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lon Bridging by Carbon Dioxide Facilitates Electrochemical
Energy Storage at Charged Carbon—lonic-Liquid Interfaces

Mingren Liu, Yong-Lei Wang, Konstantin Schutjajew, Liyuan Chai, and Martin Oschatz*

Solvent free ionic liquid (IL) electrolytes facilitate high-voltage supercapacitors
with enhanced energy density, but their complex ion arrangement and through
that the electrochemical properties, are limited by strong Coulombic ordering
in the bulk state and like-charged ion repulsion at electrified interfaces.
Herein, a unique interfacial phenomenon resulting from the presence of
carbon dioxide loaded in 1-Ethyl-3-methylimidazoliumtetrafluorborate
electrolyte that simultaneously couples to IL ions and nitrogen-doped
carbonaceous electrode is reported. The adsorbed CO, molecule polarizes

electric double layer capacitors (EDLCs),
the charge storage capability primar-
ily arises from capacitance generated
through electrostatic interaction that
leads to the formation of electric dou-
ble layers (EDLs).2l Solvent-based
electrolytes usually form “compressed
double-layers”,3] where the densifica-
tion of counterions is mirrored by the
accumulation of electrons or the for-

and mitigates the electrostatic repulsion among like-charged ions near the
electrified interface, leading to an ion “bridge effect” with increased interfacial
ionic density and significantly enhanced charge storage capability. The
unpolarized CO, possessing a large quadrupole moment further reduces ion
coupling, resulting in higher conductivity of the bulk IL and improved rate the

capability of the supercapacitor. This work demonstrates

polarization-controlled like-charge attraction at |L—electrode—gas three-phase
boundaries, providing insights into manipulating complex interfacial ion

ordering with small polar molecule mediators.

1. Introduction

Adsorption of electrolyte ions at electrified interfaces is a fun-
damental electrochemical process of great importance.'! In
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mation of electron deficiencies in the
solid electrodes, resulting in the ion layer
thickening and shielding of the bulk elec-
trolyte against the electrode potential.[*]
This process is often accompanied by
distinct concentration gradients
between solvated charge carriers, and
the electrostatic interactions between
ions are usually insignificant due to the
screening effect of solvent molecules.®!

Ionic liquids (ILs) are solvent-free
electrolytes with a unique structure
that has garnered significant interest in
recent years.l®! Composed entirely of ions, IL electrolytes usually
exhibit a larger electrochemical stability window than solvent-
based electrolytes that promises to enhance the specific energy
density of electrochemical energy storage devices.[®7] Funda-
mentally, the presence of strong intermolecular forces and high
space charge densities leads to a distinct EDL structure in ILs
compared to those found in solvent-based systems.!®] The com-
plex local structures and by that the physicochemical proper-
ties of ILs are primarily determined by a delicate balance of
Coulombic interaction, hydrogen bonding, and other weak inter-
molecular forces.’! Coulomb’s law, which stipulates that oppo-
site charges attract while like charges repel each other, governs
the ionic ordering within the bulk liquid.[®!%! It has been esti-
mated that the proportion of free ions in ILs is less than 15% at
room temperature, resulting in low conductivity and high viscos-
ity of this class of electrolytes.l'!l More importantly, the complex
intermolecular forces further generate the interfacial like-charge
repulsion and charge oscillation, which principally limit the pack-
ing of counterions at electrified interfaces and thus, the capacitive
performance of devices.[®:102.12]

Recent studies on ILs functionalized with hydroxyll1%*13]
or amphiphilic groups!’?® have brought to light that the en-
hanced hydrogen bonds or van der Waal’s interactions contribute
to mitigating the electrostatic repulsion between like-charged
cations.['*] By further lowering the attractive interaction with
weakly coordinating anions, the formation of a cationic bilayer
at the electrode interface becomes possible.[1%] It is noted that
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modifying anions with long neutral tails as surface-active IL
electrolytes also results in unusual interfacial ion distributions,
where at high temperatures over 130 °C, non-polar domains are
formed with self-assembled large alkyl tails of anions.!'?’! Ex-
cess cations are thus squeezed into the first layer, leading to
alleviated like-charge repulsion at the electrified interface. At-
tempts to modify the electrode surface have been further made
through sterically confining ions into ultra-micropores of 0.7 nm,
achieving a so-called “non-Coulombic ordering”.[®'5] The repul-
sive electrostatic interaction between like-charged ions is par-
tially screened by the image charges induced in the carbon pore
walls, leading to the formation of cation—cation/anion—anion
pairs.[%l These discoveries have laid the foundation for manip-
ulating interfacial like-charge attraction but integrating such ar-
tificially modified EDLs into practical application remains chal-
lenging. The difficult synthesis pathways, the high viscosity of
modified ILs at room temperature, and the limited ionic diffu-
sivity in narrow pores may all potentially impair practical perfor-
mance of devices that promise outstanding rate capability dur-
ing fast charge/discharge process.!'®! To enhance the specific en-
ergy density without compromising the power density, an al-
ternative strategy for modifying EDL structures is desired. This
could involve the addition of a stable mediator that enhances in-
teractions with the electrode surface and between the adsorbed
IL ions. Intriguingly, small gas molecules may be promising
additives to IL electrolytes, as bulk ILs, pore-confined ILs, and
EDLs formed with solvent-based electrolytes can all create excel-
lent environments for gas adsorption and respond to the pres-
ence of gases with changes in their local ionic structures.!”]
Moreover, given the interfacial nano-structure where polar gas
can interact with a heteroatom-doped electrode surface and elec-
trolyte ions,['®! polarizable gas molecules present significant po-
tential to form gas-IL pairs on the electrode/electrolyte interface
and modulate the EDL structure for enhanced charge storage
capabilities.!18>1]

