation of the mesoporous structure by KOH activation. 
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Figure 1. TEM images of OMCs before (a, d) and after activation by: (b, e) impregnation and (c, f) 

physical mixing KOH-incorporation routes. Small-angle XRD measurements for: (g) OMC-imp-r, (h) 

OMC-pm-r, and (i) OMC-CO2-t series of activated materials (TEM images of OMC material and data 

for the OMC-CO2-t series are from Castro-Gutiérrez et al. (2019) [37]). 

 

Figure 2a and 2b show the N2 adsorption-desorption isotherms for the two series of activated 

OMCs in this study. In all cases, the isotherms are a combination of types I and IV [38], 

which are commonly observed for micro-mesoporous materials. The increasing gas uptake at 

low relative pressures (p/p0 < 0.2) indicates a development of microporosity with increasing r, 
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which is also observed on the pore size distribution (PSDs, Figure 2d and 2e). It is also worth 

noting from the PSDs that KOH activation develops and widens the microporosity, while CO2 

activation appears to widen predominantly the existing microporosity (see Figure 2f). At 

higher relative pressures (p/p0 > 0.4), the characteristic hysteresis loops of the OMC materials 

were also observed, i.e., H2a hysteresis loops [38]. Note also that the shape of the hysteresis 

loops remains almost unchanged with increasing r, unlike the loops obtained from the OMC-

CO2-t series in Figure 2c. This indicates that the mesoporous structure is better preserved by 

KOH-activation, in agreement with the small-angle XRD results presented above (Figure 1g-

i). Indeed, in the mesopore range, the PSDs revealed that the narrow peak centered at 5 nm 

widens and increases in size after KOH activation. In contrast, for CO2-activated materials, 

the same peak notoriously widens and shifts its position to a narrower pore width due to a 

larger development of narrow mesopores, as shown in Figure 2g-i and Figure S2. 
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Figure 2. (a-c) Nitrogen adsorption-desorption isotherms, (d-f) differential PSDs, and (g-i) cumulative 

PSDs in the mesopore range for the (a, d, g) OMC-imp-r, (b, e, h) OMC-pm-r, and (c, f, i) OMC-CO2-t 

series of materials (Data for the OMC-CO2-t series are from Castro-Gutiérrez et al. (2019) [37]). 

 

The calculated textural parameters of the activated materials, such as surface area (SNLDFT), 

total pore volume (Vtot), and pore volume at different ranges of pore width are reported in 

Table S1 of the SI. For comparison, the area obtained by applying the BET method to N2 

isotherms (ABET) is also reported in Table S1. However, due to the known uncertainties of the 

BET method when there is a high presence of micropores [38], in-depth analysis of the 

textural properties and their relationship to water affinity, surface chemistry, and 

electrochemical behavior was performed using values of SNLDFT. 
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Figure 3a shows that SNLDFT increases with r for both series of activated OMCs and reaches 

values close to 2000 m
2
 g

-1
. It should also be noted that the pm KOH-incorporation route 

seems to be more efficient since it requires lower amounts of activating agent, i.e., lower 

values of r, to achieve similar SNLDFT values as the imp route. In addition, the pm route 

exhibits higher values of burn-off (BO) than the imp route (see Table S1). This difference in 

activation efficiency between the two KOH-incorporation routes could be due to a low 

affinity of the material for water, discussed in more detail in Section 3.3. Besides, a previous 

study showed that access to mesopores in tannin-derived OMCs is limited since mesopores 

are mainly accessible through narrow micropores (0.5 nm wide) [42]. Thus, the combination 

of hydrophobicity and low pore connectivity could prevent the access of KOH aqueous 

solution to the inner porosity of the carbon particles, thereby delaying the activation process. 

In addition, some studies on KOH activation of coals with a high presence of micropores have 

reported inhibition of activation due to the presence of water [43,44]. It has been hypothesized 

that, as the temperature increases during the drying step, KOH is drawn to the outside of the 

material by water. Therefore, this causes the reactions to occur mainly at the periphery of 

carbon particle [44], and results in the delayed development of porosity in OMC-imp-r series 

materials compared to OMC-pm-r series materials. 

Despite the differences in activation efficiency, Figure 3b shows that the ultramicro-, 

supermicro- and mesoporous volumes (Vuµ, Vsµ, and Vmeso, respectively) of the materials all 

follow the same trend when plotted as a function of SNLDFT, regardless of the activation route. 

