View Article Online

View Journal

M) Cneck tor updates

Applied Interfaces

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: H. Itoi, R. Ito, M.
Matsuo, Y. Higashi, H. Suzuki, G. Saeki, T. Ishii and Y. Ohzawa, RSC Appl. Interfaces, 2026, DOI:
10.1039/D5LF00343A.

This is an Accepted Manuscript, which has been through the
RSC Royal Society of Chemistry peer review process and has been accepted
for publication.

Applied Interfaces

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

o
-

ROYAL SOCIETY
OF CHEMISTRY

ROYAL SOCIETY .
OF CHEMISTRY rsc.li/RSCApplinter

(3


http://rsc.li/RSCApplInter
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5lf00343a
https://pubs.rsc.org/en/journals/journal/LF
http://crossmark.crossref.org/dialog/?doi=10.1039/D5LF00343A&domain=pdf&date_stamp=2026-03-25

Page 1 of 16

Open Access Article. Published on 25 March 2026. Downloaded on 3/26/2026 2:44:38 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

RSC Applied Interfaces

View Article Online
DOI: 10.1039/D5LF00343A

Interfacial, solvent-free room-temperature adsorption of quinone
derivatives on activated carbon for sustainable energy storage

electrodes

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Hiroyuki Itoi,*@ Ryoma Ito, * Manato Matsuo, @ Yusuke Higashi, @ Hayato Suzuki,  Ginga Saeki, 2
Takafumi Ishii® and Yoshimi Ohzawa?

Redox-active quinone derivatives (QDs) were hybridized with activated carbon (AC) through a solvent-free, room-

temperature process that requires only mixing the two components in a sealed container. Four represetative QDs—
tetramethyl-1,4-benzoquinone (TMBQ), 2,6-di-tert-butyl-1,4-benzoquinone (DBBQ), phenylbenzoquinone (PBQ), and
naphthoquinone (NQ)—were exmamined. TMBQ, DBBQ, and NQ were rapidly adsorbed via interfacial interactions from AC

particle surfaces into the pores, whereas PBQ exhibited relatively slower adsorption. Importantly, water molecules

inherently present in AC pores did not hinder QD adsorption, demonstrating that drying is unnecessary. By quantifying the

water content in AC, adsorption levels can be precisely controlled without the need for heating or vacuum treatment.

Structural and calorimeric analyses confirmed that adsorption was driven by strong m-it interactions. When evaluated in an

aqueous H,SO, electrolyte, the AC/QD hybrids showed extensive interfacial contact between QDs and conductive carbon

surfaces, facilitating rapid and reversible redox reactions confined within the AC pores. As a result, the hybrids delivered

significantly enhanced volumetric capacitances compared with pristine AC and maintained higher absolute volumetric

capacitance even after 10 000 cycles, when employed as electrochemical capacitor electrodes. This interfacial adsorption

strategy eliminates the need for organic solvents, heating, vacuum treatment, filtration, drying, purification, and specialized

apparatus, underscoring the decisive role of interfaces in governing electrochemical behavior. The findings demonstrate a

sustainable and energy-efficient pathway to high-performance carbon—quinone hybrid electrodes, advancing interfacial

science in electrochemical energy storage.

1. Introduction

Liquid-phase adsorption is extensively employed to adsorb
adsorbates onto porous materials. In industrial applications,
this method is crucial for the removal of organic contaminants
and impurities from water and food during purification
processes.! Simultaneously, guest compounds are hybridized
within the pores of porous materials in the liquid phase,
synthesizing promising host/guest hybrids for electrical energy
storage and electronics.* Organic solvents, chosen for their
ability to dissolve organic compounds effectively, are
frequently used in adsorption processes.> ¢ The resulting
hybrids are then isolated through filtration and subsequent
drying.” 8 However, liquid-phase adsorption complicates the
precise control of adsorption amounts, as not all adsorbates in
the liquid phase can be fully adsorbed onto porous materials.®-
12 This inefficiency leads to solvent and adsorbate waste.
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Therefore, achieving accurate adsorption levels and
minimizing waste are crucial.

Compared to liquid-phase adsorption, gas-phase adsorption
involves heating a system containing both an adsorbate and an
adsorbent, a process that vaporizes the adsorbate and
accelerates adsorption.!3 14 As long as the adsorbate amount
remains below the adsorbent's saturation capacity, gas-phase
adsorption facilitates complete adsorption of the adsorbate,
thus enabling accurate control of the adsorption amount. This
precision is particularly beneficial for applications requiring
consistent results, such as in electrode materials and
electronic devices. Moreover, gas-phase adsorption does not
require solvents or a drying process, making it an
environmentally friendly method that reduces waste,
streamlines manufacturing, and shortens optimization times.

We have developed a gas-phase adsorption method that
allows for the hybridization of redox-active organic!>2! and
organometallic???* compounds within the pores of porous
carbons, facilitating the preparation of electrochemical
capacitor electrodes without material waste. This
hybridization results in an exceptionally large contact area
between the hybridized materials and the highly conductive
carbon surface, enabling a substantial charge transfer at the
interface. Consequently, this facilitates rapid redox reactions,

essential for achieving high power densities. Additionally, the
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Scheme 1 Gas-phase adsorption: a) direct method and b) indirect method.

hybridized redox-active materials contributes to a significant
increase in volumetric capacitance, as this hybridization
prevents the expansion of porous carbon particles upon
adsorption. Furthermore, akin to the fixed battery sizes in
electronic devices and smartphones, prioritizing volumetric
over gravimetric capacitance is essential. This is due to the
stringent volume constraints within these devices, making
volumetric efficiency paramount in practical applications.?> In
the initial indirect method (Scheme 1a), a porous carbon
sample was placed in a glass ampoule and dried by evacuation
and heating; its dry mass was obtained by subtracting the mass
of an empty ampoule from that of the ampoule containing the
dried carbon. A measured amount of adsorbate was loaded
into a capillary, the capillary was inserted into the ampoule,
and the ampoule was sealed under vacuum. The sealed
ampoule was then heated to the adsorbate’s sublimation
temperature to promote adsorption.'> 17 In the subsequent
indirect method (Scheme 1b), the pre-dried porous carbon
was placed in a vial, and its dry mass was determined from the
increase in the vial’'s weight. The required amount of
adsorbate was then added directly into the vial, which was
sealed and mixed before heating. Unlike the indirect method,
the direct method did not need evacuation prior to heating,
and adsorption was found to occur at a lower temperature.*®
20 Despite the differences in preparation, the hybrids produced
by both methods exhibited similar performance in
electrochemical capacitors, with the direct method being
significantly simpler than the indirect one.

In this study, we employed a room-temperature gas-phase
adsorption approach to hybridize four types of redox-active
quinone derivatives (QDs, Fig. 1) with activated carbon (AC)
using the direct method (Scheme 1b) without heating.
Tetramethyl-1,4-benzoquinone (TMBQ) and 2,6-di-tert-butyl-
1,4-benzoquinone (DBBQ) are alkylbenzoquinones, and
hybrids consisting of these alkylbenzoquinones and AC have
been shown to exhibit high performance as electrochemical

o} Q 0 o]
:ﬁ ‘Bu ~ i 'Bu I .] *l
0 0 o] 0]

NQ

TMBQ DBBQ PBQ

Fig. 1 Molecular structures of the redox-active quinone derivatives (QDs) used
in this study.

2| J. Name., 2012, 00, 1-3

capacitor  electrodes.’®> 20 In  addition ;.10 ictbese
alkylbenzoquinones, we examine phenylben20§aoné(PBEEY)
and naphthoquinone (NQ) to expand the variety of QDs for
preparing high-performance electrode materials. The resulting
hybrids exhibit high performance as electrochemical capacitor
electrodes, prepared via an ultimately simplified synthesis
method.

