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ybridization of a TEMPO derivative
with activated carbon for high-energy-density
aqueous electrochemical capacitor electrodes†

Hiroyuki Itoi, *a Hideyuki Hasegawa,a Hiroyuki Iwatab and Yoshimi Ohzawaa

Organic compounds have great potential as electrode materials with high energy and power densities,

together with long cycle lifetimes. These properties can be achieved by employing redox-active organic

compounds and porous carbon substrates via well-suited hybridization methods. In this study, a 2,2,6,6-

tetramethylpiperidine-N-oxyl (TEMPO) derivative, 4-hydroxy-TEMPO benzoate (HTB), was used as an

electrode material for aqueous electrochemical capacitors due to its high redox potential characteristics

to achieve high energy densities. The hybridization of HTB and activated carbon (AC) was accomplished

simply by adsorbing HTB in AC via a solvent-free preparation. This procedure takes only one hour and

enables achieving precise AC/HTB weight ratios, eliminating the excess use of HTB or the use of organic

solvents. Of note in this method is that it is not necessary to introduce HTB molecules in polymer chains

to prevent dissolution of HTB in an aqueous electrolyte with the aid of a hydrophobic group in HTB. HTB

molecules are finely dispersed inside the AC pores and therefore present a huge contact area with

a conductive carbon surface, allowing for fast redox reactions (i.e., high power densities) in aqueous 1 M

H2SO4 despite HTB displaying poor electrical conductivity by itself. As a result, the obtained AC/HTB

materials enable compatibility of high energy and power densities.
Introduction

Organic compounds are widely employed as drugs, antibiotics,
ne chemicals, agricultural chemicals, antiprotozoals, and in
many other elds. Such chemicals are mainly composed of light
elements and can thus be decomposed in a relatively facile
manner even in Nature. Metals have also delivered signicant
benets to our society due to their numerous characteristics,
such as redox, conductive, semiconducting, radio-active, cata-
lytic, and magnetic, together with their high melting point and
rigid nature. The development of a variety of research areas has
been drastically promoted by the diverse characteristics of
metals. However, metallic elements are oen toxic and thus an
environmental burden. Moreover, many of them do not exist
abundantly in Nature. Therefore, from environmental and cost
perspectives, it is necessary to replace such preciousmetals with
organic species. For this purpose, many organic compounds
have been investigated as materials for semiconductors,1,2

batteries,3,4 catalysts,5,6 magnets,7 and many other applications.
nstitute of Technology, Yachigusa 1247,
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tion (ESI) available. See DOI:

, 558–565
However, the high structural complexity of such organic
compounds makes their use no longer practical in many cases.

In contrast to the development of such complex organic
compounds, the development of hybridization methods of
simple organic compounds with suitable substrates may afford
materials with properties superior to those of complex organic
compounds.8 We have recently reported a hybridization method
of redox-active organic compounds with porous carbon
substrates for metal-free electrochemical capacitor electrodes
through a solvent-free process.9 In this method, redox-active
organic compounds are nely dispersed in the pores of
porous carbon materials, and therefore, the contact area
between the organic compounds and the conductive carbon
surface is maximized. As a result, charge transfer between the
carbon surface and the organic compounds, which typically
exhibit poor electrical conductivity and cannot be used as
electrodes by themselves, is signicantly enhanced, thereby
affording electrochemical capacitor electrodes with high power
densities. Accordingly, the nely dispersed organic compounds
exhibit improved properties compared to those in the bulk
state.

