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ABSTRACT

Two-dimensional (2D) atomic layer materials have attracted a great deal of attention due to their superior chemical, physical, and electronic
properties, and have demonstrated excellent performance in various applications such as energy storage devices, catalysts, sensors, and
transistors. Nevertheless, the cost-effective and large-scale production of high-quality 2D materials is critical for practical applications and
progressive development in the industry. Electrochemical exfoliation is a recently introduced technique for the facile, environmentally
friendly, fast, large-scale production of 2D materials. In this review, we summarize recent advances in different types of electrochemical exfo-
liation methods for efficiently preparing 2D materials, along with the characteristics of each method, and then introduce their applications as
electrode materials for energy storage devices. Finally, the remaining challenges and prospects for developing the electrochemical exfoliation

process of 2D materials for energy storage devices are discussed.
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I. INTRODUCTION

Two-dimensional (2D) materials, triggered by the discovery of gra-
phene, have been applied in a wide variety of fields over the past decade
due to their superior properties. Graphene is well-known to be a para-
digm of atomically thin 2D materials with exceptional mechanical, ther-
mal, optoelectronic, and electrical properties.' ~ The rise of graphene
has greatly inspired the exploration of other classes of 2D materials,
including black phosphorus, transition metal dichalcogenides (TMDs),

hexagonal boron nitride (h-BN), transition metal oxides (TMOs), metal
carbides or nitrides (MXenes), and covalent organic frameworks
(COFs).” ' Outstanding properties of these 2D materials'' '~ have led
to great success in applications such as energy storage devices, electro-
chemical sensors, and field effect transistors.'® " Although 2D materials
have had a significant impact on a broad range of applications,
industrial-level scalability and high-quality structural control are still
required for commercialization.

Since Geim and Novoselov successfully isolated high-quality gra-
phene from highly oriented pyrolytic graphite (HOPG) by micro-
mechanical cleavage in 2004," many researchers have explored a wide
range of techniques for producing atomically thin nanomaterials.”"**
Numerous 2D material production methods have been reported,
which are simply categorized into two strategies: bottom-up and top-
down. Bottom-up techniques such as epitaxial growth,” ** chemical
or hydrothermal/solvothermal synthesis,” *" molecular beam epi-
taxy,”” " and chemical vapor deposition (CVD)" ** build monolayer
or few-layered sheets starting from molecular precursors. In general,
2D materials synthesized by bottom-up techniques have large grain
sizes and high quality."* "’ However, bottom-up synthetic procedures
typically require expensive equipment operating under harsh condi-
tions (e.g., high temperature and pressure) and have difficulties in
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transferring samples to other substrates for post-synthesis processing.
On the other hand, top-down methods such as mechanical cleavage
with scotch tape, wet chemical oxidation, liquid-phase sonication, and
electrochemical exfoliation are based on exfoliation from bulk crystals
or powders.”*” > The different bond strength between weak Van der
Waals interactions along the adjacent plane and strong covalent bonds
along the basal plane atoms enables layer-by-layer extraction by exter-
nal force or intercalation. Mechanical exfoliation can achieve high-
quality 2D materials on small scales that limit their use on a laboratory
scale for fundamental study. Wet chemical oxidation and liquid-phase
sonication assisted by sheer forces are facile and cost-effective methods
to generate solution-processable 2D materials.”” *° However, such
processes are typically time-consuming, often employ hazardous
chemicals, and provide limited control over the structure of the result-
ing 2D materials.””"">""

Electrochemical exfoliation, a top-down strategy, enables efficient
and large-scale production of 2D materials while maintaining high
quality comparable to those produced from bottom-up techniques.
This process is based on a collective phenomenon consisting of ion
intercalation, chemical oxidation or reduction, gas evolution, mechani-
cal expansion, and exfoliation. Various ions under an electric field can
intercalate into most types of bulk-layered materials to reduce inter-
molecular interactions between layers, and subsequent gas evolution
from the co-intercalated solvent molecules causes expansion and exfo-
liation of the 2D materials.””” These processes take only several
minutes to hours to synthesize solution-processable 2D materials. The
electrochemical exfoliation method enables sophisticated control over
the exfoliated materials by utilizing electromotive forces compared to
other chemical or mechanical driving forces for exfoliation, which is a
significant advantage for 2D materials used in electronic devices where
structural integrity is a critical factor. In addition, this method involves
various processing parameters (i.e., quality of starting materials, con-
centration and types of anions or cations, solvents, voltage, and time).
Because of these advantages, 2D materials produced by electrochemi-
cal exfoliation have been used in a variety of applications, such as
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electrocatalysts, 7 Datteries, supercapacitors, sensors,’
passivation layer,”” and organic field-effect transistors. "’ In this
review, we introduce several types of electrochemical exfoliation setups
and discuss the exfoliation mechanism along with examples of gra-
phene and other 2D materials such as MoS, and black phosphorus.
We then introduce how electrochemically exfoliated 2D materials can
be used as electrode materials in various energy storage devices.
Finally, we discuss the various challenges and emerging opportunities
for the electrochemical exfoliation process of 2D materials for energy
storage applications.

Il. ELECTROCHEMICAL EXFOLIATION

A typical setup for an electrochemical exfoliation process
includes a working electrode (WE), which is the bulk materials to be
exfoliated, a counter electrode (CE), which is usually a metal plate or
wire, a reference electrode (RE), an electrolyte, and a power supply
[Fig. 1(a)]. During the exfoliation process, a fixed potential or electrical
current causes the guest ions in the solvent to move into the space
between the layers of the 2D material. Depending on the potential
applied to the working electrode, the guest ions can be anions with a
positive potential (anodic exfoliation) or cations with a negative poten-
tial (cathodic exfoliation). In general, anodic exfoliation is advanta-
geous for producing 2D materials with high yields, exhibits high
exfoliation efficiency, and is accompanied by functionalization of the
products by oxidation (i.e., halide ions,” organic compounds,m‘81
nonmetals,”” % metals,”” and metal oxides®”), whereas cathodic exfoli-
ation can produce high-quality 2D materials but with a relatively low
rate.”** In addition, a dual exfoliation technique has been developed
to simultaneously exfoliate 2D materials from both the cathode and
anode [Fig. 1(b)].”""" Bipolar exfoliation [Fig. 1(c)] has recently been
highlighted as a method that enables facile and scalable manufacturing
of 2D materials.”” ** A wireless exfoliation process via a redox reaction
allows the use of small powders or flakes as starting materials. A bipo-
lar electrode (BE) is placed in between two metallic feeder electrodes
(FE), and the exfoliation process takes place in the absence of direct

(c) [ Power Supply -l

Bipolar
Exfoliation

FIG. 1. Schematic illustrations of (a) anodic/cathodic, (b) dual, and (c) bipolar electrochemical exfoliation setups.
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Ohmic contact, unlike the previously mentioned processes, which
require direct contact of all components.

