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Functionalized carbonaceous materials with hierarchical structure and developed porosity are highly 

desired in energy storage and conversion fields. In this work, a facile and scalable hydrothermal 

methodology was established to synthesise three-dimensional (3D) N-doped carbonaceous aerogels using 

biomass-based starting materials and polypyrrole as N-source. The effect of different calcination 

temperatures on the structural properties, type and content of N-species and electrochemical performance 10 

of the 3D N-doped carbonaceous aerogels were uncovered. Thanks to the combinatorial effect of the 

appropriate N content and porous structure, the obtained samples exhibited excellent electrochemical 

performance, in particular, an outstanding specific capacitance of 281.0 F g-1 achieved on the sample 

calcined at 600 °C. This methodology offers a new fabrication strategy to prepare nanoscale carbonaceous 

materials with desirable morphology and hierarchical architecture with great potentials for the 15 

applications in energy fields. 

Introduction 

The development of electrochemical systems with high power 
and energy densities for sustainable energy storage has been 
regarded as one of the critical solutions to resolve the global 20 

concerns on fossil fuels depletion and environment 
deterioration.1,2 Among various advanced electrical energy 
storage systems, supercapacitors have attracted tremendous 
interest as energy storage devices due to their higher power 
density and longer cycle life than batteries and conventional 25 

capacitors.3-5 Once high quality electrodes may be fabricated, 
supercapacitor would be an attractive alternative or supplement 
to batteries in a variety of applications, especially for mobile 
electrical systems that requires high power densities and fast 
transient response.  30 

Carbon-based materials are extensively used as 
supercapacitor electrodes because of their environmental 
friendliness, low cost and excellent physicochemical properties, 
such as fine electric conductivity, long cycle lifetime and 
intrinsic stability etc.4,6-11 Among the diverse carbon materials, 35 

nanoscaled carbons with three-dimensional (3D) porous 
architecture are more plausible for high specific capacitance due 
to their high specific surface area and developed porosity that 
provide a continuous electron pathway to facilitate ion transport 
by shortening diffusion pathways and ensure excellent electrical 40 

contact.12-16 To date, porous carbons are usually prepared via 
template-directed syntheses using either hard template or soft 
template.13,17 More recently, great effort has been attempted to 
prepare novel porous carbonaceous materials through 
hydrothermal carbonization (HTC) of biomass, a low-cost, and 45 

naturally abundant sustainable carbon resource.18-22 Such HTC 

synthesised carbonaceous materials may inherit the monolithic 
architecture of the original biomass or take special morphologies, 
such as nanospheres, nanofibers and so on. Despite such porous 
carbons possess large surface area, tunable pore structure, good 50 

mechanical stability and conductivity, their surfaces are either 
hydrophobic or short of specific active sites, and thus limit their 
widespread practical applications .23,24 

Heteroatom-doping represents an effective strategy to tune 
the intrinsic surface properties of the carbonaceous electrode as 55 

to energy conversion and storage.25-27 Various non-metal 
elements, including N, S, P, etc., have ever been successfully 
doped into porous carbon materials with enhanced energy 
storage,28 while N is more plausible dopant owing to its unique 
electronic properties originated from the conjugation lone-pair 60 

electrons of N and graphitic π-bonds.11,26,29,30 In addition, the 
substituted N that partially replaces C atoms and destroys carbon 
frameworks, would create more active sites and defects with 
enhanced electron density and electron donating properties.31-33 
Usually, N-doping in carbon materials can be realized either 65 

directly using nitrogen-containing precursors or post-treatment of 
synthetic porous carbons.4,31,34-36 The post-treatment 
methodologies often induce only surface functionalization.34,35 
The N-precursor route can preserve N at a relatively large 
content and homogeneously incorporate N into the bulk carbon 70 

materials in the simple preparation procedure.33,36 More 
importantly, the doped N in the carbon network can stay steadily 
under a harsh working condition.11,38 The N-enriched conducting 
polymers are often adopted to porous carbon electrodes to 
enhance their electrochemical performance.11,39 Carbonization of 75 

N-containing aromatic polymer materials such as 
polyacrylonitrile (PAN),35,40 polypyrrole (PPy),10,24,41 polyaniline 
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(PANI),41 melamine resin,42 have been convinced efficient 
strategy to prepare N-containing carbon nanomaterials. Among 
the precursors used for N-doped carbons, PPy stands out for its 
high nitrogen content and carbon yield.10,43  

