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1 | INTRODUCTION

Abstract

Carbon has been widely utilized as electrode in electrochemical energy
storage, relying on the interaction between ions and electrode. The
performance of a carbon electrode is determined by a variety of factors
including the structural features of carbon material and the behavior of ions
adsorbed on the carbon surface in the specific environment. As the
fundamental unit of graphitic carbons, graphene has been employed as a
model to understand the energy storage mechanism of carbon materials
through various experimental and computational methods, ex-situ or in-situ.
In this article, we provide a succinct overview of the state-of-the-art
proceedings on the ion storage mechanism on graphene. Topics include the
structure engineering of carbons, electric gating effect of ions, ion dynamics
on the interface or in the confined space, and specifically lithium-ion storage/
reaction on graphene. Our aim is to facilitate the understanding of
electrochemistry on carbon electrodes.
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surface functionality.*! Carbons have been utilized as
active materials, hosts or additives for other active

The intermittent nature of green energy sources and
the huge demand for mobile devices/vehicles have encour-
aged the development of electric energy storage tech-
nique.™? Electrochemical energy storage (EES) offers a
promising solution due to the high energy density, high
power capability, good safety and portability, among other
merits.>*! The performance of EES is comprehensively
determined by electrode materials, -electrolytes, and
their combination, as well as packaging and thermal
management.!’! Among various electrode materials, carbons
have gained a widespread attention because of high
conductivity, excellent mechanical stability, and tunable

materials, and current collectors.[**! We summarize the
typical performance of some carbon nanomaterials used
as supercapacitor electrodes in Table 1, including zero-
dimensional (0D) carbon onions (COs) and carbon
quantum dots (CQDs), one-dimensional (1D) carbon
nanotubes (CNTs), two-dimensional (2D) graphene, and
three-dimensional (3D) activated carbons (ACs),
carbide-derived carbons (CDCs), template carbons
(TCs), and carbon assemblies, for example, 3D graphene
materials (3DG).

Despite the significant progress listed in the table, there
remains a huge gap between the state-of-the-art and the
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TABLE 1 Typical supercapacitor performances of carbon nanomaterials.

SSA
Carbon Name/type (m’g™') Electrolyte (mol L™")
COs ND-1200 500 1.5M [NEt;*/BF,"]/AN
CQDs GQDs - 0.5 M Na,SOy4(aq)
CNTs MWCNT 200 1.5M [NEt,*/BF,”|/AN
Graphene  a-MEGO 2400 1M [BMIM™*/BF,”|/AN
ACs B-AC 2841 2M KOH (aq)
CDCs OM-CDC 2364 1M H,S0, (aq)
TCs Z-900 1075 0.5M H,S0, (aq)
3DG ZNG 2020 1M H,S0, (aq)

GUO ET AL.
l6]
Voltage Testing Specific
W) conditions capacitance References
2.3 5mA cm™? 38Fg™! [7]
1 154A cm ™2 534.7 uF cm ™2 [8]
2.3 5mA cm > 18Fg™! [7]
3.5 14Ag™! 200F g [9]
1 1Ag™ 330Fg™! [10]
0.6 10mVs* 162F g™ [11]
1.2 5mvs! 214Fg™! [12]
1 05Ag " 336 Fg™! [13]

Abbreviations: 3DG, three-dimensional graphene materials; AC, activated carbon; aMEGO, activation of microwave exfoliated graphene oxide; AN,
acetonitrile; B-AC, activated carbon obtained from Bi Luo Chun tea leaf; CDC, carbide-derived carbon; CNT, carbon nanotube; CO, carbon onion; CQD, carbon
quantum dot; GQDs, graphene quantum dots; MWCNT, multiwall carbon nanotubes; OM-CDC, ordered mesoporous carbide-derived carbon; TC, template

carbon; ZNG, Zn-guided three-dimensional graphene.

expected capacitance performance.!*! Purely based on the
electrostatic interaction between ions and graphene, a high
specific capacitance of ~550 F g_l[” could be achieved when
assuming an area capacitance of ~21uFcm 214 for
example, in ionic liquid (IL) electrolyte, and a specific
surface area (SSA) of 2630 m* g~! for graphene.!*! Further
assuming an operation voltage of 4V for the electrolyte
and a density of 1.5gcm™ for 200-um-thick graphene
electrodes in a symmetric cell, an exciting energy density
of 169 Wh kg™ or 330 Wh L™ might be obtained, superior
to lead-acid batteries yet with a much faster charge/
discharge process.!!! However, many factors have ham-
pered the realization of such an excellent performance,
including low SSA,!®! low density,'® and/or low specific
capacitance (e.g., 4-5 uF cm~2!!7)) of graphene electrodes.
In addition to the regulation of quantum capacitance,
which is originated from the change in Fermi level of
electrons in very thin carbon electrodes due to the ion
gating,!"*!”! the confinement in sub-nanometer pore size
shows a significant impact on the storage of ions."®! Other
factors such as space charge distribution,'”! and ion
exchange/diffusion/?"! have made the interaction
between ions and electrodes illusive.*! In observation of
the complex situations that may arise in pores, a simplified
research model using a “perfect” graphene electrode that
can aid in understanding the fundamental interaction
between carbon and ions is valuable.*??!

