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Engineering the Pores of Biomass-Derived Carbon:
Insights for Achieving Ultrahigh Stability at High Power in

High-Energy Supercapacitors

Ranjith Thangavel®,” Karthikeyan Kaliyappan*!

and Yun-Sung Lee*"

Electrochemical supercapacitors with high energy density are
promising devices due to their simple construction and long-
term cycling performance. The development of a supercapaci-
tor based on electrical double-layer charge storage with high
energy density that can preserve its cyclability at higher power
presents an ongoing challenge. Herein, we provide insights to
achieve a high energy density at high power with an ultrahigh
stability in an electrical double-layer capacitor (EDLC) system
by using carbon from a biomass precursor (cinnamon sticks) in
a sodium ion-based organic electrolyte. Herein, we investigat-
ed the dependence of EDLC performance on structural, textur-
al, and functional properties of porous carbon engineered by
using various activation agents. The results demonstrate that

Introduction

In this fast-growing economy, electronic devices from small
mobile phones to large electrical vehicles form an integral part
of our lives."? Although energy-storage units, such as lithium-
ion, lithium-sulfur, or sodium-ion batteries, can power these
devices, current energy-storage units fail to satisfy the need for
high power delivered in a very short time.®* Sluggish interca-
lation and conversion processes make these systems a failure
for rapid power delivery.>® The role of supercapacitors, with
their ability to deliver high power rapidly, has become more
crucial recently.”® Depending on the type of electrodes used,
supercapacitors are classified as electric double-layer capacitors
(EDLCs), pseudocapacitors, or hybrid capacitors.”’ Of these
types, EDLCs are the simplest and are constructed by immers-
ing two parallel, symmetrical carbon electrodes in an ion-con-
ductive electrolyte.”® In the mechanism of EDLCs, an electrical
potential is applied between the two symmetrical electrodes
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the performance of EDLCs is not only dependent on their tex-
tural properties but also on their structural features and sur-
face functionalities, as is evident from the electrochemical
studies. The electrochemical results are highly promising and
revealed that the porous carbon with poor textural properties
has great potential to deliver high capacitance and outstand-
ing stability over 300000 cycles compared with porous carbon
with good textural properties. A very low capacitance degrada-
tion of around 0.066 % per 1000 cycles, along with high energy
density (=71 Whkg™') and high power density, have been ach-
ieved. These results offer a new platform for the application of
low-surface-area biomass-derived carbons in the design of
highly stable high-energy supercapacitors.

and ions in the electrolyte are separated and adsorbed over
the pore walls to form a double layer of charge.” A simple
charge-separation phenomenon between the two electrodes is
the primary charge-storage technique, and the stored electrical
energy is delivered by the reversal of this process over a very
short time.>*

Unlike pseudocapacitors and hybrid capacitors, which have
low cycle lives due to quick deterioration of the electrode ma-
terial, EDLCs have an extraordinary cycle life (>100000 cycles)
because the mechanism in EDLCs is a purely non-faradic, sur-
face-adsorption phenomenon that occurs only over the elec-
trode surface by the formation of a double layer of charge.”'”
The development of EDLCs with organic electrolytes has ad-
vantages over the use of aqueous media. Due to a larger oper-
ating potential window, the possibility of high-energy-density
supercapacitors systems is easily achieved.”**! However, EDLCs
deliver unsatisfactory specific energy and cyclability at high
power rates due to poor ion-adsorption kinetics at the pores,
which must be addressed to make the system more superior.

Carbonaceous electrodes and, in particular, activated car-
bons (ACs) are the primary choice of electrode material for
EDLCs because ACs are highly porous with interconnected
pores, have high electrical conductivity, and are inexpen-
sive.""*1 ACs have a wide range of distributed pores combined
with a high pore volume, which provides major sites for the
adsorption of ions. The presence of a very high surface area

2g~") in carbon is the primary key to scale up

(usually >2000 m“g
the energy density of EDLCs."' Additionally, they possess
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high chemical and thermal stability that synergistically increase
both the power density and cycle life.l'®"”!

