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In this study highly pure carbons synthesized using resorcinol furaldehyde catalyzed with hexamethy-
lenetetramine (an amine base) are tested for supercapacitor electrodes. This synthesis is not only from
all-organic renewable sources, but can also significantly increase the performance of the device by
promoting adequate electric double layer formation. The electrochemical characterization shows an
increase in the specific capacitance per unit of surface area that is 18% higher than that of commercial
biomass carbons and their synthetic counterparts. The life of the capacitor is also extended to twice that
of the commercial brand tested here and has increased power after cycling. The supercapacitors made
from this synthesis have electric double layer characteristics as desired in some applications. The samples
have been tested for composition using XPS, and their electrochemical performance was analyzed using

galvanostatic measurements and complex capacitance and power derived from impedance spectroscopy.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Energy storage is receiving more attention as the focus shifts
away from fossil fuels and towards renewable energy generation.
Because of the intermittent nature of wind, solar, and other
renewable energy resources, devices such as batteries and super-
capacitors play a role in making these new technologies viable.
Energy can be collected and stored during peak generation times,
then recovered in order to meet demand during off-peak hours [1].
Ideally, an energy storage device used for this sort of application
would be able to withstand intensive cycling so that it only needs to
be replaced periodically.

Carbon electric double layer supercapacitors (EDLSC) are the
only currently commercialized supercapacitors that have cyclic
stabilities exceeding millions of cycles. In contrast, pseudocapaci-
tors, like batteries, are still within the 100,000 cycle range [2].
Currently, EDLSC have benefited from a wide variety of precursors
taken from renewable resources, including both biomass and its
derivatives. Because biomass naturally contains ash, the tendency
in recent studies has been to promote faradaic reactions from the
ash as a means to utilize these impurities [3,4]. Although the
faradaic reactions are useful in aqueous electrolyte systems, their
effect on the organic electrolytes used for EDLSC can be detrimental
in some cases [5,6].

* Corresponding author. Tel.: +1 206 6169084; fax: +1 206 5433100.
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Organic electrolytes have several advantages over aqueous
electrolytes. They can be used at high voltages exceeding 2 V, they
have long cyclic stability, and they are resistant to high tempera-
ture. This is possible because EDLSC rely on an electrostatic
mechanism, the formation of the electrical double layer, to store
charge and deliver power. Unfortunately, organic electrolytes can
be susceptible to faradaic reactions that can reduce the perfor-
mance of the device, as will be shown in this study. Examples of
detrimental effects are the self-discharge of the capacitor due to
iron impurities and oxidation of the electrolyte during char-
ge—discharge cycles [5]. Therefore, to promote the formation of an
optimal electric double layer, impurities must be eliminated.

However, biomass can also be the source of highly pure carbon
precursors with the high surface area needed to promote and
maintain electric double layer formation. In addition, the use of fine
renewable precursors from biomass can potentially reduce the
amount of harmful chemicals used during synthesis, and simplify
the post processing. To understand the role of biomass and its
derivatives in the production of EDLSC, some knowledge about the
synthesis of the electrodes is necessary.

Carbon electrodes for supercapacitors are produced using
various processing techniques, starting with an available organic
source like wood or a derivative such as phenolic resins. This source
is dried, pyrolyzed, and then activated to increase the surface area
and open the pore structure. Woody biomass, and other plant
matter like seaweed, nuts, etc., is usually pyrolyzed in an inert
atmosphere to carbonize the material. However, post treatments to
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Fig. 1. XPS spectra of sample catalyzed using HMTA (A), commercial sample YP17 from coconut shells (B), and sample catalyzed using NaOH (C).

reduce the ash content are necessary when high purity is required.
Additionally, CO,, ZnCl, KOH salts, and HCl are commonly used to
activate the carbon [3,4,7]. Although no intensive processing is
required to obtain the raw material, post processing is required to
remove the salts, which is then followed by various subsequent
drying steps. Even so, substantial amounts of impurities can be left
in the final product. Additionally, because biomass is a natural
product, there is limited control over the pore structure and
chemical composition of the final product.

On the other hand, synthetic phenolic carbons, such as aerogels
and cryogels, have advantages over biomass in that the pore size
distribution can be tuned to a specific electrolyte ion, and chemical
composition can be controlled. These phenolic carbons, which are
synthesized using aqueous solutions and metal ion catalysts,
provide the opportunity to tune the pore structure. However, they
require repeated solvent exchanges to both neutralize the catalyst
and reduce the capillary forces that occur during specialized drying
processes (like freeze drying and supercritical drying) in order to

preserve the pore structure. Pyrolysis in N and activation in CO»,
air, or steam are common procedures to increase the surface area.
The post processing described here can be costly and unfortunately
leave metal ion impurities that can later reduce the performance of
the capacitor.

