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Natural-Gel Derived, N-doped, Ordered and 

Interconnected 1D Nanocarbon Threads As 

Efficient Supercapacitor Electrode Material 

Malik Wahidab*, Golu Parteab, Rohan Fernandesc, Dushyant Kotharic and 
Satishchandra Ogaleab* 

A natural hydrogel has been successfully templated into nitrogen doped interconnected 1D 

nanostructure by hard templating method using SBA-15 template. With urea as nitrogen doping agent a 

high nitrogen percentage of 7.0 at.% was achieved. Urea was seen to play a role in increasing the order 

and compactness of the final carbon product. By snipping the carbon into nano 1D threads a fairly high 

surface area up to 837 m
2
/g was achieved with high density of mesopores characterized by pore size of 

4-5 nm and pore volume of 0.87-0.89 cm
3
/g. The mesoporous architecture was channel type with an 

average width of ~4nm. With these characteristics the material represents an architecture that is 

adequate for high power supercapacitor electrode application. Indeed, it was seen to deliver a capacity 

of 285 F/g at a current density of 1 A/g with only a small percentage loss in this initial capacitance value 

at a higher current density of 10 A/g (210 F/g). These values suggest a high capacity retention of 74% up 

to 10 A/g and 62% capacitance retention (176 F/g) at extremely high current density of 40A/g.  The 

cycling stability of the material is also commendable as 96% capacity retention is recorded after 2000 

charging-discharging cycles implemented at a high current density of 10A/g. 

1. Introduction 

The quest for high performance energy storage materials has 

put porous carbons on the forefront for various related 

applications, especially the fields of great current significance 

namely renewable energy and mobility.1,2 Interestingly, the 

supercapacitor domain is still dominated by carbon materials 

almost exclusively despite some promising transition metal 

oxide options.3,4 Indeed, the technology focus on carbon 

materials owes to their high surface area for ion adsorption and 

desorption, appropriately and easily controllable pore size 

distribution for ion transport, need of less intricate device 

design, and above all the abundance of precursors and 

inexpensive nature of synthetic processes.5-9 However, these 

materials lack in their electrical conductivity and thereby in the 

ability to connect all the energy storage units to the current 

collectors. Additionally, lack of the desirable degree of 

conductivity offers resistive paths to the capacitive energy 

storage.10 Inclusion of heteroatoms (N,S,B) in the semi-

graphitic carbon framework is helpful in increasing the 

conductivity by their participation in the delocalization of 

electron lone pairs through unsaturated graphitic mini lattice. 

Among the various heteroatoms, nitrogen has been the most 

efficient dopant as it is similar in size to the host carbon 

atom.11-20Importantly, such heteroatom doping enables better 

conductivity without compromising the surface area and pore 

architecture.   

The effective accessible surface area of carbon materials for 

charge storage applications can be enhanced by enforcing 

porosity therein. The most commonly employed strategy for 

generating porosity is the famous activation procedure by 

employing either chemical or physical activating agents which 

work by digging holes in the carbon matrix. Two types of 

activation procedures are employed: 1) Ex-situ activation, that 

is effected by carrying out pyrolysis in the presence of 

activation agents19, 21-28 (KOH, NaOH, ZnCl2, CO2, and steam 

etc.), and 2) In-situ activation, which is effected by direct 

pyrolysis of salt of a suitable organic carbon precursor.12, 29-34  

Besides activation the other interesting strategy employed for 

the generation of high surface area carbons has been the hard 

templating method. This method involves infiltration of a 

carbon precursor inside the nano dimensional physically 

separated spaces followed by high temperature inert 

atmosphere pyrolysis. Physical barriers prevent the union of 

carbon-carbon grains and thus enable one to snip the carbon 

framework into nano-dimensional morphologies. Assembly of 

such nano-carbon structures ensures enough spaces which give 

rise to porosity and hence to high surface area.35-40 Mesoporous 
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silica templates like (SBA-15, KIT) have proved efficient in 

this respect, being chemically inert and stable up to very high 

temperatures.41-46 

Template based synthesis of carbon materials started with the 

infiltration of sucrose inside the MCM-48 template in 1999.40 

Thereafter glucose, xylose, furfuryl alcohol, and phenol resins 

have been reported to have been infiltrated and mesoporous 

carbon derived by this process. However, complete reverse 

replication of silica template by the carbon synthesized inside 

the porous matrix was achieved for the first time by infiltration 

of sucrose in SBA-15.40 Sang Hoon Joo et al. infiltrated furfurly 

alcohol inside SBA-15 and successfully carried out the 

polymerization inside the pores. Carbon material thus obtained 

by pyrolysis was a complete reverse replica of the silica 

template.36 Infiltration of readymade resorcinol gel inside the 

mesoporous channels and the energy storage application of the 

corresponding carbon material has been reported very 

recently.15 Gel infiltration in the channels is a slow process and 

needs 2-3 infiltration cycles. However, it offers the advantage 

of unbreakable channels which terminate into one dimensional 

carbon structures upon pyrolysis.  One dimensionality of the 

final carbon product can  be attributed to the poor fluidity of the 

gel which resists the diffusion through the complementary 

pores in the mesoporous channels and makes them isolated 

nano reactors. 

