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ABSTRACT
The wonder material, graphene, is now on the stage from academic research to real-world industrial application. Graphene oxide
(GO), an oxygenated form of monolayer graphene platelet, is playing a crucial role for the large-scale production of minimal layer
stacked graphene. Effective purification of GO by removing acidic and ionic impurities is the essential step for high dispersibility and
long-term colloidal stability, endowing graphene oxide liquid crystal (GOLC) formation. GOLC can be readily utilized not only for
the production of high quality graphene platelets but also in the straightforward design of multi-dimensional architectures, includ-
ing 1D, 2D, and 3D, for the functional graphene-based material fabrication. Motivated from the inexpensive raw material and inher-
ently scalable solution process, GOLC-based materials offer an idealized platform for the practical balance between material perfor-
mance and economic cost. Herein, recent progress and future prospective associated with the commercialization of 2D GOLC-based
materials are highlighted, specifically concerning the recent energy, environmental, and pandemic issues. Relevant crucial advantages
and perspectives are reviewed for practical applications, including supercapcitors, membrane, molecular adsorption, and antimicrobial
material.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0012465., s

I. INTRODUCTION

Discovery of graphene has triggered enormous research inter-
est to its extraordinary properties, including mechanical strength,
electric and thermal conductivity, high transparency, and large sur-
face area.1,2 Given the advance of human civilization dominated
by novel material discovery, including the Paleolithic, Neolithic,
Bronze, and Iron Ages, the final destination of emerging material
should aim at the practical utilization for real-world impact. Moti-
vated from the sufficiently accumulated scientific knowledge from
previous academic efforts, graphene is now at the stage of transfor-
mation from academia to industry.3 As the first step, mass produc-
tion of high quality graphene is highly demanded to bridge this novel
material to industrial product.

Among many different synthetic routes to graphene, three typ-
ical methodologies have been frequently exploited for a large-scale

production, including (1) chemical vapor deposition (CVD), (2)
liquid-phase exfoliation, and (3) chemical modification based on
graphene oxide (GO).4,5 The CVD process may produce large-area
graphene with high electrical conductivity and transparency. Unfor-
tunately, an inherent bottleneck stems from the requirement for
an expensive high temperature vacuum process and, more signifi-
cantly, contamination and damage of the synthesized graphene upon
subsequent substrate transfer. In particular, the latter is the deci-
sive issue originating from the intrinsic strong interfacial adhesion
between the synthesized graphene layer and the bottom metal cata-
lyst. Liquid-phase exfoliation may yield graphene nano-flakes with
intact crystalline nature by means of the readily scalable solution
phase mechanical process. However, this approach generally suf-
fers from the insufficient exfoliation (typically yields tens of lay-
ers stacked graphite-like structure) and low solvent dispersibility
without surfactant additives.
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From the early days of graphene research, GO has been a rep-
resentative chemical derivate of graphene, readily obtainable from
inexpensive natural graphite via a low cost solution process. How-
ever, significant damage of the graphitic plane and corresponding
material properties upon the harsh oxidation process has been the
major concern for the high-quality graphene production in this gen-
uine mass producible process.6 In 2009, our research group discov-
ered graphene oxide liquid crystal (GOLC) and unveiled the poten-
tial of monolayer dominant chemically modified graphene, highly
dispersible in many common solvents. Significantly, the unprece-
dented monolayer exfoliation of GO in the highly purified form
opened up the cost-effective mass production of few-layer stacked
high quality graphene platelets with a clean surface, which is essen-
tial for the reliability in material properties. In addition, easy con-
trollability of graphene layer alignment under liquid crystalline (LC)
ordering enables the novel material processing, such as 1D fibers, 2D
films, and 3D porous structures.

In this perspective article, we propose GOLC as a critical
precursor for the large-scale production of high quality graphene,
potentially useful for a broad range of technological areas. Tak-
ing into account the inexpensive raw material and easily scalable
solution process, the distinct features of GO offer a representative
framework for the practical balance between material performance
and economic cost, especially regarding energy and environmental
applications. Facing the recent encounter with the COVID19 virus
issue, promising potential of GO for antimicrobial application is also
highlighted.