High purity carbons can be produced using precursors from all
organic renewable sources like phenols, aldehydes, amines,
starches, and sugars [8—11]. Due to the demand to decrease
petroleum usage, there is an increased interest in producing fine

Table 1
Compositional data from XPS.

Sample ID C (0] Na Si
Atomic %

HMTA 98.2 1.8 — -

YP17 92.1 7.8 — —

NaOH 771 16.7 2.0 4.2
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Fig. 2. Nitrogen physisorption isotherms for carbons prepared using HMTA (A), coconut shells (B), and NaOH (C).

chemicals with all-renewable synthesis [11,12], and among these
chemicals are phenolic resins [12] such as resorcinol furaldehyde
resins (RFF). Resorcinol and furaldehyde are synthesized from
renewable plant sources like Brazil wood and sugarcane bagasse
[13,14]. In addition, the catalyst used in this study, hexamethy-
lenetetramine or HMTA, can be synthesized from formaldehyde
and ammonia, which are also by-products of biomass.

These RFF gels catalyzed using hexametylenetetramine (HMTA)
have been used for hydrogen storage [8]. More recently, our group
studied the chemical composition of RFF gels catalyzed with HMTA,
with pore structure optimization for supercapacitors and energy
storage applications [9]. The findings reveal that HMTA not only
tunes the pore size as a catalyst but also modifies the porosity by
adding functional groups such as iminos to the colloidal structure.
This RFF synthesis has the advantage that it can produce carbons
with little or no metal ion impurities, which are otherwise
responsible for the pseudocapacitive behavior that shortens the
device life. The RFF synthesis also has advantages over other
methods, such as the elimination of solvent exchange steps. This is
due to the structural changes produced by the amine catalyst,
which create high surface area carbons that can be air dried by the
addition of the aforementioned functional groups [8,9]. Although
refinement of the RFF precursors might have the energy and cost
expenditure of producing such chemicals as a downside, the
benefits must be measured against improvements in the perfor-
mance of the resulting product. Note that evaluations of this nature
are best addressed by a life cycle assessment [15] and are not
relevant to this publication.

In this manuscript, resorcinol furaldehyde carbon cryogel elec-
trodes are synthesized and tested against two other supercapacitor
sources: metal ion catalyzed carbon cryogels and a commercial
sample prepared using coconut shells (referred to as YP17). Their
performance and chemical and electrochemical properties are
characterized, and impedance spectroscopy is used to closely
examine the complex energy and power losses.

2. Experimental
2.1. Synthesis and carbon electrodes

Samples were prepared using a process similar to that reported by
Wau et al. [7], with resorcinol and furaldehyde as the precursors and
either NaOH or HMTA as the catalyst. However, the polycondensation
reaction took place in solvent mixtures. The furaldehyde to resorcinol

(FR) molar ratio was set to 2.5 and the resorcinol to HMTA (RH) or
NaOH molar ratio was 50. The resorcinol, furaldehyde, and HMTA
were purchased from Sigma Aldrich. The samples were gelled for 7
days then freeze dried under vacuum at —50 °C in a Labconco Free-
Zone 1 L Freeze dryer. Pyrolysis was performed under N; at a ramp
rate of 5 °C/min to a maximum temperature of 900 °C, where it was
held for 180 min. Activation was performed in dried air at a ramp rate
of 5 °C/min to a temperature of 420 °C, held for 240 min at this
temperature, then re-pyrolyzed at the same ramp rate in Ny for
180 min at 900 °C to remove any additional functional groups from
the carbon. Thermogravimetric analysis was used to determine the
activation level of the HMTA catalyzed samples.

2.2. Surface area and compositional analysis

The nitrogen sorption was performed using a Quantachrome
NOVA 4200e. The total surface area (SA) was determined using the
multipoint Brunauer Emmett Teller (BET) method. The Dubinin-
Astakhov (DA) method was used to determine the micropore size
distribution, a limiting factor in the electrolyte penetration.