Beyond the physical adsorption of ions depicted above,
the storage mechanism of metallic ions on carbon surface
remains an open question,”>**! because the staging
intercalation as occurred in graphite,[zs] for example, for
lithium (Li) ions, may not play main roles on graphene or
other carbons with high SSAs.* In principle, graphene
can adsorb ions on both sides, yielding twice the capacity of
graphite,[26] while the strong Coulombic repulsion of ions

could deteriorate the adsorption.”””! The density functional
theory (DFT) calculation shows that perfect graphene is
unfavorable to Li storage[zs] due to the weak adsorption
energy (~0.190 eV vs. Li*/Li metal).!*”! Defects in graphene
like vacancy, however, would lead to a higher adsorption
energy and thus trap ions for enhanced storage.*>*! In
addition to the first-layer adsorption on the basal plane, a
close packing of Li has been observed in the confined space
in bilayer graphene, resulting in a higher Li storage
capacity.®®! More importantly, but has not been often
noticed, the Li adsorption/desorption may cause the
development of defects, leading to a continuous structural
deterioration of graphene during the electrochemical
cycling.?”!

Clearly, even a simplified graphene model deserves
more research attention as a scenario for ion dynamic
research. The complex factors remain, including but not
limited to the structural feature of the graphene electrode
itself and those coming from the interaction between
ions and graphene in the specific electrochemical
measurement. In this review, we would provide a concise
overview of recent proceedings on the ion storage for
graphene-based materials. By discussing the structural
modulation strategies, ionic gating effects, ion behaviors
at interface or in confined space, and lithium-ion storage
mechanisms on graphene, we hope that the under-
standing of carbon electrode for EES is promoted.

2 | STRUCTURAL MODULATION
OF GRAPHENE MATERIALS

In the pursuit of enhancing SSA of graphene materials, Zhu
et al. reported a 3D porous carbon made by chemical
activation of microwave exfoliated graphene oxide (aMEGO)
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with KOH, which demonstrates a SSA of 3100 m*g~" and a
specific capacitance of 200Fg™ in neat ethyl-methyl-
imidazolium  bis(trifluormethylsulfonyl)imide ~ (EMIM™*/
TFSI_).[[”] However, the volume capacitance of obtained
aMEGO carbon is very low due to the low density
(~0.35gcm™), restricting the performance of practical
devices.'® Upon a simple mechanical compression, the
width of mesopores in aMEGO at ~2nm was narrowed,
while the pores with ~1 nm width maintain the size,!*®' as
shown in Figure 1A. The density increases from 0.34 to
0.61 gcm > under a force of 10 tons.*®! Therefore, compres-
sing aMEGO has substantially enhanced the volumetric
capacitance and energy density to 110 Fcm™ and 48 Wh L™
in 1-butyl-3-methyl-imidazolium tetrafluoroborate dissolved
in acetonitrile [BMIM*/BF,"]/AN electrolyte, from origi-
nally 54Fcm™> and 23WhL™2"% In another work, by
performing the KOH activation of graphene oxide (GO) in a
sponge template, the volumetric capacitance has been
further improved to 149Fcm™ in butyl-3-methyl-
imidazolium hexafluorophosphate dissolved in acetonitrile
[BMIM*/PF°~])/AN,*" indicating the promising role of
regulating the structure of graphene electrodes for the higher
volumetric performances.

Because the total capacitance is a series connection of
electrical double layer (EDL) capacitance and quantum
capacitance, the structural defects could make changes to
total capacitance, as the defect may affect the quantum
capacitance by changing the electronic states.***! In
addition, the formation of nanoscale defects would provide
extra channels for the ion diffusion.**?! Defects, such
as topological defects,* dangling-bond-rich vacancy
defects,®® and big holes, have been created by Ar*
plasma etching, as shown in Figure 1B,C. Few-layer
graphene (FLG) made by chemical vapor deposition
(CVD) in benzylamine and acetonitrile was etched by Ar*
plasma treatment, based on which the capacitance in
tetraethylammonium tetrafluoroborate/acetonitrile ([TEA*/
BF, ]/AN) or tetrabutylammonium hexafluorophosphate/
acetonitrile ([TBA*/PFs ]/AN) has been increased,’*!! as
shown in Figure 1D. The number of defects was quantified
by the Ip/Ig of Raman spectra (inset of Figure 1D). Previous
studies have shown that H,0, produces hydroxyl radicals,
which attack the carbon-carbon bonds of graphene,
resulting in the etching and oxidation; infrared absorption
spectroscopy confirms the higher absorption from hydroxyl
and carbonyl groups.**! By H,O, treatment, Xu et al.
reported enhanced accessible area of graphene electrode
with better ion transportation, thus achieving high volumet-
ric capacitance (212Fcm™) while maintaining the high
gravimetric capacitance (298 Fg™'), high energy density
(127 Whkg ™), and excellent rate performance, when tested
at 1 A g™ in 1-ethyl-3-methylimidazolium tetrafluoroborate/
acetonitrile ((EMIM™*/BF,]/AN) electrolyte.l**!

