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ABSTRACT

A single graphene layer is superior many ways preferably in electronic devices application.
However, mild modification of the graphene network could open a new potential to the ultrathin
graphene membrane. Moreover, recent studies demonstrated that a few simple techniques could
generate and control the nanopores size on single layer graphene sheet simultaneously. This
review paper will discuss all potential techniques that are capable to generate nanopores
structure on the pristine single layer graphene network.
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1.0 INTRODUCTION

Recently, researchers set an excessive
attention on the ability of carbon
nanomaterials to act as based structure
of membranes for ion separation [1-2].
Currently, a few research works on the
improvement of water permeability by
molecular filtering medium of polymers
[3-7], ceramics [7-11] and organic
molecules [12-15]. Even though these
materials are theoretically effective, the
practical  applications  for these
mediums are not yet fully explored.
Carbon nanomaterials-based
membranes materials are challenging to
shape in a cost effective and mass
production. Moreover, these
membranes show ineffective with
regard to the exclusion of salt ions, as
well as indicating a stubby water flux
hence proving the requirement of

ultrathin and low cost membranes [16-
20].

World demand on environmental
solution of water crisis led to the novel
discoveries of new classes of
nanomaterials. Three decades ago, two-
dimensional (2D) materials were
considered  non-existent  materials
which only applicable in fundamental
theory before the discovery of graphene,
a single atomic layer of carbon lattice
arranged in a honeycomb like structure.
Interestingly, most of the researchers
believed that 2D materials could not
exist or predominantly stable due to
thermodynamic instabilities in a free
state [21-22]. However in 2004, Nobel
Laureates Geim and Novoselov
demonstrated the novel exfoliating
process which extract a 2D materials
from bulk structures verifying the
isolation of graphene [23].
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Graphene are exceptional in many ways
and eventually became trending
materials which motivated more
exploration prior the creation of 2D
layers from a stacking 3D bulk material
[24-25]. In contrast, there are also
different type of 2D graphene-like
structure such as hexagonal BN (h —
BN) [26], transition metal oxides,
carbide and carbonitrides, [27-32] or
the most recent discovery, silicene
(silicon-based) or germanene
(germanium-based) as a 2D materials
[33-34]. These 2D nanostructures
indicating a similar properties to the
graphene properties such as atomic
thickness, surface area (typically over
2500 m2 g-1) [35], strength (~2.4 £ 0.4
TPa) [36-38], exciting durability, and
hydrophobicity signifying that these
materials too could act as effective
water filtration membranes. Still, this
area awfully requires significant
development.

Graphene is superior on its
atomically thin structure and large
surface area; hence graphene is ideal to
be considered as ultrathin separation
membrane which high selectivity
molecules through the carbon network.
However, graphene is impenetrable in
its pristine crystalline form to all gases
including helium and all type of liquids
[39-40].

Regardless of the impassable nature
of graphene, there are enormous interest
to tune the ultrathin crystalline structure
of graphene by introducing nanopores
converting graphene as ultimate
separation membrane [41-42].
However, the method to produce
uniform size nanopores are extremely
challenging and difficult due to
graphene large surface area. [2, 43-44].
There were a few reports demonstrating
experimental and dynamic simulation
studies challenging in creating sub-
nanometer pores structure on graphene
network using methods such as ion
bombardment, oxidation and electron

beam irradiation [1, 45-47]. In this
review, the recent techniques to install
nanopores structure on the pristine
single layer graphene network were
deeply explored. These techniques were
briefly discussed in term  of
effectiveness, tendency of defects and
possibility of the porosity to be tunable.