 

Herein we report the template based synthesis of super-

capacitive carbon by infiltration of a natural hydro gel, pectin,  

in  SBA-15 followed by pyrolysis in inert atmosphere. This is 

for the first time that natural gel has been directly infiltrated 

and pyrolysed inside a synthetic template for the synthesis of 

carbon for supercapacitor applications. Choice of pectin as 

precursor for the mentioned template based synthesis was made 

for it being  easily available, cheap,  naturally abundant and its 

efficient convertibility to carbon upon pyrolysis.47 Pectin being 

a hydrogel, forms long unbreakable columns  inside the silica 

channels with less sideways diffusion, fulfilling all the 

necessary requirements for the transformation into one 

dimensional carbon threads.  Added superiority of pectin over 

other gels (like resorcinol, PVA , PVP, etc.)  as a precursor for  

the carbon synthesis lies in the presence of enough -OH groups 

available for hydrogen bonding with water and with the 

template walls.36,48 Close binding  with solvent  through such 

physicochemical interaction is important to achieve deep 

penetration. Hydrogen bonding with the -OH groups of 

template channel walls amplifies the advantage as it leads to 

close packing inside the channel.   

Pectin is a biopolymer and a close ally of biopolymers Agarose 

and Alginate which form thick hydrogels in water. Chemically, 

pectin is a polymer of α-glutoronic acid linked together by 1,4 

glucosidic linkages having its Carboxylic group esterified. 

Commercial pectin has its carboxylic groups amidated (15%-

25%) which give some percentage of nitrogen doping (1-2at.%) 

into the carbons derived from it. To achieve even higher 

nitrogen doping urea was used as a doping agent being fairly 

soluble in water and having a tendency to form hydrogen bonds 

with the -OH groups of pectin. With the use of urea a high 

nitrogen percentage of 7.0 at.% could be realized. Presence of 

urea in the infiltration mixture leads to viscosity enhancement 

by attachment with polymer strands of the gel. The more 

viscous the infiltrating solution more is the resistance it faces 

for sideways flow even at higher temperatures, leading to more 

compactness in the final carbon. Interconnected structure of 1D 

nano-threads possessing surface area of 837m2/g is thus 

achieved. The porosity is mostly mesoporous with small 

amount of micropores. With these specifications our material 

offers a great promise for high power delivery super-capacitor 

material.  

2. Experimental Section 

2.1 Materials used. 

Pluronic 123 and tetra ethyl orthosilicate were purchased from 

Aldrich. Pectin and Alginate were purchased from sigma 

chemicals, and agarose was purchased from invitrogen 

chemicals. Urea for the experiments was purchased from Merck 

chemicals. 

2.2 Synthesis of Template 

For the synthesis of SBA-15 template an already reported 

procedure was followed with tri block Pluronic123 as the 

structure directing agent and tetra ethyl orthosilicate (TEOS) as 

the silica source.44 

2.3  Synthesis and nomenclature of different pectin derived 
carbon samples 

2.3.1 Pectin derived carbons 

Carbon samples with different percentages of nitrogen doping 

were prepared by varying the initial pectin to urea weight ratio. 

Typical synthesis involved the gelation of pectin which was 

effected by dissolving 2g of commercial pectin powder in 50ml 

of water. The mixture was stirred for 2-3 hrs at 700C to get a 

uniform fluidic gel.  Few millilitres of DI water was added at 

the interval of 1h to counter the evaporation loss. Urea was 

dissolved separately in 30ml of DI water in another beaker and 

the solution was heated to 700C. To get the different 

concentrations of nitrogen in the final product different 

amounts of initial urea (0g, 1g and 2g) were dissolved in 30ml 

DI water. The two solutions were mixed together, 0.6 gm of 

SBA-15 was added to the pectin-urea mixture solution and the 

final mixture was stirred under refluxing conditions at 700C for 

6h. The quantity of SBA-15 was decided via the consideration 

of optimum infiltration of gel (excess gel leads to non-

templated variety of carbon and less quantity reduces the yield). 

The final mixture solution was then taken out and stirred at 

700C to evaporate water.  This step was repeated 2-3 times to 

get almost complete infiltration. The resulting yellow coloured 

mass was dried at 600C in vacuum oven for 24 hrs. This final 

product was pyrolyzed in a tube furnace at 8000C in Ar 

atmosphere for 2h. The carbon formed inside was released into 

the solution by treating the pyrolysed product with 40%HF. The 
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carbon material was obtained by vacuum filtration and 

subsequent drying at 900C in a vacuum oven for 24 h. Based on 

the initial pectin to urea weight ratio and on the basis of 

whether or not the template was used in synthesis, the carbon 

samples were named in series as P0-00, PU-00, P0-SBA, PU-

SBA21, and PU-SBA11. P0-00 means carbon material prepared 

by pyrolysis of pectin alone. PU-00 means the carbon sample 

prepared by pyrolysis of pectin + urea mixture in weight ratio 

of 1:1 (i.e. addition of 2g urea in 30ml DI water to 50ml of 2g 

pectin gel solution) without the use of a template. P0-SBA 

means carbon sample prepared by pyrolysis of pectin (i.e. 

