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Abstract

Laser reduction of graphene oxide is a simple yet highly versatile method for the rapid prototyping
and fabrication of graphene-based devices. This chapter reviews the state-of-the-art in laser reduction
of graphene oxide, using a variety of laser sources (pulsed and continuous wave), as well as non-
laser light. A coherent picture of the mechanism underlying the complicated chemical and struc-
tural rearrangement of graphene oxide to reduced graphene oxide is summarized. The fundamental
microscopic changes performed by the laser sources are correlated to the macroscopic parameters rel-
evant for technological applications. Finally, the state-of-the-art in commercializing the laser reduced
graphene oxide in the context of the broader field of graphene-based technologies is surveyed.

Keywords: Laser reduced graphene oxide, photoreduction, graphene, laser direct-writing,
photochemistry, graphene technology

8.1 Introduction

Graphene has a distinguished status in condensed matter science for its many fundamen-
tally unusual properties. In recent years, the focus of the field has broadened to investi-
gate the myriad applications under the umbrella of “graphene-based technologies” [1]. This
encompasses the use of graphene in industrial and commercial applications, where the key
challenge is to reliably and reproducibly manufacture/pattern graphene. Laser reduction
of graphene oxide (GO) and of other carbon-based precursors has emerged as a promising
technique to marry graphene production to a science of simplicity [2].

Laser reduction holds the ability to simultaneously pattern and synthesize graphene onto
a variety of surfaces, which provides it a key advantage over other techniques. In this chap-
ter, we review the current status of this potentially quite powerful approach to achieving
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Figure 8.1 The physical and chemical properties of laser-reduced graphene oxide makes it a “materials panacea”
for a variety of engineering and technology applications.

industrial-scale graphene. The chapter is broken into several sections. First, we will briefly discuss
the context in which laser reduction of GO sits. We explore the features of graphene’s behavior
that make it exciting for novel technologies, highlight some of these technological applications,
and briefly discuss methods other than photoreduction for the synthesis of graphene. The next
section presents an overview of laser reduction of GO by presenting and comparing the perfor-
mance of the most important experimental approaches. We follow this with a discussion of the
current understanding of the mechanism of the transformation of GO to functional reduced
graphene oxide (rGO) by light. We explore the main photo-physical and photo-chemical pro-
cesses involved in the photoreduction of GO [3], and survey spectroscopic and computational
studies in order to build a coherent picture of the timescales of various processes.

Importantly, laser reduced GO (LrGO) has a range of physical and chemical proper-
ties that make it competitive with other synthesized forms of graphene (Figure 8.1), thus
enabling it to be used throughout the range of graphene-based technologies. For this
reason, we critically evaluate the metrics and tools the field commonly uses to judge the
quality of graphene produced by laser reduction. This “tutorial review” also correlates char-
acterization tools to figures-of-merit for the various applications of rGO. The fundamental
microscopic mechanisms of the reduction process will be correlated to the macroscopic
experimental parameters that can be tuned. This section follows structure-property—
processing—performance approach familiar to most materials scientists.

Finally, we discuss the state-of-the-art in the field of commercialization of LrGO technol-
ogies from 2010 to present. We evaluate examples of laser rGO technologies, and how they
have progressed along the route to commercialization, leaving the confines of the research lab.

8.2 The Context—Graphene

8.2.1 Advantageous Properties of Graphene

Here we briefly describe important properties of graphene that make it such a desirable
material for applications in electronics and photonics (Figure 8.2). The discovery and syn-
thesis of graphene was awarded a Nobel Prize in 2010, and since the initial papers in the
early 2000s [1], an explosion of exotic graphene behaviors has been discovered [2, 3].
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Figure 8.2 Graphene-based technologies are being developed for hundreds of applications. Here we focus
on a few areas which utilize rGO’s unique set of properties; Energy: A flexible supercapacitor. Copyright 2013
Springer Nature, reproduced from [13] with permission. Sensors: Photo courtesy of Liang Dong. Composites:
A Head™ tennis racquet made from a graphene composite. Electronics: Reproduced from [42] under
creative commons licence. Biomedical: Copyright 2013 John Wiley and Sons and reproduced from [43] with
permission. Photonics: Reproduced from [44] under creative commons licence.

8.2.1.1 Electronic Properties

A single sheet of pure graphene has the best room temperature electron mobility of any
material known today, up to ~10° cm* V™' s7! [2, 4-6]. Graphene’s band structure, first
calculated by Wallace in 1947 [7], shows it is a zero-band-gap semi-conductor, with
electron-hole symmetry at the corners of its Brillouin zone (the K and K’ points) [8, 9].
As an ambipolar semi-conductor, graphene can be readily electron- or hole-doped up
to a carrier concentration of ~10" cm™ by chemical methods or electrical gating [2].
Typical values of the sheet conductance are ~5x10°S/cm for a gate voltage ~100 V [1].

Isolated sheets of pure graphene are rare occurrences, but even in the more common
imperfect situations—involving rough substrates, defects, and surface adsorbates—
graphene retains a remarkably high mobility and good electrical conductivity [9-12].
GO on the other hand is an electrical insulator, with in-plane conductivity values of
~1x107°S/m [13, 14]. Oxygen can form sp’ bonds with carbon [15], localizing those
electrons on the bond and opening a band gap at the chemical potential.

