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The environmental degradation and hazard to human life caused by the depletion of fossils fuels and the

urgent need for sustainable energy sources to meet the rising demand in energy has led to the

exploration of novel materials that are environmentally friendly, low cost and less hazardous to human

life for energy storage application using the green chemistry approach. Herein, we report on the

transformation of the readily abundant pine cone biomass into porous carbon via KOH activation and

carbonization at 800 �C as electrode materials for supercapacitors. The porous carbon material

exhibited a mesoporous framework with a specific surface area of 1515 m2 g�1, a high voltage window of

2.0 V, a gravimetric capacitance of 137 F g�1, energy density of 19 W h kg�1 and excellent cyclability in

neutral 1 M Na2SO4 electrolyte for a symmetric carbon/carbon electrode cell. The result shows that the

material is robust and shows great promise with neutral electrolytes in high-performance energy-

storage devices.

Introduction

Energy is crucial and a driving factor for the development of our

society; technologically and socio-economically. The recent

boom in energy demands from the energy sector due to increase

in world population has led to the depletion of fossil fuels

worldwide. Furthermore, the consumption of these fossil fuels

is linked to environmental degradation that endangers human

life, through climate changes and emission of greenhouse gases

which oen lead to high managements cost. Hence, there is

a need for a paradigm shi from fossil fuels for the production

of carbonmaterials for energy to a green and low-cost materials,

to meet the increasing energy demand for sustainable and

economic development.1,2 In this regard, it is necessary to look

for materials that are abundant, renewable and sustainable

sources for energy applications. Biomass is a viable renewable

source of carbon materials (solid, liquid or gaseous product) for

energy applications and currently supplies about �14% of the

world's energy due to the fact that they are readily available, low

cost, regenerate rapidly, and are friendly and less harmful to the

environment when compared with the fossil fuels.3–7

In order to meet and address the challenges of increasing

demands, there has been a signicant interest in the develop-

ment of new, versatile, and scalable energy storage technology

systems. Amongst these systems, electrochemical double layer

capacitors (EDLCs also known as supercapacitors) are attractive

and their energy storage mechanism is based on electrical

double layer charge accumulation at the interface between the

electrode and electrolyte. They hold a considerable promise for

a wide range of applications, including portable electronic

equipment's, regenerative breaking systems, uninterruptible

power sources, load leveling and hybrid electric vehicles, and so

forth due to theirs high power density, fast charging–dis-

charging mechanism and excellent long life cycle.8,9 Generally,

the design and the electrochemical performance of EDLC are

mainly dependent on the development of cost-effective elec-

trode materials with a good representation of the pore structure

and morphology. Carbonaceous materials are the most widely

studied supercapacitor electrode active substances. They have

been shown to have reasonable electrochemical performances,

long-term cyclability and good electrochemical stability which

are related to electronic conductivity and high specic surface

area (SSA). While the most commonly used carbon material in

the commercial industry is the activated carbon.10 Other nano-

structured forms of carbon such as carbon nanotubes

(CNTs),11,12 carbide-derived carbons (CDCs),13,14 onion-like

carbons (OLCs)15,16 and graphene17,18 are also explored as elec-

trode materials for the next generation of EDLCs. Nevertheless,

the energy density of EDLCs made from these materials is still

small (<10 W h kg�1) when compared to their battery counter-

parts.19 Hence, all research activities and effort are aimed at

improving on the properties of EDLCs either by increasing the

capacity of the EDLC electrodes by modifying the carbon

materials with different functionalities9,20 or by increasing the
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operating potential window since the energy density of an EDLC