A. Anodic exfoliation

Anodic exfoliation drives the intercalation of negatively charged
anions into the 2D material at the working electrode in aqueous or
organic solvent conditions (Table I). The first attempt at electrochemi-
cal exfoliation was demonstrated by anodic exfoliation of graphite in
ionic liquids.”” Wang and co-workers applied a constant voltage of 5V
to two graphite rods as both the anode and cathode in 0.001 M
poly(sodium-4-styrenesulfonate) (PSS) aqueous solution, and after
20 min, a black-colored graphene product began to appear.” In this
process, polystyrenesulfonate anions act as both intercalants and sur-
factants.”” Subsequently, Su et al. demonstrated electrochemical exfoli-
ation of HOPG and natural graphite flakes in dilute sulfuric acid (0.5
M, pH=10.3),” which is inspired by the report in 1996 that the
expandable graphite was produced by incorporating concentrated sul-
furic acid (H,804).” The thickness of the graphene sheets obtained in
this study was less than 3 nm thick, and the maximum dimension was
30 um.” They reported that at low voltages (<10V), the exfoliation
process was slow and efficient, but at high voltages (>25V), fast and
non-uniform exfoliation was observed.”® Feng group succeeded in fab-
ricating a high fraction of few-layered graphene using defective graph-
ite foils that facilitated intercalation of anions in 0.1 M H,SO,, and
achieved high yields (over 60% of the total amount of starting graphite
materials) in 2013.”° In their study, the lateral size of the electrochemi-
cally exfoliated graphene (EG) sheet was around 10 ym with a carbon-
to-oxygen (C/O) atomic ratio of 12.3.” Later from the same group,
natural graphite flakes were electrochemically exfoliated in various aque-
ous inorganic salts: (NH4),SO,, Na,SO,, K;SO, NH,Cl, NaNOs, and

W\

+10V
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NaClO, " Salts containing sulfate anions (S0 outperformed other
anions and took only 5min to exfoliate graphite flakes into thin gra-
phene sheets. In particular, ammonium sulfate [(NH,4),SO,] under
neutral pH conditions exhibited high exfoliation yields of graphene
(>85wt. %) with lateral sizes up to 44 um and a high C/O ratio of 17.2.”

When a sufficient voltage is applied across the electrodes, the
reduction of water at the cathode generates hydroxyl ions (OH ) and
the anodic oxidation of water produces oxygen radicals (O-) in the
electrolyte.””” Graphite edge sites and grain boundaries are preferen-
tially oxidized by these ions and radicals.”* Edge oxidation causes the
graphite layers to expand, providing sufficient space for sulfate ions
(SO37) and water molecules to intercalate. Various gaseous species,
such as SO,, O,, CO, and CO,, can be produced by SOZ™ reduction,
water oxidation, and carbon corrosion.” "’ These generated gaseous
species exert sufficient shear forces on the graphite layers to overcome
weak van der Waals interactions, leading to the separation and pro-
duction of graphene sheets (Fig. 2)."”" The previous study has
explained that the higher efficiency of sulfate ions is due to the lower
standard reduction potential of SO;~ (+0.20 V) compared to other
anions (0.96V for NO;~, 1.36V for Cl, and 1.42V for ClO, ).
Therefore, the favorable formation of SO, gas from SO~ compared to
other gases (NO or Cl,) can cause effective exfoliation of graphite in
sulfate-containing solutions. Recently, the origin of superior exfolia-
tion efficiency with SOF ~ anion was studied with the support of den-
sity functional theory (DFT) calculation and in situ mass
spectrometer.'”” The electrochemical exfoliation of HOPG in sulfuric
acid using with in situ mass spectrometer showed that the generation
of CO,, CO, and O, was associated with the oxidation of carbon and
co-intercalated water molecules, but no SO, gas was detected during
exfoliation.'”” This study suggests that the repulsive interaction
between SO~ anions and graphene sheets can promote the easy
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FIG. 2. Schematic illustration of electrochemical exfoliation of graphite under positive potential in sulfate-containing electrolytes. Reprinted with permission from Parvez et al.,
J. Am. Chem. Soc. 136(16), 6083-6091 (2014). Copyright 2014 American Chemical Society.”
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access of sulfate anions into the graphite layers and concomitant water
diffusion, thereby enhancing the exfoliation efficiency.'*”

One of the main challenges of the anodic exfoliation process is to
overcome the severe oxidation of 2D materials under high positive
potential. Hydroxyl and oxygen radicals can be formed by the oxida-
tion of water as follows: H,O — "‘OH + (H" +e¢) — O + (H'
+ €).' The generated radicals readily react with the graphite sur-
face, resulting in the formation of oxygen-containing functional
groups with substantial levels of defects in the exfoliated graphene.”
Therefore, several strategies have been attempted by adding reducing
agents as additives to prevent oxidative damage during electrolysis.
Yang et al. tested a series of reducing agents (2,2,6,6-tetramethylpiperi-
dine-1-yl)oxyl (TEMPO), ascorbic acid, and sodium borohydride to
eliminate the effect of *OH radicals.'”” The authors explained that the
favorable reaction of "“OH radicals to TEMPO than the graphite
reduces the oxygen content of exfoliated graphene, therefore achieving
a C/O ratio of 25.3 with relatively low defects.'”” In 2015, Chen and
co-workers produced graphene with a C/O ratio of 26 by adding mela-
mine into a dilute sulfuric acid solution.'”* During the exfoliation pro-
cess, melamine was adsorbed onto the graphene sheets and acted as a
protective layer preventing further oxidation.'”* The authors empha-
sized that the graphite powder with melamine additive can improve
scalable production of graphene by combining electrochemical reaction
and in situ extraction method.'”* Ejigu et al. tested transition metal fons
(eg, Co, T, R, Mn*", Ir’ ", and Sn*") as catalytic antioxidant
additives during the electrochemical exfoliation of graphite.”” The addi-
tion of CoSO, to the exfoliation solution achieved a graphene product

scitation.org/journal/cpr

with a high C/O ratio of 36. The authors proposed that the Co>" is oxi-
dized to Co*" at the graphite surface and acts as an active electrocatalyst
for O, evolution. As a result, the deposited Co*" cations could prevent
the oxidation of graphite by *OH radicals.””