addition of 0g urea in 30ml DI water to 50ml of 2g pectin gel 

solution) inside a 0.6g SBA-15 template. PU-SBA21 means 

carbon material prepared by pyrolysis of 2g pectin +1g urea   

(i.e. addition of 1g urea in 30ml DI water  to 50ml of 2g pectin 

gel solution in the synthesis procedure) inside  0.6g a SBA-15 

template. PU-SBA11 means carbon material prepared by 

pyrolysis of 2g pectin + 2g urea (i.e. addition of 2g urea in 

30ml DI water to 50ml of 2g pectin gel solution in the synthesis 

procedure) inside a SBA-15 template. 

2.3.2 Synthesis of agarose and alginate derived carbons 

Similar synthesis strategy was adopted for the carbon synthesis 

from agarose and alginate (sodium alginate) gels. The carbons 

prepared were named following the same analogy. Agarose and 

alginate derived carbons were named as AgU-SBA11 and AlU-

SBA11 in analogy with PU-SBA11 for the pectin derived one. 

 

2.4 Characterization and Measurements 

The different carbon samples synthesized from pectin were 

examined by X-ray powder diffraction using a Philips X'Pert 

PRO diffractometer with nickel-filtered CuKα radiation. 

Raman spectroscopy was performed using LabRAM HR800 

from JY Horiba. High-resolution transmission electron 

microscopy was performed using IFEI, Tecnai F30,FEG system 

with 300 kV. FESEM was performed with the help of Nova 

Nano SEM 450. The surface area values for all the samples 

were determined by the Brunauer–Emmett–Teller (BET) 

adsorption method (Quadrasorb automatic volumetric 

instrument). XPS was acquired using a PHI 5000 Versa   Probe 

II equipped with a mono-chromatic Al Ka (1486.6 eV), a X-ray 

source and a hemispherical analyzer. Appropriate electrical 

charge compensation was employed. Cyclic voltammetry 

measurements were performed using Auto Lab (model 

PGSTAT 30, eco-chemie).   

2.5 Electrode Preparation for electrochemical measurements  

The electrodes were prepared by coating a slurry of 80 wt.% 

carbon material, 15wt.% carbon-black and 5wt.% 

polyvinylidene diflouride (PVDF) in N-methylpyrolidine on 

1cm2 area of carbon fibre paper strips (1cm×3.5cm) followed 

by drying at 900C for 24h. Three electrode measurements were 

performed with carbon coated on a carbon fibre paper as 

working electrode, platinum strip as counter electrode and 

calomel as reference electrode in 1M H2SO4. Two electrode 

measurements were performed on a cell with the material 

coated on two carbon fibre paper electrodes in 1M H2SO4. 

2.6 Calculations 

X-ray photoelectron spectroscopy (XPS) based atomic 

percentage calculations were carried out by subtracting the 

adsorbed oxygen peak from the total area. Atomic sensitivity 

factors of 0.296 for carbon, 0.477 for nitrogen and 0.711 for 

oxygen were taken into consideration for the calculation of 

relative atomic percentages. 

 

The gravimetric capacitance was calculated from charge-

discharge plots using the following equations:      

     �� � � ∗ 	�/(m * ΔV)   and  �� � 	 ∗ � ∗ �/(m * ΔV)       

for 3-electrode and 2-electrode assemblies, respectively. Here 

m is the loading, I is the applied current, ∆V is the voltage 

window and t is the discharge time . 

 The energy density and power density were calculated on the 

basis of the following equations for two electrode cell:   

                          
 �
��	∗	�	

�∗∗�.�
				&							� � 
/�  

Where t is discharge time. 

3. Results and Discussions: 

The synthesis of one dimensional carbon structures was 

achieved inside the special template SBA-15 with mesoporous 

long channels. Fig. 1 shows the TEM micrographs of the 

template material at different magnifications. The continuous 

channel type structures are distinctly visible with no observable 

breaks throughout the particle. SEM images of the particles are 

displayed in Fig. S1 (supplementary information), the particle  

 

 

 

 

 

 

 

 
Fig.1 a) to c) show the TEM images of SBA-15 template at different resolutions. 