We here report a facile HTC process for synthesis of  3D N-5 

doped porous carbonaceous aerogels, in which hydrothermal 
carbonization of watermelon were conducted prior to nitriding it 
using PPy precursor that served as N-source as well as 
supplementary carbon source. In this work, PPy was prepared by 
using the hydrothermal process with the aid of FeCl3 as the 10 

oxidant, which is simple and convenient. The methodology 
manifested a facile route to tailor the surface areas and pore 
structures of the obtained products. The dependence of the 
electrodes’ supercapacity, N species and content on the annealing 
temperature were thoroughly investigated. 15 

Experimental 

Materials: All the chemicals were in analytic grade used without 
further purification. Pyrrole (C4H5N, MW: 67.09), Iron (Ⅲ) 
chloride anhydrous (FeCl3, purity: ≧99%) Potassium hydroxide 
(KOH, purity: ≧85%), dehydrated alcohol (CH3CH2OH, purity: 20 

≧99.7%), deionized water, and watermelon as the carbon 
resource. 

Preparation of Carbonaceous Hydrogels and Aerogels: The 
carbonaceous hydrogel (CG) was prepared by a simple 
hydrothermal process directly from the soft tissue biomass of 25 

watermelon. Watermelon was first cut into the appropriate 
volume and then put into the corresponding Teflon-lined 
stainless steel autoclave. And the autoclave was heated to 180 °C 
for 12 h. The obtained carbonaceous hydrogel monoliths were 
washed by deionized water and dehydrate alcohol (the volume 30 

ratio is 1:1) to remove the soluble impurities. Then 
corresponding carbonaceous aerogel (CA) was obtained by 
freeze-drying at -42 °C for 2 hours, followed by drying at 60 °C 
for 12 hours. 

Preparation of N-doped carbonaceous aerogel composite 35 

materials: All the chemicals were analytic grade reagents used 
as received without further purification. The N-doped 
carbonaceous aerogel composite materials were synthesized 
under hydrothermal conditions. Polypyrrole (PPy) was prepared 
with the aid of FeCl3 as the oxidant. In a typical procedure, the 40 

mass ratio of CA and pyrrole is 1:1, the mole ratio of pyrrole and 
Ferric chloride hexahydrate is 1:1. Pyrrole was firstly dropwise 
added to the CA merged in the solution of FeCl3, then the 
mixture was sonicated several minutes before transferred into a 
Teflon-lined stainless steel autoclave (the ratio volume of 45 

solution/volume of autoclave is 0.6). The autoclave was sealed 
and maintained at 120 °C for 12 h. After the reaction was 
completed, the autoclave was allowed to cool to room 
temperature. The obtained sample was filtered, washed with 
deionized water and dehydrate alcohol to remove impurities and 50 

excess ions, and dried in air at 60 °C for 24 h. To obtain the N-
doped carbon materials, the dry gels were calcined at 600, 800, 
1000 °C for 1 hours in N2 atmosphere with ramp heating rate of 3 

°C min-1. The obtained samples were designated as N-CA-T, 
where T represents the carbonaceous temperature. 55 

Characterization: The morphologies of the obtained structures 
were characterized by Field-emission scanning electron 
microscope (FE-SEM, JSM7500F) and transmission electron 
microscopy (TEM) (JEM-2100). X-ray diffraction (XRD) 
patterns of samples were measured on a Y-2000 X-ray 60 

Diffractometer with copper Kα radiation (λ =1.5406Å) operating 
at 40 kV and 40 mA. The Raman measurements were carried out 
on a Renishaw Microscope System RM2000 equipped with a 50 
mWAr+ laser at 514.5 nm. Fourier transform infrared spectra 
(FTIR) were recorded on a TENSOR 27 FTIR spectrometer 65 

(Bruker) in the absorption mode with resolution of 2 cm−1 to 
identify the surface functional groups of the carbonaceous gels. 
N2 adsorption isotherms were obtained at 77 K using a 
Micromeritics ASAP 2020 system. The samples were degassed 
at 300 °C for 10 h before measurements. Specific surface areas 70 

and pore size distributions of the electrode materials were 
calculated by Brunauer-Emmett-Teller (BET) method. X-ray 
photoelectron spectroscopy (XPS, XR5 Gun-500 um) was 
collected using Al K Alpha radiation operated at 150 W and 15 
kV. The full survey was taken at 100 eV pass energy with a scan 75 

rate of 1 eV s-1.  

