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Holey or porous graphene, a structural derivative of graphene, has attracted immense attention due to its
unique properties and potential applications in different branches of science and technology. In this review,
the synthesis methods of holey or porous graphene/graphene oxide are systematically summarized and

their potential applications in different areas are discussed. The process—structure—applications are
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Accepted 23rd July 2021 explained, which helps relate the synthesis approaches to their corresponding key applications. The
review paper is anticipated to benefit the readers in understanding the different synthesis methods of

DOI: 10.1035/d1ra05157a holey graphene, their key parameters to control the pore size distribution, advantages and limitations,
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1. Introduction

Graphene is a remarkable material with excellent material
properties such as high thermal and electrical conductivity,
high electron mobility and Young's modulus.** However, the
real-world or commercial applications of graphene have been
limited partly due to its zero band gap nature, which is
considered a bottleneck for its application in the semi-
conductor industry and partly due to the complexity in the
production of high-quality graphene economically.® Hetero-
structure devices such as graphene-hBN and graphene-MoS,/
WS,, made of graphene as one of the components, have been
rising to make profound use of the properties of graphene.*®
Another development that recently came out in the field of
graphene is holey/porous graphene, which is considered
a unique structural derivative of graphene/GO. Fig. 1a is a chart
that shows the increasing number of publications focused on
holey graphene in the past few years. The trend indicates
a growing interest in the material due to its unique properties
and versatile nature, and potential application in different
branches of science and technology. Holey graphene (HG) is
defined as a graphene material with a large number of holes or
pores on its basal plane. The pore sizes can vary from a few nm
to few tens of nm to few microns in size and can be created by
various methods and techniques. The schematic picture
(Fig. 1b) shows a few graphene layers with arbitrarily distributed
pores on their basal planes. HG sheets, when assembled to form
a 3D porous material, is then called ‘porous graphene’;'®** thus,
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and their potential applications in various fields.

HG can be considered as a sub-category of ‘porous graphene’.
However, to have a comprehensive understanding of the
synthesis processes and due to their similar properties and
structural nature, by HG, we refer to both types of materials in
this article. As indicated in the schematic Fig. 1, the irregularly
arranged pores on the sheets form 3D channels. These 3D
channels make a path for ions and other molecules to move
around. In graphene sheets without pores (graphite), any ion or
molecule will have two degrees of freedom. On the other hand,
due to the presence of pores, ions and molecules will have three
degrees of freedom in the HG material. Thus, graphene sheets
with holes have the advantage of efficient ion transport even
when the sheets are stacked.

Another aspect of holey graphene material is that due to the
lack of continuous C atoms, interlayer attractive forces, i.e., the
van der Waals interactions among the layers, become weak.
This manifests itself in the increased interlayer distance among
the sheets. The availability of a large number of pores and
increased interlayer distance provide a boost to the ion move-
ment and enhanced mass transport. This opens up a major
application of holey/porous graphene in the area of water
purification and desalination.*>™®

The origin of the restacking or aggregation in graphite or
multilayer graphene is due to van der Waals interactions among
the graphene sheets/layers. This force is proportional to the
overlapping surface area (S) and inverse power to the interlayer
distance. Previous calculations indicated a fourth inverse power
dependence;'” however, after semiempirical corrections made
to the power law, the interaction shows a asymptotic third
inverse power dependence."® The inverse power value in the van
der Waals force could also depend on the geometry of the two
surfaces (e.g., parallel plate and sphere) as well as the inter-
planar distance between the two objects.'®" In porous or holey
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(a) The chart shows the number of publications focused on holey/porous graphene in the last ten years (data obtained from Scopus). (b)

The schematic image shows the presence of nanoscale pores in a stack of graphene sheets. (c) The cross-sectional schematic view shows the
interlayer channels formed in a stack of graphene sheets due to randomly distributed pores. lons or molecules with sizes lower than the pore

sizes could pass through the material (shown by the arrows).

graphene material, restacking could be avoided due to the lack
of enough carbon atoms and hence the lack of sufficient van der
Waals forces. The limited restacking and the presence of a high
number of pores could result in higher ionic access to the
surfaces and thus increased specific surface area.

In addition to the fascinating properties, as discussed above,
it is also found that porous graphene could behave similar to
a direct band gap semiconductor. A study reveals a band gap
value of 2.35 eV for porous graphene.”” However, the value
might depend on the computational method. Du et al. predicted
a value of 3.2 eV from their density functional theory (DFT)
calculations.® Another study from first principles calculations
estimates an optical band gap of 1.28 eV.”* The band gap is
likely to be tuned with the size distribution of the pores in the
material. Denis et al. investigated the impact of different type
vacancies such as single, double, and Stone-Wales, on the
electronic properties of monolayer and bilayer graphene.?® The
DFT study revealed that the creation of a single vacancy in
bilayer graphene could induce metallic properties in the
material; Stone-Wales defects would not alter the electronic
properties much; on the other hand, mono/bilayer graphene
with double vacancies would behave as a semi-metallic. These
studies reveal the possibility of tuning the electronic properties
of graphene with different pore (vacancy) types and sizes.
However, a systematic experimental investigation is required to
properly tune the electronic properties and further utilization in
designing optoelectronic devices.

Another aspect of pores in HG is the high degree of reactivity of
the unsaturated pores due to which the pore edges could be
naturally saturated. For example, an unsaturated pore can chem-
isorb gas molecules and could be used for gas sensing

27382 | RSC Adv, 2021, N, 27381-27405

applications.”® A theoretical investigation on the reactivity of
different types of defects was carried out.”” It was revealed that the
reactivity would highly depend on the functional groups attached
and the number of such attached groups. The study indicated that
the reactivity would be higher for the lower binding energy of the
functional group linked to the graphene sites.

Pores can also be created on sheets of other structural deriva-
tives of graphene such as graphene oxide (GO) and reduced gra-
phene oxide (rGO). This can also result in the formation of holey
GO/rGO (HGO or HrGO). Similar to the case of HG, the presence
of pores in GO/rGO can modify the intrinsic properties of GO/rGO
and in many ways, HG or HGO/HrGO would have similar prop-
erties that could be useful in certain fields. Both GO and rGO have
a large number functional groups that could attach to the carbon
atoms in graphene. GO is a material with a high amount of oxygen
attached to it in the form of carbonyl and hydroxyl groups and can
be considered as the oxidized form of graphene. On the other
hand, reduced graphene oxide, which is obtained after the
reduction of GO, contains lesser number of functional groups as
compared to GO. Thus, in contrast to pure HG materials that
would not have any element other than carbon, HGO/HrGO would
have a certain number of functional groups attached to the sheets.
The structural difference among graphene, GO, and rGO can be
understood from the schematic presented in Fig. 2. As indicated in
the figure, graphene is a semi-metal with zero band gap. On the
other hand, GO has a large number of carboxyl groups due to
which it shows high band gap and rGO could behave like a semi-
conductor with variable band gap, depending on the amount of
the attached functional groups. Thus, as compared to GO, which is
an insulator in nature due to the presence of a large number of
carboxyl groups, rGO would have some conductivity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic figure and the corresponding energy band diagram of graphene, GO, and rGO.*?

The approximate interlayer distance in a few layers of gra-
phene sheet is about 0.33 nm. In the case of GO, the oxygen
containing functional groups could increase the thickness of
single layer GO to 0.55 nm (theoretical value).?® However, in
a multilayer GO sample, the interlayer distance could be 0.80-
1.09 nm, which could vary largely depending on the amount of
the attached functional groups.* The interlayer distance in rGO
is higher than the interlayer distance in graphene but lower
than the interlayer distance of GO.** The conductivity and the
interlayer distance could be tuned by controlling the functional
groups on the GO/rGO sample or the reduction process.* These
properties are summarized in Table 1.

In addition to the properties mentioned above, GO or rGO
can also provide high specific surface area; this property could
be used in energy storage applications.**¢ The properties of GO
or rGO can be further improved or modified by creating holes in
the materials. Due to the presence of holes, and hence the
increased number of edges, the catalytic property of holey GO
(HGO) can be relatively higher than that of GO/rGO. Similar to

HG, HGO/HrGO have also shown potential applications in the
areas of energy storage, gas sensing, etc.>**

HG, along with HGO/HrGO, has shown various interesting
properties and various methods have been developed and
implemented to synthesize or modify the materials for
numerous applications. Due to the similar properties and
applications of HG and HGO or HrGO by the term, HG we in
general refer to HGO or HrGO along with holy/porous graphene.
In this review, the main synthesis processes of HG and their
major applications in different areas are discussed. HG is an
emerging material; the synthesis and application of HG has
been continuously evolving and various synthesis routes have
been proposed in the recent few years as well as demonstrated
to synthesize high quality holey/porous graphene. In recent
years, articles focusing on different aspects of the material have
been reported.*** This review presents a systematic under-
standing of different synthesis routes to obtain holey graphene,
its properties, and key applications in different fields. The
article is expected to benefit the community for understanding

Table 1 Different properties of graphene, GO, and rGO.?°3%*34 Reprinted and adapted with permission.** Copyright 2015, Royal Society of

Chemistry

Properties Graphene Graphene oxide Reduced graphene oxide

Synthesis Chemical vapor deposition, thermal Oxidation and exfoliation of Reduction of graphene oxide
decomposition of silicon carbide graphite
(SiC), graphite exfoliation

C: O ratio No oxygen 2-4 8-246

Interlayer distance (nm) 0.33 0.80-1.09 0.35-0.45

Young's modulus (TPa) 1 0.2 0.25

Electron mobility (em* V™' s™') 10 000-50 000 Insulator 0.05-200

Production cost High Low Low

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the synthesis methods of holey graphene, key parameters to
control the pore size distribution, advantages and limitations of
the methods, and their demonstrated applications in different
fields. The article also presents a timely assessment to under-
stand the current progress along with the recent trends and
future opportunities.