Mesoporous channels are clearly visible with diameter of ˷4-6nm. 

size of 800nm-1µm is observed. Thus, such a material can be 

utilized as a hard template for the synthesis of one dimensional 

100nm-150nm long carbon structures. As the synthesis involves 

infiltration of sufficiently fluidic gel preparations into the 

channels of SBA-15 and pyrolysis therein, long one 

dimensional threads of carbon were expected upon dissolution 

of the template. This is what is clearly revealed by the electron 

microscopy images. Fig. 2 shows the electron microscopy 

images (at different magnifications) for 1:1 weight ratio 

sample, PU-SBA11.  
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Fig. 2a to 2c show the FE-SEM images of PU-SBA11. The 

uniformly distributed carbon nano-aggregations can be seen in 

Fig. 2a.The magnified images in Fig. 2b and 2c show that these 

carbon aggregates are composed of ordered nano-carbon 

threads bundled together. The images clearly reveal that the 

morphology is complementary to the silica template used 

(please see Fig. 1 and Fig. S1). The TEM images in Fig. 2d to 

2f further establish the complimentary relationship between the 

silica template used and the carbon structures obtained. The 

continuous mesoporous channels are the hallmark of such 

morphology and distinguish it from ordered mesopores that 

have been obtained by templating various sugars and other 

natural materials inside variety of silica templates.48 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2 Reveals the surface morphological characteristics and fine structuring of 

PU-SBA11 at different resolutions. In SEM micrographs (a-c) Porous diffuse 

interconnected structures composed of uniformly arranged bundles of fine 

threads. The diameters of these carbon threads are about 4-6nm as revealed by 

TEM micrographs (d-f) . 

Fig. 3 shows the FESEM images for comparison of various 

pectin-derived carbon samples of different denominations 

synthesized by varying the weight ratios of pectin and urea. It 

can be seen that by templating we have been able to snip 

micron dimensional carbon morphology (Fig. 3a and 3b) into 

nanoscale quasi-one dimensional structures (Fig. 3e).  

It is interesting to note that the presence of urea during 

pyrolysis has a marked influence on the final morphology. The 

compactness is observed to have increased with the increase in 

the urea to pectin weight ratio. This is confirmed by the 

morphology comparisons. The slouchy carbon morphology of 

P0-SBA (Fig. 3c) can be clearly distinguished from loosely 

arranged one dimensional carbon threads of PU-SBA21 (Fig. 

3d) and well ordered compactly packed nano threads of PU-

SBA11 (Fig. 3e). Additionally FE-SEM images shown in 

Fig.S2 display a comparison of the final morphology of carbon 

material prepared from pectin, PU-SBA11 with the carbon 

prepared from two other natural gels i.e. agarose (AgU-SBA11) 

and alginate (AlU-SBA11). It can be concluded that better 

infiltration of gel into the silica template is achieved in the case 

of pectin which leads to ordered and compact final carbon 

structure as compared to carbon from agarose and alginate.  

Carbon derived from pectin completely replicates the silica 

template which is not the case for agarose and alginate derived 

carbons. In order to account for the carbon morphology 

differences, the chemical composition and structure of three 

gels was surveyed. Fig. S3 shows the chemical structural 

formulae of the gels. The superiority of pectin over agarose gel 

for this particular synthetic strategy can be better appreciated 

by listing the total number of hydrogen bonding sites in each 

polymer.  

 

 

 

 

 

 

 

 

 

 
 

Fig. 3 Comparison of the final morphology of pectin derived carbons at similar 

resolutions. Figures a) and b) show that typical flat low surface area topography 

of P0-00 and PU-00 samples respectively. Figures c) to e) show the effect of urea 

on templating. Figure c) shows the slouchy P0-SBA carbon, d) relatively ordered 

but loose arrangement of carbon threads in PU-SBA21, and e) shows ordered 

carbon threads compactly packed into carbon bundles. 

A unit of pectin polymer (dimer) has four additional hydrogen 

bonding centres as compared to a similar unit (dimer) of 

agarose. The additional hydrogen bonding centres in pectin lie 

in the polar carboxylic groups of galactoronic acid moieties at 

C5 position, two of which are present in each dimer.  A dimer 

unit of agarose in comparison to pectin is composed of 

galactopyranose moiety which has a free OH group at C5 

position, connected to 3,6 anhydro-galactopyranose which has 

its -OH groups at position 3 and 5 locked in an anhydrous bond. 

Thus in each dimeric unit pectin has four additional hydrogen 

bonding centres as compared to Agarose. Alginate which is a 

polymer of α-Gluronic acid and β-Manuronic acid possesses 

chemical structure similar to pectin except for the differently 

oriented -COOH moiety in manuronic unit. The different 

spatial orientation of the -COOH group reduces the number of 

hydrogen bonding sites by two as compared to pectin. Different 

levels of effective templating in the three cases which depends 

upon bonding with -OH groups of silica can be attributed to the 

number of these effective H-bonds. 