Interdisciplinary Materialsy ===\ 11 EY

191

Doping with heteroatoms,” as demonstrated in

Figure 1E, can increase the density of states (DOS) at
the Fermi level by introducing a localized dopant state like
phosphorus,** or by moving the Fermi level upward or
downward with, for example, boron doping,*®' nitrogen
doping,'*”! fluorine doping,*” or sulfur doping.*®' Since
the total capacitance (Ciota) can be regarded as the serial
combination of double-layer capacitance (Cgpr) and
quantum capacitance (Cq), given by Ciga ' = Crpr +
Co ", and Cy, is sensitive to the density of states at the
Fermi level (DOSgp) by Cqo=e*DOSgr,**°! doping can
modify the quantum capacitance and make changes to the
total capacitance.®™® The higher electronegativity of
nitrogen (3.04), compared with carbon (2.55), leading to
the spontaneous charge transfer from nitrogen to carbon
when nitrogen is doped into carbon lattice, which could
benefit the adsorption of ions.*”! Lee et al. reported that
the capacitance of reduced graphene oxide (rGO) can be
increased to 218 from 189.6 Fg~' by pyridine and pyrrole
nitrogen doping in 1M H,SO, electrolytes.!*”! Nitrogen
dopant can also promote the ion transport in graphene.[‘”]
Pham et al. observed that N-doped graphene (3.5at.%)
produced by arc-discharge plasma exhibited a relaxation
time reduction by 50% compared with pristine graphene,
measured by electrochemical impedance spectroscopy.'*"
Sulfur doping creates an extended m system by over-
lapping the p orbitals of sulfur and carbon atoms, thereby
enhancing the conductivity and leading to improved
polarization and higher capacitance.[**! Wu et al. reported
sulfur-doped graphene-based micro-supercapacitors with
higher electrical conductivity (~95Scm™) and volume
capacitance (~582Fcm™) in H,SO,/poly(vinyl alcohol)
(H,SO4/PVA) gel electrolyte, compared with rGO
(~245Fcm>).*¥) The oxygen doping in the forms of
C-0-C, C-OH or C=0 groups has been introduced to
increase the surface wettability and ion diffusion rate,
leading to an enhanced charge transfer rate of ions, but
the electron conductivity may be reduced.*” Sruthi et al.
have shown that the quantum capacitance increased from
20.0 to 247.4 uF cm™ 2 by varying O/C ratio from 0.02 to
0.39 in oxidized graphene based on DFT simulations.'**!
The capacitance at the interface between graphene
and electrolyte contains Helmholtz layer capacitance on
the electrolyte side and the space charge capacitance
inside the electrode, which is largely affected by the
charge distribution in the electrode and the correspond-
ing screening effect.'>**! By stacking graphene with
specific number of layers, Wang et al. reported 3-4 times
increase of screening length, inversely proportional to
the space charge capacitance, when the thickness is
increased by 5-45 times from graphene to graphite.[w]
For thin electrodes, the quantum capacitance becomes
a crucial factor for total capacitance.[46] Ji et al. reported
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the increased quantum capacitance of graphene in 6 M
KOH solution with the increased number of layers!'”
(Figure 1F). The increased quantum capacitance is
attributed to the increased DOS in FLG compared with
single layer graphene (SLG), and the accumulation
of space charge near the solid/electrolyte interface.!'”’
As shown in Figure 1G, the interface capacitance and the
slope of interface capacitance vs voltage simultaneously
increases when decreasing the layer numbers, indicating
the stronger electron-ion interaction between SLG and
electrolyte.[*”]

When a graphene film is exposed to the electrolyte,
most of accessible area may contribute to the charge
storage,[m] raising a question of competence between ions.
Ye et al. investigated the layer dependence of the
capacitance of FLG micro-capacitor, which is prepared
by direct laser writing on CVD graphene.*”! The
number of layers was controlled by a repeated sequential
dry transfer process with the interlayer space (~1.2 nm)
accessible for ions, as schematically shown in
Figure 1H.1*”) The specific capacitance in EMIM™*/TFSI~
electrolyte decreases from 52 to 32 uF cm ™2 as the number
of layers keep increasing from 2 to 8, surpassing the
reported intrinsic capacitance of ~21 uF cm™2.1*47) The
charge density on the 8-layer graphene was calculated as
0.012e A2 lower than the theoretical maximum charge
density of 0.031 e A~ for TFSI™ or 0.044 e A~2 for EMI™,
by assuming a close packing of ions on the graphene.[47]
The results suggest that the charge storage on graphene
might be further optimized by increasing the accessible
area of electrode.