Here, we demonstrate the hybridization of a 2,2,6,6-tetra-
methylpiperidine-N-oxyl (TEMPO) derivative, 4-hydroxy-TEMPO
benzoate (HTB), and commercial activated carbon (AC) for
aqueous electrochemical capacitor electrodes with high power
and energy densities. TEMPO derivatives have indeed been
previously studied as electrodematerials due to their high redox
This journal is © The Royal Society of Chemistry 2018
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potential characteristics10 and subsequent high energy densi-
ties, although they need to be introduced in polymer chains to
prevent them from dissolution by the electrolyte.11,12 However,
the resulting polymers display poor electrical conductivity3 and,
therefore, achieving fast charging and discharging (i.e., high
power densities) remains a challenge. In this study, HTB was
nely dispersed inside the AC pores by simply adsorbing HTB in
AC through a solvent-free preparation. Such hybridization was
accomplished in a single step in 1 h with no organic solvents or
purication of the electrode materials. The TEMPO derivative
was completely adsorbed in AC at accurate weight ratios,
eliminating any wastage of materials. As a result, the contact
area between the HTB molecules and the conductive carbon
surface was maximized, allowing for fast redox reactions at the
interface despite HTB exhibiting poor electrical conductivity by
itself. In addition, owing to the strong adsorption capability of
AC and the hydrophobic group in the HTB structure, dissolu-
tion of HTB molecules in the aqueous electrolyte (1 M H2SO4)
was prevented. Furthermore, HTB displays a relatively high
redox potential (ca. 1.0 V vs. standard hydrogen electrode (SHE))
within the potential window of aqueous electrolytes, and
inclusion of the high-energy-density material inside the AC
pores was not accompanied by a volumetric expansion. Thus,
the prepared composite materials afford electrochemical
capacitor electrodes combining high volumetric energy density
with high power density. The enhancement in the volumetric
energy density is more advantageous for practical application in
energy storage devices than improvements in the gravimetric
energy density. This methodology paves the way for the appli-
cation of versatile organic compounds in high-performance
electrode materials with high volumetric energy and power
density characteristics.
Experimental
Sample preparation

Commercial AC, MSC30 (Kansai Coke and Chemicals Co., Ltd.),
and HTB were used as received. The adsorption of HTB in AC
was performed in the gas phase. The preparation of the AC/HTB
samples was conducted under N2 atmosphere. AC was dried at
150 �C for 6 h under vacuum to remove any adsorbed water and
then weighed. The amount of HTB was accurately weighed
using a microbalance (XPR2, METTLER TOLEDO) to achieve
precise AC/HTB weight ratios of 80 : 20, 70 : 30, 60 : 40, and
50 : 50. The dried AC and the TEMPO derivative were thor-
oughly mixed together and introduced in a glass ampule, which
was then sealed under reduced pressure. The ampule was kept
in an incubator at 130 �C for 1 h. The resulting samples were
denoted as AC/HTB (X%), where X indicates the weight percent
of HTB in the sample.
Sample analysis

Transmission electron microscopy (TEM) and energy dispersive
X-ray spectroscopy (EDS) analyses were performed on a JEM-
2100Plus (JEOL) equipped with a Noran System 7 EDS system
integrated with a scanning device comprising bright-eld (BF)
This journal is © The Royal Society of Chemistry 2018
and annular dark-eld (ADF) detectors. The accelerating voltage
for TEM imaging was 200 kV. Nitrogen adsorption–desorption
isotherms were obtained on a Micrometrics ASAP 2020 appa-
ratus at�196 �C. For the removal of the adsorbed water, AC was
dried at 150 �C for 6 h under vacuum. On the other hand, the
AC/HTB samples could not be heated under vacuum because
HTB would desorb under such conditions. Thus, the AC/HTB
samples were treated under N2 atmosphere before measure-
ment. The Brunauer–Emmett–Teller (BET) specic surface area
was calculated from the adsorption isotherms in the P/P0 range
of 0.05–0.20. The total pore volume (Vtotal) was determined from
the amount of adsorbed N2 at P/P0 ¼ 0.96. The micropore
volume (Vmicro) was estimated by the Dubinin–Radushkevich
(DR) method. The mesopore volume (Vmeso) was calculated by
subtracting the micropore volume from the total pore volume
(Vmeso ¼ Vtotal � Vmicro). The pore size distribution was esti-
mated by density functional theory (DFT) calculations. The
cumulative DFT SSA was calculated on the basis of the slit
model.