2. Experimental

2.1. Materials and synthesis.

KOH-activated carbon (AC; MSC30, Kansai Coke & Chemicals
Co., Ltd.) was wused as received. Tetramethyl-1,4-
benzoquinone (TMBQ; Sigma-Aldrich), 2,6-di-tert-butyl-1,4-
benzoquinone (DBBQ; Sigma-Aldrich), and
phenylbenzoquinone (PBQ; Tokyo Chemical Industry Co., Ltd.),
and naphthoquinone (NQ; FUJIFILM Wako Pure Chemical
Corp.) were crushed in a mortar before use. In a preliminary
experiment, approximately 100 mg of AC was dried at 150 °C
under vacuum for 1 h, after which it was mixed with the QD at
2000 rpm for 1 min using a planetary centrifugal mixer (ARE-
310, THINKY). The mixture was stored in a 10 mL glass vials
under N3 at 25 °C until adsorption of the QD was complete. The
QD loadings were 1 and 3 mmol per gram of AC. The resulting
hybrids are denoted as AC/X (Y), where X indicates the type of
QD and Y the millimolar amount of QD per gram of AC. In
subsequent experiments, the amount of water adsorbed in AC,
determined by vacuum drying in the preliminary experiment,
was taken into account when weighing undried AC and QD for
hybridization. YP-50F activated carbon, derived from coconut
shell and prepared by steam activation, was purchased from
Kuraray Co. and used as received.

2.2. Characterization.

X-ray diffraction (XRD) analysis was performed on a Shimadzu
XRD-6100 using Cu Ka radiation (A = 1.5418 A) at 30 kV and 20
mA. Raman spectra were collected with a Renishaw inVia
Raman microscope equipped with a 532 nm excitation laser
(laser power: 0.1 mW; spot diameter: ~1 um). Differential
scanning calorimetry (DSC) was conducted on a Shimadzu DSC-
60 plus to determine the melting temperatures and enthalpies
of the QDs. For DSC measurements, the QDs were sealed in an
Al cell and heated at 1°Cmin™t. Thermogravimetric and
differential thermal analyses (TG—DTA) were performed on a
Shimadzu DTG-60H under a N, atmosphere (100 mL min1) at
a heating rate of 10 °C min~1.

Nitrogen adsorption—desorption measurements were
carried out at —196 °C using an ASAP 2020 (Micromeritics). The
Brunauer—-Emmett—Teller (BET) specific surface area was
determined from adsorption data in the relative pressure
range of P/Po = 0.05-0.20. The micropore volume was
evaluated using the Dubinin-Radushkevich method, and the
total pore volume was obtained from the adsorbed N, at P/Py
=0.96. The mesopore volume was calculated as the difference
between the total and micropore volumes.

This journal is © The Royal Society of Chemistry 20xx
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2.3. Electrochemical measurement.

Electrochemical measurements were carried out at 25 °C using
both three-electrode and coin cells with aqueous 1 M H,SO4
electrolyte. Detailed procedures for electrode preparation and
apparatus descriptions are provided in our previous reports.'”:
19

Briefly, AC or the AC/QD hybrids were mixed with carbon
black (CB; DENKA BLACK Li, Denka Co. Ltd.) and
polytetrafluoroethylene (PTFE; DuPont) at an AC/CB/PTFE
mass ratio of 18:1:1. Because the QDs were adsorbed within
the AC pores without expansion of the AC particle volume, the
QD mass was excluded in calculating the AC content.?® The
resulting mixture was formed into 12 mm square sheets
containing 8.5 mg of AC, yielding uniform electrode thickness,
and sandwiched between stainless-steel mesh (100 mesh,
Nilaco) under controlled conditions (30 MPa, 150 s) using a
compact universal/tensile tester (EZ-LX, Shimadzu). Counter
electrodes were prepared using AC in the same manner,
except using 20 mg of the electrode sheet. A saturated KCI
Ag/AgCl electrode served as the reference. CR2032-type coin
cells were assembled from the electrode sheets together with
a negative case, a Whatman glass microfiber filter (GF/D)
separator, a spacer, a wave spring washer, and a positive case.
Prior to measurement, electrodes were conditioned in
electrolyte solution under vacuum for 1 h.

In the three-electrode cell, cyclic voltammetry (CV) was
performed at 1 mV s! in the potential range of -0.1 to 0.8 V
(vs. Ag/AgCl). Electrochemical impedance spectroscopy (EIS)
was then conducted at the anodic peak potentials of the QDs,
followed by galvanostatic charge/discharge (GCD) tests. In the
coin cell configuration, CV was first performed at 1 mV s
within a cell voltage window of 0.8 V, followed by GCD
measurements and cycling at 2 A g-1. Leakage current was
recorded for 2 h after charging a newly assembled cell at 2 A
g! to 0.8 V, and self-discharge was measured immediately
after the leakage current measurement.

The calculation methods for the following parameters are
described in our previous work:!® volumetric current (),
gravimetric capacitance (Cg), volumetric capacitance (G)),
gravimetric energy density, gravimetric power density,
volumetric energy density, and volumetric power density.

2.4. Density and volume resistivity measurement.

An electrode sheet containing approximately 100 mg of AC
was prepared for density measurements of both AC and the
AC/QD hybrids. The sheet was pressed into a pellet (¢ = 13
mm) using a Shimadzu mold under the same conditions as for
electrode preparation. The pellet thickness and mass were
precisely determined using an autocollimator (DIGIMICRO MF-
501, Nikon) and a microbalance, respectively, to calculate the
density. The theoretical electrode densities of the AC/QD
hybrids (pthe°, g cm3) were calculated from the experimental
electrode density of AC and the weight percentages of the
QDs, according to the following equation:?”

ptheo — pex (L) + 0.1
AC\100—Z ’

This journal is © The Royal Society of Chemistry 20xx
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where pi¢ (g cm3) is the experimental electrode density ef AC
(0326 g cm3),%6 and Z denotes the weightPertEnHEE 6P OIDS/in
the sample.

Volume resistivity (Ry, Q cm) was measured on the same
pellets used for the density measurements with a low-
resistivity meter (Loresta-GXIl MCP-T710, Nittoseiko
Analytech Co., Ltd.) equipped with a PSR prove (RMH504) and
a prove stand (MCP-STD).

Results and discussion
3.1. Structural characterization.

The hybridization of AC with QDs was achieved by a
remarkably simple procedure, without the use of organic
solvents or specialized apparatus. AC was mixed with QD and
kept at 25 °C until adsorption was complete (Scheme 1b). Since
the QDs used in this study (Fig. 1) are crystalline solids at room
temperature, they were ground into fine particles prior to use;
the adsorption rate was found to depend on both temperature
and particle size (Fig. S1, vide infra). KOH-activated AC
employed in this study exhibited a BET specific surface area of
3160 m? g1, with pore sizes ranging from micropores to
mesopores up to ~4 nm (vide infra). The QDs investigated were
TMBQ, DBBQ, PBQ, and NQ_(Fig. 1).

Adsorption of the QDs on AC can be readily confirmed by
XRD analysis.'> 17-21 Fig, 2 presents the XRD patterns of AC,
QDs, the AC-QD mixtures before completing adsorption, and
the AC/QD hybrids (i.e., after adsorption). The XRD pattern
acquisition from 5° to 50° required approximately 70 min,
during which TMBQ, DBBQ, and NQ were rapidly adsorbed. To
account for the rapid adsorption of these QDs on AC, the XRD
measurement was limited to a narrower range for the
mixtures. The QDs exhibit distinct diffraction peaks originating
from their crystalline structures in the XRD patterns (Fig. 2a—
d). In contrast, AC shows no sharp peaks but displays a weak
and broad reflection at around 44°, corresponding to the
carbon 10 diffraction, while the 002 diffraction at
approximately 26° is absent. This feature indicates that the AC
possesses a highly activated structure. If QDs were not
adsorbed onto AC, the XRD patterns of the AC-QD mixtures
would simply show a superposition of the characteristic peaks
of both QDs and AC.2% 2% Indeed, before adsorption, the XRD
patterns of the AC-TMBQ (Fig. 2a), AC-PBQ (Fig. 2c), and AC-
NQ mixtures (Fig. 2d) exhibited QD-derived peaks. In contrast,
the AC-DBBQ mixtures, measured immediately after mixing,
showed no distinct peaks (Fig. 2b), while the adsorption of
TMBQ and NQ was completed within 10-20 min (Fig. 2a and
d). By comparison, PBQ required as long as 2 days to achieve
complete adsorption, yielding AC/PBQ (3).