Although carbon nanotubes (CNTs), carbon aerogels, poly-
mer-derived carbon, and zeolite-derived carbon have emerged
as alternatives, they fail at the industrial scale because of both
their high cost and their difficult synthesis at large scale. Gra-
phene has also been investigated for EDLC applications.”™®
Despite impressive electronic conductivity and surface area,
the difficulty of preparing single-layer graphene and graphene-
layer aggregation reduces its usefulness in EDLCs, which
makes ACs the best candidates for EDLCs.!"*%"

Although conventional ACs produced from coal, coke, and
tar have high surface areas, they fail at high currents because
of considerable ion-diffusional losses that occur due to tortu-
ous pore networks (bottleneck pores).”’?¥ Environmental pol-
lution during the activation process is also a cause of global
concern."?" Recently, global warming and the scarcity of non-
renewable fossil fuels have also triggered the necessity of de-
veloping alternative green and renewable resources. Alterna-
tive, ecofriendly porous carbons from bioinspired resources
may be a good solution to replace conventional ACs, CNTs,
graphene, and much more. The vast availability of waste bio-
mass resources is very encouraging for their application in
useful energy-storage devices. Every year, millions of tons of
biowaste are generated and disposal of this waste is highly
challenging, but the conversion of this waste into a useful re-
source adds value. These bioinspired carbons have properties
similar to conventional ACs, and recent research has revealed
that they possess better electrochemical properties than con-
ventional ACs."®?"?? Bjomass-derived porous carbon are
a truly green and cheap resource for energy-storage devices.
ACs have been successfully synthesized from various natural
resources, such as rice husks, peanut shells, corn grains,
banana fiber, coconut fiber, pinecone, waste office paper,
human hair, wheat straw, and sugarcane waste, and used for
various applications.*'® The use of biomass-derived carbon in
high-energy capacitors can help to develop sustainable
energy-storage devices.

However, bioderived ACs still lack a high energy output and
good cyclability at high power rates, which limits their ability
to satisfy practical needs. Textural factors, such as the specific
surface area, pore-size distribution, and pore volume of bioder-
ived ACs, contribute to determining the performance of
EDLCs."%?9 Precise control of the textural and structural
properties of biomass carbon has not yet been studied for ap-
plications in high-energy EDLCs with an organic electrolyte. Al-
though various models, assumptions, and ideas have been pro-
posed to explain the dependence of ionic adsorption on EDLC
performance, our understanding of the behavior of ionic ad-
sorption in pores, and the capacitance exhibited, is still at the
theoretical stage with modelling and simulation, and must be
analyzed for practical purposes by using experimental tech-
niques.”””*! The correlations of these models are often ana-
lyzed for the first few thousand cycles by researchers, but cor-
relations after prolonged cycling or in a high-power environ-
ment have not yet been addressed.®®*" The performance of
EDLC systems based on several proposed models and mecha-
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nisms requires a much deeper understanding to develop state-
of-the-art EDLCs with ultrahigh performance.’?” %39

The characteristics of bioderived porous carbons and their
performance in EDLCs mainly depend on the type of activation
process (physical or chemical) and the activation agent be-
cause this controls the pore formation, pore size, pore distribu-
tion, and surface functionalities."***¥ During physical activa-
tion, precursors are initially carbonized and pores on the
carbon surface are formed by CO, or steam at high tempera-
ture by using an etching process. During chemical activation,
the carbon source is impregnated with activation agents, such
as alkali metal hydroxides, alkali metal carbonates, H,SO,,
H;PO,, or ZnClL."*'*3% The chemical activation technique is
highly preferred to develop porous biomass carbon because of
its simple, cheap, and rapid process. The synthesis methodolo-
gy involves simple precarbonization of the biomass precursor
followed by activation of the carbonized product. Chemically
activated ACs have uniform pore size distribution along with
large number of micropores and, therefore, chemically activat-
ed ACs are preferred because they always show superior ca-
pacitance performance compared with physically activated car-
bons_[13,35,36]

Herein, we engineered the pores of ecofriendly porous
carbon, derived from cinnamon sticks, by using different acti-
vation agents, and evaluated the ionic adsorption behavior for
high-energy-density EDLCs. Cinnamon is a member of the spe-
cies Cinnamomum and the inner bark of this tree species is
generally referred to as cinnamon sticks. Smaller bark is a gen-
eral waste byproduct of sawmills and furniture makers. Each
activation agent develops different pore structures, pore distri-
butions, and surface functionalities due to different activation
mechanisms. This report analyzes the dependence of the struc-
tural and textural parameters on the different activation
agents, together with the dependence of the electrochemical
performance on the structural parameters, which provides
deeper insight for the development of high-energy EDLCs.
Highly conductive porous carbon with an ultrahigh surface
area was prepared from cinnamon sticks by using three differ-
ent activation agents, namely, KOH, H;PO,, and ZnCl,. The as-
synthesized carbon was tested for use in EDLCs by using
a sodium-based organic electrolyte (NaClO, in ethylene car-
bonate/dimethyl carbonate (EC/DMC) to boost the energy den-
sity (3V potential window). Replacement of the lithium-ion
electrolyte with a sodium-ion electrolyte is advantageous be-
cause the sodium ion has weaker solvation due to its weak
Lewis acidity, which thus results in a higher ion-transport
number than the lithium analogues and also improved kinetics
in the EDLC system.®”

Herein, we address the parameters that affect the per-
formance of an EDLC at high power and provide a solution to
develop highly stable high-energy supercapacitors. Mutual cor-
relations between porosity, pore-size distribution, and surface
functionalities synergistically bring about remarkable per-
formance, that is, a very low capacitance degradation of ap-
proximately 0.066% per 1000 cycles with 80% stability after
300000 cycles at 3kWkg™'. The results obtained were far
beyond than those observed for commercially available super-
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capacitor systems and should be of great interest to many
EDLC manufacturers for the commercialization of this system.

