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Unraveling the Capacitive Behaviors in Nanoconfined

lonophilic Carbon Pores

Xinyuan Li, Congcong Cai, Liang Zhou,* Ligiang Mai,* and Hong Jin Fan*

Intensifying the synergy between confined carbon nanopores and ionic liquids
(ILs) and a deep comprehension of the ion behavior is required for enhancing
the capacitive storage performance. Despite many theoretical insights on the
storage mechanism, experimental verification has remained lacking due to
the intricate nature of pore texture. Here, a compressed micropore-rich
carbon framework (CMCF) with tailored monolayer and bilayer confinement
pores is synthesized, which exhibits a compatible ionophilic interface to
accommodate the IL [EMIM][BF,]. By deploying in situ Raman spectroscopy,
in situ Fourier-transform infrared spectroscopy, and solid-state nuclear
magnetic resonance, the effect of the pore textures on ions storage behaviors
is elucidated. A voltage-induced ion gradient filling process in these ionophilic
pores is proposed, in which ion exchange and co-ion desorption dominate the
charge storage process. Moreover, it is established that the monolayer
confinement of ions enhances the capacity, and bilayer confinement facilitates
the charging dynamics. This work may guide the design of nanoconfinement
carbon for high-energy-density supercapacitors and deepen the
understanding of the charge storage mechanism in ionophilic pores.

behavior of ion confinement in nanoporous
carbon.l?l A favored carbon electrode ma-
terial should have the merits of a large
specific surface area, rapid ion delivery,
and high electrical conductivity.®! Ionic
liquids (ILs), composed of solely cations
and anions, are esteemed for their elec-
trochemical stability and ability to offer a
wide voltage window, rendering them a
preferred electrolyte option for capacitive
energy storage.l*! While maximum capac-
itance and energy density are achievable
when the pore size aligns with that of ILs,
this comes at the expense of compromised
charging dynamics.’! Hence, striking a
balance between energy density and charg-
ing dynamics of carbon electrode materials
entails judicious engineering of the pore
texture.

The capacitance performance is gov-
erned by the electrochemical double

1. Introduction

Among electrochemical energy storage systems, supercapac-
itors possess the advantages of high power density and long
lifespan, owing to the electrostatic separation of ions at the elec-
trode/electrolyte interface without involving sluggish Faradic
reactions.['l In the pursuit of high energy density, extensive
endeavors have been dedicated to understanding the capacitive
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layer structure at the electrode/electrolyte

interfaces.’! In this work, a widely

used IL, [EMIM][BF,], is employed as
electrolyte to match ionophilic carbon pores. The sizes of 1-ethyl-
3-methylimidazolium ([EMIM]*) and tetrafluoroborate ([BF,]")
are depicted in Scheme 1.”! The ion bilayer demonstrates min-
imum and maximum sizes of 0.88 and 1.33 nm, respectively.
Pores larger than [EMIM]* (0.76 nm) are beneficial for its ad-
sorption. In ILs, the absence of a solvation shell gives rise to
strong electrostatic Coulombic forces between adjacent ions,
resulting in Coulombic ordering of each ion surrounded by
oppositely charged ions.®! Pores greater than 1.33 nm indi-
cate non-confinement with Coulombic ordering (Scheme 1a).
Within the range of pores from 0.88 to 1.33 nm, ions are
in bilayer confinement with Coulombic ordering (Scheme 1b).
When the pore size falls between 0.76 and 0.88 nm, strong in-
teractions between the carbon wall and ions generate image
charges, leading to a reduction in interionic interactions and
the disruption of Coulombic ordering (Scheme 1c).®>°! Con-
sequently, ions are confined within monolayer pores, forming
superionic states with ion pairs. Upon negatively charging the
electrode, the over-screening effect, resulting in double-layer
loss, takes place at pores larger than 1.33 nm (Scheme 1d).[%
Here, an excess of [EMIM]* accumulates at the surface, while
the surplus positive charge is neutralized by [BF,]” ions in
the sublayer. Pores with bilayer confinement prevent the over-
screening effect and induce the monolayer arrangement of
[EMIM]* perpendicular to the wall, thereby enhancing charge

© 2024 Wiley-VCH GmbH
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Scheme 1. Sorption behaviors of [EMIM][BF,] in ionophilic carbon pores. Schematics of [EMIM][BF,] residing in pores with sizes: a) greater than
1.33 nm (large pore), b) between 0.88 and 1.33 nm (bilayer-ion pore), and c) between 0.76 and 0.88 nm (monolayer-ion pore) in the absence of an
applied potential. d—f) The corresponding electrode/electrolyte interfaces upon negative charging.