The aqueous phase anodic exfoliation process has been applied
to the production of other 2D materials. For example, You et al. first
demonstrated anodic exfoliation of MoS, in 0.5 M H,SO, solution.'"”
A two-electrode system was employed with a natural MoS, bulk crys-
tal as the anode and a platinum (Pt) wire as the ground electrode.''” A
static bias of +1 V was applied to the MoS, crystal for 10 min, and the
potential was increased to +10V for 30 min to complete the exfolia-
tion process.'” The obtained MoS, nanosheets had a lateral dimen-
sion of ~10 um and a high degree of crystallinity."'” Later, the same
group prepared MoS, nanosheets with a larger lateral size (~50 um)
and a lower degree of oxidation in 0.5 M Na,SO, aqueous solution.''®
From an industrial point of view, it is preferable to use inexpensive
bulk MoS, powders as a starting material rather than expensive bulk
crystals. Wu et al,, therefore, employed MoS, powder as the starting
material to fabricate few-layered MoS, nanosheets.'”” The MoS, pow-
der was suspended in 1 M Na,SO, aqueous solution by sonication for
60min and poured into a polypropylene membrane bag (125000
mesh) with titanium mesh (100 mesh).'”* Defect-rich MoS, nano-
sheets were obtained under a constant voltage of 20 V for 4 h, followed
by a post-treatment of tip sonication for 2 h.'*” Recently, Pan et al.
reported a new electrochemical strategy demonstrating fast conversion
from bulk MoS, to bi/tri-layer MoS, [Figs. 3(a)-3(e)]."*” Due to the
intrinsic layer-dependent valence band of MoS,, the valence bands of

TABLE I. Reported anodic exfoliation systems of 2D materials. Note: PSS: poly(sodium-4-styrenesulfonate); SDBS: sodium dodecyl benzene sulfonate; TSCuPc: copper phtha-
locyanine-3,4’ 4" 4""'-tetrasulfonic acid tetrasodium salt; 9-ACA: 9-anthracene carboxylate; [Cgmim]: 1-octyl-3-methyl-imidazolium; [BMIm]: 1-butyl-3-methylimidazolium.

Published under an exclusive license by AIP Publishing

Working electrode Salt Solvent Voltage Thickness Ref.
Graphite rod PSS H,0 5V 1-2 layers 95
Graphite rod SDBS H,O0 25V I 105
Graphite rod TSCuPc H,0 12V 1-6 layers 106
Graphite rod 9-ACA and NaOH H,0 20V 0.79 nm 107
Graphite rod [Cgmim][PFq] H,O 15V 1.1 nm 108
HOPG and graphite rod [BMIm][BF,] H,O 1.5-15V e 58
HOPG and graphite flake H,SO, or K,SO, H,O 10V 1-7 layers 96
Flexible graphite paper H,50, H,O 1.6-5V <3 layers 109
Graphite flake (NH,4),SO4 or Na,SO, or K,SO, H,O 10V 1-2 layers 98
Graphite foil H,SO, or Na,SO, or LiClO, H,O 10V 6-8 layer 110
Graphite foil NaBE, H,O 10V <3 layers 111
Graphite rod NaOH and H,0, H,O 3V 3 layers 112
Graphite flake H,SO, H,O 10V 1-3 layers 78
Graphite foil NaOH and Na,SO, H,O 3-10V 2-4 layers 113
Graphite foil TBA-HSO, H,0 10V 1-3 layers 114
MoS, crystal H,SO, H,O 10V 1-3 layers 115
MoS, crystal Na,SO, H,O 10V 1-5 layers 116
BP crystal H,S0, H,0 1-3V . 117
Sb crystal Na,SO, H,O 10V 3.5nm 118
BP crystal Na,SO, H,O 10V 3-4 layers 119
Bi,Se; and Bi,Te; Na,SO, H,O *10V e 120
TizAlC, NH,CIl, TMA-OH H,O 5V 1-2 layers 121
Chem. Phys. Rev. 4, 011306 (2023); doi: 10.1063/5.0134834 4, 011306-4
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FIG. 3. (a) Optical image of MoS, sheet after electrochemical treatment. [(b) and (c)] Atomic force microscopy (AFM) image and the thickness profile. (d) The SEM image of
the MoS, sheet. (e) Cross-profile scanning transmission electron microscopy (STEM) image of the MoS, sheet from the rectangle region in (d). (f) Energy band diagrams of

MoS; and MoSe, with different layers. The red band represents the redox potential range from Refs. 124 and 125. (g) The schematic illustration of the ed
plane of MoS, after exfoliation. Reproduced with permission from Pan et al., Adv. Funct. Mater. 31(8), 2007840 (2021). Copyright 2020 John Wiley and Sons.'

mono-, bi-, and tri-layer MoS, are lower than the oxidation potential
region of Mo, where the bulk MoS, valence band falls into the region
[Fig. 3(f)]. Therefore, only bulk MoS, crystal was electrochemically
exfoliated into few-layered MoS, flakes.'*’

Black phosphorus has recently attracted scientific interest due to
its excellent carrier mobility and tunable bandgap.'** Black phosphorus
not only exhibits high electric conductivity, but also has the most ther-
modynamically stable structure of all phosphorus allotropes and the
lowest risk of explosion during chemical processes.'””'* It consists of
multiple puckered sheets of covalently bonded phosphorus atoms in a
honeycomb structure and held by weak van der Waals interactions
between the layers, which can be easily separated into single-layer black
phosphorus, phosphorene. Ambrosi et al. successfully obtained black
phosphorus nanosheets from bulk flakes in 0.5 M Na,SO, solution via
aqueous phase anodic exfoliation [Figs. 4(a)-4(c)].'"” A positive DC
voltage of +1V was first applied to the black phosphorus crystal for
2 min; then, the voltage was increased to +3V to intercalate the anion
species (SO27) into the interlayer of the bulk crystal, causing it to
expand and exfoliate over time.''” The reduced thickness of black

%139 and the basal

phosphorus was observed with scanning transmission electron micros-
copy (STEM) image, and high-resolution x-ray photoelectron spectros-
copy (XPS) spectra of the P 2p signal confirmed the oxidation of the
exfoliated nanosheets [Figs. 4(d)-4(e)].

Electrochemical exfoliation has been demonstrated to overcome
metallic bonds between layered MAX nanosheets. MXenes are a new
class of 2D materials discovered in 2011.""" They are generally pro-
duced by the selective etching of A from MAX layered counterparts,
where the MAX phases'””""" as the chemical composition of
M, ,AX,, where n=1-3, “M” is the early transition metal (such as
Sc, T4, V, Cr, Zr, Nb, or Mo), “A” represents an IITA or IVA group ele-
ments, and “X” is carbon and/or nitrogen. Traditionally, the A layer is
etched using highly hazardous hydrofluoric acid HF or LiF/HCI solu-
tion,"”* "** which has been a major barrier to the scale-up of produc-
tion and wider adoption of MXenes as functional materials. In 2017, a
new attempt to synthesize MXene without fluoride-based solutions
was reported. Sun et al. presented the first evidence of MXene without
—F terminal groups using dilute aqueous HC electrolytes.'”” They syn-
thesized Ti,CTy, MXene from Ti,AlC by electrochemical exfoliation in

Chem. Phys. Rev. 4, 011306 (2023); doi: 10.1063/5.0134834
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FIG. 4. (a) Schematic illustration of the electrochemical exfoliation of bulk BP into few-layered BP nanoflakes. Photographs of (b) the bulk BP crystal and (c) the electrochemi-
cally exfoliated BP nanoflakes dispersed in DMF. XPS spectra high-resolution P 2p core levels of (d) bulk BP crystal and (e) electrochemically exfoliated BP nanoflakes. (f)
Raman spectrum and (g) AFM image of the electrochemically exfoliated BP nanoflakes. Reprinted with permission from Yang et al., ACS Appl. Mater. Interfaces 11(6),

5938-5946 (2019). Copyright 2019 American Chemical Society.'