Electrochemical Measurement: A three-electrode configuration 
was used to measure the cyclic voltammetry, constant current 
charge/discharge behavior, and electrochemical impedance 
spectroscopy. CV, EIS, and chronopotentiometry experiments 80 

were performed on a CHI 660D electrochemical workstation at 
room temperature. The working electrode was prepared by 
mixing 80 wt% N-CA-T composite material, 10 wt% 
polytetrafluoroethylene (PTFE, used as a binder, PTFE 60 wt% 
dispersion in H2O, Sigma Aldrich), and 10 wt% carbon black. 85 

The mixture was spread and pressed onto a nickel foam 
(1cm×1cm). After the electrode materials were loaded, the 
working electrode was pressed and dried in vacuum at 80 oC for 
12 h. The above loaded nickel foam was used as working 
electrode in a three-electrode system using Pt foil and Ag/AgCl 90 

as auxiliary and reference electrodes, respectively. The 
electrolyte used in all of the measurements was a 6 M KOH 
solution. The potential range for CV tests was -1.0 to 0 V, and 
the scan rate was 5, 10, 20, 50, and 100 mV s−1. Galvanostatic 
charge/discharge measurements were done from -1.0 to 0 V with 95 

different current densities at 0.2, 0.5, 1, 2, 4 and 6 A g-1. 
Electrochemical impedance spectroscopy (EIS) measurements 
were carried out in a frequency range of 0.01 Hz to 100 KHz 
with AC amplitude of 5 mV. 

The specific capacitances obtained from the CV curves are 100 

calculated by the equation C = (∆S)/(υmu), where C is the 
specific capacitance (F g-1), ∆S the area of  the CV curves, u the 
potential window (V), υ the scan rate (mV s-1) and m the mass of 
the sample used for the electrochemical test (g) excluding the 
binder and conductive carbon black. The specific capacitance of 105 

the electrode material was calculated from the discharge curve 
according to C = I ∆t/(∆V m), where I is the discharge current 
(A), ∆t the discharge time (s), ∆V the voltage change (V) 
excluding IR drop in the discharge process, and m the mass of 
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the electrode material (g) excluding the binder and conductive 
carbon black. 

Results and discussions 

The experimental sketch of our hydrothermal carbonization 
(HTC) combining with PPy-nitriding process is illustrated in 5 

Scheme 1, in which sugar-based (containing glucose, fructose, 
and cane sugar et al.) watermelon was used as a renewable 
starting carbon material and PPy introduced via hydrothermal 
polymerisation of pyrrole. At the initial synthesis stage, a mild 
one-step hydrothermal carbonization of watermelon soft tissues 10 

was applied to generate monolithic carbonaceous aerogel (CA). 
This process committed a series of reactions, involving 
dehydration, polymerization toward polyfurans and carbonization 
via further intermolecular dehydration. In the second stage, 
pyrrole was dropped onto the obtained CA and then put it into 15 

the solution containing FeCl3 oxidant in a Teflon-lined stainless 
steel autoclave for hydrothermal polymerization. The collected 
PPy@CA was further calcined at varying temperatures to obtain 
N-doped 3D biomass-based porous carbonaceous aerogel. 
 20 

 

Scheme 1. The schematic strategy for the fabrication of N-doped 3D 

biomass-based porous carbonaceous aerogel.   

 

Fig. 1 (a) and (b) show a sponge-like monolithic of 25 

carbonaceous hydrogel (CG) and carbonaceous aerogel (CA) 
obtained through hydrothermal carbonization without and with 
freeze-drying, respectively. Scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM) were used to 
observe the architecture of CA and CA-based composite 30 

materials. SEM images reveal that the obtained CA consists of 
carbon nanofibers network cross-linked with carbon nanospheres 
constituting a 3D porous structure (Fig. 1c). Further 
hydrothermal treatment of CA with pyrrole and subsequent 
freeze-drying (Fig. 1d), the CA was covered with sheet-like PPy 35 

generated from in-situ polymerization of pyrrole. It was reported 
the hydrogen bonding, electrostatic interactions and π-π bonding 
between PPy and CA may provide the strong cross-linking sites 
in the network.27,44 Meanwhile, the polymerization of excess Py 
along normal 3D porous structure leads to partial aggregation of 40 