Specifically, Vuµ increases slightly from 0.15 cm
3
 g

-1
 to a maximum of 0.2 cm

3
 g

-1
 at 1500 

m
2
 g

-1
 and then it decreases slightly, whereas Vsµ increases with SNLDFT from 0.1 to 0.6 cm

3
 

g
-1

. The evolution of Vuµ and Vsµ is consistent with previous studies reporting that KOH 

activation at temperatures above 700 °C leads to development and enlargement of the existing 

microporosity. This is also reflected by the increase in the average width of ultramicro- and 
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supermicropores (wav,uµ and wav,sµ, respectively) shown in Figure S3. The mesopore volume 

(Vmeso) increases with SNLDFT from 0.2 to 0.6 cm
3
 g

-1
, however, the average mesopore width 

(wav,meso) decreases with activation. This decrease in wav,meso can be explained by the fact that 

KOH activation develops mainly pores with widths smaller than 3 nm (see Figure S2), thus 

shifting the average width to lower values even if Vmeso increases. In contrast, a different 

behavior is observed for CO2-activated materials, see Figure S3 and S4: wav,sµ decreases 

drastically for low activation times due to an opening of blocked micropores, then activation 

widens these pores thus increasing the average pore width. Through CO2 activation, the 

surface area reaches lower values than those obtained by KOH activation with a maximum at 

~1600 m
2
 g

-1
 after 75 min of activation. Longer activation times result in high BO causing 

pore merging and eventual loss of porosity due to the collapse of the pore structure, as Vsµ and 

Vmeso both decrease drastically for 120 min of activation (BO = 94 %) [37]. Regarding the 

mesopores, wav,meso increases slightly with activation due to the widening of the mesoporous 

channels, i.e., those associated with the peak at 5 nm of the PSD, and the pores connecting 

those channels (w < 5 nm). After 90 min of activation, wav,meso drops sharply as the 

contribution of narrower pores becomes more significant (see Figure S2 and S3). 

 

Figure 3. (a) Surface area calculated using the 2D-NLDFT HS (SNLDFT) as a function of the 

KOH/carbon weight ratio (r). (b) Pore volume as a function of SNLDFT for mesopores (Vmeso), 

supermicropores (Vsµ) and ultramicropores (Vuµ). 
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Scanning of the hysteresis loops of N2 adsorption-desorption isotherms was performed to 

further characterize the materials. Partial filling of the pore network produces secondary 

desorption branches and by studying their behavior it is possible to obtain information about 

the pore network connectivity of a material [45,46]. Examples of scanned hysteresis for one 

material from each series of activated carbons studied (OMC-imp-r, OMC-pm-r, and OMC-

CO2-t) are shown in Figure S5. In a previous study by our group, it was shown that it is 

possible to evaluate whether access to mesopores is restricted by observing the changes in the 

shape of these secondary desorption branches [47]. Figure S5a and S5b show that the 

analyzed materials exhibit straight secondary desorption branches regardless of the KOH-

incorporation route, as previously observed for CO2-activated materials (Figure S5c). 

In Figure 4, the slope of the desorption branches is plotted as a function of their starting point 

(p/p0)des. In Figure 4a and 4b, it can be observed that for KOH-activated materials, the 

desorption rate, i.e., the slope, is almost constant for (p/p0)des > 0.7. This delayed desorption 

from the wider mesopores indicates that these mesopores are connected through narrow pores 

less than 5 nm wide [45,48]. For (p/p0)des < 0.7, the desorption rate increases with (p/p0)des, 

suggesting hindered desorption from the narrow mesopores. Note that the same behavior is 

observed for the as-synthesized and activated materials. Moreover, the desorption rate at 

lower values of (p/p0)des is more pronounced for the activated OMCs, suggesting that there are 

no significant changes in terms of pore network connectivity after activation by any of the 

KOH incorporation routes. On the contrary, Figure 4c shows the changes in the desorption 

rate for (p/p0)des < 0.7 for the CO2-activated materials, which suggest an improvement to some 

extent in the pore network connectivity [47]. 
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Figure 4. (a-c) Slope of scanning desorption branches as a function of their starting point, (p/p0)des, 

and (d-e) contribution to the mesoporous volume of pores with widths below and above 5 nm (V2–5nm 

and V>5nm, respectively) for the materials: (a, d) OMC-imp-r, (b, e) OMC-pm-r, and (c, f) OMC-CO2-t 

(Data for the OMC-CO2-t series are from Castro-Gutiérrez et al. (2021) [47]). 