storage and facilitating ion diffusion (Scheme 1le). The lateral
arrangement of [EMIM]" in negatively charged bilayer-ion pores
could be the optimal configuration for high storage density and
rapid dynamics. Crucially, pores with monolayer confinement
will also circumvent the over-screening effect, whereas the strong
interactions between the carbon wall and ions contribute to en-
hanced capacitance (Scheme 1f). The absence of over-screening
in both bilayer and monolayer confinement pores guarantee the
efficient charge storage. At present, the understanding of ion stor-
age mechanisms in nanoporous confined spaces has been pre-
dominantly provided by isolated theoretical calculations,['! while
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experimental direct evidence is scanty which poses a challenge in
reliable materials science and in situ characterization techniques.

This study endeavors to engineer carbon to enhance energy
density and charging dynamics and also unravel the capacitive
behaviors in ionophilic pores. We synthesized the compressed
micropore-rich carbon framework (CMCF) via hydrogen bond
(H-bond) induced compression followed by KOH activation. This
carbon structure contains monolayer and bilayer confinement
pores, along with an ionophilic interface, rendering CMCF with
high capacitance and rate performance as well as energy density.
Solid-state nuclear magnetic resonance (ssNMR) reveals subtle
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confinement in the coupled monolayer and bilayer confinement
pores, facilitating ion dynamics. In situ Raman spectroscopy dy-
namically identifies variations in the interaction between the car-
bon wall and [EMIM]* with varying voltages. In situ Fourier-
transform infrared (FTIR) spectroscopy unveils the ion exchange
and co-ion desorption mechanisms. Theoretical calculations re-
veal the role of bilayer confinement pores in governing charging
kinetics, the importance of monolayer confinement pores in en-
hancing capacitance storage, as well as the challenges posed by
excessively small pores during the entry process. This study pro-
vides insights into ion behaviors within ionophilic confinement
carbon pores and their effects on capacitive energy storage per-
formance.

2. Results and Discussion

The construction of CMCF is schematically illustrated
in Figure 1la. Initially, carbon nanotube@3-aminophenol-
formaldehyde resin (CNT@APF) nanofibers are synthesized
by the polymerization of 3-aminophenol and formaldehyde on
CNTs in aqueous solution.’>!2] The strong H-bond interactions
between amino and hydroxyl groups, as detected by FTIR spec-
troscopy (Figure Sla, Supporting Information), transform the
loose CNT@APF nanofibers into compressed carbon framework
(CCF) during carbonization. The activation process enlarges the
sizes and increases the number of the monolayer and bilayer
confinement pores for CMCF. The CNT core serves as both
a conductive and mechanical skeleton, promoting electron
transport and facilitating ion mobility by preventing excessive
compression of the 3D nanofiber framework (Figure 1b). The
pore sizes of CMCF exceed those of [EMIM]* and [BF,]~, indicat-
ing full accessibility of the active surface to the electrolyte ions.
The CNTs have a diameter of ~10 nm and lengths up to several
micrometers. The core—shell structured CNT@APF nanofibers
with a diameter of ~60 nm are loosely cross-linked (Figure 1c;
Figure S2ab, Supporting Information). High-angle annular
dark-field scanning transmission electron microscopy (HAADEF-
STEM) images and the corresponding energy-dispersive X-ray
spectroscopy (EDS) elemental mappings manifest the homo-
geneous distribution of C, N, and O (Figure S3a, Supporting
Information). The CCF displays tight cross-linking with a slight
reduction in diameter to ~50 nm (Figure 1d, Figure S2cd,
Supporting Information), demonstrating good thermal stability
as verified by thermal gravimetric analysis (TGA) (Figure S1b,
Supporting Information). The CMCF features fine-tuned micro-
pores and negligible size reduction compared to CCF (Figure le,
Figure S2e,f, Supporting Information), indicating heightened
corrosion resistance. The H-bond compression strategy endows
nanofibers with tap densities (0.22 g c¢m™) comparable to
microspheres (0.24 g cm™) (as seen in digital photos 5 and 6,
Figure 1f). Dynamic contact angle measurements demonstrate
the well wettability of CMCF toward [EMIM][BF,], with an initial
value of 39.6° and ~0° after 4 min (Figure 1g).