II. CRITICAL IMPURITY EFFECT
GO has been conventionally synthesized from Hummer’s

method that requires harsh oxidation circumstance. During the oxi-
dation step, a strong acid, especially sulfuric acid, and an oxidant
agent, KMnO4, were commonly utilized for a high yield. Accord-
ingly, acid and metal ion impurities are inevitably included in the
as-synthesized GO solution.7 Now, it is well-recognized that these

impurities have a tremendous effect on the physical and chemi-
cal properties of GO even after reduction.8,9 The purity of GO is a
pivotal factor in terms of the two principal aspects as follows: (1)
intersheet interaction among GO platelets and (2) surface property
of the mono-atomic GO nanosheet.

Our group first shed light on the insight for the purification
process of the as-synthesized GO solution (Scheme 1). The effec-
tive removal of impurities enhances the innate repulsive electro-
static interaction among adjacent GO nanosheets, giving rise to
the aqueous GO dispersions with high concentration as well as
longterm colloidal stability [Fig. 1(a)].10 More importantly, we dis-
covered a nematic type liquid crystallinity of the highly purified
GO solution, which is attributed to the high shape anisotropy of
the monolayer exfoliated GO sheets and high colloidal stability
up to sufficient concentration [Fig. 1(b)]. Since our first discovery
of GOLC, many research studies have investigated its fundamen-
tal characteristics, opening up the new realm of the 2D-based LC
system.11–14

The property of GO is strongly related to its surface charac-
teristics due to the genuine monoatomic nature. In this regard, the
properties of GO and its reduced form are significantly influenced
by the inevitable impurity.15 For instance, the electrochemical activ-
ity of GO can be significantly affected by the metal impurity, which
can bring about uncontrollable undesired side reactions and dop-
ing effects, as shown in Fig. 1(c).16,17 Given that, the clean surface of
highly purified GO is a stringent requirement to ensure the reliable
properties of GO particularly aiming at energy and environmen-
tal applications, where molecular absorption/desorption and surface
reaction/charge transfer are crucial, in general.

Biosafety and antibacterial characteristics of GO have been
still under debate principally due to the deficiency of the reli-
able GO property. For instance, the flake size effect of GO on
the antimicrobial property is totally inconsistent.18,19 This chal-
lenge for the reliable experimental result associated with GO cyto-
toxicity should be largely due to the different surface characteris-
tics of GO sheets, according to the source of graphite, synthesis

SCHEME 1. The high quality of
graphene oxide liquid crystal via the
purification process.
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FIG. 1. The critical impurity effect on GO. (a) Formation and stability of GOLC. (i and ii) 0.1 wt. %, 0.2 wt. %, and 0.4 wt. % (left to right) GO dispersion (i) without any dialysis
treatment and (ii) after dialysis treatment. Due to the remaining acidic or ionic impurities, the dispersion, shown in (i), showed weak birefringence, and the precipitation of
graphene oxide occurred. The sample in (ii), which are free of acidic and ionic impurities, shows typical isotropic to nematic biphasic phase separation. (b) (Left to right)
Aqueous GOLC dispersion (0.5 wt. %) exhibiting chocolate milky appearance; phase-separated 0.2 wt. % dispersion three weeks after preparation; three phase-separated
dispersions (0.05 wt. %, 0.2 wt. %, 0.5 wt. %) located between crossed polarizers. Reproduced with permission from Kim et al., Angew. Chem., Int. Ed. 50, 3043 (2011).
Copyright 2011 Wiley-VCH. (c) Oxygen reduction reaction for various GO samples was tested in air-saturated 0.5M KOH solution. Reproduced with permission from Mazánek
et al., ACS Nano 13, 1574 (2019). Copyright 2019 American Chemical Society. (d) TEM images of E. coli ATCC25922 (i and ii) and S. aureus ATCC25923 (iii and iv) after
incubation in MHB media (i and iii) and MHB media with GO (UM preparation) at 100 μg ml−1 (ii and iv). Arrow in the TEM image indicates GO flakes.

method, and impurity level.20 Noticeably, Barnolina et al. reported
that the purity of GO determines its antibacterial activity, where
highly purified GO reveals no antibacterial property [Fig. 1(d)].21

Evidently, a high level of GO purification is the prime require-
ment to expand the scope of GO application into biology relevant
areas.