3 | ELECTROSTATIC AND IONIC
GATING EFFECT

Measuring the carrier concentration in the electrode
and the ionic dynamics at the electrolyte interface are
basic for understanding factors influencing EES.[**! Tonic
gating is a feasible way to induce a substantial charge
accumulation and create a local electric field on the
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graphene/electrolyte interface,*! as typically shown in

Figure 2A. By applying a gate voltage, the Fermi level
and the carrier density in graphene could be effectively
controlled.*”) As graphene is an ambipolar electrode
material, the doping type and strength can be tuned
both positively and negatively (Figure 2B), which can
be measured by in-situ Raman spectroscopy.”® Das
et al. observed an ultrahigh electron doping of up to
5x 10" cm™? for graphene in polyethylene oxide/LiCl10,
(PEO/LiClOy,) electrolyte, which is much higher than the
value that the electrostatic gating effect can achieve.l>*!
Figure 2C rationalizes the doping strength by the
intensity ratio of 2D to G peak.”® In polyethylene
glycol/NaClO, (PEG/NaClO,) electrolyte, Mafra et al.
observed that applying a gate voltage disrupts the
inversion symmetry in bilayer graphene due to the
different charge carrier concentrations in two layers, and
thus the G band splits into two modes representing E,
and E, of the D4 point group.”*! Such a gate voltage
can also induce an energy difference of electrons between
two layers of bilayer graphene, leading to the formation
of bandgap.® Mak et al. showed that the ionic top gate
resulted in the formation of a bandgap about 200 meV
in bilayer graphene, as shown in the green curve in
Figure 2D.15!

Ionic gating has been applied to modulate the
quantum capacitance of graphene. In 2009, Xia et al.
measured the quantum capacitance of mechanically
exfoliated SLG exposed to BMIM*/PF,~ electrolyte.!'”]
The interface capacitance of graphene was measured to
be 21 uF cm™2 and the quantum capacitance measured
was linearly dependent on the bias potential, agreeing
with theoretical calculations.'”! When a nanoporous
membrane made from rGO was used as the work
electrode in 1.0 M KCl electrolyte (Figure 2E), Xiao et al.
observed that the conductance across the membrane
changed non-monotonically with the gate potential from
0 to 0.8V, showing a minimum value at 0.6 V, and the
potential dependency of the conductance has been
attributed to the regulation of the DOS at Fermi level
of rGO electrode.!*®!

FIGURE 1 (A) Pore width distribution of uncompressed and compressed activation of microwave exfoliated graphene oxide
(compression force of 10 or 25 tons) measured by N, adsorption with the slit/cylindrical nonlocal density functional theory model.l*!

(B) Topological defects in single layer graphene[”]

and (C) extended pores in few-layer graphene (FLG)

[21] caused by Ar* plasma treatment,

observed by transmission electron microscopy. (D) Relationship between specific capacitance and intensity ratio between D peak and
G peak (Ip/Ig) of Raman spectra in FLG. Inset shows the increased Ip/Ig with increasing plasma power.”!! (E) Heteroatom doping in
graphene. (F) Quantum capacitance and (G) Helmholtz capacitance versus voltage in 6 M KOH aqueous solution depending on number

of layers in multilayer graphene (MLG).""! (H) Schematic diagram of ion intercalation in MLG.BFY (A) Reproduced with permission.

[16]

Copyright 2013, Elsevier. (B) Reproduced with permission.[**! Copyright 2016, Wiley-VCH. (C, D) Reproduced with permission.[*!!
Copyright 2016, Wiley-VCH. (F, G) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License.”)
Copyright 2014, Springer Nature. (H) Reproduced with permission.!! Copyright 2018, Wiley-VCH.
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FIGURE 2 (A) Device of an IL gated graphene.*”] (B) Current through source and drain modulated by the gate voltage in

PEO/LIClO, electrolyte.!*! (C) Ratio of 2D to G Raman peak intensity

bilayer graphene before (red) and after (green) applying a perpendicular electric field based on the tight-binding model calculation.

of graphene in PEO/LICIO, electrolyte.[**! (D) Band structure of
[51]

(E) Schematic diagram of IL-gated graphene membrane in KCI aqueous solution.*¥! (F) Real-time permeation monitoring device of the rGO
membrane in 1.0 M KCI aqueous solution.*?! (A) Reproduced with permission.[49] Copyright 2014, IOP Publishing. (B, C) Reproduced
under the terms of the CC-BY Creative Commons Attribution 4.0 International License.”*"! Copyright 2008, Springer Nature.