2. Synthesis of holey graphene

Various methods have been developed by different research
groups over the last few years in order to create or introduce
holes on a graphene sheet or in a bulk graphene material. These
methods can be categorized as physical, thermal, and chemical
(Fig. 3). Energetic electron and ion beam can be used to remove
carbon atoms from graphene sheets. This physical process is
based on the energy and momentum transfer process from the
charged particles to the carbon chains in the graphene sheet. An
energetic electron or an ion can be generated in a typical
scanning electron microscope (SEM), focused ion beam (FIB), or
ion accelerator system. Pores can also be generated using
chemical etching processes. The chemical methods can be
further categorized into subcategories based on the approach.
For example, chemical agents such as H,O, and HNOj; can be
directly used to create pores in graphene. Nanoparticles are also
used as a catalyst for guided etching on the graphene sheets.
Also, nanolithographic chemical methods are developed for
pore creation, also known as the template-assisted approach.
Template-based processes can provide the periodic formation
of holes. Different approaches could produce pores of different
sizes and retain certain advantages and disadvantages. The
pores in graphene can be classified as microporous (<2 nm),
mesoporous (2-50 nm), and macroporous (>50 nm) according
to the definition by International Union of Pure and Applied
Chemistry (IUPAC).**" In the following section, these synthesis
methods are discussed in detail.

2.1 Physical: electron or ion beam irradiation

Micro/nano holes on a graphene sheet can be made by
removing certain sets of carbon atoms. This can be achieved by
passing energetic electrons or ion particles through the gra-
phene sheet. The energetic particles transfer their momentum
to the bonded carbon atoms. If the momentum transfer or

Physical Electron & lon beam

m Thermal Annealing (RTA & GTA)

Nanoparticle assisted
oxidation

Chemical
Chemical etching

Template assisted
patterning

Fig. 3 Different synthesis methods to create pores in graphene and
GO/rGO materials.
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transferred energy is more than the binding energy of the sp®
bonded carbon atoms, then those carbon atoms can be removed
from the site.

The fabrication of precise nanopores with nanometric
precision on graphene sheets was demonstrated by Fischbein
and co-workers using energetic electron beam in a 200 kv
transmission electron microscopy (TEM) system.** The nano-
pores created in this way are shown in the images (Fig. 4). In
addition to the nanoholes, nanobridges and nanogaps were also
created using the energetic electron beam. Usually, the use of
energetic electron beam poses an adverse effect on the crystal-
linity of the surrounding graphene materials and the graphene
material could be amorphized. In many situations, this change
in the crystallinity is highly unwanted as it is likely to change the
optoelectronic properties of the material. However, this issue
was found to be resolved when the nanopores were fabricated at
temperatures above 600 °C.*

A low energetic electron beam has also been shown to be an
effective approach in creating pores on graphene sheets. In the
work by Fox et al., <10 keV focused electron beam in an SEM
system was used to create pores in the presence of nitrogen
gas.>

The stability of the holes formed by energetic electrons was
studied by Girit et al. using a TEM system.>* The study revealed
the complex behavior of the carbon atoms at the edge. The edge
reconfiguration process and hence the change in the shape of
the hole and stability of the zigzag configuration over the
armchair type were observed. Schneider et al. further demon-
strated the use of such pores in DNA relocation.>?

On the other hand, Russo et al. combined both ion and
electron beam to create nanopores.” Initially, 3 keV Ar ions

Fig. 4 TEM images of a graphene sheet (a) before and (b) after an
energetic electron beam makes a nanopore. (c) Higher magnification
image of the nanopore. (d) Multiple nanopores are made close to each
other. Scale bars are 50, 50, 2, and 10 nm, respectively. Reprinted and
adapted with permission.*® Copyright 2008, AIP Publishing.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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were used at low temperature (148 K) to create defect nucleation
centers on a single-layer graphene sheet. The sample was then
warmed to room temperature (RT) and irradiated with an 80 keV
electron beam to create pores in the nanometer scale.

Similar to the electron beam, a focused ion beam (FIB) can
also be used to create pores on a graphene sheet. As compared
to the case of the electron beam, an ion beam can be very
effective in creating holes as ions are much heavier than elec-
trons; thus, momentum transfer from the ions to the bonded
carbon atoms is easier. Wang et al. showed the fabrication of
nanometric holes on a single-layer graphene sheet using 30 kv
Ga ion beam.** The obtained pore size could be of few tens
of nm and pores with an elliptical shape could be made as well.
Similarly, Celebi et al. used FIB to create pores of the size 10 nm
to 1 micron on double layer graphene.* The pores could be used
to study the transport phenomenon of liquid, gas, etc. Similar
works were carried out by O'Hern et al. to create pores of size
0.40 + 0.24 nm.*® The fabrication of tunable holes in the range
of 1-4 nm diameter was demonstrated by Vazquez et al. using
swift heavy ions.”” Swift heavy ions generally refer to the heavy
mass with high energy (>MeV) particles and can be generated in
a particle accelerator.”® Such energetic particles can produce

Table 2 Electron and ion beam-assisted pore generation on graphene
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tracks on their path in a material and when mono or few layers
of graphene is used, holes can be formed.

In another study conducted by Nebogatikova et al., the
formation of 20-60 nm size nanopores was demonstrated using
Xe swift heavy ions.” The sizes of the pores were found to be
independent of the energy and dose of the ions, and the number
of pores can be increased with the ion dose.

An interesting simulation study carried out by Li et al. on the
fabrication of nanopores on graphene sheet by ion beam sug-
gested the use of Au ions for creating perfect nanopores with
smooth edges.® The study also unveiled that the use of higher
ion beam energy leads to lower damage. When carbon ions are
used, it is indicated that with energy more than 5 keV,
a complete nanopore cannot be formed; however, this relation
vanishes when the incident ion beam mass increases.

Pore fabrication approaches using electron and ion beam are
summarized in Table 2. Even though energetic electron and ion
beams have been very effective in fabricating porous graphene
sheets in a controllable and precise way, the technique has
limitations in the fabrication of large-scale porous graphene
sheets. Thus, this method is not a suitable approach for the
mass scale synthesis of holey graphene material economically.

Beam energy

Beam type Energy regime (and ion type) Mechanism/method Pore size Application Ref.
Electron  Low energy (SEM) <10 keV Electron beam was focused on <10 nm — Fox et al.>°
beam the graphene sheet in the
presence of N, gas. N, was
ionized, which then reacts with C
atoms to form a gaseous product
High energy (TEM) 200 keV Focused electron beam-induced 3.5 nm — Fischbein et al.*®
ablation
300 keV Electron beam-induced knock  ~(1-10) nm — Song et al.*®
out and temperature-assisted
self-repair of the amorphized
region
Pores are created on a graphene 2-40 nm DNA translocation Schneider
sheet suspended on an SiN et al.”®
membrane
200 kev Pores are created on the Few nm (<10 nm) DNA sequencing Garaj et al.®'
graphene sheet suspended on an
SiN, membrane
80 kev 3 keV Ar ions were irradiated at 0.3 nm — Russo et al.>
low temperature to create
defects, followed by electron
beam irradiation at RT
Ion beam Low energy (FIB/ion ~keV Ga, He Focused ion beam-induced <10 nm to 1 um Permeation Celebi et al.>
sputtering system) drilling membrane
5-30 keV: Ga Ion beam milling <10 nm — Buchheim
10-30 keV: He et al.®?
8 keV: Ga Ion beam etching 0.40 + 0.24 nm — O'Hern et al.>®
High energy MeV range: Xe, The SHIs created structural 1-4 nm — Vazquez et al.”’
(swift heavy ion) I, O, Si, C, Au modifications with cylindrical

symmetry (‘tracks’) along the ion
path within the target material

26-167 MeV: Xe

loss)

© 2021 The Author(s). Published by the Royal Society of Chemistry

Energy transfer via the electronic 20-60 nm —
stopping process (ionization

Nebogatikova
et al>
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Fig.5 Schematic representation of the formation of holey graphene from graphene oxide using rapid thermal annealing. Reprinted and adapted

with permission.®® Copyright 2015, John Wiley and Sons.

2.2 Thermal: annealing method

It has been reported that upon heat treatment of GO or rGO, the
process could result in the formation of HG.**** Structurally,
both GO and rGO are similar as they are both derivatives of
graphite or graphene and both have functional groups in the
form of hydroxyl, oxygen, or carboxyl groups.

2.2.1 Rapid thermal annealing (RTA). When GO or rGO is
heated or annealed at a desired temperature, the functional
groups are decomposed and various gases such as CO, are
formed.®® If a sufficient amount of CO, is formed due to
annealing, pressure would build up among the layers. This
could lead to forced liberation of the CO, gas molecules from
the layers. The high pressure could punch through the gra-
phene sheets and several holes can be created in this way. The
process is schematically shown in Fig. 5. However, the
phenomenon was observed only when the heating rate was
relatively high, for e.g., 100 °C s~ *. The study also reveals that
pore formation is associated with the heating rate and higher
heating generally leads to higher pore size and pore density.*

A similar low-cost and simple method based on rapid thermal
annealing was demonstrated by Peng et al® In their work, GO
powder was taken as the starting material and rapidly annealed at
a temperature as low as 300 °C. Initially, the quartz tube furnace was
heated to 300 °C and kept for 30 min. Thereafter, a long-handled
stainless-steel lab spoon containing the GO powder was inserted.
The estimated heating rate was 100 °C s or 6000 °C min ™ *. Holes
with sizes in the range of 10-250 nm were created. The number of

Table 3 Creating pores using the rapid thermal annealing method

holes was controlled with the ramping rate of temperature increase.
The grown HG nanosheets have shown promising results in
supercapacitor applications. The specific capacitance at all the
current densities was found to increase with the number of holes as
created by raising the heating rate. The supercapacitor made with
the holey graphene nanosheets showed a specific capacitance of 211
F g 'at 0.5 A g ", which was 49% higher than that of the super-
capacitor made with the non-holey counterpart.