Electrode preparation and electrode density measurement

The electrodes were prepared at a weight ratio of AC (i.e.,
excluding the weight of HTB), carbon black (Denka black,
Denka Company Ltd.), and polytetrauoroethylene (PTFE) of
18 : 1 : 1. For a fair comparison, the weight of AC in the working
electrode (i.e., excluding the weight of HTB, carbon black, and
PTFE) was xed to 8.5 mg so as to make the electrode thickness
constant in all the working electrodes, based on the fact that
there is little HTB on the surface of the AC particles. The elec-
trode was sandwiched with a stainless steel mesh and pressed at
30 MPa. A counter-electrode was prepared using 20 mg of the
electrode prepared from AC. For the electrode density
measurements, the electrode sheet was pressed at a precisely
controlled pressure of 30 MPa for 5 min in a Compact Table-Top
Universal/Tensile Tester (EZ-LX, Shimadzu) to form a pellet with
a diameter of 13 mm. The thickness and weight of the pellet
were accurately measured with an autocollimator (DIGIMICRO,
MF-501, Nikon) and a microbalance, respectively, to determine
the electrode density.

Electrochemical measurements

A Ag/AgCl (saturated KCl) electrode was used as the reference
electrode in the three-electrode cell. Electrochemical analysis
was performed with a potentiostat/galvanostat instrument
(VMP3, Bio-logic) at 25 �C. Cyclic voltammetry measurements
were carried out at a sweep rate of 1 mV s�1 in the potential
range from �0.1 to 0.9 V (vs. sat. Ag/AgCl). Impedance analysis
was conducted at the peak top potential of each sample to
obtain Nyquist plots. The gravimetric capacity was measured by
galvanostatic charge/discharge cycling (GC) in a potential range
of �0.1 to 0.9 V. The capacity was calculated from the discharge
curves from 0.9 to �0.1 V. The volumetric capacity was deter-
mined by multiplying the gravimetric capacity by the electrode
density. Ragone plots were constructed from constant power
discharge measurements at constant powers from 0.2 to
100 mW. The energy density was calculated from the constant
Sustainable Energy Fuels, 2018, 2, 558–565 | 559
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power discharge curves from 0.9 to 0.4 V. The cycle lifetimes
were determined using a two-electrode cell consisting of AC/
HTB (30%) as the positive electrode and AC as the negative
one with the same weight ratio at cell voltages from 0 to 1.0 V at
25 �C in 1 M H2SO4.

Results and discussion

KOH-activated carbon (MSC30) was used as the porous carbon
substrate. This AC has a high surface area of 3160 m2 g�1

derived from its large micropore (0.99 cm3 g�1) and mesopore
(0.60 cm3 g�1) volumes. For the adsorption of redox-active
organic compounds in porous carbon substrates, it is neces-
sary to consider the sublimation temperature and molecular
size of the organic compounds in addition to the pore size and
pore volume of the substrates. The adsorption is performed at
a little higher temperature than the sublimation temperature of
the organic compound. The sublimation temperature of HTB
was determined to be ca. 125 �C by thermogravimetric analysis
(TGA) of HTB (Fig. S1, ESI†), and therefore, the adsorption of
HTB was conducted at 130 �C. The weight ratio of HTB and AC
was accurately adjusted by mixing previously dried and weighed
AC with accurately weighed HTB. The adsorption procedure was
accomplished in just 1 h in the gas phase without the need for
any solvent and purication process. The possibility of precisely
adjusting the weight ratio is advantageous to evaluate different
loading amounts of HTB for the optimization of the electro-
chemical capacitor performance. This preparation method is
indeed practical and free from any specialized technique or
apparatus. We prepared a series of samples denoted as AC/HTB
(X%), where X represents the weight percentage of HTB, ranging
from 20% to 50%. As shown in Fig. 1, AC does not exhibit
a carbon (002) diffraction peak due to its highly activated
carbonaceous structure. In contrast, two broad peaks are
observed at around 15� and 22� in the XRD patterns of the AC/
HTB samples, and the intensity of each peak increases with the
increasing amount of HTB in the sample (i.e., with X). This
result indicates that HTB is nely dispersed inside the AC pores
and that there are few HTB molecules on the surface of the AC
particles since, if deposition of HTB existed on the particle
surface of AC, distinct peaks derived from the crystalline
structure of HTB would be detected in the XRD patterns.9
Fig. 1 XRD patterns of the AC/HTB samples, AC, and HTB.