The slower adsorption of PBQ relative to the other QDs was
also evident when the QD loading was increased (Fig. S2).
Additional experiments using PBQ showed that the adsorption
behavior was not significantly affected by mixing time (1-10
min) or container geometry, whereas insufficient mixing
slowed the adsorption process (Fig. S3). These results indicate
that homogeneous mixing between the QD crystals and AC

J. Name., 2013, 00, 1-3 | 3
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particles is the primary factor governing the adsorption rate.
The rapid adsorption observed in the direct method, in which
complete adsorption occurred within a very short time even at
25 °C, is highlighted by comparison with the indirect method
(Scheme 1a). In the indirect method, adsorption of 1 and 3
mmol of TMBQ or DBBQ per gram of AC was completed within
1 h and more than 12 h, respectively, at 100 °C, whereas at 25
°C the adsorption of 1 mmol of DBBQ required approximately
3 days (Fig. S4).

After adsorption was completed, all AC/QD hybrids
displayed a broad peak, with the peak intensity increasing as
the QD content increased. This observation suggests that the
QDs interact with the carbon surface through mn-n
interactions,® which typically occur at distances of ~3.2 A for
QDs3° and ~3.2-3.6 A for benzene and related derivatives on
graphene surfaces.3' 32 However, the distances derived from
the peak maxima in the XRD patterns, calculated using Bragg’s
law, were somewhat larger, ranging from 3.8 to 4.7 A, and
increased in the order NQ < PBQ < TMBQ < DBBQ. This
discrepancy can be attributed to the structural nature of
activated carbons: unlike flat graphene, the pore walls are
curved and defective, so adsorbed molecules experience
weaker and less uniform m-mt interactions, effectively shifting
the average wall-molecule separation to longer values.3? In
addition, while NQ is a rigid planar molecule, PBQ, although
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Fig. 2 XRD patterns of AC, QDs, their mixtures at different adsorption times, and the AC/QD hybrids (after complete adsorption). The QDs used are (a) TMBQ, (b) DBBQ,
(c) PBQ, and (d) NQ.

nominally planar due to mt-electron delocalization, can undergo
phenyl-quinone rotation within the confined pores, leading to
a slightly greater separation. For TMBQ and DBBQ, the
progressive increase in distance is dominated by steric
hindrance from the bulkier alkyl substituents, which act as
spacers or induce molecular tilt under slit-pore confinement.3%
33 Accordingly, the XRD-derived distances follow the order NQ
< PBQ < TMBQ < DBBQ.

Fig. 3a shows the Raman spectra of the AC/QD hybrids with
the higher loading level (3 mmol g™! per gram of AC) together
with that of pristine AC. No significant difference was observed
in the intensity ratio of the D and G bands (/o//c = 0.933-0.938),
indicating that the hybridization did not induce structural
collapse of the AC pores and that the QDs were incorporated
through physical interactions.3* This is supported by the fact
that AC and the AC/QD hybrids did not exhibit a significant
difference in volume resistivity (vide infra), which does not
depend on the shape or thickness of the material,
simultaneously corroborating the absence of charge transfer
between AC and QDs. electrostatic,
hydrophobic, and n-mt interactions play an important role in

Hydrogen-bonding,

the interaction with graphene oxide3>37 and graphene.3840
Unlike graphene oxide, hydrogen-bonding and electrostatic
interactions are not dominant for the interaction between AC
and the QDs. This is because the QDs lack charged or polar

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (a) Raman spectra of the AC/QD hybrids (excitation wavelength: 532 nm). (b) DSC and (c) TG-DTA curves of the QDs. The heating rates for the DSC and TG-DTA

measurements were 1 and 10 °C min~%, respectively.

functional groups, and the oxygen content of AC is much lower
than that of graphene oxide (2.2 wt%; determined by
temperature-programmed desorption analysis,*" 42 see Fig.
S5). Notably, because adsorption was conducted in the gas
phase, interfacial phenomena such as hydrophobic
interactions, which are typical in liquid environments, did not
contribute to the adsorption process. Consequently, m—m
interactions3* 434> between the QDs and AC became the
decisive factor governing adsorption.

Fig. 3b and c show the DSC and TG-DTA results of the QDs,
respectively. As shown in Fig. 3b, DSC analysis provided the
fusion temperatures (Tqs) and enthalpies (AHsys) of the QDs. In
contrast, TG-DTA analysis yielded Tqs and vaporization
temperatures (Tvap), together with the corresponding
enthalpies (AHss and AHyap) (Fig. 3c). As shown in Fig. 3c, the
fusion and vaporization peaks overlap in the DTA patterns;
however, AH,p can be estimated from the difference between
the total endotherm (AHsus + AHyap) obtained by DTA and AHfsys
measured by DSC. Note that T#s determined by TG-DTA are 6—
9 °C higher than those obtained by DSC because the heating
rate of TG-DTA (10 °C min~!) was higher than that of DSC (1 °C
min~1). A higher heating rate generally produces shaper peaks,

This journal is © The Royal Society of Chemistry 20xx

which facilitates a more accurate evaluation of enthalpies, but
it also shifts the measured T:s and Tyap to higher values.
Therefore, the TG-DTA measurements in this study were
performed at 10 °C min~!, whereas the DSC measurements
were conducted at 1 °C min?, since sufficiently sharp peaks
were obtained even at this lower rate and an accurate
determination of Tys was desired. Table 1 summarizes the
thermal analysis data obtained from TG-DTA and DSC
measurements. In the XRD measurements, the order of
adsorption affinity was PBQ < TMBQ < NQ < DBBQ; however,
no clear correlation with the adsorption tendency of the
quinone derivatives was observed in the respective thermal
analysis data shown in Table 1. The ease of mass loss
associated with vaporization observed in the TG profiles
decreased in the order TMBQ > DBBQ > NQ > PBQ, whereas
the corresponding peak temperatures increased in the order
TMBQ < DBBQ < NQ < PBQ. These correlations, however, did
not correspond to the adsorption affinity.

The molecular weights and sizes of the QDs are not directly
responsible for the adsorption affinity; therefore, the driving
force of adsorption is likely also correlated with entropy
changes. In this case, the transition of the QD molecules from

J. Name., 2013, 00, 1-3 | 5
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Table 1 Thermal parameters obtained from DSC and TG-DTA measurements.

QDs M. W.@ Trus? AHsus€ AHsys + AHyap®
AHyap¢
(g mol?) (°C) (kJ mol?) (kJ mol?) (kJ mol?)
TMBQ  164.20 112.6 16.8 149.5 132.7
DBBQ 220.31 66.0 18.3 177.6 159.2
PBQ 184.19 113.3 21.2 178.6 157.4
NQ 158.15 1249 20.4 164.2 143.8

9 Molecular weight.

b Melting temperature (Tt,s) determined by DSC.

¢ Fusion enthalpy (AHss) determined by DSC.