device is directly proportional to its capacity and also the square

of its operating potential window. Recently, signicant progress

has been made in utilizing sustainable biomass for various

applications. For example the production of carbon materials

from organic waste for energy and absorbents applications has

received much attention due to the environmental and degra-

dation effect associated with the depletion of fossil fuels as

mentioned earlier.21,22 The natural, agricultural and organic

wastes such as egg shell,23 seaweeds,24 dead leaves,21 hemp

basts,25 wood sawdust,26 yeast cells,27 pistachio nutshells,28

cigarette lter,29 sunower seed shell,30 cypress31 and rice

husk32 have all been explored as bio-source carbon using

different synthesis methods including; hydrothermal,26 direct

pyrolysis,24 chemical vapor deposition (CVD),33 gas–solid

displacement reactions,34 and wet chemistry techniques, such

as sol–gel processes.35 Recently human hair was carbonized at

800 �C and tested as electrode for EDLCs, the device fabricated

exhibited with a specic capacitance of 340 F g�1 and 126 F g�1

both in 6 M KOH and 1 M LiPF6 ethylene carbonate/diethyl

carbonate (EC/DEC) organic electrolyte, respectively, at

a current density of 1 A g�1 with good stability over 20 000

cycles.36 Microporous carbon with a high surface area of about

1230 m2 g�1 synthesized by single-step pyrolysis of dead plant

leaves also exhibited a very high specic capacitance of 400 F

g�1 and an energy density of 55W h kg�1 at a current density of

0.5 A g�1 in aqueous 1 M H2SO4 (ref. 21) and symmetric

capacitors built from seaweeds which was pyrolysed at 600 �C

exhibited a potential window up to 1.6 V with excellent cycle

life showing very small capacitance drop aer 10 000 cycles.20

Aside from the structural properties of these carbon materials,

they are sustainable, low cost and pose no threat to the

environment.

As a potential carbon sources, pine cones are common

biomass waste which are abundant and widely available. Pines

are coniferous trees in the genus Pinus family of the Pinaceae

which arise in a wide range of environmental conditions. It

sprouts up to 50 m in height with dark green needles and 5–10

cm length cones with rounded scales. Substantial amount of

cones are produced yearly throughout the world, especially in

pine plantations grown for the pulp and paper industry. They

are mainly composed of cellulose, lignin and resins that contain

a variety of organic compounds.37,38 Porous carbon from pine

cone biomass have been extensively studied as biosorbent for

metal, dye waste waters, nitrate uptake and removal of lead(II)

ions from aqueous solutions by adsorption.39–42 There are very

few reports on the use of pine cone derived carbons for energy

storage applications. For example, Karthikeyan K. et al.43 re-

ported very high surface area activated carbons synthesized

from pine cone petals. A symmetric supercapacitor fabricated

from the produced carbon exhibited very high energy density of

�61 W h kg�1 and excellent stability in 1 M LiPF6 in ethylene

carbonate/dimethyl carbonate. Similar, microporous carbon

were derived from pinecone hull and tested as anode material

for lithium batteries, which retained a discharge capacity of 357

mA h g�1, and a coulombic efficiency of 98.9% current density

of 10 mA g�1.44 In this report we demonstrate the production of

porous carbon materials via hydrothermal treatment, KOH

activation and carbonization of pine cones and present the

electrochemical performance of symmetric capacitors with this

carbon material in Na2SO4 aqueous electrolyte. A detailed

analysis of the electrodes in both three- and two setups show

that a voltage window of (2 V) can be obtained for a symmetric

carbon/carbon capacitor operating in 1 M Na2SO4 aqueous

electrolyte. The pine carbon materials were stable within this

potential and showed no environmental issue like corrosion.

The choice of KOH as activating reagent is based on the fact that

it induces well-dened micropore size distribution at lower

activation temperature and high yields in carbon materials.45

The formation mechanism of porous carbons with KOH is

attributed to carbon gasication by the removal of CO2 and to

the presence of oxygen material present in the matrix. During

the activation process, CO2 formed from K2CO3 in the annealing

process is released and becomes signicant at high tempera-

tures. The released CO2 then react with hydrochar material

from the pine to open up closed pores and enlarge existing

micropores. On the other hand, the potassium-containing

compounds, such as K2O and K2CO3, can be reduced by carbon

to form Kmetal, thus causing the carbon gasication and hence

the formation of pores.45 The activation process takes places

according to the following reaction;45

6KOH + C 4 2K + 3H2 + 2K2CO3

Experimental
Synthesis of activated pine carbon (APC)