8.2.1.2 Optical and Photonic Properties

Graphene is an attractive material for optical and photonic applications [16]. Pristine
graphene, despite being atomically thin, possesses a relatively high optical absorption of
~2.3% in the visible wavelength region. The optical absorption can be changed by altering
the number of stacked layers.
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Under high intensity irradiation graphene is a saturable absorber [17]. Indeed graphene
has the highest known saturable absorption [18]. Saturable absorption is the decrease of
light absorption in a material as the intensity of light increases [19], and is incredibly useful
in passive mode locking and the generation of picosecond and sub-picosecond laser pulses
[20, 21]. Graphene displays several other nonlinear optical properties, including efficient
second harmonic generation [22, 23], fluorescence up-conversion [24], and a giant non-
linear Kerr index that is eight to nine orders of magnitude higher than typical dielectrics
[25, 26]. This unusually high Kerr index is shared by analogous GO and laser rGO mate-
rials [27]. The linear refractive index is also tunable across a huge range from ~0.01 to
~0.35 in femtosecond laser treated GO [28].

The emission of light by graphene can be engineered through several methods, including
size/shape manipulation, defect manipulation, and chemical doping of the hexagonal lat-
tice [16, 29]. Defect states related to oxygen bonds to carbon (e.g. in GO), and localized sp’
clusters can also introduce a bandgap [30] and create electroluminescent and photolumi-
nescent properties in the NIR to UV region [31-33]. A counter-intuitive phenomenon that
has been observed is the fluorescence quenching properties of graphene-based materials,
due to its often heterogeneous nature [34, 35]. The graphitic regions of GO and rGO have
been shown to quench the fluorescence of dyes [36], and have been used to suppress the
fluorescence that plagues resonance Raman spectroscopy of organic molecules [37].

8.2.1.3  Electrochemical Properties

Graphene’s high surface area (~2600 m?* g-' [38]) and electrical conductivity make it very
well suited as an electrode for electrochemical sensing and other applications. Graphene
electrodes can be made of highly oriented pyrolytic graphite/glassy carbon modified by
graphene [38, 39], or directly using laser modified graphene. There are two distinct classes
of structural features on graphene: the edge plane and the basal plane, which can display
different electrochemical reaction kinetics/rates [38, 40, 41]. The electrochemical proper-
ties of graphene can be modified by the attachment of probes like enzymes, complexation
agents, or redox active ligands (like ferrocene) [41], which allows for targeted sensing of
specific analytes in solution.

8.2.2 Graphene-Based Technologies
8.2.2.1 Composites and Coatings

Graphene-containing composite materials, in which graphene is used as a dispersed
reinforcing component, show exceptional promise for a variety of applications.
Polymer-graphene composites have been the most heavily investigated thus far [45],
showing improved mechanical strength, electrical conductivity, and thermal stability
[46]. Obtaining a suitable dispersion of graphene is critical, and a number of methods
have emerged to address this challenge. These include in situ polymerisation [47], solu-
tion intercalation [46], and melt blending [48]. Composites of semiconductors with
graphene are also extremely promising as photocatalysts, with applications in the pho-
todegradation of organic pollutants, water splitting, and CO, reduction [49]. Recently,
graphene coatings have also garnered attention as corrosion-inhibiting coatings, due to
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their excellent barrier properties and chemical stability [50, 51]. It should be noted how-
ever, that graphene is cathodic to most metals, meaning that any slight scratch or pinhole
defect could dangerously accelerate metal corrosion.

8.2.2.2 Sensors

One of graphene’s most visible and useful applications is as an active element in sensing plat-
forms. Electrochemical sensors can be constructed from graphene or rGO with excellent sensi-
tivity, selectivity, reproducibility and a high dynamic range [41]. rGO is a good platform due to
its high electrical conductivity, and the ability to chemically functionalize the oxygen moieties
on rGO to include DNA, enzymes, cyclodextrins, supramolecular complexation agents, etc. as
sensing elements [43, 52, 53]. Graphene itself can act as a sensing element, using the effect of
analyte adsorption on the electronic properties of the sheet [54]. This field has been extensively
reviewed [55-58]. The broadband absorption of graphene can be exploited in photodetectors
utilizing the photovoltaic, photo-thermoelectric and thermal bolometeric effects [16, 59]. The
advantage of graphene is the wide operating wavelength range, and its fast response time.

8.2.2.3 Energy Storage and Production

Graphene’s unique combination of electrical, optical, and physical properties makes it an
attractive material for several energy storage and production applications. This has been
extensively reviewed by Brownson et al. [60, 61]. Graphene-based electrodes have been shown
to improve the cyclic performance and energy capacity of Li-ion batteries due to their higher
surface area, improved intercalation capacity, and rapid diffusion [56, 60, 62-64]. A new class
of graphene-based supercapacitors is set to make a significant contribution to energy storage
technology [13, 14, 65-69]. These supercapacitors combine the energy storage capacity of
batteries (~0.1 W h cm™) with the power density of capacitors (~10 W cm™). The highest per-
forming of these are based on electrodes of LrGO [14, 66] due to (i) its high porosity and sur-
face area which allows for greater charge accumulation, (ii) its 2D-like structure which allows
for rapid ion diffusion andfast charge/discharge rates, and (iii) the high electrical conductivity
of graphene which gives low energy loss and discharge time constants as short as 20 ms [13].