The high solubility and unique dissolution behavior of car-
bon dioxide (CO,) in IL[?% along with its large quadrupole
moment to form CO,-ion pairs and polarizability to form a
dipole moment,!'821] make it a highly attractive additive for
IL electrolytes. This has led to investigations into the effect of
CO, loading in the 1-Ethyl-3-methylimidazoliumtetrafluorborate
(EMIMBE,) IL electrolyte coupled with nitrogen-free/doped car-
bon electrodes as a proof-of-concept. Results reveal that CO,
strengthens the coupling between the IL ions and the nitrogen-
doped charged electrode surface, leading to a phenomenon re-
ferred to as the “bridge-effect”. Specifically, CO, molecules ab-
sorbed on the electrified electrode surface act as a mediator be-
tween like-charged cations, reducing their coulombic repulsion
and allowing for a higher packing density in the first layer. This
process is rationalized by the polarization of CO, with the frus-
trated [EMIM]*-pyridinic-nitrogen couples under negative elec-
trode charges. The large quadrupole moment of unpolarized CO,
further alleviates the Coulombic ordering in the bulk IL. These
effects lead to significantly enhanced capacitances and improved
rate capabilities of symmetrical supercapacitors while maintain-
ing the electrochemical stability of the IL electrolyte. This work
provides insights into understanding and controlling the com-
plex interfacial ionic structure through interplay between elec-
trode surface, electrolyte ions, and polarizable gases.
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2. Results and Discussion

2.1. Preparation and Structural Characterization of the Electrode
Materials

Salt-templated carbon (STC) was synthesized by employing su-
crose as the carbon precursor and ZnCl, as the porogen with
a mass ratio of ZnCl, to sucrose of 8.1*1 After polycondensation
at 160 °C and subsequent carbonization at 900 °C, STC carbon
with hierarchical pore structure was obtained. The correspond-
ing nitrogen-doped STC (NDSTC) reference material was further
prepared via a previously reported post-functionalization process
with cyanamide at 800 °C.[*]

Transmission electron microscopy (TEM) was used to inves-
tigate the carbon nanostructures of STC and NDSTC. The TEM
image (Figure 1a) reveals that the salt templating endows STC
with open morphology and a structure including mesopores,
which is preserved in NDSTC even after nitrogen doping (Fig-
ure 1b). This finding is consistent with previous studies!*'7*l and
indicates that the nitrogen heteroatoms bonded to carbon net-
work have no significant effect on the pore architecture. N, ph-
ysisorption experiments (Figure 1c) further reveal that STC and
NDSTC exhibit the typical type IV isotherms!?? with a hysteresis
loop in the relative pressure range between 0.4 and 0.9, indicative
of a mesopore-containing structure.l*! Both isotherms are nearly
identical in shape and nitrogen uptake. The pore size distribu-
tion analysis (Figure 1d) based on the quenched-solid density
functional theory (QSDFT) confirms mesopores in STC and
NDSTC with sizes ranging from 2 to 7 nm. Comparable specific
surface areas (SSAs) are further obtained for STC (2109 m? g~!)
and NDSTC (2001 m? g7'), where the total pore volumes (V,) of
1.40 cm® g7! for STC and 1.30 cm® g~! for NDSTC are also
similar (Table S1). Both materials exhibit micropore volumes of
0.35 cm® g7! and the cumulative pore size distribution plots
for NDSTC (Figure le) show a slight decrease in the mesopore
content larger than 5 nm, likely caused by the reheating proce-
dure. In contrast to solvent-based electrolytes with unfavorable
ion-solvent separation effect, this hierarchical porous structure
in STC and NDSTC with dominant mesopores contributes to in-
pore ion diffusion and thus favors the power demand for IL-based
supercapacitors.

While the solubility of CO, in pristine IL generally decreases at
elevated temperatures due to reduced adsorption energy, recent
studies have highlighted the significant impacts of the confine-
ment effect on the gas uptake capacities and kinetics in ILs.[7223]
CO, physisorption measurements were thus conducted on both
pristine IL and IL infiltrated in the pores of STC (IL@STC) and
NDSTC (IL@NDSTC) (Figure S1, Supporting Information). The
volumetric CO, sorption isotherms exhibit a maximum CO, up-
take of 2.2 cm?® g~! in pristine IL at 293 K and 1 bar CO, pres-
sure, which decreases to 1.8 cm?® g=! at 313 K. In contrast, sig-
nificantly higher CO, uptake (normalized to the IL content) of
6.4 and 6.2 cm® g~! were observed in IL@STC and IL@NDSTC
at 293 K, respectively, along with a retention of relatively high
CO, uptakes at 313 K (4.1 cm? g7 for IL@STC and 5.5 cm?® g™
for IL@NDSTC). This finding suggests that nano-pore confine-
ment promotes the formation of interionic voids for CO, em-
bedding and enhances CO,-ion interaction with higher CO, re-
tention at elevated temperatures. The enhancement by nitrogen
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Figure 1. Characterization of STC and NDSTC: TEM images of a) STC and b) NDSTC; c) Nitrogen physisorption isotherms measured at 77 K;
d) Differential plots of pore size distributions calculated from QSDFT model, adsorption branch kernel; e) Cumulative pore size distribution plots;

f, Fitted high-resolution XPS N1s spectrum of NDSTC.