The readily available pine cones (PC) collected from the University

of Pretoria campus Hateld, South Africa were used as raw

materials. The cones were washed repeatedly with acetone and

distilled water to remove adhering dirt and soluble impurities and

dried at 60 �C. Aer drying, the cleaned PC was crushed to powder

using a swing mill equipped with a tungsten carbide port and 8 g

of the PC powder was then dispersed in 80 ml of distilled water

containing 0.5 ml of sulphuric acid. The disperse was transferred

into a stainless steel autoclave and was heated up to 160 �C for 12

h and then allowed to cool to room temperature. The resulting

solid black product was ltered and washed with distilled water

and dried overnight at 80 �C. The dried solid black product was

activated by mixing with KOH with a 1 : 1 mass ratio in agate

mortar. The mixture was then placed in a horizontal tube furnace

ramped from room temperature to 800 �C at 10 �C min�1 under

argon ow and kept at this temperature for 1 h for the carbon-

ization process. The resulting dark solidmaterial was washed with

0.1MHCl solution, and then washed with distilled water until the

neutral pH was obtained. The product was collected and dried at

80 �C in an electric oven. The resultant powder was denoted as

activated pine carbon (APC). Scheme 1 shows the transformation

of PC into porous carbons.

Physico-chemical characterization of the APC

Scanning electron microscopy (SEM) micrographs of the carbon

were observed via Zeiss Ultra Plus 55 eld emission scanning

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 1800–1809 | 1801
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electron microscope (FE-SEM) operated at an accelerating

voltage of 2.0 kV. Transmission electron microscopy (TEM)

analysis was made at 200 kV on a JEOL JEM-2100F microscope

with eld-emission gun. Typically, TEM samples were prepared

by dispersing the samples in ethanol and dropped on lacey

carbon grid for analysis. The surface area measurement of the

sample was performed by liquid nitrogen cryosorption at �196
�C using a surface area and pore size analyzer Micromeritics

TriStar II 3020 (version 2.00). The samples were degassed at 150
�C for more than 12 h under vacuum conditions. The surface

area was calculated by the Brunauer–Emmett–Teller (BET)

method. X-ray photoelectron spectroscopy (XPS) was used to

determine the chemistries of activated carbons in powder form.

A Physical Electronics VersaProbe 5000 instrument was used

employing a 100 mm monochromatic Al-Ka to irradiate the

sample surface. Photoelectrons were collected by a 180� hemi-

spherical electron energy analyzer. Samples were analyzed at

a 45� angle between the sample surface and the path to the

analyzer. Survey spectra were taken at pass energy of 117.5 eV,

with a step size of 0.1 eV, which was used to obtain the

elemental analysis of the powders. High-resolution spectra of

C1s, N1s, and O1s regions were taken at pass energy of 23.5 eV,

with a step size of 0.05 eV. The spectra were taken aer the

samples were sputtered with an Ar beam operating at 2.0 kV and

150 mA for 10 min. All binding energies were referenced to that

of the binding energy of the Fermi level Ef ¼ 0 eV. Peak tting

for the high-resolution spectra was performed using CasaXPS

Version 2.3.16 RP 1.6. Prior to the peak tting the background

contributions were subtracted using a Shirley function. Raman

analysis of the sample was recorded using a WiTec-alpha 300R+

confocal Raman spectrometer (WiTec GmbH) with the laser

power of 1.5 mW in order to minimize heating effects. The

excitation source was a 532 nm laser through a numerical

aperture of 0.9 and 100� magnication. FTIR spectra were

recorded on a Vertex 70v (Bruker) spectrometer in the 4000–400

cm�1 range with 4 cm�1 resolution. Sample compartment was

evacuated during acquisition. Spectra were recorded and ana-

lysed with the Opus soware.

Electrochemical measurements

The electrochemical measurements were carried out on

a multichannel VMP300 potentiostat/galvanostat (Bio-Logic,

France) at room temperature. The working electrodes were

prepared by mixing a paste containing 80 wt% APC material, 10

wt% poly(vinylidene uoride) (PVDF) (in N-methylpyrrolidone)