Without the introduction of CNT, solid APF microspheres are
obtained with a diameter of 600 nm. After carbonization, the di-
ameter decreases to 500 nm, which further reduces to 470 nm
for the final product of micropore-rich carbon spheres (MCS)
(Figure S4, Supporting Information). Yield measurement indi-
cates that CNTs enhance polymerization efficiency by 23% and
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confer higher thermal resistance, resulting in a 43.1% increase
in yield (Figure S5 and Table S1, Supporting Information). X-ray
diffraction (XRD) patterns of all the samples (CMCF, CCF, and
MCS) show broad peaks at~23° and 43°, indicative of amorphous
carbon (Figure S6a, Supporting Information).l3! These diffrac-
tion peaks weaken in CMCF and MCS due to an increased num-
ber of defects after activation, which will benefit ion accommo-
dation. Raman spectra exhibit a typical D-band at ~1340 cm™!
and a G-band at #1590 cm™! (Figure S6b, Supporting Informa-
tion). The I, /I ratio of MCS is 0.98, suggesting the amorphous
features.['*l The CMCF and CCF exhibit a 2D-band ~2700 cm™!
and a heightened G-band associated with the CNT core relative
to MCS.

The electrochemical behaviors at the electrode/electrolyte in-
terface are intricately associated with the pore texture, confine-
ment degree, and surface chemistry of carbon materials. N,
adsorption/desorption isotherms present a sharp increase at
P/P, < 0.1 and hysteresis at P/P, > 0.8, indicating abundant mi-
cropores with certain number of mesopores (Figure 2a).[’>] Ow-
ing to its abundant micropores and meso-/macropores in the
fibrous framework, the CMCF displays a higher specific sur-
face area and pore volume (2405 m? g1, 2.22 cm® g7!) than
the CCF (362 m? g™', 0.55 cm® g™') and MCS (770 m? g™,
0.39 cm?® g™1). Pore size distribution reveals two peaks at 0.78 and
1.32 nm in CMCF (Figure 2b; Figure S7, Supporting Informa-
tion), corresponding to monolayer and bilayer confinement pores
for [EMIM]* (0.76 nm) and [BF,]” (0.45 nm). For neat [EMIM]
[BF,], the TH NMR presents five chemical environments for 'H
peaks (Figure 2c). The additional peak at 4.7 ppm comes from the
solvent (D,0). For the CMCF soaked with [EMIM][BF,], ssNMR
exhibits a broad 'H peaks assigned to ex-pore [EMIM]*. Such
a situation corresponds to the local magnetic field effect stem-
ming from the circulating delocalized x electrons of surrounding
carbon walls. The *2 and *3 peaks with similar chemical shifts
merge into a single broad peak due to the restricted molecular
motion in ssNMR. Compared to neat [EMIM][BF,], the signals of
ex-pore [EMIM]* for CMCF soaked with [EMIM][BF,] shift to a
lower frequency by 0.5 ppm. In-pore resonance of [EMIM]* in-
side the micropores adjacent to carbon surfaces is also detected.
The slight split peak at —0.1 ppm ascribed to in-pore [EMIM]*
suggests weak confinement of carbon pores, which will bene-
fit the charging dynamics.['®! X-ray photoelectron spectroscopy
(XPS) measurement (Figure S8, Supporting Information) reveals
that the CMCF, after secondary carbonization in a reduction
atmosphere, showcases higher levels of stable pyridinic-N and
fewer heterogeneous atoms compared to CCF and MCS. The
high pyridinic-N content in CMCF results from its higher pore
density.l'”]

There are scarce reports on the electrochemical behaviors
of ionophilic nanoporous carbon owing to its intricate nature,
not to mention real-time monitoring of capacitive behavior in
ionophilic pores. In situ Raman analysis of carbon electrodes
has been primarily employed in battery research to detect the
change in carbon structure resulting from Faradaic reactions.!8]
However, detecting changes in carbon structure in supercapaci-
tors is challenging as the change is much less pronounced due
to the physical adsorption/desorption processes. In this study,
the strong Coulomb forces inherent in ILs and the interaction
between ions and nanoconfined carbon walls resemble the ion
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Figure 1. Formation of carbon fibers with ionophilic nanoconfinement pores. a) Construction of CMCF driven by H-bonds with subsequent carbonization
and activation. b) Depiction of [EMIM][BF,] storage in monolayer and bilayer confinement ionophilic pores of CMCF. SEM images of c) CNT@APF, d)
CCF, and e) CMCF. f) Digital photos showing volume comparisons for each 100 mg sample. 1, 3, and 5 are fiber-shaped particles. 2, 4, and 6 are
sphere-shaped particles. g) Dynamic contact angles at initial and after 4 min stages for [EMIM][BF ,].