Results and Discussion

The pyrolyzed carbon sample without any activation is denot-
ed as CDC-0 whereas the porous carbons obtained by using
KOH, ZnCl,, and H;PO, activation agents are denoted as CDC-1,
CDC-2, and CDC-3, respectively. The microstructures of all
carbon samples were analyzed by using electron microscopy.
The field emission (FE)-SEM images of CDC-0 in Figure S1 in
the Supporting Information show a rough surface with no
pores and cavities on the surface. The FE-SEM images in
Figure 1 show the porous morphology of the particles after ac-
tivation. All prepared carbons showed an irregular shape, with
randomly distributed pores and cavities, regardless of the acti-
vation agent. However, the distribution and types of pores on
the surfaces were strongly influenced by the activation agent.
The pores on the surface of CDC-1 are mostly large, open, and
hierarchical. The pores on the CDC-2 surface are not clearly
visible and appear highly dense and closed. The surface of
CDC-3 shows large cavities in which small pores are embed-
ded. The TEM and high-resolution TEM images presented in
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Figure 1 reveal that the pores are randomly distributed and are
well connected by a nanocarbon framework with no crystalline
graphitic impurities. The hierarchal arrangement of pores in
CDC-1 can help the pore walls to be fully used for adsorption,
whereas the dense and small pores in CDC-2 could impede the
fast movement of ions at higher currents. Finally, the cavities
in CDC-3 could store a large volume of electrolyte and easily
supply it to the embedded pores. The arrangement and struc-
ture of the pores in CDC-1 and CDC-3 are more favorable for
superior EDLC performance. The wide variation in pore struc-
ture over the carbon surfaces is primarily due to the different
activation mechanisms that arise from the different activation
agents, which have been widely studied."®3"

The XRD patterns of the three carbons in Figure 2a show
two broad, characteristic peaks for the graphitic plane at
around 23 and 44°, which confirmed the amorphous and tur-
bostratic-disordered nature of the carbon.®**¥ The d-spacing
of the (002) plane for all the carbons was found to be greater
than the interlayer spacing of graphite (0.355 nm) owing to
a broadening of the planes by activation and carbonization.®”
The highly disordered nature of all the carbons was confirmed
by two characteristic peaks in the Raman spectra (Figure 2b):
1) a G band at around 1580 cm™, assigned to vibration of the

Figure 1. FE-SEM, TEM, and HR-TEM images of a-c) CDC-1, d-f) CDC-2, and g-i) CDC-3. TEM images of d) CDC-1, e) CDC-2, and f) CDC-3.
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Figure 2. a) XRD pattern of CDCs. b) Raman spectra of CDCs. c) BET isotherms of the CDCs; inset: pore-size distribution of the CDCs calculated by using DFT.

graphitic plane, and 2) a D band at about 1345 cm™, attribut-
ed to a double resonance in disordered carbon.”” The ratio be-
tween the two peaks (Ip/l;) determines the nature of the
carbon and all the carbon samples had a value between 0.99
and 1.04, irrespective of the activation agent, which indicated
the amorphous nature of the carbon, with more planar and lat-
tice defects and with high lattice edges.*®*" Also, the absence
of second-order peaks in the wavenumber range of 2400 to
3000 cm ™' suggested the absence of a graphitized structure in
the porous carbon.”"