III. SOLUTION PROCESS OF GO
The solution process is generally suitable for scalable mass

production. The basic criterion for the solution process lies in the
stable dispersion of the desired solute in the proper solvent sys-
tem. Unfortunately, pristine graphene has an inert surface con-
sisting of sp2 conjugated domains, attributing to the genuine low
compatibility with common solvents. Moreover, the strong restack-
ing tendency among pristine graphene sheets results in the inher-
ent limitation for the solution process.22 By contrast, GO has an

interesting amphiphilic character, consisting of the hydrophilic oxi-
dized sp3 carbon regions coexisting with hydrophobic graphitic
crystal domains.23 This distinct nature endows good dispersibility
of GO in many solvents, including water [Fig. 2(a)].24,25 In addition,
the solvent dispersibility can be readily controlled along with fur-
ther chemical functionalization, hetero-atom doping, the degree of
reduction, and so on.26,27

Solution phase mixing of GO and other functional components
offer a straightforward route to composite structures.28 As such, uni-
formly dispersed molecular level fillers can remarkably enhance the
material properties even with an exceptionally low loading level.29,30

Note that despite the highly damaged graphitic structure, GO can
still be an interesting filler particularly in energy and environmental
applications, while exploiting its surface functionalities and reactiv-
ities. Moreover, its LC ordering can greatly enhance the material
structure and properties optimized for a desired application area.12

Besides, GO may synergistically grant additional functionalities to
existing products, such as molecule barrier, light response, flame

APL Mater. 8, 070903 (2020); doi: 10.1063/5.0012465 8, 070903-3

© Author(s) 2020

https://scitation.org/journal/apm


APL Materials PERSPECTIVE scitation.org/journal/apm

FIG. 2. The solution process of GO. (a) Photograph of graphite oxide directly exfoliated in water and organic solvents by 1 h of ultrasonication (top row) and the stability of GO
dispersions after 3 weeks (bottom row). Reproduced with permission from Paredes et al., Langmuir 24, 10560 (2008). Copyright 2008 American Chemical Society. (b) Vertical
burning test (UL94) of a nanocomposite foam including 77% CNF, 10% GO, 10% SEP, and 3% BA (in wt. %). The panel shows the foam before test, after 11 s of application
of a methane flame, and the foam after the test, showing high fire retardancy. Reproduced with permission from Wicklein et al., Nat. Nanotechnol. 10, 277 (2015). Copyright
2014 Springer Nature. (c) Salt spray testing after 2 000 h showing the comparison between the zinc-based anti-corrosion coatings with (bottom) and without (top) graphene
oxide additives. Reproduced with permission from Ramezanzadeh et al., Chem. Eng. J. 320, 363 (2017). Copyright 2017 Elsevier. (d) The photograph of commercialized
HEAD graphene tennis racquet. (e) SEM image of breath figure assembly for reduced GO (rGO) macroporous films. Reproduced with permission from Lee et al., Angew.
Chem., Int. Ed. 49, 10084 (2010). Copyright 2010 Wiley-VCH. (f) SEM image of large flake GO fiber with an overhand knot; scale bar is 100 μm. Reproduced with permission
from Xiang et al., Adv. Mater. 25, 4592 (2013). Copyright 2013 Wiley-VCH. (g) Photograph for the GO mesh structure from extrusion-based 3D printing. Reproduced with
permission from Lacey et al., Adv. Mater. 30, 1705651 (2018). Copyright 2018 Wiley-VCH.

retardant, and anti-corrosion [Figs. 2(b) and 2(c)].31–34 In reality,
the graphene-based composite products have been already com-
mercialized in sports and leisure fields [Fig. 2(d)].3,35 Until now,
those products have mainly concentrated on the enhancement of
mechanical properties. More advanced graphene-based products

embedded with novel functionalities would encounter with us in the
near future.