Wu et al. considered a similar approach to gain a higher
ramping rate for the RTA process.* First, a tube furnace filled
with Ar atmosphere was preheated to 1100 °C and kept there. In
the next step, a long metal tool was used to place the GO powder
in the central region of the furnace. This allows a high ramping
rate of 18 000 °C min . This ultra-high ramping rate produces
a large amount of CO, gas in between the neighboring layers in
a short span of time. It leads to the generation of huge pressure.
This results in the piercing of the graphene sheets at their weak
spots thus forming holes. HG was synthesized in this way and
subsequently applied in lithium-ion battery (LIB).

Xing et al. used anthracite (raw coal) and graphitized it using
a high temperature furnace.” Later, Hummers' method was
utilized to obtain coal-based GO (CGO) from the graphitized
sample. The CGO sample was then placed in a crucible and
heated rapidly at 900 °C for 10 min in N, flow to generate pores
in the sample. Corrugated nanosheets with micro-meso-mac-
roporous structure were obtained for LIB application as an
anode material. Table 3 summarizes the different rapid thermal

Annealing Starting Gas Final Pore size
type material Temp. (°C); time atmosphere Ramping rate  material ~ (nm) SSA (m> g™') Application  Ref.
Rapid GO powder 300 Air 100 °Cs™* HGNS 10-250 592 Supercapacitor Peng
et al.®
GO 300 — >100°Cs ! HGNS 50-100 750 Supercapacitor Yang
1000 — 800 et al.*®
GO 1100, 1 h Ar 18 000 °C min™* HG 5-500 779 LIB Wu
et al®*
GO 400 °C, 10-60 min, Air — HG — 733.5 (10 — Zhou
900 °C, 2 h min-900) et al.®®
Coal-GO 900, 10 min Nitrogen — Porous Micro-meso- 640 LIB Xing
(anthracite) graphene  macro et al®
GO 300 Ar >100 °C s+ HGNS 50-300 750 NalB Luo
1100 800 et al.®”
GO powder  1100,1 h Ar 18 000 °C min~" HG 5-300 780 LIB Huang
etal’”®

27386 | RSC Adv, 2021, 11, 27381-27405
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Fig. 6 (a) Schematic of holey graphene synthesis from graphene sheets, (b) as-synthesized holey graphene powder in bulk, and (c) Raman

spectra obtained from holey graphene and the starting graphene material. Reprinted with permission.” Copyright 2014, American Chemical

Society.

annealing treatments reported in the literature and the ob-
tained pore sizes.

2.2.2 Gradual thermal annealing (GTA). In a separate work,
gradual thermal annealing was implemented to create holey
graphene'’"”> from graphene powder. It was demonstrated
that the direct heating of graphene sheets in air at controlled
temperature and time (with a ramping rate of ~10 °C min™ " and
held isothermally at a set temperature of <500 °C) can result in
the formation of holey graphene. The defects that are present
on the basal plane (referred to as the non-crystalline area) of the
graphene sheet were found to react with oxygen in hot air (<500
°C) and resulted in the formation of nanometric holes on the
graphene planes. The hole formation process is schematically
shown in Fig. 6. This synthesis process does not use any specific
chemical or catalyst and is found to be relatively robust and can
be scaled up easily. Fig. 6b shows the obtained holey graphene
material after the synthesis. The Raman spectrum in Fig. 6¢
indicates a relative decrease in the D to G ratio, which is thought
to be because of the removal of the sp® carbons from the
defective regions (oxidative removal). The HG material synthe-
sized in this way was evaluated for electrochemical properties
and tested as an electrode in ultracapacitors, supercapacitor,
and also experimented for LiCO, battery.**7*”?

Following the same approach, Xu et al. synthesized HG from
graphene material, after which N-doped HG was prepared by
annealing graphene and HG at 500 °C for 5 h in a tube furnace
in the presence of NH3/Ar gas glow.”* The doped HG was
demonstrated to be an effective anode material for LIB.

A nanomanufacturing method was introduced by Chen et al.
through the thermal annealing of commercially available few-
layer graphene powder.” The powder was placed in a quartz
boat and heated to ~710 K with a 10 K min~" heating rate and
kept in an open-ended tube furnace for 10 h. The process gives

© 2021 The Author(s). Published by the Royal Society of Chemistry

HG powder with an average pore size of 15 nm. The prepared
holes could be repaired and closed if treated at a high
temperature (2700 K).

Su et al. demonstrated a facile method to prepare HG
nanoscrolls from GO nanosheets.®® Schematically, the process is
shown in Fig. 7. As the first step, large-size GO sheets were cold
quenched in liquid nitrogen to synthesize the GO nanosheets.
After that, GONSs were thermally annealed at 500 °C for 1 h in
an NH; environment to synthesize nitrogen-doped graphene
nanosheets (NGNSs). The NGNSs were further annealed in air
with an open-ended tube furnace at 360 °C for 5 h to obtain
nitrogen-doped holey graphene nanosheets (NHGNSs). The
NGNSs materials demonstrate promising results as electrode
materials for supercapacitors and other electrochemical energy
storage devices.

Xing et al. synthesized HG nanosheets (HGNSs) from
oxidized graphite powder using a low temperature (300 °C)
thermal treatment method.”> Oxidized graphite powder was

Cold quenching

Liquid nitrogen
GO q og
z
@ N atom 5
z3
® C atom x5
«
\\ 5
Annealing in air
NHGNSs NGNSs

Fig. 7 Schematic picture showing the steps to prepare HG nano-
scrolls, as demonstrated by Su et al. Reprinted with permission.®®
Copyright 2021, Elsevier.
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Table 4 Pore generation using the gradual (normal) thermal annealing method
Annealing Starting Temp. (°C); Gas Final Pore size
type material time atmosphere Ramping rate material (nm, avg.) SSA (m” g~ ') Application Ref.
Normal/  Graphene ~436.85°C  Air 10 K min~' HG powder 15 — — Chen et al.”
GTA powder (710K); 10 h
Graphene <500 (430-  Air ~10 °C min~' HG <10 658 Ultracapacitor ~Han et al.”*
powder 480);3h,10h (480 °C/10 h)
Graphene 430,10 h Air ~10°C min~' HG — — Li-CO, battery Jin et al.”?
powder (HG-quantum
dot composite)
Graphene 430,10 h Air 10 °C min~" HG 5-15 ~600-700  Supercapacitor Walsh
powder et al.'
Graphene 430; 3 h Air ~10 °C min~" HG — 398.9 LIB Xu et al.”*
Gr and HG 500; 5 h NH;/Ar — N-Doped HG — 594.6
GO 360; 5 h Air 5°Cmin~' NHGNs — — Supercapacitor Su et al.®®
Oxidized 300, 30 min  Air — HGNSs 1.4-16.3 1053.3 Water cleaning Xing et al.”
graphite
powder
Graphite 800-1100, 1 h Ar/H,O — HG ~5 nm 4.4 (1000 °C) LIB Xiao et al.”®
(mesopore)-2 um
(micro)

prepared using the modified brodie method and the prepared
powder was put in a glass beaker to start the annealing process
in air for 30 min. A high specific surface area (SSA) of 1053.3 m>
g ! was obtained, which exhibits excellent properties in the
absorption of oils, solvents, and dyes.

Xiao et al. described a low-cost, large-scale production
method of HG from commercially available graphite powder.”®
The powder was placed in an alumina crucible and placed
inside a furnace. The furnace was gradually heated up to the
temperature range of 800-1100 °C and kept there for 1 h under
the flow of the Ar/H,O gas mixture. H,O steam acts as a mild
oxidative reagent in the process. Well-defined hexagonal hole
structures of few microns in size and mesopores were obtained.
The material was tested as the anode in LIB and showed
promising results.

Table 4 summarizes the works of the GTA method. Holey/
porous graphene synthesis via RTA process has been found to

T~ T /‘ ‘\-/

be faster for HG fabrication than the GTA process, which usually
takes time. Nevertheless, both types of annealing processes can
synthesize HG materials, which showed promising results in
energy storage applications.

2.3 Chemical: nanoparticle-assisted oxidation (catalytic
oxidation)

In the work carried out by Lin et al., a simple chemical process
based on the catalytic property of silver (Ag) was utilized to
create holes on graphene sheets.”” Initially, Ag nanoparticles
were deposited on the graphene sheets, and then the Ag coated
samples were thermally annealed in air. The carbon atoms in
contact with the Ag nanoparticles are oxidized and CO or CO,
are formed. The process results in the formation of holes with
a size that can be controlled by controlling the size of the Ag
nanoparticles that are being used. The steps are shown in the
schematic presented in Fig. 8. After the oxidation process, the

e —
- o ~

Catalyst 5 e
Depositgl' R A
P $— e ‘// \\:; -
Graphene Sy
e = Oxidation
> . .
Q ‘e O Catalyst @ L 9)
© Q Removal =~ T e
Q9 P N
gl R N 0 ®

//’\\;\\;77 /\\;\\ )
Holey Graphene

= \\7¥//— T

Fig. 8 The 3-step process to prepare holey graphene (HG) using Ag nanoparticles as discussed by Lin et al. Reprinted with permission.””

Copyright 2013, Royal Society of Chemistry.
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Fig. 9 Electron microscopy images of a holey graphene sample
prepared using Ag nanoparticles as the catalyst. Reprinted with
permission.”” Copyright 2013, Royal Society of Chemistry.

