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Abstract 

 

The electrochemical performance of nitrogen-doped and non-doped superporous activated 

carbons as electrodes for supercapacitors was assessed in organic and ionic liquid-based 

electrolytes. The nitrogen functionalization was carried out through post-modification 

treatments at mild conditions to produce N-doped activated carbons that preserve the 

microporosity of the pristine carbon material. The electrodes based on these materials provide 

large capacitance values (up to 150-180 F/g) in both 1M Pyr14TFSI/PC and 1M Pyr14BF4/PC 

due to their tailored porous texture, given by their well-developed microporosity and low 

mesopore volume. The electrochemical double layer capacitors based on these materials 

displayed outstanding capacitance (37-40 F/g and 14 F/cm3) and energy values (44-48 Wh/kg 

and 16-17 Wh/L). The nitrogen-doped activated carbons evidence high stability at positive and 

negative polarization potentials due the presence of specific N functionalities. The results prove 

that surface chemistry of carbon materials plays a key role on their degradation under high 

operation voltage conditions. The durability of the devices can be improved by doping carbon 

electrodes with selected nitrogen groups, such as nitrogen heterocycles and amine-like surface 

functionalities.  
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1.  Introduction 

Electrochemical double-layer capacitors (EDLC), or supercapacitors, are currently the 

most suitable energy storage devices for a wide range of high-power applications. These devices 

are based on the physical electrosorption of ions at the interface of an electrode and an 

electrolyte [1–3]. Consequently, EDLC can be charged and discharged in seconds, providing 

high specific power (10 kW/kg) and long-cycle life (> 500.000 cycles). Nevertheless, the 

energy density needs to be increased to introduce this technology into new applications, such 

as electric vehicles.  This parameter depends on the capacitance and the cut-off voltage 

employed during the operation of the device, which are mostly governed by the two main 

components of supercapacitors: the electrolyte and the electrode material. The current 

commercially available supercapacitors are based on activated carbons, whose large surface 

area produces high capacitance values, and organic electrolytes, based on solutions of an 

ammonium salt in propylene carbonate (PC) or acetonitrile, which can operate at 2.5-2.8 V 

[1,4]. One of the main strategies for improving their performance is the use of innovative 

electrolytes, such as those based on ionic liquids (ILs) or new conducting salts (in organic 

solvents), since they can expand the operation voltage to values larger than 3V [5,6]. 

The development of new electrolytes based on ILs has attracted considerable attention due 

to their wide electrochemical stability window (>3V), high thermal stability, low volatility and 

non-flammability [5,7–10]. However, their high viscosity and low conductivity (in comparison 

with conventional organic electrolytes) hinders the capacitance and power provided by EDLC 

based in solvent-free ILs. Recently, the use of mixtures of ILs with organic solvents (PC or 

acetonitrile), in which IL acts as a conducting salt, has appeared as a promising alternative 

because it allows the production of electrolytes with low viscosity and high conductivity. 

However, the operative voltage of EDLCs containing these electrolytes is often limited in 

comparison with that of EDLC based on solvent-free ILs, but still overcomes the values of 

conventional organic electrolytes.  

An alternative to the use of ILs is the investigation of new conducting salts, dissolved in 

an organic solvent (PC or acetonitrile), for the preparation of advanced electrolytes [5]. The use 

of these salts allows the preparation of electrolytes with high conductivity and low viscosity. 

Furthermore, the EDLCs based on these electrolytes perform at voltages larger than 3V. Several 
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studies have been dedicated to different cations (phosphonium and quaternary ammonium-

based cations) combined mainly with tetrafluoroborate (BF4
-) as anion. Recently, 

pyrrolidinium-based cations have appeared as promising candidates for the generation of 

advanced electrolytes [1,4]. Since the ions of the conducting salts are involved on the formation 

of electrical double layer, the selection of a conducting salt with adequate ion sizes, chemical 

and electrochemical stability is crucial for the development of advanced electrolytes [5].  

Moreover, the appropriate selection of ions has a strong influence on the carbon-electrolyte 

interface [11–13]. To take full benefit from the advantages of innovative electrolytes, the 

physicochemical properties of carbon materials must be also carefully considered. In this sense, 

the effect of porous texture has been extensively analyzed in the literature when using non-

conventional electrolytes. It has been proven that carbon materials with well-developed 

microporosity and adequate pore size distribution (with optimized ion size/pore size ratios) are 

highly desirable since they provide high specific capacitance [11–14]. However, other key 

parameters, such as the surface chemistry of carbon materials, has not been thoroughly 

discussed yet in these electrolytes, although its influence has been clearly proven in other media 

(aqueous and organic electrolytes). Specifically, doping with different heteroatoms (such as 

nitrogen) can improve several properties in aqueous and organic electrolyte, such as electrical 

conductivity, electrochemical stability, etc. Although several works have focused on the use of 

N-doped carbons as electrodes in ionic liquid-based electrolytes [15–22], the role of nitrogen 

functional groups on the electrochemical performance has not been extensively assessed yet. 

