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A B S T R A C T   

This work focused on the development of doping procedures to introduce nitrogen functionalities on an activated 
carbon derived from anthracene oil to be subsequently used on wide voltage asymmetric capacitors. For that, 
ammonia solution was used and different hydrothermal conditions applied. Tailoring the temperature treatment 
(120 and 180 ◦C), nitrogen-doped activated carbons (N-ACs) with different nitrogen content (5.6 and 4.1 at. %) 
and diverse speciation were obtained. N-ACs exhibited excellent capacitive behavior and long-life cycle in a 
three-electrode cell using KOH aqueous solution as electrolyte. The significant capacitance value of 291 F g− 1 at 
0.2 A g− 1 was achieved by the N-AC obtained at 180 ◦C. Furthermore, full carbon asymmetric supercapacitors 
incorporating N-ACs as negative electrodes were assembled, and an operating voltage window of 1.3 V in 6 M 
KOH solution established. As a result, high energy densities were achieved in the devices, particularly in that 
including N-AC-180. Electrochemical tests revealed that pyridinic and quaternary nitrogen species of N-ACs play 
a critical role in the excellent asymmetric supercapacitor electrochemical performance, including improvement 
of conductivity and specific capacitance.   

1. Introduction 

Electrochemical energy storage systems, such as supercapacitors 
(SCs) and batteries, are daily used to store electrical energy for the 
electronic devices, such as mobile phones and laptops, along with hybrid 
and electric vehicles or electric scooters. Due to the growing demand of 
these appliances, the development of energy storage systems with 
improved performance is crucial, especially in terms of high specific 
capacitance, energy/power density values and long-term behavior. Ac
cording to the charge storage mechanism implied in their operation, SCs 
are classified into electrical double-layer capacitors (EDLCs) and pseu
docapacitors [1,2]. EDLCs have received extensive attention due to their 
fast energy delivery, high power capability, short charging time, good 

electrochemical reversibility, and cyclability. The selection of suitable 
electrode materials and appropriate electrolytes play a critical role in 
their resulting performance. Particularly, the enhancement of SCs elec
trochemical behavior can be achieved by introducing redox active 
functional groups, as well as improving the electrical conductivity of 
tailored active materials. From the wide variety of carbon materials 
available, activated carbons (ACs) remain the predominant materials in 
the manufacture of electrodes for commercial SCs, due to their low cost, 
easy processability, relatively good electrical conductivity, and high 
specific surface area [3]. The energy storage mechanism of EDLCs arises 
from the reversible adsorption/desorption of electrolyte ions at the 
electrolyte/electrode interface. Thus, the electrochemical performance 
of EDLCs is strongly related to the porous structure of the electrode 
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material, mainly to the BET surface area (SBET) and pore size distribution 
[4,5]. In this context, the specific capacitance (Csp) of ACs rises almost 
linearly with the increase of BET surface area up to 2000 m2 g− 1. 
However, further development of porous structure leads to linearity 
disturbance around those Csp values [6]. Commercially available ACs are 
mostly steam-activated materials, showing a typical SBET close to 
1000–1500 m2 g− 1. Chemical activation of carbon-based precursors 
results in highly porous materials, with SBET achieving values of up to 
3000 m2 g− 1 [7]. However, even though reaching these higher specific 
surface areas, the Csp of the obtained ACs is still limited [6]. 

To improve the capacitive properties of carbon-based SCs, the syn
thesis of ACs using heteroatom-rich precursors along with ACs surface 
modification via post-treatment with reactive heteroatom sources have 
been explored. Nitrogen, oxygen and sulfur seem to be the most 
attractive heteroatoms for ACs doping [8–12]. Specifically, nitrogen 
enhances the electrochemical performance of carbon materials by 
locally modifying their hexagonal Csp2 network and providing electrons 
for the π electron pair in such aromatic structure. Thus, N-doping of ACs 
leads to the improvement of their conductivity and wettability, both key 
parameters in the design of active electrode materials [12,13]. A variety 
of procedures can be followed to dope ACs with nitrogen functionalities. 
Several authors have investigated different post-activation treatments. 
For instance, reaction with ammonia gas (amination), ammonia and air 
mixtures (ammoxidation) or treatment with nitrogen-containing com
pounds like melamine and urea [8,14–20]. An alternative route is the 
use of N-rich carbon precursors, including polymers, such as PAN, PANI, 
PVP, and chitosan [12,21,22]. Among many reactants containing ni
trogen in their structure, ammonia seems to be the most suitable one due 
to its availability, low cost and high nitrogen content. 