9 AHsys and evaporation enthalpy (AH,ap) determined by TG-DTA.

¢ AH.sp calculated as the difference between the total endotherm obtained from
TG-DTA and AHs,s determined by DSC.

an ordered crystalline state to a more dispersed state within
the AC pores results in an increase in system entropy (AS > 0).
Unlike the negative AS typically observed in gas adsorption

Journal Name

measurements, this fundamental difference explaips whythe
entropy change upon adsorption is positivelid @RSt Ray. AR3HIs
process, the intermolecular interaction among QD molecules*®
are replaced by interactions between the carbon pore surfaces
and QD molecules through r—mt interactions.3* 43-%> It has been
reported that the adsorption of molecules from water onto
carbon nanotube surfaces is driven by both enthalpy and
entropy changes of the adsorbates and surrounding water
molecules.3® In such systems, the enthalpy change is not
necessarily the dominant factor compared with the entropy
change, as hydrophobic molecules disrupt the structured
water shell upon adsorption and thereby increases the
entropy of the system. In the present case, the adsorption is
simpler due to the absence of solvents. However, the
adsorption enthalpy cannot be experimentally measured
because QD adsorption onto AC proceeds immediately upon
mixing. Factors that influence the adsorption rate include the
particle size of the QDs and the adsorption temperature (Fig.
S1). Smaller particle sizes increase the contact area between
QDs and AC, which accelerates the adsorption process, while
higher temperatures enhance the —TAS contribution,

onto porous materials, such as in N, adsorption—desorption

(a) (b)
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calculated by the DFT method assuming slit-shaped carbon pores, and (c) dependence of BET specific surface area and pore volumes on the TMBQ content. The values
are expressed per gram of AC.
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Table 2 BET specific surface areas and pore volumes of AC and the AC/QD hybrids.

Samples Seer? Viotal® Vimicro® Vimeso?
m2g )/ ( (emPg™t) / (emig) /  (em3gh) /
mZEKcl) (cm3g1§c1) (cm3gﬁé) (cm3ggé)

AC 3160 1.59 0.99 0.60

AC/TMBQ (1) 2470 / 2880 1.26/1.47 0.75/0.87 0.52 /0.60

AC/TMBQ (3) 1460 /2180 0.74/1.11 0.44 / 0.66 0.30/0.45

AC/DBBQ (1) 2230/ 2730 1.13/1.38 0.67 /0.82 0.46 /0.57

AC/DBBQ (3) 1050/ 1740 0.54/0.89 0.31/0.52 0.22/0.37

AC/PBQ (1) 2470/ 2920 1.25/1.48 0.76 /0.91 0.49/0.58

AC/PBQ (3) 1500/ 2320 0.76 / 1.17 0.46/0.71 0.30/0.46

AC/NQ (1) 2570/ 2970 1.26/1.46 0.81/0.93 0.46 /0.53

AC/NQ (3) 1720/ 2530 0.87/1.28 0.54 /0.80 0.33/0.48

9 BET specific surface area (Sger).
b Total pore volume (Viotal).

¢ Micropore volume (Vmiro) calculated by the Dubinin—Radushkevich (DR)
method.

9 Mesopore volume (Vmeso) calculated as the difference between Viotal and Vimicro
volumes.

For the hybrid samples, the values on the left of “/” are expressed per total
sample weight, and those on the right are expressed per gram of AC.

favouring a decrease in AG (= AH — TAS). Thus, adsorption is
more thermodynamically favoured at higher temperatures.
N, adsorption—desorption isotherms of AC, AC/TMBQ (1),
and AC/TMBQ (3) are shown in Fig. 4a. Because the results of
the other AC/QD hybrids showed the identical tendency to
those of the AC/TMBQ hybrids, their results are summarized
in the ESIT (Fig. S6—8). Note that the amount of adsorbed N;
was calculated per gram of AC for the hybrids and the
normalized values are plotted in the figure. If the QDs were not
adsorbed in the pores and all QD molecules deposited on the
outer surface of the AC particles, the normalized isotherm of
the hybrids would not show a difference from that of AC,
owing to the negligible surface areas of the QDs in comparison
to that of AC. AC shows micropore filling below P/Po of 0.05
and adsorption up to P/Po of 0.4, suggesting that the AC has
micropores and small mesopores. In comparison to the AC, an
adsorbed amount of N, decreases with increasing QD content
in the P/Po range of 0 to 0.4 (Fig. 4a and S6-8), suggesting that
QD was adsorbed by both micropores and mesopores. The
pore size distribution of AC indicates the presence of
micropores and mesopores of 2-4 nm (Fig. 4b). The pore size
distributions of the hybrids exhibit almost the same shape as
that of AC (Fig. 4b and S6-8). However, these results may
involve some errors because the pore size distributions were
calculated assuming a carbon slit-pore model, whereas the
actual pore structures of the hybrids are likely to deviate from
the model due to the presence of QDs within the pores.
Table 2 summarises the BET specific surface areas and pore
volumes of pristine AC and the AC/QD hybrids, in addition to
their normalized values. The dependences of the normalized
BET specific surface areas and pore volumes on the QD
contents per gram of AC are presented in Fig. 4c and S6-8. As

This journal is © The Royal Society of Chemistry 20xx
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well as the normalized BET specific surface,.greas, othe
normalized micropore and total pore vélamésl®ftRel Hybrids
decrease linearly with increasing TMBQ content, as evidenced
by the high coefficients of determination (R? = 0.990-0.999).
Notably, despite being obtained by different calculation
methods, all three parameters exhibit this linear decrease,
underscoring the robustness of the trend. This result indicates
that the QDs were not preferentially adsorbed in either
micropores or mesopores but rather distributed equally across
both pore types. In contrast to N2 micropore filling at -196°C,
these findings suggest that QD molecules diffuse evenly over
both micropore and mesopore surfaces. Before adsorption,
the QD molecules interact in the crystalline phase. Upon
mixing with AC at 25 °C, the QD molecules located at the
crystal surfaces and in contact with the external surfaces of the
AC particles rapidly diffused onto the AC surfaces. These
molecules were adsorbed beginning at the pore entrances and
subsequently diffusing into both micropores and mesopores.
At this stage, the dominant interactions of the QD molecules
were replaced, shifting from intermolecular interactions to
interactions with the carbon pore surfaces.

3.2. Electrochemical capacitor performance of the AC/QD hybrids
measured using a three-electrode cell.

Fig. 5 shows the results obtained with the three-electrode cell
at 25 °C. The measurement sequence was CV, EIS, and GCD,
and the potential range of CV and GCD was -0.1 to 0.8 V (vs.
Ag/AgCl). Electrode densities were experimentally determined
and compared with theoretical values (Table 3). The
theoretical electrode densities were calculated using the
electrode density of AC, assuming that the QDs were
incorporated within the AC pores without volume expansion
of the AC particles (for details, see the Experimental Section).?”
The experimental electrode densities were in good agreement
with the theoretical values, confirming that the QDs were
accommodated within the AC pores. Therefore, the mass of AC
in the electrodes of the AC/QD hybrids was the same as that
of the pristine AC, regardless of the QD content; accordingly,
the electrode thicknesses were constant for both AC and the
AC/QD hybrids.'> 17 18 |n addition, the volume resistivities of
the electrodes, which remain constant irrespective of shape or
thickness, were analysed using a four-probe resistivity
measurement and are summarized in Table 3. The volume
resistivities of AC and the AC/QD hybrids were nearly identical,
indicating that the incorporation of redox-active QDs into the
AC pores did not deteriorate the electronic conductivity. This
result suggests that direct charge transfer between the QDs
and the AC framework was negligible under
electrochemical conditions, that is, in the absence of an
applied potential in electrolyte solutions, consistent with the
Raman spectra of AC and the AC/QD hybrids (Fig. 3a).
Therefore, the resistance contribution associated with
electrode thickness was constant for both AC and the AC/QD
hybrids, ensuring a fair comparison of electrochemical
capacitor performance. For these reasons, the current values

non-
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Fig. 5 Electrochemical characteristics of AC and the AC/QD hybrids measured at 25 °C in 1 M H,SOs using a three-electrode cell: (a) cyclic voltammograms recorded at 1
mV s, (b, c) Nyqist plots obtained at 0.5 V for AC and at the anodic peak potentials for the AC/QD hybrids, and (d, e) dependence of (d) gravimetric and (e) volumetric
capacitances on current density determined by GCD measurements. The potential range for the CV (a) and GCD (d, e) tests was -0.1 to 0.8 V (vs. Ag/AgCl).

in the voltammograms (Fig. 5a) and the capacitances in Fig. 5e
are plotted on a per-volume basis.