(D) Reproduced with permission.”*!! Copyright 2009, APS Publishing. (E) Reproduced under the terms of the CC-BY Creative Commons

Attribution 4.0 International License.[**] Copyright 2020, Springer Nature. (F) Reproduced under the terms of the CC-BY Creative
Commons Attribution 4.0 International License.[*? Copyright 2018, Springer Nature. IL, ionic liquid; rGO, reduced graphene oxide.

The ionic gating effect can also regulate the
permeation of ions through the basal plane of graphene.
In 2018, Cheng et al. conducted experiments to verify
the gating effect on permeation of ions by using a three-
electrode device, consisting of a rGO membrane as work
electrode in 0.1 M KCl aqueous solution, as depicted in
Figure 2F.°% It was observed that the ion diffusion
between the layer with a spacing less than 2nm is
significantly enhanced under gate voltage within
+0.5V, which is 4-7 times faster than the theoretical
prediction without gating effect, further verified by the
Poisson-Nernst-Planck (PNP) modeling simulation.[*?
Distinct ion behavior is observed when the pore size is
further reduced. Using the device shown in Figure 2E,
for the interlayer distance less than 1nm, an ionic
hysteresis was observed in 1.0 M BMIM*/BF,~ aqueous
solution, neat IL EMIM™*/BF,~ or K*/TFSI~, attributed
to the slow ionic dynamics caused by the limited
mobility of ions and ion reorganization at the electro-
lyte/electrode interface.*®!

4 | TION ADSORPTION AT
GRAPHENE-ELECTROLYTE
INTERFACE

The electrochemistry at the graphene-electrolyte interface
involves the transport of ions through electrode channels,
as well as the adsorption and desorption of ions.'?? Due to
the Coulombic interaction, the ions with opposite charges
form the alternate arrangement, which is known as
Coulombic ordering.* Previous study shows that
counter-ion adsorption and ion-exchange (counter-ion
adsorption with co-ion desorption) occurs to rebuild the
ion ordering in different stage of polarization, due to the
spatial confinement effect in nanopores.[56] To investigate
the EDL structure while minimizing the influence of
quantum capacitance, Ye et al. measured the mass change
(Am) of neat IL EMIM™/TFSI” on SLG electrode by an
electrochemical quartz crystal microbalance (EQCM).m]
Am could be calculated by Sauerbrey's equation,
Am = C; X Af, where Af is the frequency change of the
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quartz and Cy is the sensitive factor of the quartz.*®! As
shown in Figure 3A, the mass of the electrode decreases
with positive polarization, with a changing rate of
338 gmol™!, corresponding to a normalized chemical
formula of [EMIM, ssTFSIy ss]*.1??! Under negative polar-
ization, however, an ion redistribution at the interface
has been observed, showing no significant mass change,
which is further confirmed by molecular dynamics
simulations.”?! Different from the situation of neat IL,
the presence of solvent with high dielectric constant, for
example, AN, may reduce the screening length of ions and
the EDL thickness.'®” Wu et al. observed that SLG in 2M
[EMIM*/TFSI"|/AN electrolyte has the higher charge
carrier density at the interface than the situation in the
neat EMIM™/TFSI™, especially from the potential of
zero charge to negative polarization.””! As depicted in
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Figure 3B, the results of EQCM reveal an increase in the
weight of the electrode under both positive and negative
polarization.*”) The change of weight per mole charge was
325gmol™" ([TFSI; AN, ;]7) for positive polarization and
152gmol™" ([EMIM;AN;|*) for negative polarization,
showing fewer AN molecules in the solvent shell of ions
compared with the situation in carbon micropores, which
has three to four AN molecules.””!

The geometry of IL molecules largely affects the
structure of EDL.® In most cases, IL without a long
alkyl tail exhibits an over-screening effect at low or zero
potential, but shows an over-crowded effect at high
polarization potential with increased thickness of EDL
and decreased capacitance.[m] For IL with a long alkyl tail,
on the other hand, non-polarized tails occupy the position
available for other charge at low polarization potential or
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FIGURE 3 (A) Change of mass and double layer capacitance measured on SLG in pure EMI*/TFSL??! (B) Change of mass on SLG
in 2M [EMIM*/TFSI"]/AN electrolyte.*”) (C) Ion arrangement and (D) ion number density of C,C,Im*/AOT" at the charged graphitic
interface simulated by molecular dynamics.®*! (E) The total charge transfer from hydrated cations to graphene electrode in 1.00 M LiCl,
NacCl, KCl, CsCl aqueous solution calculated by integrating the charge transfer per ion and the local cation density, derived from the

Boltzmann weight of the potential energy surface on graphene electrode, both in the inset.® (A) Reproduced with permission.