As discussed above, the performance of EDLC strongly depends on the interaction at the 

electrode-electrolyte interface. Thus, surface chemistry appears as a key parameter to be 

investigated for the development of EDLCs based in non-conventional electrolytes. 

One of the main drawbacks when assessing the effect of heteroatom doping of carbon 

electrodes lies in the difficulties of controlling their physicochemical properties: porous texture 

and surface chemistry. For instance, the doping with nitrogen using the most usual protocols 

normally affect the porous texture of the carbon material and makes difficult to elucidate the 

role of different parameters in their electrochemical performance [23–25]. Ideally, the 

performance of heteroatom-doped carbons must be compared to that of a non-doped material 

with almost identical porous texture and morphology [23].  In this sense, we have developed  
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nitrogen-doped carbon materials by post-functionalization strategies under mild conditions that 

allow full preservation of the porous texture of the pristine carbon material, even when using 

activated carbons with well-developed microporosity [26] and seamless structure [27]. The 

comprehensive comparison of the physicochemical and electrochemical properties of the doped 

and non-doped carbons has been used as an appropriate approach to assess the role of surface 

chemistry in their performance as electrodes for supercapacitors in aqueous and organic 

electrolytes [26–28]. Thus, the study of the effect of this functionalization methods in the 

performance of these materials when using non-conventional electrolytes can be considered as 

an adequate strategy to study the carbon-electrolyte interface when using N-doped carbon 

materials and electrolytes based in ionic liquids and new conducting salts (in organic 

electrolyte).   

In this work, the effect of nitrogen functionalization treatments on the electrochemical 

properties of the activated carbons with high surface area was analyzed using non-conventional 

electrolytes. For this, nitrogen functionalization is carried out throught chemical post-

treatments at mild conditions over a superporous activated carbon with tailored porous 

structure. The effect of nitrogen functional groups on the electrochemical performance of the 

carbon materials is assessed in two PC-based electrolytes: (i) a non-conventional conducting 

salt (1-butyl-1-methylpyrrolidium tetrafluoroborate (Pyr14BF4)) in PC and (ii) a mixture of ionic 

liquid (1-butyl-1-methylpyrrolidium bis-(tri-fluoromethylsulfonyl)imide (Pyr14TFSI)) with PC.  

2. Materials and Methods 

2.1. Activated carbon 

A superporous activated carbon prepared in our laboratory has been used as the starting 

material for nitrogen incorporation via post-modification treatments based in organic chemistry 

reactions. The pristine material (named as KUA), has been obtained by chemical activation of 

a Spanish anthracite with KOH using an impregnation ratio of activating agent to raw material 

of 4:1 and an activation temperature of 750º C under inert atmosphere, which was held for 1 

hour. More details about the preparation process are available elsewhere [29] [18]. 

2.2. Chemical functionalization of activated carbon 
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KUA was further functionalized with nitrogen functional groups by two different strategies 

based on the organic chemistry protocols. This methodology was accurately described in the 

literature [26,30]. Briefly, the first approach consisted in a three-step protocol with the aim to 

attach amide functionalities on the activated carbon KUA. The treatment was carried out as 

follows: 

 (i) Chemical oxidation with HNO3 to produce oxygen functional groups (activated carbon 

to solution ratio of 1g/40 mL). 

 (ii) Generation of acyl chloride functionalities by reaction of the oxidized activated carbon 

with SOCl2 in toluene under Ar atmosphere (activated carbon to solution ratio of 1g/55mL) 

 (iii) Amidation reaction over the activated carbon produced in step (ii) with 2M 

NH4NO3/DMF solution and pyridine (activated carbon to solution ratio of 1g/300mL).  

The obtained sample was named as KUA-CONH2. In the second method, the third step of 

the first protocol is directly applied over pristine sample (KUA), thus avoiding any oxidation 

treatment. This sample was named as KUA-N.  

2.3. Porous texture and surface chemistry characterization 

The porous texture characterization was carried out by N2 adsorption-desorption isotherms 

at -196º C and by CO2 adsorption at 0º C by using an Autosorb-6-Quantachrome apparatus. The 

samples were outgassed at 200º C for 4 hours before the experiments. The apparent surface area 

was obtained from N2 adsorption isotherms by using the BET equation in the 0.05-0.20 range 

of relative pressures. The total micropore volume was determined by Dubinin-Radushkevich 

(DR) method applied to N2 (relative pressures from 0.01 to 0.05) adsorption isotherms. The 

volume of the narrow microporosity (i.e., pore sizes below 0.7 nm) was calculated from the DR 

method applied to the CO2 adsorption isotherms (relative pressures from 0.0001 to 0.25) [31]. 