intercalation reactions. This inspires us to conduct the in situ  while the blind pores are accessible but unable to transport ions
Raman characterization of capacitive behavior in ionophilic con-  due to narrow entrances and closed exits. Closed pores are inac-
fined carbon pores. Pores in carbon materials can be catego-  cessible with sealed walls.

rized into three types based on accessibility: through pores, blind To reveal the ion behaviors at CMCF/[EMIM][BF,] inter-
pores, and closed pores (Figure 2d).*”! The through pores al-  face, in situ Raman analysis was performed on the CMCF
low surface access and ion transport via interconnected channels,  negative electrode (Figure S9, Supporting Information). The

Adv. Mater. 2024, 36, 2404393 2404393 (4 of 10) © 2024 Wiley-VCH GmbH

85UBD1 SUOULLOD BAITER.D 3|1 [dde 3Ly Aq pausecb 28 SopIe YO 88N JO S3NI 104 ARIGIT BUIUO A3]IM UO (SUORIPUOD-PUR-SWLIRILOD" AB] 1M AReIq1[BU1|UO//SHRL) SUORIPUOD PUE SIS L 8U) 89S *[7202/0T/ST] U0 ArIqITauluo /1M ‘A LISYIAINN TVIID0TONHOIL ONYANVN Ad E6EV0rZ0Z BWPR/Z00T OT/I0PALI0D" AB3] 1M ARRIqIBUIIUO//SHNY WO PAPEOIUMOQ ‘6E ‘720C ‘S60YTCST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

b o.0s

Q
ey
>
3
3

www.advmat.de

o
)

1
-
N
o
o

n

0.06 0.78 nm

0.04 +

fod

o

o
L

N

o

o
1

f

o

o

=)
N

Quantity adsorbed (cm® g™ STP)

C H NMR [EMIM*] studied

e ccF | MCHy 42N-CHy B N-CHy N Hxd
McS | #4: N-CH= %5: N=CH ke 71 Lo
e 8 -AK‘,ZE\H
. H*S H 3

(%1

CMNCF+ [EMIM][BF,]

%2
Solvent peal 2 I
45 [44 OO

Neat [EMIMI[BF,]

00 02 04 06 08 10
Relative pressure (P/P;)

A
=

R
N
( g Closed pores
(R%igl

Blind pore H A{ﬁﬁ ;
no—-ak & M
@ e

Y [EMIMY @ [BFA'i

b

Increamental pore volume (cm
o
o
N
)

d H,
H g
6 H,, H

Through pores

Time (Sec)

Pristine I

10
Pore diameter (nm)

100 9 6 3 .0 3 6 9
8 H (ppm)

MW

V.
1V
2V

Through
pores
dominance

!
'
D: !

Intensity (a.u.)

Blind pores
dominance
(o}
2
<

1
civ

D-band G-band

800 1000 1200 1400 1600 1800 2000
Raman shift (cm™)

Pristine

Through
pores
dominance/

v

Figure 2. Characterization of ion behaviors at CMCF/[EMIM][BF,] interface. a) N, adsorption/desorption isotherms. The inset is the SEM image of
MCS. b) Corresponding pore size distributions. c) "H NMR spectra of CMCF+[EMIM][BF,] mixture and neat [EMIM][BF,]. d) Diagram illustrating the
typical three types of pores in porous carbon materials. €) GCD curve of CMCF electrode at 1A g~'. f) In situ Raman spectra. g) Schematic illustration
of the voltage-induced ion gradient filling in blind pores and through pores.