 

Analysis of the desorption rates indicates that although KOH activation results in the 

development of narrow mesopores between 2 and 5 nm in width (see Figure 4d and 4e), a 

large portion of these pores most likely originate from micropores formed by the intercalation 

of metallic K into the carbon framework [41]. In this case, these newly formed pores would 

not necessarily be connected to each other, which explains the lack of improved pore network 

connectivity to access the wider channels in the mesoporous structure. In contrast, textural 

characterization indicates that CO2 activation primarily unblocks and expands the existing 

porosity, which is reflected by the fact that Vuµ decreases with activation while Vsµ increases, 

i.e., no new porosity is created. Nonetheless, CO2 activation effectively increases the volume 

of the mesopores due to the widening of narrow mesopores (see Figure 4f) and improves the 

connectivity of the pores due to pore merging, facilitating the desorption accordingly with the 

changes in desorption rates observed in Figure 4c. 
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3.2. Chemical characterization 

The EA results reported in Table S2 show that oxygen is the main heteroatom present in the 

carbon structure and decreases with activation, as shown in Figure 5a. On the other side, 

Figure 5b shows the O content at the surface, in wt.%, measured by XPS and Figure 5c shows 

the O content at the surface divided by SNLDFT (O/SNLDFT, µmol m
-2

), which could be 

considered as O concentration at the surface; all values are also reported in Table S2. In 

general, the O content at the surface is slightly higher than that in the bulk. The contribution 

of the different surface functional groups to the O content is given in Table S3 for all 

materials. In all cases, due to the nature of the precursor, the major contribution to the surface 

O moieties, 75 – 85 %, comes from phenolic groups (OII), followed by quinone- and 

carbonyl-type groups (OI) with contributions in the range of 10 – 20 %, the rest coming from 

carboxylic groups (OIII) and, in some cases, from chemisorbed oxygen or water (OIV). 

Furthermore, it can be observed in Figure 5c that KOH activation of OMC materials removes 

oxygen from the carbon surface, as the O content and O/SNLDFT decrease with increasing 

SNLDFT. On the other hand, O/SNLDFT decreases for CO2-activated materials with SNLDFT up to 

1400 m
2
 g

-1
, but increases again for materials with higher SNLDFT (1600 m

2
 g

-1
), see Figure 

5d. It should be noted that for materials with similar SNLDFT, CO2 activation produces 

materials with higher O/SNLDFT than KOH-activation, which affects the water affinity and 

electrochemical performance of the materials, as detailed below. 
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Figure 5. (a) Bulk and (b) surface oxygen content, measured by elemental analysis (EA) and X-ray 

photoelectron spectroscopy (XPS), respectively, for OMC-imp-r and OMC-pm-r series. (c, d) Surface 

oxygen concentration (O/SNLDFT), calculated from XPS measurements, as a function of surface area 

(SNLDFT) of OMC-imp-r, OMC-pm-r, and OMC-CO2-t materials. 

 

3.3. Water affinity 

Water adsorption isotherms at 20 °C of pristine and activated OMCs were obtained to 

evaluate their affinity for water. Although this is an important parameter, since activated 

OMCs are intended to be used as electrodes for SCs in aqueous electrolytes, water affinity is 

not normally evaluated in relation to such an application. 

Figure 6a shows representative examples of the acquired water adsorption isotherms of the 

materials in this study, specifically OMC, OMC-pm-3, and OMC-CO2-30. The water 

isotherms of an oxidized carbon molecular sieve (CMS-ox) [23] and a commercial zeolite 

(NaY) [24] are also shown for comparison. As mentioned previously, water adsorption at low 

relative pressure is primarily governed by the presence of functional groups and can be used 
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to estimate the water affinity – hydrophilicity or hydrophobicity – of carbon materials [21,24–

26]. From Figure 6a, it is possible to observe that, unlike the case of commercial NaY zeolite 

considered as a hydrophilic material and having a high water uptake in the p/p0 < 0.2 region, 

OMC exhibits a hydrophobic behavior. The hydrophobicity of the OMC would explain the 

observation of different activation efficiencies of KOH-incorporation routes, as detailed in 