HCI electrolyte, in which Tx represents different terminal groups
such as -F, -0, and -OH. They demonstrated that Ti,CT, MXene
produced from electrochemical exfoliation was terminated with
-Cl, -0, and -OH groups, but not -F groups.135 Recently, Yang
et al. demonstrated fluoride-free electrochemical delamination of
Ti;AlC, to Ti3C, in 1 M NH,CI and 0.2 M tetramethylammonium
hydroxide (TMA-OH)."”" Two pieces of bulk Ti;AIC, were used as
anode and cathode, respectively, and chloride ions in the electrolyte
selectively etched Al under constant potential of (+5 V) for 12 h."”'
Yin et al. reported the synthesis of Ti;C2F, MXene using compact
Ti3AlC, bulk as starting material via a sealed three-electrode elec-
trochemical etching system.'’* During the electrochemical process,
the F anions in the nonaqueous [BMIM][PF¢] electrolyte reacted

with the Al atoms.'”® After 5-h exfoliation, Ti;C,F, sheets with an
average lateral size of 350 =27nm and height profiles of two
Ti3C,F, sheets showed thickness values of 2.5 and 3 nm were syn-
thesized.'”® In addition, the degree of fluorination of as-prepared
Ti;C,F, MXene with CF and TiF; was controlled by adjusting the
etching potential.'*

B. Cathodic exfoliation

Anodic exfoliation enables an efficient 2D material production
process with high production rates, but oxidation of the exfoliated
product is unavoidable. This can be a major drawback if certain appli-
cations, such as electronics, require pure 2D materials with no surface
oxidation. To preserve the intrinsic characteristics of 2D materials,

Chem. Phys. Rev. 4, 011306 (2023); doi: 10.1063/5.0134834
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cathodic exfoliation is a promising route as a non-oxidative exfoliation
process as it applies a negative potential to the layered material for the
intercalation of negatively charged ions (Table II).

In a rechargeable lithium-ion battery (LIB) system, Li* ions are
reversibly intercalated into the graphite anode, which is the lithium
host.”” During charging/discharging, co-intercalation of solvent
causes loss of reversibility and severe volume changes of graphite elec-
trode. Such expansion of the graphite electrode in the battery system
leads to undesirable exfoliation of the graphite. Inspired by this phe-
nomenon, Wang et al. reported the cathodic exfoliation of graphite in
a non-aqueous electrolyte consisting of LiClO, and propylene carbon-
ate (PC).”” Co-intercalation of PC solvent with Li" (Li":2PC and
Li":3PC) was observed at high potentials of —15 *+ 5V. The expanded
graphite was then washed with acid and water to separate the individ-
ual layers with the aid of hydrogen gas evolution (Li 4+ 2H,0O — 2LiOH
+ H,).” Zheng et al. prepared semiconducting 2D materials such as
MoS,, WS,, TiS,, TaS,, and ZrS, by controlling the lithiation and soni-
cation processes of the intercalated compounds in the aqueous
phase.”” The lithiation process was performed in a battery test system
using a Li foil anode as a Li-ion source. After the lithium intercalation
process using galvanostatic discharge at a current density of 0.05 mA,
the Li-intercalated 2D materials were washed with acetone and ultraso-
nicated in water for further exfoliation process.'” In 2018, few-layered
silicene nanosheets were also obtained by the successive electrochemi-
cal lithiation and delithiation processes.m First, the lithiation of Si
nanopowders was performed in Li-ion coin cells by a discharging pro-
cess. Subsequent delithiation by rinsing with de-ionized water or iso-
propyl alcohol produced graphite-like “siliphite” or few silicene layers,
respectively."”” The authors claimed that different exfoliation phenom-
ena were due to different delithiation kinetics depending on proton
concentration.'”’

As an alternative to small Li" ion (diameter: ~0.18 nm), tetra-
alkyl ammonium (TAA™) cations with larger sizes such as tetramethy-
lammonium (TMA™, diameter: ~0.558 nm), tetra-etyl-ammonium
(TEA™, diameter: ~0.674 nm), and tetra-n-butyl-ammonium (TBAT,
diameter: ~0.826nm) have been used as intercalating agents for
cathodic intercalation. Zhong and Swager first demonstrated the two-
step intercalation of Li” and TBA™ into graphite."’ Graphite was first
expanded by smaller-sized Li" ions and then significantly expanded
by replacing the Li" ions with larger TBA™ cations. Later, Yang et al.
studied the electrochemical exfoliation of graphite rod and HOPG in
TBA ™ -containing electrolytes with various organic solvents such as
acetonitrile (AN), N,N-dimethylformamide (DMF), and propylene
carbonate (PC).""" The authors suggested that effective graphite exfoli-
ation was obtained by both intercalation of solvated cations into
graphite and subsequent gas bubbling from the decomposition of the
electrolyte. Cooper et al. compared exfoliation efficiency of HOPG
with quaternary ammonium cations with different sizes: TBA™,
TEA™T, and TMA "> TBA™ cation was found to be the most effective
for HOPG expansion, followed by TEA™. However, a sonication step
was generally required to split the graphite layers uniformly. Recently,
Zhang et al. improved exfoliation efficiency by employing a sandwich-
structured electrode that can promote uniform cation intercalation
into graphite.'*’ The authors also tested the electrochemical exfoliation
of graphite with various organic electrolytes consisting of TAA™ salts
in different aprotic polar solvents (acetone, DMF, NMP, DMSO, AN,
and PC) to investigate the effects of cations and solvent molecules

scitation.org/journal/cpr

solvation on the exfoliation process.”"” Electrochemical intercalation
of TBA™ in propylene carbonate exhibited a high exfoliation yield
(91.5%) of few-layered (>80%, 1-3 layers) graphene at high speed
(over 50g h™")."*" The authors suggested that the size of the solvated
TAA™ ions rather than the size of the bare cations affects the efficiency
of intercalation and thereby the exfoliation of graphite.'*’

In addition to graphene, Yang et al. demonstrated successful
electrochemical delamination of bulk BP crystal into few-layered BP
flakes with high yields (up to 78%) using quaternary ammonium
molecules as intercalating agents [Figs. 5(a) and 5(e)]."** In this
study, 0.1 M tetra-n-butyl-ammonium bisulfate (TBA-HSO,) in
anhydrous PC solvent was used as an electrolyte and a constant
potential of —8V was applied."** The authors proposed three key
factors for effective intercalation and exfoliation: (1) the variable ver-
tical diameter of flexible n-butyl chains (0.47-0.89 nm) matches the
interlayer distance of BP (0.53 nm); (2) the penetration and reduc-
tion of solvated protons (HSO*™ =807 +H", 2H " +2e—H,)
further increase the distance between two adjacent BP layers; (3) the
solvent (propylene carbonate) stabilizes the exfoliated flakes against
re-aggregation [Fig. 5(d)].'*" Later, Li et al reported ultrafast
cathodic expansion (less than 1 min) of bulk BP employing TBA™ as
a cationic intercalant in polar aprotic solvents such as dimethyl sulf-
oxide (DMSO).""" In addition to BP, TBA™ cations (0.05 M) dis-
solved in propylene carbonate (PC) have been used to demonstrate
cathodic exfoliation of 2D transition metal dichalcogenide supercon-
ductors (2DSCs) such as Nb(Se/Te),, Ta(S/Se),, Ti(S/Se),, and
MoT 62_11@