560 | Sustainable Energy Fuels, 2018, 2, 558–565
The inclusion of HTBmolecules inside the AC pores was also
conrmed by the results obtained from the electrode density
and N2 adsorption–desorption measurements of the samples.
The experimental and theoretical electrode densities of the
samples are summarized in Table 1. The theoretical electrode
densities were calculated from the experimental electrode
density of AC and the content of HTB (X), under the assumption
that HTB is completely adsorbed inside the AC pores. As shown
in the table, the experimental values are in good agreement with
the theoretical ones. Such agreement also indicates that the AC
particle volume does not expand upon adsorption of HTB. The
pore lling by HTB was further evidenced in the N2 adsorption–
desorption isotherms by the reduction of the adsorbed amount
of N2 in a low relative pressure region (P/P0 < 0.25) (Fig. 2a). The
BET specic surface areas (BET SSAs) and pore volumes are
summarized in Table 2. In addition, the DFT SSAs were also
calculated due to the reliability of DFT calculations for esti-
mating the SSAs. Both the BET and DFT SSAs of the AC/HTB
samples decrease with the increasing X, resulting from the
HTB molecules lling the AC pores. The pore size distributions
(PSDs) obtained from DFT calculations clearly indicate
a reduction of the pore volume with the increasing X. As shown
in Fig. 2b, AC possesses not only micropores but also small
mesopores (<4 nm), which contribute to a large extent to the
enhancement of the surface area. On the other hand, both
micropore and mesopore volumes of the AC/HTB samples
decrease with the increasing X, whereby a very small amount of
pores remains in AC/HTB (50%). The remaining pores are
necessary for electrolyte ion diffusion during charging and
discharging (vide infra).

From the TEM images, no differences are observed between
AC and the AC/HTB (50%) sample (bearing the highest HTB
loading), due in part to the absence of heavy elements (Fig. 3a
and b). No deposition or agglomeration could be discerned aer
careful observation of AC/HTB (50%) (Fig. S2, ESI†). In contrast,
the ne dispersion of HTB over the AC particles in AC/HTB
(50%) was conrmed by scanning transmission electron
microscopy (STEM) imaging and EDS analysis (Fig. 3c). From
the electrode density and N2 adsorption–desorption results, in
addition to TEM imaging, it is obvious that the HTB molecules
are nely dispersed inside the AC pores and that inclusion of
HTB in AC is not accompanied by a volumetric expansion of the
AC particles. Even in the case of AC/HTB (50%), which contains
the highest HTB loading of all the AC/HTB samples, no
Table 1 Experimental and theoretical electrode densities of the
samples

Sample ra (g cm�3) rtheo
b (g cm�3)

AC 0.326 —
AC/HTB (20%) 0.390 0.400
AC/HTB (30%) 0.436 0.452
AC/HTB (40%) 0.510 0.522
AC/HTB (50%) 0.620 0.620

a Experimental electrode density. b Theoretical electrode density rtheo ¼
r(90/(100 � X) + 0.1).

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) Nitrogen adsorption–desorption isotherms and (b) PSDs for
AC and the AC/HTB samples.

Table 2 BET SSAs, DFT SSAs, and pore volumes of the samples

Sample
SBET

a

(m2 g�1)
SDFT

b

(m2 g�1)
Vtotal

c

(cm3 g�1)
Vmicro

d

(cm3 g�1)
Vmeso

e

(cm3 g�1)

AC 3160 1910 1.59 0.99 0.60
AC/HTB (20%) 2070 1050 1.04 0.64 0.40
AC/HTB (30%) 1410 640 0.70 0.42 0.28
AC/HTB (40%) 710 310 0.35 0.21 0.14
AC/HTB (50%) 250 100 0.12 0.07 0.05