Ag nanoparticles can be removed using nitric acid, followed by
extensive washing with water and subsequent drying. The
electron microscopy images of a prepared holey graphene
sample utilizing this approach are shown in Fig. 9. The dark
spots (SEM image: Fig. 9a) and the bright ones (TEM image:
Fig. 9b) correspond to the holes formed during the process.

Alsharaeh et al. presented a different approach to obtain Ag-
decorated GO using microwave heating.”® Initially, GO was
mixed with AgNO;, then sonicated and stirred. Thereafter, the
solution was put inside a conventional microwave to obtain Ag-
decorated rGO sheets. The Ag-rGO sample was then kept in
a furnace at 300 °C for 2 h. Subsequently, the sample was
refluxed with dilute nitric acid and microwave treated to remove
the Ag particles. After washing in water and drying, HrGO was
obtained. The obtained material was used as an anode in LIB.

A chemical patterning method was proposed by Seo et al.
using Fe™ porphyrin covalent organic framework (COF) as
a surface catalyst and template.” HOPG material was taken as
a starting material for catalytic oxidation. The oxidation process
was carried out with H,O, and NaOCl. Using this method,
regular holes were created on the HOPG sample.

In a recent work performed by Wang et al, ZnO nano-
particles were used with GO to create holes on the GO sheets.** A

GO solution-ZnO nanoparticles

d

Compressed HGN

View Article Online

RSC Advances

solution was prepared with GO and ZnO to prepare a layer-by-
layer pattern of GO-ZnO, as schematically shown in Fig. 10.
This composite material was then calcined at a high tempera-
ture. During the calcination process, graphene was formed and
the ZnO nanoparticles etch the adjacent graphene sheets, thus
creating holes. Zn metal is produced as a side product, which
could be removed by heating the material at 900 °C.

A similar approach was implemented by Du et al.®* In their
work, Fe,O; nanoparticles were formed on graphene sheets by
implementing a simple hydrothermal reaction between FeCl,
and GO. On further annealing, the Fe,O; nanoparticles can etch
the surrounding graphene sheets and create holes in this way.
The material was used in Li ion storage.

A Cu nanoparticle-assisted oxidation method was described
by Dutta et al.* Initially, a Cu-graphene solution was prepared
by mixing the Cu®" salt with the graphene material. The mixture
was then annealed in two ways. First, rapid thermal annealing
(RTA) in H, environment for 15 min and then gradual thermal
annealing (GTA) at 900 °C for 15 min (with H, upon onset and
until the end at 900 °C) was done. It was found that Cu could be
utilized as a catalyst for the reaction of sp*> carbon with H, to
produce CHy,, as shown in the equation below.

C (graphene) + 2H, “ cH,

Following the annealing process, Cu nanoparticles can be
removed using dilute nitric acid. The prepared Cu-graphene
mixture with densely decorated Cu NPs is shown in Fig. 11a. Cu
NPs have a mean particle size of 23.5 nm. Fig. 11b shows the HG
sample after Cu NPs removal and the inset indicates a high
degree of crystallinity of HG. Fig. 11c is a high-resolution bright
field TEM image of a uniform HG (u-HG) obtained by RTA at
900 °C. It has a mean pore size of 24.2 nm, which can be
correlated to the mean Cu NP size of 23.5 nm. The hierarchical
presence of micro-, meso-, and macroscale pores in the few
layers of graphene was observed. The TEM image in Fig. 11d
shows a range of hierarchical pores observed at different layers

GO/ZnO composite

lCaIcination

Holey graphite nanosheet (HGN)

Fig. 10 The synthesis approach to produce holey graphene sheets from GO using ZnO nanoparticles. Reprinted with permission.®® Copyright

2018, Royal Society of Chemistry.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11

(a) TEM image of the Cu—graphene composite. (b) TEM image of the graphene sheet after the removal of the Cu nanoparticles; selected

area electron diffraction (SAED) pattern of HG is shown in the inset. (c) Higher-magnification TEM image of uniform HG (u-HG) showing
a monodispersed distribution of pores and (d) the TEM image of hierarchical h-HG (pores on different layers of the h-HG; red, top layer; blue, 2nd
layer; green, 3rd layer; magenta, 4th layer). Reprinted and adapted with permission.#2 Copyright 2019, American Chemical Society.

stacked one above the other. The tailoring of HG with optimized
porosity results in high areal capacitance and excellent cycling
stability, indicating that HG is a promising material for energy
storage applications.

Table 5 summarizes the use of different types of nano-
particles for the synthesis of HG. Nanoparticle-assisted oxida-
tion and pore creation are exciting approaches due to the
porosity tailoring capability of the method through the nano-
particle size distribution. However, the technique may not be
a suitable approach for the mass-scale production of HG.

2.4 Chemical: chemical etching method

HG can be obtained from GO by means of wet chemical
methods as well. Zhao et al. prepared a mixed solution of GO
and HNO;.* The solution was then sonicated for 1 h. Sonication
helps HNO; to react with the unsaturated carbon atoms at the
damage sites and the edge sites of GO. The process results in
the removal of carbon atoms from the GO sheet and accord-
ingly, the formation of nanopores. Pores in the size range of 7-
600 nm could be obtained in different holey GO (HGO) samples.
Reduced HGO was prepared after thermally reducing the
porous samples (Fig. 12) and paper electrodes were prepared,
which exhibited enhanced Li-ion storage capacity and transport
properties.®

A nanomesh of graphene (GNM) was prepared by Wang et al.
by refluxing rGO sheets in concentrated HNOj; solution for 4, 6,
9, or 11 hours.** The porous structures of GNMs could be
controlled with the reaction time and the size of the nanopores

27390 | RSC Adv, 2021, 11, 27381-27405

could be modulated from a few to hundreds of nanometers. The
use of HNO; was also reported in another study by Chang et al.
who prepared graphene electrodes using self-assembled 3D
graphene made of graphene flakes with nanopores (~2.5 nm)
for high-performance supercapacitor application.®® A three-step
approach was implemented, as shown in Fig. 13, to obtain a 3D
assembly of micro/nanoporous GO. First, the GO solution was
mixed with HNO;. HNO; then reacts with the defect sites on the
edges of GO. The process results in the removal of carbon atoms
from the GO flakes and holey GO is formed. In the next step,
freeze-drying was used to obtain the 3D graphene monolith and
lastly, thermal reduction was carried out to get 3D porous
graphene.

Similarly, Chowdhury et al. prepared HGO by sonicating
a mixture of aqueous GO dispersed solution and HNO;.*® The
as-prepared HGO was then annealed under N, gas at 500 °C for
30 min to obtain a holey graphene framework. The synthesized
HG material was used in post-combustion CO, adsorption
systems for carbon capture application. Table 6 presents the
synthesis parameters adopted by different groups using HNO;.

Xu et al. used H,0, as an etching agent and mixed it with GO.
The solution was then heated at 100 °C for 4 h under stirring to
obtain holy-GO.*” The residual H,0, was later removed by
centrifugation and washing of the reaction mixture. The process
is shown schematically in Fig. 14. During the heating process,
the defective carbon atoms were oxidized and subsequently
etched. As a result, pores are formed. The pore size distribution
on the basal plane in the range of 2-3 nm was obtained.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Nanoparticle-assisted oxidation and pore generation
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Nano Gas

particle

Starting
material

Synthesis

Pre-treatment  process

Temp.
atmosphere (°C); time material

SSA
(m”> g ') Application

Final

Pore size (nm) Ref.

Ag Graphene — Ag nanoparticles Air

were deposited

on the graphene

sheets, and then

the Ag-coated

samples were

thermally

annealed in air.

GO mixed with Ag-rGO was heat Ar

AgNO;, heat and treated, refluxed

microwave with nitric acid,

treatment and microwave
treated.

GO

FeIII
porphyrin

HOPG —
was grown on
graphite,
oxidized (H,O,/
NaOCl), and COF
was removed
Layer by layer
motif of GO-ZnO
was prepared,
filtered, and
calcined.
Calcined in

a tube and
etched with HCL
solution

The solution was Hydrogen
annealed and

dilute nitric acid

was used to

remove the Cu

particles

ZnO GO — Nitrogen

Fe,O; Graphene Hydrothermal
reaction (180 °C

for 12 h)

Argon

Cu Graphene Copper oxide-
graphene
composite is
obtained by the
hydrothermal
method

Superior capacitive energy storage properties were observed,
which were due to the presence of hierarchical 3D porosity in
the material.*” Similarly, the group also produced holey gra-
phene framework (HGF) for electrochemical energy storage
applications.®®

Using a similar process, nanohole GO (NHGO) was synthe-
sized from a homogeneous aqueous mixture of GO and H,0,.*°

HNO, sonication % #
st

Washing
HGO

Filtration\Air drying

@
Thermal reduction m
phibozaltdstio
Aortijar  AEeEt-ual
BTy
rHGO paper HGO paper

Fig. 12 Synthesis of HGO and rHGO from GO using HNOs. Reprinted
with permission.®* Copyright 2011, American Chemical Society.

© 2021 The Author(s). Published by the Royal Society of Chemistry

300

300; 2 h

Metalated COF — —

900; 4 h

850; 2 h

900; 15
min

HG ~5 to tens of nm 590 — Lin et al.””

Alsharaeh
et al”®

HRGO 2-5 457 LIB

HG Seo et al.”®

HG
nanosheet

<10 484 Supercapacitor Wang
et al.®®

Graphene 60-200 381 LIB Du et al.®*
mesh with
pores

HG Meso: 2.5, 7.6, 107.8
11.2, 27.2, 34.7;
macro: 52.9;

micro: <2

Supercapacitor Dutta
et al.®®

The mixture was sonicated for 30 min to prepare the homoge-
neous solution. The solution was then kept inside an autoclave
and hydrothermally treated at 120 °C for 10 h. NHGO with pore
size in the range of 2-3 nm was obtained. Other groups carried
out similar studies to obtain the porous form of the graphene
derivative.*

The oxidation process assisted by H,O, was also reported to
create porous graphene from graphene.”* The oxidation of
graphene was initiated by H,O, and the process could also yield
graphene quantum dots. In a separate study, the composite of
GO-TiO, was prepared by Xu et al. using sonication and further
heat treated in H,O, solution to prepare the HG-TiO, material
for photocatalytic applications.”