Reports on the use of N-doped ACs as active electrode materials for 
aqueous SCs show capacitance values between 150 and 250 F g− 1, 
depending on the nitrogen content of the AC, the applied current den
sities and the electrolyte selected [8,12,23–25]. However, in symmetric 
devices, the relatively high Csp values achieved do not improve to a high 
extent the energy and power densities. This is due to their narrow 
operational voltage, which is a significant drawback for the next gen
eration of devices. The theoretical potential of water decomposition 
(1.23 V) usually results on the limitation of the operating voltage to 1 V. 
In consequence, the most promising approach to enhance SCs perfor
mance is the increasing of operational voltage, which can be achieved by 
setting up an asymmetric configuration. In that system two electrodes 
made from different active materials with dissimilar working-range 
potentials are assembled in the same electrolyte. The complementary 
potential ranges widen the operating voltage window of the whole de
vice, thus leading to improved energy and power density values [26]. 
Chen et al. used an AC doped with nitrogen and sulfur as negative 
electrode in an asymmetric cell operating in 6 M KOH solution as elec
trolyte at a voltage of 1.2 V, resulting in a specific capacitance value of 
84 F g− 1 at 0.5 A g− 1 [27]. The asymmetric capacitor with N-doped 
hierarchical porous carbon nanospheres assembled by Yu et al. [28] 
operated at a higher voltage (1.6 V) in H2SO4 solution, achieving a Csp of 
81 F g− 1 at 1 A g− 1. 

In the last years, hydrothermal processes have been successfully used 
as a mild carbonization methodology [29–31]. In addition, they can be 
considered as a suitable route for N-doping of carbon-based materials. 
However, there are only few reports employing hydrothermal ap
proaches for nitrogen (or other heteroatoms) enrichment of pristine ACs 
[32]. 

In the present work, we propose the facile and scalable synthesis of 
N-doped ACs by hydrothermal treatment in presence of ammonia solu
tion, as a promising functionalization method under mild conditions. 
Various reaction temperatures led to the incorporation of a wide range 
of nitrogen moieties in N-ACs, while preserving the porous structure of 
the pristine AC. Hydrothermal N-doped ACs with a nitrogen content up 
to 5.6 at. % were investigated as electrode materials for SCs in a three- 
electrode system. The highest specific capacitance value of 291 F g− 1 at 

0.2 A g− 1 was achieved for N-AC-180 with 4.1 at. % of N. N-AC-180 
showed an excellent rate capability and long-term performance. 
Furthermore, N-ACs were used as negative electrode in a full‑carbon 
asymmetric device. The high capacitance value and wide operational 
voltage window (1.3 V) of the device with N-AC-180 as negative elec
trode resulted in an energy density of 11.3 Wh kg− 1 at a power density of 
163 W kg− 1. Furthermore, this asymmetric device displays an excep
tional energy density of 7.9 Wh kg− 1 at a high-power density of 10 kW 
kg− 1. 

2. Experimental section 

2.1. Synthesis of materials 

An AC was prepared from a green coke, which was obtained in turn 
from anthracene oil. The green coke was chemically activated using 
KOH as activating agent [34]. 0.2 g of AC was subsequently mixed with 
200 mL of ammonia solution (12.5 % v/v). The mixture was hydro
thermally treated in a stainless-steel autoclave at 120 and 180 ◦C for 5 h. 
After the reaction time, the autoclave was cooled down to room tem
perature. The resulting N-ACs (N-AC-120 and N-AC-180) were centri
fuged and afterward washed with deionized water several times until 
neutral pH. Finally, the samples were dried in a vacuum oven at 60 ◦C 
overnight. 

A mesophase pitch-based activated carbon (PAC) was prepared from 
coal-tar pitch by carbonization followed by chemical activation with 
KOH and used as positive electrode in the asymmetric SCs 
configurations. 