Section 3.1. CMS-ox shows an intermediate behavior between the hydrophilic NaY zeolite 

and the hydrophobic OMC, due to the introduction of oxygen functionalities on the carbon 

surface by oxidation [23]. From the changes in the water adsorption behavior at low p/p0, it 

can be noted that CO2 activation appears to improve the water affinity of the OMC material 

while KOH activation renders the material highly hydrophobic. The effect of the activation 

process on the water affinity of the resultant OMC materials is discussed in more detail below. 
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Figure 6. (a) Water adsorption isotherms at 20 °C of OMC, OMC-pm-3, and OMC-CO2-30 compared 

with those of a carbon molecular sieve oxidized using nitric acid (CMS-ox) [23] and the commercial 

zeolite NaY (at 30 °C) [24]. (b) The different stages of water adsorption are shown (adapted from Liu, 

L. et al., Adv. Colloid Interface Sci. (2017), with permission from Elsevier [21]). (c) Apparent affinity 

constant calculated from water adsorption isotherms at low relative pressure as a function of the 

surface carboxylic group concentration (OIII/SNLDFT) and average micropore width (wav,µ). 

 

It is generally accepted that the complex behavior of water adsorption in carbon materials, 

schematically shown in Figure 6b, is due to the combination of: (i) the interaction of water 

with active sites, predominantly carboxylic groups (cluster formation); (ii) the interaction of 

water with clusters acting as nucleation sites (cluster growth and coalescence); and (iii) the 
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water-carbon interaction related to the pore size (micropore and mesopore filling) 

[21,22,26,49–51]. In water adsorption isotherms, the adsorption behavior at different p/p0 

ranges can be associated to a greater or lesser extent with these interactions, as shown in 

Figure 6c. In order to relate the water affinity and the physicochemical properties of the 

activated OMCs, by KOH or CO2 activation, an apparent affinity constant was calculated for 

each material. This constant was defined as the slope of the linear part of the adsorption 

isotherms in the low-relative pressure region (p/p0 < 0.2), considered as the region where the 

(i-iii) interactions are strongest and can be related to the water affinity of the materials [21]. 

Figure 6c shows the calculated values of the apparent affinity constant as a function of the 

surface concentration of carboxylic groups (OIII/SNLDFT), associated with interactions (i) and 

(ii), and as a function of the average micropore width (wav,µ) accounting for interaction (iii). 

From Figure 6c, several cases should be noted, firstly the fact that CO2-activated materials 

have, in general, higher values of OIII/SNLDFT than KOH-activated materials. Since interaction 

(i) is strongest in the low-relative pressure regime, this higher concentration of active oxygen 

sites directly increases the water affinity of the CO2-activated materials. This statement seems 

to be in contradiction with the case of the OMC material, which has a lower affinity for water 

than the CO2-activated OMCs although it has the highest OIII/SNLDFT value among all samples. 

However, it has been reported that water adsorption might be inhibited in pores with widths 

smaller than 0.6 nm because a hydrogen-bonded tetrahedral water cluster, typically 0.7 nm 

high, would have to rearrange itself to fit inside such narrow pores [21,22,51]. This 

rearranging would hamper the adsorption process, thus explaining the lower water affinity of 

OMC. On the other hand, other activated OMCs with similar OIII/SNLDFT values but different 

wav,µ are also plotted, specifically OMC-CO2-30, OMC-imp-6, OMC-pm-4, and OMC-pm-5. 

Simulation studies of water adsorption in carbon slit-shaped nanopores have suggested that 

the water-carbon interaction (iii) in the pores changes drastically in the wav,µ range of 0.6 – 1.0 
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nm, increasing as wav,µ decreases and reaching a maximum at wav,µ = 0.7 nm [51]. The results 

shown in Figure 6b are in agreement with these simulation studies. Among the samples 

considered, OMC-CO2-30 exhibits a considerably higher water affinity, most likely due to a 

stronger water-carbon interaction in its narrow pores (wav,µ = 0.7 nm) than that of KOH-

activated counterparts with similar OIII/SNLDFT but wider pores (0.8 < wav,µ < 0.9 nm). Finally, 

another interesting case is presented for the OMC-CO2-60 and OMC-pm-3 samples, which 

have almost the same OIII/SNLDFT and wav,µ (~0.2 µmol m
-2

 and ~0.8 nm, respectively) but the 

water affinity of OMC-CO2-60 is about 6 times higher than that of OMC-pm-3. This 

difference in water affinity could be due to heterogeneities in surface chemistry, such as the 

presence of different types of functional groups or the relative position of active sites on the 

same or opposite pore walls. It has been reported that these heterogeneities play a significant 

role in the mechanisms of water adsorption in carbon materials [22,52,53]. However, it has 

been shown here that KOH-activated materials exhibit low pore connectivity (see Figure 4a,b). 