The pore size distributions (PSD) for the materials have been calculated from the N2 adsorption 

isotherms using NL-DFT method as proposed by Jagiello and Olivier [32] using SAIEUS© 

software. 
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The surface chemistry of the samples was analyzed by X Ray Photoelectron Spectroscopy 

(XPS) and Temperature Programmed Desorption (TPD). XPS measurements were performed 

by using a VG-Microtech Multilab 3000 spectrometer, equipped with an Al anode. TPD 

experiments were performed by heating the samples (10 mg) to 950º C (at a heating rate of 

20º C/min) under a helium flow rate of 100 mL/min. The analyses were carried out by using a 

TGA-DSC instrument (TA Instruments, SDT Q600 Simultaneous) coupled to a mass 

spectrometer (Thermostar, Balzers, BSC 200). The samples were also characterized by 

Scanning Electron Microscopy (SEM) coupled to Energy Dispersive X-Ray Analysis (EDX) 

by using a Hitachi equipment, S3000N model.  

2.4. Electrolyte preparation 

Two different electrolytes were employed in this work: 1M Pyr14TFSI/PC and 1M 

Pyr14BF4/PC. The IL Pyr14TFSI (IoLiTec, 99.5%) was dried by using a molecular sieve until 

the water content was lower than 20 ppm. The conducting salt Pyr14BF4 was purified as 

described elsewhere [33]. PC (Sigma Aldrich, 99.7 %) was used as organic solvent. The water 

content of the electrolytes was determined to be lower than 30 ppm, as measured by Karl-Fisher 

technique.   

2.5 Electrochemical characterization 

2.5.1. Three electrode cell configuration 

The electrochemical characterization of the carbon materials was performed by using a 

Swagelock-type cell in a three-electrode configuration. The working electrodes were prepared 

by mixing the activated carbon with acetylene black and polytetrafluoroethylene (PTFE) as 

binder in a ratio of 85:10:5 (w/w). The total weight of the electrode was 4-5 mg (dry basis). 

For shaping the electrodes, a sample sheet was cut into a circular shape with an area of 0.95 

cm2. The counter electrodes were prepared using a commercial activated carbon as active 

material (Norit DLC Super30, SBET = 1618 m2/g) with a mass loading larger than 30 mg/cm2, 

as described elsewhere [14]. The electrodes were dried overnight at 120 ºC under vacuum prior 

to assembling the cell.  
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The cells were prepared inside an Ar-filled glovebox with water and oxygen contents < 1 

ppm. The working and counter electrodes were tightly pressed against each other and separated 

by a glass microfiber membrane (Whatman GF/D, thickness: 675 µm). Prior to assembling the 

cell, the separator and the electrodes were soaked with 140 µL of electrolyte and kept under 

vacuum for 5 minutes. Ag was used as reference electrode in all cases. 

The electrochemical characterization of all samples was tested by CV at sweep rate of 1 

mV/s. The capacitance was calculated from the electric charge of the CV. The results are 

expressed in F/g, considering the weight of the active material of the working electrode.  

2.5.2. EDLC investigation. 

Asymmetric in mass EDLC were assembled for all carbon materials in an Argon glovebox 

in 1M PYR14TFSI/PC electrolyte. For this, two electrodes (surface area: 0.283 cm2) were 

prepared with a weight of ~1.1 mg (active phase) each. Supercapacitors were constructed by 

pressing both electrodes against each other and separating them by a filter glass microfiber 

membrane (Whatman GF/D, thickness: 675 µm). These devices were characterized by CV at 

different scan rates and galvanostatic charge-discharge (GCD) cycles at current densities from 

1 to 20 A/g in 1M PYR14TFSI/PC. CV measurements were performed in a Biologic VSP 300 

and the galvanostatic tests in a Arbin SCTS galvanostat. Electrochemical Impedance 

Spectroscopy (EIS) were perforded at 0.05V in the frequency range of 10mHz-100 kHz with 

an amplitude voltage of 10 mV by using an Autolab PGSTAT302 potentiostat. A durability test 

for asymmetric capacitors was performed by 2000 GCD cycles at a current density of 1 A/g and 

a voltage of 3.0 V. Current density and specific capacitance is defined based on the total active 

weight of the carbon material included in both electrodes. Volumetric capacitance was 

calculated using the electrode density.  

The energy density and power density of asymmetric supercapacitors was calculated in 

order to obtain all relevant information about their performance. Energy density was obtained 

during the discharge cycle from 3 to 0 V by the following equation (1): 

       =       (1) 
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Where Q is the total charge measured during the discharge step (C), V is the cut-off voltage 

(V) and w is the active phase of the electrodes (g). 

Power density was calculated according to equation (2): 

      (2) 

Where td is the time of discharge in the GCD cycle. 