Wang et al. used a microwave reactor to produce HGO.**
Initially, GO aqueous solution was prepared from graphite
flakes using an improved Hummers' method.* The GO solution
was then mixed with H,0,, kept in a reaction tube, and irradi-
ated in a microwave reactor at a constant power of 50 W for 45—
180 s. The solution was cooled and residual H,O, was removed
via centrifugation. The precipitate was re-dispersed in deion-
ized water to form HGO. HGO was further microwave irradiated

RSC Adv, 2021, 11, 27381-27405 | 27391
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Fig. 13 A three-step approach to obtain porous 3D graphene as demonstrated by Chang et al. Reprinted with permission.> Copyright 2016,

Royal Society of Chemistry.

Table 6 Pore generation using chemical etching process: HNO+

Starting

Etchant material Pre-treatment Synthesis process

Temp. (°C) material

HNO; GO Mixed solution of HNO; reacts with the RT
HNO; and GO is unsaturated carbon
sonicated at RT for 1 atoms at the damage
h and edge sites of GO

rGO — 50 mL rGO 100
dispersion (0.1 mg
mL ") mixed with
HNO; solution and
then refluxed for 4-11
h
GO Mixed solution of GO Freeze dried and —
and HNO; (70%) are thermally reduced.
sonicated for 1 h
GO — Mixed solution of —

HNO; and GO was
sonicated

at 220 °C for 90 s to synthesize rHGO. The size of the holes could
be controlled with the microwave irradiation time. The rapid
synthesis process could be attributed to the in situ heat gener-
ation process in the sample (GO sheets) during the microwave
irradiation. The increased surface area and ion diffusion in the
HGO boosts the electrochemical catalytic activity and displays
excellent capacitive performance.”® HG synthesis using H,0,
etching agent by different groups is summarized in Table 7.

Similar to H,0,, various groups used KOH as an activation
agent to create porous graphene/GO material. KOH could react
with carbon according to the thermodynamically possible
reaction shown below.”

6KOH + 2C < 2K + 2K,CO; + 3H,

The as-produced K and K,COj; can further react with carbon
and create pores. The activation process can generate a contin-
uous 3D network of pores in the range of 1-10 nm.*® It was
found that highly graphitic carbons are not suitable for the KOH
activation process. However, the oxygen-functional groups
(such as C=0 and COOH) attached on the surface can play
a crucial role in porosity development. These surface functional
species can react with KOH to form an intermediate product of

27392 | RSC Adv, 2021, N, 27381-27405

Final SSA
Pore size (nm) (m? g™ ") Application  Ref.

Holey GO  7-600 15 Energy storage Zhao et al.®®

Graphene 0-100 1010 + — Wang

nanomesh 60 et al®*

3D porous Micropore ~20 pm; 564 Supercapacitor Chang

graphene nanopore ~2.5 nm et al.®

Holey GO 3-4 524 Carbon Chowdhury
capture et al.®®

the C-O-K species. This can further react with the carbon of the
precursor material to give a material with a porous structure.®”

Similarly, Xu et al. prepared HG from graphene powder using
KOH.” In this process, graphene powder was mixed with KOH
powder and heated at 800 °C for 1 h in Ar environment to
activate the chemical reaction. The experiment resulted in the
formation of graphene powder with pores in the range of 1-
5 nm. Xia et al. prepared 2D porous graphene from exfoliated
GO (EGO).” The EGO samples were obtained by the thermal

0<—H202

~—GO

— ”ﬂ
~~'—Defect Ay Q

Fig. 14 A schematic diagram to describe the synthesis process of
HGO. Reprinted with permission.#” Copyright 2015, American Chem-
ical Society.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Pore generation using the chemical etching process: H,O,
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Starting Temp. Pore size SSA

Etchant material Pre-treatment Synthesis process ~ (°C); time Final material (nm) (m”> g ') Application Ref.

H,0, GO 40 mL GO Hydrothermally 120 HGO 2-3 425 Supercapacitor Jinlong
suspension was treated at 120 °C for et al.®®
mixed with 0.4 mL 10 h in an autoclave
H,0, and sonicated
for 30 min

GO — Aqueous mixture is 100 HGO 2-3 1330 Supercapacitor  Xu et al.®’
stirred for 4 h
Gr 100 mg of graphene The reaction 70 pGr, GQD 0.7-9 204 Electrocatalyst ~ Palaniselvam
was dispersed mixture's (oxygen et al.”*
(sonicated) in temperature was reduction)
100 mL of H,0, increased to 70 °C
(30%) for 10 min  and kept for 72 h.
GO GO suspension (20 The solution was 180 Holy graphene 3D hierarchical 1261.7 Water Kong et al.”®
mL, 2 mg mL™ %) cured in an hydrogel porous desalination
mixed with H,O,  autoclave for 6 h (HGH) structure
(tens of nm -
a few micron)
GO — Mixed solution was 100 HGO 34+7t062+ — Water Chen et al.*®
stirred at 100 °C for 19 desalination
1,2,4,and 4.5 h
GO GO solution was Mixed solution of  45-180 s HGO 13.4 (avg) — — Wang et al.”®
prepared from GO and H,0, was
graphite flakes irradiated in
a microwave reactor
The HGO was 220,90 s rHGO —
further microwave
irradiated
GO GO dispersion was H,0, solution was 160, 4 h HG-TiO, — — Photocatalysis ~ Xu et al.**
added in TiO, added with GO-TiO, hybrid

suspension and heated

treatment of dried GO at 800 °C. The EGO material was then
activated using KOH at 800 °C for 1 h under N, flow. The
research group also implemented CO, to obtain porous gra-
phene from the EGO samples. The CO,-activated graphene was
reported to have a 3D curly morphology with hierarchical
micro-meso-macroscopic structure.

Zheng et al. prepared rGO by reducing GO powders prepared
by modified Brodie's method.' Later, porous activated gra-
phene was synthesized by mixing rGO with KOH at a weight
ratio of 1: 8 and kept at 850 °C for 2 h in Ar atmosphere. The
sample was then cleaned with HCI solution, followed by DI
water, and then dried to get the activated graphene (porous)
sample. It was found that the crystallinity and oxygen functional
groups play a crucial role in the growth of the porosity in the
activated graphene.

Baburin et al. produced perforated graphene from rGO using
methanol KOH solution for hydrogen storage application.’ In
an exciting study carried out by Wu et al., a 3D heterostructure
architecture combined with holey graphene sheets intercalated
with the carbon sphere was fabricated (shown in Fig. 15)."2 rGO
and carbon spheres were separately synthesized and mixed
through a self-assembly process. Later, the solution was acti-
vated at 800 °C for 1 h in Ar atmosphere to create pores on the
graphene layers. Due to the unique pillar structure, improved
electrical conductivity, higher ionic movement, and diffusion
were observed; as a result, the paper electrode made of the

© 2021 The Author(s). Published by the Royal Society of Chemistry

synthesized material showed high energy density and excellent
cycling stability for energy storage devices.

Jiang et al. used a combined process of chemical etching
using KOH and ball milling to produce randomly stacked HG
(RSHG).' Initially, GO (synthesized using modified Hummers'
method) was dispersed in DI water and ultrasonicated for 1 h.
The solution was then placed in an autoclave and heated to
180 °C for 12 h to produce the graphene hydrogel. The graphene
hydrogel was mixed with KOH and stirred (etched) for 12 h and
then ball milled for 30 h. The material was then washed with
HCI solution and DI water, and then the RSHG was obtained.
The prepared RSHG was demonstrated as a potential anode
material for LIB. Pore generation and synthesis of HG using
KOH are summarized in Table 8.

2.5 Chemical: template-assisted patterning

Periodic holes can be formed on graphene or GO sheets by
patterning periodically on the sheets. For example, Zhang et al.
proposed a method to synthesize nitrogen-doped HG nano-
capsules (NHGNs) from GO nanosheets using a template
etching process.'** Amino-functionalized SiO, and GO were first
assembled using electrostatic interactions (Fig. 16). The process
resulted in the formation of GO-encapsulated SiO, nanospheres
(NSs). The material was then activated in the atmosphere of
NH;/Ar gas at 900 °C for 90 min (heating rate 10 °C min™ ).

RSC Adv, 2021, N, 27381-27405 | 27393
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Surface Functionalization Electrostatic Assembly

Fig. 15 Schematic picture showing the formation of carbon sphere
intercalated holey graphene sheets in a 3D heterostructure architec-
ture form. Reprinted with permission.*®? Copyright 2017, Elsevier.

Subsequently, the obtained material was washed in HF aqueous
solution and freeze-dried to get NHGNSs.

Ning et al. employed a template chemical vapor deposition
(CVD) synthesis method to obtain nanomesh graphene (NMG)
having nanopores of the size of <10 nm."**'°® Boiling treatment
was first applied to the MgO nanoparticles (20-100 nm) to
obtain the Mg(OH), layers. These intermediate layers decom-
pose to give porous MgO layers as a result of water release
during calcination. In the next step, methane cracking (CVD)
was carried out at 900 °C on porous MgO that finally gives the
NMG. This NMG shows extraordinary ferromagnetic properties,
which is believed to be due to the high-density defects present
in the material.**® The NMG produced in this way was found to
give excellent electrochemical capacitance, rate performance,
and cycle stability.'* The high supercapacitor performance was
attributed to the porous nature of the material and the high
surface area.