Considering the scalability and cost of the electrochemical exfo-
liation process, it is more reasonable to employ environmentally
benign aqueous electrolytes instead of expensive and often toxic
organic solvents. Dalal et al. demonstrated cathodic exfoliation of
graphite foils using various aqueous solutions containing varying
concentrations of alkali metal chloride salts (LiCl, NaCl, KCI, RbCl,
and CsCl).'" Sufficiently high cathodic voltages (—10 V and above)
and high concentrations of cations (2 M and above) were required
to achieve cation intercalation and subsequent hydrogen gas evolu-
tion processes.'”” Graphene nanoplatelets (mainly 10-13 layer gra-
phene sheets) generated from the KCl aqueous electrolyte in a short
period of time (<10min) exhibited low-defect densities (Ip/Ig of
0.06, a C/O ratio of 57.8) and high exfoliation yields (>80%)."""
Garcia-Dali and co-workers also reported the successful use of
aqueous alkali metal electrolytes (most notably, 4 M KCl) for
cathodic delamination of MoS, [Fig. 6(a)]."** A fast and efficient
cathodic exfoliation was achieved using an aqueous solution,
and moreover, the electrochemical route prevented oxidation
[Figs. 6(h)-6(j)] or phase transformation of the exfoliated products
[Figs. 6(b)-6(g)]."*®

C. Dual exfoliation

The simultaneous exfoliation process at both working and coun-
ter electrodes within a single electrochemical cell can improve the
energy utilization of electrochemical exfoliation and increase the pro-
duction rate of 2D materials. Mao and co-workers demonstrated a
graphite—graphite cell in a protic ionic liquid (PIL) for simultaneous
intercalation/exfoliation on both electrodes with an additional shear
grinding process.'”” Highly expanded graphite at the cathode and fully
oxidized graphite at the anode were obtained at a cell voltage of 3V,
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FIG. 5. (a) Schematic illustration of the reaction cell. (b) Centrifugation rate as a function of the concentration of BP dispersion in isopropy! alcohol. Inset: the BP dispersion
(left); the BP dispersion after centrifugation (right). (c) The delamination yields depending on the intercalating cations. (d) Schematic illustration of the mechanism for the inter-
calation process. (e) SEM image of the BP cathode after various periods of intercalation. Reproduced with permission from Yang et al., Angew. Chem. Int. Ed. 57(17),

4677-4681 (2018). Copyright 2018 John Wiley and Sons.'**

and mechanical grinding was performed to separate the graphene
sheets.””” Yang et al. achieved dual intercalation/exfoliation in both
graphite foils using alternating current in 0.1 M tetra-n-butylammo-
nium bisulfate (TBA-HSO,) aqueous solution.' " High exfoliation effi-
ciency (80% total yield, 75% of graphene is composed of 1-3 layers)
was achieved with ultra-high production capacity (over 20gh™"), and
exfoliated graphene showed remarkable hole mobility up to 430 cm®
V! s """ Later, Zhang and Xu developed an electrode design for
high-yield, scalable dual-electrode exfoliation using TBACIO,/PC
solution, where TBA™ and ClO,~ can simultaneously intercalate into
both the graphite cathode and anode, respectively [Fig. 7(a)].”" The
authors designed graphite electrodes wrapped in a confined space
between porous metal meshes for both anode and cathode,”’ which
allows sufficient intercalation of both cations and anions. As a result,
high yields (85% from the cathode and 48% from the anode) of few-
layered graphene (>70% for 1-3 layers) were achieved at ultrahigh
production rates (<25gh ™) [Figs. 7(b)-7(i)].”

D. Bipolar exfoliation

The recently introduced bipolar exfoliation method generally
involves two feeder electrodes (FEs) that are connected to a power sup-
ply, and a bipolar electrode (BE) placed in between the two FEs [Figs.
1(c) and 8(a)]. The voltage applied across the FEs (E,.) generates an elec-
tric field in the solution that induces an electric potential (Eqe.) across
the BE, leading to electrochemical reactions at the poles of the BE."™* '
Crooks,'”" Duval, and co-workers'®”'** suggested that the equilibrium
potential (AE,..) can be estimated by the parameters including the dis-
tance separating the driving electrodes (Iganner)> and the length of the BE
(leiec) and the driving total electric field (E) as the following equation:

lelec
AEelec = Eiot <_ .
channel

The apparent potential difference between the opposite ends induces
the asymmetric Faradaic reactions at the anodic pole and the
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FIG. 6. (a) Schematic illustration of the cathodic delamination of MoS, in aqueous alkali metal-based electrolytes. [(b)—(g)] Microscopic characterization of MoS, cathodically
exfoliated in 4 M KCI aqueous solution. [(b)-(d)] STEM, (e) AFM, and [(f) and (g)] HR-TEM images of MoS, nanosheets. (h) Raman spectra of the MoS, nanosheets. XPS
spectra of high-resolution (i) Mo 3d and (j) S 2p core levels of cathodically exfoliated and bulk MoS, nanosheets. Reprinted with permission from Li et al., Nat. Mater. 20(2),
181-187 (2021). Copyright 2019 American Chemical Society.'*°

voltage of 15V cm™ " was set between the stainless steel FEs spaced
3 cm apart.'” The electric field induced a potential difference of 9V

reduction at the cathodic pole. Implementing this principle, Allagui
et al. reported a single-step, single-cell preparation for exfoliating and

depositing partially reduced graphene oxide using bipolar electro-
chemistry. “'“ In these studies, a graphite rod was placed between
two stainless steel FEs in a low-conductivity solution.'”” A static

across the two ends of the graphite substrate, sufficient to promote
coupled redox reactions at both the cathodic and anodic poles.'”” The
authors achieved the rGO films on the positive side of stainless steel by

TABLE II. A summary of cathodic exfoliation. Note: TMA: tetramethylammonium; TEA: tetraethylammonium; TBA: tetrabutylammonium; BMPTF2N: N-butyl, methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide; MeCN: acetonitrile; THA: tetraheptylammonium.