The voltammogram of AC is a typical rectangular shape (Fig.
5a), characteristics of EDLC behaviour. Meanwhile, the AC/QD
hybrids show a distinct peak with a peak intensity being higher
for the hybrids with a higher QD content. For comparison,
control electrodes prepared by physically mixing each QD with
conductive carbon black and PTFE binder were evaluated
under identical conditions (Fig. S9). The redox peak potentials
of these control electrodes are generally consistent with those
of the corresponding AC/QD hybrids, although minor shifts are
observed for some derivatives. These results indicate that
hybridization within AC pores does not significantly alter the
intrinsic redox potentials of the QDs. The current observed in
the voltammograms can be separated into two components:
one attributed to the formation of the electric double layer
(EDL), and the other to the reversible redox reactions of the
QDs. The plateau observed in the voltammograms is
characterized by a constant current arising from the EDL
formation, while the difference between the peak current and
this EDL-derived current can be attributed to the redox
reactions of the QDs. Although the QDs were hybridized within
the AC pores, the EDL-derived current remains clearly
observable in the voltammograms, as evidenced by the small
difference in EDL-derived current between AC and the AC/QD
hybrids. The AC/QD hybrids with a higher QD loading show
only a slightly lower EDL-derived current compared with those

8| J. Name., 2012, 00, 1-3

with lower loading. Furthermore, cyclic voltammograms
recorded after the GCD measurements exhibit nearly identical
EDL-derived currents to those obtained before cycling (Fig.
S10). These results suggest that ion conduction within the AC
pores, as well as EDL formation, is not significantly impeded by
QD hybridization, and that the electrochemically accessible
surface area is largely preserved.!® 2647, 48 This interpretation
is consistent with the retained micropore and mesopore
volumes observed by N> adsorption-desorption
(Table 2). The distinct peaks in the
voltammograms suggest that the reversible redox reactions of
the QDs proceeded with the low charge-transfer resistance
(vide infra). The utilization efficiency of the QDs was defined
as the ratio of the experimentally obtained anodic charge to
the theoretical charge calculated from the amount of
hybridized QDs, assuming a two-electron redox process.*® The
experimental charge was determined by integrating the redox
peak after subtracting the EDL-derived current contribution in
the voltammogram recorded at 1 mV s (Fig. S11). The
resulting values are summarized in Table 3. The utilization
efficiencies are as high as 80-94% and such high utilization
efficiencies are explained by the large contact area between
the hybridized QDs and conductive carbon surfaces.
Voltammograms recorded at higher sweep rates revealed that
the AC/QD hybrids exhibited trends consistent with those
observed in the GCD results (vide infra), and the potential
difference between anodic and cathodic peaks increased with

measurements

This journal is © The Royal Society of Chemistry 20xx
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Table 3 Physical and electrochemical parameters, including EIS-derived resistive components, of AC and the AC/QD hybrid electrodes.

RSC Applied Interfaces

View Article Online

Samples QD content  electrode density R.€ Utilization = Capacitance Rsf Ret9 Ret/nap " Wy'
pexa [ ptheob efficiency?  retention®

(wt%) (gcm™) (Qcm) (%) (%) Q) (Q)  [Qmmol] [Q]
AC - 0.33 2.15 - 45 0.13 0.51 - 1.31
AC/TMBQ (1) 14.1 - - 90 64 0.14 0.26 0.26 0.61
AC/TMBQ (3) 33.0 0.49/0.47 2.19 94 74 0.09 0.34 0.11 0.79
AC/DBBQ (1) 18.1 - - 80 67 0.12 0.30 0.30 0.17
AC/DBBQ (3) 39.8 0.54/0.52 2.11 86 72 0.14 043 0.14 0.62
AC/PBQ (1) 15.6 - - 85 66 0.10 0.30 0.30 0.14
AC/PBQ (3) 35.6 0.49/0.49 2.11 87 75 0.14 0.34 0.11 0.47
AC/NQ (1) 13.7 - - 91 68 0.10 0.30 0.30 0.55
AC/NQ (3) 32.2 0.48 /0.47 2.13 90 76 0.15 0.47 0.16 0.70

9 Experimental electrode density (p®).

b Theoretical electrode density (pthe°) calculated from the experimental electrode density of AC and the weight percentage of QD.

¢ Volume resistivity (Ry).

d Utilization efficiency of QD calculated from the voltammogram recorded by CV at 1 mV s™L.

€ Capacitance retention calculated from the capacitance at 10 A g™ relative to that at 0.05 A g™*.

fBulk solution resistance (Rs), obtained from EIS fitting.

9 Charge-transfer resistance (R.:) obtained from EIS fitting.

h QD-amount-normalized charge-transfer resistance (Rct/naqp), obtained from EIS fitting.

" Diffusion-related parameter associated with the Warburg element (W), obtained from EIS fitting.

increasing sweep rate (Fig. S12). A Trasatti-type analysis was
performed to further assess the capacitive contributions based
on scan-rate-dependent cyclic voltammograms (1-50 mV s71)
(Fig. S13).*° However, the resulting Trasatti plots did not
exhibit a well-defined linear region across the investigated
scan-rate window; therefore, a guantitative
separation of EDLC and pseudocapacitive contributions could

reliable

not be obtained. Electrochemical impedance spectroscopy
further indicates that the charge-transfer resistance remains
low (vide infra), suggesting that the observed scan-rate
dependence of the cyclic voltammograms primarily originates
from mass transport and proton-transfer limitations rather
than sluggish electron transfer.

Fig. 5b and c present the Nyquist plots obtained from EIS
measurements for the AC/QD hybrids and pristine AC. The
resistance components determined by EIS
solution, contact, charge-transfer, and diffusion resistances.

include bulk

The contact resistance arises from the interparticle interfaces
among AC particles as well as from the interfaces between the
AC particles and the current collector. All electrodes were
fabricated under strictly controlled conditions (for details, see
the Experimental Section). Moreover, since the QDs were
hybridized within the AC pores, neither the particle volume of
AC nor the volume resistivity of the electrodes was altered
(vide supra). Therefore, the bulk solution and contact
resistances remain unchanged between the AC/QD hybrid and
pristine AC electrodes, and any difference in overall cell
resistance can be attributed to the charge-transfer and
diffusion resistances.