electrochemical processes can be classified into four stages
(Figure 2e). Two changes are notable: one is the shift and broad-
ening of the G band; the other is the vibrations associated with
[EMIM]* (Figure 2f). At state I (0-2 V), the capacitance primar-
ily arises from [EMIM]* absorption and [BF,]” desorption in
through pores, with minimal change observed in the position
and shape of the G-band (Figure 2g). At state II (2-3.8 V), the
charge storage predominantly occurs in blind pores, as indicated
by the redshift of the G-band. The migration of [EMIM]* from
through pores into blind pores can be inferred from the strong
ring in-plane asymmetric vibration of [EMIM]* at 1154 cm™, as-
sociated with the squeezing by narrow carbon pores. At high volt-
ages, the strong Coulombic forces between [EMIM]* and [BF,]~
are weakened and cations will more readily enter the blind pores.
When [EMIM]* distorts into the blind pores, strong interactions
between [EMIM]* and carbon walls lead to the broadening and
shifting of the G-band. At state III (3.8-2.0 V), as [EMIM]" mi-
grates back from blind pores to through pores and exits the
through pores, the G-band blueshifts to its initial position. At
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state IV (2.0-0 V), the exit of [EMIM]" from confinement pores
leads to intense C-C stretching vibration at 1131 cm™! and C-H
asymmetric bending vibration at 1513 cm™!. As the concentra-
tion of [EMIM]* within the confinement pores decreases, these
vibration signals attenuate.l?”) Based on this discussion, we pro-
pose a concept of voltage-induced ion gradient filling effect in
nanopores, wherein capacitance contributions above 2 V pre-
dominantly arise from blind pores, while those below 2 V pri-
marily stem from through pores.

To monitor the ingress and egress of [EMIM]* and [BF,]” in
the pores, in situ attenuated total reflection-FTIR (ATR-FTIR)
was employed on the CMCF negative electrode. The in situ in-
frared cell comprises symmetric CMCF electrodes separated by
a cellulose membrane soaked with [EMIM][BF,] (Figure 3a). The
infrared source is incident at a 45° angle onto the ZnSe optical
crystal to detect [EMIM]™ (1172 cm™!) and [BF,]~ (1050 cm™)
signals on the carbon electrode surface, resulting in signal atten-
uation upon ion entry into the carbon pores and enhancement
upon ion exit.?!l During the charging process, the absorption
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Figure 3. Charge-storage mechanism for CMCF in [EMIM][BF,]. a) Schematic illustration of the in situ ATR-FTIR electrochemical test in this study. In situ
ATR-FTIR spectra of b) [EMIM]* and c) [BF4]™. Insets are locally amplified spectra. d) Absorbance variation of the [EMIM]* and [BF,]~ peaks at different
charge—discharge states, and e) corresponding wavenumber shift. f) Schematic illustration of the charge-storage mechanism in bilayer confinement and
monolayer confinement pores in the unbiased, negatively, and positively biased states.

of [EMIM]* within the carbon pore leads to a reduction in
absorbance (Figure 3b), while the simultaneous expulsion of
[BF,]” corresponds to enhanced absorbance (Figure 3c). The
above change of absorbance reverses during the discharging
process. Upon the initial charge process (Figure 3d), the lower
influx of [EMIM]" into the pores compared to efflux in CMCF
indicates the ion exchange and co-ion desorption mechanism.??!
During discharging, the [EMIM]" efflux is comparable to [BF,]~
influx, demonstrating the dominant ion exchange mechanism.
Both [EMIM]* and [BF,]” peaks undergo a redshift during
charging due to ion interaction with confined carbon walls
(Figure 3e) and image charges generated.” This peak shift
is reversed during discharge. The [EMIM]" peak redshift in a
greater degree compared to that of [BF,]~ owing to its better size
compatibility with carbon pores.

Based on the above discussions, the charge storage mecha-
nism in ionophilic CMCF is illustrated in Figure 3f.2*l In bi-
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layer confinement pores, ions exhibit Coulomb ordering, while in
monolayer confinement pores, ions exist in a superionic state as
ion pairs. Both scenarios involve ion exchange and co-ion desorp-
tion upon charging. Negative-biased bilayer confinement pores
yield monolayer [EMIM]* arrangements, while positive-biased
ones yield a mixture of monolayer and bilayer [BF,]” arrange-
ments. As for the monolayer confinement pores, monolayer ar-
rangements of [EMIM]* and [BF,]” occur under negative and
positive bias, respectively.!?’]