All XPS spectra were taken on a Surface Science Instru-
ments S-probe spectrometer. This instrument has a monochroma-
tized Al X-ray source and a low energy electron flood gun for
charge neutralization. X-ray spot size for these acquisitions was
800 x 800 pum. All samples were run as insulators meaning that
charge neutralization was used. Pressure in the analytical chamber
during spectral acquisition was about 5 x 10~° Torr. Pass energy for
survey spectra (composition) was 150 eV. Data analysis was carried
out using the Service Physics ESCA 2000 A analysis program (Service
Physics, Bend OR). The take-off angle (the angle between the sample
normal and the input axis of the energy analyzer) was 55° (55° take-
off angle = 50 - 70A sampling depth). To overcome the short
penetration of the XPS signal, three measurements from various
parts of the carbon materials, including fractured surfaces from
inside the sample to represent the bulk composition, were acquired
for each sample. The XPS atomic percentage was calculated using
the area under each peak after the background was subtracted.

Table 2

BET data and specific capacitance measured at 1 mA.
Sample ID S_BET D _DA Cg C_g 10K C_BET C_BET 10K
HMTA 1063 1.48 93.9 84.9 0.081 0.071
YP17 1334 1.58 89.5 92.6 0.067 0.069
NaOH 589 1.52 30.1 22.6 0.051 0.038
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Fig. 3. Series of galvanic cycles measured at 1 mA for HMTA carbon (A), coconut-based sample YP17 (B), and carbon cryogel made with NaOH (C). The HMTA carbon in A has the
characteristic straight slope of a double layer capacitor in both the charge and discharge cycles. B and C show non-linear behavior characteristic of faradaic reactions. The gray curve

is the initial cycles and the black is after 10K cycles.

A linear baseline subtraction was used under each peak. The
percentage was calculated using Eq. (1).

__Area of the peak

Atomic’% = Sum of all peaks x

(1)

2.3. Electrochemical analysis

The electrodes were prepared by grinding monoliths into a fine
powder then mixing with 3 wt% of polytetrafluoroethylene (PTFE).
The resulting electrodes had a thickness of 0.08 mm and a diameter
of 10 mm. To test the electrodes, a 2-electrode test cell was used
with one of the carbon electrodes as the counter and reference
electrode. A Celgard® porous film separated the electrodes, and to
reduce the interfacial effect, specially coated aluminum contacts
were used. The electrochemical test cell was assembled and sealed
under an argon rich environment (ca. 70% Ar according to glove
box manufacturer PlasLabs). To increase the penetration of the
electrolyte into the pores the samples were wetted under
a —0.1 MPa vacuum (process repeated three times). Tetraethy-
lammonium tetrafluoroborate (TEATFB) in saturated 50/50
propylene carbonate/dimethylcarbonate was used as the electro-
lyte. The equations used to convert the electrochemical data are
described elsewhere [16]. The specific quantities in terms of the BET
surface area were calculated based on the specific gravimetric
capacitance [17]. The specific capacitance based on the BET surface
area, Cggr, was calculated using Eq. (2).

Ce(F/8)

Cger = Shger (m2/8) (2)

where Cg is the gravimetric capacitance of a single electrode (F/g)
and SAggr is the gravimetric specific surface area of the electrode
(m?/g).

The electrochemical measurements, galvanic cycles (GC), and
electrochemical impedance spectroscopy were performed with
a Solartron 1287A using a voltage range between 0 and 2 V. The GC

YP17
YP17 10K
NaQH
NaOH 10K
HMTA
HMTA 10K

mo

10 15 20
1/Vu(\/s/V)

was measured at 0.5, 1, 5, 10, 50 and 100 mA. Electrochemical
impedance spectroscopy was done using the Solartron 1287A in
conjunction with a Solartron 1260 FRA/impedance analyzer; the
samples were cycled and pretreated at +2 V prior to measure-
ments. An AC voltage amplitude of 10 mV and a frequency range of
0.1 MHz—1 mHz was used for the scan. After the impedance anal-
ysis, the samples were cycled at a current of 40 mA for 10,000 cycles
to test the endurance of the capacitors. The GC’s and the impedance
analysis were repeated after the cycles concluded.

3. Results and discussion
3.1. Chemical composition structure and performance

The XPS spectra in Fig. 1 show the differences between the
carbon electrodes catalyzed using hexamine (HMTA), and those
using coconut shells (YP17), and catalyzed using NaOH. As seen in
Fig. 1 A, the main impurity in the hexamine catalyzed sample was
oxygen, with a binding energy of ca. 533 eV. On the other hand, the
coconut and NaOH catalyzed samples had much higher concen-
trations of oxygen, between 8 and 17%, with the oxygen’s binding
energy ca. 531eV. The percent of impurities measured by XPS is
summarized in Table 1.