Highly dispersed GO solution can be utilized for distinct
architectures by means of the facile solution process, such as (1)
spin-, spray-, and dip-coating; (2) solvothermal process; and (3)
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self-assembly. These solution processes are fundamentally based on
the unique molecular level interaction among GO sheets, including
hydrophilicity, electrostatic interaction, hydrogen bonding, and so
on. The 2D lamellar assembled structure consists of parallel stacked
GO layers with tunable interlayer gallery, anisotropic transport, and
mechanical flexibility. 3D nanoporous architectures composed of
a cross-linked GO framework exhibit high surface area, facile ion
transport, and mechanical reversibility. Our research group has pio-
neered novel solution-based molecular self-assembly principles to
precisely build-up multi-dimensional structures with nanoscale pre-
cision [Fig. 2(e)].36–42 High concentrated GO dispersion enables
straightforward wet-spinning of graphene-based carbon fibers as
well as extrusion-based 3D printing for unprecedented applications
[Figs. 2(f) and 2(g)].43–46 Noticeably, the GO liquid crystal fiber
is the emerging next-generation carbon-based fiber with diverse
functionalities that can complement the commercially available tra-
ditional carbon fibers.47 Overall, inherent scalability of the solu-
tion process is highly advantageous for the commercialization for
GO-based products with precisely tailored material structures and
properties.48–50

IV. APPLICATIONS
As mentioned above, the material properties of GO are gener-

ally considered inferior to those of pristine graphene along with the
formation of oxygen functional groups as well as structural defects in
the basal plane. However, the meaning of “quality” should be depen-
dent on the relevant application field. In this regard, GO has unique
characteristics, including (1) surface functionalities and reactivity,
(2) high specific surface area with hydrophilic adhesive nature, and
(3) easy control of molecular alignment and ordering under liquid
crystallinity. These distinct features of GO are highly beneficial in
a broad range of applications, such as supercapacitors, membranes,
molecular adsorption, and antimicrobials.

A. Supercapacitor
A supercapacitor is an attractive energy storage device for

the miniaturized electronics and electric vehicles, owing to sim-
ple device architecture and high power delivery capability. Unusu-
ally high performance of graphene-based supercapacitors triggered
enormous research interest for the energy storage from the early
days of graphene research.51 Initial research efforts concentrated on
the hierarchical porous structure to effectively manipulate the high
surface area and facilitate ionic transport. However, the random
porous structure with low packing density revealed the limitation
of low volumetric capacity, which is apparent figure-of-merit for
real-world application.52

The mechanism of ion storage in pristine graphene-based
supercapacitors is based on electric double layer capacitance, where
facile ion transport plays a crucial role for the overall capacity. Yoon
et al. suggested a valuable insight for the vertical aligned GO to attain
high performance supercapacitors.53 The alignment of GO could be
readily controlled to the vertical direction with the simple rolling
and cutting process [Fig. 3(a)]. The vertically aligned graphene elec-
trode represents the high packing density (1.18 g/cm3) and excep-
tionally high volumetric capacitance (171 F/cm3 at 1 A/g) under the
aqueous electrolyte system. Interestingly, the capacitance could be

well-retained even at extreme high current density (123 F/cm3 at
20 A/g), owing to the facile ion transport along the vertical aligned
electrode structure.