Symmetrical supercapacitors are assembled to evaluate the ca-
pacitive storage capability of CMCF by employing [EMIM][BF,]
as the electrolyte (Figure 4a). To determine the optimal volt-
age window, cyclic voltammetry (CV) and galvanostatic charge—
discharge (GCD) tests were employed, and the voltage window
of the two-electrode coin-cell was varied from 2.0 to 4.0 V.12¢]
CV curves ranging from 2.0 to 3.8 V display obvious rectan-
gular shapes (Figure 4b), while the corresponding GCD curves
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electrolytes.[6%1227] The insets show 52 red LEDs being powered by a single device. h) Stability comparison of the three electrodes at 10 A g~ for 20 000
cycles in [EMIM][BF,] ILs. Insets are the GCD curves of the first and last ten cycles of CMCF.

exhibit almost symmetrical triangular shapes (Figure 4c), indicat-
ing characteristic capacitive performance and high reversibility.
The sharpening of CV and the flattening of GCD at 4.0 V sug-
gest the occurrence of redox reactions, which is harmful to elec-
trochemical stability. The specific capacitance shows an increase
with the applied voltage windows, potentially attributed to the im-
age charge caused by ion twisting as ions squeeze through the
blind pores at elevated voltages. As voltage rises, ions crowding
in the pores cause an increased IR drop (Figure 4d). Low voltages
impede ion entry into blind pores, resulting in a high IR drop,
whereas excessively high voltages deteriorate the stability of the
electrode/electrolyte interface, leading to another high IR drop.
The minimal IR drop observed at 3.8 V indicates optimal ion dy-
namics and interfacial stability in the confinement pores.!?**! Af.
ter resting for 12 h, the change in IR drop illustrates that the full
IL wetting promotes the formation of a stable interface. Simul-
taneously, a slight decrease in capacitance is observed owing to

Adv. Mater. 2024, 36, 2404393

2404393 (7 of 10)

deep infiltration of ions into the pores which reduces the net ion
flow.

Based on the above results, all samples were evaluated within
the voltage range of 0-3.8 V. Compared to CCF and MCS, the
CMCF demonstrates a higher response current density, indicat-
ing its better capacitive performance (Figure 4e). With the in-
crease in scan rate, the CV shape changes from rectangular to
spindle shape (Figure S10, Supporting Information). At a mass
loading of 2.7 mg cm~2, the CMCF delivers a capacitance of
218 Fgtat1 A g !, surpassing CCF (26 F g at 1 A g7!) and
MCS (157 F g' at 1 A g™!) (Figure S11, Supporting Informa-
tion). The GCD curves of CMCF at 1-50 A g~ reveal the good rate
performance (160 F g! at 50 A g~! with 73.3% retention at 1 A
g~1) and negligible IR drop, which can be ascribed to the multi-
ple beneficial factors, including slight confinement in monolayer
and bilayer pores, continuous electron and ion transfer paths,
and a 3D carbon framework (Figure 4f; Figure S12, Supporting
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Information). Ragone plots (Figure 4g) demonstrate that the sym-
metric supercapacitor device exhibits a high energy density of
108.8 Whkg™! at946.3 W kg™! and 54.2 Whkg ! at 39 000 W kg~!
(based on the active mass of CMCF), surpassing most porous
carbons in ILs electrolytes.%®1227] A single coin cell can illumi-
nate an array of 52 light-emitting diodes (LEDs) for more than
2 min. The CMCF exhibits a capacitance retention of 94.7% at
10 A g~! for 20 000 cycles, outperforming CCF (75.0%) and MCS
(68.5%) (Figure 4h). This correlates to the smallest impedance
semicircle (19.1 Q) of CMCF compared to CCF (43.2 Q) and MCS
(53.8 Q) obtained from electrochemical impedance spectroscopy
(EIS) (Figure S13, Supporting Information). The observed fluctu-
ations in the data points most likely stem from external environ-
mental disturbances impacting the electrode/electrolyte interface
stability and the precision of the testing instruments (Figure S14,
Supporting Information). The improvement in testing precision
can alleviate capacity fluctuations (Figure S15, Supporting Infor-
mation).