PPy. The PPy@CA was calcined at different temperatures to 
study the influence of nitriding parameters. Fig. 1(e) shows the 

SEM image of N-CA-600, where the PPy scales are completely 
vanished as compared to the morphology of uncalcined 
PPy@CA (Fig. 1c). It can be easily concluded that the PPy was 45 

introduced into the C network by thermal treatment and the C 
network was nitriding (see XPS section). SEM images of N-CA-
800 and N-CA-1000 are also shown in Figure S1a, b. The TEM 
image of N-CA-600, as shown in Fig. 1(f), reveals it possesses 
loosely-packed porous architecture. 50 

 

 

Figure 1. Photographs of monolithic carbonaceous hydrogel (a) and 

aerogel (b); SEM images of carbonaceous aerogel (c), PPy@CA (d) and N-

CA-600 (e). TEM images of carbonized PPy@CA at 600 °C (f). 55 

 
Fig. 2(a) shows the Raman spectra of CA, PPy@CA and N-

CA-600 samples. Distinguished D band (~1,358 cm−1) and G 
band (~1,580 cm−1) are observed in the Raman spectrum of CA. 
The D band can be assigned to defects in the structure while the 60 

G band corresponds to the vibration of sp2 hybridized carbon.11,45 
The intensity ratio of D and G bands (ID/IG) has been widely 
accepted a good index reflecting the extent of structural 
disorder.11,44 The calculated ID/IG ratio for CA is 0.3097, 
suggesting it was highly graphitized. The PPy@CA 65 

nanocomposite shows much stronger Raman spectrum and larger 
ID/IG ratio than those of CA, suggesting the presence of PPy 
entailed significant influence on CA. In addition, to the 
PPy@CA, the strong characteristic bands at ~1,358 cm−1 and 
~1,580 cm−1 are also attributed to the ring stretching mode and 70 

the C=C backbone stretching of PPy, respectively.46,47 The 
Raman spectrum of the N-CA-600 nanocomposite possess 
relatively stronger D-band, revealing it contains lower degree of 
graphitic carbon and significant amount of disordered sections or 
defects. The Raman spectra of PPy@CA as plotted in Fig. 2(b) 75 

show elevating calcinations temperature from 600 to 1000 °C 
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results in reduced Raman intensity of D and G bands. However, 
the ID/IG ratio for the samples calcined at 600, 800 and 1000 °C 
are 0.9176, 0.9645, 0.9681, respectively. The increase of ID/IG 
ratios as to rising temperature suggests that the temperature is 
vital to carbonization of the composite materials. While Raman 5 

spectra are not able to detail the surface bonding information of 
the surface functional groups in the composite which can be 
characterised via FTIR characterisation. 

 

 10 

Figure 2. Raman spectra of carbonaceous aerogel, PPy@CA and N-CA-

600 (a) and N-CA-T. (b); FT-IR spectra (c) and (d) XRD pattern of N-CA-T 

(T=600, 800, 1000 °C).  

Fourier transform infrared spectrometry (FTIR) was used to 
identify surface functional groups of the N-doped carbonaceous 15 

aerogel composite materials. As shown in Fig. 2(c), the peaks at 
ca 3413 cm-1 can be assigned to the N-H symmetric stretching 
vibration. The existence of N-containing bonds are further 
confirmed by vibration appearing at ca. 1396 cm−1.26,48 The 
vibration around 1619 cm-1 can be attributed to N-H in-plane 20 

deformation vibrations or C=C stretching vibration, indicating 
the presence of aromatic rings or coexistence of N-H and C=C 
species.29,43 The characteristic absorption band of C-C stretching 
or breathing vibration of the pyrrole ring at 1108 cm−1 is 
distinct.29,43 Additionally, the peaks at 990 and 618 cm-1 are 25 

ascribed to deformation vibration of vinyl C-H and C-H plane 
bending vibration, respectively. It is worth noting that increase of 
carbonization temperature of PPy@CA did not significantly alter 
the band positions yet raised their intensity of CA (Fig. S2). The 
presence of PPy was further confirmed by XRD characterization. 30 

Fig. 2(d) shows the XRD patterns of the N-doped carbonaceous 
aerogel N-CA-T composites, where two distinguished peaks due 
to PPy in the region of 10.7o and 44.6o

 are observed in 
comparison with that CA (Figure S3). 