8.2.2.4 Biomedical Technologies

The use of graphene in the field of biomedical technologies is still in an early stage, but prog-
ress is accelerating. Due to its extremely high surface area, graphene has attracted interest
as a drug/gene delivery vehicle. This often utilizes n—m stacking interactions (for delivering
drugs with aromatic groups), or the overall negative charge of GO, which allows electrostatic
interactions with hydrophilic (positively charged) compounds [43]. Functionalization of
GO with folic acid (FA) has been demonstrated in order to target drugs to FA-receptor
cancer cells [43]. However, the use of LrGO in biomedical applications is still in its infancy.

8.2.2.5 Electronic Devices

Unsurprisingly, graphene is a promising material for a plethora of electronic technologies,
and is the subject of several recent review articles on the subject [61, 70]. Its high carrier
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mobilities and ability to engineer a bandgap via doping or strain makes it useful for transis-
tors [61, 71, 72]. Furthermore, mechanical flexibility, non-toxicity, and relative transparency
also make it well suited to applications such as wearable electronics [73, 74], touch-screen
displays [16], conducting inks, and electronic paper [75].

8.2.2.6 Photonics and Optoelectronics

Graphene and rGO have been used as saturable absorbers in ultrafast fiber lasers [76],
achieving wideband tunable modelocking to yield picosecond and sub-picosecond infrared
pulses [18, 77-79, 80, 81]. The light emitting properties of graphene-based materials can
also be used in LEDs [82] or more commonly, in imaging and fluorescent labeling of biolog-
ical systems [29, 43, 53, 83]. Graphene displays a higher biocompatibility than some toxic
fluorescent dyes, and can be functionalized to target specific analytes [84] (e.g. proteins,
DNA, cell membranes). This has been employed successfully as FRET [85] and fluorescence
quenching sensors [86].

8.2.3 Synthesis of Graphene—An Overview

There are many methods available for the synthesis of graphene materials, summarized in
Figure 8.3 below. Laser reduction of GO is judged to result in a lower quality graphene mate-
rial than does CVD and mechanical type exfoliations, on par with graphene materials made
by liquid phase exfoliation. Due to the high capital cost of lasers and energy requirements,
we estimate that the cost for mass production will be higher than liquid phase exfoliations.
However, the advantages of in situ patterning and quick fabrication of rGO devices easily make
up for the higher cost. Indeed, using laser photoreduction as a tool for quick prototyping of
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Figure 8.3 Methods of synthesis of graphene materials classified based on price vs. quality. Copyright Nature
2012. Reproduced with permission from Ref [75].
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devices is highly attractive. In this section, we discuss the other major approaches to manufac-
turing graphene, to set the stage for comparisons with laser reduction.

8.2.3.1 Chemical Vapor Deposition

Chemical vapor deposition (CVD) is one of the most important methods for production of
graphene, in spite of its higher complexity, due to its ability to form high quality, defect-free
graphene and ability to tune the graphene’s properties. Typical CVD processes involve a
metallic substrate (most commonly Ni or Cu) annealed at high temperature, and a mixture
of H,/CH, gas which subsequently reacts or decomposes onto the substrate to form the
graphene [87]. Current challenges involve growing graphene with large, controlled grain
sizes, growing directly onto insulating substrates, finely controlling the number of layers,
and using cost-reducing lower temperature growth processes [87].

8.2.3.2 Pulsed Laser Deposition

Similarly to CVD, pulsed laser deposition (PLD) exposes a substrate to a carbon-containing
vapor, which in this case is generated by ablating a carbon target with a pulsed laser [88]. PLD
has a number of advantages over CVD, mainly that high-quality graphene can be deposited
on insulating substrates as well—PLD of graphene has been demonstrated on silicon and
fused silica [89, 90]. The main drawback of PLD compared with CVD is its limited ability to
deposit graphene onto intricate 3D substrate geometries. The graphene grains produced by
this methods are also of relatively small size (several tens of nm [91]), limiting their applica-
tion in areas where large grains of graphene are required.

8.2.3.3 Exfoliation

Since the first reported fabrication of graphene in 2004, exfoliation has been a key method for
producing single-layer graphene [1]. It relies on overcoming the weak van der Waals attraction
between graphene layers by mechanical force to peel oft subsequent flakes of graphene from
bulk graphite. Such methods are however quite labor intensive and difficult to carry out at scale.
Recently, liquid phase exfoliation methods have emerged which are readily scalable, with pro-
duction quantities reaching up to 73 mg/h [92]. These include sonication [93], electrochemical
methods [94], ball milling [92], or shear mixing [95]. The process can be assisted by the presence
of ions that intercalate the layers or by surfactant molecules [96, 97] to help disperse the exfoli-
ated sheets and prevent aggregation. Sonication relies on normal forces and has a low graphene
yield, but produces relatively defect free and pristine layers [98]. By contrast, ball milling uses
shear forces to separate the layers, and is faster with higher yield, however the fragmentation
caused by the high energy process means that only small flakes are obtained [99]. Shear mixing
uses fluid flow to create high shear forces to exfoliate the graphene sheets, however these can
suffer from similar cavitation issues as sonication methods, introducing unwanted defects [99].