More than the structural and physical properties, the textural
properties of carbon can provide insights into its porous
nature. Accordingly, nitrogen adsorption/desorption tech-
niques were used to present a clear picture of pore volume,
pore size, and pore distribution.*? The N, adsorption/desorp-
tion isotherm curve of CDC-0 in Figure S3 revealed type | iso-
therm behavior and the BET surface area was approximately
520 m*g~". The strong influence of the activation agent on the
textural properties of the carbon can be observed from the
isotherm curves after the activation process (see Figure 2c).
Samples CDC-1 and CDC-2 exhibited a combination of type |
and type IV isotherms with a sharp slope at the low partial-
pressure region, which indicated the presence of a large
number of micropores and a small number of mesopores in
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the carbon. Sample CDC-3 exhibited a type | isotherm and ab-
sorbed all N, in the low partial-pressure region, due to the
presence of micropores.”**! The pore-size distribution curves
calculated by using DFT and based on the slit-pore model (see
Figure 2¢, inset) show the change in pore distribution with dif-
ferent activation agents. Sample CDC-1 has a large quantity of
micropores, along with mesopores in the range of 3 to 4 nm.
Sample CDC-2 has a combination of micropores and large
mesopores distributed over a wide size range, whereas CDC-3
has a much higher concentration of micropores than the other
samples, particularly in the range of 0.5 to 0.6 nm, with
a narrow pore-size distribution, few mesopores smaller than
3nm, and almost no pores larger than 3 nm.”* Micropores
greatly aid in double-layer formation, particularly when the
pore distribution is very narrow; however, it is believed that
a large number of macro- and mesopores can retard the per-
formance of EDLCs at high currents because ions cannot ap-
proach them in a very short time to form a double layer.®" It
could be concluded from the adsorption/desorption results
that better cycling stability would be expected from an EDLC
with CDC-3 electrodes. The various structural and textural
properties of CDC-1, CDC-2, and CDC-3 are compared in
Table 1.
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Table 1. Comparison of textural and structural parameters of the CDCs.

CDC-1 and CDC-3 can provide an enormous number
of active sites for ionic adsorption, whereas the low

Sample dooy Io/ls  Seer A Mean pore Pore content [%)] percentage of functional groups in CDC-2 reduces
[nm] [m*g 'l [cm’g '] diameter [nm] micropores mesopores |  the surface wettability by the organic electrolyte and

CDC-1 0394 099 3405 1.69 1.91 75 25 increases the surface-electrolyte interface resist-

CDC-2 0401 0.94 2440 132 2.24 69 31 ance. 14651

CDC-3 0381 096 1810 0.82 1.84 84 16

[a] BET surface area. [b] V,=pore volume.

In addition to the textural properties, the surface functionali-
ties and heteroatoms present in the carbon also govern EDLC
performance, particularly at higher currents, by improving the
wettability of carbon by the electrolyte and reducing the elec-
trode-electrolyte interfacial resistance.”**® The X-ray photo-
electron spectroscopy (XPS) spectrum in Figure S4 reveals the
presence of a C1s spectrum with a major C—C bond signal at
around 284.8 eV, which confirmed the highly carbonaceous
nature of all samples.""?? Samples CDC-1 and CDC-3 showed
a low C/O ratio, which indicated the presence of large number
of oxygen-containing functional groups. A high C/O ratio in
CDC-2 indicated its highly carbonaceous nature and the pres-
ence of a very low quantity of oxygen functional groups. This
could unfavorably result in poor surface wetting by the organic
electrolyte. The deconvoluted C1s spectrum shows the pres-
ence of various oxygen-containing functional groups, such as
phenolic (286 eV), and carboxylic (289 eV) groups. A strong in-
fluence of the activation agent on the quantity of functional
groups on the carbon surface is clearly seen, and the percen-
tages of various functional groups in the CDC samples are
given in Table 2. Sample CDC-3 showed a very high percentage
(44 at%) of phenolic (C-OH) functional group than the other
samples. In addition, the use of H;PO, as an activation agent
incorporated in situ phosphorous heteroatoms into the carbon
framework of CDC-3. The high-resolution P2p spectrum of
CDC-3 shows a major peak at around 133 eV, which corre-
sponds to P—C bonds and confirms the successful incorpora-
tion of phosphorous atoms into the carbon framework. The
percentage of phosphorous was calculated to be 3.04 at%,
which is much higher than earlier reports, and this strategy
greatly reduces the need for a second treatment for heteroa-
tom doping.*®*’ The presence of P atoms in the carbon frame-
work can increase the active sites for ionic adsorption and also
facilitates the adsorption of ions from the electrolyte.”” A high
rate performance can be achieved despite poor textural prop-
erties. Moreover, the large quantity of oxygen heteroatoms in

Table 2. Comparison of various oxygen containing functional groups
contents in the CDCs.