Another promising perspective for the capacitive energy stor-
age is the control of interlayer spacing in the graphene assembled
structure. Note that the low energy density of the supercapacitor can
be readily addressed with the organic or ionic liquid electrolyte to
expand the operating voltage window. The interlayer gallery within
the tightly stacked lamellar structure of graphene could act as the
optimized nanopore for those electrolyte ions.54,55 Recently, Li et al.
reported that the interlayer of freestanding graphene film could be
precisely tuned by incorporating reduced graphene oxide into GO.
Their interlayer optimization led to an extraordinary high energy
density (88.1 W h l−1), which is comparable with the commercial-
ized lead-acid battery (50 W h l−1–90 W h l−1), as well as anomalous
high volumetric capacity (203 F/cm3 at 1 A/g) [Fig. 3(b)].56

Recently, there have been several reports for the modification of
the interlayer distance and vertical alignment control of GO-based
electrodes.55,57 Moreover, this perspective has been also applied into
other 2D materials, such as MXene and transition metal dichalco-
genide (TMD), for the similar purpose of high performance energy
storage.58,59

B. Separation membrane
Exciting new opportunities have been evolved at the intersec-

tion of the separation membrane and 2D materials research in the
last decade. One-atom thick graphene-based membranes are con-
sidered as an ideal candidate for molecular sieving, but the practical
challenges are involved with the generation of uniform nanoscale
holes on the graphene single layer.60 The discovery of GOLC initi-
ated a rapid progress in the tunable 2D material-based membranes
for the selective separation of a wide variety of molecular and ionic
species. The prospective applications are not only limited to seawater
desalination but also include wastewater treatment by the effective
removal of toxic heavy metals, radioactive elements, and organic
contaminants.61–63 Additionally, GO membranes have potential in
the industrial gas separation, buffer exchange, dialysis, and non-
aqueous filtration intend for catalyst recovery, solvent recycling, and
redox flow batteries.64–66

The multilayer membrane assembled from GOLC may offer
interlayer 2D capillary channels for the size selective sieving of
chemical species. Interestingly, ions with smaller size than the
gallery channels can rapidly flow through the GO membrane com-
pared to simple bulk diffusion.67,68 In contrast to the unavoid-
able wide distribution of the pore size in the typical polymeric
membranes, the selectivity and size exclusion of GO membranes
propose broad implications in many applications.69 GO mem-
branes with a controlled size and shape of capillary channels
could be achieved by sandwiching GO layers with suitable spacer
components and functionalities [Fig. 3(c)].70,71 Nevertheless, the
swelling of GO in water is a major challenge for water fil-
tration. Notably, several novel methods to retard the swelling
of GO membrane have been reported, including70,72 (1) phys-
ical confinement with introducing spacer components such as
epoxy, (2) partial reduction of GO membranes to decrease the
hydrated functional groups, and (3) covalent bonding among the
stacked GO nanosheets. Besides, the GO membrane with specific
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FIG. 3. Energy and environmental application of GO. (a-i) Schematic illustration of facile ion diffusion transport with vertically aligned reduced GO film (VArGO), (ii) SEM
image of VArGO film, and (iii) cyclic voltammetry curve of VArGO at a scan rate of 20 V/s. Reproduced with permission from Yoon et al., ACS Nano 8, 4580 (2014).
Copyright 2014 American Chemical Society. (b-i) Schematic illustration of GO and EGM-GO film with different interlayer structure, (ii) SEM image of rGO and EGM-
rGO film, and (iii) Ragone plots of the EGM-rGO film-based supercapacitor with state-of-the-art energy storage devices. Reproduced with permission from Li et al., Nat.
Energy 5, 160 (2020). Copyright 2020 Springer Nature. (c-i) Schematic and (ii) SEM image of the GO membrane with epoxy encapsulate for selective sieving of ions
while allowing water flux along graphene planes (scale bar 1 μm) and (iii) rate of ion permeation through GO membranes with increasing interlayer distances. Repro-
duced with permission from Abraham et al., Nat. Nanotechnol. 12, 546 (2017). Copyright 2017 Springer Nature. (d-i) Schematic illustration of heavy metal adsorption
of GO by electrostatic interaction, and (ii) Effect of initial Pb(ii) ions concentration on adsorption of the LS-GO-PANI ternary nanocomposite at 30 ○C. Reproduced with
permission from Peng et al., J. Mol. Liq. 230, 496 (2017). Copyright 2017 Elsevier. Reproduced with permission from Yang et al., ACS Sustainable Chem. Eng. 2,
1203 (2014). Copyright 2014 American Chemical Society. (e-i) Schematic diagram of the GO and virus interaction exposed at different temperature. The physiochem-
ical interaction between viruses and reactive oxygenated groups were indicated by dotted lines. The release of viral RNA is described in red, and (ii) TEM image of
negative stained GO captured H9N2 complexes with thermal heating treatment. Reproduced with permission from Song et al., Small 11, 1171 (2015). Copyright 2015
Wiley-VCH.
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chemical functionalities can be utilized for the precise sieving of
biomolecules.73,74