and 10 wt% carbon black coated on a nickel foam with

a diameter of 16 mm. Aerwards, the working electrode was

pressed and dried in vacuum at 80 �C overnight in an electric

oven to ensure complete evaporation of the NMP. Each elec-

trode has a mass loading of about 2.5 mg. The electrochemical

test of the APC electrode was performed in a three electrode

conguration using glassy carbon plate as counter electrode

and Ag/AgCl (3 M KCl) as the reference electrode in 1 M Na2SO4

aqueous electrolyte. The symmetric devices were assembled

such that two electrodes were separated by a 0.18 mm thick

microber glass lter paper in CR2025-type coin cells. The cyclic

voltammetry and galvanostatic charge–discharge tests for these

devices were recorded in a potential window from 0 to 2 V at

various scan rates and current densities. Electrochemical

impedance spectroscopy (EIS) measurements were conducted

in a frequency range of 100 kHz to 0.01 Hz with an open circuit

voltage using a sinusoidal signal of 5 mV. The gravimetric

capacitance for the single electrode was calculated according

to:46

C
�

F g�1
�

¼ 4I

ðdV=dtÞm (1)

where I is the current (A), dV/dt is the slope of the discharge

curve (V) of the cell excluding the IR drop during the discharge

process and m is the mass of carbon in one electrode (g). The

factor of 4 accounts for the two electrode setup, where the

charge is evenly distributed across two capacitors in series.46

The energy density or maximum energy density E (W h kg�1), of

the electrodes was estimated as

E
�

W h kg�1
�

¼ 1

2
CDV 2 ¼ 1000� C � DV 2

2� 4� 3600
¼ C � DV 2

28:8
(2)

where C is gravimetric capacitance of the electrode (F g�1)

calculated from CD curves at different current densities, DV is

the width of the voltage window (V). The specic power density,

P (W kg�1), of the electrodes was calculated by dividing the

electrode energy density by the discharge time (h) at different

current densities.

P ¼ E/Dt (3)

The coulombic efficiency (3 also referred to as faradaic or

current efficiency) values were calculated from the charge–

discharge curve using the following equations

3 ¼ Dtdischarge

Dtcharge
� 100% (4)

where Dt represent the charging and discharging time.

Scheme 1 Schematic diagram for the synthesis of porous carbons from pine cone.
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Results and discussion

Scanning electron microscopy (SEM) and transmission electron

microscopy (TEM) were used to investigate the structure and

morphology of the as-synthesized materials. Fig. 1(a) and (b)

shows a low and high magnication SEM micrographs of the

APC sample and it is clear from the gure that KOH activation

process leads to the formation of porous cavities in the material

as observed in Fig. 1(a). Higher magnication features the

existence of ample amount of pores in the 3D interconnected

that are linked together in the carbon frameworks with

dimension from nanometers to several micrometres pores in

the network. Transmission electron microscopy (TEM) micro-

graphs, further highlights the structure of the produced carbon

material. Fig. 1(c and d) show that the material consists of

highly interconnected 3D hollow and porous spheres that

overlap each other and some of the spheres are split open. The

diameters of some of the spheres are in the range of 100–200

nm. This type of porous structure could be favourable for energy

storage since it has been established that the porosity of the

activated carbon materials governs its energy storage and power

delivery capability.47

The pore texture of the APC material was analyzed by N2

adsorption/desorption measurements. Fig. 2 show that APC

exhibits a type-II behavior with a H4-type hysteresis suggesting

a complex material containing bothmicropores andmesopores.

The specic surface area (SSA) and the pore volume of the

material are 1515 m2 g�1 and 0.38 cm3 g�1 respectively. The

pore size distributions (inset to the gure) was calculated using

the Barrett–Joyner–Halenda (BJH) analysis from the desorption

branch and the pore size in the material is mainly distributed

within 2–100 nm range. The higher surface area and narrower

pore size distribution could be benecial in charge storage by

providing high adsorbate accessibility and providing wider

transport channels to micropores.48

The elemental composition of the APC sample was obtained

from XPS characterization of the survey spectra shown in Table

S1 (ESI†) and Fig. 3. Carbon is considered to be the major

element in the samples with a small amount of K, O and N on

the surface. The results of the peak tting for the sample are

shown in Fig. 3(a) and Table S2.† The C1s/K2p region was tted

by six components corresponding to graphitic carbon, hydro-

carbons (CHx), alcoholic (C–O–) and/or carbon nitrogen struc-

tures (C–N–), carboxyl or ester (COO), and the 2p3/2 and 2p1/2

components arising from the K2p region which might corre-

spond to potassium oxide and/or hydroxide. The O1s region

Fig. 3(b) was tted by three components corresponding to

potassium oxide and/or hydroxide, C–O– and COO. However,

the N1s peak was tted with two components corresponding to

pyridine and/or amine and nitrile and/or pyrrole Fig. 3(c).