Sample C/O Content [at %]

graphitic phenolic carboxyl ester
284.6-285 eV 286-286.8 eV 288.8-289 eV
CDCA1 5.6 53.01 36.1 10.89
CDC-2 7.3 67.8 221 10.1
CDC-3 4.1 51.01 44 4.99
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Electrochemical performance

Two carbon electrodes of equal mass were combined
to form a symmetrical EDLC and then tested in an or-
ganic electrolyte (NaClO, in EC/DMC) over a potential window
of 0 to 3 V. A large potential window was chosen to maximize
the energy density of the system. The organic electrolyte is
stable without decomposition, even at high potential, and the
potential window used was three times larger than that used
in aqueous electrolytes and even higher than that used for the
expensive ionic liquids used in some EDLCs.l"" 9
The electrochemical performance was first explored by using
cyclic voltammetry (CV) studies (Figure 3), and all samples
showed well-ordered, rectangular-shaped curves that indicated
the double-layer storage mechanism of the system.®**¥ No de-
viation from a rectangular shape nor the presence of any
humps due to pseudocapacitance were observed, which sug-
gested that the obtained capacitance was only due to double-
layer formation. However, as the scan rate was increased, CDC-
1 and CDC-3 retained their rectangular morphology even at
150 mVs™', which demonstrated that they can hold a high spe-
cific capacitance even at higher currents (Figure 52).°* Howev-
er, sample CDC-2 displayed a distorted curve that represented
the poor suitability of the material for applications in high-
power EDLCs (Figure S2). The poor performance of CDC-2 is
mainly due to its poor and limited ionic diffusion and adsorp-
tion in the pores at high current, at which ions have little time
to be adsorbed over the surface, whereas CDC-1 and CDC-3
showed a high power capability mainly because of the series
of hierarchical pore networks that enabled the ions to gain
access deep inside the carbon framework."**! The real per-
formance of all samples was analyzed by using a galvanostatic
charge/discharge study (Figure 3b-d), which revealed linear
and symmetrical triangular charge/discharge curves for all sam-
ples, in agreement with the aforementioned CV measurements.
This again confirmed that the primary charge storage mecha-
nism is based on electrical double-layer formation.®>*¥ At
a current density of 0.5 Ag™, all samples exhibited a specific
capacitance greater than 200 Fg™'; this is due to the maximum
use of all pores in the carbon at lower current. With increasing
current density, samples CDC-1, CDC-2, and CDC-3 exhibited
a high specific capacitance of 158, 134, and 151 Fg™'at 1 Ag™".
respectively (Figure 4a). This impressive result outperforms
other reports based on commercial ACs, template-based car-
bons, and graphene.'®***8 |n contrast, CDC-0 delivered
a poor specific capacitance of 33 Fg™' at 0.5 Ag™' (Figure S6).
The specific capacitance was enhanced by several orders of
magnitude after the activation process. However, as the cur-
rent density was increased further, the porous samples exhibit-
ed their own and different specific capacitance values due to
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Figure 3. a) CV traces of CDCs at 50 mVs~'. Charge/discharge profiles of b) CDC-1, ¢) CDC-2, and d) CDC-3 at different current densities.

differences in the interactions between the ions, pores, carbon
defects, and functional groups. At 4 Ag™', samples CDC-1 and
CDC-3 delivered specific capacitance values of 126 and
116 Fg~', respectively, whereas CDC-2 delivered a poor specific
capacitance of 70 Fg™', which is almost half the value of the
others. Even at 8 Ag™', samples CDC-1 and CDC-3 delivered an
impressive specific capacitance values of 96 and 86 Fg™', re-
spectively. Despite a low surface area, CDC-3 exhibited a high
capacitance equivalent to high-surface-area CDC-1.

Sample CDC-1 has a large accessible surface area and abun-
dant channels for ionic adsorption and thus delivered a high
specific capacitance. However, despite being a carbon with
a low surface area and low pore volume, CDC-3 delivered a re-
markable specific capacitance, whereas the high surface area
and pore volume of CDC-2 delivered a poor specific capaci-
tance (Figure 4b). The traditional understanding that very
small pores in carbon with a high surface area cannot be ac-
cessed by ions from the electrolyte cannot address this issue
because high-surface-area CDC-1 with its large concentration
of micropores exhibited high performance.”#*"*¥ However, at
high currents (8 Ag™"), the pores available for adsorption
became low for CDC-1 and thus reduced the capacitance. For
sample CDC-3, the pores available for adsorption still remained
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high and delivered a high capacitance equivalent to high-sur-
face-area CDC-1. Samples CDC-1, CDC-2, and CDC-3 have
almost the same pore-size distribution in the micropore
region, but the presence of long, curved, tortuous, and
branched pores in CDC-2 could impede ion movement in the
pore entrances under high current conditions, with inadequate
time for ions to access the surface of the pores, which would
cause severe ohmic drop and diffusion loss.®*®" With the large
mean pore diameters in CDC-1 and CDC-2, the distance be-
tween the pore wall and the center of the ion is greatly in-
creased, such that the ions cannot approach the pores in
a very short time and, therefore, not all of the pore surface
area is used in double-layer formation.®*®? This was evidenced
by the CV curves, which lost their rectangular shape profile
and deviated from ideality owing to low pore utilization as the
scan rate was increased.”® The screening effect is also more
predominant in large pores due to an increase in the thickness
of the double layer formed, which causes CDC-2 to exhibit an
inappropriate capacitance. Thus, carbon with a low concentra-
tion of micropores and a large mean pore diameter is not an
ideal candidate for EDLCs, whereas porous carbon with a small
mean pore diameter (<2 nm) is always preferred.
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Figure 4. a) Charge/discharge profile for the CDCs at 1 Ag™". b) Rate capability of the CDCs. c) Cyclic stability of the CDCs. d) Charge/discharge curves for