Thus, in addition to surface heterogeneity factors, it is likely that water adsorption in OMC-

pm-3 is hindered by difficult access of water molecules to the active sites, which accounts for 

its considerably lower water affinity than OMC-CO2-60. In this sense, in addition to the 

average pore size, the better pore connectivity of OMC-CO2-30 compared to that of KOH-

activated materials could also be a contributing factor to the increase in its affinity for water 

described above. 

 

3.4. Electrochemical characterization 

Electrochemical tests were performed in 1 M H2SO4 aqueous solution using three KOH-

activated OMCs as electrode materials. The samples OMC-imp-7 and OMC-pm-5 were 

chosen to study the effect of the KOH-incorporation route due to their comparable high SNLDFT, 

2000 m
2
 g

-1
. The third selected sample, OMC-pm-4, with a similar SNLDFT to that of OMC-
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CO2-75, 1600 m
2
g

-1
, was tested to analyze the effect of the activation process by direct 

comparison with the electrochemical performance of CO2-activated OMC, which has been 

previously tested as an electrode material for supercapacitors with satisfactory results in an 

aqueous electrolyte (1 M H2SO4) [37]. 

 

3.4.1. Effect of the KOH-incorporation route 

Cyclic voltammetry (CV) tests using OMC-imp-7 and OMC-pm-5 materials were performed 

at scan rates from 5 to 500 mV s
-1

. Figure 7a and 7b show examples of the CV curves 

obtained. Their near-rectangular shape indicates SC behavior; however, note that the curves 

have small humps suggesting the occurrence of Faradaic reactions at low scan rates. The 

redox humps are less pronounced for OMC-imp-7, which has a lower O/SNLDFT than OMC-

pm-5. As the scan rate increases, Faradaic reactions are progressively reduced and the redox 

humps on the CV curves eventually fade (see again Figure 7a and 7b). Figure 7c shows that at 

a low scan rate of 5 mV s
-1

, OMC-pm-5 and OMC-imp-7 achieved a high specific cell 

capacitance (Ccell) of 50 F g
-1

 due to their high SNLDFT. As the scan rate increases, Ccell 

decreases drastically for both materials and it can be observed that the capacitance retention 

(Cret) is 5% higher for OMC-pm-5. 
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Figure 7. Electrochemical performance of KOH-activated OMCs by the impregnation and physical 

mixing incorporation routes, OMC-imp-7 and OMC-pm-5, respectively. CV curves at different scan 

rates for (a) OMC-imp-7 and (b) OMC-pm-5; (c) specific cell capacitance (Ccell) as a function of scan 

rate; (d) charge-discharge curves at 1 and 2 A g
-1

; (e) Ccell as a function of specific applied current (I); 

the capacitance retention at 500 mV s
-1

 for CV curves and 20 A g
-1

 for GCD, and SNLDFT values for 

each material are also indicated; (f) Ragone-like plot. 

 

Galvanostatic charge-discharge (GCD) tests were performed by varying the specific applied 

current (I) from 0.5 A g
-1

 to 20 A g
-1

; Figure 7d shows examples of curves obtained at 1 and 2 

A g
-1

. The curves are triangular, indicating SC behavior. Ccell was calculated from the 

discharge curve and is shown in Figure 7e as a function of I, and OMC-pm-5 consistently 

outperformed OMC-imp-7 in agreement with the CV results. At 0.5 A g
-1

, Ccell reached 

maximum values of 49 F g
-1

 for OMC-pm-5 and 43 F g
-1

 for OMC-imp-7. As I increased, the 

capacitance decreased, exhibiting capacitance retentions of 51 and 42 % for OMC-pm-5 and 

OMC-imp-7, respectively (see Figure 7e again). Nevertheless, these Cret values were higher 

than those obtained from the CV experiments, indicating that these materials have less 

resistance to electron mobility than to ion mobility, which are the respective charging 
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mechanisms of the GCD and CV tests [54]. This restricted ion mobility can be related to the 

low affinity of these materials for water (see Figure 6c), as diffusion of solvated ions through 

a hydrophobic surface would indeed be hindered. The better performance of OMC-pm-5 

compared to OMC-imp-7 could be explained by considering that, as described in the previous 

sections, the imp route could develop porosity mainly on the outer surface of the carbon 

particles due to the restricted access to the pores and the low water affinity of OMC. Thus, the 

imp route would lead to the formation of more pores that are not connected to the internal 

porosity, resulting hindered ion diffusion in OMC-imp-7 compared to the OMC-pm-5 material 

obtained by the pm route. 