This journal is © The Royal Society of Chemistry 20xx

The semicircle observed at high frequencies increases in size
with increasing charge-transfer and contact resistances,% 51
although the difference in contact resistance is negligible for
both AC and the AC/QD hybrids. At low frequencies, the locus
deviates from the vertical axis as the diffusion resistance
increases.>? For quantitative comparison, the Nyquist plots
were fitted using an equivalent circuit to extract the solution
resistance (Rs), the charge-transfer resistance (R.), and a
diffusion-related parameter associated with the Warburg
element (Wy). In addition, the QD-amount-normalized charge-
transfer resistance (R«/nop) was calculated to enable
comparison across different QD types and loading levels, and
the resulting values are summarized in Table 3. The fitted
solution resistance values were comparable among all
electrodes (0.09-0.15 Q), while the charge-transfer resistance
of the AC/QD hybrids remained in a relatively low range (0.26—
0.47 Q). The AC/QD hybrids with higher QD loadings exhibit
enlarged semicircles, indicating that a larger QD content
increases the charge-transfer resistance owing to the greater
contribution from redox charge transfer. Nevertheless, the
charge-transfer resistance of the AC/QD hybrids remains lower
than that of pristine AC (Table 3). The QD molecules are in
good contact with the conductive carbon surfaces within the
AC pores; therefore, rapid charge transfer occurs through
these extensive interfacial contact. Consequently, the charge
transfer associated with the QDs, rather than with the oxygen-
containing functional groups of AC (Fig. S5), proceeds
preferentially, resulting in a reduction in charge-transfer
resistance (vide infra).'> 20 23, 27 Because the QD-amount-
normalized charge-transfer resistance decreases with

J. Name., 2013, 00, 1-3 | 9
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increasing QD content (Table 3), the charge-transfer process
per unit QD loading becomes more efficient at higher loadings.
This trend suggests that the redox processes associated with
the QDs progressively dominate over those originating from
the oxygen-containing functional groups of AC (Fig. S5),
indicating that charge transfer through QD—carbon interfaces
becomes the primary pathway. The AC/QD hybrids do not
exhibit an increase in diffusion resistance compared with AC
because the QD content is not sufficiently large to impede ion
transport within the pores.'® This interpretation is consistent
with the negligible difference in EDL-derived current values

between the AC/QD hybrids and AC observed in the
voltammograms (Fig. 5a). Furthermore, the nitrogen
adsorption—desorption results confirm that substantial

micropores and mesopore volumes were retained in the
AC/QD hybrids (Table 2). In addition to the EIS measurements
performed at the anodic peak potential of the QD redox
process for the AC/QD hybrids and at 0.5 V for pristine AC, EIS
was also recorded at a potential outside the redox region (0 V,
Fig. S14). Slight differences between the Nyquist plots
obtained at the two potentials are also observed for pristine
AC. In contrast, the Nyquist plots of the AC/QD hybrids show
almost no discernible change with potential. This indicates
that the impedance response is only weakly potential-
dependent under the present conditions. Such behavior
suggests that interfacial electron transfer is sufficiently fast
and that the overall response is dominated by transport and
polarization effects in the porous electrode.

Fig. 5d and e show the dependence of the gravimetric and
volumetric capacitances on current density, respectively. The
gravimetric capacitances were obtained from the GCD curves
(Fig. S15 and S16), and the volumetric capacitances were
derived from these values using the electrode densities.'® The
percentages in Fig. 5d indicate the capacitance retentions at
10 A g ' relative to those at 0.05 A g~1. Note that the retentions
calculated from gravimetric and volumetric capacitances are
identical. AC exhibits a high gravimetric capacitance of 397 F
g! with a capacitance retention of 45%, attributable to its
large BET specific surface area (3160 m? g™!) and the presence
of mesopores smaller than 4 nm.' 21 Although larger
mesopores generally improve capacitance retention by
reducing diffusion resistance,>3>> they do so at the expense of
lowering the BET specific surface area, which in turn reduces
the capacitance.'® Therefore, mesopores up to ~4 nm are
advantageous for simultaneously achieving high capacitance
and good capacitance retention. AC contains 2.2 wt% oxygen
in the form of oxygen-containing functional groups (Fig. S5),
whereas the QD-derived oxygen contents in the AC/QD
hybrids were estimated from the QD loadings to be 2.6-6.5
wt%. The charge-transfer resistance of AC originates from
these oxygen-containing functional groups and was higher
than that of any AC/QD hybrid (Fig. 5b and c, Table 3);
however, their contribution to capacitance enhancement is
negligible compared with that of the QDs.>®

Although the QD loadings were fixed at 1 and 3 mmol per
gram of AC, the corresponding weight percentages of the QDs
in the hybrids varied depending on their molecular weights

10 | J. Name., 2012, 00, 1-3

(Table 3). Consequently, even when the number,of adsorhed
QD molecules and their utilization efficiElci@s @Te Rbd Qathe)
the gravimetric capacitance decreases with increasing
molecular weight (Fig. 5d). In contrast, the volumetric
capacitance increases with QD content (Fig. 5e), regardless of
molecular weight, because the hybridized QDs maintained
high utilization efficiencies irrespective of their loading.
Moreover, the capacitance retention increases with QD
content for all AC/QD hybrids (Table 3). This can be attributed
to the superior charge—discharge mechanism of the QDs: their
redox reactions provide faster and more efficient charge—
discharge processes compared with EDL formation within the
AC pores. The CV recorded after the GCD measurements (Fig.
S10) exhibited nearly identical redox peak positions to those
observed in the initial CV (Fig. 5a), indicating that the
hybridized QDs remain electrochemically stable during the
measurements and that their molecular structures are
preserved under the present operating conditions. The
reproducibility of the hybrid preparation was confirmed by
preparing multiple independent batches under identical
conditions, which showed consistent electrochemical
behavior (Fig. S17). To further verify the consistency between
GCD and CV measurements, the capacitance derived from the
GCD at 0.5 A g! was compared with that obtained from CV
recorded at 1 mV s~! within the same potential window (-0.1
t0 0.8 V). Under these comparable time scales, the capacitance
values were found to be in good agreement (Table S1),
confirming the internal consistency of the electrochemical
evaluation.

We previously reported high utilization efficiencies of TMBQ
and DBBQ (87-91%).1° When 2 mmol of TMBQ and 2 mmol of
DBBQ were individually hybridized with the same AC by
heating slightly below their melting temperatures via the
direct method (Scheme 1b), the capacitance retentions at 10
A g were 68-71%, and the electrochemical capacitor
performances were essentially identical to those observed in
this study. As an additional experiment, 3 mmol of TMBQ and
3 mmol of DBBQ were individually hybridized with AC at 100
°C using the indirect method (Scheme 1a). In this method, the
QDs were first vaporized and subsequently adsorbed within
the AC pores in the vapour phase, and the adsorption required
more than 12 h to complete (Fig. S4), in stark contrast to the
direct method, in which adsorption was accomplished much
more rapidly. The resulting hybrids exhibited electrochemical
capacitor performances (Fig. S18) identical to those of
AC/TMBQ (3) and AC/DBBQ (3) (Fig. 5), confirming that both
the direct and indirect methods ultimately produce the same
dispersion of QDs inside the AC pores. These results
demonstrate that although Scheme 1a and 1b follow different
adsorption pathways, they converge to the same final hybrid
state, and they further highlight that direct molecular contact
with AC particles significantly accelerates adsorption at room
temperature, consistent with a mechanism driven by m-n
interactions between QDs and the AC carbon surface. The
slightly lower capacitance retention among the AC/QD hybrids
containing 3 mmol of QDs per gram of AC was observed for
AC/DBBAQ (3), prepared by both the direct (Fig. 5d and e, Table

This journal is © The Royal Society of Chemistry 20xx
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3) and indirect (Fig. S18) methods. This behavior is attributed
to the presence of two bulky tert-butyl groups in DBBQ, which
hinder ion diffusion within the pores at high current densities.

To further assess the practical feasibility of this method, we
examined whether the drying step of AC could be omitted
prior to hybridization. AC/TMBQ (3) and AC/PBQ (3) were
prepared without drying AC through the direct method at 25
°C. The amount of adsorbed water in AC was determined in a
preliminary experiment (3.3 wt%), and AC was weighed on the
basis of the measured adsorbed water content. Their
electrochemical performances and adsorption behaviour did
not show any significant difference (Fig. S19) from those
shown in Fig. 2 and Fig. 5, and these hybrids were used for
asymmetric coin cell measurements (vide infra) because of the
largest potential difference between TMBQ and PBQ (Fig. 5a).
Importantly, the water molecules remaining in the AC pores
did not hinder the adsorption or redox reactions of the QDs,
because the AC used in this study contains only a very small
amount of adsorbed water (33 wt%) and is predominantly
hydrophobic. In addition, since the electrochemical reactions
of QDs necessarily require a proton-containing aqueous
electrolyte, the presence of adsorbed water is not detrimental
and can be considered acceptable. The amount of adsorbed
water in AC remains constant as long as the storage conditions,
such as humidity and temperature, are maintained. Therefore,
the present hybridization method requires only weighing and
mixing AC with the QDs, eliminating filtration, drying, heating,
purification, and vacuum operations, as well as the use of
solvents and specialized apparatus. Accordingly, this
hybridization method is ultimately a simple, energy-efficient,
and environmentally sustainable approach for preparing high-
performance AC/QD hybrid electrodes.