doping further suggests that the inhomogeneous electron den-
sity distribution within the carbon pore walls changes the struc-
ture of IL ions and the adsorption state of CO,.[%2] The
limited thermal expansion of IL in this NDSTC confinement
thus preserves the structural integrity of ionic ordering at high
temperature.l'’#2*] This is also evidenced by the CO, physisorp-
tion measurements on the empty STC and NDSTC materials
where a higher uptake is obtained for NDSTC despite of the
slightly lower SSA (Figure Slc, Supporting Information).
Elemental analysis of NDSTC reveals a nitrogen content of
6.6 at.% (Table S1, Supporting Information), which is in ac-
cordance with the results obtained from X-ray photoelectron
spectroscopy (XPS), showing a nitrogen content of 6.5 at.%
(Figure S2a, Supporting Information). No significant content of
nitrogen can be detected in STC but comparable oxygen contents
were found in both materials (Tables S1 and S2, Supporting In-
formation). Deconvolution of the high-resolution N1s spectrum
of NDSTC (Figure 1f) into three peaks representing pyridinic
nitrogen (398.5 eV), pyrrolic nitrogen (400.0 eV), and graphitic
nitrogen (401.2 eV) indicates a high content of pyridinic nitrogen
(40.1 at.%) among the overall doped nitrogen.®! This finding is
of particular significance, as basic pyridinic nitrogen containing
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lone electron pairs can not only promote interaction between
electrode surface and ions, but also result in a particularly strong
interaction with CO, loaded in ILs.[?#2%] [n the subsequent anal-
ysis, the electrochemical properties of these two model materials
with nearly similar pore structure but different surface polarity
will be compared with a special focus on the impact of CO,
modification on the IL electrolyte and the formation of EDLs.

2.2. Electrochemical Characterization

The electrochemical performance of pure EMIMBEF, IL and
CO, loaded IL (IL+CO,) electrolytes coupled with STC and
NDSTC electrodes was first investigated in the symmetri-
cal two-electrode device. The cyclic voltammograms (CVs,

Figure 2a; Figure S3, Supporting Information) obtained from all
samples exhibit a quasi-rectangular shape, as typically observed
in IL-based supercapacitors.l®l Notably, the integral area in-
creases by more than 35% in the device with NDSTC electrodes
after the introduction of CO, while the shape of the CVs does not
demonstrate a significant change. On the contrary, the compar-
ative CV curves of the device with STC electrodes do not exhibit
such a considerable enhancement in the integral area when
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Figure 2. Electrochemical measurements with IL and IL+CO, electrolytes, a—f) Electrochemical measurements in symmetrical two-electrode superca-
pacitors: a) CV curves with NDSTC electrodes tested at 10 mV s™'; b) GCPL profiles of two-electrode devices at 0.5 A g~; ) Capacitive and diffusion-
controlled contribution in the two-electrode devices with NDSTC electrodes at different scan rates; d) Floating voltage test of NDSTC-IL+CO, device at a
current density of 0.2 A g~ for 200 h (insert is the five cycles of charge/discharge curves at 0 and 200 h); e) Nyquist plots of two-electrode NDSTC-IL and
NDSTC-IL+CO, devices; f) Self-discharge test for the NDSTC-IL and NDSTC-IL+CO, devices at room temperature. g—i) Electrochemical measurements
of half-cells in the three-electrode configuration with NDSTC electrode: g) three-electrode CV curves at 2 mV s~ and h-i) CV curves at different scan
rates from 2 to 50 mV s~ with negative electrode polarization (h) and positive electrode polarization (i).

CO, is present during cycling. Consistent with the rectangular
shapes of the CVs, the galvanostatic charging/discharging with
potential limitation (GCPL) profiles in Figure 2b and Figure S4
(Supporting Information) display the typical triangular shapes,
with the specific capacitances in the order of NDSTC-IL+CO, >
STC-IL+CO, > NDSTC-IL > STC-IL as 193, 147, 141, 132 F g™*
at 0.5 A g7, respectively. Moreover, a rate capability of 91.2%
(176 F g1, Figure S5a, Supporting Information) and an IR drop
of 0.042 V (Figure S4, Supporting Information) at 10 A g™' is
achieved on the NDSTC-IL+CO, electrode.

After balancing between the high-energy demand and
the voltage stability for practical application, the voltage
window of NDSTC-IL+CO, device is further expanding to
3.4 V (Figure S6, Supporting Information).l?” The GCPL pro-
files exhibit a comparable coulombic efficiency over 98.5% and
a specific capacitance of 198 F g~! at a low current density of
0.5 A g1, indicating that no significant side reactions are induced