CDC-3 at different cycles.

The high specific capacitance of CDC-3 can be ascribed to
anomalous capacitance from pores smaller than 1nm.?”
Sample CDC-3 has a large number of pores in the submicro
range (< 0.5 nm), along with a narrower pore distribution and
a lower pore volume than the other samples, and solvated
Na* and ClO, ions sit perfectly in the pores in CDC-3 with no
free space around them. lonic motion is greatly diminished,
and the solvation shell of the ions attains a distorted condition
in which ions can reach the carbon surface easily and form
a double layer, which considerably increases the capaci-
tance.””?*3% The ion-storage reservoirs in the sub-micropores
provide a very short ion-diffusion path even to deep interior
pores.®™ This mechanism is lacking in CDC-2 with its large
mean pore diameter, large pore volume, and broader pore-size
distribution, which diminishes its performance and particularly
its volumetric capacitance. The results indicate that larger
pores do not play much of a role in building a double layer;
rather, extremely small pores with sizes equivalent to the ionic
size of the electrolyte greatly improve the performance. The
larger pores can function only as an ion-transport channel or
a reservoir for the electrolyte to flow into smaller pores, which
facilitates quick ionic transport into the bulk electrode, but
they do not contribute to the double layer to a great extent,
particularly at higher currents. When these large pores are well
interconnected with smaller pores in a hierarchical fashion,
they provide easy electron- and ion-transport pathways and,
therefore, capacitance can be well maintained at a higher cur-
rent. A favorable architecture with a narrow pore-size distribu-
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tion, a large concentration of micropores, and a narrow pore
volume in the micropore region, along with a hierarchical
macro-meso-micro pore arrangement, synergistically increases
the capacitance to a greater level by improving the ion trans-
port kinetics in CDC-3. The P atoms covalently bonded to the
carbon framework provide a large number of electrochemically
active sites for ionic adsorption, which enhances the capaci-
tance and favors the high-rate performance of CDC-3. More-
over, phosphorous hetero atoms can activate open-edge sites
in the carbon to be ion-adsorption sites due to charge delocal-
ization.® Furthermore, the capacitance of CDC-3 is enhanced
by its large quantity of oxygen-containing functional groups,
which provide an enormous number of highly active sites/de-
fects for ionic storage.®>

The long-term cycling stability, a crucial parameter for
EDLCs, was tested at 4 Ag™', and the results are shown in Fig-
ure 4c. The results demonstrate stability over more than
300000 cycles, which has never been reported for any system.
The typical life expectancy of 100000 cycles for EDLCs utilizing
an aqueous electrolyte has been exceeded several times by
this porous carbon/organic system even with a high potential
of 3 V. This is the highest stability ever exhibited by an EDLC
and outperforms all previously reported EDLCs. A unique fea-
ture of the study is the cyclic stability exhibited by CDC-3,
which has poorer textural properties than the other samples.
Although the specific capacitance of CDC-3 is slightly lower
than CDC-1, CDC-3 retained 80% of its initial capacitance and
delivered 91 Fg ™' after 300000 cycles, whereas CDC-1 delivered
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only 77 Fg™' with a 61% capacitance retention. The capaci-
tance loss in CDC-3 was calculated to be approximately
0.066% per 1000cycles, whereas the capacitance losses for
CDC-1 and CDC-2 were about 0.126 and 0.206 %, respectively
(Figure 4d). This is a remarkable performance compared with
the average capacitance loss of around 0.5% per 1000 cycles
reported for other systems (Table $1).*'>'® This extraordinary
stability was achieved over a wide working-potential window
(0-3V), whereas many EDLCs require a restricted working
window even with ionic liquids (0-2.5V or 0-2.7 V). This new
result demonstrates that the performance of an EDLC should
not be estimated only from its textural properties and an initial
few thousand cycles. Although CDC-2 delivered poor capaci-
tance, it showed reasonable stability by retaining approximate-
ly 80% of its initial capacitance after 75000 cycles, although
the test for CDC-2 was terminated at this point because it was
not able to deliver sufficient capacitance.