8.2.3.4 Graphene Oxide/Precursor Reduction

The conversion of graphite to graphite oxide and then back to rGO may initially seem like a
counter-intuitive process, but has been hugely successful [100]. The conversion of graphite
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to graphite oxide is usually performed by the modified Hummer’s process, and will be exten-
sively reviewed later in the chapter. Upon reduction, islands/grains of conjugated graphene
structure are restored, which results in a higher conductivity and enables rGO to approx-
imate many of the prized properties of pristine graphene. Hence, the reduction of GO has
emerged as the preeminent way to produce graphene for applications in electrochemistry,
sensing, and photocatalysis. While GO reduction often produces graphene with a higher
concentration of defects than with other methods, these defects can often be useful. The key
consideration is the heterogeneity of the oxidation functionalities produced, and the diffi-
culty in characterizing the exact nanoscale structure of graphite oxide. This heterogeneity
in the type of graphene produced is characteristic of different reduction methods used, and
indeed can vary even within the same method. The structural and functional properties of
GO and rGO will be discussed in Section 8.4 below.

Chemical reduction of GO involves treatment with reducing agents that cleave
the carbon-oxygen bonds and restores the planar, sp’ conjugated graphene structure.
Reagents used include hydrazine monohydrate, hydroiodic acid, and sodium borohy-
dride [100, 101]. Thermal annealing can also be used subsequently or simultaneously
(solvothermal reactions [102]) with chemical reduction to increase electrical conduc-
tivity. Compared to other methods, the defect density of chemically reduced GO is
substantial, to the order of magnitude of 0.01% [56, 103].

Electrochemical reduction can be achieved by direct electron transfer from an elec-
trode to GO layers in solution or deposited on the electrode. Regular electrochemical
cells have reduction (electron donation) at the cathode and this process does not require
added reagents, but is sensitive to factors like pH and temperature [104]. The electro-
chemical reduction is irreversible, easy to perform, and can yield films with a conduc-
tivity up to 85 S/cm [105], which is comparable to chemical reduction with hydrazine
(up t0 99.6 S/cm [106]). This can be improved up to 350 S/cm at a high negative applied
potential [107].

Thermal reduction of GO removes carbon-oxygen functionalities as CO, and CO gas,
and the resulting rGO is usually highly defective (containing basal plane vacancies), of
small grain size, and can have an exfoliated and wrinkled structure. Exfoliation occurs due
to the rapid expansion of gases released by the heating process. Thermal treatment can
be performed in a traditional furnace (from ~500 to >1000°C) or hydrothermally [108].
While thermal reduction is facile, the energy cost for heating can be high, and the result-
ing rGO has a lower conductivity compared to other reduction methods. In addition, the
temperature required for reduction can often degrade the substrate upon which GO is
deposited.

Photoreduction combines the advantages of thermal and chemical reduction with the
ability of a light source to selectively draw patterns and fine features. This approach is
the focus of the rest of this chapter: the photoreduction of GO to rGO. Furthermore,
photoreduction obeys the principles of green chemical synthesis as it does not require
the use of harsh reagents. The main limiting factor for photoreduction techniques is the
true scalability of the technology (i.e., the throughput and synthetic yield). However, this
is not a limitation for most of the main applications of photoreduced GO, such as in
electrochemical capacitors and sensors. Parallel processing using spatial light modulators
or fast galvo-scanners holds the potential to increase the speed and hence throughput of
laser rGO production.
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8.3 Overview of Laser Reduction of GO to rGO

8.3.1 Photoreduction of GO

In this section, we review the main techniques used to perform the reduction of GO, with
different sources of light. We do not aim to be exhaustive, and instead summarize repre-
sentative papers in the field that demonstrate the main characteristics of each technique,
and the associated advantages/disadvantages. The different photoreduction methods are
classified based on whether they employ the use of coherent light or not, and by the nature
(continuous wave, pulsed and pulse duration) of the radiation sources used to induce the
reduction process. This classification becomes useful as an organizing tool in distinguishing
between different atomistic mechanisms of the photoreduction process.

8.3.1.1 Incoherent Radiation Reduction of GO

Cobherent radiation, i.e., laser radiation, is a popular tool for photoreduction, however suc-
cessful photoreduction has also been demonstrated using incoherent radiation. The most
notable example of this is the use of microwave radiation, first demonstrated by Zhu et al.
using a common kitchen microwave [109]. Microwave radiation is absorbed and generates
a plasma, producing a local high-energy environment where graphite oxide is chemically
reduced and exfoliated. Further work has shown that this process can be made faster, and
the quality of rGO improved, by using pulsed microwave radiation and adding a small
amount of graphite powder to catalyze the reaction [110, 111].

Microwave reduction of GO is an attractive method for larger-scale production, as it is
fast and scalable, and allows the reduction and exfoliation steps to be carried out simulta-
neously. Molecular dynamics simulations indicate that the fast heating caused by micro-
wave radiation allows oxygen-containing moieties to be removed at a timescale too fast to
undermine the stability of the graphene sheet, resulting in reasonably high quality rGO
[112].

In addition to microwave radiation, photoreduction of GO by ultraviolet (UV) and
by infrared (IR) lamps has also been reported. Reduction of GO by IR light is thought
to occur by a photothermal mechanism, where heating of the GO by light absorption
drives the reduction process [113]. A similar photothermal process can also be used
to reduce GO using heating produced by UV light, however catalysts can also be used
with UV light to produce rGO by a photocatalytic reaction rather than a photothermal
route [114].