2.2. Structural and chemical characterization of the synthesized materials 

The porous texture of the materials was determined by means of N2 
adsorption at 77 K using an Autosorb IQ gas sorption analyzer (Quan
tachrome). The quenched solid density functional theory (QSDFT) was 
used to determine pore size distribution. X-ray photoelectron spectros
copy (XPS) measurements were carried out with a Kratos Axis Ultra- 
DLD, K-Alpha+ instrument. The surface atomic concentrations were 
calculated from the ratio of the corresponding peak areas after correc
tion with theoretical sensitivity factors based on the Scofield's photo
ionization cross-sections. The curve fitting of the high resolution N1s 
core-level spectra was performed using the CasaXPS software after a 
Shirley background subtraction. Peak fitting was performed using a 
Gaussian-Lorentzian (70/30) peak shape. The N 1 s core level spectra of 
the N-doped samples were fitted with five components, corresponding to 
pyridinic-N (N-6, 398.7 ± 0.3 eV), amides/imides or lactams (N–C, 
399.7 ± 0.2 eV), pyrrolic-N and -NH2 (N-5, 400.3 ± 0.3 eV), quaternary- 
N (N-Q, 401.4 ± 0.5 eV), and pyridine N-oxides (N-X, 402–405 eV) [33]. 
The elemental determination of the C, H and N contents was investigated 
using a Vario MICRO cube analyzer, and the oxygen content was directly 
measured by means of a Carlo Erba EA 1108 Elemental Analyzer. The 
Raman spectra were recorded on the Bruker dispersive Raman Spec
trometer Senterra coupled with a confocal microscope with 532 nm 
laser. The spectral data were collected and further processed using the 
Bruker OPUS software. 

2.3. Electrodes assembly and electrochemical testing 

Pellet-type electrodes, with a geometric surface area of 0.64 cm2, 
were prepared by mixing 85 wt% of the synthesized active material (AC, 
N-AC-120, N-AC-180), 5 wt% of acetylene carbon black as conductive 
agent (CB), and 10 wt% of polyvinylidene fluoride as binder (PVDF, 
Kynar Flex 2801). The mass and thickness of the electrodes were 
approximately 8 mg and 150 μm, respectively. Three-electrode config
urations were assembled in a T-type Swagelok® cell using the previously 
mentioned materials as working electrodes (WE), a Hg|HgO as a refer
ence electrode (RE) and PAC as the counter electrode (CE). The WE and 
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CE were separated by a glassy fibrous paper and a 6 M KOH aqueous 
solution was used as electrolyte. Gold current collectors were used to 
avoid corrosion and to preserve comparable experimental conditions. 
The electrochemical performance of the different ACs was evaluated by 
means of cyclic voltammetry (CV, at scan rates ranging between 1 and 
100 mv s− 1) and galvanostatic charge/discharge (GCD, at current den
sities from 0.2 to 20 A g− 1) experiments, using a potentiostat- 
galvanostat supplied by VSP Biologic (France). The specific capaci
tance values (Csp, F g− 1) were calculated from both the cyclic voltam
mograms (CVs) and the galvanostatic discharge profiles according to 
Eqs. (1) and (2), respectively. 

Csp =

∫
Idt

νmel
(1)  

Csp =

∫
Idt

Umel
(2)  

where I is the current measured or applied (A), t is the time (s), ν is the 
scan rate (V s− 1), U is the operational voltage window (V), and mel is the 
mass of the active material in the corresponding electrode (g). 

Electrochemical impedance spectroscopy (EIS) measurements were 
also performed under open circuit potential in a frequency range from 
100 kHz to 10 mHz at an amplitude of 5 mV. The imaginary C′′(ω) part 
of the capacitance (F g− 1) as the function of frequency was calculated 
according to the Eq. (3) [34]: 

C
′ ′(ω) =

Z′

(ω)
mω|Z(ω) |2

(3)  

where Z′(ω) is the real part of the impedance, Z(ω) is the total imped
ance and m is the mass of WE. The cyclability was determined using GCD 
measurements at a current density of 1 A g− 1. 

The full carbon asymmetric SCs to be evaluated were set up utilizing 
N-ACs (or AC for comparative purposes) and PAC, as negative and 
positive electrodes respectively, and separated by a glassy fibrous 
separator. The resulting devices were labelled as AC|PAC and N-ACs| 
PAC. The mass ratio of the negative electrode to the positive one was 
fixed to 1:1. The preliminary electrochemical measurements were car
ried out in a 2-electrode cell configuration (CV and GCD) and conducted 
at increasing voltage windows (from 0 to 1.0–1.4 V) with a 0.1 V step. 
The cyclability tests were performed by GCD measurements at an 
applied current density of 1 A g− 1. 