[22]

Copyright 2019, American Chemical Society. (B) Reproduced with permission.'>”! Copyright 2021, Wiley-VCH. (C, D) Reproduced under the
terms of the CC-BY Creative Commons Attribution 4.0 International License.[*®! Copyright 2019, Springer Nature. (E) Reproduced under
the terms of the CC-BY Creative Commons Attribution 4.0 International License.*®! Copyright 2019, Springer Nature. SLG, single layer

graphene.
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zero potential®® and increase the negative potential for
over-crowed effect by decreasing the amount of charge.[63]
As an example, Mao et al. have proposed an amphiphilic
IL, 1-butyl-3-methylimidazolium/1,4-bis(2-ethylhexoxy)-
1,4-dioxobutane-2-sulfonate (C,C;Im*/AOT™), with an
amphiphilic anion (AOT™) consisting of a negative polar
head and an alkyl non-polar tail, which is distinct from the
non-amphiphilic IL EMIM*/TFSI", resulting in a capaci-
tance of ~234 Fg~! at a scan rate of 10mV s~" at 200°C.1®!
Molecular dynamics simulations illustrate two alternating
charge layers consisting of polar domain constructed by
negative polar head of AOT and positive C4,C;Im*, and
the non-polar domain constructed by non-polar tail of
AOT™ formed the interface for 2 and —2 V,*®! as shown in
Figure 3C. The introduction of non-polar domain by alkyl
non-polar tails of amphiphilic IL causes the decrease of the
over-screening effect of adsorbed ions, leading to increased
density of counter ions in the first adsorption layer,**! as
shown in Figure 3D.

In addition to the study of organic ILs, the investiga-
tion of aqueous salt solutions at graphene interface has
gained significant attention.!®* The classical molecular
dynamic simulations, which assume that the ions are
point charges, predict that the larger ions have a longer
distance from graphene and lower capacitance, which
however is contradictory to the experimental observation
of increased capacitance for the larger ion size.l! To
address this issue, Zhan et al. employed DFT calculations
in combination with the reference interaction site model
to elucidate the impact of electrons, to investigate the
adsorption behavior of solvated alkali metal ions at the
graphene interface.l®”! Consistent with the adsorption
sequence (Cs™ > K" > Na" > Li*) of the cations on the
charged interface in 1.00M LiCl, NaCl, KCI, CsCl
solutions, larger cations have weaker and smaller
solvation shells, which facilitate their de-solvation and
adsorption on the electrode.”***®! Furthermore, the larger
ion exhibit greater polarizability and more significant
charge transfer with graphene, as shown in Figure 3E.15
Considering the local cation density on the electrode in
the inset of Figure 3E and the charge transfer of the
single ion, the overall charge storage capacity of larger
ion would be higher.**!

5 | ION DYNAMICS IN
CONFINED SPACE

The development of a unified theory that could explain
the relationship between the pore structure and the
capacitance is challenging.!®%"-*°]. Galhena et al. showed
that the capacitance increases anomalously when the
pore size approaches the size of desolvated ion.l”! Fluids
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within space with at least one characteristic dimension
below 100 nm may exhibit phenomena different from
those at the macroscopic scale are referred to as
nanofluidics.”"! The interlayer space in 2D materials,
through the confinement effect on ions and solvents,
alters the behavior of ions within as-formed 2D nano-
fluidics.””?! Especially, when the interlayer spacing is
smaller than the Debye length of ions, ions with charges
opposite to the walls become the preferred charge
carriers, leading to several orders of magnitude increase
in ionic conductivity, for example, in GO slits.!”?! Further
studies have shown that the confined space has a
significant impact on the behavior of ions, and the
charged walls of the confinement could greatly enhance
the ion diffusion and transportation at low ion
concentration.!”*!

For GO films, the interlayer distance can be
influenced by the humidity,’* till an interlayer
distance of ~13.5A. Many strategies, such as partial
reduction,!”®! covalent crosslinking,’®! physical con-
finement,”” and cation treatment,’®! have been pro-
posed to reduce the interlayer distance. Chen et al.
reported that the interlayer spacing of partially oxidized
graphene laminate films can be precisely adjusted by
treating with various cations, and K* induces the
minimum interlayer distance of ~11 A (Figure 4A).[7%!
The DFT simulations suggest the repulsion energy
between K* , and the GO membrane is equal to the
hydration energy, indicating that the hydration struc-
ture of K* in GO is unstable./”® Therefore, the
distortion of K* hydrated structure inside GO mem-
brane may reduce the interlayer distance. Esfandiar
et al. reported the preparation of angstrom-scale slits by
stacking  bilayer = graphene in the middle
of two bulk graphite.l””! As shown in Figure 4B, the
mobility ratio of cations to Cl™ is reduced by 90% with
increased hydration radius from K* to AI**.[””! The
mobility of Cl1™ is reduced by 75% compared with that of
bulk solution, while K* is unaffected, due to the
stronger interaction between Cl~ and graphene.””! Li
et al. mixed GO and exfoliated graphene in water and
obtained the membrane by vacuum filtration.'®! The
pore size distribution of the obtained membrane has
been precisely controlled by the content of exfoliated
graphene in the mixture suspension,[lgl as shown in
Figure 4C. When the pore size matches the diameter of
electrolyte ions, the utilization of pores becomes the
highest, resulting in a good balance between porosity
and density, yielding an optimal capacitance, indicated
by the volumetric capacitance of 203 Fcm™> at a bulk
density of 0.94 gcm 3,18l