8.3.1.2 Continuous Wave Laser Reduction of GO

Continuous wave (CW) lasers are the most widely used tools to produce laser reduced
GO (LrGO), due to the availability and low cost of CW lasers and associated optical
elements. Furthermore, the quality of rGO produced is often very high, with a large
I /1. ratio and small I /I  ratio in the Raman spectra and high conductivity. In CW laser
treatments, the parameters that are often varied in device optimization are the laser wave-
length, laser power, laser spot size, and scan speed. The last three parameters control the
overall laser fluence, or energy deposited per unit area, which is the true control parameter.
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Figure 8.4 Deposition of GO on various substrates (a) Gingko leaf, (b) sticky note, (c) polyimide film,
and (d) glass lens and subsequent continuous wave laser reduction of GO. Reproduced with permission
from [119]. Copyright 2016 Elsevier.

Complex patterns can be directly written onto onto a variety of surfaces (Figure 8.4) using
traditional galvo-scanner or stage translation methods, or using holographic techniques
based on spatial light modulators [115].

The reduction mechanism is mainly photothermal in nature, as the continuous wave
lasers deposit energy into the GO system in a manner that is often wavelength indepen-
dent and creates rGO solely due to the high temperatures reached at the focus of the laser.
This is because GO has an absorption spectrum that lacks any peaks in the range of typical
CW lasers used, and no nonlinear absorption processes dominate for CW lasers with low
intensities. The ability of CW lasers to deliver more overall energy however reinforces the
photothermal reduction effect relative to pulsed lasers that have a high peak intensity with
small pulse energy (~1-100 m]J). Photothermal reduction also results in a more exfoliated
graphene sheet structure, and hence a greater surface area and density of electrochemi-
cally active edges. As with all laser treatment methods however, a transition between laser
reduction and laser ablation is often observed, as the laser power increases or the overall
dose/energy deposited increases [116]. However, the onset of laser ablation and oxidation
can be suppressed by laser treatment under an inert nitrogen atmosphere [117], and a more
pristine graphene structure synthesized [118].

Pioneering experiments in the CW laser treatment of GO was performed by the group
of Kaner et al. [120, 121] in UCLA. By simply using a CW laser contained within a
LightScribe DVD drive (788 nm), they demonstrated the ability to tune the conductivity
of rGO over five orders of magnitude by changing the write-speed and power of the laser.
This method was used to pattern electrochemical gas sensors, electrodes, and superca-
pacitors. The supercapacitors fabricated had specific capacitances up to 5 mFcm™ and
retained their stability over many bending cycles, with excellent charge/discharge rates
[13, 121]. Using a simple LightScribe DVD drive afforded ease of patterning, as a com-
mercial DVD label burner software could be used to create the patterns required, and the
GO was simply deposited onto a PET film and subsequently adhered onto the surface of
the DVD disc. The LightScribe method produces rGO that is comparable to nanosecond
pulsed laser synthesized rGO when characterized with Raman spectroscopy (high 2D
band) and XPS (high C:O ratio) [122]. Others have also adapted different CW lasers to
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produce planar supercapacitors [123, 124], and even fiber supercapacitors, with capac-
itances up to 1.2 mFcm™ [125, 126]. A disadvantage of CW (LightScribe) LrGO is the
poor adherence of LrGO on a substrate under aqueous solutions, due to the solubility of
remnant GO from incomplete photoreduction. This can be alleviated by casting an initial
blend of GO and PVDEF-HFP [127] prior to LightScribe laser reduction, to increase the
water wear resistance, without compromising the electrochemical activity.

Although laser photoreduction of GO is a natural choice for reduction of solid films, it
is not limited to this configuration, and lasers can also be used to reduce GO suspended in
solution. If this occurs in the presence of another reducible reagent, the other reduction
product can decorate the surface of the resulting rGO sheets. This has been used to create
Ag and Au decorated rGO sheets for surface enhanced Raman spectroscopy, using reduc-
tion of GO in the presence of AgNO, [128] or HAuClI, [129]. Furthermore, this strategy
was used to dope graphene with fluorine, by irradiating a fluoropolymer covered graphene
precursor with a 488 nm CW laser, to create highly insulating structure [130]. The effect
that GO reduction has on adjacent structures can also be seen in lipid vesicle deformation
around GO aggregates due to the release of gases upon CW laser reduction [131].

While an increased degree of graphenization is preferred during the reduction process,
sometimes the graphenization degree measured by Raman spectroscopy does not necessar-
ily correspond to the highest conductivity [132], due to the effect of the sample changing
during characterization as the Raman spectra were acquired, or to the existence of internal
networks of graphene (in thick samples), that are not probed in the focal volume of the
Raman laser. In most cases however, for sufficiently thin rGO (few microns), a high L/
ratio often corresponds to a higher conductivity [133].

Due to the intimate relationship between defects and the electronic properties of CW
laser rGO, a detailed investigation into the effect of defects and domain sizes on the elec-
trical resistivity was performed, and an inverse relationship between the Raman I /I
ratio and resistivity found [134]. This runs counter to usual expectations for monolayer
graphene, because the multilayer rGO produced had a higher density of small sp?> domains
[135] for charge to percolate. This indicates that CW lasers in solid-state reduction and
ambient conditions are not very capable of healing defects and increasing the overall sizes
of sp> domains. This is corroborated by the study of Eigler et al. which shows an increase
of the I /I ratio up to 2.8 upon laser reduction [136]. Instead, the route to more conduc-
tive graphene samples must be in the deoxygenation of larger GO sheets into smaller sp?
domains, allowing charge to percolate through them and increase conductivity.