The stored specific energy (E in Wh kg− 1) and specific power deliv
ered (P in kW kg− 1) were calculated using Eqs. (4) and (5), respectively 
[35]: 

E =
1
2

CU2 (4)  

P =
E
t

(5)  

3. Results and discussion 

3.1. Characterization of the active materials 

Hydrothermal treatment of AC in ammonia solution at various 
temperatures successfully resulted in N-doped ACs with comparable 
textural parameters. N2 adsorption-desorption isotherms at 77 K of the 
pristine AC and the derived nitrogen doped materials are shown in 
Fig. 1a. All the isotherms are classified as Type I, as defined by IUPAC 
[36], indicating the samples under study are mainly microporous. Hy
drothermal ammonia treatment of AC slightly reduced porous structure 
by, approximately, 10 % (Table 1). As a result, the BET specific surface 
area of AC before N-doping is 2306 m2 g− 1 and decreases to 2080 and 
2065 m2 g− 1 for N-AC-120 and N-AC-180, respectively. Pores with 
0.7–1 nm width are predominant in all samples (Fig. 1b). N-doped ACs 

show a comparable porous structure, maintaining the microporous na
ture of the pristine AC. The total pore volume (VT) of the N-ACs is in the 
range of 0.877–0.902 cm3/g with a similar contribution of micropores, 
VDR/VT (0.77–0.80). Due to the doping, the average micropore size (L0) 
of N-ACs decreases in comparison to the pristine AC (1.02–1.06 nm vs. 
1.14 nm, respectively). 

The morphology of the different materials was investigated by means 
of FESEM (Fig. 2). According to the images obtained, the size of AC and 
N-ACs particles does not exceed 2 μm (Fig. 2). The morphology of N-AC- 
120 is comparable to that of pristine AC, nevertheless there are signifi
cant differences when N-AC-180 is considered. This sample seems to 
have significantly larger particles, which may be due to the increased 
autogenic pressure experienced (8.8 bars at 180 ◦C), corroborating 
previously reported results [37]. High-magnification images of N-AC- 
120 and N-AC-180 illustrate that their morphology is comparable. Sur
faces do not show any roughness, as in the case of the pristine AC. 

The survey spectra of the pristine AC and N-ACs as well as the dis
tribution of nitrogen species were investigated by XPS (Fig. 3). Hydro
thermal treatment with ammonia at 120 ◦C successfully introduces 
nitrogen into the AC structure, up to 5.6 at. % (Table 2). However, 
amination at higher temperature (180 ◦C) leads to a decrease in the 
nitrogen content (4.1 at. %). The nitrogen content of N-AC-120 and N- 
AC-180 determined by elemental analysis is 5.9 and 4.3 wt% respec
tively, suggesting the uniform distribution of nitrogen species in the 
samples. As expected, the enrichment in nitrogen is accompanied by a 
decrease in oxygen content (from 9.4 vs 6.2–6.1 at. %, Table 2). 

The curve fitting to determine the nature of the nitrogenated func
tional groups introduced after the hydrothermal treatment is shown in 
Fig. 3b-c. Pyridinic-N (N-6) groups exhibit the highest contribution to 
the total nitrogen content in both N-ACs, being 38 and 47 % in N-AC-120 
and N-AC-180 respectively (Table 2). The contribution of N–C (amide/ 
imide/lactams) functional groups in the doped ACs is very similar 
(19–20 %), regardless of reaction temperature. An increase in the hy
drothermal treatment temperature causes a significant decrease in the 
pyrrolic-N and -NH2 (N-5) groups, from 22 (N-AC-120) to 11 % (N-AC- 
180). A similar trend has been reported by Gao et al. [38]. N-AC-180 
shows a higher content of N-Q groups (17 %) than N-AC-120 (12.8 %). 
These findings indicate that N-5 and N–C species undergo transition 
towards more stable N-6 and N-Q nitrogen functionalities with 
increasing hydrothermal temperature [39,40]. 