To further elucidate the origin of the decent capacitance
and rate performance, insights into the dynamic interaction
energies of [EMIM]* in the bilayer and monolayer confinement
pores are obtained through density functional theory (DFT)
calculations. The bilayer graphene structure with slit pores is
employed to approximate the slit pore model employed in deter-
mining pore size distribution. Given the larger size of [EMIM]*
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(0.76 nm) compared to [BF,]” (0.45 nm) adsorbed in carbon
electrodes, this study focuses on the dynamic adsorption process
of [EMIM]* near both the bilayer confinement pores (1.32 nm)
and monolayer confinement pores (0.78 nm). We also study the
adsorption behavior within the primary pore size of 0.58 nm
in CCF, which is smaller than the length but larger than the
width (0.43 nm) of [EMIM]*. Theoretical analyses reveal intricate
dynamics regarding the interaction energy between [EMIM]*
and bilayer versus monolayer confinement pores. Specifically,
bilayer confinement pores demonstrate a low interaction energy
with [EMIM]*, which facilitates favorable charging dynamics
(Figure 5ab; Figure S16a and Table S2, Supporting
Information).[?!! Conversely, monolayer confinement pores
exhibit a higher interaction energy with [EMIM]*, thereby pro-
moting efficient capacitance storage of [EMIM]* (Figure 5a,c;
Figure S16b and Table S3, Supporting Information).[’l However,
when it comes to pores with a diameter (0.58 nm) smaller than
the length of [EMIM]*, an intriguing phenomenon emerges
(Figure 5a,d; Figure S16¢ and Table S4, Supporting Informa-
tion); At the pore edge, there is a notable spike in interaction
energy, suggesting the strong affinity of 0.58 nm pores for
[EMIM]*. Nevertheless, the interaction energy rapidly de-
creases as the ions penetrate further into the pore, indicating
unfavorable entry processes. As a result, the combination of
monolayer and bilayer confinement pores in CMCF promotes
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a synergistic enhancement in energy density and charging
dynamics.

To expand the application scenes, the electrochemical perfor-
mances of CMCF were measured in the temperature range from
25 to 90 °C in a two-electrode setup. CV curves at 100 mV s~!
exhibit nearly rectangular shapes (Figure S17, Supporting Infor-
mation). The observed increase in response current density with
temperature can be attributed to the reduction in viscosity of
[EMIM][BF,]. GCD curves at 5 A g~! display nearly symmetrical
triangular shapes with prolonged charge/discharge durations, in-
dicating enhanced capacitive performance. With the increase of
temperature from 25 to 80 °C, the Nyquist plots exhibit a gradual
decrease in intercepts at high frequencies, a reduction in semicir-
cles at intermediate frequencies, and an increase in steep oblique
lines at low frequencies, in accordance with the Arrhenius for-
mula. However, a large impedance is observed at 90 °C, indi-
cating potential instability of the electrode/electrolyte interface
at this temperature. The capacitance is stable during cycling at
5 A g~! for every 10 cycles across temperatures from 25 to 90 °C,
demonstrating good thermal stability up to 90 °C. The incremen-
tal capacitance with temperature accords well with the CV and
GCD results.

Due to the detrimental effect of trace water in [EMIM][BF,], de-
hydration treatment is necessary before they are used in devices.
To illustrate this, we compared the electrochemical performance
of supercapacitors in [EMIM][BF,] IL electrolytes with and with-
out dehydration treatment.?®*! The as-purchased IL electrolyte
(without dehydration) corresponds to prolonged charging times
(Figure S18, Supporting Information). The lower capacitance at
high currents can be attributed to the decrease in electrolyte ion
density due to the presence of trace water, as evidenced by thinner
CV curves at high scan rates. Because of the electrolyte decom-
position, a higher capacitance is observed at low current densi-
ties, as illustrated by the appearance of polarization and redox
peaksin CV curves at low scan rates. EIS curves indicate that trace
water partially disrupts the Coulombic ordering of [EMIM][BF,],
consequently reducing both electrolyte and material resistances.
Continuous electrolyte decomposition leads to the disrupt of the
cycling continuity.

3. Conclusion

We have constructed a compressed micropore-rich carbon frame-
work with ionophilic monolayer and bilayer confinement pores
for electrochemical capacitive ion storage. The symmetric su-
percapacitor based on CMCF electrodes delivers a high energy
density of 108.8 Wh kg™! at 946.3 W kg~!. The deployment of
in situ Raman characterization in this study allows us to un-
ravel the ion storage mechanism by detecting the G-band shift in
confinement-pore carbons during capacitive states. We have es-
tablished that the ion storage within the ionophilic confinement
pores includes the following processes: voltage-induced ion gra-
dient filling in micropores, ion exchange, and co-ion desorption,
and the synergistic effect of coupled monolayer and bilayer con-
finement on the energy density and dynamics of the device. This
study expands our comprehension on the ion behavior within
confinement pores and guide the design of high-energy density
supercapacitors.
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