Sinitskii et al. demonstrated a way to create graphene
nanomesh by implementing Reactive Ion Etching (RIE)
process.'” As indicated in the schematic Fig. 17, graphene was
deposited on copper foils and transferred to an SiO,/Si
substrate. (a) SiO, (10 nm, Mask 1) was deposited and colloidal
spheres were prepared using the self-assembly process. (b) RIE 1
(CF,) was then used to create gaps of ~10 nm. (c¢) Au (10 nm,
mask 2) was deposited and the colloidal spheres were removed

27394 | RSC Adv, 2021, 1, 27381-27405
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by ultrasonicating in water. (d) RIE 2 (CF, + O,) was subse-
quently used to etch away the exposed graphene regions. (e)
Later, mask 1 and mask 2 could be removed by etching in dilute
HF. (f) The size of the gaps and the neck widths could be
controlled by the RIE parameters.

A similar approach was employed by Wang et al. to create
graphene nanomesh.'® Initially, the SiO, film was grown on the
Cu foil, followed by the formation of polystyrene (PS) nano-
spheres through a self-assembly process on top of the SiO, film.
O, plasma was used to etch and form gaps in between the
closely packed nanospheres. Further, CF, plasma was used to
remove the exposed SiO, regions around the nanospheres. The
nanospheres were then dissolved with toluene and removed
from the sample. Later, a low-pressure CVD process was used to
grow graphene on the exposed Cu foil regions and graphene
film with circular pores could be obtained in this way.

Shi et al. used spherical porous layered double hydroxide
(LDH) and conformally calcined it to get layered double oxide
(LDO) microspheres.'” These LDO microspheres were then
used as a template to grow graphene using a high-temperature
CVD process, as indicated in the schematic Fig. 18. Later, after
a facile chemical etching process, purified graphene micromesh
with hierarchical pores was obtained. Brunauer-Emmett-Teller
(BET) experiments show a high surface area of 1275 m* g~ .
Hierarchical porous CaO particles were also used as a template
to grow hierarchical porous graphene by the research group in
a similar fashion."® Both the graphene microspheres and the
hierarchical porous graphene material were proposed as
favorable scaffolds for rechargeable lithium-sulfur battery.
Different template-assisted synthesis methods of HG are
summarized in Table 9.

3. Summary of the synthesis methods

As discussed in the previous sections, different synthesis
methods have been proposed and demonstrated to create pores
in graphene and graphene oxide in the past few years. These
methods or approaches have certain advantages and disad-
vantages, which impact their potential applications.

Physical methods such as electron or ion beam can be used
to create site-specific pores with precise pore size. The graphene
with fabricated pores shows promise for DNA sequencing or
permeable membranes. Physical methods, however, have
a limitation in terms of the mass-scale fabrication of nanopores.
On the other hand, thermal annealing methods such as RTA can
create porous graphene from GO or graphene powder on a large
scale in a short period. Although the GTA process takes time
compared to the RTA method, both annealing methods can be
used to obtain high-quality HG material that can be further
used in different applications. Chemical methods such as
chemical etching agent-assisted processes implement etching
acids such as H,0,, HNO3, and KOH to create pores in the range
from nm to few microns. This method can be used for the mass-
scale production of holey/porous graphene materials and the
synthesized material can be further applied as a high perfor-
mance electrode in LIB or supercapacitor. The nanoparticle-
assisted (catalytic oxidation) process is another way to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Pore generation using the chemical etching process: KOH
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SSA
Starting Temp. Pore size (m?
Etchant material ~ Pre-treatment Synthesis process (°C)  Final material (nm) gl Application Ref.
KOH GO Microwave exfoliated MEGO was chemically — Activated 1-10 3100  Supercapacitor Zhu
GO (MEGO) and activated by mixing MEGO et al.*®
thermally exfoliated  with KOH
GO are prepared
Graphite Graphene powder was The graphene powder 800 HG powder  1-5 2300  Conductive additive in Xu
oxide produced from was mixed with KOH the LiFePO, cathode et al.®®
graphite oxide by and heated for 1 h
a vacuum-promoted  under Ar atmosphere
low-temp. Exfoliation
GO Exfoliated GO is Activation was done at 800 HG (2D Bimodal 2518  Supercapacitor Xia
prepared from GO 800 °C for 1 h under lamellas) micro—- et al.®®
using thermal N, flow mesopore
treatment
rGO GO powders were rGO mixed with KOH 850 Porous — 2406  Supercapacitor Zheng
reduced at 600 °C for (1 : 8) and chemically activated et al.*®
30 s in Ar atmosphere activated at 850 °C for graphene
2 h in Ar atmosphere,
cleaned, and dried
rGO Thermal exfoliation of rGO powder mixed 800 Perforated ~1.7 2900  Hydrogen storage Baburin
GO is done to get rGO with methanol KOH graphene et al.'*!
solution, dried and
annealed at 800 °C for
1h
rGO, rGO and carbon rGO and CS are mixed 800 HG 2-10 288.19 Electrochemical Wu
carbon sphere (CS) are through a self- intercalated capacitor et al.'*®
sphere prepared separately  assembly process and with CS
activated using KOH
for1h
GO Graphene hydrogel =~ The graphene — Randomly — 800 LIB Jiang
was produced by hydrogel was mixed stacked HG et al.'*

mixing GO and DI
water and heating

with KOH, stirred, and
ball milled

synthesize HG from materials such as GO or graphene. This
method uses nanoparticles as a catalyst to synthesize HG.
Various groups have also used templates to make patterned holes/
pores on graphene sheets. However, template preparation and
removal can be tedious and may not be suitable for mass-scale HG
fabrication. Table 10 summarizes the different synthesis methods
discussed above, the major parameters to control the pore size
distribution, the advantages and limitations of the methods, and
the major fields where the synthesized materials are used.

The bar chart in Fig. 19 further summarizes the scale of the
pore size created using different synthesis methods. The high-
intensity color value in a bar indicates a higher number of
data points or works reported in the literature in a particular
pore size range. For example, in the case of chemical methods,
the high intensity lies within 10 nm and few works reported
pore generation of few hundreds of nm. Similarly, the thermal
annealing process mainly allows the generation of pores of
few nm to few hundreds of nm. If GTA is used, it, in general, can
produce pores of few nm to few tens of nm and the RTA method
could generate pores of few nm to few hundreds of nm. Like-
wise, other bars are also presented and shown in the bar chart.
Although different methods can produce pores of various sizes,
it can be noticed from the bar chart that the most common or

© 2021 The Author(s). Published by the Royal Society of Chemistry

achievable pore sizes are in the range of few nm to tens of nm.
The smallest possible pore size that could be created is a few
Angstroms (<1 nm),****** which could be obtained using the
electron/ion beam or chemical etching (H,O,) process. On the
other hand, the biggest pore size can be of few tens of micron.”

3.1 Controlling the pore size distribution in HG

Having precise control over the pore size distribution, particu-
larly the pore diameter, shape, and periodicity, is essential for
the reliable and quality synthesis of HG. When E-beam is used
to create micro/nanopores, the pore size can be directly
controlled by controlling the beam diameter used in the SEM or
TEM. Generally, the intensity in an E-beam follows a Gaussian
shape and usually, the size of the beam or, more precisely, the
full-width half maximum (FWHM) can be controlled in the
microscope itself through the lens optics. In addition, the beam
diameter also depends on the beam energy. Thus, the beam
energy could play a significant role if a precise hole is needed.
Similarly, in the ion beam-assisted pore fabrication process, the
pore size can be determined with the beam diameter. The beam

energy and the ion type used could also impact the pore size.*>*

RSC Adv, 2021, N, 27381-27405 | 27395
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Fig. 16 Schematic figure showing the steps for the synthesis of
NHGNSs. Reprinted with permission.*** Copyright 2016, John Wiley and
Sons.

The annealing method can induce a large number of pores in
a short time. The pore size distribution of the grown pores is
highly dependent on the heating rate and the temperature. It is
found that the size of the pores, as well as the hole density, tend
to increase with the heating/ramping rate and the tempera-
ture.®»**% In addition, the holding time could also impact the
pore size distribution.”™

When chemical etching agents such as, KOH, HNO;, or H,0,
are used to fabricate pores, the pore size distribution depends
on the reaction time. Usually, increasing the reaction time
would increase the pore size in the material.***” The pore size

1. Depositing
Mask 1

2, Self-assambly of

Colloidal Spheres

(d) (e)

a) Colloidal spheres
(a) 3

View Article Online

Review

Calcination ' ‘
Y

LDO

LDH

CH,-CVD

Purification

Graphene
microsphere

LDO@G

Fig. 18 Schematic picture indicating the steps to grow graphene
microspheres. Reprinted with permission.*®® Copyright 2015, Elsevier.

distribution in the nanoparticle-assisted fabrication process
follows the nanoparticle size distribution used during the
synthesis process. Thus, the pore size in the material can be
tailored with the size of the nanoparticles. On the other hand,
the template-assisted chemical etching approach can create
well-defined pores with specific periodicity. Consequently, the
pore size and pore density can be precisely controlled when the
template-based etching process is implemented.