a BET SSAs. b DFT SSAs. c Total pore volumes estimated from the
adsorbed nitrogen amount at P/P0 ¼ 0.96. d Micropore volumes
calculated using the DR method. e Mesopore volumes calculated from
Vmeso ¼ Vtotal � Vmicro.
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agglomeration or deposition exists on the surface of the AC
particles (Fig. 1). This is one of the advantageous features of our
solvent-free preparation. Conventional liquid phase adsorption
methods involve the adsorption of solvent molecules inside the
AC pores, and such liquid phase adsorption cannot achieve
loadings as high as 50% without agglomeration or deposition of
the adsorbate. From a practical perspective, the enhancement
of the volumetric energy density is more important than that of
the gravimetric energy density. Therefore, the adsorption of
high-energy-density materials can be expected to enhance the
volumetric energy density.
This journal is © The Royal Society of Chemistry 2018
The electrochemical performance of the samples was
examined in 1 M H2SO4 at 25 �C using a three-electrode cell.
Fig. 4a shows the cyclic voltammograms of the AC/HTB samples
collected at a sweep rate of 1 mV s�1 in the potential range from
�0.1 to 0.9 V. For comparison, the voltammogram of AC is also
shown. The voltammogram of AC is characterized by a rectan-
gular shape; i.e., the typical electric double-layer behavior. In
contrast, the voltammograms of the AC/HTB samples exhibit
a distinct redox peak between 0.6 and 0.9 V (vs. Ag/AgCl). The
anodic peak corresponds to the oxidation reaction of the
neutral nitroxide radical to form an oxoammonium cation.12

The reversibility of this reaction suggests that the resulting
positively charged oxoammonium cation forms an oxoammo-
nium salt by incorporating a sulfate anion (Scheme 1).13,14 If the
oxoammonium cation did not generate a salt, the positively
charged cation would be attracted to the negatively charged
counter-electrode during the oxidation process, resulting in
almost complete desorption of HTB molecules from the AC
pores aer only several charge/discharge cycles. Therefore, it is
inferred that counter-ion diffusion plays a crucial role during
charge/discharge processes (vide infra). Counter-ion diffusion
also plays an important role in conductive polymers such as
polyaniline15 and polypyrrole,16 where counter-ions are inserted
between the polymer chains during the redox reaction. Note
that HTB itself does not show any apparent redox behavior in
1 M H2SO4 due to its insoluble nature in such an aqueous
electrolyte, while a distinct peak was indeed observed in an
organic electrolyte (for details, see the ESI†). TEMPO derivatives
cannot be used as electrode materials themselves because they
have poor electrical conductivity and most TEMPO derivatives
are highly soluble in electrolyte solutions.3,11 However, in this
study, the high dispersion of HTB molecules inside the AC
pores enables the charge transfer between the HTB molecules
and the conductive carbon surface. Furthermore, the hydro-
phobic benzoate group in the HTBmolecule prevents HTB from
dissolving in aqueous electrolytes.9 Accordingly, the resulting
hybridized materials are able to function as electrodes in
aqueous electrolytes. Thus, our method does not require the
polymerization of the TEMPO derivative to anchor it to the
conductive substrate. It must be noted in the voltammograms of
the AC/HTB samples that they exhibit high redox potentials (ca.
1.0 V vs. SHE), higher than those of many other redox organic
compounds17–19 and conductive polymers.20–23 This is advanta-
geous for the desired energy density enhancements.

The voltammograms of the AC/HTB samples suggest that
there must be substantial charge transfer between the HTB
molecules and the carbon surface. However, the Nyquist plots of
the AC/HTB samples do not exhibit a signicant enlargement of
the semicircle in the high frequency region compared to that of
AC (Fig. 4b). This has been ascribed to the reduced charge
transfer distance between the highly dispersed HTB molecules
and the conductive carbon surface. Similarly, in our previous
study, polyaniline, which has been recognized as a low power
density material,21,24 was synthesized inside the AC pores and
the Nyquist plot of the resulting material exhibited a smaller
semicircle than that of AC due to the shortened charge transfer
distances and therefore reduced charge transfer resistance.20
Sustainable Energy Fuels, 2018, 2, 558–565 | 561
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Fig. 3 Morphology of AC and AC/HTB (50%). TEM images of (a) AC and (b) AC/HTB (50%). (c) STEM image and EDS spectra of AC/HTB (50%). All
scale bars in the images of panel c correspond to 250 nm.
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However, regardless of the high dispersion of HTB molecules
inside the AC pores, the semicircles of AC/HTB (40%) and AC/
HTB (50%) are larger than that of AC. This is probably
Fig. 4 Electrochemical behavior of the AC/HTB and AC samples. All mea
H2SO4. (a) Cyclic voltammograms collected at a sweep rate of 1 mV s�1. (b
for the AC/HTB samples and at 0.4 V for AC. (c) Discharge profiles of the A
Gravimetric and (e) volumetric capacities plotted at current densities fro

562 | Sustainable Energy Fuels, 2018, 2, 558–565
attributed to the HTB molecules inside the AC pores hampering
the counter-ion diffusion, thus delaying the charge transfer and
slowing down the charge transfer kinetics. It has been reported
surements were conducted using a three-electrode cell at 25 �C in 1 M
) Nyquist plots collected at the potentials of the oxidation peakmaxima
C/HTB samples and AC obtained fromGCmeasurements at 1 A g�1. (d)
m 0.1 to 5 A g�1.