In order to identify the chemical species in the 35 

functionalized N-CA-T (T=600, 800, 1000 °C), XPS 
measurement was carried out and presented in Fig. 3. 
Remarkable C 1s, N 1s and O 1s peaks are observed in the XPS 
survey spectra (Fig. 3a, c, e ), revealing the N species have been 
introduced into the biomass-derived CA after the hydrothermal 40 

polymerization and thermal post-treatments with PPy precursor. 

More importantly, the N 1s spectra reveal calcinations amended 
the surface nitrogen species on the surfaces of PPy@CA 
composites. The high-resolution N 1s spectrum (Fig. 3b) of N-
CA-600 evidences the presence of pyridinic-N (N-6, 397.9 eV), 45 

pyrrolic-N (N-5, 400.0 eV).12 The fitted to dual peaks of N 1s 
spectrum (Fig. 3d) for N-CA-800 show the N-6 (397.9 eV) and 
N-5 (400.5 eV) peaks are blue shifted, suggesting increase 
bonding strength. However, their intensity decreases remarkably 
in comparison to that of N-CA-600, suggesting the concentration 50 

of such species were reduced as elevated annealing temperature. 
After calcination at 1000 °C , the XPS peaks of N-6 and N-5 
species almost disappear, suggesting that pyridinic and pyrrole 
groups are thermally unstable.4,31 yet two new peaks (Fig. 3f) turn 
up at 401.0 and 403.4 eV that are assigned to quaternary-N (N-Q) 55 

and N-oxides (N-X) in pyridine-N group.25,34,49 The results 
demonstrate that the N atoms within the pentagonal ring of PPy 
are partly converted into N-6, N-5, N-Q or N-X during the 
carbonization process.11,41 Therefore, the thermal carbonization 
of PPy@CA represents a good nitriding method to introduce and 60 

tune surface N-functional groups, where N-6 bonds with two C 
atoms at the edges and contributes one p electron to the π 
system.32 N-5 refers to N atoms that contribute two p electrons to 
the π system (inset in Fig. 3b), and N-Q refers to N atoms that 
substitute for C atoms in the hexagonal ring. Apart from these 65 

three common nitrogen types, there are N-X bonds in which N is 
bonded with two C atoms and one oxygen atom (inset in Fig. 3f). 
N-X was ever observed in the FTIR of N-graphene, N-carbon 
nanotubes and N-carbon nanofibers.4,11,24,50  
 70 

 

Figure 3. XPS survey scan of the N-doped carbonaceous aerogel 

composite materials: (a) N-CA-600, (c) N-CA-800, (e) N-CA-1000. High-

resolution N1s peaks of (b) N-CA-600, (d) N-CA-800, (f) N-CA-1000. 

 75 

Table 1 summarised the surface atomic concentrations of C, 
O, and N were calculated from the peak areas of corresponding 
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XPS spectra. The nitrogen contents of samples N-CA-T (T=600, 
800, 1000 °C) are 2.12, 1.04, 0.98 at%, respectively. The 
nitrogen content in the materials decreases significantly as 
elevating calcination temperatures, which is in agreement with 
FTIR results. The low doping level is mainly associated with 5 

high annealing temperature that accelerates the decomposition of 
N-containing frameworks as well as breaks the C-N bonds to 
release bonded N. It also implies insufficient defect amount was 
created in the carbon network because doped N atoms creates 
structural defects in the carbon material and give rise to more 10 

active sites.23,31,32,51 XPS results demonstrate that the calcination 
temperature is a critical factor in determining the relative 
concentrations of nitrogen species and carbon. Moreover, the 
accessible N-containing species would provide chemically active 
sites and facilitate the power density of supercapacitors since N 15 

atoms in heterocyclic ring may influence the spin density and 
charge distribution of neighbouring C atoms and then activate the 
carbon.11,31,51 

 

 20 

Figure 4. Nitrogen adsorption-desorption isotherms (a), BJH desorption 

pore-size distribution (b) of N-CA-T (T=600, 800, 1000 °C). The inset 

shows the magnified 0.5-4.5nm region. 