The carbon inner structure of AC and N-ACs was further examined by 
means of Raman spectroscopy. The resulting spectra exhibit two typical 
bands at approximately 1350 and 1590 cm-1, corresponding to the D 
and G modes, which characterize the structural defects and the graphitic 

Fig. 1. N2 adsorption-desorption isotherms at 77 K (a) and QSDFT pore size 
distribution (b) for AC and N-ACs. 

Table 1 
Textural parameters of AC and N-ACs.  

Material SBET 

(m2 g− 1) 
VT 

(cm3/g) 
VDR 

(cm3/g) 
VDR/VT L0 

(nm) 

AC  2306  1.006  0.802  0.80  1.14 
N-AC-120  2080  0.887  0.712  0.80  1.06 
N-AC-180  2065  0.902  0.699  0.77  1.03  
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domains, respectively (Fig. S1, Supplementary Information). The in
tensity ratio of the D to G bands (ID/IG) can be associated to a measure of 
defect density in the carbon structure. There are small differences in the 

ID/IG ratio of the initial AC and N-ACs, being in the range from 0.95 to 
1.00. However, it is worth mentioning the influence of the introduced 
nitrogen on the number of defects and imperfections within the carbon 

Fig. 2. FESEM images of AC (a, b), N-AC-120 (c, d) and N-AC-180 (e, f).  

Fig. 3. XPS survey (a) and curve fitted N 1 s spectra of N-AC-120 (b) and N-AC-180 (c).  
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structure, which clearly affects the ID/IG value. The increased number of 
defects in the carbon material after hydrothermal treatment with 
ammonia at lower temperature is more pronounced. The higher ID/IG 
ratio (1.00) of N-AC-120 can be directly attributed to the greater ni
trogen content introduced within the structure in comparison to N-AC- 
180 (Table 2), whose ID/IG ratio was 0.97. 

3.2. Electrochemical performance of the materials as electrodes in SCs 

N-AC-120 and N-AC-180 were assessed as active electrode materials 

Table 2 
Surface elemental composition determined by XPS and relative abundance (%) 
of nitrogenated functional groups.  

Sample C at.% O at.% N at.% N 1s curve fitting, % 

N-6 N-C N-5 N-Q N-X 

AC  90.6  9.4 –      
N-AC-120  88.2  6.2 5.6 38 20 22 13 7 
N-AC-180  89.8  6.1 4.1 47 19 11 17 6  

Fig. 4. CVs recorded on the different electrodes at 2 (a) and 100 mV s− 1 (b) and specific capacitance as a function of the scan rate (c) and the discharge current (d), 
GCD profiles recorded of starting and N-doped ACs at 1 (e) and 20 A g− 1 (f) of applied current density. 

A. Moyseowicz et al.                                                                                                                                                                                                                           



Journal of Energy Storage 60 (2023) 106704

6

for SC applications. The capacitive behavior of the starting AC was also 
studied for comparative purposes. Firstly, the electrochemical perfor
mance of the three samples was evaluated in a three-electrode cell 
configuration with 6 mol L− 1 KOH as electrolyte. 

CV measurements were carried out to obtain preliminary results on 
the charge storage capability of the N-ACs (Fig. 4). At a low scan rate (2 
mV s− 1), their corresponding CVs are comparable to that of the pristine 
AC (Fig. 4a). However, an improved capacitive behavior of the N-ACs is 
observed at higher scan rates (100 mV s− 1) (Fig. 4b). This enhancement 
relates to the introduction of nitrogen species into their structure, which 
positively influences their electrical conductivity and charge propaga
tion. Independently of the scan rate or the current density applied, and 
despite of its higher specific surface area (SBET ~ 2306 vs 2080 and 2065 
m2 g− 1, Table 1), the specific capacitance value of the AC electrode is the 
lowest among all the tested materials (Figs. 4c and d). This result in
dicates the beneficial impact of nitrogen doping. 

Differences found in the capacitive behavior of N-ACs are mainly due 
to the varied nitrogen content and type/distribution of functional groups 
introduced into their structure. The resultant N-ACs show comparable 
BET surface areas, approximately 2000 m2 g− 1, and surface oxygen 
content (6.1–6.2 at. %) regardless of the temperature selected for the 
hydrothermal treatment. Moreover, their enhanced electrical conduc
tivity is also related to the presence of nitrogen. Particularly, the best 
charge propagation is observed on the N-AC-180 electrode, which may 
be associated to the higher content of N-Q (17 vs 13 %, Table 2). Ac
cording to theoretical calculations, nitrogen incorporation into the 
quaternary position causes the appearance of a new donor state near the 
Fermi level, and hence the doped material presents n-type conductivity 
[41]. 