3. Results and Discussion 

3.1 Surface chemistry and porous texture characterization 

Table 1 summarizes the main parameters related to the physicochemical properties of the 

pristine and N-functionalized activated carbons. These properties and the effect of nitrogen 

doping on the surface chemistry and porous texture of the samples has been previously 

discussed [26,30] and are summarized below. As evidenced by XPS analyses, nitrogen doping 

was satisfactorily achieved for KUA-N and KUA-CONH2 samples through consumption of 

oxygen functionalities. Both N-doped carbons show similar nitrogen spectra and content (⁓ 4 

at. % XPS), but the functionalities generated on their surfaces are different. This is a 

consequence of the different oxygen functional groups involved in the reaction. For the 

production of KUA-N sample, the nitrogen doping is carried out directly over the pristine 

carbon material; as a result, the nitrogen functionalities generated on this carbon are derived 

mainly from CO-evolving groups. Thus, the main functional groups found over this carbon 

material are amines, pyridines/imines and pyrroles/pyridones [26]. Nevertheless, the nitrogen 

functional groups produced on KUA-CONH2 involve the consumption of CO2 and CO 

evolving-groups, since the pristine carbon was previously oxidized to increase the oxygen 

content prior to the nitrogen doping step. Hence, there is a contribution of groups derived from 

CO2 (amide-like functionalities) and CO groups (pyridines, pyrroles, etc.) [30]. Consequently, 

the N-doped carbons show similar nitrogen content, but different surface functionalities. Also, 

KUA-CONH2 has a larger amount of oxygen functional groups than the other carbons.  

Table 1. Surface composition determined for all activated carbons by XPS and TPD. 

Sample CXPS 

(at. %) 

NXPS 

(at.%) 

OXPS (at.%) CO2 TPD 

(µmol/g) 

CO TPD 

(µmol/g) 

O TPD 

(µmol/g) 
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KUA 90.9 0.3 8.8 500 2100 3100 

KUA-N 87.6 3.6 8.8 450 1750 2640 

KUA-CONH2 88.8 4.1 12.0 1140 2370 4650 

 

The porous texture of the samples was assessed by N2 and CO2 adsorption isotherms. Figure 

1 includes the N2 adsorption isotherms of the materials as well as the pore size distributions 

calculated from the NL-DFT method. The pristine carbon material is a microporous material 

with high apparent surface area [26].  Moreover, most of the microporosity of the pristine 

material remains in the N-doped samples due to the mild conditions of the treatment. When the 

nitrogen doping is carried out directly over the pristine carbon (KUA-N sample), the 

microporosity is fully preserved since only chemical reactions involving CO groups take place 

to attach nitrogen moieties. However, KUA-CONH2 evidences some loss of the microporosity 

(30 %) mainly due to the oxidation pre-treatment done prior to the nitrogen functionalization 

treatment [30].  

Table 2. Porous texture parameters of the activated carbons. 

Sample SBET 

(m2/g) 

VDR
N2 

(cm3/g) 

VDR
CO2 

(cm3/g) 

KUA 3080 1.19 0.57 

KUA-N 2960 1.18 0.52 

KUA-CONH2 2390 0.97 0.45 

 

The sample KUA shows a wide micropore size distribution, with an average pore size of 

1.4 nm (Figure 1b). The nitrogen doping does not significantly modify the pore size distribution 

in the case of sample KUA-CONH2. However, an increase in the region of micropores of size 

below 1 nm is detected in the case of sample KUA-N. Thus, nitrogen doping at mild conditions 

allows the generation of carbon materials with similar porous texture but different 

functionalities. 
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Figure 1. (a) N2 adsorption desorption isotherms and (b) Differential pore size distributions obtained by NL-DFT 

calculations of KUA, KUA-N and KUA-CONH2. 

 

3.2 Electrochemical characterization 

3.2.1 Three-electrode cell configuration 

The electrochemical performance of the samples was tested by cyclic voltammetry in three-

electrode cells in 1M Pyr14TFSI/PC and 1M Pyr14BF4/PC. The CVs were recorded from the 

open circuit potential (EOCP) upon negative and positive potential (each side was investigated 

using fresch cells), by broadening 0.10 V the potential limit of every cycle with respect to the 

previous one. Figure 2 shows the selected CVs when approaching the stability limits under 

negative (figure 2a) and positive (figure 2b) polarization for the three activated carbons in 1M 

Pyr14BF4/PC electrolyte. More selected CVs are presented at the Supplementary Data (figure 
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S1). The pristine activated carbon (KUA) displays faradaic processes under conditions of 

negative polarization. A cathodic current is recorded starting at -1.70 V, with the corresponding 

reverse anodic peak at -0.30 V. These faradaic charge transfer reactions can be associated to 

oxygen functionalities and partial decomposition of PC [14,34–36]. At positive polarization, 

redox processes are observed at 1.0 V, and an anodic current starts at 1.2 V evidencing the 

occurrence of oxidation processes.  

The CVs clearly evidence than nitrogen doping affects the electrochemical performance of 

the activated carbons. First, the N-doped carbons (KUA-N and KUA-CONH2) display lower 

EOCP than the parent non-doped carbon, indicating that the generation of nitrogen functionalities 

modifies the carbon-ion interaction during non-charging regime [37]. Moreover, the nitrogen 

doping affects the electrochemical stability of the carbon materials. At negative polarization 

from the open circuit potential, both samples present a faradaic process at -1.70 V. However, 

the current values reached during the reverse scan are much lower than those of the non-doped 

carbon, highlighting the higher stability of the N-doped carbons.  Furthermore, the N-doped 

carbons show a CV with a square shape among the whole potential range, evidencing an ideal 

EDLC behavior even at potentials close to the limit value of stability. 