In order to further investigate the structure of this sample

Raman analysis was also performed and it shown in Fig. 4(a).

The Raman spectrum depicted in the gure shows the two

prominent peaks located at �1342 and �1587 cm�1 corre-

sponding to C–C graphitic lattice vibration mode with A1g
symmetry and known to be characteristics of disordered

graphite structure defect D-band and G-band (sp2-hybridized

carbon) corresponds to an ideal graphitic lattice vibrational

mode with E2G symmetry, respectively.49 The ID/IG ratios were

calculated from the D and G bands intensities is 0.99 indicating

a low degree of graphitic crystalline structure. A Fourier trans-

form infrared spectroscopy (FTIR) measurement was also used

to probe the surface chemistry of the sample and, conrm the

XPS results and is shown in Fig. 4(b). The spectra of the raw pine

before, aer hydrothermal treatment and aer carbonization

exhibits a broad absorption band at �3000–3600 cm�1 with

a maximum at �3354.9 cm�1 which is very pronounced aer

hydrothermal treatment and is assigned to O–H stretching

vibration of the surface hydroxyl groups, while the band at

�2958.90 cm�1 before and aer hydrothermal treatment shows

the presence of aliphatic group (C–H) and the peak at 1647.1

cm�1 represents C]O stretching vibrations of ketones, alde-

hydes, lactones or carboxyl groups. Peaks observed between

1100.8 and 559.3 cm�1 (aer hydrothermal treatment) may be

assigned to the –C–C– and –CN stretching.42 The very weak band

at 2650 cm�1 aer carbonization represents the asymmetric

vibration of –CHx hydrocarbon groups.39 Disappearance of
Fig. 1 (a and b) SEM and (c and d) TEM micrographs of APC showing

low and high magnification respectively.

Fig. 2 N2 adsorption/desorption isotherms of APC material, inset

show pore size distribution.
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some peak aer carbonization was observed. For example the

band at 3354.9 cm�1 due to (O–H) stretching is no longer

visible. This is due to the fact that high temperature carbon-

ization could lead to the breaking of the bonds of the carboxylic

groups and evaporate them as volatile matter.

The electrochemical behavior of the APC material was eval-

uated and the results are presented. Fig. 5 present the cyclic

voltammograms (CV) of the APC in a three electrode setup with

a 1 M Na2SO4 in the negative and positive potential window,

with different potential ranging from�1 V to 1 V. CV shapes are

rectangular which indicating a very fast electrochemical

response, conrming the good electrical conductivity for this

material and demonstrate the formation of a double layer

mechanism. The CVs are stable within this potential range and

still within the thermodynamic stability window of water due to

the increased electrolyte stable potential windows (ESPWs)

when compared to both the acidic and alkaline aqueous elec-

trolyte.50 This large potential window is not surprising as it has

been shown that neutral electrolyte can reach up to 2 V due to

the fact that a neutral electrolyte has lower H+ and OH�

concentrations when compared to acidic and alkaline electro-

lytes, thus, a high over potential of for di-hydrogen evolution

and oxygen evolution reactions can be expected which suggests

an increase ESPW. The large potential is related with the storage

of nascent hydrogen in the carbon material below the thermo-

dynamic potential for water decomposition.20,51 Below �0.9 V

and above 0.9 V cathodic and anodic current leaps are observed

which are indications of di-hydrogen and oxygen evolutions as

the material approach �1 V and 1 V.

The CVs of a symmetric cell which combines both negative

and positive potential window are shown in Fig. 6(a) from 1 V to

2 V potential ranges. At low voltage ranges the CVs show rect-

angular shapes which are characteristic of a pure EDLC

behavior. With increasing voltage range the CV still maintains

its symmetric rectangular shape with a slight increase in

capacitance value. At the maximum potential window of 2.0 V

a current leap is observed which could be due to the evolution of

gases or oxygenated surface functionalities generated from both

the positive and/or negative electrode and the reactions with the

Fig. 3 XPS spectra of C1s, O1s and N1s regions for APC.