At low current densities (0.2 A g− 1), and despite its highest nitrogen 
doping (5.6 at. %), N-AC-120 exhibits lower capacitance value (283 F 
g− 1) than AC (310 F g− 1) and N-AC-180 

(291 F g− 1) (Fig. 4d). However, at increasing loading current density 
(up to 20 A g− 1), the trend noticeably changes. It can be observed in 

Fig. 4d that AC Csp continuously decreases, reaching a value of 207 F g− 1 

at the highest current density applied, while the N-doped electrodes 
display stable and higher values (231 and 267 F g− 1 at 20 A g− 1 for N- 
AC-120 and N-AC-180, respectively). These results prove that hydro
thermal treatment is an easy methodology to introduce nitrogen groups 
into the AC structure, yielding active materials with enhanced electro
chemical performance as electrodes in SCs. Additionally, hydrothermal 
treatment of AC preserves the textural properties of N-rich and highly 
porous materials. 

Fig. 4e and f presents the galvanostatic charge/discharge profiles 
recorded on the AC and N-AC electrodes. All ACs under evaluation 
exhibit nearly the typical triangle shaped profile, with a good symmetry 
between charge and discharge processes and a linear increase/decrease 
in voltage with time at low current density values (1 A g− 1, Fig. 4e). 
However, clear differences appear at higher current density (20 A g− 1, 
Fig. 4f). The longer charge and discharge times measured on the N-AC- 
180 electrode (both 10.5 s) corroborate the positive contribution of the 
N-6 and N-Q functional groups to its improved capacitive performance. 

Investigations on the kinetics of ion and charge transport were per
formed using electrochemical impedance spectroscopy. N-AC-180 elec
trode shows a markedly lower bulk resistance (0.11 Ω) than N-AC-120 
(0.22 Ω) and AC (0.18 Ω) (Fig. 5a). These values include the inherent 
resistance of the electrolyte and the current collector [42,43]. The 
charge-transfer resistance (Rct) related to the electron transfer step at 
the electrode/electrolyte interface has been calculated from the diam
eter of the semicircle developed at the high frequency region. It is worth 
noting that Rct is lower for the N-ACs (17 and 15 mΩ for N-AC-120 and 
N-AC-180, respectively) than for the starting AC (33 mΩ). According to 
the literature, monovalent functional groups such as – NH2 could change 
C hybridization from sp2 to sp3 state, thus interfering with the conju
gated π system [44]. This fact could explain the intrinsic resistance in N- 
AC-120 as it presents a higher N-5 percentage. On the other hand, N-AC- 
180 exhibits a nearly vertical slope in the low frequency region, which 
could be ascribed to its enhanced electron transfer rate, a small ion 

Fig. 5. Nyquist plots recorded on the different electrodes under evaluation (Insert: high frequency region) (a) and specific capacitance as a function of frequency (b) 
and long-term behavior of AC and N-ACs at 1 A g− 1 (c). 
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diffusion resistance, and, subsequently, an improved capacitive 
behavior of this active electrode material [42]. Based on these results, 
the specific capacitance vs. frequency for N-ACs and AC is presented in 
Fig. 5b. N-AC-180 capacitance is higher (289 F g− 1 at 50 mHz) than that 
of N-AC-120 and the pristine AC (248 and 227 F g− 1 at 50 mHz, 
respectively). At increasing frequency values, the ion diffusion re
strictions in the pores are more pronounced for the undoped AC, thus 
resulting in a marked decrease of the corresponding capacitance value in 
comparison to N-ACs [45]. 

Fig. 5c presents the long-term performance of the fabricated elec
trodes after 5000 charge-discharge cycles at a current density of 1 A g− 1. 
As it can be seen, the higher capacitance value of N-AC-180 is main
tained throughout the cycling range. After 5000 cycles this value only 
decreases from 249 F g− 1 to 226 F g− 1, demonstrating the highest rate 
capability (91 %). The cyclability tests carried out on the N-ACs elec
trodes reveal that specific nitrogenated functionalities play a crucial role 
in their electrochemical performance. These active materials signifi
cantly benefit from the quantum capacitance related to the pyridinic and 
quaternary nitrogen moieties [46]. 