 

To elucidate the order and arrangement of crystal planes x-Ray 

diffraction (XRD) and Raman techniques were utilized. Fig. 4 

shows the XRD plots of the different carbon samples prepared 

from pectin. Two broad diffraction peaks centred at around 

24.60 and 43.70 can be observed in Fig. 4a, corresponding to the 

graphitic 002 and 100 planes of carbon, respectively. The peak 

at 24.60 corresponds to the graphitic inter-planner separation of 

0.36nm.  The XRD peaks in the case of other carbon samples 

fall around the same range with minor shifts pointing to 

basically similar atomic arrangements and similar lattice 

spacings in all the pectin derived samples. Fig. 4b shows the 

Raman spectra of various carbons synthesized from pectin. All 

the samples exhibit the  characteristic Raman disorder induced 
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D-band and graphitic G-band in the range of 1329-1336 cm-1 

and 1575-1585 cm-1 respectively.49,50 The Raman parameters 

for all the samples derived from pectin match well with each 

other (Table. 1) which  implies  broadly similar local atomic 

arrangements and that the primary changes occur in 

morphology and pore structure. ID/IG ratio of 1.4 reflects better 

graphitic order comparable to commercial activated carbon 

(Norit CA1). FWHM values for P0-SBA, PU-SBA21 and PU-

SBA11 samples for the graphitic G-band stretch from 0.99, 

through 1.04 to 1.24. The increase in broadness can be 

attributed to the increase in the defect density (disorder) due to 

nitrogen doping. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4 a) XRD plots of pectin derived carbons, and b) Raman plots of all pectin 

derived carbons. 

X-ray photo electron spectroscopy was performed to check the 

surface layer elemental composition of different carbon 

samples. Fig. S4 shows the comparison of survey spectra of all 

the pectin derived carbons. As can be seen from the survey 

spectra, all pectin carbons show a characteristic nitrogen peak 

at ~400 eV besides carbon and oxygen peaks located at ~284 

eV and ~531 eV. 51-53 Presence of this nitrogen peak in non-

nitrogen doped samples can be traced to some amount of 

nitrogen present intrinsically in pectin itself and can be ascribed 

to certain degree of amidation in otherwise esterified carboxylic 

groups.54,55 The deconvoluted carbon C1S spectra for all the 

pectin derived carbon forms are shown in Fig. S5. These are 

also characterized by a peak at 285.7 eV assigned to nitrogen-

carbon bond. The deconvoluted individual nitrogen peaks for 

P0-00, P0-SBA, PU-SBA21 and PU-SBA11 are shown in Fig. 

5a to 5d.   In the samples P0-00, and P0-SBA where no external 

doping was enforced nitrogen doping percentages of 2.3 at.% 

and  2.6 at.%, respectively, are observed.  Increase in urea to 

pectin ratio has definitely led to increased doping of nitrogen in 

the carbon lattice. Nitrogen doping percentages of ~7.0 at.%  

was detected in PU-SBA11 and a nitrogen percentage of 3.4 

at.% was detected in PU-SBA21. Nitrogen percentage of 3.4 

at.% was also observed for PU-00. This observation shows the 

positive feedback effect of confined spaces in efficient doping. 

To complement the XPS findings EDS analysis of PU-SBA11, 

PU-SBA21, P0-SBA samples was performed. EDS data, Fig. 

S6 (Supporting info), can be seen to reflect a similar trend for 

nitrogen doping as revealed by XPS. The absolute surface 

concentration of C, N, O determined from two techniques are in 

close agreement.   

As can be seen the Nitrogen XPS is dominated by Pyridinic 

(398.2eV), and pyrrolic (400.2eV) components both of which 

are essential for imparting the conductivity by participation in 

delocalisation.56 In addition to these the oxidised-nitrogen peak 

is observed between 403eV-405eV in some samples. N1s 

spectrum of PU-SBA11 shows the emergence of graphitic 

nitrogen peak at 401.1eV.57,58 The emergence of graphitic peak 

can be attributed to higher urea percentage which forces the 

carbon rings to assemble around the nitrogen atom.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Fig. 5 Deconvoluted N 1S XPS peak for different pectin derived carbon samples 

a) P0-00, b) P0-SBA, c) PU-SBA21 d) PU-SBA11. 

Another interesting observation is that most of the nitrogen is 

trapped in the form of five membered pyrrolic rings. The 

predominance of Pyrrolic and Pyridinic nitrogen can be  due to 

the urea-sugar hydrogen bonds which keep the nitrogen close to 

the ring giving more probability for collapse into an edge 

nitrogen than the central graphitic nitrogen. But with the 
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increase in urea to pectin weight ratio, as in PU-SBA11, extra 

urea is left out from hydrogen bonding with -OH moieties of 

pectin. The free urea upon decomposition releases nitrogen 

which is surrounded by excited carbon radicals from all sides 

giving better probability for getting incorporated as graphitic 

nitrogen. 

The pore structure was characterised by N2 adsorption-

desorption BET tests.  Fig. 6 a and b show isotherm and pore 

size distribution for the templated and non-templated pectin 

derived carbons. The isotherms for all the samples show  

IUPAC type-IV behaviour.59,60 This type of isotherm is 

characteristic of mesoporous carbons. Other interesting feature 

of the isotherm is the hysteresis. The samples show a clear 

distinction in their hysteresis differing both in the extent and the 

profile of hysteresis.61  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6 Surface area and pore analysis using N2 adsorption-desorption analysis: a) 

N2 adsorption-desorption isotherms for different Pectin derived carbons with 

different Hysteresis loops, b) Pore size distribution calculated using DFT 

calculation model. 