Adv. Energy Mater. 2023, 13, 2300401 2300401 (4 of 12)

with higher voltages. Accordingly, the NDSTC-IL+CO, electrode
delivers a specific energy of 63.4 Wh kg=! at 75.6 W kg~!, along
with a power density of 7363 W kg~! at 53.5 Wh kg~! within a volt-
age window of 3.0 V (Figure S5b, Supporting Information). When
the voltage is set to 3.4 V, specific energies of 86.1 Wh kg! at
81.2 Wkg! and 69.0 Wh kg™" at 8295 W kg~' can be achieved on
the NDSTC-IL+CO, electrode, suggesting an enhanced energy-
power synergistic output ability (Figure S6d—f, Supporting In-
formation). Further maximization of energy density from the
device level is made possible with the comparable charge stor-
age performance in the NDSTC-IL+CO, device with halved elec-
trolyte dosage (Figure S7, Supporting Information). These ob-
served differences in charge storage capability underscore the
importance of both CO, addition and a more polar electrode sur-
face. Given the orientation-rearrangement of interfacial counte-
rions under electrode polarization, the enhanced performance
of NDSTC-IL+CO, device suggests the existence of a special

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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interaction between CO, and both the interfacial electrolyte ions
and nitrogen atoms on the electrode surface, which, in turn,
seems to modify the formed EDL structure and allows for the
higher charge storage capability.612>:2528]

To further decouple the interplay between surface adsorption
and electron transfer process, capacitance differentiation anal-
ysis was conducted by separating the current response in the
CV curves into capacitive and diffusion-controlled charge storage
mechanisms using the equation:[?°]

i(V) =kyv+kp/? (1)

where k,v represents surface-reaction-dominant contribution as
known from EDLCs, and k,v'/? corresponds to the diffusion-
dominated contribution. Both the NDSTC-IL and NDSTC-
IL+CO, devices exhibit a comparably large surface-dominant
contribution of over 90% at 10 mV s~ (Figure 2c; Figure S8,
Supporting Information), indicating the continuing dominant
role of the surface-adsorption process even after the addition
of CO,.>!! The long-term stability of the NDSTC-IL+CO, de-
vice was further evaluated with a floating voltage test (Figure 2d)
that holds the device voltage at 3.0 V and room temperature for
200 h and interrupts the process by cycling at 0.2 A g=! for six
cycles every 10 h.*l It’s found that the NDSTC-IL+CO, device
exhibits a higher capacitance retention of 90.6% compared to
that of 85.7% in the NDSTC-IL device. The GCPL curves of the
NDSTC-IL+CO, device show no significant increase in the in-
ternal resistance after 200 h with the remained triangular shape
and the slightly increased IR drop by 0.008 V. The floating test
at 60 °C for 100 h further exhibits a considerable capacitance
retention of 83.4% by the NDSTC-IL+CO, device (Figure S9b,
Supporting Information). The slightly enhanced capacitance re-
tention of the NDSTC-IL+CO, device over the NDSTC-IL device
is more significant under stressful conditions, as indicated by
the higher retention difference of 4.9% at 0.2 A g~! (Figure 2d)
over that of 1.8% at 2.0 A g™! (Figure S9a, Supporting Informa-
tion). With elevated temperatures, the difference in retention in-
creases to 5.8% (Figure S9b, Supporting Information). This sug-
gests that the adsorbed CO, in the inner Helmholtz plane pos-
sibly reduces the accumulation of unavoidable trace water from
the hydrophilic IL.3% The inhibited hydrolysis of the acidic C2-
H position in the [EMIM]* cation or the fluorinated [BF,]™ anion
on the hydrophilic NDSTC interface thus contributes to reduced
electrolyte decomposition and improved floating stability.[?’] The
cycling test of the NDSTC-IL+CO, device (Figure S9c—e, Sup-
porting Information) performed at 10 A g~ for 10 000 cycles
ends with a capacitance retention over 93.2% and a coulombic
efficiency close to 100%, which is higher than that of 89.4% ob-
served for the NDSTC-IL device. This result highlights improved
cycling stability with lower contact- and diffusion-resistance, and
thus lower thermal stress in NDSTC-IL+CO, device during fast
processes.’! Taken together, rather than from the CO, reduction
or other side-reactions in IL, the outperformance of the NDSTC-
IL+CO, device is suggested to originate from the formation of
an anomalous EDL structure caused by the delicate interactions
among adsorbed CO,, surficial nitrogen, and electrolyte ions,
which further enables improved long-term stability.

It is widely acknowledged that the strong coulombic interac-
tions in bulk IL lead to the formation of cation-anion coordi-
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nation shells with strong intermolecular forces and high space
charge densities.[®3?] With the addition of CO, molecules with a
large quadrupole moment (13.4 x 10~ C m?),** however, in-
teractions between CO, and cations and anions are additionally
introduced.* Such special interaction induces ionic polarization
with a local electric field that weakens the electrostatic forces be-
tween cations and anions, resulting in an enlarged fraction of
free ions.l?>%°] To investigate this possible mechanism, a compre-
hensive study was conducted using electrochemical impedance
spectroscopy (EIS), ionic conductivity and viscosity tests, and gal-
vanostatic intermittent titration technique (GITT). The Nyquist
plots (Figure 2e) show a smaller intrinsic ohmic resistance R, in
the two-electrode NDSTC-IL+CO, device, suggesting enhanced
ionic conductivity in the IL+CO, electrolyte.3®! The shorter 45°
transition line and smaller diameter semicircle further indicate
that CO, enhances the ionic mobility and facilitates faster in-
pore diffusion by decreasing the co-ion access and thus the in-
pore ion population.[?>?>37] Correspondingly, the ionic conduc-
tivity test (Figure S10a, Supporting Information) shows that the
ionic conductivity of the IL-CO, electrolyte increases over a wide
temperature range from 0 to 80 °C. At 20 °C, the ionic con-
ductivity of IL+CO, electrolyte reaches 17.54 mS cm™!, which
is higher than that of 11.58 mS cm™! in pure IL electrolyte. A
lower viscosity of IL+CO, electrolyte at 20 °C 0f 9.84 mPa s~! than
that of 15.77 mPa s™! in pure IL electrolyte is further obtained

(Figure S10b, Supporting Information).