Similar features are observed at the positive potential range (Figure 2b). The lower EOCP 

detected for the N-doped carbons provides a wider potential window upon positive polarization. 

Thus, the symmetric configuration in supercapacitor cells using these materials might provide 

higher durability, since a better balance of the charge is expected during the operation of the 

device. Moreover, at high positive potentials (> 1.2 V), the faradaic current detected for the N-

doped carbon materials is considerably lower than the one exhibited by KUA, as confirmed 

also by  the values of coulombic efficiency calculated under these conditions  (86, 98 and 98% 

for KUA, KUA-N and KUA-CONH2 electrodes, respectively). The lower occurrence of 

faradaic processes indicates an improvement of electrochemical stability under oxidative 

conditions that can be associated to the formation of nitrogen groups. More details about the 

performance of the samples under positive polarization can be observed in Figure S1.  
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Figure 2. Cyclic voltammograms obtained for KUA (black), KUA-N (blue) and KUA-CONH2 (red) electrodes in 

(a) negative and (b) positive potential ranges. 1M Pyr14BF4/PC. v = 1 mV/s. 

  

Figure 3. Cyclic voltammograms obtained for KUA (black), KUA-N (blue) and KUA-CONH2 (red) electrodes in 

(a) negative and (b) positive potential ranges. 1M Pyr14TFSI/PC. v = 1 mV/s.  

The potential window of the carbon materials was also analyzed by CV in 1M 

Pyr14TFSI/PC. More details about the polarization processes can be observed in figure S2 at the 

Supplementary Data. As detected in 1M Pyr14BF4/PC, the carbon electrodes exhibit a cathodic 

current related to decomposition processes. However, in this case the faradaic current is 

detected at more negative potentials (- 2.0 V), evidencing a larger electrochemical stability 

window in case of the IL mixture. Under conditions of positive polarization, KUA exhibits 

larger faradaic currents when increasing the potential, evindencing lower electrochemical 

stability also in this electrolyte. Furthermore, KUA-CONH2 electrode displays an increase of 
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faradaic cathodic current at 1.5 V, that is not observed in case of KUA-N electrode, evidencing 

lower electrochemical stability for the former than for the latter.  

Even though surface chemistry influences the electrochemical stability of the carbon 

materials in the electrolytes, all of them display larger electrochemical stability window in IL-

based electrolyte than in the other electrolyte. This result is in agreement with the performance 

of other carbons in the literature [11,13,38,39]. 

The gravimetric capacitance was determined using a potential window in absence of 

faradaic contributions (figures S1 and S2, green curves). Table 3 collects the values obtained 

under positive (C+) and negative (C-) polarization in both electrolytes. However, it should be 

remarked that C+ and C- cannot be exclusively associated to adsorption of anions and cations, 

respectively. Several studies have demonstrated that the charge storage in supercapacitors is 

not produced by single electrosorption of ions on the surface of the charged electrode. The 

formation of the electrical double layer (EDL)can be produced by different mechanisms 

depending on the electrolyte and the electrode, as well as the electrode polarization [40,41]. 

Independently of the mechanism governed in the formation of the EDL, the relative pore/ion 

size is a key parameter to be considered [13,14,42,43], since the ions might diffuse across the 

pore network involved in the charging process.   

The pristine activated carbon displays extraordinary capacitance values in both electrolytes 

due to its tailored porous texture, which has been optimized to be used in these electrolytes. 

[14]. Even though 1M Pyr14TFSI/PC shows higher viscosity than 1M Pyr14BF4/PC (Table 4), 

both electrolytes provide large capacitance values when using KUA as electrode material. The 

main differences in terms of capacitance are a consequence of the different sizes of the ions: 

0.46 nm (BF4
-), 0.79 nm (TFSI-) and 1.1 nm (Pyr14

+) [11,44]. On the other hand, KUA has a 

large micropore volume and an average pore size of 1.4 nm. Hence, KUA provides an adequate 

pore size distribution to allow the diffusion of the electrolyte-containing ions to its inner 

surface.  

The N-doped activated carbons show slightly lower capacitance values in both electrolytes, 

indicating that nitrogen doping does not improve the formation of the EDL in these electrolytes. 

Several studies have pointed out the beneficial effect of nitrogen functional groups in terms of 
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capacitance in aqueous and organic electrolyte [45–47]. However, the contribution of the 

different N moieties in organic and ionic liquid-based electrolytes is not straightforward. 