(b)

4. Depositing

Mask 2
5. Removing E‘l/’cm(“s
Spheres \

—_——

7. Removing
Masks 1, 2

8. Fabrication of

Electrodes

(f)

Fig. 17 Schematic of the nanomesh fabrication process using colloidal microspheres and RIE. Reprinted with permission.*®” Copyright 2010,

American Chemical Society.
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Table 9 Pore generation using the template-assisted process
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Starting SSA
Template used material Post growth Final material Pore size (nm) (m” g~ ') Applications Ref.
Amino-functionalized SiO, GO — N-Doped HG — 1162 Electrocatalysis ~ Zhang
nanocapsules et al.'*
Porous MgO layers — Graphene Nanomesh graphene <10 1600-  Ferromagnetism Ning et al.'*®
growth 2000
(CH, cracking,
CVD)
Porous MgO layers — Graphene Nanomesh graphene <10 1654 Supercapacitor ~ Ning et al.'®
growth
(CH,4 cracking,
CVD)
Colloidal microspheres Graphene — Graphene nanomesh ~100-few — — Sinitskii
hundred et al.'”’
Polystyrene nanospheres — Graphene Graphene nanomesh 40 — Transistor Wang
growth et al.'®
(LPCVD)
Layered double oxide — Graphene Porous graphene Hierarchical 1275 Lithium-sulfur  Shi et al.'®®
microspheres growth microsphere pores battery
(CVD of CH,)
Hierarchical porous CaO — Graphene Porous graphene Hierarchical 572 Lithium-sulfur ~ Tang et al.'*°
particles growth pores battery
(CVD of CH,)
3.2 Controlling defects in HG when nanoparticles or micro/nanospheres are used as

Synthesizing HG with controlled defects is an important aspect.
Creating vacancies by knocking carbon atoms using an electron
beam could result in various processes; for example, a nearby
carbon atom can fill up the vacancy or diffusion of the vacancies
could take place. Because they exhibit temperature-dependent
self-repairing processes, the defects can be controlled by regu-
lating the substrate temperature.* The study also suggests that the
stability of pores has complex dynamics and that zigzag-type edge
defects tend to be more stable than armchair defects.”* Molecular
dynamics study predicts that when the ion beam is used for pore
creation, the beam type and energy could impact the defect
formation process in graphene.* In the case of high-energy ions
irradiation, increasing the ion energy reduces the number of
structural defects formed in the few-layer graphene films.*® When
the annealing process is used for the generation of pores/holes, it
is found that the ramping rate and the annealing temperature can
impact the defect density in HG. The defect density in HG nano-
sheets increases with the increase in the ramp rate and the
annealing temperature.®*

During chemical etching, for example, when H,O, is used to
create pores from GO sheets, the defects/disorders are found to
increase with the doses of H,0,.°* Similar results are also
observed when GO is treated with KOH solution.*® The study
indicates that more defects are found on the graphene plane
when the KOH/GO mass ratio is increased. During the
nanoparticle-assisted etching process such as etching GO with
ZnO to synthesize holey graphite nanosheets, a higher amount
of the catalyst (ZnO) can increase the number of structural
defects in the synthesized material.** In numerous applications,
such as in batteries, such defects could help to enhance the
electrochemical performance of the cell.** On the other hand,

© 2021 The Author(s). Published by the Royal Society of Chemistry

a template to create tailored pores, the self-assembly of the
particles induces various defects in the material,'” prompting
further studies to control the defect formation process.

3.3 Other promising synthesis routes to fabricate HG

In addition to the above discussed commonly reported methods
for creating or synthesizing pores in graphene/GO materials,
there are also other methods that are being experimented by
different research groups. The green synthesis method is
a promising approach for the synthesis of HG/porous graphene
where various biomaterials such as, Bougainvillea flowers,
fungus, biomass or leaves of Plumeria rubra have been used as
the starting raw material.”***** This method is environmentally
friendly and likely to be cost-effective as compared to other

] Methods

Electron/lon beam
Template assisted -
Nanoparticle assisted I

0 10

Thermal annealing

Chemical etching

100 500 103

Pore size (nm)

104

Fig. 19 The bar chart shows the different synthesis methods used to
create pores of different sizes.
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Table 10 A comparison among the different synthesis methods of HG

View Article Online

Review

Synthesis Controlling the pore Limitations/ Major areas of
Type method Pore size size distribution Advantages Disadvantages application
Thermal Thermal Few nm-few hundreds Heating rate, Fast (RTA), mass-scale GTA usually takes Energy storage (LIB,
annealing of nm temperature, holding production hours supercapacitor)
time
Physical Electron & ion <10 nm-1 pm Beam diameter, beam Precise pore size Small area fabrication Atomic-scale

beam energy ion beam type

Chemical Chemical etching Few nm-few microns Reaction time

Nanoparticle- Few nm-few hundreds Nanoparticle size
assisted of nm
oxidation
Template Regular pore: <10 nm; Etching parameters
directed hierarchical pores
patterning

methods. Electrochemical exfoliation'* and nanoimprint

lithography'*> methods are also used for the synthesis of HG.
Other reported methods such as the sol-gel technique have
been used to prepare porous graphene aerogel for capacitor
application'*® and laser engraving was implemented to create
3D hierarchically porous graphene for supercapacitor electrode
application."” The combustion method is another approach
employed to fabricate porous graphene from GO."® A bottom-
up strategy was devised by Moreno et al. to create nanoporous
graphene, which showed semiconducting and nanosieving
functionalities." The trend in the synthesis of the HG material
using different approaches as observed in the literature indi-
cates that HG can be obtained by various ways and many of
these methods are relatively cheaper with specific advantages
and drawbacks.

3.4 Tools and techniques to characterize HG

Various techniques have been used for the appropriate char-
acterization of HG. Raman spectroscopy has been one of the
primary effective techniques for the structural and chemical
characterization of HG. It can essentially figure out the different
Stokes' band of graphitic, non-graphitic, and defect-related
peaks in such materials. The peak appearing at ~1350 cm ™
in the Raman spectrum is corresponding to the D-band disorder
(defects) in carbon material and the peak that usually appears at
~1580 cm ' is the G-band corresponding to the in-plane
stretching of sp® carbon atoms, which signifies the graphitic
nature of the carbon material. Another major peak can be often
noticed to appear at ~2700 cm ™', which is a secondary D peak
and is assigned as the 2D band, mostly found pronounced in
case of monolayer or few layers of graphene; in case of vertically-
oriented multilayer graphene sheets, the intensity of the peaks
will be determined by the terminated layers.'* Usually, the
relative intensity of the D to G peaks can be used to understand
the graphitic property of a material. For example, in the
synthesized HG material (Fig. 6), the relative intensity of D to G

27398 | RSC Adv, 2021, 11, 27381-27405

application
(permeable
membrane, DNA
sequencing)
Mass scale production The produced material Energy storage (LIB,
is possible could have impurities supercapacitor), water
desalination
The pore size could be Could be inefficient in Energy storage (LIB,
tailored with the size mass production supercapacitor)
of the nanoparticles
Pore size and pore
density can be
controlled

Template preparation Energy storage
and removal could be
complicated

Raman peaks were used to conclude the removal of the defective
carbons and formation of quality (highly graphitic) HG mate-
rial. Thus, by comparing the intensity, their relative positions,
and the FWHM of the peaks, various structural properties of the
synthesized HG can be evaluated, as demonstrated by various
Works.59,62,63,93,121

Apart from Raman spectroscopy, electron microscopy tools
such as SEM and TEM can be used for the assessment of the
morphology or to observe the porous nature of the HG mate-
rials. On the one hand, SEM can be used for a quick under-
standing of the material, while TEM can offer intricate
information related to the shape, size, or the structural nature
of the formed pores in the material.**””*> TEM-based electron
energy loss spectroscopy (EELS) method can provide chemical
information related to the 7 and ¢ bonds in the material and
their contribution to the material; thus, the presence of sp” and
sp® carbons can be evaluated with atomic scale spatial resolu-
tion.*® Techniques such as X-ray diffraction (XRD) could be used
to understand the crystalline nature of the material, variation of
the interlayer spacings of HG with the synthesis parameters,
etc.”*1% Another important parameter that is often required is
the evolution of the porosity or distribution of the pores in the
material. BET or the Barret-Joyner-Halenda (BET/BJH) method
is mostly considered for the evaluation of such information
from an HG material. Information such as pore size distribu-
tion, average pore size, pore density, etc., can be obtained from
BET/BJH analysis.*"**

4. Applications of HG

Due to the various exciting and unique properties of HG, they
have been considered in different fields, mainly focusing on
energy storage, water permeance and desalination, carbon
capture, and DNA sequencing.

The high surface area of HG/porous graphene and the
presence of interchannels for ionic/molecular movement are

© 2021 The Author(s). Published by the Royal Society of Chemistry
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unique properties of HG. In addition, the interlayer attractions
in HG are relatively weaker due to the lack of sufficient number
of carbon atoms and the interlayer distance is higher than other
forms of graphene. These properties instigated its use instead
of graphene in lithium-ion batteries (LIB). Conventional
graphite-based LIBs have a theoretical specific capacity of
372 mA h g~ '. This value can be improved by changing the
anode materials such as carbon nanotubes, porous carbons, or
graphene. Graphene can provide higher capacity due to its high
specific surface area. A single layer of graphene has a theoretical
surface area of 2630 m> g~ '. However, the performance of the
graphene anode is hindered as the graphene layers tend to
restack, which results in the decrease in the available surface
area for Li-ion intercalation. Hence, HG, when used as an
anode/electrode in batteries or capacitors, significantly
enhances the efficiency of the device, as demonstrated by
various works,*#>7487881227125 1t ig now well known that the
degree of microporosity, specific surface area, and surface
wettability of a grown porous graphene material play a key role
in the capacitance in a capacitor.” The efficiency of HG as an
energy storage electrode can be further enhanced by doping
with other elements such as nitrogen, and
phosphorus.®>*¢1%7

DNA sequencing is currently an important field in biological
sciences, which can benefit from the development of nanopore
graphene membranes.” When DNA passes through
a membrane, there are changes in the ionic current. This
change depends on the shape, size, and length of the DNA.*?7*3
The ideal size of a nanogap for DNA to pass through is a few nm,
~1.0-1.5 nm,** which could be achieved in the case of HG/
porous graphene. The most effective method to create precise

sulfur,
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nanopores for DNA sequencing has been found to be the elec-
tron or ion beam-assisted physical removal of carbon
atoms.>>%+13313% However, the created nanopores could be
unstable due to the presence of unsaturated bonds. It has been
reported that by passivating the dangling carbon bonds with Si
atoms, these pores could be made stable.™**

Another primary application of HG or porous graphene is in
water desalination. The porous nature of the material can be
used for water permanence and hence in the production of
fresh water from impure water. Several studies indicated the
effectiveness of using holey GO and HG in such applica-
tions.*>1%3813%137 When jon-containing water is allowed to pass
through the graphene sheets, the larger ions can be blocked
from passing through the pores. In this case, the pore size
distribution is the critical factor determining the permeation of
water molecules but not the ions. This is shown schematically
in Fig. 20a.