The in-pore ion diffusion with IL+CO, electrolyte was further
evaluated with the GITT test. Consistent with the CV, GCPL,
and EIS results, the GITT curves of the NDSTC-IL+CO, de-
vice (Figure S11a, Supporting Information) display higher charge
storage capability, diminished internal resistance, and a reduced
self-discharge rate compared to the NDSTC-IL device. The diffu-
sion coefficient Dy, profile calculated from the charging process
(Figure S11b, Supporting Information) conforms to the physi-
cal models of EDLC behavior in IL-based supercapacitors, where
the increase in D, , value at moderate cell potential region arises
from the balance of the increased in-pore ion population and elec-
trostatic interactions.['>38] A consistently higher D, , value in the
NDSTC-IL+CO, device over the NDSTC-IL device is obtained
throughout the entire cell potential range, indicating enhanced
ion diffusivity after the introduction of CO,.I*! Notably, a lower
diffusivity enhancement of IL+CO, electrolyte over pure IL elec-
trolyte is observed during the discharging process (Figure S1lc,
Supporting Information), in consistency with the result from the
self-discharge test (Figure 2f).*] Typically, an electrolyte with re-
duced viscosity and heightened conductivity facilitates charge re-
distribution on the electrode surface and the diffusion of coun-
terions away from EDLs, leading to an elevated self-discharge
rate.[*) Nonetheless, a lower self-discharge rate in the NDSTC-
IL+CO, device over the NDSTC-IL device is observed, where a
less significant charge redistribution process in the first 6 h is
obtained with a difference in OCV of 0.27 V. This result sug-
gests that the NDSTC-IL+CO, device features both higher ion
mobility in bulk electrolyte and an unusual EDL structure with
enhanced ion coupling at electrified interface after the introduc-
tion of CO,.[*!

The adsorption of CO, on the nitrogen-doped carbon surface
is reported to be strengthened with external negative charges, re-
sulting in charge redistribution within the adsorbed CO,.[1841]
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In this context, the specific influence of CO, on the negative
and positive electrode, coupled with the distinct properties of
cations and anions have been investigated in three-electrode half-
cells (Figure 2g-i; Figure S12, Supporting Information). The
CV curves of the NDSTC-IL+CO, half-cell in Figure 2g exhibit
anomalous current polarity switching at the negative vertex po-
tentials. Compared to the NDSTC-IL half-cell, the correspond-
ing integral area with negative electrode polarization increases
by ~44% at 2 mV s7!, suggesting the strong effect of present
CO, on the adsorption state of cations.[?*?] Given the negative-
charge-modulated polarization of CO, on nitrogen-doped car-
bon, it is hypothesized that adsorbed CO, molecules render like-
charged cations closer to each other and lead to a denser pack-
ing on the IL-carbon interface. The integral areas in the CVs
with positive electrode polarization and IL+CO, electrolyte in-
crease by ~23%, indicating that the CO, also enhances anionic
packing but the observed effect of CO, on the free energy of ad-
sorption of IL ions is more pronounced for cations.?®! The cur-
rent versus sweep rate dependence (i =~ v*%) for negative elec-
trode curves indicates an ideal shape with no mass transport lim-
itation from 2 to 50 mV s~! (Figure 2h; Figure S8d, Support-
ing Information).l”#?] The slight increase in current observed at
around —0.05/-1.45 V versus Ag (Figure 2h) can be attributed
to the spontaneous chemisorption/polarization and subsequent
desorption/depolarization process of CO, molecules, which in-
creases with rising scan rates.**] Additionally, the current in-
crease at +1.3 V versus Ag (Figure 2i) results from the size-
matching effect of spherical-like anions and micropores with en-
hanced ion-pore interactions at high voltages.**) Based on the
three-electrode half-cell results, asymmetrical two-electrode de-
vices with NDSTC as the negative electrode and STC as the pos-
itive electrode were assembled after charge balancing. Contrary
CV responses were observed in IL and IL+CO, electrolytes when
the electrode polarity was reversed (Figure S13, Supporting In-
formation). The asymmetrical two-electrode device with IL elec-
trolyte exhibits a slight increase (6.2%) in the integrated area of
CV curves after reversing the electrode polarity, which may be
attributed to the enhanced z—z interactions between the neg-
ative STC electrode and imidazole ring of the cation, as well
as the higher anionic packing density on the positive NDSTC
electrode.[*”] In contrast, the integrated area in the asymmetrical
device using IL+CO, electrolyte decreases significantly (15.1%)
after reversing the electrode polarity to a negative STC electrode
and positive NDSTC electrode. Along with the larger integrated
areas for IL+CO,-based device over IL-based device during neg-
ative scans, these findings suggest an enhanced ion-coupling ef-
fect at the electrified interface upon the addition of CO, and fur-
ther emphasize the contribution of CO,-ion pairs to charge stor-
age on the negative NDSTC electrode.