Figure 7f shows the Ragone-like plot with the specific energy and power values (E and P, 

respectively) of the SC cells calculated from the GCD curves. At the lowest specific applied 

current of 0.5 A g
-1

, the OMC-pm-5 cell has a maximum storage capacity of 7 Wh kg
-1

 with a 

power of 133 W kg
-1

, while the OMC-imp-7 cell exhibits a maximum storage capacity of 6 

Wh kg
-1

 at the same power. These values of E and P are within the range reported for similar 

materials and testing conditions in H2SO4, as shown in Table S4 [18,37,47,55–68]. 

 

3.4.2. Effect of the activation process 

KOH activation was used in this study with the aim of producing materials with larger surface 

areas and more developed porosity than those obtained by CO2 activation, in order to further 

improve the electrochemical performance of tannin-derived materials. Indeed, at low charging 

rates, the Ccell and E values achieved for OMC-pm-5 and OMC-imp-7 are higher than those 

obtained under the same conditions with CO2-activated materials [37], due to their larger 

surface area. However, when comparing materials of similar surface area obtained by CO2 or 

KOH activation, a more complex behavior is observed. This comparison shows that CO2 is a 
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better choice of activating agent from the point of view of SC performance, environment and 

economy, as discussed below. 

Figure 8a shows Ccell as a function of I during GCD tests for OMC-pm-4 and OMC-CO2-75 

samples, with SNLDFT of 1613 and 1614 m
2
 g

-1
, respectively. Note that for the OMC-pm-4 

sample, Ccell reaches a high value of 49 F g
-1

 at 0.5 A g
-1

, the same as that achieved by OMC-

pm-5 with a higher surface area (1992 m
2
 g

-1
). Close inspection of the GCD curves at 0.5 and 

1 A g
-1

 revealed a Coulombic efficiency (CE = tdischarge/tcharge) greater than 1 for OMC-pm-4, 

see Figure S6. A CE > 1 is a sign of electrolyte decomposition, which could be promoted, 

especially at low charging rates, by the presence of O surface functionalities. Electrolyte 

decomposition produces excess charge that delays SC discharge, resulting in an apparent 

increase in capacitance, a behavior similar to that observed in Li-ion batteries due to Li 

accumulation in the overhand region [69]. For I > 1 A g
-1

, OMC-pm-4 exhibits CE < 1 and 

triangular-shaped GCD curves indicating SC behavior (Figure S6). For higher I, the 

capacitance values for the OMC-pm-4 material decrease significantly, as observed for OMC-

pm-5 and OMC-imp-7 in Section 3.4.1, again suggesting that the surface is not easily 

accessible, thus preventing the formation of the EDL. In contrast, for the OMC-CO2-75, a CE 

≤ 1 was always observed, even at the lowest I, and pseudocapacitance contributions occur 

only at low charging rates,    1 A g
-1

. For higher values of I, the capacitance remains nearly 

constant up to a current of 20 A g
-1

, indicating that energy is stored by the EDL mechanism 

even at low charging rates. Furthermore, it was shown for OMC-CO2-75 that, up to 80 A g
-1

, 

Cret still remains at 74 % (considering Ccell at 0.5 A g
-1

 as the maximum) [37], while for the 

KOH-activated materials, Cret is already below 20 % at 40 A g
-1

, as shown in Figure S7. 

Besides, it was also found that the CO2-activated material exhibited better long-term stability 

than the KOH-activated materials, see Figure S8. OMC-CO2-75 exhibited a Cret of 95 % after 

10 000 continuous GCD cycles at 5 Ag
-1

 and 33 % potential loss after 24 h during self-
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discharge measurements, while OMC-imp-7 and OMC-pm-5 exhibited ~87 % of Cret after 

continuous cycling and a 44 % potential loss during self-discharge tests. 

 

 

Figure 8. Comparison of electrochemical performance of two selected KOH- and CO2-activated 

materials, OMC-pm-4 and OMC-CO2-75, respectively: (a) Specific cell capacitance (Ccell) versus 

specific applied current (I); (b) Nyquist and (c) Bode plots; and (d) frequency response of the real part 

of the complex capacitance (Cr) normalized by the capacitance value at 0.01 Hz (C0.01). 