3.3. Coin cell measurements.

An asymmetric coin cell, denoted as AC/TMBQ (3)| |AC/PBQ
(3), was evaluated at a cell voltage of 0.8 V. Here, AC/TMBQ
(3) and AC/PBQ (3) served as the negative and positive
electrodes, respectively. The measurements were performed
in the following sequence: CV, GCD, and finally a cycle test at
2 A g 1. Among the QD combinations investigated, the redox
potential difference between TMBQ and PBQ was the largest
(Fig. 5a). In addition, the volumetric capacitance increased
with QD loading while maintaining high capacitance retention.
Therefore, AC/TMBQ (3) and AC/PBQ (3) prepared without
drying AC (Fig. S19) were selected for cell fabrication. For
comparison, a symmetric AC||AC cell was tested under
identical conditions. The negative and positive electrodes of
both cells contained the same mass of AC, which means that
the electrode thickness was constant regardless of the
presence or amount of QDs (vide supra). As shown in Fig. 6a,
the symmetric AC||AC cell exhibited a nearly rectangular
voltammogram, characteristic of electric double-layer
behavior. In contrast, the AC/TMBQ (3) (negative)| | AC/PBQ
(3) (positive) cell showed pronounced redox peaks and a
substantially larger volumetric current, arising from the redox
reactions of TMBQ and PBQ confined within the AC pores.

This journal is © The Royal Society of Chemistry 20xx
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Although TMBQ and PBQ were introduced into the electredes
in their quinone forms, partial reductiorPtd tRe WpdPsedingie
form is expected to occur upon immersion in the electrolyte,
as evidenced by the initial voltammetric behavior (Fig. S20). As
discussed below (vide infra), during the first four CV cycles the
electrochemical responses gradually evolve, and the redox
peaks associated with TMBQ and PBQ become more distinct
with increasing cycle number. This behavior suggests that the
redox-active states of the quinone derivatives are
progressively established in the electrode during the initial
activation process.

Fig. 6b shows the dependence of the gravimetric and
volumetric capacitances on current density. The GCD
measurements of the coin cells were performed up to a
current density of 5 A g71, which corresponds to 10 A g1 in the
three-electrode configuration. The percentages and times in
Fig. 6b represent capacitance retention relative to the values
at 0.05 A g*! and the corresponding charging times,
respectively. For example, AC/TMBQ (3)| | AC/PBQ (3) exhibits
a volumetric capacitance 6.1 times higher than that of AC| |AC
at 1 A g7! (Fig. 6b). In comparison, AC/TMBQ (3) and AC/PBQ
(3) show 3.1- and 2.9-fold increases in volumetric capacitance
at 2 A g1, respectively, in the three-electrode measurements
(Fig. 5e). These results indicate that both TMBQ and PBQ
contribute to charge-storage process during the subsequent
GCD measurements after the initial CV activation cycles. The
volumetric capacitances of AC/TMBQ (3)| | AC/PBQ (3) are 5.9—
6.3 times higher than those of AC||AC below 5 A g1, with a
capacitance retentions of 71% at 2 A gl This marked
enhancement is attributed to the concerted redox reactions of
TMBQ and PBQ at the negative and positive electrodes,
respectively. However, the asymmetric AC/TMBQ
(3)] |AC/PBQ (3) cell exhibited a pronounced decrease in
retention at 5 A gl. The GCD curves of AC in the three-
electrode configuration exhibited triangular profiles without
plateaus, which are typical of EDLC behaviour (Fig. S15a and
b).5” Consequently, this triangular shape was reflected in the
GCD curves of the symmetric AC| | AC cell, and the cell likewise
displayed EDLC-type triangular profiles across all current
densities without a plateau (Fig. S21a and b). In contrast, the
asymmetric AC/TMBQ (3)| | AC/PBQ (3) cell exhibited a distinct
plateau from 0.05 to 2 A g%, whereas no plateau was observed
at 5 A g ! (Fig. S21c and d, indicating that the redox reactions
of TMBQ and PBQ were limited at such high current density.

Three-electrode cell measurements provide information on
electrochemical behaviour within a defined potential window
rather than on the practical performance of electrochemical
capacitors. In this study, the working electrode potentials was
controlled from —0.1 to 0.8 V (vs. Ag/AgCl), corresponding to a
range of 0.9 V (Fig. 5a). In contrast, two-electrode cell
measurements, including coin cells, are controlled by the
overall cell voltage, while the potential ranges of the negative
and positive electrodes cannot be independently adjusted.
Because the initial voltages of both the symmetric AC| | AC and
asymmetric AC/TMBQ (3)| |AC/PBQ (3) cells were essentially
zero, the initial potentials of their negative and positive
electrodes must have been nearly identical. The cell voltage of
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Fig. 6 Electrochemical performance of symmetric AC||AC and YP-50F| | YP-50F coin cells and an asymmetric AC/TMBQ (3) (negative) || AC/PBQ (3) (positive) coin cell
measured at 25 °Cin 1 M H,S0;: (a) cyclic voltammograms recorded at 1 mV s7%; (b) gravimetric and volumetric capacitances as a function of current density determined

from GCD measurements; (c) gravimetric energy density as a function of gravimetric power density; (d) volumetric energy density as a function of volumetric power
density; and (e) cycle performance measured at 2 A g%, (f) Leakage current as a function of time (2 h) recorded after charging at 2 A g™ to 0.8 V. (g) Self-discharge curves
(open-circuit voltage) measured immediately after the leakage current measurement. The cell voltage range for the CV and GCD tests was 0-0.8 V.

the coin cells was 0.8 V. Therefore, if the negative and positive
electrodes contributed equally to the capacitance, their
potential ranges would be +0.4 V from their respective initial
potentials—much narrower than the 0.9 V window used in the
three-electrode measurements. Within such a restricted
potential range, the redox reactions of TMBQ and PBQ did not
proceed at the high charge—discharge rate of 5 A g%, as
evidenced by the GCD curves of the asymmetric AC/TMBQ
(3)] |AC/PBQ (3) cell (Fig. S21d). Nevertheless, unlike at 5 A g™*
where the redox reactions did not proceed, the asymmetric
AC/TMBQ (3)||AC/PBQ (3) cell at 2 A g exhibited the
charging time of 73 s. Once this charging time was ensured,
the cell delivered a volumetric capacitance 6.3 times greater
than that of the symmetric AC||AC cell at 2 A g1 The
gravimetric energy and power densities of the symmetric and

12 | J. Name., 2012, 00, 1-3

asymmetric cells are plotted in Fig. 6¢ together with those of a
symmetric coin cell composed of a commercial EDLC activated
carbon (YP-50F), ie., YP-50F||YP-50F. The corresponding
volumetric energy and power densities are presented in Fig.
6d. YP-50F possesses a pore structure dominated by
micropores together with mesopores smaller than 3 nm; its
micropore and mesopore volumes are 0.66 and 0.10 cm3 g1,
respectively, with a BET specific surface area of 1520 m? g*
(Fig. S22). Because the BET specific surface area of YP-50F is
less than half of AC, YP-50F | | YP-50F exhibits lower gravimetric
energy densities than AC| | AC across the entire power-density
range. However, because the electrode density of YP-50F
(0.504 g cm™3) is higher than that of AC (0.326 g cm™3), the
difference in volumetric energy density between AC| |AC and
YP-50F | | YP-50F becomes much smaller. In contrast, except at

This journal is © The Royal Society of Chemistry 20xx
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(ec)

5Ag1(293 W kgt and 131 W L"), AC/TMBQ (3)| | AC/PBQ (3)
exhibits higher gravimetric and volumetric energy densities
than AC| |AC and YP-50F| | YP-50F.