In conclusion, the addition of CO, not only enhances the ion
mobility in the bulk IL electrolyte with improved ionic conduc-
tivity and diffusivity, but also forms an anomalous EDL struc-
ture on the electrified NDSTC electrode surface that counter-
acts strong intermolecular Coulombic repulsion.!®!! Considering
that the NDSTC electrode with high pyridinic-nitrogen content
and rational pore structure favors ion adsorption and diffusion,
the resulting stronger interfacial ion coupling further reduces
the unfavorable “ion depletion effect” caused by the enhanced
ionophilicity with nitrogen doping, and overcomes the cationic
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density limitation in the inner Helmholtz plane.**] The inhib-
ited self-discharge and significantly improved charge storage ca-
pability are thus obtained.l®! The adsorbed CO, also contributes
to improving the long-term stability of the NDSTC-IL+CO,
device.

2.3. Elucidation of Anomalous EDL Structures in NDSTC-IL+CO,
Device

The EDL structures of the nano-cell models of STC-IL+CO,,
NDSTC-IL, and NDSTC-IL+CO, devices were analyzed using all-
atomistic molecular dynamics (AAMD) simulation (Figure 3;
Figure S14, Supporting Information). The number density (py)
profiles of cations, anions, and CO, molecules are determined
as a function of the distance from the electrode at varying poten-
tial differences. The result shows that counter-ions accumulate
with strong ionic layering near the electrified interfaces, where
the first- and second-neighbour scattering mainly contributes
to the charge storage in EDLs.%*%] At a potential difference of
3.0 V (Figure 3fh), a denser cationic packing is observed in the
NDSTC-IL+CO, nano-cell at ~2.5 A, accompanied by the ac-
cumulation of CO, on the negatively charged NDSTC surface
and leading to a larger population of cations in the first layer. A
sharp peak of CO, adsorption is observed at a similar distance
(Figure 3h; Figure S15, Supporting Information). The accommo-
dation of CO, results in the reorganization of neutral tails in the
interfacial cations.®®*’] Compared to the peaks of the secondary
layer in STC-IL+CO, and NDSTC-IL nano-cells, the cationic py
profile in NDSTC-IL+CO, nano cell at ~5 A appears as a shift
of ~1-A-wide domain and a decrease in population (Figure 3f).
Given the dominant role of first-two-layer ordering in determin-
ing the capacitance,®%] this phenomenon indicates a more suf-
ficient screening effect of electrode charges via excess cations in
the first layer of NDSTC-IL+CO, nano cell, leading to higher
interfacial charge carrier density, thinner EDL, and thus larger
capacitance.3>35:48]

In the high voltage regime, [EMIM]" cations tend to align
along the surface normally. The comparable densities observed
in STC-IL+CO, and NDSTC-IL nano-cells suggest the packing
density of cations in the first layer is limited (Figure 3f).[>102:49]
Using point charges and a dielectric constant of 12.0,*% the sim-
ple coulombic interaction analysis estimates the repulsive en-
ergy between two cations at 5-A-distance to be ~12.0 kJ mol~".[¢!
Therefore, the excess oriented cations observed in NDSTC-
IL+CO, nano-cell arise from an intermolecular mechanism that
reduces the Coulombic repulsion and brings cations closer to
each other.[®123] Note that surfacial nitrogen with extra electrons
from electrode polarization promotes charge redistribution and
further polarization of adsorbed CO, molecules.!'®] The screen-
ing effect of CO, molecules thus overcomes the strong repulsion
between like-charged cations, leading to cation—cation rearrange-
ment and densification.!®%13] The role of polarized CO, is termed
as the ion “bridge effect” connecting IL ions and electrified elec-
trode surface. Compared to the cationic ordering with successive
multiple layers, a more concentrated layer structure of anions is
indicated by a sharp peak at ~3.0 A (Figure 3g). [BF,]” anions
with a sphere-like shape and smaller size form a distinct EDL
structure compared to [EMIM]* cations. This is also reflected
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by the relatively high anionic densities in the first layer of STC-
IL+CO, and NDSTC-IL nano cells.*®] The broader peak of the
STC-IL+CO, nano-cell further reveals the role of polar nitrogen-
doped carbon surface in interacting with fluorine atoms and thus
contributing to anionic packing.">) Due to the reduced ion cou-
pling in the presence of CO, and the coordination interactions
between anions and CO,, the anion-anion packing is enhanced
with denser anion density in the NDSTC-IL+CO, nano-cell
(Figure 3g).16120)

To further elucidate the specific interaction site of CO, in the
proposed “bridge effect”, probability distribution analysis of CO,
adsorbed on the ion-accumulated and electrified electrode sur-
face was conducted.*!l The number density distribution sug-
gests a preferential migration of CO, molecules to the negatively
charged surface. A corresponding and relatively random distri-
bution of adsorbed CO, on the STC electrode surface is observed
(Figure 4a), even when the potential difference changes from 0 V
to 3.0 V. In comparison, a more specific distribution of adsorbed
CO, with areas of highest and lowest probabilities for cluster for-
mation is observed on the negatively charged nitrogen-doped sur-
face (Figure 4Db).I°1] The interaction probabilities between CO,
and surfacial atoms at different potential differences are further
quantified and normalized to the atomic contents determined
from the XPS test. The normalized interaction probability dis-
tribution (Figure 4c) at 0 V is almost quartered regarding the sur-
facial carbon, pyridinic nitrogen, pyrrolic nitrogen, and graphitic
nitrogen atoms, exhibiting less significant discrepancy in atomic
affinity to CO,. This result differs from the gas adsorption on sin-
gle solid/gas interfaces that considers uncharged pyridinic nitro-
gen as the main active site.[?*32] With the increased potential dif-
ferences, the interaction probability between CO, and pyridinic
nitrogen on the negatively charged surface is steadily increasing
from 26.2% at 0 V to 48.1% at 3.0 V, whereas that of surficial car-
bon atoms exhibits the corresponding decrease. The interaction
probabilities between pyrrolic nitrogen, graphitic nitrogen, and
CO, show less dependence on the electrode polarization. Given
the high ionic concentration and space charge densities of IL
electrolyte, the importance of electrode polarization is thus high-
lighted in the IL—electrode—gas three-phase boundaries, leading
to the adsorption of CO, molecules on the electrified pyridinic-
nitrogen sites with enhanced interaction (Figure 4d).[2+20]