Indeed, GO membranes represent the next-generation mem-
brane with high-flux, cost-effective separation of ions and
molecules.55 However, their exact mechanism for the high flux and
exclusive selectivity should be further understood for the formidable
reliable longterm usability in practical separation applications.

C. Molecular adsorption
GO can effectively absorb heavy metals, oils, and organic

compounds, such as dye. The adsorption capacity of GO is supe-
rior to graphene or other low-dimensional materials, owing to
its hydrophilic surface functionalities, high surface area, and con-
trollability of gallery distance among GO layers.75,76 Notably,
for the heavy metal adsorption, oxygen surface groups of GO
endow negative charge to electrostatically attract the metal cations.
This capacity is mainly attributed to carboxyl (−−COOH) groups,
among several oxygen functional groups, such as epoxy (C−−O−−C),
hydroxyl (C−−OH), and carboxyl (COOH) groups. Unfortunately,
the amounts of epoxide and carbonyl (C==O) groups are known
to increase with the oxidizing agent, while GO is prepared from
graphite.77,78 Therefore, how to increase the density of carboxyl
groups at the GO surface is the major concern for the heavy metal
adsorption.79 Another advantage of GO for molecular adsorption is
the high dispersibility in hydrophilic solvents and easy surface modi-
fication with other functional groups. Yang et al. prepared GO func-
tionalized with lignosulfonate (LS) and polyaniline (PANI) for the
adsorption of Pb ions [Fig. 3(d)].80 The amino groups in PANI may
improve the coordinate capability of sulfonic groups on LS chains
and carboxyl groups on GO nanosheets for Pb ions.

More recently, the principal research trend focuses on the
effects of environmental factors, such as temperature, pH, and heavy
metal concentration on the adsorption capacity of GO. Regretfully,
studies on the structural properties of GO and competitive/selective
adsorption in the presence of multiple heavy metals are insuffi-
cient.81 Most heavy metals such as Pb, Hg, Cd, Cr, and As are
rare metals. Although global uses of the rare metals are gradually
increasing, the recycle of them has been insignificantly considered.
Structural assembly of GO can facilitate the hierarchical structures
with unique pore size, interlayer distance, and desirable functional
groups on GO. This is highly demanded to recycle those rare metals
through competitive and selective adsorption/desorption of heavy
metals from the distinct GO-based capture system.

D. Antimicrobial property
In contrast to the generic hydrophobic characteristics of carbon

materials, including carbon nanotubes, fullerene, and activated car-
bon, GO has inborn hydrophilic nature stemming from the surface
oxygen functional groups. In this regard, GO is intrinsically biocom-
patible nanomaterial and even more along with further surface mod-
ification with bio-specific functionalities. Taken together with its
high surface area, GO is generally suitable for biomolecule adsorp-
tion that can be exploited for bioimaging, biosensor, disinfection,
and so on.82 Notably, the most important issue of GO toxicity in the
living system should be well-addressed before practical applications.
It has been suggested that GO could be biodegraded or digested by

human enzyme, which diminishes the health risk associated with
the exposure of GO-based biocompatible nanomaterial.83,84 How-
ever, further research on the biocompatibility of GO in vitro and
in vivo should be pursued to ensure the controversial safety issue
of GO.