The mean cell voltage (Vmean) decreases with increasing
current, reflecting resistive voltage losses in the cell (Fig. S23).
Here, Vmean Was calculated as the time-averaged voltage
during discharge from immediately after the IR drop to 0V,
and the IR drop (AVig) increased approximately linearly with
current (AV = IR), yielding internal resistances of 3.45 Q for the
symmetric AC||AC cell and 2.81 Q for the asymmetric
AC/TMBQ (3)]| |AC/PBQ (3) cell. For comparison, a symmetric
YP-50F | | YP-50F coin cell exhibited a larger resistance of 7.03
Q, indicating that the AC-based electrodes provide lower
internal resistance than the commercial activated carbon
electrode under the present conditions. For the coin-cell
measurements (AV = 0.8 V), we additionally report capacity-
type metrics (mAh cm=3, mAh cm=2, and mAh g1) converted
from the corresponding capacitances via Q = CAV (1 mAh =3.6
C) (Fig. S24). Because QD adsorption occurs within the AC
pores without measurable electrode expansion (vide supra),
and all electrodes were fabricated under identical geometric
and processing conditions (see Experimental Section), these
capacity-type metrics follow essentially the same trends as the
corresponding areal/volumetric/gravimetric capacitances.

The cycle test was performed at 2 A g1, where the
asymmetric AC/TMBQ (3)||AC/PBQ (3) cell exhibited a
volumetric capacitance 6.1 times higher than that of the
symmetric AC||AC cell (Fig. 6b). After 10 000 cycles, the
symmetric AC||AC and asymmetric AC/TMBQ (3)| |AC/PBQ
(3) cells retained 102% and 80% of their initial capacitances,
respectively. Importantly, despite the gradual fading observed
in the asymmetric AC/TMBQ (3)||AC/PBQ (3) cell, its
volumetric capacitance remained 4.7 times higher than that of
the symmetric AC| | AC cell after prolonged cycling. The cycling
behavior of AC/TMBQ (3)| | AC/PBQ (3) was found to depend
strongly on the electrochemical pretreatment and storage
conditions (Fig. S25a). When the cycle test was started
immediately after cell assembly, the first-cycle capacitance
was extremely small, but increased rapidly during subsequent
cycles. In contrast, cells subjected to several CV and/or GCD
cycles before the cycling test exhibited much higher initial
capacitances and more stable cycling behavior. A similar
tendency was also observed for symmetric AC||AC and YP-
50F| |YP-50F coin cells, indicating that the low initial
capacitance is not specific to the quinone-modified electrodes
but is mainly related to electrochemical conditioning of the
coin cell with a limited amount of electrolyte (Fig. S25b).
Additional analyses of the electrodes recovered from stored or
cycled coin cells revealed partial redistribution of TMBQ and
PBQ between the negative and positive electrodes (Fig. S26
and S27). These observations indicate that partial desorption
and redistribution of quinone species occur during storage and
cycling, which likely contribute to the moderate capacitance
decrease observed during long-term cycling. Even during
prolonged measurements in the coin cells, the characteristic
redox potentials of the QDs remained unchanged, indicating
that the molecular structures of the QDs are preserved despite

This journal is © The Royal Society of Chemistry 20xx
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partial desorption and re-adsorption of the.moleciles
between the electrodes during long-terfAa@pEratFgnP5LF00343A

Leakage current and self-discharge are important
parameters for evaluating the practical performance and
energy retention of electrochemical capacitors.”® The cells
were first charged to 0.8 V at 1 A g™, after which the leakage
current was monitored for 2 h at the constant voltage,
followed by measurement of the open-circuit voltage for 24 h.
The leakage currents after 2 h were 0.046 mA for AC/TMBQ
(3)] |AC/PBQ (3), 0.047 mA for AC||AC, and 0.037 mA for YP-
50F| | YP-50F, indicating that the incorporation of quinone
derivatives does not significantly increase the steady-state
leakage current compared with the symmetric AC cell. The
self-discharge measurements show that AC| |AC exhibits the
slowest voltage decay, whereas YP-50F| |YP-50F shows the
most pronounced voltage drop, with AC/TMBQ (3)| |AC/PBQ
(3) displaying intermediate behavior. This trend suggests that
the porous structure of AC effectively suppresses voltage loss,
while the presence of redox-active quinone species slightly
accelerates self-discharge compared with AC| |AC.

The scalability of the present solvent-free hybridization
strategy was examined by a tenfold batch-scale increase,
which preserved both the adsorption behavior and
electrochemical performance (Fig. S28). The simplicity of the
direct mixing process, which requires neither solvents nor
thermal or vacuum treatment, suggests that further scale-up
is primarily governed by powder mixing and contact efficiency
rather than by intrinsic kinetic limitations. Continuous
processing could therefore be envisaged using established
solid-handling technologies, although optimization of
residence time and mixing uniformity would be required.

Overall, the results demonstrate that QDs can be effectively
hybridized with AC through simple room-temperature
adsorption without compromising the pore structure or
electrochemical accessibility of the carbon framework. The
AC/QD hybrids exhibit enhanced charge storage originating
from reversible redox reactions of QDs while maintaining
efficient ion transport within the porous electrode.
Consequently, the asymmetric AC/TMBQ (3)| | AC/PBQ (3) coin
cell delivers substantially higher gravimetric and volumetric
energy densities than conventional symmetric AC cells while
retaining comparable leakage current and acceptable self-
discharge behavior. These findings highlight that solvent-free
adsorption of QDs onto porous carbon provides a practical
strategy for improving the energy density of aqueous
electrochemical capacitors.

Conclusions

In this study, we demonstrated a solvent-free, room-
temperature method for hybridizing QDs with AC through
direct mixing, thereby eliminating drying, heating, vacuum,
and solvent operations. Structural and calorimetric analyses
revealed that adsorption is driven by m—t interactions at the
AC pore interfaces, and that direct molecular contact is
indispensable for hybridization via interfacial adsorption at 25
°C. The resulting AC/QD hybrids exhibited distinct redox
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activity without compromising the porous structure of AC.
Electrochemical evaluations showed that the hybrids
delivered high volumetric capacitances and improved rate
performance, attributable to the interfacial redox reactions of
QDs confined within AC pores. In the asymmetric coin cell
using AC/TMBQ (3) and AC/PBQ (3) as the negative and
positive electrodes, respectively, their narrow potential
windows limited redox activity at the very high current density
of 5 A g, yet at 2 A g! the cell achieved volumetric
capacitance up to 6.3-fold greater than that of the symmetric
AC||AC cell. Compared with symmetric AC||AC and
commercial YP-50F| | YP-50F cells, the AC/TMBQ (3)| | AC/PBQ
(3) cell exhibits substantially higher gravimetric and volumetric
energy densities while maintaining comparable power
capability. In addition, the hybrid cell shows moderate self-
discharge behavior comparable to conventional AC-based
cells, indicating that the introduction of QDs enhances energy
storage without significantly compromising practical operating
characteristics. Furthermore, even after 10 000 cycles at 2 A
g1, the asymmetric AC/TMBQ (3)| |AC/PBQ (3) cell retained
80% of its initial capacitance, maintaining a volumetric
capacitance 4.7 times higher than the symmetric AC| | AC cell.
These findings highlight the critical role of interfacial
adsorption in determining electrochemical behaviour and
establish solvent-free room-temperature hybridization as a
simple, energy-efficient, and sustainable strategy for
preparing durable, high-performance electrodes for energy
storage.
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