Fig. 4 (a) Raman spectroscopy showing prominent D and G peaks and (b) FTIR spectra of raw, hydrothermal treated pine and the carbonized

pine cone powder.

Fig. 5 CVs in a three electrode setup for the APC at 20 mV s�1 in 1 M

Na2SO4 within negative and positive potential windows. The vertical

lines represent the oxidation and reduction thermodynamic potential

of water.
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electrolyte.19,51 The constant current charge–discharge (CD) was

also measured at different voltage ranges and is presented in

Fig. 6(b). The symmetrical triangular shape of the CD corrobo-

rates the formation of a double layer capacitor. The CD curves

measurement show that the APC electrode material is stable at

themaximum potential limit of 2 V without any distortion to the

CD, hence further measurements were made at potential

window of 2 V.

CV curves of the APC electrode at 2 V is shown in Fig. 7(a).

The CVs show rectangular shapes characteristic of electro-

chemical double layer capacitor (EDLC) behavior. As the scan

rate increases, the capacitive double layer signature of the

electrode is preserved, indicating the porous and polarizable

nature of the material. At 100 mV s�1, CV demonstrate a resis-

tive CV shapes that describe the presence of increased ohmic

behavior and could be attributed to the decline in capacitance

observed in Fig. 7(c). This performance at high scan rates

establishes the high power capability of the porous APC mate-

rial. For quantitative considerations the specic capacitance

calculated from the CV by using the integral area ranges from

98.5 F g�1 (10 mV s�1) to 80 F g�1 (100 mV s�1). Essentially the

result obtained is attributable to the large accessible surface

area achieved by good micropore volume and interconnected

conducting mesopores pathways. Secondly, the presence of the

functional groups present in the sample as observed from the

XPS results might lead to a faradaic reaction contributing to the

total capacitance of the carbon electrode. Lastly the individual

properties of the electrolyte such as hydrated ion size (3.58 �A)

which is similar to the PSD and ionic conductivity 50.11 S cm2

mol�1 all contributed to the capacitive properties of the acti-

vated carbon electrode.52 Galvanostatic charge/discharge

measurements were applied at different current densities to

evaluate the capacitance performance and the result is shown in

Fig. 7(b). A symmetric triangular charge and discharge prole

distinctive for ideal capacitor was observed, indicating the

reversible adsorption/desorption of ions. The gravimetric

capacitance was calculated from these curves according to eqn

(1) and it is shown in Fig. 7(c). Fig. 7(c) shows that the specic

capacitance of the sample decreases slightly with increase in

current density, suggesting good rate capability. The specic

capacitance at 0.1 A g�1 is about 137 F g�1 and still remains at

about 100 F g�1 at a current density 5 A g�1. Fig. 7(d) shows the

Ragone plot which emphasizes the energy–power characteristic

of the device. The energy and power densities of 19 W h kg�1

and 100 W kg�1 were obtained respectively for this device. More

specically, compared to previously reported supercapacitors

from biomass materials as shown in Table 1, our material show

a reasonably higher SSA value with good distribution of micro-

and mesopore volumes which greatly beneted the electro-

chemical performance (energy density of 19W h kg�1) by having

easy accessible SSA and reaction sites in aqueous electrolyte

which is user friendly compared to most organic electrolytes.

Similarly, the pine cones were also carbonized at 700 �C and 900
�C to see the effect of activation temperature on the samples

and the result is present in the ESI.† However, these samples

showed very low electrochemical performance, demonstrating

highly resistive CV shapes at a voltage of 1 V (Fig. S1†). This low

performance was related to the pore texture which exhibited

a type II N2 isotherm with H2 and H3 hysteresis loop for APC-

900 �C and APC-700 �C respectively (Fig. S2†). Signaling

a complex pore or non-rigid aggregates structure of sigmoid or

macroporous which are not benecial for high electrochemical

performance, since it has been established that the volume of

active micropores present in the material (<2 nm in size) acts as

ion traps for energy storage and power delivery, mesopores (2–

50 nm) provides the pathways for ion transport and the mac-

ropores (>50 nm in size) playing the role of an ion buffering

reservoir.53 These results further conrms and demonstrate that

activation of material using KOH and carbonization 800 �C

yields the optimum micropore volume in carbon materials for

electrochemical energy storage.54

In addition to the excellent rate capability of this material,

long cycling stability test was conducted under a constant

charge at a current density of 5 A g�1 for 10 000 cycles. Fig. 7(e)

shows the 3 and gravimetric capacitance of the symmetric cell.