Nuclear magnetic resonance (NMR) spectra are collected to
identify the intermolecular charge redistribution caused by the
bridge effect. Four systems were studied, including pure IL, IL
with CO,, IL with additional pyridine to represent the pyridinic-
nitrogen doping, and IL with both CO, and pyridine. The
variations of the chemical shift are in good consistency: the peak
at around 9.0 ppm in 'H NMR spectra (Figure 4e) has a slight
downshift of —0.08 ppm in the IL+Pyridine+CO, sample com-
pared to that in the pure IL, indicating the weakened cation-anion
electrostatic interaction and thus increased shielding effect on
the C(2)-H atom of imidazolium ring.!'®*>3] Correspondingly, in
the 2D 'H-°N heteronuclear multiple bond correlation (HMBC)
spectra (Figure 4g), the peaks of N1-H2 correlations also show a
downshift from 6N/6H = 171.05/9.02 ppm in pure IL to §N/6H
= 170.62/8.94 ppm in IL+Pyridine+CO, sample due to the me-
diator effect of CO, to the anions. The peaks of pyridinic N-H(A)
correlations at 6N/6H = 66.46/8.54 ppm in IL+Pyridine sample
further exhibit a slight upfield shift to §N/6H = 66.06/8.52 ppm
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in IL+Pyridine+CO, sample, which could be ascribed to an
increase of electron density in the surroundings after coordi-
nating with CO,. The asymmetrical peaks of F NMR spectra
(Figure 4f) with an upfield shift of —0.41 ppm from pure IL to
IL+Pyridine+CO, sample indicate CO, also increases the charge
density around F atoms.!'®! Thus, the spontaneous interaction
between CO,, pyridinic nitrogen and C(2)-H in cation, and the
association between CO, and anion are confirmed. It's worth
mentioning that in a practical device, the electrical polarization
and the enrichment of CO, with pore confinement could further
promote such charge redistribution.!"®"! A profound polarization
process of CO, on the negatively electrified NDSTC surface is
thus deduced."8*] The pyrinidic nitrogen is nucleophilic with
lone pair electrons while [EMIM]* behaves as electrophile via
the C(2)-H.’*) The steric hindrance analogical to weak frus-
trated Lewis pairs thus creates an active region for the adsorbed
CO, 137522551 The electron-delocalized pyridinic nitrogen triggers
the charge redistribution in CO, and the increased electron den-
sity in CO, oxygen atoms further induces hydrogen-bonding-like
interactions with the C(2)-H.**] The bonding and antibonding or-
bitals of adsorbed CO, thus interact with the unoccupied orbitals
of electrophile and non-bonding orbitals of the nucleophile,
respectively, leading to the polarization of CO, molecules.

To fully elucidate the local nanostructure of the “bridge-
effect”, angular distributions of first-neighbored cations and CO,
molecules were further calculated. Both tilt (9, between the
pseudo-C, axis of imidazolium ring and the surface normal,
Figure 4h) and twist (¢, between the methyl and the surface nor-
mal, Figure 4i) angles are introduced for the cationic orientation,
while the tilt angle @ (between the C-O bonding and the surface
normal) represents the orientation of the polarized CO, molecule
(Figure 4j).[12256] With the increasing negative electrode polariza-
tion, a tilt angle 6 of ~94.5° at a potential difference of 3.0 V has
the imidazolium ring almost perpendicular to the surface plane.
A twist angle ¢ from ~90° at 0 V to ~0°/180° at 3.0 V further
suggests the overturn of cations with ethyl groups repelled and
methyl groups attracted, both contributing to further accommo-
dation of interfacial cations. Accordingly, CO, molecules display
a simultaneous coordination tendency with surficial nitrogen and
imidazolium rings, resulting in a tilt angle @ of ~60° at 3.0 V.