Since the three carbon samples came from different sources, it
was expected for the microstructures to differ as seen in Fig. 2. The
BET data, summarized in Table 2, show only the total BET surface
area and the micropore diameter since these values are the ones to
affect the capacitance of the device. The surface area increases the
charge storage and the pore size limits the power losses and the
capacitor relaxation [16]. However the BET surface area can be used
as a normalization factor to both evaluate the capacitance and
losses of the device and the impact of the impurities as faradaic
reactions [17]. Note that the micropore diameter in Table 2 is
comparable for all the samples and close to the mesopore limit of
2 nm. Therefore the capacitor’s pore size should not limit the
penetration of the electrolyte [16]. In Table 2, the gravimetric
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Fig. 5. ESR (A) and low frequency impedance data (B). The faradaic reactions from YP17 can be seen in the sample prior to cycling in the low frequency data. After cycling, the
capacitor behaves more like a double layer capacitor. The HMTA sample does not have this faradaic effect and the resistance is greatly reduced after cycling.

capacitance of the supercapacitors measured at 1 mA and the
capacitance per BET surface area were compared before and after
cycling. Note that although the HMTA catalyzed electrodes and the
commercial coconut shell carbons had similar capacitances, the
capacitance normalized using the BET surface area decreased with
the addition of impurities, in this case oxygen. In the samples used,
the capacitance per BET surface area decreased from 0.08 in the
HMTA case to 0.03 F/m? in the NaOH case. Although these types of
measurements are widely used to evaluate supercapacitors, the
rate of charge and discharge and a more in-depth frequency
dependence study can provide mechanisms for how these impu-
rities affect the device.

3.2. Cycle stability

Faradaic reactions affected the charge—discharge rate when
impurities were present in the capacitor [4,5]. In Fig. 3A, the
galvanic cycles at 1 mA for the HMTA electrodes was almost
perfectly linear, expected of an electric double layer capacitor. This
linear behavior remained even after 10,000 cycles. The rate of
charge is 9 mV/s at the beginning and ca. 7.5 at the end of 10,000
cycles. In Fig. 3B and C, the faradaic reactions were evident from the
non-linear charge and discharge cycles. In Fig. 3B, at the beginning
YP17 had an asymmetric charge—discharge cycle with voltage rate
v =4 and —6 mV/s, respectively. The linear discharge of YP17 can be
attributed to a charge selective faradaic reaction, in this case from
the oxygen containing functional groups in the YP17 carbon under
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the chosen voltage range. The faradaic component in YP17
decreased after the 10K cycles, behaving like an EDL capacitor. The
charge and discharge became symmetric (] = 5 and —5 mV/s,
respectively). However in Fig. 3C, showing the sample produced
under laboratory conditions using NaOH, both charge and discharge
cycles presented aspects characteristic of faradaic reactions that
diminished after the 10K cycles. But contrary to the YP17 sample,
the charge—discharge curves are symmetric like those seen in
a reversible process (v = 14 and —14 mV/s). The reversible process
was likely due to the Na+ and OH- ions from the sodium hydroxide
left in the carbon. The galvanic cycles demonstrate that the three
samples have very distinct attributes regarding the formation of the
electric double layer and the presence of pseudocapacitance.

Fig. 4A shows the capacitance as a function of 1/,/v. The pene-
tration of the electrolyte molecules at lower voltage rate (high 1//7)
was affected by the 10K cycling at 40 mA. Moreover, while not highly
notable in the gravimetric capacitance (see Table 2), the specific
capacitance per unit surface area shows a reduction of the charge
storage from the HMTA electrodes to the YP17 and NaOH ones. The
HMTA sample has a maximum capacitance of ca. 0.08 F/m? and even
after cycling, the capacitance stayed slightly above that of the
commercial sample YP17. The HMTA and NaOH samples show
a marked decrease after the 10,000 cycles not seen in YP17. This
absence in the reduction can be attributed to the oxygen induced
pseudocapacitive reaction occurring in YP17 that initially reduced
the discharge capacitance and later restored it once the reaction was
no longer present. In the case of the HMTA and NaOH catalyzed

B20
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Fig. 6. Low frequency energy losses from the complex capacitance (A) and high frequency energy loss from the phase angle (B).
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samples, the charge decreased after cycling, likely from their
reversible nature. For the HMTA sample, the reduction in capacitance
can be attributed to various aging mechanisms [5] common in EDLSC.
During cycling at 40 mA, the capacitance loss can be seen in
Fig. 4B. The HMTA and YP17 samples have only a 10% loss of the
capacitance during the first 10 K cycles, while a loss of 20% is seen in
the NaOH sample. However, if the rate of capacitance loss is calcu-
lated, the HMTA sample has a cycle life that doubles that of YP17 and
NaOH (based on the slope of the capacitance loss of HMTA, YP17, and
NaOH. See Fig. 4B). Note that these capacitors are not prepared
under ideal conditions: a 100% inert atmosphere is required to
extend the life of the electrolyte at the high voltages used. However,
the HMTA carbon has a performance that can exceed that of the
commercial carbons without the aid of faradaic reactions.