Oschazt et al. reported that nitrogen functional groups do not contribute to the increase of 

capacitance [20], which is in agreement with our results. Moreover, these carbon materials show 

a very well developed microporosity, and consequently the large apparent surface area could 

minimize the contribution of nitrogen groups in the formation of the EDL. Thus, the differences 

in the capacitance values can be explained by the small losses of microporosity produced during 

the functionalization treatment. KUA-N evidenced a small modification of porous texture. 

However, the ions of the electrolytes have large sizes, and consequently small changes on the 

pore width might affect the formation of the EDL. Thus, the differences in capacitance might 

arise from the small modification of the pore size distribution in these samples (see Figure 1b), 

as well as the slightly lower available surface area. Since BF4
- anion is smaller than TFSI-, it 

can have access to smaller micropores. Hence, the higher capacitance values detected in 1M 

Pyr14BF4/PC for KUA-N in the positive potential window, can be a consequence of the 

significant increase of micropores of size lower than 1nm observed after functionalization in 

this sample. More interesting features are observed for KUA-CONH2 activated carbon. This 

sample displays similar capacitance values in 1M Pyr14TFSI/PC than KUA-N, but lower values 

in 1M Pyr14BF4/PC. Since KUA-CONH2 shows lower micropore volume than KUA-N, the 

formation of EDL in the IL-based electrolyte might not involve the whole microporosity of both 

carbons, but only a range of micropores that contain both carbon materials. In addition, some 

effect of the surface chemistry cannot be discarded.  

Table 3. Gravimetric capacitance calculated for the carbon electrodes in the electrolytes in different potential 

ranges. 

 

Sample 1 M Pyr14BF4/PC 1M Pyr14TFSI/PC 

C+ (F/g) C-(F/g) C+ (F/g) C-(F/g) 

KUA 187 185 168 193 

KUA-N 165 161 153 163 

KUA-CONH2 147 153 157 165 
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Table 4. Viscosity and conductivity of the electrolytes at 20 ºC [11]. 

 

Electrolyte Viscosity 

(mPa s) 

Conductivity 

(mS/cm) 

1M Pyr14BF4/PC 4.2 9.8 

1M Pyr14TFSI/PC 5.1 7.3 

 

3.2.2 EDLC investigation 

 

Asymmetric EDLCs (in mass) were assembled to evaluate the performance of the carbon 

electrodes at high operation voltage (3 V) in 1M Pyr14TFSI/PC. The mass loading of the carbon 

materials was balanced by following the methodology proposed by Peng et al. [48]. By 

following this strategy, the performance of the EDLC can be enhanced and the premature 

ageing of cells should be avoided. For this, the capacitance values were determined in the 

electrochemical stability windows determined in section 3.2.1. The mass ratio was calculated 

by using the equation (3):  

     (3) 

Where w+/w- is the mass ratio of the electrodes, Cg+ and Cg- are the capacitance values 

under positive and negative polarization, and ΔV+ and ΔV- are the positive and negative 

windows, respectively.  

 Figure 4a shows the CV obtained for the three activated carbon-based EDLCs at 20 mV/s. 

The devices display an ideal rectangular shape, characteristic of electrical double layer, and 

provide large capacitance values (37-40 F/g). The lowest value was determined for KUA-

CONH2 as consequence of its lower porosity. Figure 4b illustrates the evolution of capacitance 

when increasing the scan rate. The capacitors provide high retention of capacitance at large 

scan rates, demostrating values of ⁓ 20 F/g at 500 mV/s. The capacitors based on KUA-N and 

KUA-CONH2 supply slighly higher retention of capacitance, as happened in aqueous [26,30] 

and organic electrolytes [28]. These results are in agreement with the Nyquist plots obtained 

for the devices (see figure S3). The improvement of capacitance retention in all media might be 

undoubtely related to an enhancement of electrical conductivity due to the substitution of 

electron-withdrawing oxygen functional groups with electron-donor nitrogen functionalities 

[28]. 
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Figure 4. (a) Cyclic voltammograms obtained for KUA (black), KUA-N (blue) and KUA-CONH2 (red) based 

capacitors. v = 20 mV/s. (b) Evolution of capacitance with the scan rate (20, 50, 100, 200 and 500 mV/s). 1M 

Pyr14TFSI/PC.  

The performance of the capacitors was analyzed using a cycling test at different current 

densities. Figure 5 illustrates the GCD cycles and the Ragone plot obtained for the EDLCs. 

Table 5 collects the parameters of the devices obtained from the cycling test. The gravimetric 

capacitance values are among the largest reported in the literature in IL-based electrolytes [17–

19,22,49,50]. Furthermore, the devices show outstanding performance in terms of volumetric 

capacitance since the carbon electrodes contain almost negligible mesoporosity, which is 

commonly used to enhance the performance in ILs [17,18,22,50,51](not reported in these 

references). Hence, the combination of highly microporous activated carbons with IL-based 
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electrolytes allows the production of devices with excellent energy densities in gravimetric and 

volumetric basis (44-48 Wh/kg and 16-17 Wh/L, respectively, Table 5).  