 
N2 adsorption-desorption measurements were performed to 25 

determine the porosity of the N-doped 3D carbonaceous aerogel 
composites. The textural properties of these materials are 
summarized in Table 1. As listed in Table 1, the surface area 
(SBET) of the aerogels increases from 158.3 to 330.4 m2 g-1 as 
elevating calcination temperature from 600 to 800 °C, yet falls 30 

down to 305.8 m2 g-1 at 1000 °C. As shown in Fig. 4(a), the N-
doped aerogels display II/IV type bi-model isotherm profiles 
with strong adsorption at low relative pressure, suggesting that 
micro-, meso- and macropores coexist in the materials.23,31,51 
Such a hierarchical nanoporous architecture is highly desirable 35 

for energy storage and conversion because it allows the fast ion 
diffusion via shortening the diffusion pathways, where 
macroporous frameworks may serve as ion-buffering reservoirs, 
mesoporous walls as ion-highways for fast ion transmission and 
microporous textures for charge accommodation.12,21,38 Fig. 4(b) 40 

shows the Barret-Joyner-Halenda (BJH) pore size distribution 
profiles derived from desorption branches. The sharp peaks 
centering at 3.7 nm are observed in all the three N-doped carbon 
aerogels (inset of Fig. 4b), revealing the mesopores are dominant 
in the aerogels. The N2 adsorption-desorption characterisation 45 

results reveal that the carbonization temperature determines the 
pore structure of the resulting samples. 
       

Table 1. Physical and electrochemical properties of N-CA-T (T=600, 800, 

1000 °C).  50 

 

 
Cyclic voltammetry (CV) and galvanostatic 

charge/discharge in 6 M KOH aqueous solution are employed to 
investigate the electrochemical performance of the samples 55 

within the potential window between -1.0 and 0 V. 
Electrochemical performance of CA-600 and N-CA-600 are 
comparatively shown in Fig. 5. It can be seen from Fig. 5(a) that 
the CA-600 exhibits small rectangular CV behaviour 
corresponding to low capacitances, whereas the N-CA-600 60 

possesses with nearly rectangular capacitive CV profile with a 
few humps thanks to the combination of electric double-layer 
capacitance and pseudocapacitance. Fig. 5b compares the 
charge/discharge behaviour of the CA-600 and N-CA-600 
electrodes. The discharging time of N-CA-600 was obviously 65 

longer than that of CA-600, indicating that N-CA-600 has a 
much larger capacitance. It is the doping of N that provides 
superior electrochemical performance of N-CA-600 to CA-600 
since the doped N atoms could induce pseudocapacitive 
behaviour, enhance the surface compatibility with aqueous 70 

electrolyte and ensure complete utilization of the exposed surface 
for charge storage.12,52 
 

 

Figure 5. (a) Cyclic voltammetry (CV) curves of CA-600 and N-CA-600 75 

electrode in 6 M aqueous KOH electrolyte at 5 mV s
-1 

scan rate; (b) 

Charge/discharge curves of the CA-600 and N-CA-600 electrodes, 

constant current densities: 0.2 A g
-1

.  

 
The CV behaviour of PPy@CA electrode materials calcined 80 

at different temperature in order to understand the effect of 
calcination temperature on the electrochemical performance. The 
specific capacitance of N-CA-T (T=600, 800, 1000 °C) electrode 
against the scan rates of 5 mV s-1 is plotted in Fig. 6(a). The CV 
curves are approximately rectangular shapes, indicating the N-85 

doped carbon aerogel electrodes own good electrochemical 
performances. Their insignificant deviation from the ideal 
rectangular shape may be arisen from the resistance of the 
electrolyte and the contact resistance between the electrode and 
the current collector.52,53 The N-CA-600 electrode exhibits a high 90 

specific capacitance of 281.0 F g-1, which is much higher than  
N-CA-800 (168.9 F g-1) and  N-CA-1000 (71.6 F g-1) at the same 
scan rate at 5 mV s-1. Fig. 6(b) comparatively shows the 
calculated specific capacitances at different scan rates of the 
three samples. Despite enhanced scan rates reduce the 95 
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capacitance of the electrodes, the N-CA-600 electrode shows the 
best capacitance performance in broad scan rate ranges.  