2.0 ION BOMBARDMENT AND
PLASMA ETCHING

One of the potential technique to create
nanopores structure on graphene is ion

bombardment. O’Hern et  al
demonstrated low energy of ion
bombardment and  simultaneous
chemical oxidation potential to create
atomic scale nanopores on monolayer
graphene [48]. These atomic scale
nanopores  were  produced on
macroscale graphene thin film that
synthesized using CVD and followed
by ion bombardment. The
subnanometer pores were further etched
using chemical oxidation. In this work,
O’Hern et al. also discussed that
etching time has a significant effect on
the controlling the pores density. The
pores density gradually increased from
0 — 6 x 10"'? cm™ by the increment of
etching time from 0 — 120 minutes and
stopped when it reached 60 minutes of
etching time as showed in Figure 1.
This significant result indicating the
possibilities of graphene as selective
membrane on transit or rejection of ions
and any organic compounds. However,
the excessive etching subsequently
creates more defects and damaging the
graphene network hence resulting poor
the flux rate. This technique is also only
limited for moderate pore density which
limiting the selectivity compound sizes.
In other report, O’Hern et al
demonstrated graphene defect
modification via ion irradiation [49].
The relatively defect free graphene
shows significant results in rejecting up



Structural Modification of Pristine Graphene Network for Membrane 33

to 90 % of residual molecules and the
flux rate was comparable with the
dynamic simulation results. However,
salt molecules were transported over
the membrane at a flux rate higher than
water. Other findings observed by
Surwade et al emphasizing

significantly low water molecules
passed through graphene membranes,
variance to the results after oxygen
plasma treatment, regardless of similar

peaks in the Raman spectra as shown in
Figure 2 [50].
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Figure 1 Characterization of pores in graphene network created though ion irradiation followed
by chemical oxidation; (a) Distribution of pore sizes at 0 min, 5 min, 25 min, 60 min, and 120
min etch times, (b) Pore density etched at 120 min, (c) the growth of mean pore diameter with
etched time, (d) Nanopores observed using HRTEM for monovacancy, 0.5 nm diameter pore,

and 1 nm diameter pore [49]
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Figure 2 Raman spectra of graphene at

difference oxygen plasma exposure times
[50]
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The irradiation by ions of different
energies were applied within range 250
V to 20 kV and by gallium ions at 30
kV. Normally, the main function of ion
bombardment was to eject any reactive
defects in graphene, then gradually
grow into larger pores upon etching
time [48, 51-52]. Jang et al. explained
that without ion bombardment, water
permeance of membranes were poorer
at least by a factor of 2, signifying that
the simultaneous treatment of ion
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irradiation and plasma etching amplify
higher water transport [53].

Neglecting the ion bombardment
treatment, Xie et al. performed
hydrogen plasma etching to the
graphene strip for nanoelectronics
application [54]. There was no visible
etched hole formation on graphene
network observed by AFM, signifying
that selective hydrogen plasma etching
only occurred at the graphene edges as
shown in Figure 3.
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Undeniably, the fabrication of single
layer graphene at large area with defect-
free are the most challenging task faced
in the development of graphene based
membranes [44, 55-56]. Although
chemical oxidation etching has
demonstrated as an alternative for large
scale graphene production yet the main
problem still unsolved as the various
defects found in graphene [42, 57].
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Figure 3 AFM images of graphene [top: a single layer (1 L) graphene sheet; bottom: a few-
layers graphene sheet] (a) before and (b) after selective H plasma edge etching [54]

3.0 ION IRRADIATION AND
ELECTRON BEAM

Efforts have been made to develop a
reliable technique to fabricate ultrathin
graphene-based membranes. Wei ef al.
demonstrated a double layers graphene
synthesized in CVD with minimal
defects [58], successively onto a 49
pore puncture on the SiNx frame which
the freestanding graphene layers merely
1 nm thick [59]. The atomic-scale
nanopores were precisely formed via a

drilling technique using a focused ion
beam (FIB). This physically punctured
double-layer graphene possessed of
random narrowly scattered nanopores
which capable of providing ultimate
permeation, exhibiting water flux rates
in agreement with the 2D materials.
Fischbein and Drndic” proved that the

nanopores can be generated in
multilayer graphene network by the
controlled exposure time to a focused
electron-beam bombardment using a
TEM at ambient temperature (Figure 4)
[45].