Figure 5 presents the comprehensive scenario in the NDSTC-
IL+CO, supercapacitor. In the bulk IL (Process II), CO, with
a large quadrupolar moment coordinates simultaneously with
cations and anions, weakening the Coulombic ordering and thus
facilitating the transport of free ions for enhanced ionic conduc-
tivity and mobility.33] On the positively charged nitrogen-doped
electrode surface (Process III), the coordination interaction be-
tween anions and CO, molecules facilitates anionic packing into
a denser first layer. In the inner Helmholtz plane with nega-
tive charges (Process I), the dipole of polarized CO, tends to
align along the surface normally and the molecular plane of the
C-0 bond tilts up.["®41] The polarized CO, molecule acts as a
bridge to connect the like-charged cations by specifically bind-
ing to the C(2)-H of cations. With partially screened Coulom-
bic repulsion, the decreased equivalent distance between cations
is obtained, leading to densified cationic packing.l®'®7] Surfi-
cial pyridinic nitrogen with external negative charges not only
triggers charge redistribution in the adsorbed CO,, but also an-
chors ion-CO, clusters closer to the electrode surface with higher
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Figure 4. CO, orientation distributions and coordination with electrode and electrolyte ions: a,b) Probability distribution of CO, adsorption on STC
electrode (a) and NDSTC electrode (b) at potential differences of 0V (left panel) and 3.0 V (right panel); c) Normalized interaction probabilities between
adsorbed CO, and surficial electrode atoms under negative electrode polarization of different potential differences; d) Snapshots of CO, adsorbed on
negatively charged NDSTC electrode surface with potential differences of 0 V (left panel) and 3.0 V (right panel); e-g) 'H (e) and '°F (f) NMR spectra
of ionic liquid with different additives; g) 2D "H-"N HMBC NMR spectra of pure IL (left panel), IL+Pyridine sample (middle) and IL+Pyridine+CO,
sample (right panel); h,i) Angular distributions of the imidazolium rings (6, h) and methyl groups (g, i) of [EMIM]* cations in the first layer under

negative electrode polarization of different potential differences; j) Angular distributions of CO, (@) located on the nitrogen-doped negatively charged
electrode surface.
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charge storage capability and lower self-discharge rate.[123.18a]
This bridge effect breaks the density limitation of cations in the
first layer, creating a delicate mixture of electrostatic-, dipole—
dipole, and hydrogen-bonding interactions at the IL—electrode—
gas three-phase boundaries.!'%*12013]

The present mechanisms are further applicable to di-
verse IL electrolytes where three ILs including 1-Ethyl-
3-methylimidazolium bis(trifluoromethyls ulfonyl) imide
(EMIMTEFSI),  1-Butyl-3-methylimidazolium tetrafluorobo-
rate (BMIMBF,) and protic 1-butyl-1-methylpyrrolidinum
bis(trifluoromethylsulfonyl)imide (PyrH,TFSI) are selected
(Figure S16, Supporting Information). It’s noted that similar
structural properties of cations with acidic Hydrogen-2 ((EMIM]*
and [BMIM]*) or protic Hydrogen-4 ([PyrH,]*) positions are
shared in these ILs, whereas the [TFSI]” and [BF,]” anions
feature differences in electron density contrast and ion sizes.
The as-assembled symmetrical two-electrode supercapacitors
with these ILs and their CO,-loaded counterparts along with
NDSTC electrode all exhibit larger capacitances with enhance-
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ment ranging from 34% to 48% after the introduction of CO,
(Figure S16, Supporting Information). These experimental
findings corroborate the general applicability of the “bridge
effect” as an intermolecular softening strategy for like-charge
attraction.[°>0!

Drawing on the Bazant-Storey—Kornyshev (BSK) theory and
recent advancements in short-range and long-range screening,
the decreased equivalent size of ions conduces to the short-range
electrostatic force between the charged electrode and CO,-ion
clusters.[33354957] The CO, modification strategy, with its spe-
cific adsorption sites, offers a promising route toward improved
energy storage performance in IL-supercapacitors. Although the
current NDSTC-IL+CO, device does not outperform state-of-the-
art IL-based supercapacitors,[15-1640238] jt paves the way for an en-
ergy storage concept with general applicability and fundamen-
tal improvements in charge storage capability, rate performance,
and long-term stability of leading devices. Future work can fo-
cus on optimizing material structures, electrode manufacturing,
electrolyte purification, and temperature dependency. It is also
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noted that, due to their solubility and state, CO, molecules may
effectively modify the EDL structures in neutral and alkali aque-
ous electrolytes.!'”"] Exploring other gases, such as H,S and SO,,
could guide future endeavors aimed at further investigating the
IL-electrode-gas three-phase boundaries.

3. Conclusion

An interfacial phenomenon has been demonstrated in which
CO, loaded in the IL electrolyte induces an intermolecular
screening effect and facilitates charge storage on the nitrogen-
doped electrode surface. Through systematic electrochemical in-
vestigations and AAMD simulations, the observed “bridge effect”
is elaborated as pyridinic nitrogen groups form polarization cou-
ples with the imidazolium rings of [EMIM]" cations and trig-
ger the polarization of adsorbed CO,. The polarized CO, acts
as mediators to reduce like-charge repulsion between interfacial
cations, leading to stronger ion coupling and denser ion pack-
ing in the first layer. This ion-bridging technique effectively over-
comes the density limitation of interfacial ions, contributing to
a remarkable 44% increase in specific capacitance in a three-
electrode half-cell with negative electrode polarization and an
overall 35% increase in specific capacitance in a symmetrical su-
percapacitor with enhanced electrochemical stability. Addition-
ally, the large quadrupole moment of unpolarized CO, weakens
the Coulombic ordering, leading to higher ionic conductivity and
diffusivity of the bulk IL, and better rate capability of the super-
capacitors. This CO,-modification strategy lays the foundation
for future exploration of small polar additives to optimize the in-
terfacial nanostructures in IL-based supercapacitors, and more
broadly, provides a binary perspective for the distinct double-layer
theories concerning solvent- and non-solvent-based systems.
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