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Possible redox reactions of HTB.
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in the literature that the overall resistance is comprised of the
bulk solution resistance (Rs), the interfacial resistance between
AC particles and/or between AC particles and the current
collector (Ri), and the charge transfer resistance (Rct).25–28 Since
the particle size did not increase upon adsorption of HTB and
all the electrodes and electrochemical cells were prepared in
exactly the same manner,29 Rs and Ri can be considered to be
almost the same. Moreover, the semicircle in the Nyquist plot
corresponds to Rct.30 Although some studies have associated Ri

with this semicircle,25,31 Ri must take the same value regardless
of the X value due to the aforementioned reasons. Thus,
differences in the size of the semicircle are ascribed to differ-
ences in the charge transfer resistance, which is inuenced by
the counter-ion diffusion in the case of the AC/HTB samples.
This is in good agreement with the information obtained from
the vertical line in the low frequency region, which indicates the
existence of electric double-layer behavior.32 As is the case with
AC, AC/HTB (20%) and AC/HTB (30%) show an almost vertical
line in the low frequency region, corresponding to ideal
capacitive behavior.33 In contrast, the deviation from the vertical
line observed for AC/HTB (40%) and AC/HTB (50%) suggests an
increase in the diffusion resistance attributed to difficulties in
the counter-ion diffusion inside the AC pores due to the pres-
ence of adsorbed HTB molecules.

Fig. 4c shows the discharge proles for AC and the AC/HTB
samples, plotted in terms of the gravimetric (specic)
capacity. The discharge proles were obtained from the GC
results collected at 1 A g�1. As shown in Fig. 4c, the potential of
AC proportionally decreases with its gravimetric capacity
(a linear change), typical of electric double-layer behavior.34 In
contrast, the plots for the AC/HTB samples exhibit a plateau at
ca. 0.6–0.8 V, characteristic of the redox behavior of HTB. Fig. 4d
and e present the dependence of the gravimetric and volumetric
capacities, respectively, on the current density. The volumetric
capacity was calculated by multiplying the gravimetric capacity
by the experimental electrode density (Table 1). Notably, the
trends in the gravimetric and volumetric capacity enhance-
ments are quite different. The gravimetric capacity of the AC/
HTB samples does not exhibit any apparent enhancement in
comparison with that of AC, but it rather decreases with the
increasing X (Fig. 4d). However, the volumetric capacity of the
AC/HTB samples clearly increases with the increasing X up to
X ¼ 30 (Fig. 4e). The HTB molecules inside the AC pores block
the formation of an electric double-layer, thereby reducing the
double-layer-derived (non-faradaic) capacity but inducing the
faradaic one;35 i.e., the inclusion of redox-active HTB molecules
replaces the non-faradaic capacity with the faradaic one. Upon
This journal is © The Royal Society of Chemistry 2018
comparing the capacities per unit volume, the faradaic capacity
induced by HTB can be concluded to be higher than the non-
faradaic one. Moreover, the capacity of AC/HTB (20%) and AC/
HTB (30%) was well retained up to a current density of
5 A g�1 despite the substantial contribution of the faradaic
capacity. The commercial AC used in this study presents a high
fraction of mesopores, which facilitate the ion diffusion inside
the AC pores.36,37 Thus, the AC exhibits a high capacity retention
of 58% at 5 A g�1 relative to that at 0.1 A g�1. However, based on
the same comparison, AC/HTB (20%) and AC/HTB (30%) exhibit
a capacity retention of 63–69%, higher than that of AC. These
results are in good agreement with the Nyquist plots of the same
samples and conrm that the huge contact area between the
HTB molecules and the conductive carbon surface, together
with the substantial retention of the number of pores, allows for
very fast charge transfer affording power densities higher than
that of AC; i.e., the faradaic capacity derived from HTB has
a superior power density than the non-faradaic one, both
induced inside the micro- and mesopores. Although the volu-
metric capacity of AC/HTB (40%) and AC/HTB (50%) increases
with the increasing X up to a certain extent in the low current
density region (<2 A g�1), they display inferior capacity retention
at higher current densities (>2 A g�1) because, as expected from
their Nyquist plots, the large amount of HTB molecules inside
the AC pores disturbs not only the double-layer formation but
the counter-ion diffusion inside the AC pores necessary for the
redox reactions of HTB (Scheme 1). From a comprehensive
perspective, AC/HTB (30%) provides excellent compatibility
between high volumetric capacity and high power density at
a relatively small HTB loading. Although the above discussion
has focused on the capacity, the electrochemical behavior of the
AC/HTB samples is characterized by their high redox potential
and high volumetric capacity. Thus, high volumetric energy
densities can be expected from the AC/HTB samples.