The internal resistance of the cells was analyzed by using
electrochemical impedance spectroscopy (EIS), both before
and after cycling, and the results are presented in Figure 5a.
All cells exhibited a typical semicircle at the medium-to-high
frequency region, and an almost vertical line in the low-fre-
quency region. The former is associated with charge transfer
resistance while the latter indicates a pure capacitive behav-
ior.™ Although initially the internal resistances were highly
similar, the internal resistances after cycling demonstrated
much more variability.*" A large deviation from ideal behavior
was noted for CDC-1 and CDC-2, attributed to high resistance
during charge transfer and ionic diffusion of ions into the bulk
of the electrode. This is in contrast to the negligible change in
resistance exhibited by CDC-3 even after prolonged cycling
(300000 cycles), which demonstrated that the adsorption pro-
cess was still active even inside the deeper pores and that the
carbon still retained its intrinsic electronic conductivity after
prolonged cycling.*”*® The sub-micropores in CDC-3 func-
tioned as ion reservoirs and ensured rich ion adsorption sites
for a longer time.®’ The extraordinary stability behavior of
CDC-3 can be mainly attributed to, and is dominated by, the
electrochemically stable nature of the oxygen-containing func-
tional groups, aided by the synergistic effect of phosphorous
heteroatoms incorporated in the carbon framework."® A favor-
able sub-micro-micro-mesopore distribution coupled by well-
connected pores, along with the strong carbon framework in
CDC-3, could preserve its structure even under harsh electro-
chemical testing conditions, which helped to retain its porous
nature. The very high C/O ratio in CDC-2, owing to a low per-
centage of functional groups, was highly disadvantageous be-
cause it reduced the adsorption rate of ions, whereas the low
C/O ratio and heteroatom in CDC-3 enhanced the adsorption
rate and the longevity of the adsorption was well maintained.
The poor cyclability of CDC-2 could be attributed to a corrosive
effect from the functional groups present.”" It is known that
functional groups can aid in wetting of the carbon and, there-
fore, the large number of functional groups in the pores of
CDC-3 brings in a larger volume of electrolyte compared with
CDC-1 and CDC-2, and additionally retains it for a longer
time."%7%73 The strategy of in situ doping of phosphorous het-
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Figure 5. a) Nyquist plots for the CDCs between 200 kHz and 100 mHz
before and after cycling. b) Ragone plot for the CDCs.

eroatoms during activation greatly enhanced the stability.
Moreover, it plays a crucial role in reducing the surface resistiv-
ity by increasing ionic conduction on the surface and by reduc-
ing the ion-transport distance, which can be observed from
the EIS curves, which aid the efficient performance of the EDLC
for a longer time under high-power conditions.”*”* The vari-
ous performance features of all porous CDCs are shown in
Table 3. This clearly shows that CDC-3 obtained from cinnamon
sticks using an H;PO, activating agent would be an excellent
candidate for next-generation high-performance EDLCs with
ultrahigh stability in a nonaqueous electrolyte.

The Ragone plot in Figure 5b can be used to estimate the
practical applicability of the samples. Samples CDC-1, CDC-2,
and CDC-3 delivered energy densities of approximately 70, 66,
and 68 Whkg™', respectively, which are some of the highest
values reported for an EDLC based on an inexpensive organic
electrolyte. Samples CDC-1 and CDC-3 retained a gravimetric
energy density of around 28 and 27 Whkg™', respectively, at
a specific power density of 6 kWkg™', which showed that this
new EDLC is superior to batteries in terms of power density
and far superior to hybrid capacitors in terms of energy reten-
tion at high power and cyclability. Although CDC-1 exhibits
a slightly higher specific energy density than CDC-3, the higher
energy-retention ability of CDC-3 makes it superior to the
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Table 3. Performance comparison of various CDCs.

Sample Specific capacitance [Fg~'] Energy density [Whkg™'] Power density [kWkg™'] Stability [%] Energy loss per R [Q]
(current rate [Ag™']) (power density [Wkg™'])  (energy density [Whkg™']) (No. cycles) 1000 cycles [%] before cycling after cycling
CDC-1 225 (0.5) 70 (375) 6 (28) 62 (300000) 0.126 23.6 423
90 (8)
CDC-2  212(0.5) 66 (375) 3(22) 70 (100000) 0.3 26.5 92.35
70 (4)
CDC-3 217 (0.5) 68 (375) 6 (27) 80 (300000) 0.0666 26.6 31.47
86 (8)