MLG is considered to contain the confined space for
ion transport, particularly for ions that tend to intercalate,
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FIGURE 4 (A) Interlayer spacing of GO membrane treated by water or 0.25 M salt aqueous solution.”®! (B) Mobility of different ions in
angstrom-scale slit constructed by pushing two pieces of bulk graphite, hBN and MoS, together.[79] (C) Pore-size distribution of graphene
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constant of Li* in bilayer graphene. The right panel shows the Li density at different positions on the bilayer graphene at different time.

[80]

(E) Diffusion pathway of Li* in low and high defect density in MLG.!*! (A) Reproduced under the terms of the CC-BY Creative Commons
Attribution 4.0 International License.[”®! Copyright 2017, Springer Nature. (B) Reproduced with permission.[79] Copyright 2017, American
Association for the Advancement of Science. (C) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International
License.'8! Copyright 2020, Springer Nature. (D) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0
International License.[®"! Copyright 2017, Springer Nature. (E) Reproduced with permission.[m] Copyright 2012, American Chemical

Society. MLG, multilayer graphene.

such as Li*. Kuehne et al. designed an in-situ electro-
chemical device, using a mechanically exfoliated bilayer
graphene Hall bar as the working electrode.*"! Notably, in
the bilayer graphene sample, upper layer only covers the
center part of the bottom layer, and the immobilization
reaction product caused by Li insertion only occurs at the
edge of the upper layer graphene, rather than on the
uncovered part of the bottom graphene, indicating that
Li* mainly diffuses through the interlayer of graphene.!*"!
The in-plane Li* diffusion coefficient was measured to be
7x107°cm?s™¥ as shown in Figure 4D. Yao et al.
proposed a defect-assisted Li diffusion mechanism in
MLG,®" in which Li* diffuses along the graphene plane
till a trap by defects, then penetrates the plane through
defects with a lower diffusion barrier (2.36eV for

divacancy), as shown in Figure 4E. In fact, Li* penetration
through pristine graphene is almost impossible because of
the high energy barrier of ~10.2eV.[*!

6 | CHARGE TRANSFER
BETWEEN LITHIUM IONS
AND GRAPHENE

The interaction between Li atoms and graphene varies
among covalency, ionicity, and metallicity, correspond-
ing to the different Li storage mechanisms on gra-
phene.**! A theoretical arrangement of Li atoms on both
sides of graphene yields a capacity of 744 mAh g™, but
the binding energy would decrease due to the strong

85UB017 SUOLUWIOD BAe8ID 8|eolidde 8y Aq pauenob 82 sejoliie O ‘88N J0 S3|nJ 104 ARIQIT BUIUO A8]IM UO (SUORIPUOD-PUR-SWBYLIOD" AB] 1M AReIq1jBu|UO//SdRY) SUORIPUCD PUe SWB L 8U3 88S *[7202/60/80] U0 AfeiqiaulluO A8|IM ‘20WBIdS JO A1SIAIIN Ad 9YTZT ZWPI/Z00T OT/I0p/wod™A8 1M ARelq1juluo//:SdRy Woiy papeojumod ‘2 'v20e ‘XTr.9LZ



»_|_wiLey-Interdisciplinary Materials 5 - ==

Coulombic repulsion between Li atoms on opposite sides
once the surface coverage exceeds 5%, based on DFT
simulations.”?”! In addition, the low nucleation over-
potential (~ —33.2 mV) of Li on graphene results in the Li
plating on graphene exposed to electrolyte, providing a
potential high-SSA substrate for uniform Li metal storage
by modulating lithiophilicity.'®* Chen et al. considered
various doping elements and doping types in graphene
and found that the dopants generating negatively
charged adsorption sites and strong local dipoles, like
nitrogen, oxygen, and boron, were found to be more
favorable to heterogeneous Li nucleation, thus reducing
the nucleation barrier.!®*! As shown in Figure 5A, Zhang
et al. treated GO at low temperature in vacuum and then
in ammonia at 600°C, promoting a lithiophilicity by
nitrogen dopant.!®* After plating of Li at 0.05 mA cm™2,
a flat metallic deposition was formed on the nitrogen-
doped graphene, in contrast to the dendrite on copper
(Cu) surface.¥

The Li stored on graphene is not a body-centered
cubic metal, but a face-centered cubic or hexagon
structure.?*23858¢] 1 et al. investigated the role of
graphene in guiding Li deposition, by immersing
a Cu foil in a GO solution.!® X-ray diffraction