Nanopore

Figure 4 TEM images before and after the
nanopore generation on the graphene
network by electron-beam bombardment
[45]



Structural Modification of Pristine Graphene Network for Membrane 35

In this technique, uniform nanopores
were generated in a graphene network
within a few seconds. The electron
energy are require to be more than 100
keV to effectively generate the
nanopores. Even though there are a few
techniques to synthesize the graphene
thin film, the wvital problem still
occurred on the controlling the
formation of nanopores with precise
sizes. lon bombardment or focused ion
beam could generate precise nanopores
size on graphene network, yet this
technique 1is not practical in the
industrial field for mass production.

4.0 HYDROGEN ETCHING

As CVD can offers Hz etching, it has
become favorable for current researcher
to explore and validate the effectiveness
and efficiency towards fabricating
nanoporous graphene membranes for
seawater desalination. This technique
has become prominent in order to avoid

contamination since it can perform
continuously after graphene
synthesized process. In addition, this
technique provides natural etching
treatment without inducing high defect
as it only involve C detachment, which
is reflecting reverse reaction of
graphene growth. As mention earlier,
alternative techniques such as oxygen
or hydrogen plasma would induce non-
uniform  nanoporous  distribution
besides low coverage across the growth
graphene [50].

Etching at 800 °C in 30 minutes,
Zhang et al. found highly anisotropic
etching with 80% are 1200 angle of
graphene edges [61]. This proving that
continuous graphene can be etched to
have numerous hexagonal holes as
shown in Figure 5. The etching reaction
will be accelerated after small openings
were etched on graphene. The Cu
substrate underneath the graphene
would act as a catalyst for hydrogen to
react with carbon atoms in graphene
network.

Anisotropic etching,
) ‘“"%.. .

Figure 5 Schematic diagram of H2 etching mechanism [61]

The edge of the etched holes became
almost circle-shape, indicating a
reduction of the anisotropic property of
the etching once the etching
temperature raised up to 1000 °C. In the
opposite, there is no etching reaction
when the temperature decreased lower
than 600 °C. Theoretically, the etching
will only happen when the temperature
reaches a certain point to overcome the
activation energy to unchain the C-C
bonds in graphene network.

Separately, Wang et al. revealed that
etched frequencies are correlated in
density and width with time. Hence, at
the high etching percentage of graphene,
the formation of graphene islands in the
single graphene domain was observed
[62]. The hexagonal domain shape was
preserved over the large domain sizes
and the graphene lattice structure was
not deformed by etching. When the
etching time was further extended to
360 min, the single graphene structure
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was etched away as shown in Figure 6.
The trough formation was believed
formed due to cooling process after
graphene growth, which might have
caused the wrinkle formation on the

graphene thin film on Cu substrate
given the large thermal expansion
coefficient difference between both the
graphene and the Cu.

Figure 6 (a) Optical microscope images of graphene before etching, (b—f) Optical microscope
images of the degree of etching process depending on the etching time of 7, 20, 60, 240, and

360 min. (The scale bar is 20 pm) [62]

5.0 CONCLUSION

Several types of recent modification of
pristine graphene have been highlighted
to become nanoporous graphene. It is
believed that all these graphene
membranes are fabricated as a selective
membrane for water purification and
gas separation. There are still many
challenges to be tackled before such
superior membranes could be of
practical use. These include good
mechanical stability under high flow
rates and pressure, fabrication of
supporting frame of large continuous
sheets of graphene as a membrane
module and uniform  nanopore
generation in the graphene network.
More improvements in theoretical point
of view and technique to support the
practical application of mnanoporous
graphene membranes are still required.
Moreover, large area defect-free
nanoporous graphene membranes with

high density subnanometer pores are
preferable in the industrial application.
Thus, the large-area defect-free
graphene fabrication, defect free
delicate graphene transfer and uniform
nanopore generation methods should be
paid more attentions.
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