The isotherms for the pectin sample in Fig. 6 reveal that 

interconnected pore structure evolves with increased urea to 

pectin ratio.62,63 The hysteresis range for  pectin derived  

samples, P0-00,P0-SBA, PU-SBA21, and PU-SBA11 is  

0.1<P/P0<1, 0.1<P/P0<1, 0.4<P/P0<1, and 0.5<P/P0<0.9, 

respectively.  Evolution of the hysteresis curves reveals the role 

of urea-assisted nitrogen doping in the morphology evolution, 

pore compaction and connectivity. The surface area is seen to 

have increased to 211m2/g for P0-SBA from 4 m2/g for P0-00. 

This increase is because of the splitting the micro carbon to 

nano carbons by physical separation inside the template. 

Additionally, a surface area to 618m2/g was observed for PU-

SBA21 with the increase in urea to pectin ratio as compared to 

P0-SBA. Surface area of 837m2/g was observed for PU-SBA11 

with further increase in the urea to pectin ratio.  

Correspondingly there has been an increase in the pore volume 

from 0.009cm3/g for P0-00 to 0.87 cm3/g for PU-SBA1. Thus 

increase in the urea to pectin ratio in the synthesis has led to the 

morphology which allows for higher surface area and beneficial 

pore distribution as revealed by the BET analysis.  

 

Fig 6b compares the pore size distribution of the pectin derived 

samples. As can be seen there are two distribution maxima 

located at 1.45nm and 4nm. Templating sets the foundation for 

the peaks at 1.45nm and 4nm.  The peak at 1.45nm becomes 

intense with the increased urea percentage with negligible 

broadening, and the peak at 4nm becomes intense and 

broadened. With the presence and broad distribution of 

mesopores with a mesoporosity of 83% centered  at ~4nm  and 

a microporosity of 17%  at ~1.5nm in addition to the high 

surface area of 837m2/g, the sample PU-SBA11 promises a 

high power delivery for the supercapacitor application. Table 1. 

Summarises the Raman, BET, and XPS data. Comparing the 

different parameters listed in the table it can be concluded that  

PU-SBA11 should show the best electrochemical performance  

among all the samples. 

 

The electrochemical performance of carbon materials 

synthesized from pectin was checked in 1M H2SO4 solution 

using three electrode assembly with calomel electrode as 

reference and platinum as the counter electrode. We first 

discuss the case of PU-SBA11 which was seen to perform best 

among all. Fig. 7 shows the electrochemical performance of the 

PU-SBA11 sample. Deviation from rectangular CV 

characteristics (Fig. 7a) is attributed to the pseudocapacitive 

charge transfer reactions due to nitrogen and oxygen 

functionalities that are especially highlighted in the three 

electrode measurements. Presence of these functionalities give 

the upper and lower wavy character to the otherwise nearly 

rectangular CV plot. Charge-discharge plots (Fig. 7b) show that 

capacitance of 285 F/g is observed at 1 A/g which reduces to 

210 F/g at 10 A/g. Further high capacitance of 175 F/g is 

observed at extremely high current density of 40 A/g. 

Capacitance retention at higher currents (Capacitance vs current 

density plot, Fig. 7c) has thus been quite remarkable in the 

present material with the figures of 74% retention of 1 A/g 

value at 10 A/g. Further 62% retention was observed  when the 

material was subjected to very extreme current load of 40 A/g. 

The high capacitance values can mainly be attributed to one 

dimensional nanocarbon morphology.64-67The particular 

morphology allows the maximum surface area to be presented 

to the electrolyte and extends the double layer over a larger  
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Fig. 7 Electrochemical characteristics of PU-SBA11 sample checked by performing CV, charge-discharge and impedance in 3-electrode assembly using IMH2SO4 as 

electrolyte and calomel electrode as reference electrode: a) The CV plot of PU-SBA11 in the voltage range 0-1V at a scan rate ranging from 5mV/s to 200mV/s, b) 

Charge discharge plot of PU-SBA11 at varied current density from 1A/g to 40A/g,  c) Capacitance  vs Current density plot showing very small loss of  initial capacitance 

at higher current densities, d) Impedance spectra showing experimental Nyquist plot (shown by points) and corresponding simulated Nyquist plot (shown by solid 

blue line). Simulated circuit along with the zoomed high frequency region is shown in the inset. The various elements in the circuit are ESR (equivalent series 

resistance), Cdl (double layer capacitance), Rf (resistance element in series), and W (impedance element). 

surface area. The mesopores spaces help in solvent retention 

and  thus help in keeping ions closer to the electrode material 

which in turn reflects in better performance at higher current.68 

The impedance analysis (Fig. 7d) shows a close fit between 

experimental Nyquist plot and the corresponding simulated 

Nyquist plot. The simulated plot was constructed based on the 

circuit shown in the inset of Fig. 7d and supplementary Fig. S8. 

The data was best fitted by a circuit containing, a resistance (Rf) 

in series with double layer capacitance Cdl and a Warberg 

impedance element (Z) in parallel to both these elements. 