Moreover, the N-doped carbon-based EDLCs evidence larger coulombic and energy 

efficiency than the pristine KUA-based capacitor, providing better reversibility of the N-doped 

samples upon cycling. This must be related to the lower occurrence of faradaic processes, as 

discussed in section 3.2.1. Thus, the generation of stable nitrogen functionalities, as well as the 

decrease of detrimental oxygen groups, enhance the electrochemical performance of carbon 

electrodes, as happened in organic and aqueous electrolytes. 

Table 5. Gravimetric capacitance (Cg), volumetric capacitance (Cv), specific energy (Eg), energy density (Ev), 

coulombic efficiency and energy efficiency determined for KUA, KUA-CONH2 and KUA-N asymmetric 

supercapacitors at the voltage 3V by GCD cycles. 1M Pyr14TFSI/PC. j=1 A/g. 

Sample Cg 

(F/g) 

Cv  

(F/cm3) 

Eg 

(Wh/Kg) 

Ev 

(Wh/L) 

Coulombic 

efficiency 

(%) 

Energy 

efficiency 

(%) 

KUA 40 14 46 16 99 84 

KUA-N 40 14 48 17 100 89 

KUA-CONH2 37 14 44 16 100 87 
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Figure 5. (a) Galvanostatic charge-discharge cycles for KUA, KUA-N and KUA-CONH2 asymmetric 

supercapacitors at 3V and 1A/g. (b) Ragone plot at 3V for all asymmetric supercapacitors. j = 1-10 A/g. 1M 

Pyr14TFSI/PC.  

Figure 5 illustrates the Ragone plot obtained for all activated carbon-based capacitors in 

1M Pyr14TFSI/PC. At low specific power (1.5 kW/kg), the cells provide similar specific energy 

values (44-48 Wh/kg, Table 5). However, the N-doped carbon-based EDLCs can keep higher 

values when increasing the specific power up to 9 kW/kg (14Wh/kg for KUA, and 15-18 Wh/kg 

for the N-doped activated carbon-based capacitors). This is related to the improvement of 

conductivity produced by the nitrogen functional groups [26,30,52,53] and the enhancement of 

ion dynamics due to the beneficial interaction between IL ions and N moieties [20].  

The durability of the capacitors has been made carrying out 5000 GCD cycles at 3 V. Figure 

6 shows the evolution of capacitance along cycles for the EDLCs containing non-doped and N-

doped carbon electrodes.The non-doped carbon-based EDLC keeps the initial capacitance 

during the first thousand cycles, and afterwards it  experiences a remarkable loss of capacitance 

and only retains around 60% of the initial capacitance after the durability test. A similar trend 

is observed for KUA-CONH2 based EDLC, which evidences a strong loss of capacitance during 

the cyclability test. However, the EDLC based on KUA-N carbon exhibits a stable performance 

along cycles, providing a capacitance retention of 90 % after the durability test. This 

improvement might be undoubtedly related to the lower occurrence of faradaic reactions during 

the charge-discharge process, that lead to the degradation of the electrodes and electrolytes 

[34,36]. Since the materials employed in the construction of the cells have very similar porous 
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texture, the differences on the performance might be related to the modifications on the surface 

chemistry produced by the nitrogen doping treatment. Interestingly, only the capacitor based 

on KUA-N sample evidences an improvement on the electrochemical stability. This 

improvement might be associated to the reduction of detrimental oxygen functional groups [34] 

as well as the generation of nitrogen groups with higher electrochemical stability [26,45]. The 

poor performance of KUA-CONH2 based EDLC can be a consequence of the pre-oxidation 

treatment carried out in the doping treatment, since it produces CO and CO2-evolving groups 

that are detrimental for the electrochemical stability of carbon electrodes. Moreover, the N 

functional groups of this carbon electrode (mainly amide-like functional groups) do not mitigate 

the detrimental effect of oxygen surface groups, as has been proven to occur in pure PC-based 

organic electrolyte  [28]. Thus, the surface functionalities generated on KUA-CONH2 might be 

detrimental when using Pyr14TFSI as electrolyte (either pure or as mixture).  

To deepen into the degradation of the electrodes during the operation of the devices, the 

morphology of the electrodes was analyzed by SEM-EDX (before and after cycling). The SEM 

images and the surface composition are collected in the SI (see figures S4-6 and table S1). The 

results evidenced that the most important changes happen in the negative electrodes for all cells, 

mainly caused by the precipitation of the salts present in the electrolyte. Moreover, an increase 

of oxygen content was also observed in the positive electrodes. The lowest alteration of the 

surface composition was observed for KUA-N electrodes.  