Working electrode Salt Solvent Voltage Thickness Ref.
HOPG LiClO, PC —15*5V 1-5 layers 59
Graphite foil LiClO, PC -5V 1-5 layers 140
Graphite rods NaCl, thionin acetate H,0O/DMSO 5V ~7 layers 149
HOPG TMA-CIO,, TEA-BE,, TBA-BE, NMP —5V (vs. Ag/AgClO,) 2-5 layers 142
HOPG, graphite rod BMPTF,N e 15-30V 2-5 layers 150
HOPG TBA-ClO, DMEF/MeCN —2.2-—2.8V (vs. Ag/Ag") 1-2 layers 151
MoS, crystals THA-Br MeCN —5-—10V 3.8 0.9nm 152
MoS,; crystals TBA-HSO, PC -5V 6-10 layers 153
VSe2 crystals TPA-Cl PC —4--2V 1-5 layers 154
Sb crystals Na, SO, H,O —10V 3.5nm 118
Sb crystals Na,SO, H,O -6V 31.6nm 155
NiPS; crystals TBA-BF, DMF -3V 1-5 layers 82
NbSe,, NbTe,, TaS,, TaSe,, TBA-BF, PC —5V (vs. Pt) 1-5 layers 146
TiSe,, and MoTe,

BP crystals TBA-HSO, PC -8V 3.7+ 1.3nm 144
BP crystals TBA-PFq DMF —5V 1-5 layers 156
BP crystals TBA-BF, DMSO —5V 5 layers 145
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FIG. 7. Schematic illustration of dual exfoliation of graphene based on electrochemical intercalation of both anion and cation. [(b)—(i)] Morphology and thickness distribution of
exfoliated graphene. Reproduced with permission from Zhang and Yu, Adv. Funct. Mater. 29(37), 1902171 (2019). Copyright 2018 John Wiley and Sons.*

setting the cumulative total cell voltage limit to 15 mA h, and the
thickness of the films was estimated in the nanometer range.163 Later,
the Wang group applied an apparent potential difference of 35V on
the two graphite rods as BE and successtully deposited exfoliated gra-
phene on both the positive and negative sides of stainless steel."””
Unlike other electrochemical exfoliation processes that require
direct electrical contact, the wireless configuration offers the ability to
treat the bipolar electrode in the form of small powders, flakes, and
particles. Bjerglund et al. first reported the bipolar electrochemical
exfoliation of graphite powder with the aid of mechanical high-shear
exfoliation [Figs. 8(b)-8(g) and 8()’)—8(1)].]68 The exfoliation process
involved cathodic electrochemical intercalation of tetrabutylammo-
nium ions and required an extremely high voltage of 1100V [Figs.
8(h) and 8(1)].'°® Later, Hashimoto et al also demonstrated
bipolar anodic exfoliation of graphite powder at a constant current of
2450 A m 2" Small graphite powders (particles size 20-500 ym)

were placed between two platinum FEs in dilute sulfuric acid.”* The
voltage rapidly increased at first and then settled to a steady value of
~60V, much lower than cathodic exfoliation.”” The exfoliation prod-
ucts were apparently GO nanosheets with C/O ratios of 3.6-5.3.”

In addition to graphite, Pumera et al. employed the bipolar elec-
trochemical exfoliation process for WS,“*'®” black phosphorus, "’
MoSe,'”" and hexagonal boron nitride (h-BN) [Figs. 9(a)-9(d)].'">
The applied potential of 10V across the Pt FEs in 0.5 M Na,SO, was
sufficient to induce Faradaic reactions at the surface of the electrodes,
eventually leading to the exfoliation of the bulk materials into nano-
sheets or nanoparticles.'”* For bipolar exfoliation of #-BN, sodium sul-
fate was added as a supporting electrolyte to increase the current
through the solution.'”” When the concentration of the supporting
electrolyte decreases, inefficient exfoliation was observed, whereas
when the concentration is increased, a damaged chemical structure of
h-BN was obtained."”” The h-BN nanosheets obtained in 0.5 M
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FIG. 8. (a) Schematic illustration of a bipolar electrochemical cell. Photographs of (b) pristine graphite foil and (c) BuyN™ intercalated graphite foil. SEM images of the edges of
(d) pristine graphite foil and (e,f) Buy;N" intercalated graphite foil. (g) Raman spectra of the pristine and BusN " intercalated graphite foil. Schematic illustration of the experi-
mental setups for (h) high voltage bipolar electrochemistry and (i) subsequent high-shear exfoliation of intercalated graphite. Graphene dispersion in N-methyl-2-pyrrolidone
(NMP) solvent from (j) both bipolar intercalation and high-shear exfoliation, (k) high-shear exfoliation with no electrochemical intercalation, and () combined bipolar electro-
chemistry and high-shear exfoliation without using BusNBF, salt in the electrolyte. Reproduced with permission from Bjerglund et al., ACS Omega 2(10), 6492-6499 (2017).
Copyright 2017 American Chemical Society.'®®
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Na,SO, had an average later size of 1.27 um with a mean thickness of
8.4nm [Figs. 8(¢)-8(g)]."”* Although the size reduction mechanism of
non-conductive material is not clearly understood, this work paved
the way for the scalability of the electrochemical exfoliation system for
not or;ly the conducting materials, but also the layered insulators as
well."”

I1l. APPLICATION AS ENERGY STORAGE DEVICES

The rapid growth of consumer electronics, electric vehicles, and
grid integration of renewable energy sources has created enormous
demand for energy storage devices that are safe, low cost, and capable
of high power and energy output."”* At the same time, efficient and
green energy storage technologies are also critical to overcoming the
environmental issues of fossil fuels as well as the availability of scarce
natural resources used in batteries.'”* As electrochemical energy stor-
age (EES) materials, 2D materials offer numerous advantageous fea-
tures, including large active surface area, fast surface redox reactions,
and shortened ion transport pathways. Existing literature has demon-
strated that these properties can lead to improved charge storage
capacity and rate capability of 2D materials in various EES systems,
despite limitations posed by their restacking tendencies.””'”> As an
efficient method for synthesizing high-quality 2D materials, electro-
chemical exfoliation has been exploited to prepare electrodes for vari-
ous alkali-metal ion batteries and supercapacitors.

A. Electrochemically exfoliated graphene-based
electrodes

Electrochemically exfoliated graphene electrodes have been
investigated as anode materials for metal-ion batteries due to their fac-
ile synthesis and low working potential.”*'’*""” For example,
Jamaluddin et al. utilized electrochemically exfoliated graphene to
encapsulate silicon (Si) nanoparticles and synthesized Si at graphene
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composites with a core-shell structure.'”® The Si at graphene compo-
sites was prepared via a spray-drying process using an aqueous sus-
pension, in which a microsphere structure was formed in situ as
graphene crumpled around Si nanoparticles [Fig. 10(a)]."”® This study
revealed that the void space between graphene and Si can serve as a
buffer to contain the volumetric expansion of Si nanoparticles within
the core-shell structure, and the exfoliated graphene also provides
high electrical conductivity and mechanical flexibility that improve
rate performance and cycling stability.'”® In addition, the effect of gra-
phene layers on the composite structure was investigated, and it was
found that using graphene oxide or bi-layer and few-layered graphene
as the shell material affected the electrical conductivity and capacity of
the composite electrode.'’ As the best-performing combination, the
Si at few-layered graphene (Si at FL-GB) anode delivered the highest
initial discharge capacity up to 2882.3 mAhg 'at 0.2A g ' as well as
the highest initial Coulombic efficiency of 86.9% and excellent cycling
stability of 1063.2 mA h g ' at 0.5A g~ ' after 100 cycles with 70.9%
capacity retention [Figs. 10(b)-10(d)]."”®