 

Electrochemical impedance spectroscopy (EIS) tests were performed to study the resistive 

behavior of the materials. Figure 8b and 8c show the Nyquist and Bode plots obtained from 

the EIS tests. It can be seen that the equivalent distributed resistance (EDR) is an order of 

magnitude higher for OMC-pm-4 than for OMC-CO2-75 (Figure 8b). In addition, from the 

Nyquist plots, the intersection of the curves with the Zr axis at high frequencies is between 0.1 

and 0.3 Ω, which is consistent with the small iR drops found in the GCD measurements. Thus, 

EIS tests revealed that the most important contribution to the EDR of OMC-pm-4 comes from 

limited ion diffusion. The latter appears as a straight line at medium frequencies (MF, 
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between 10
-1

 to 10
1
 Hz) in the Nyquist plot and as a region of nearly constant phase in the 

Bode plot [70]. Ion diffusion for OMC-CO2-75, in contrast, is not hindered because the 

straight line at MF in the Nyquist plot is very short (~0.1 Ω long), and there is no constant 

phase region visible in the Bode plot. 

Furthermore, from the EIS measurements, the “knee” frequency, fknee, which determines the 

point at which the electrolyte has achieved full access to the electrode surface, can be 

identified by analyzing the frequency response of the real part of the complex capacitance (Cr). 

fknee is defined as the frequency at which Cr is half of the maximum capacitance reached at 

low frequency. The lower the value of fknee, the longer it takes for ions to diffuse into the 

material [70]. For comparison, Cr was normalized by the capacitance at f = 0.01 Hz (C0.01) and 

shown in Figure 8d as function of frequency. As expected, fknee for OMC-CO2-75 is about one 

order of magnitude higher than that of OMC-pm-4, evidence of significantly better ion 

diffusion into the CO2-activated material. This rapid response of OMC-CO2-75 would explain 

why, despite its higher O surface concentration than the KOH-activated material (Figure 5c 

and 5d), redox reactions are less likely to occur. In contrast, the slow diffusion of ions in the 

OMC-pm-4 material would allow sufficient time for the ions to react with the surface 

functionalities. This would result in the aforementioned electrolyte decomposition at the 

lowest I and the presence of pseudocapacitance contributions up to a relatively high current of 

4 A g
-1

. These EIS measurements are in agreement with the conclusions drawn from the GCD 

tests (Figure 8a). 

In summary, the better performance of the CO2-activated material compared to the KOH-

activated counterpart can be attributed to key differences in their physicochemical properties, 

see Figure S9 for a direct comparison. As discussed in Section 3.1, hysteresis loops scanning 

analysis of the N2 adsorption-desorption isotherms revealed that CO2 activation of OMC 

resulted in a material with generally improved pore network connectivity. In addition, the 
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apparent water affinity constant of OMC-CO2-75, calculated from the adsorption isotherms, is 

about 6 times higher than that of OMC-pm-4. The hydrophobic nature of KOH-activated 

materials could contribute to the diffusion problems arising from its low pore connectivity. 

This would explain the poor performance of the material at high charging rates, where ions 

from the aqueous electrolyte are unable to reach the narrower pores to form the EDL. 

 

3.4.3. Comparison with literature 

So far, a direct comparison of tannin-derived activated OMCs obtained by the same synthesis 

method has been performed. Therefore, it is possible that the observed differences in 

electrochemical performance, attributed to the different material properties resulting from the 

activation method used, are a particular case that occurs only for these tannin-derived 

materials. To clarify this, Figure 9 compares the electrochemical performance in the aqueous 

electrolyte H2SO4 of different KOH- and CO2-activated materials. These materials were 

mostly obtained from phenolic precursors but also from other precursors such as polymers, 

pyrrole, sucrose, or biomass (see more details in Table S4). It is important to note that such a 

comparison remains challenging and needs to be considered carefully, as there are no standard 

conditions for the assessment of electrochemical performance at the laboratory scale. Data 

reports in the literature often differ on several test conditions such as cell type (2 or 3 

electrodes), electrolyte concentration, potential window or carbon load (CL). 
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Figure 9. Electrochemical performance of KOH- and CO2-ACs from this study compared to literature 

data [18,37,47,55–68]. (a) Specific electrode capacitance normalized by BET area (Ce,BET) as a 

function of carbon load (CL). (b, c) Capacitance retention (Cret) as a function of BET area (ABET) at 5 

and 10 A g
-1

; Cret was calculated considering the capacitance at 0.5 A g
-1

 as the maximum (Cret = 

100%). 