Using a CW laser, groups have also demonstrated the ability to manipulate the optical
properties and the surface wetting properties of rGO surfaces. Furio ef al. [134] used a
CO, laser (10.6 um) and UV lamp to fabricate rGO surfaces, and tune the water con-
tact angle from 22 to 105°. The CO, laser afforded a more conductive rGO film than
a LightScribe laser. Furthermore, the broadband (450-800 nm) linear transmittance
could be tuned over two orders of magnitude using different UV lamp exposure times.
A positive relationship between contact angle and conductivity was observed, due to the
increased graphenization and removal of oxygen groups simultaneously increasing the
hydrophobicity and conductivity. CO, lasers have proven versatility in reduction of GO,
and have even been shown to be able to create porous graphene from laser treatment
of wood [137]. Optoelectronic devices made of rGO such as fiber Bragg gratings [138],
thermal bolometers [139], rGO-Si heterojunction photodetectors [119] have also been
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fabricated with CW laser reduction. Using the florescence quenching that occurs due to
transformation from GO to rGO, fluorescent “barcodes” can be written onto GO depos-
ited onto surfaces [140].

CW LrGO has been applied as a strain gauge (measuring change in resistance as
a function of applied strain) [141]. Further sensing capabilities, such as mechanical
deformation in response to ambient humidity has been leveraged to create walking
robots and humidity responsive textiles, via fabrication of a GO-rGO layered compos-
ite [126].

8.3.1.3 Nanosecond Pulsed Laser Reduction of GO

Nanosecond lasers are another prominent class of pulsed lasers used to produce rGO. The
quality of rGO produced by nanosecond lasers (as measured by the Raman I /I . ratio, con-
ductivity, and density of defects) is the highest among the pulsed lasers. For pulsed lasers,
the main parameters that can be optimized are the laser wavelength, repetition rate, pulse
duration, laser fluence, focusing lens numerical aperture, and number of overlapped pulses
(or scan speed). All these factors change the amount and distribution of energy deposited
in 3D space, and the rate of the energy deposition.

Nanosecond lasers have a pulse duration of single digit to tens of nanoseconds. During
this pulse, there is ample time for thermal effects to accumulate and deoxygenate GO.
Many nanosecond pulsed lasers operate in the UV region (e.g. excimer or frequency
doubled/tripled YAG lasers), and hence induce photochemical effects in addition to pho-
tothermal effects. GO has an absorption spectrum that peaks at around 200-300 nm.
Hence, GO will absorb UV light and undergo well-known photochemical reactions (e.g.
Norrish type reactions at carbonyl centers [142]) that involve free radicals. There is also
the generation of a plasma plume, which can cause re-deposition of material around the
laser treated zone, and ablation that occurs concomitant with laser reduction. Some of
the first examples of pulsed nanosecond laser (248 nm, 355 nm, 532 nm) reduction of GO
was performed in the solid state by the in 2010 (Figure 8.5), and yielded the characteristic
heterogeneous structure of the nanosecond laser treated zone, with pristine 2D layers
in the centre but more disordered regions on the edges [118, 143]. Future works often
performed rastering of the laser during reduction, to make the surface more homoge-
neous. Arul et. al. performed an optimization of the fluence and number of overlapped
pulses (Figure 8.5) in order to determined the optimum parameters to produce pristine
graphene with clear 2D Raman band signatures [122]. The quality of the laser treatment
can be increased by laser irradiation under an inert gas, vacuum, or hydrogen gas atmo-
sphere. Hydrogen gas atmospheres have been shown to increase the final rGO conductiv-
ity achieved [144], however the difference compared with reduction in ambient conditions
is small [145, 146]. More generally, nanosecond pulsed lasers can also be used to manipu-
late the nanostructure of GO materials by laser ablation in addition to reduction. Lin et al.
have synthesized a variety of one-dimensional GO nanostructures (nano-squares, nano-
triangles, nano-hexagons, etc.), which exhibit tunable photoluminescence [147].

The sheet resistances of nanosecond LrGO are very low (~100-500 /sq [143]), beating
other pulsed laser reduction methods by a decent margin. However, continuous wave laser
reduction often performs better, resulting in rGO with a lower resistance (<80 Q/sq [13, 66])
than nanosecond laser reduction, however a recent study of picosecond laser reduction
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Figure 8.5 (a) Schematic of the laser reduction equipment used and the resulting reduced graphene oxide
with the 2D Raman peak chemically mapped across the surface. Reproduced with permission from [118].
Copyright 2010 American Chemical Society. (b) Heat map of quality of nanosecond LrGO fabricated, as
measured by the Raman I /I _ ratio, when the laser fluence and number of pulses is varied. Reproduced with
permission from [122]. Copyright 2010 American Chemical Society.

(10 ps, 1064 nm, 100 kHz repetition rate) of GO under liquid nitrogen yielded high quality
rGO with sheet resistances as low as 50-60 )/sq [148]. Nanosecond lasers can also be used
to coat GO and rGO onto various substrates using pulsed laser deposition. This has proven
useful in the integration of rGO onto different wafer substrates commonly used in the semi-
conductor industry (e.g. Cu, TiN, and Si [149]).