Wang et al. demonstrated vertically aligned MoS, nanosheets
grown on electrochemically exfoliated graphene (EG) via solvothermal
synthesis [Fig. 11(2)]."”? The vertically aligned structure on the gra-
phene substrate increased the exposure of the active material and
enhanced the charge transport kinetics through the vertical channels.
The EG-MoS, anode delivered the capacities of 970 mA h gf1 at a
high rate of 5A g ' and 1250 mA h g~ ' after 100 cyclesat 1A g . In
a sodium-ion battery (SIB), the EG-MoS, anode also exhibited
509mAhg 'at1Ag "after 250 cyclesand 423 mAhg 'at2A g !
[Figs. 11(b)-11(d)]."””” Sun et al. also demonstrated a practical Li-ion
full cell assembled with a LiNi, cCo,,Mn, -0, cathode and an exfoli-
ated graphene (EG) anode, which was exfoliated in 0.1 M (NH,4),SO,4
aqueous solution at 10 V."”” Due to the thin layers (~1.5nm on aver-
age) and the high porosity of the exfoliated graphene sheets, the
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!, Reproduced with permission from Jamaluddin et al., Nanoscale 12(17), 9616-9627 (2020). Copyright 2009 RSC Publishing.
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prelithiated EG anode delivered a reversible specific capacity of
360 mA h g ' at 0.1 C and maintained a capacity of 206 mAh g ' ata
high current rate of 10C.""” At a low temperature of 0°C, the EG
anode still retained a capacity of ~100 mA h g~' at 5C."” The full
cell also exhibited a high energy density of ~278 W h kg ' and 100%
capacity retention over 300 cycles."””

Similar approaches have also been explored for supercapacitor appli-
cations."*"*’ For example, Hamra et al. synthesized supercapacitor elec-
trodes directly from electrochemically exfoliated graphene via vacuum
filtration.'” The graphene electrode was exfoliated using 1 M HNO; as
an oxidizing agent, and 2 M KOH in polymer gel was used as an electro-
lyte. The supercapacitor delivered a specific capacitance of 2524.54 F g~
at a current density of 0.5 A g~ ' and retained >100% capacity after 1000
cycles."*” Chih et al. also demonstrated an all-screen-printable method for
fabricating all-solid and flexible microsupercapacitors (MSCs) with com-
posite electrodes consisting of electrochemically exfoliated graphene and
single-walled carbon nanotubes (CNTs)."*" In the hybrid electrode, CNTs
serve as intermediates between graphene flakes to prevent restacking of
graphene layers and promote jon transport. MSCs were prepared using a
screen-printing process in which a pre-patterned screen was used to
transfer the pattern to the underlying substrate, followed by electrolyte
coating. As-synthesized flexible MSCs exhibited capacitances of 7.7 mF
cm~?and 77.3 F cm ™, with >>99% capacity retention after 15000 cycles,
and negligible capacitance loss with bending,'

Heteroatom-doped graphene electrodes such as nitrogen, boron,
sulfur, and fluorine have also been studied by adjusting the electrolyte
during exfoliation to achieve improved electrochemical perfor-
mance.”" 1P For example, Jing and colleagues synthesized
nitrogen-doped graphene (N-Gh) via alternating voltage electrochemi-
cal exfoliation at 5V, where nitrogen doping was achieved with
ammonium chloride and NaOH aqueous solution in the two-electrode
system for exfoliation as shown in Fig. 12(a)."*" It was found that the

nitrogen-doped graphene with 4.5% N atoms is much larger in size
than the pristine graphene sheets and exhibits a more defective struc-
ture, probably due to the fast stripping and nitrogen-doping process.'**
In electrochemical tests, nitrogen doping also led to improvement in the
specific capacitance and high-rate performance of N-Gh due to the
additional pseudocapacitance from the nitrogen redox-active sites and
the reduced restacking of graphene layers. The symmetrical N-Gh//N-
Gh supercapacitor delivered an energy density of 476 W h kg ' at a
power density of 500 W kg and retained 92.3% of its capacity after
5000 cycles [Figs. 12(b)-12(e)]."** A similar effect achieved by fluorine
doping of electrochemically exfoliated graphene was also investigated by
Zhou et al.''' Incorporation of fluorine has been shown to induce
redox-active, semi-ionic C-F bonds, which also provide additional pseu-
docapacitance and improve charge storage performance as flexible
microsupercapacitor electrodes. Muthu and Tatiparti also synthesized
boron-incorporated reduced graphene oxide (B-rGO) via potentiostatic
exfoliation using 0.1 M (NH4),SO, + 0.5 M B(OH), electrolyte.183
Electron-deficient boron introduced a p-doping effect into B-rGO as
shown by XPS, Raman and valence band spectra. The electrochemical
performance of the B-rGO electrode was studied using 6 M KOH elec-
trolyte in a three-electrode setup, where the rGO and B-rGO electrodes
exhibited specific capacitances of 163 and 446 F g ' at 0.1 A g ', and
111 and 284 F g ' at 20A g ', respectively.' B-rGO also showed
excellent cycling stability with a capacity retention of 95.6% and a
Coulombic efficiency of 97.4% after 2000 cycles.'” The enhanced spe-
cific capacitance can be attributed to the p-doping effect of boron in B-
rGO, which can accommodate more charge storage.

B. Other 2D atomic layer material-based electrodes

In addition to graphene, other 2D atomic layer materials pro-
duced by electrochemical exfoliation have also been successfully
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. . . 67,146,156,186-189
incorporated into energy storage devices.”” """ For example,

the cathodic exfoliation of bulk antimony (Sb) to porous antimonene
was investigated by Yang and co-workers.” The exfoliation process
was carried out in a two-electrode cell under a voltage of =5V in 1 M
tetramethylammonium hydroxide (TMAOH) aqueous solution.'”’
This study suggests that Sb exfoliated in an alkaline solution is more
stable than using organic electrolytes and Na,SO,, which leads to the
formation of aggregated nanoparticles.” As an anode material in
SIBs, the antimonene electrode delivered a high specific capacity
of 569.1 mA h g~' upon 200 cycles at 0.1 A g ' and maintained
2778 mAhg 'at5A g """ Huang et al. also utilized electrochemi-
cal cationic intercalation to prepare large few-layered phosphorene
flakes without surface functional groups.” The authors successfully
controlled the phosphorene thickness between 2 and 11 layers by
adjusting the intercalation rate of the tetraalkylammonium cations
with different applied potentials (—5-—15V)."”® The phosphorene
anode in SIBs delivered a high capacity of 1968 mA h g~ " at a current
density of 100 mA g~ and retained 603.3 mA h g~ " after 100 cycles at
1.5A g 3¢ Ultrasonication-assisted electrochemical exfoliation of
few-layered bismuthene nanosheets (FBNs) was investigated by Shen
and colleagues.'”’ As shown in Fig. 13(a), the intercalation reaction
was performed in a sonication bath using a two-electrode setup con-
sisting of a bismuth crystal working electrode and a platinum counter
electrode for 8 h.'”’ Owing to the exfoliated 2D architecture, the exfoli-
ated FBNs possess a larger active surface area, improved K-ion kinet-
ics, and higher structural stability against volume changes during the
potassiation/depotassiation process [Fig. 13(c)]."”" The FBN anode in
a potassium ion battery (KIB) exhibited a charge—discharge capacity
of 423 mA h g ! at a current density of 25A g ' and impressive
cycling stability by maintaining 201 mA h g~' at 20A g~ over 2500
cycles [Figs. 13(b) and 13(d)].""