Zoomed higher frequency region (Fig. 7d) is also shown in the 

inset. It can be seen that close fitting was observed with the 

chosen circuit. The ESR was calculated to be 1.61Ω and the 

corresponding double layer capacitance of 207mF/cm2 was 

observed. Further the nearly vertical rise (840) towards lower 

frequency side shows the typical near-ideal capacitor 

behaviour. Fairly small length of Warburg element 

(450projection) in Fig. 7d (inset) depicts the typical mesoporous 

nature of the carbon material. The cycling stability tests were 

performed at 10 A/g in 1M H2SO4 in a three electrode system 

shown in Fig. S7. The material showed a negligible (only 4%) 

capacitance loss after 2000 cycles. 

The percentage of nitrogen doping and the extent of templating 

are reflected in the final electrochemical performance of pectin 

derived carbon forms. Fig. 8 shows a comparative 3- electrode 

electrochemical performance of all pectin derived carbons. 

Splitting the carbon framework into nano dimensions by 

templating has enhanced the capacitance by 10 folds as seen 

from Fig. 8a (CV plot) and Fig. 8 b and c (charge-discharge 

plots). With the 3.8 at.% nitrogen doping in PU-00 the 

capacitance has increased to 60 F/g which can be attributed to 

increase in conductivity. Structural and surface morphological 

differences brought about by different amounts of nitrogen 

doping in pectin derived carbons is reflected in their 

electrochemical performances.  

Table.T1 (supplementary information) summarise the electro- 

chemical capacitance values of all the pectin and other gel 

derived carbons. The Capacitance of 240 F/g was recorded for 

PU-SBA21 at 1 A/g in comparison to 285 F/g for PU-SBA11 at 

the same current density (Fig. 8b). Further from Fig. 8 b and c, 

for PU-SBA11 the capacitance of 285F/g at 1A/g reduced to 
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210F/g at 10A/g. For PU-SBA21 it reduced to180 F/g from 240 

F/g. In the case of P0-SBA the capacitance of 225 F/g at 1A/g 

dropped to 160 F/g at 10A/g. Fig. 8d compares the 

electrochemical impedance behaviour of all pectin derived 

carbons. The experimental and simulated data (derived from the 

equivalent circuit shown in Fig. S8) are plotted together. 

Zoomed region in the inset of Fig. 8d shows the close fit. The 

impedance data generated, using equivalent circuit shown in 

Fig. S8 is summarised in Table. T1 (supplementary info). It can 

be seen PU-SBA11 stands tall with minimum ESR of 1.61 Ω 

and nearly vertical line in the low frequency region followed by 

PU-SBA21 and P0-SBA with ESR values of 2.07Ω and 2.26Ω, 

respectively. Other impedance parameters are also listed in the 

table. The ESR differences in case of pectin derived carbons 

can be related to ordered packing and substantial nitrogen 

concentration in the carbon lattice. The impedance data 

(Table.T1 supplementary info) shows a clear trend with the data 

collected from the CV and charge-discharge measurement. 

Further the polarization of the material is least in PU- SBA11 

shown by vertical lines in the Nyquist plot in the low frequency 

region (Fi. 8d). As can be seen, low surface area carbons (P0-

00, PU-00 and P0-SBA) show  

Table 1.  Raman, BET  and XPS  parameters for different pectin derived carbons . 

Sample BET analysis Raman Data XPS analysis 

Surface 

area (m2/g) 

Avg. pore width 

(nm) 

Meso/micro 

(%) 

G\D band 

Position (cm-1) 
Id/Ig  

ratio 

FWHM 

(G/D) (cm-1) 

Carbon 

(%) 

Nitrogen 

(%) 

Oxygen 

(%) 

P0-00 4 2.7 99 1575/1329 1.4 114/280 76.9 2.3 20.8 

PU-00 - - - 1575/1329 1.4 114/280 78.5 3.4 18.1 

P0-SBA 211 1.4 71 1582/1329 1.4 99/238 90.3 2.6 7.1 

PU-SBA21 618 1.3 78 1581/1335 1.4 103/250 90.9 3.4 5.7 
PU-SBA11 837 1.4 83 1580/1336 1.5 124/275 87.5 7.0 5.5 
          

more polarization as compared to high surface area ones. These 

comparisons highlight the better performance of structurally 

superior and heavily nitrogen doped PU-SBA11 over other 

pectin derived carbon samples. Stability comparison of the 

three pectin derived carbons, PU- SBA11, PU-SBA21, P0-SBA 

was also carried out. Fig. S9 shows the data up to 1500 charge-

discharge cycles. Fig. S9 shows stable charging and discharging  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8 Shows the comparative electrochemical plots for all pectin derived 

carbons carried out in a three electrode assembly in 1M H2SO4 with calomel as 

reference electrode: a) Shows the Comparison of CV curves at scan rate of 

50mV/s, b) Comparison of charge-discharge curves at 1A/g, c) Comparison of 

charge-discharge at 10A/g, and d) Comparison in the impedance behaviour of all 

the pectin derived samples (dots show the experimental data while as lines show 

the simulated data). 

capacities for PU-SBA11with the retention of 97% capacity. 