Further research was conducted using a full carbon asymmetric 
supercapacitor, setting up N-ACs as negative active electrode materials 
of the device. The main aim of this asymmetric configuration was to 
overcome the theoretical potential of water decomposition, thus 
achieving a wider operational voltage of the SC and, subsequently, 
higher energy and power density values of the whole system. The CVs 
recorded at wider voltage windows (1.0 to 1.4 V) are summarized in 
Fig. 6. 

At operating voltages above the theoretical value for water decom
position (1.23 V), the asymmetric SC containing N-AC-120 as negative 
electrode reveals a more limited capacitive performance than the device 
including AC or N-AC-180. This may be related to the appearance of 

high resistivity and inhibition of charge propagation when reaching the 
mentioned voltage value [47,48]. N-AC-180|PAC maintains an appro
priate electrochemical performance even at 1.3 V. These results 
corroborate those obtained from the preliminary characterization of the 
materials under evaluation in the three-electrode cell, and therefore 
confirm the beneficial impact of the surface chemistry, including dis
tribution of nitrogen functionalities, especially N-6 and N-Q, on the 
charge storage capability of the device. The overall electrochemical 
performance of all asymmetric SCs significantly dropped down at an 
operating voltage of 1.4 V. 

Fig. 7a shows the evolution of devices specific capacitance with the 
number of charge/discharge cycles at increasing operational voltage 
values. As expected, the best cyclability and the highest rate capability 
(89 % after 4000 cycles) is revealed for N-AC-180|PAC. This is mainly 
due to the presence of quaternary nitrogen in its inner structure, thus 
improving the electron transfer kinetics [23]. The asymmetric device 
with N-AC-180 as negative electrode also shows enhanced operating 
parameters, such as specific capacitance and long-term performance, in 
comparison to the other two systems assessed. Furthermore, the higher 
capacitance and wider operational voltage result in improved energy 
and power density values, as it can be seen in the Ragone plots (Fig. 7b 
and Fig. S2-Supporting Information). N-AC-180|PAC device exhibits 
the highest energy density (11.6 Wh kg− 1 at a power density of 163 W 
kg− 1). At increased power densities, the good capacitive performance of 
this device is maintained along with its excellent energy density, 
achieving a value of 7.9 Wh kg− 1 at a power density of 10 kW kg− 1. N- 
AC-180|PAC device stands out among other full carbon electrochemical 
capacitors operating in an alkaline electrolyte due to the high capacitive 
properties of the N-doped AC and wide operating voltage of 1.3 V (KOH 
electrolyte). The summary of the electrochemical performance of several 
full carbon SCs is presented in Table S1 (Supplementary Information). 

Fig. 6. CVs recorded on the asymmetric SCs AC|PAC (a), N-AC-120|PAC (b), and N-AC-180|PAC (c) at various operational voltage windows (vscan = 10 mV s− 1).  
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4. Conclusions 

N-doped ACs were successfully obtained via hydrothermal ammonia 
treatment of an AC at different temperatures (120 and 180 ◦C). 
Depending on the temperature selected, the amount of surface nitrogen 
content incorporated was in the range 4.1–5.6 at. %. The BET surface 
area of the N-ACs was between 2065 and 2080 m2 g− 1, being at around 
10 % lower than that of the pristine AC. However, N-AC-120 and N-AC- 
180 showed better capacitive performance measured in a three- 
electrode cell configuration, achieving 231 and 267 F g− 1 at a high 
current density (20 A g− 1) compared to undoped AC. The asymmetric 
device prepared with N-AC-180 as the negative electrode and a PAC as 
the positive one (N-AC-180|PAC) was able to operate in a wide voltage 
window of 1.3 V, using an aqueous KOH electrolyte, and maintained 89 
% of the initial capacitance after 4000 charge-discharge cycles. The N- 
AC-180|PAC capacitor exhibited an energy density of 7.9 Wh kg− 1 at a 
power density of 10 kW kg− 1, and it is therefore suitable for high-power 
applications. The excellent electrochemical performance of the assem
bled asymmetric capacitor was due to the developed structure of N-AC- 
180, improved surface wettability due to nitrogenated structure, and 
enhanced electrical conductivity as a result of the appropriate nitrogen 
doping. 
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