3.3. Interpretation using EIS

The galvanostatic measurements do not provide discrete infor-
mation on the role some of the faradaic reactions have on the
supercapacitor as a device. Supercapacitors are energy and power
devices [2]; energy and power can be from that delivered or stored
by the device or that lost due to an irreversible process [16]. To best
describe their performance, impedance spectroscopy allows for the
separation of these processes in the device.

The impedance spectra of the supercapacitors show how the
pure carbon HMTA compares to the commercial sample YP17. The
NaOH sample was not included since not much variation was
observed from this plot. At the high frequency range of the spectra,
the HMTA sample had a large equivalent series resistance (ESR) prior
to the repetitive cycling. This resistance was over 6 times greater
than that of the YP17 sample. However after 10 K cycles, the resis-
tances of both samples YP17 and HMTA are almost indistinguish-
able. The reduction of the ESR in HMTA was enhanced by increased
penetration of the electrolyte ions within the porous network.
However, the YP17 increased its ESR. This increase can be attributed
to the consumption of the oxygen faradaic contribution that origi-
nally decreased its ESR. The faradaic reaction developed in the low
frequency impedance spectra shown in Fig. 5 B. While the HMTA
sample has a linear, almost perpendicular, spectra characteristic of
electric double layer supercapacitors before and after cycling
(squares in Fig. 5B), the YP17 sample forms an arch (open circles in
Fig. 5B) indicative of faradaic reactions. After repeated cycling this
faradaic component disappears (closed circles in Fig. 5B).

The energy losses attributed to the impedance spectra can be
seen while using the complex capacitance and the phase angle See
Fig. 6A and B. At low frequencies of the spectra Fig. 6A, the relax-
ation of the capacitor is also affected by the presence of the
impurities. The YP17 sample seems to have little change in its
relaxation time t and capacitance likely due to the charges
produced by the oxygen impurities. After cycling, the HMTA sample

and the NaOH sample have a gain in the relaxation time or have
faster relaxations compared to the YP17 sample. This is also true of
the losses produced by the interfacial effect at the high frequency
range, Fig. 6B. On the other hand, cycling of the YP17 capacitor
increased such losses.

The complex capacitance and complex power were used to
separate the role of the energy and power produced by the capac-
itor. The complex power Q (w) can be expressed in term of the real
capacitance as shown in the equation Q(w) = —wC’(®)|AVyms|. The
relation provides a plot similar to a Ragone plot. In Fig. 7, the real
capacitance C'(w), proportional to the total energy of the capacitor,
is plotted against the reactive power Q(w). Fig. 7A shows that the
HMTA sample’s capacitance is nearly unchanged, but due to the
electrolyte’s penetration, the reactive power is highly increased
after 10 K cycles (dark squares). This is particularly important in
applications where high power and energy are required. Although
the commercial sample YP17 has good performance like HMTA, it
has aloss in the reactive power as seen in Fig. 7B. This is likely due to
the expenditure of the oxygen through faradaic reactions. In Fig. 7C,
the NaOH sample retained a high power, however it came at a loss
of the specific capacitance and energy. The reactive power, dis-
charged by the capacitor, can be greatly improved by using pure
carbons such as the HMTA catalyzed resin.

4. Conclusion

High purity carbons can be synthesized from renewable sources to
produce electrodes for supercapacitors and other energy storage
applications. The resorcinol-furfural cryogels catalyzed using hex-
ametylenetetramine are not only good precursors for high surface
area carbons with tunable structure, but also their purity can maxi-
mize the performance of supercapacitors like those that use organic
electrolytes requiring carbon’s inert properties. The results demon-
strate that the capacitance per surface area can be increased 18% over
that of the commercial sample (ca. 0.08 F/m?) without the use of
faradaic reactions. The lifetime of the device was also greatly
improved with a cycle life twice that of the commercial sample.
Another important aspect was the increase of the reactive power with
cycling of the device due to increased penetration of the electrolyte.

Although the search for low-cost precursors has driven the use
of these readily available biomass sources, there is also a need to
provide high quality carbons for high performance applications.
The resorcinol furaldehyde system described here can offer solu-
tions to provide an all-renewable synthesis, which allows excellent
performance by promoting double layer formation.
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