other samples. With its extraordinary stability, a high specific
energy density was retained by CDC-3 even after
300000 cycles, which far exceeds the performance of every
energy-storage system reported to date to the best of our
knowledge. Furthermore, low-surface-area CDC-3 can achieve
a higher volumetric energy density than high-surface-area
CDC-1 and CDC-2. Based on this performance, CDC-3 can satis-
fy the requirements for hybrid electric vehicle applications and
demonstrates to be a high-performance, inexpensive candidate
for future energy-storage applications. The performance dem-
onstrated by this new system is compared with other EDLCs,
pseudocapacitors, and hybrid capacitor systems in Table S1.
Moreover, its stability is superior to all other systems by several
orders of magnitude, which thus makes it a suitable candidate
for future energy-storage devices. These results are remarkable
and outperform all previously reported EDLCs, hybrid capaci-
tors, and even conventional lead-acid batteries, and steadily
approaches the performance of present lithium-ion-based sys-
tems.677)

Conclusions

The pores of biomass-derived carbon have been explored to
develop a new high-energy supercapacitor system that ach-
ieved a remarkable stability of over 300000cycles with ex-
tremely low capacitance degradation (0.066% per 1000 cycles)
and a high power density (6 kWkg™') and a high energy densi-
ty of about 70 Whkg™". The cyclability of the system at high
power surpassed all other systems reported to date, with
a power density that can compete with modern lithium-based
energy-storage systems and hybrid capacitors. Our results
pave a new route for the design of carbon materials by over-
coming traditional considerations of the dependence of elec-
tric double layer capacitor (EDLC) performance on carbon tex-
tural properties. Furthermore, the geometry and microstructure
of the carbon, along with its surface functionalities, strongly in-
fluenced capacitor performance. Our new results emphasize
the necessity for long-term stability studies of carbon electro-
des to evaluate their real performance.

Experimental Section

Cinnamon sticks purchased from a local food market were used in
this study. The cinnamon sticks were thoroughly washed with
water to remove surface impurities and dried at 120°C for 48 h.
The clean cinnamon sticks were precarbonized at 300°C for 2 h in
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air and then chemically activated with pore-forming agents,
namely, KOH, ZnCl,, and H;PO,, at 750°C for 1.5 h under an argon
atmosphere. The weight ratio of the carbon precursor to the pore-
forming agent was fixed at 1:5 for all samples. The resulting prod-
ucts were washed sequentially with 0.1 m HCl, water, and ethanol
to neutralize them to pH 7, then dried under vacuum at 120°C for
24 h. The pyrolyzed carbon sample without any activation is denot-
ed as CDC-0. The porous carbons obtained by using KOH, ZnCl,,
and H;PO, activation agents are denoted as CDC-1, CDC-2, and
CDC-3, respectively.

Characterization
Physical characterization

X-ray diffraction (XRD) patterns for the CDCs were recorded by
using a Rigaku Rint 1000 diffractometer (Japan) with Cuy, as a radi-
ation source. Raman spectra for the CDCs were obtained by using
a Raman dispersive spectrometer (Lab Ram HR 800 Horiba, Japan).
The Brunauer-Emmett-Teller (BET) surface areas of the CDCs were
calculated from nitrogen adsorption/desorption isotherm measure-
ments, which were performed by using a Micromeritics ASAP 2010
analyzer. The morphological features of the CDCs were recorded
by using field-emission scanning electron microscopy (FE-SEM;
S4700, Hitachi, Japan) and transmission electron microscopy (TEM;
TecnaiF20, Philips, Holland).

Electrochemical characterization

Electrodes were prepared by using Ketjen black (KB) and Teflonized
acetylene black (TAB) as the conductive carbon and the binder, re-
spectively. The ratio of active material to KB and TAB was main-
tained at 80:10:10. The resultant slurry was pasted over a stainless-
steel mesh (200 m” area) and dried at 160°C for 4 h before use,
and all of the electrochemical measurements were performed in
a standard CR2032 coin cell with a mass loading of ~2.5-
3.5 mgcm % Two symmetrical AC electrodes were separated using
a porous polypropylene (Celgard 3401, USA) separator and filled
with NaClO, in EC/DMC (1:1 v/v). Cyclic voltammetry (CV) and elec-
trochemical impedance spectroscopy (EIS) studies were carried out
by using a Bio-Logic (SP-150, France) electrochemical workstation.
Galvanostatic studies were performed between 0-3V at different
current densities by using a Won-A-Tech WBCS 3000 (Korea) cycle
tester. The specific capacitance calculation was based on the for-
mula C,;=2(Ixt)/(Vxm), in which I is the current [A], t is the dis-
charge time [s], V is the operating voltage [V], and m is the mass
of CDC in each electrode [g].
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