For the measurement of the energy density, a constant power
discharge analysis was carried out to obtain Ragone plots for
AC/HTB (30%) and AC. Note that the constant power discharge
analysis was performed by using a three-electrode cell to
measure the intrinsic energy densities of AC/HTB (30%) and AC.
The AC/HTB samples are used as positive electrodes due to their
high redox potential characteristics. Therefore, for a full two-
electrode device using the AC/HTB samples, hybrid asym-
metric devices must be constructed by using appropriate
negative electrodes, where the resulting energy and power
densities of the devices are strongly inuenced by the types of
negative electrodes (Fig. S5, ESI†).35 Fig. 5a presents the Ragone
plots based on the gravimetric energy and power densities. The
AC used in this study shows a large gravimetric energy density of
18.0 W h kg�1 at 16.5 W kg�1 and also a high power density of
8.2 kW kg�1 at 1.1 W h kg�1. Since AC has a high surface area
exceeding 3000 m2 g�1 and a large mesopore volume fraction,
which reduces the diffusion resistance, AC exhibits superior
energy and power densities than current conventional electro-
chemical capacitors.38 In contrast, AC/HTB (30%) exhibits
higher gravimetric energy and power densities than AC in all the
power density regions. The gravimetric energy density of AC/
HTB (30%) reached 39.5 W h kg�1 at 16.5 W kg�1, which is
Sustainable Energy Fuels, 2018, 2, 558–565 | 563
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Fig. 5 Ragone plots based on the (a) gravimetric and (b) volumetric comparison measured at constant power discharges from 0.9 to 0.4 V at
constant powers from 0.2 to 100 mW. The measurements were conducted at 25 �C in 1 M H2SO4. (c) Dependence of the capacity retention on
the cycle number measured using a two-electrode cell consisting of AC/HTB (30%) as the positive electrode and AC as the negative one at 25 �C
in 1 M H2SO4. The measurements were performed by GC at 1 A g�1 and a cell voltage from 0 to 1.0 V.
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2.2 times higher than that of AC at the same power density.
Moreover, the gravimetric energy density of AC/HTB (30%)
remained at 14.1 W h kg�1 at 8.2 kW kg�1. The differences in
the energy and power densities between AC/HTB (30%) and AC
become remarkable aer a volumetric comparison (Fig. 5b). AC/
HTB (30%) exhibits a 3.1 time enhancement of the volumetric
energy density (16.5 W h L�1) at 6.9 W L�1 compared to AC. At
3.5 kW L�1, AC/HTB (30%) retains a volumetric energy density
of 5.9 W h L�1, surpassing by far that of AC (0.3 W h L�1). These
results demonstrate that the inclusion of highly dispersed HTB
inside the AC pores is advantageous for the enhancement of the
volumetric energy and power densities of electrochemical
capacitor electrodes. As shown in Fig. 5c, AC/HTB (30%)
exhibits the capacity retention of 81 and 55% at the 2000th and
10 000th cycle, respectively, which was determined by using
a two-electrode cell consisting of AC/HTB (30%) as the positive
electrode and AC as the negative one. Despite the non-polymeric
hybridization of HTB, such a reversible redox characteristic is
achieved by the insoluble nature of HTB (owing to its hydro-
phobic group) and the strong adsorption capability of AC. In
addition, neutralization of the HTB molecules during the redox
reaction also contributes to the redox reversibility. Redox-active
materials are ionized and therefore charged during charge/
discharge processes. If redox-active materials are not neutral-
ized during these processes, the resulting species are attracted
to the oppositely charged counter-electrode, resulting in disso-
lution in the electrolyte.20 However, the HTB molecules are
maintained neutral by counter-anions, forming oxoammonium
salts during the oxidation reaction (i.e., during charging)
(Scheme 1),13,14 and such a neutralization impedes the unde-
sired attraction by the electric eld. The decrease of the capacity
retention aer the 10 000th cycle is the result of desorption of
non-neutralized HTB molecules due to the incomplete forma-
tion of oxoammonium salts at such a high current density
measurement (1 A g�1), which was evidenced by the voltam-
mogram of the negative electrode (AC) displaying a distinct
redox peak aer the cycle test (Fig. S6, ESI†). Only a small
amount of HTB molecules in the electrode could not undergo
the neutralization in each charge/discharge process due to the
difficulty of counter ion diffusion at a high current density of
1 A g�1. The HTB molecules in the electrode were gradually
564 | Sustainable Energy Fuels, 2018, 2, 558–565
desorbed and their continuous desorption resulted in the
decrease of the capacity retention. However, it would be ex-
pected to enhance the capacity retention by the optimization
of an electrolyte (e.g., the use of electrolyte ions with high ion
mobility to reduce the diffusion resistance). Recently, we have
reported the electrochemical capacitor performance of elec-
trodes prepared from a porous carbon substrate and a hydro-
phobic quinone derivative in aqueous 1 M H2SO4 electrolyte.9