Very recently, in 2020, the COVID 19 issue is threatening
mankind over worldwide. One of the effective solutions to address
this issue should be to intrinsically screen the virus from the human
skin. The biocompatible GO with a high surface area could be
an ideal framework for the adsorption of those harmful species.
Notably, GO has an innate antimicrobial property, attributed to
the oxygen functional group and physicochemical interaction.85–91

Song et al. reported the development of the GO-based label-free
methodology to rapidly detect and disinfect environmental viruses,
such as enteric EV71 and H9N2 [Fig. 3(e)].92 The hydroxyl, epoxy,
and carboxyl groups of GO facilitate the effective interaction with
the virus surface mediated with hydrogen bonding, electrostatic
interaction, and even redox reaction. More importantly, the papers
about dealing with the COVID 19 virus by exploiting graphene have
already been reported with reusable mask and rapid detection for
COVID 19.93,94

Easy solution processibility of GO is also another critical ben-
efit for the practical antimicrobial applications. GO can be directly
employed along with the versatile structure formation into fibers,
films, fabrics, and so on, particularly taking advantage of GOLC-
based facile solution assembly. Besides, GO can be readily function-
alized with antimicrobial metals, such as Cu and Ag.95 Nonetheless,
the use of GO in the field of biological research including antimicro-
bial activity is still in its infancy, and many relevant research efforts
are anticipated for the sustainability of human life.

V. CONCLUSION AND OUTLOOK
We have highlighted the current progress of GO research for

the real-world graphene application, particularly focusing on the
energy, environmental, and antimicrobial area. We emphasized the
significance of GO purification via “GOLC route” for the desir-
able high quality graphene commercialization. Purified GO enables
a well-dispersible colloidal state, endowing a unique characteristic
of 2D LC. In fact, such an ionic impurity effect, including pH and
ionic strength, on the colloidal stability and liquid crystallinity is
a well-established academic subject in the traditional colloid sci-
ence. Note that this original concept of 2D LC has been growing
and influencing other 2D materials, such as 2D TMDs and MXene.
Regretting the old yet relatively ignored history for the first discov-
ery of 2D LC based on the colloidal clay platelet, recent emergence
of 2D LC is particularly noticeable in terms of the practical mate-
rial design for 1D fibers, 2D films, and 3D porous architectures. This
is the typical example of an emerging scientific area led by practical
requirements.

The wonder material, graphene, has passed through tremen-
dous technological hype and now is transforming into the real-
istic form for practical utilization. Unfortunately, the best quality
large-area CVD graphene is still suffering from the difficulty in the
damage-free separation from the metal catalyst. This can be over-
come in the typical lab-scale scientific research but hardly address-
able in the large-scale mass production. Nowadays, metal-free direct
synthesis at a target substrate structure is the major direction in
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the relevant industry. Liquid-phase exfoliation is highly active in
the current industry over worldwide owing to the lowest cost pro-
duction of high crystalline structures. However, the large stacking
number (typically >10) is the critical parameter for any desired
properties and applications along with the inborn mineral impurity
effect even from source graphite. Moreover, without proper chem-
ical modification, pristine graphene platelets reveal the intrinsic
strong tendency for restacking in solvent dispersion and even dried
states.

GOLC-based mass production of graphene platelets is emerg-
ing as a promising pivotal route to the commercialization of the
high quality, few-layer-stack 2D structure. Insufficient recovery of
the graphitic structure via the oxidation/reduction route could be
further improved for better mechanical and electrical properties.
Nonetheless, highly aligned graphene layers in 1D fibers or 2D films,
enabled by GOLC, can largely compensate the unavoidable damage
of 2D building blocks. In addition, the least impurity effect from the
purified GO route endows a reliable electrochemical activity while
avoiding undesirable side reaction, which is highly demanded for
high performance batteries and supercapacitors. Molecular adsorp-
tion, the critical step for catalysis and separation, can also be
strengthened by the minimal contamination effect. Taking advan-
tage of the well-balanced material performance with respect to prac-
tical economic burden, we anticipate that high quality graphene via
the GOLC route should contribute to the recent global issues in
energy, environment, and pandemic, severely threatening human
life.
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