Hence, the results evidence that nitrogen doping can improve the durability of carbon 

electrodes when tested in IL-based EDLCs. However, the formation of selective nitrogen 

functional groups has a strong influence on the performance of the carbon material. Particularly, 

the generation of heterocycles and amine-like functional groups, in combination with a minimal 

presence of oxygen functional groups, are key parameters for improving the carbon 

performance as electrodes for supercapacitors in IL-based electrolytes.  Thus, the 

functionalization used for the production of KUA-N is specially interesting as post-treatment 

for purification of carbon materials for their use in supercapacitors, since improves the 

electrochemical stability avoiding the loss of porosity (and capacitance) that often occurs in 

conventional processes that involve thermal treatments. 
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Figure 6. Cyclability test for KUA, KUA-N and KUA-CONH2 based supercapacitors at 3V. j = 2A/g. 5000 cycles. 

1M Pyr14TFSI/PC. 

 

4 Conclusions 

In this work, the effect of nitrogen functionalization at mild conditions on the 

electrochemical performance of activated carbons in non-conventional electrolytes was studied. 

The generation of nitrogen functionalities at low temperature allows the preservation of most 

of the tailored porous texture of the pristine carbon material, which is crucial for the 

development of EDLCs based in innovative electrolytes.  

The electrochemical characterization of the samples in two different electrolytes, with the 

same cation but different anion, allows to elucidate the different parameters affecting the 

electrode-electrolyte interface. It was found that surface chemistry does not significantly 

modifies the capacitance, but has a strong effect on the degradation of both electrodes and 

electrolytes. The nitrogen doping decreases the degradation processes occurring in the carbon 

electrodes under positive and negative polarization, when approaching the limits of the 

electrochemical stability window. 

Supercapacitors based on these activated carbons in IL-based electrolyte displayed very 

high capacitance (37-40 F/g and 14 F/cm3) and energy densities (44-48 Wh/kg and 16-17 

Wh/L), with improved rate performance as consequence of the generation of nitrogen functional 

groups. The effect of nitrogen doping on the durability of the devices was analysed by a cycling 

0

0.2

0.4

0.6

0.8

1

1.2

0 1000 2000 3000 4000 5000

C
/C

0

Nº Cycles

KUA

KUA-N

KUA-CONH₂



22 

test. The results evidenced that the formation of selective N functional groups can produce a 

remarkable improvement of the electrochemical stability of carbon materials when working as 

electrodes in IL-based EDLCs. This effect is associated to the decrease of the amount of oxygen 

functional groups, as well as the generation of N functional groups with high electrochemical 

stability and good affinity with the IL-based electrolyte. The doping method at mild conditions 

used on this work is especially interesting since avoids the loss of surface porosity, and 

consequently does not compromise other supercapacitor properties, such as capacitance and 

energy density.  
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Supplementary Data 

 

Figure S1. Cyclic voltammograms obtained for (a) KUA, (b) KUA-N and (c) KUA-CONH2 electrodes under 

positive and negative polarization. 1M Pyr14BF4/PC. v = 1 mV/s. 
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Figure S2. Cyclic voltammograms obtained for (a) KUA, (b) KUA-N and (c) KUA-CONH2 electrodes under 

positive and negative polarization. 1M Pyr14TFSI/PC. v = 1 mV/s. 
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Figure S3. Electrochemical impedance spectra for KUA, KUA-N and KUA-CONH2  based 

supercapacitors. V = 0.05 V. 1M Pyr14TFSI/PC.  
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Figure S4. SEM images obtained for (a) KUA, (b) KUA-N and (c) KUA-CONH2 fresh 

electrodes.  
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Figure S5. SEM images obtained for (a) KUA, (b) KUA-N and (c) KUA-CONH2 positive 

electrodes after cycling.  

 

   
 

 
 

Figure S6. SEM images obtained for (a) KUA, (b) KUA-N and (c) KUA-CONH2 negative 

electrodes after cycling.  

 

Table S1. Surface composition obtained by SEM-EDX for the electrodes (before and after 

cycling).  

 
Sample C  

(at. %) 

N 

(at. %) 

O 

(at. %) 

F 

(at. %) 

Si 

(at. %) 

Cr 

(at. %) 

Fe 

(at. %) 

S  

(at. %) 

Other 

elements* 

(at. %) 

KUA 93.88 - 4.46 1.60 - - - 0.07 - 

KUA-N 87.64 5.78 5.10 1.13 - - - - - 

KUA-CONH2 82.19 9.03 7.20 1.45 - 0.05 - - 0.07 

KUA (+) 85.59 - 9.82 3.25 0.36 0.26 0.27 0.45 - 

KUA-N (+) 81.86 6.15 6.61 4.31 0.09 0.16 0.13 0.69 - 

KUA-CONH2 (+) 81.93 7.02 9.17 1.12 0.11 0.27 0.09 0.09 0.20 

KUA (-) 81.43 - 14.04 2.60 0.70 0.22 0.27 0.42 0.07 

KUA-N (-) 88.52 - 7.88 2.53 - 0.28 1.85 0.35 - 

KUA-CONH2 (-) 69.87 - 23.44 2.44 0.07 0.48 2.78 0.38 0.56 

 

* Other elements (Mn, Ni, Cu, Al and Cl) were also detected in some samples. 

(a) (b) 

(c) 