Li et al. presented a novel anodic and cathodic simultaneous
exfoliation method for synthesizing composite 2D materials.'”” This
method combines anodic exfoliation of graphene and cathodic exfolia-
tion of other 2D materials including MoS,, MnO,, and graphitic car-
bon nitride (g-C;N4) in a one-pot setup [Figs. 14(a)-14(c)]."¥

Notably, the incorporation of conductive additives into the electrodes
was demonstrated to enable the exfoliation of 2D nanomaterials
regardless of the conductivity of the bulk precursor.'”” Among the var-
ious combinations, the MnO, and graphene composite (MnO,-G)
was tested in symmetrical all-solid-state supercapacitors using a poly-
vinyl alcohol/HsPO, gel electrolyte.”” The supercapacitor delivered
the specific capacitances of 265 F g ' at 25A g ' and 212 F g ' at
50 A g ' with capacitance retention of 94% over 5000 cycles, compa-
rable to other state-of-the-art devices based on MnO,-carbon compo-
sites [Figs. 14(d) and 14(e)].""” MoS,-graphene and g-C;N —graphene
composite films were also demonstrated to be effective hydrogen evo-
lution catalysts."”” Hu et al. also studied the electrochemically exfoli-
ated MoS, electrode in supercapacitors.'™> MoS, powder fixed with
carbon cloth was exfoliated in a 0.5 M Na,SO, solution at 10V to
obtain 1-3 um MoS, nanosheets with an average thickness of 3 nm
(~4 layers)."” In a three-electrode test system with 0.5 M KOH elec-
trolyte, MoS, nanosheets showed superior performance compared to
bulk MoS,, delivering 285 F g~' at 2A g~ ' and 83.8% capacitance
retention after 500 cycles.'™ Finally, Yang et al. obtained few-layered
BP nanoflakes from bulk BP crystals by applying +10V in 0.5 M
Na,SO, aqueous solution."'” The free-standing BP films exhibited an
energy density of 3.63 mW h cm >, a power density of 10.1 W cm >,
and a capacity retention of 94.3% after 50 000 cycles at a current den-
sity of 0.2 A cm .Y

IV. CONCLUSIONS AND FUTURE OUTLOOK

Electrochemical exfoliation techniques are gaining momentum
with the increasing demand for 2D atomic layer materials with supe-
rior electrochemical properties and the growing importance of their
industrial-level scalability. This review has comprehensively summa-
rized recent research advances in the electrochemical exfoliation of 2D
materials, including four different techniques and their unique charac-
teristics, as well as the applications of exfoliated 2D materials for vari-
ous energy storage devices. A high percentage of few-layered
atomically thin 2D materials with relatively large sizes can be obtained
via the aqueous-phase anodic exfoliation process. Cathodic exfoliation
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offers a promising route to fabricate 2D materials with negligible oxi- the exfoliation of layered materials in various forms such as foils, rods,
dation and high crystallinity. Dual exfoliation combines both anodic and even powders. The bipolar configuration allows the exfoliation of
and cathodic exfoliation processes simultaneously, allowing fast and semiconducting 2D materials and electrical insulators (i.e., h-BN and

efficient exfoliation of 2D materials. Finally, the bipolar method allows TMDs), but with long reaction times and low exfoliation yield.
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FIG. 14. (a) Schematic illustration of simultaneous electrochemical exfoliation. [(b) and (c)] SEM images of cross-sectional MnO,-G film. Galvanostatic charge-discharge
curves of the planar, symmetric all-solid-state supercapacitor device (d) at different current densities and (e) at a current density of 2.5A g~ at different mechanical conditions.
Reproduced from Li et al., Adv. Energy Mater. 8(12), 1702794 (2018). Copyright 2018 John Wiley and Sons.
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An ideal electrochemical exfoliation method would be to fabri-
cate 2D materials in a highly controllable manner, allowing the fab-
rication of materials with structural and property tuning for
specific target applications. Therefore, the main challenge in the
exfoliation process is to precisely control the structures of the exfo-
liated products such as the number of layers, size, oxidation, and
defects, as well as solvent residues and contamination. In addition,
recent studies have shown that specific functional groups can be
incorporated into exfoliated 2D material during the electrochemical
process, providing another opportunity to tailor the structure and
properties of 2D materials.””""'?>'*> A fundamental understand-
ing of the electrochemical exfoliation mechanisms can contribute
to improving the production efficiency of 2D materials and control-
ling their structures and properties. The electrochemical exfoliation
process of 2D layered materials is a collective phenomenon consist-
ing of several reactions, including ion intercalation, gas evolution,
interlayer expansion, and irreversible exfoliation. These reactions
do not necessarily occur sequentially and occur non-uniformly
within the material, resulting in non-uniform exfoliation products.
However, a comprehensive understanding of the mechanical details
of each reaction and the role of each reaction in controlling the
structure of 2D materials are still lacking. Given interconnected
multiple reactions in the electrochemical process, computer simula-
tion and operando (or in situ) monitoring of the process are
extremely helpful in understanding the complex exfoliation mecha-
nisms. For example, in situ AFM studies of graphite during ion
intercalation successfully demonstrated potential-dependent inter-
layer expansion due to ion intercalation and gas evolution.'”*'””
Another study using in situ optical and Raman spectroscopy sug-
gested that the two characteristic stages, nondestructive intercala-
tion and subsequent gas evolution, are key steps in an efficient
exfoliation process.'”® Moreover, a recent study has correlated the
exfoliation efficiency of graphene in the anodic exfoliation system
with the binding energy of electrolyte anions on graphene.'’”
Understanding and predicting phenomena through computer sim-
ulation is a step forward from optimizing parameters through itera-
tive experiments and is expected to accelerate the development of
electrochemical stripping processes.

Electrochemical exfoliation techniques often require post-
treatment to further reduce the number of layers and stably disperse
the 2D materials. However, prolonged post-treatment processes
such as sonication and delithiation can compromise the quality of
the final product. Therefore, direct electrochemical exfoliation of
bulk layered crystals into single or few 2D materials without post-
treatment is highly required to improve overall manufacturing
efficiency and cost. In addition, conventional electrochemical exfoli-
ation processes mainly rely on large bulk crystals and large amounts
of electrolytes, which are expensive for large-scale industrial applica-
tions. Therefore, there is an urgent need to develop new electro-
chemical setups that can utilize low-cost power and small amounts
of electrolyte to minimize the manufacturing cost of 2D materials. In
summary, understanding the mechanical details of the electrochemi-
cal exfoliation mechanism and realizing the electrochemical setup
for producing cost-effective, structure-controlled 2D material are
critical for the commercialization of 2D materials in a variety of elec-
trochemical applications, including catalysis, electrochemical sen-
sors, and energy storage devices.
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