Nanosecond laser reduction of GO in aqueous solutions was performed by Huang et al.
[150] and Abdelsayed et al. [151] in 2010, to yield dispersed rGO sheets that can be subse-
quently cast onto films. Later work explored the solution-based nanosecond laser reduction
of GO further [152, 153]. Aqueous nanosecond pulsed laser reduction can also be per-
formed in ammonia solution [154] yielding results comparable to chemical based reduction
methods with hydrazine, although the rGO produced did not have a very high conductivity,
high I /I  ratio, or high C:O ratio. Most laser treatments were performed with the harmon-
ics from a Nd:YAG pulsed laser at a low repetition rate (~10Hz) and with pulse durations
on the order of several ns (~5 ns) [155, 156]. As with CW laser treatments, aqueous reduc-
tions are affected by reagents in the surrounding solution, and the reduction process can be
assisted by reducing agents that are activated by irradiation. An example is the reduction of
GO assisted by the photocatalytic activity of polyoxometalate clusters, to yield rGO with an
enhanced saturable absorption characteristic [157]. Silver and nickel nanoparticles can also
be deposited on rGO via in situ photoreduction of the precursor metal salts [158]. Solution
based nanosecond laser treatment has been implemented in several unique applications,
such as in photocatalysts and sorbent materials. Russo et al. synthesized aqueous rGO to
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create a material that can adsorb pollutant dyes [159]. Dye removal can also be performed
by reduction of rGO in the presence of TiO, to create nanostructures of TiO, nanoparticles
supported by sheets of rGO [160] and operates as a good visible light driven photocatalyst
for water splitting [161].

Rather than aqueous solutions, GO can also be dispersed in a frozen matrix of water or
other solvent and deposited onto a surface by pulsed laser deposition. This technique is
known as Matrix Assisted Pulsed Laser Evaporation (MAPLE), and has been used to simul-
taneously deposit and reduce GO to rGO onto quartz/silicon substrates [162-164].

By laser scribing structural gratings onto the surface of GO, two-beam laser interference
can induce super-hydrophobicity to rGO-GO structures with contact angles up to 157°
[165, 166]. This is attributed to chemical changes (increase in sp? graphene domains and
reduction in hydrophilic oxygen groups), and structural changes (Cassie impregnated wet-
ting). These super-hydrophobic gratings also display optical iridescence.

Doping of rGO during the photoreduction process can be accomplished by flowing a
gas (Cl, or NH, [167]) on the surface of GO or deposition of GO on a dopant containing
substrate such as GaN [168]. Conversion of rGO from p to n-type can be done purely by
changing excimer laser processing conditions and changing the extent of reduction of the
rGO [169].

Supercapacitors, while more commonly synthesized with a CW laser, can also be made
with nanosecond and picosecond pulsed lasers. Picosecond pulsed lasers can fabricate
supercapacitors made of porous rGO, but with capacitances of ~38 mFcm™, which is
smaller than the equivalent CW laser scribed versions [170]. With nanosecond excimer
laser treatment, the capacitances are even lower, with a maximum of 2.4 uFcm™ achieved
[171].

Nanosecond LrGO has also been used in various sensing applications such as pho-
todetectors and rGO-paper based electrochemical sensors [172]. Bolometers of rGO
with 90-98% absorption of light in the visible to IR range has been used to construct a
photodetector with a high sensitivity and thermal coefficient of resistance [173]. While
thick rGO films absorb light well, thinner rGO films can act as transparent electrodes for
photovoltaic applications, combining high conductivity and high optical transparency.
Konios et al. constructed flexible organic photovoltaic cells containing rGO electrodes
with 3.05% power conversion efficiency, and is the most efficient solar cell reported of its
kind [174].

8.3.1.4 Femtosecond Pulsed Laser Reduction of GO

Femtosecond lasers are a high-tech tool that are only recently moving from optical research
into applications in industrial materials processing. They use an ultrashort laser pulse on
the order of 100 fs (100 x 107"° s), usually centered in the infrared region of the spectrum
(800-1030 nm). These lasers are often used for micron-scale material removal (ablation),
where the ultrashort pulse duration allows the material to be ionized and ejected before
there is significant heat transfer to the atomic lattice (i.e., the pulse duration is shorter than
the electron-phonon coupling time—typically picoseconds), enabling laser micromachin-
ing with little or no heat affected zones.

A common phenomenon in femtosecond laser ablation is the incubation effect -
where the energy required for material removal lowers as a result of photoinduced defect
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accumulation in the material. Recent work has observed this effect in GO and highly ori-
ented pyrolytic graphite, however rGO was not seen to display this effect, which is thought
to be a result of the defect-rich structure of rGO films and their ultrafast energy relaxation
[175].

Reduction of GO films using femtosecond pulsed lasers was first demonstrated in 2010
by Zhang et al., who demonstrated ability to tune the resistivity of the rGO by varying the
laser power [176]. Although there are numerous experimental parameters that can be mod-
ified during femtosecond laser reduction of GO, the resulting rGO materials typically share
similar characteristics. The brown GO film gradually turns black upon reduction, detailed
in the UV-Vis absorption spectra, where a red-shift and overall increase in absorption is
seen. Reductions in layer thickness and spacing are also observed (by XRD and AFM). XPS
is perhaps the most commonly used method to measure reduction of femtosecond laser
rGO, where loss of C-O binding groups in the C 1s spectra and higher C:O elemental ratio
are clear indicators of reduction [177].