 

Among the test conditions, CL is known to significantly affect the performance of the 

materials and it has been shown that tests using thin electrodes with low CLs can lead to 

overestimation of capacitance and rate capability [37,39,71–73]. Such thin electrodes do not 

suffer from low mass transfer effects reducing their overall resistance and increasing their 

performance. To illustrate the effect of CL on SC performance, Figure 9a shows the values of 

specific electrode capacitance normalized by BET area (Ce,BET) of different KOH- and CO2-

activated carbon materials [18,37,47,55,56,58–65]. Indeed, a general trend is observed, where 

Ce,BET increases drastically when CL decreases to values below 5 mg cm
-2

. 

Furthermore, care must be taken when comparing the Cret values from different reports, since 

the maximum capacitance used as reference is not always obtained at the same charging rate, 

which can vary from 0.05 to 1 A g
-1

. Therefore, Figure 9b and 9c show the capacitance 

retention at 5 and 10 A g
-1

 of the materials as a function of ABET [18,37,47,55–68], all of these 
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values having been calculated considering the capacitance at 0.5 A g
-1

 as the maximum value. 

Figure 9b shows that at 5 A g
-1

, most of the CO2-ACs achieve retention values above 80 % 

and overall exhibit higher capacitance retentions than the KOH-ACs. As shown in Figure 9c, 

after doubling the applied current to 10 A g
-1

, CO2-ACs still retain more than 80 % of their 

capacitance. In contrast, Cret of most KOH-ACs decreases to values below 75 % and down to 

46 %, despite the fact that a large portion of them were tested using CLs ≤ 5 mg cm
-2

, which 

generally leads to better rate capability [37,74]. Thus, it can be assumed that materials tested 

with low CLs would show even lower capacitance retentions at 10 A g
-1

 if they were tested 

with higher CLs, closer to those used in commercial devices. 

This comparison indeed suggests that CO2 activation produces materials with higher rate 

capability than KOH activation for tannin-derived carbons as well as for materials from a 

variety of precursors and with different morphologies and structures (see again Table S4). In 

view of the characterization carried out for the materials in this study, this superior 

performance of CO2-ACs at higher charging rates would be a consequence of an appropriate 

combination of the material properties. Not only high surface area and pore volume are 

essential, but also good pore network connectivity and greater water affinity that enhance 

their performance in an aqueous electrolyte. 

Finally, from a sustainability perspective, life-cycle assessments of the production of H3PO4-

AC form olive-waste cake [75] and KOH-AC from energy crops (switchgrass and miscanthus) 

[76] and PET plastic bottles [77] have revealed that the environmental impact of these 

activation processes is mainly related to their toxicity to humans and water pollution. 

Recycling of activating agents can mitigate water pollution issues and reduce costs, but 

studies show that physical activation, by steam or CO2, remains a more environmentally 

friendly and economically feasible process [75–78]. Although steam activation is widely used 

for the production of commercial ACs, it leads to the development of larger mesopores, w > 
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10 nm [79], which do not contribute to the performance when these ACs are used as SC 

electrodes [80]. Thus, given the electrochemical characterization shown in this study, and 

although further sustainability studies are needed, CO2 activation appears to be a better choice 

than KOH as an activating agent to produce economically viable, high-rate capability SCs 

with low environmental impact. 

 

Conclusion 

This study shows that CO2 is a better activating agent than KOH to produce high-rate 

capability supercapacitors (SCs) using an aqueous electrolyte. In addition, we demonstrate the 

utility of hysteresis loop scanning analysis of the N2 adsorption-desorption isotherms and 

water adsorption at low relative pressures to explain the electrochemical performance of the 

materials. KOH physical mixing and impregnation of a tannin-derived ordered mesoporous 

carbon (OMC) were implemented prior to thermal treatment to produce activated materials, 

KOH-OMCs. A direct comparison of a KOH- and a CO2-activated OMC with similar surface 

area revealed that the CO2-OMC exhibited higher rate capabilities and faster ion diffusion 

than the KOH-OMC. The superior performance of the CO2-OMC can be attributed to better 

pore network connectivity and approximately 6-fold higher water affinity than the KOH-

OMC. A comparison with literature data showed that, although KOH activation is widely 

used to increase the surface area of carbon materials and achieve higher capacitance values, 

CO2-ACs appear to exhibit an appropriate combination of textural properties, pore network 

connectivity, and water affinity that results in SCs with fast response and high capacitance 

retention at high charging rates. In addition, CO2 activation also appears to be a more 

environmentally friendly and economically feasible choice than KOH activation for the 

production of ACs. 
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