The capacitance retention was almost 100% retention; no

notable degradation in capacitance value was observed rather

there were uctuations in the 3 plot between 2000 and 4000

cycles aer which the 3was stable. Cycling test based on oating

was further used to investigate the long-term stability.62 Fig. 7(f)

shows the stability during voltage-holding over 100 h. Floating

at 2 V has a signicant impact on the capacitance which slowly

increases during the ageing time. As observed from the gure

there was a rapid increase in the capacitance to about 120 F g�1

Fig. 6 (a) Cyclic voltammogram at 20 mV s�1 and (b) galvanostatic charge–discharge at profiles of the APC at 0.5 A g�1 at different voltage

ranges respectively.
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before starting to show decay. The increase in capacitance we

attribute to the expansion and swelling of the APC porous

structure during the ageing time thus creating more accessible

surface for adsorption of ion from the electrolyte hence

increasing the capacitance of the cell. Most importantly the

specic capacitance was still �60 F g�1 aer holding for 100 h.

Such excellent cycling stability is attributed to the structural

properties with a relatively high pore volume and robust

network preventing crumbling or disintegration of the porous

structure.

Electrochemical impedance spectroscopy was used to study

the ion transport mechanism and further to demonstrate the

performance of the APC-based symmetric supercapacitors.

Fig. 8(a) shows the Nyquist plot with a nearly straight line in the

low-frequency region and an arc in the high-frequency region

indicating a distinct capacitive behavior of porous carbon

electrodes. The arc in the high frequency region is related to

charge transport phenomena (RCT). From the high frequency

range data analysis, the ohmic resistance (RS) was estimated. RS

includes the intrinsic resistance of the electrode materials, the

electrolyte, and the contact resistance between the interfaces of

electrodes, electrolyte, and current collector.63 The inset of

Fig. 8(a) shows the magnied high frequency region showing

the RS value of 1.5 U and the corresponding RCT was measured

at the diameter of the arc as 1.9 U. This RCT value is related to

the morphology of the APC electrode material facilitating

a rapid charge transfer process. The Nyquist plot before and

aer cycling is shown in Fig. S3.† From the gure, an increase in

the RS value was observed while a decrease in RCT was also

observed. The increase in RS could be due to the formation of

Fig. 7 Electrochemical performances tests for the APC in 1 M Na2SO4 aqueous electrolyte: (a) CV curves at different scan rates, (b) CD curves at

different current densities, (c) dependence of specific capacitance on current density, (d) Ragone plot (e) coulombic efficiency and gravimetric

capacitance vs. cycle number and (f) 100 h voltage holding vs. capacitance.
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inactive sites caused by the partial collapse of the three

dimensional structure during the cycle test.

The tting of the Nyquist spectrum was performed by

a modied Randles circuit with a set of resistors and capacitors

in series and parallel using a tting program ZFIT/EC-Lab

version 10.40 and is represented in Fig. 8(b) with the equivalent

circuit shown in the inset. The semicircle in the high-mid

frequency region is represented by the charge transfer resis-

tance RCT and the interface contact capacitance C1 between the

active material and current collector are connected parallel to

Table 1 Performance comparison of biomass carbon derived electrodes

Source of electrode

material

Activation

agent

SBET
(m2 g�1) Electrolyte

Potential

(V)

Capacitance

(F g�1)

Energy density

(W h kg�1)

Power density

(W kg�1) Ref.