The capacitive behaviours of the three N-doped samples 
evaluated by the galvanostatic charge-discharge technique at  
constant current density of 0.2 A g-1 are shown in Fig. 6(c). It can 5 

be clearly seen that all the curves exhibited symmetric triangles 
with gradual change of slopes in the potential range from −1.0 to 
0 V, suggesting good electric double-layer capacitance 
performances. The discharging time of the three samples can be 
readily deduced from the discharge curves. From the discharge 10 

curve, the specific capacitance of N-CA-600 is calculated to be 
150.6 F g-1 at a current density of 0.2 A g-1, while specific 
capacitance values of N-CA-800 and N-CA-1000 are 101.5 F g-1 
and 41.5 F g-1 respectively. These results verify that the N-CA-
600 electrode owns outstanding electrochemical performance.  15 

The interfacial properties of electrodes were recorded using 
Electrochemical impedance spectroscopy (EIS) carried out in a 
frequency range from 0.01 Hz to 100 KHz and the results were 
presented in Fig. 6(d). The theoretical Nyquist plot of a 
supercapacitor consists of three regions depending on the 20 

frequencies. The semicircular part at higher frequencies 
corresponds to the electron transfer limited process, and its 
diameter is equivalent to the Faradic charge transfer resistance 
(Rct), solution resistance (Rs) is the intersection of the curve at 
real part Z′ in the high frequencies range, and the Warburg 25 

impedance (W) is the slope of the curves at a low frequencies. 
Nyquist plot of the N-CA-600 exhibits a smaller diameter of 
semicircular in high frequency region than N-CA-800 and N-CA-
1000, suggesting higher conductivity is achieved in the N-CA-
600 system. At the same time, the more vertical shape at lower 30 

frequencies for N-CA-600 indicates a more capacitive behaviour 
of the electrode.  
 

 

Figure 6. (a) CV curves of N-CA-T electrodes in 6 M aqueous KOH 35 

electrolyte, scan rates: 5 mV s
-1

; (b) Calculated specific capacitances of N-

CA-T electrodes at different scan rates; (c) Charge/discharge curves of N-

CA-T electrodes at constant current density of 0.2 A g
-1

; (d) Nyquist plot 

of N-CA-T, T=600, 800, 1000 °C. The inset shows the magnified 0-0.5 

Ohm region. 40 

In electrochemical applications, specific capacitance is 
normally a linear function of the total surface area, that is the 
larger the surface area the greater double layer capacitance. 

However, the capacitance in nitrogen-functionalized carbon is 
not following to this rule. This effect was credited to 45 

pseudocapacitance due to the faradaic redox reaction of edge N 
in the structures derived from pyridine or pyrrole in the 
carbonaceous materials. Therefore, a higher BET surface area 
was not always translate to higher performance in 
electrochemical systems.38 The sample N-CA-600 of high 50 

specific capacitance may be attributed to its relatively high N-
doping level that changes the electron donor/acceptor 
characteristics of carbon despite that its surface area is only 158.3 
cm2 g-1. This is in agreement to previous studies where the N-
functionalities, i.e. N-6 and N-5, bring about enhance capacitance 55 

as a result of existence of pseudocapacitance effect.31,35,36,38,54 
Nevertheless, N-Q functionalities were found less active than 
other N-functionalities for supercapacitors.31,51,55 From the 
perspective of binding energy in XPS analysis, it has been 
convinced that the N-6 should play the dominant role in the 60 

capacitance enhancement since it exhibited the largest binding 
energy.26,32,50 Therefore, controlling appropriate N configuration 
and concentration can greatly promote the capacitance of N-
doped carbonaceous aerogel electrodes.  

Conclusions  65 

In this study, we have demonstrated a feasible, scalable and cost 
efficient synthesis of 3D N-doped carbonaceous aerogels from 
sustainable biomass starting products. The fabrication of 
biomass-based porous N-doped carbonaceous material involves a 
one-pot hydrothermal synthesis of CA, following with 70 

hydrothermally preparation of PPy@CA prior to calcinations that 
finally introduce N into the C network. This preparation 
methodology offers great flexibility in tailing the nitrogen 
bonding configurations and surface areas via varying the 
carbonization temperature. Thanks to the unique feature of the 75 

material, the PPy@CA prepared at 600 °C displays an excellent 
specific capacitance of 281.0 F g-1. We believed that these N-
doped porous carbons are highly promising as novel versatile 
nanomaterials for multi-purpose applications in energy fields, 
and the synthesis strategy opens a good pathway to employ the 80 

abundant and renewable natural resources for manufacturing N-
doped porous carbon materials.   
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Figure S1. SEM images of N-CA-800 (d) and N-CA-1000.

Figure S2. FTIR of carbonaceous aerogel.

Electronic Supplementary Material (ESI) for RSC Advances.
This journal is © The Royal Society of Chemistry 2014



Figure S3. XRD of carbonaceous aerogel.