The quinone derivative underwent protonation in the proton
acidic electrolyte, thus remaining neutral during the redox
reactions.39 Moreover, its hydrophobic functional groups
enabled the quinone derivative to remain inside the pores
during the charge/discharge processes in an aqueous electro-
lyte.17 For the utilization of redox-active materials without the
need for immobilization treatments (e.g., polymerization),
their insolubility in the electrolyte and the neutralization of
the redox-active compounds during the redox reactions are
crucial aspects in order to achieve long cycle lifetimes. In
addition, poorly conductive redox-active materials need to be
in intimate contact with a conductive surface to enable
successful charge transfer at their interface. A vast number of
organic compounds have not been considered as potential
electrode materials due to issues regarding their dissolution in
the electrolyte or poorly conductive nature. However, upon
suitable hybridization, they may become excellent electrode
materials with high power and energy densities, together with
long cycle lifetimes. Therefore, our methodology is expected to
widen the potential of versatile organic compounds in the eld
of electrical energy storage.

Conclusions

We have demonstrated a novel electrochemical capacitor elec-
trode material employing a TEMPO derivative (HTB) and AC
prepared by a solvent-free preparation. This method does not
require any polymerization technique or organic solvent for the
preparation of the electrode material. HTB was completely
adsorbed in AC, eliminating the wastage of materials typical of
conventional liquid phase adsorption methods. In addition, the
preparation process consists of a single step, where cumber-
some synthetic procedures or purication processes are not
This journal is © The Royal Society of Chemistry 2018

https://doi.org/10.1039/c7se00541e


Paper Sustainable Energy & Fuels

Pu
bl

is
he

d 
on

 0
8 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 7

/2
3/

20
25

 9
:1

7:
24

 A
M

. 
View Article Online
necessary. Although HTB displays poor electrical conductivity
as most organic compounds, the huge contact area between the
nely dispersed HTB molecules and the conductive AC surface
enables fast redox reactions of HTB, resulting in high power
densities. The ne dispersion of redox-active HTB inside the AC
pores also effectively allows for a volumetric capacity enhance-
ment. Moreover, the high redox potential of HTB provides both
a high volumetric energy and power density enhancement.
Furthermore, the redox reversibility was possible due to the
neutralization of the active species via the formation of
oxoammonium salts and the presence of a hydrophobic func-
tional group in HTB. Although this study has focused on the
preparation of high-performance electrochemical capacitor
electrodes, we aim to widen our methodology beyond the
preparation of electrode materials.
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