Waste tires KOH 1625 1 M H2SO4 0.75 135a — — 55

H3PO4 563 6 M KOH 1 106a

Pomelo peel — 2105 1 M NaNO3 1.7 43.5b 17.1 420 56
Human hair KOH 1306 1 M LiPF6/EC/DEC 3 126b 45.33 — 36

Self-adhesive carbon

grains (SACG)

KOH 1704 6 M KOH 1.6 150b 4.297 173 57

Pine cone petals KOH 3950 1 M LiPF6 3 142b �61 — 43
Pistachio nutshells KOH 1069 6 M KOH 1.1 261b 10 52 28

1 M TEABF4 29.3/20.1 39 286

Banana bers ZnCl2 & KOH 1097 1 M Na2SO4 1 74b — — 58
Oil palm EFB — 802 1 M H2SO4 1 196b 5.45 236 59

Sunower seed shell KOH 2584 3 M KOH 0.9 311b 4.8 240 30

Rice husk NaOH & KOH 2721 3 M KCl 0.6 210b 60

Cypress 1283 1 M H2SO4 1 190a — — 31
Sugar cane bagasse ZnCl2 1788 1 M H2SO4 1 300b 10 — 61

Pine cone KOH 1160.3 1 M Na2SO4 2 137b 19 100 This work

a Three electrode measurements. b Two electrode measurements.

Fig. 8 (a) and (b) Nyquist plots for the APC based cell in 1 M Na2SO4 with magnifications of the high to mid frequency region shown in the inset

and fitted with equivalent circuit shown in the inset respectively, (c) the real and imaginary part of the cell gravimetric capacitance vs. frequency

(black and blue curves) (d) Bode plot for the phase angle vs. frequency.
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each other and are in series with RS. The RCT is connected in

series with a constant phase element Q that account for the

double-layer capacitance and is associated with a faradaic

resistance R3. Ideally, if there is no diffusion resistance at very

low frequencies, an ideal polarizable capacitive electrode would

lead to a vertical line parallel to vertical axis (�Z00) with a mass

capacitance represented as C2. However, from the Nyquist plot

there is a deviation from this ideal behavior. This deviation is

attributed to the existence of a resistive element associated with

C2. This resistance can be designated as diffusion resistance or

leakage resistance R4 and is in parallel to C2. The tting

parameters are shown in Table S3 (ESI†) and values obtained

are approximately within the experimental data suggesting that

model used for tting was correct with an error of 0.005. X2

represents the criterion for minimization of the t. X=
ffiffiffiffi

N
p

where

N is the number of points.

A complex capacitance model based on the single RC time-

constant was used to characterize both real part C0 (u) and

imaginary part C00 (u) capacitance as function of the frequency,

to investigate the frequency behavior and also estimate the

relaxation time constant of porous electrodes.46 Fig. 8(c) show

the real and imaginary part of the capacitance with frequency of

the APC cell, the corresponding capacitance from this graph is

143 F g�1 (from topmost part of the black curve) which is

comparable to the results obtained from the CDmeasurements.

This demonstrates the fast frequency response of the porous

carbon material in aqueous solution with good capacitance,

retention and high power delivery. The imaginary part of the

capacitance (the blue curve) corresponds to the energy disper-

sion. The peak at 0.1 Hz was used to estimate the relaxation

time (s), calculated from s ¼ 1/umax ¼ 1/(2pfmax) where fmax is

the characteristic frequency of the cell obtained at the phase

angle of �45� corresponding to the time between the capacitive

and resistive behavior of the supercapacitor electrode.46 A

relaxation time of�9.5 s was obtained indicating that the stored

energy can efficiently be delivered within this time. Fig. 8(d)

shows the Bode phase plot which indicates that in the low

frequency region a phase shi of ��81.3� close to �90� indi-

cating characteristic of the purely capacitive double layer charge

storage phenomenon.

Conclusion

High surface area porous carbon has been successfully

synthesized from the abundant and readily available pine cone

biomass via KOH activation and carbonization at 800 �C.

Structural and morphological characterizations show that the

material exhibit three dimensional porous cavities with

a specic surface area of 1515 m2 g�1. Electrochemical perfor-

mances of the porous carbon as active materials for super-

capacitors were tested in 1 M Na2SO4 electrolyte. A high voltage

window of 2.0 V was observed for a symmetric carbon/carbon

electrodes cell offering good rate capability with a reasonable

gravimetric capacitance of 137 F g�1, energy density of 19 W h

kg�1 and excellent cyclability. These results in neutral 1 M

Na2SO4 electrolyte are quite interesting, encouraging and

showed the applicability of pine cones derived carbons,

demonstrating the exciting potential for a low-cost porous

carbon which could attract interest from the industry for

potential application in energy storage, absorbent and catalysis.
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