Along with the porous nature of the material, the interlayer
distance, particularly in GO or rGO, can also play a significant
role in the water desalination process.”®**'3%14 GO/rGO
membranes are found to be stable in water'*"'** and have
high water permeance properties.****> These properties of GO
or rGO can be further enhanced or modulated by creating pores
in the materials. This is shown in the schematic Fig. 20b below,
where stacked graphene oxide (GO) acts as a filter for water
molecules.

Solar power-assisted water purification is another advanced
and promising field of research for an eco-friendly and
sustainable future. 2D nanomaterials are suitable for such
applications due to their efficient photothermal, broad band
absorption, and photocatalytic transformation, in addition to

Nanoporous graphene membrane

Size exclusion Electrostatic interactions

Stacked graphene oxide membrane

A

0:9,°0. °
(P i /

.

Size exclusion Electrostatic interactions

@ Water ¢

lon adsorption
= Electrostatic binding
= Cation-r
= Metal coordination

Fig.20 Water purification via ion filtering using nanoporous graphene (a) and stacked graphene oxide (b). Reprinted with permission.®® Copyright

2015, Royal Society of Chemistry.
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the larger surface area that they can offer.***'*” A recent study by
Yang et al. demonstrated a solar energy convertor for water
desalination using a 3D cross-linked polymer-like (porous-
graphene) material.™® In a separate work, a membrane of
porous graphene and polyimide was prepared with a 3D archi-
tecture.® The membrane with the 3D structure displayed
excellent solar absorption capability; on the other hand, the 3D
porous network boosts water vapor escape. Ito et al. designed
a porous graphene material-based steam generator.”® The
generator can convert sunlight into high-energy steam at
a promisingly high energy efficiency of 80%.

It is also reported that photocatalytic activity of a photo-
catalyst material such as TiO, can be further enhanced if the
photocatalyst material is mixed with HG.”> The presence of
holes allows light permeation and reactant diffusion, and
enhances the photocatalytic properties. While using in combi-
nation with ZnO nanoparticles, porous graphene promotes the
effective charge separation of electron-hole pairs and increases
the photocatalytic performance.** Similarly, nanocomposites of
three-dimensional porous graphene and Co;0, were used for
high-performance photocatalysis."*

The porous form of graphene can also help in the storage of
hydrogen.* It is believed that the hydrogen storage mechanism
varies from sample to sample.”® The interaction between
hydrogen and carbon materials is governed by van der Waals
force. This attractive force could lead to physisorption. If
hydrogen comes very close to the carbon atoms, then this could
lead to the overlapping of wave functions of carbon atoms with
those of the hydrogen electron. This can lead to the chemi-
sorption of hydrogen on the carbon material.

Graphene membranes with nanopores have been applied in
the field of gas separation for the filtration of CO, gas molecules
from other gases. This was achieved by tailoring the pores to
allow the CO, molecules to pass while blocking other gases such
as N02‘155,156

In general, the scale of the pore size could impact on the field
of application of the HG. This is visually represented in the bar
chart in Fig. 21. The chart is a summary of the different major
synthesis methods and tables discussed in this review paper.
The intensity in the bars is corresponding to the number of

Applications

Carbon capture
Water desalination
DNA sequencing
Battery

Il”-

Supercapacitor

0 10 100 500 103

Pore size (nm)

104

Fig. 21 Bar chart showing the different fields of application vs. the
pore size of HG being tested.
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results reported. The chart provides a rough estimation of the
scale of pores created for specific applications. In the super-
capacitor application, the pore sizes designed are in the range of
few nm and mostly <10 nm. Similarly, the pores created for
battery application are in the range of a few nm to few hundreds
of nm. For DNA sequencing and translocating, pores with
a small size in the range of a few nm are needed, which could be
precisely fabricated using an energetic electron or ion beam. For
water desalination applications, the typical pore size depends
on the type of desalination technology the membrane is inten-
ded for; e.g., reverse osmosis membranes require pore sizes less
than 1 nm for efficient salt removal, whereas nano or micro-
filtration membranes typically have larger pores. Similarly, for
application in carbon capture, the scale of the pores is narrower
and can be few nm.

In addition to the above-mentioned areas where HG has
been successfully used, the unique structural configuration and
properties of HG/porous graphene have found various potential
applications in areas such as in solar cells,””*** field-effect
transistors (FET),"*>**° fuel cells,”® and microwave absorp-
tion.'®*** Graphene is a desirable material for gas sensing
applications.'®*™%” By creating pores in the graphene or GO
material, the sensing performance can be efficiently
enhanced.'*®** There are also other unique applications of HG.
For example, a high-efficiency thermocell device was designed
by Li et al. that was capable of working at temperatures as low as
—40 °C."* HG was also demonstrated as an efficient planar field
emitter.””* The applied field concentrates along the circumfer-
ence of the holes and provides field emission sites. In an
interesting work by Chen et al., an hrGO-based FET type device
was made to detect the bacteria."” The hrGO material with p-
type semiconductor properties was used as the transducer
element in the FET device. The device could detect E. coli
bacteria with a detection limit as low as 803 cfu mL™'. In
a separate work, graphene oxide nanomesh (GONM) was
synthesized to treat cancer cells.”> GONM was initially devel-
oped using photocatalytic degradation and subsequently func-
tionalized by mixing with polyethylene glycol (PEG), arginine-
glycine-aspartic acid (RGD)-based peptide and cyanine 7 (Cy7).
The composite has strong absorption in the NIR range and thus,
when the tumor cells targeted by the composite were irradiated
with low power laser, cell ablation occurred. In this way, the
cancer cells could be treated successfully. The unique material
properties and versatile nature of applications of HG make it
a potential field for researchers to investigate and explore
further.

Similar to graphene with pores, other 2D materials with
pores could be fabricated and used in different fields. For
example, 2D materials such as Ti;C,T, foam with pores could be
used as the electromagnetic shielding material.””* In the opto-
electronics sector, 2D semiconductors have shown promising
results, mainly due to their exhibition of many-body complexes
such as exciton, trion, and biexcitor.’”® Optical properties along
with their device applications of several 2D materials are well-
reviewed.'”*'”® Modulating these properties by engineering the
materials could open up new avenues of applications. Similarly,
the optoelectronic properties of HG have not been well studied

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and remain an undiscovered field that needs more attention.
MXene is an emerging 2D material and is a promising field for
several types of applications."” The review paper'”® discusses
various exciting properties of MXene along with several other
applications of porous MXenes such as porous MXene with
hierarchical structures for enhanced oxygen evolution reaction
(OER), 3D interconnected porous frameworks of MXene with
a high specific area for energy storage, and EMI applications.
The studies suggest that similar to the emerging 2D semi-
conductor field, HG with tunable properties is a potential and
untouched field that needs more research.

5. Conclusions and future outlook

HG is an emerging new material with exciting and unique
properties that could find potential applications in different
fields including semiconductor industry, water purification,
solar cell, fuel cell, DNA sequencing, and energy storage. Several
synthesis methods have been developed over the past few years
and in this review work, we have summarized the most prom-
ising approaches and their technological applications in
different fields. The synthesis/fabrication methods are system-
atically categorized to benefit the readers and help them
understand the type of holes/pores generated, various parame-
ters to control the pore size distribution, and their potential
applications in different fields. In specific applications, such as
DNA sequencing, devices have to be made out of a monolayer or
few layers of graphene, for which the synthesis of high-quality
graphene is needed. However, for most of the other applica-
tions, the bulk material of holey/porous graphene could be
prepared at a significantly low cost. Synthesis methods such as
annealing or chemical approaches have the potential to
produce HG in the bulk form, which could be later used in the
field of energy storage, water purification, etc. In these methods,
GO or graphitic powder can be used as a starting material. GO
has been a common starting material for the synthesis of HG
and due to the low production cost of GO; the overall cost of HG
synthesis could be a fraction of that of CVD-grown gra-
phene.*®**# In addition, most synthesis methods exploit the
presence of structural defects in the graphene layers. Such
defects have been reported to facilitate the formation of pores.
Accordingly, the precursor for HG or HGO does not need to be
the most expensive form of graphene.

Despite being a promising emerging versatile material, there
are certain aspects of HG that the research community should
address before it can be commercially produced for various
applications. One of the aspects is the systematic study of the
pore production to tailor and generate precise pores by cost-
effective methods such as annealing since a well-defined pore
distribution is highly desirable in many applications. Under-
standing the structural degradation of the synthesized HG
under certain conditions such as long-term performance in
water purification or the change in the inherent optoelectronic
property with the environment is also essential. Broader in-
depth studies focused on specific applications are thus
needed. HG and composites of HG have shown promising
results in energy storage applications primarily due to the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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increased specific surface area. This field can be further devel-
oped and thoroughly researched with the combination of
porous/HG and nanoparticles with hierarchical sizes (<2 nm to
a few um). The relation between the performance and pore size
distribution as well as the nanoparticle size needs to be
understood. At last, there are more approaches that are yet to be
developed that could produce well-defined holey/porous gra-
phene material, which should be economical, less time
consuming, and thus, should have mass-scale production
capability.
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