Pristine
® Lit
TFSI-

1

FIGURE 5 (A) Scanning electron microscope images of nitrogen-doped graphene electrode and Cu foil electrode after 0.50 mAh cm™
Li plating.[g‘” (B) Schematic illustration of Li storage on the graphene with the lattice mismatch between Li (110) plane and graphene.

o
3
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°
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measurements revealed that the deposited lithium has
71% (110) facet on the rGO, while that of Cu foil was
40%.1%%1 As shown in Figure 5B, the lattice mismatch
between Li (110) plane spacing (2.48 A) and the length of
one carbon hexagon ring (2.46 A) along the graphene
zigzag directions is 0.8%, indicating an epitaxial growth
of lithium metal.!® To investigate the Li structure in the
confinement of bilayer graphene, Kuehne et al. designed
an in-situ electrochemical device consisting of mechani-
cally exfoliated bilayer graphene as the working electrode
and a metallic count electrode connected by a Li-ion
conducting electrolyte, as shown in Figure 5C.1**! In-situ
transmission electron microscopy revealed that Li atoms
are arranged in a close-packed order between two
graphene sheets, forming a super dense phase with a
storage capacity much higher than that expected for LiCg4
structure, consistent with theoretical calculations.[?*23],
Based on the adsorption energy (~1.416eV for a Li
atom) and the cohesive energy of 1.606 eV, the theoretical
open circuit voltage (OCV) of Li on graphene can be
estimated as —0.19 V,[ZQ] but inconsistent with experi-
mental OCV of Li (~2.25V) on SLG.*”! To explain the
discrepancy, Zhang et al. considered that the interaction
between Li and graphene could be strengthened in

(D)

Solid polymer
electrolyte 81

ES

L "

(8]
N

Reaction Path

2

[85]

(C) Side view of the in-situ transmission electron microscopy device for Li* storage in bilayer graphene.[23] (D) Reaction pathway and formation
energy of Stone-Wales defect with different numbers of adsorbed Li atoms.?! (A) Reproduced with permission.*¥ Copyright 2017, Wiley-
VCH. (B) Reproduced with permission.*! Copyright 2020, Wiley-VCH. (C) Reproduced under the terms of the CC-BY Creative Commons
Attribution 4.0 International License.”?! Copyright 2018, Springer Nature. (D) Reproduced with permission.>”! Copyright 2019, Wiley-VCH.
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disordered graphene, thus improving the Li wettability.!®!

To check the stability of SLG for Li adsorption, Ni et al.
investigated the Li storage on SLG by in-situ Fourier
transform infrared spectroscopy, Raman spectroscopy, and
DFT simulations, showing that Li adsorption and the
defect formation in graphene promote each other.!>”
Consistent with the increased Ip/Ig of Raman spectra
during electrochemical cycling, DFT demonstrated that
the formation energy and formation barrier of defects
decreased with lithium adsorption,[2°] as demonstrated in
Figure 5D. While the crystal orbital Hamilton population
of C-C interactions in the pristine SLG is nearly zero at
the Fermi energy (0 eV), an evident antibonding (positive)
peak emerges near the Fermi energy when Li adsorbs on
the SLG,"*! implying the decreased strength of the C-C
bond. That is, Li adsorption may promote the defect
formation in graphene.

7 | CONCLUSION AND REMARKS

Graphene provides us with a neat model by ignoring the
effects from some complex factors (pores, functionaliza-
tion, etc.) for studying the EES of carbon electrodes. In
the past decade, through the structural regulation,
applying ionic gating effect, characterizing ion storage
at interface and in confined space, and the understanding
of interaction between Li and graphene, the strategies for
improving the EES performance of carbon electrodes
have been extensively developed.

In practical applications, we have graphene materials
with defects and heteroatom doping, beyond nearly
unlimited number of structural variants. The precise
control of these structural aspects while keeping high SSA
and preventing the stacking of graphitic layers remains a
challenge, which calls for novel synthetical methods and
large-scale molecular dynamics simulations to understand
the growth/stacking dynamics. To investigate the impact
of solvent and ions on the interface, the development of
advanced characterization methods is valuable. The
regulation of ion interactions within confined spaces by
ion gating effects and nanofluidics and the analysis of
their topological structures are some other significant
focus of studies. Further tailoring the interlayer space of
graphene would be important to understand more deeply
on the confinement, where the capacitance could be
affected by the distortion and dissolution of hydrated
structures, the disruption of Coulombic order, and other
complicated interactions between ions and electrode. This
involves a combination of in-situ experiments and
theoretical simulations to gain insights into ion behavior
in these confined environments. Direct observation and
associated analysis of the localized nonuniform charge
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distribution resulting from nonideal and uniform adsorp-
tion of ions and solvents molecules on graphene is another
critical aspect to be further investigated. The development
of experimental characterization techniques with resolu-
tions at the sub-nanometer scale may facilitate this study.
We hope these topics would lead us toward better EES
devices made from carbon electrode materials.
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