Capacity retention of 78% and 65% was observed for PU-

SBA21 and P0-SBA, respectively for the discharging case and 

capacity retention of 84% and 86% was observed for the 

charging case. One more noteworthy observation is that the 

Columbic efficiencies which lie close to 100% (slightly lesser) 

for PU-SBA11 throughout the range, lie well below 90% for 

the PU-SBA21 and P0-SBA. These comparisons further 

highlight the superiority of PU-SBA11 over other pectin 

derived samples. 

Two other natural gels Agarose and Alginate (sodium salt of 

alginate was used) were also tested for carbon synthesis 

through the same protocol as discussed in the experimental 

section. The electrochemical performance of carbons varieties 

thus obtained, AgU-sba11 and AlU-sba11, was compared with 

that of PU-SBA11. Fig. 9 shows the comparison of the 

electrochemical performance (CV, CD and impedance) for 

these three doped carbon forms obtained from three different 

hydrogels. The CV plot (Fig.  9a) shows that capacitance loops 

of pectin are fattened in the region 0V-0.4V which is the small 

pseudocapacitance contribution from oxygen and nitrogen 

functionalities. The templating in their case has also led to 

increase in capacitance. It is interesting to compare the 

capacitance values (Fig. 9b) for the three gels. By the 

templating strategy the capacitance for PU-SBA11 (at 10A/g) 

has increased from 60 F/g to 210 F/g. For AlU-SBA11 it is 

increased from 110 F/g to 160 F/g, and for AgU-SBA11 it is 

increased from 10 F/g to 100 F/g. Although there is an increase 

in capacitance by few-folds on templating in the case of agarose 

and alginate gels, the increase is not as high as in the case of 

pectin gel. The SEM images (Fig. S2 supplementary info) also  
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support the electrochemical observations. The formation of 

incomplete and disordered one dimensional threads of AgU-

SBA11 and AlU-SBA11 is reflected in their electrochemical 

performance. This disordered structuring of nano threads may 

have been caused by inefficient infiltration of gel into the 

template. Electrochemical impedance parameters were 

simulated on the equivalent circuit shown in Fig.  S8.  The data 

stands in line with the CV and charge-discharge results. ESR 

values of 2.5Ω, 2.9Ω were recorded for AlU-SBA11 and AgU-

SBA11, respectively, which are higher than that of PU-SBA11. 

To check the symmetric characteristics of the PU-SBA 

material, the performance was checked in a two electrode 

dummy cell in 1M H2SO4 (Fig. 10). 

 

 

 

 

 

Fig. 9 Electrochemical performance comparison of three natural gels, namely 

agarose, alginate and pectin, on a three assembly in 1MH2SO4 with calomel as 

reference electrode: a) Compares the CV behaviour at Scan rate of 50mV/s, and 

b) Compares Charge-discharge characteristics at 10A/g.  

Nearly rectangular curve show fairly sharp charging and 

discharging sides, depicting nearly-ideal and superior 

capacitance behaviour. The two electrode capacitance of 230 

F/g was observed at 1A/g which decreased to 195 F/g at 10A/g 

and to 140F/g at 40A/g. The material provided 86% capacitance 

retention on going from 1A/g to 10A/g and 60% on going to 

40A/g, which is comparable to well known and efficient carbon 

forms. 

 

 

 

 

 
 

 

 

  

Fig. 10 Electrochemical two electrode performance of PU-SBA11 in 1MH2SO4: a) 

CV curves of PU-SBA11 at varied scan rates as high as 200mV/s and as low as 

20mV/s, b) Charge -discharge curves for PU-SBA11 at varied current densities 

ranging from lowest of 1A/g to the highest of 40A/g. 

4. Conclusions 

In conclusion, a natural polymer hydrogel is used as a template 

precursor for the synthesis of porous carbon material for super-

capacitor application. By use of the templating procedure, we 

were able to snip the carbon framework into inter-connected 

carbon threads. A particular morphology was seen to possess a 

surface area of  837m2/g with considerable fraction of  

mesopores (~4nm) with open type architecture having the pore 

volume of 0.87cm3/g and mesoporosity of 83%. Urea-assisted 

nitrogen doping has led to 7.0 at.% doping, distributed in 

pyridinic, pyrrolic and graphitic forms which add to its 

advantage as a supercapacitive energy storage material. The 

material exhibits a three electrode capacitance of 285F/g at 

1A/g with the capacitance retention of 74% at 10 A/g and 63% 

at 40 A/g. Cycling stability is also commendable as the material 

exhibited only 4.0% loss after 2000 cycles at 10A/g.  In a two 

electrode symmetric cell the material offered a capacitance of 

230F/g and delivered the energy of 7Wh/kg at 2.5kW/kg in an 

aqueous medium.  
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Textual Abstract: 

Natural gel Pectin is transformen into interconnected , N-doped, ordered and Interconnected 1D nano-

carbon threads upon high temperature pyrolysis inside  SBA-15 . 
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