Despite these indicators of reduction that femtosecond laser rGO shares with other rGO,
there are some critical differences that arise as a result of the ultrashort pulse duration
used. Femtosecond laser reduction results in removal of oxygen-containing moieties (with
higher energy bonds being preferentially removed), as evidenced by XPS spectra, how-
ever the ultrashort pulse duration means that in most cases insufficient heat is transferred
to the graphene lattice to drive the sp*-sp?® structural rearrangement [122]. The presence
of the rearranged sp? structure is confirmed by the Raman 2D band at around 2700 cm™
[118, 178], which is often not prominent in femtosecond laser rGO due to the non-thermal
nature of the process. By raising the pulse energy, number of pulses, or pulse repetition rate
however, lattice heating and incubation can result in the sp’-sp* structural rearrangement
[179, 180].

In addition to ablation and reduction, it has been demonstrated that femtosecond laser
processing can achieve simultaneous reduction and doping of GO with nitrogen, using an
ammonia atmosphere [181]. By tuning the laser power, the N-doping concentration and
the bond type (pyridinic or pyrrolic) can be adjusted, allowing the fabrication of graphene-
base field effect transistors. Reduction of GO by femtosecond laser pulses has been shown
in aqueous GO solutions as well, where it provides a simple and non-toxic alternative to the
more common chemical reduction process used to prepare aqueous rGO for applications
such as supercapacitors and electroanalysis [177].

Due to the ability of femtosecond pulsed lasers to carry out precise micron-scale pat-
terning without thermal damage to the surrounding area, femtosecond laser rGO has
found applications in various optical and optoelectronic devices. It has been used as an
electrode in organic photovoltaic cells and organic light-emitting devices, where the high
conductivity and optical transparency (for few GO and rGO layers) are essential [179, 182].
The change in refractive index of GO upon reduction to rGO by femtosecond laser pulses
has also been exploited in the production of holograms for data recording and wavefront
shaping. The fine control over the reduction reaction afforded by femtosecond laser pulses
allows gradual reduction and adjustment of the refractive index of rGO in a way that can
be spatially patterned, enabling fabrication of ultrathin optical lenses [183]. This refractive
index modification also makes possible production of three-dimensional color holographic
images with wide viewing angle, using the athermal production of rGO with spectrally flat
refractive index modulation [28, 184].
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8.3.1.5 Advantages and Disadvantages of the Laser Reduction Methods

The different laser reduction platforms allow for the synthesis of LrGO at different spatial
resolutions, quality, and speed. Here we briefly review each platform and list its advantages
and disadvantages.

CW laser reduction utilizes relatively inexpensive lasers (e.g. LightScribe DVD burners
[121]), that can produce large areas of LrGO very quickly. Hence, it is the best candidate for
large scale production of LrGO for application such as electrochemical supercapacitors and
sensors. The disadvantage of CW laser synthesis is the limit of its resolution, with nanosec-
ond and femtosecond pulsed lasers being able to pattern finer features with greater spatial
control. There are a number of factors contributing to the reduced resolution. Firstly, the
fundamental diffraction limit, which is higher for CW lasers that operate in the visible and
IR compared to pulsed excimer lasers in the UV. Secondly, femtosecond pulsed lasers oper-
ate in a highly nonlinear regime, which results in a smaller laser affected zone because of
nonlinear focusing and multiphoton absorption, whereas most CW lasers operate in the lin-
ear regime. Finally, photothermal effects widen the laser treated zone due to heat diffusion.

Nanosecond lasers have the advantage of a smaller fundamental patterning resolution,
due to the diffraction limit of a UV wavelength pulse. Furthermore, as the heat deposition
is more spatially localized and temporally short, the thermal diffusion away from the laser
spot is minimized compared to CW lasers. The disadvantage of the method is the heteroge-
neity of the single shot laser treated areas, the laser induced ablation that can occur simul-
taneously with reduction [122, 143], and the often lower quality of rGO compared to CW
lasers [118]. This lower quality manifests as wider FWHM of peaks in the Raman spectra,
and in a lower [, /1. and higher I /I . However, when just laser treating under ambient
conditions, the two methods are comparable [122].

Femtosecond laser treatments promise very fine laser patterning of LrGO, however the
requirement for high repetition rates and the higher cost of femtosecond lasers can often
offset the perceived advantages. While femtosecond lasers are the tool of choice for precise
micromachining of virtually any material [185], we believe that nanosecond and CW lasers
are better suited for large-scale laser reduction of GO.

8.4 Mechanistic Understanding: Laser Reduction
and Patterning of GO

The mechanism of the laser reduction of GO is still largely unknown. By drawing upon
several studies, we attempt to build a picture of the timescales and fundamental chemical
phenomena occurring during and after the laser irradiation process. As no time resolved,
in situ state probe of the reduction process in the solid state has yet been performed, infor-
mation about the elementary reaction steps must be deduced from analogous studies in
liquid reduction or from computational simulations.

8.4.1 Photophysics and Photochemistry of Graphene Oxide Reduction

The overall reduction process depends on factors such as the energy deposited, the timescale
of the reduction process, and the structure of the GO (chemical composition, intercalated
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water, sheet morphology). Our hypothesis for the laser reduction mechanism proceeds
as follows: GO laser reduction occurs via a two-step process [122]. The first step involves
the photochemical removal of oxygen from the surface of GO. The exact mechanism of
this step differs depending on the laser wavelength used, the pulse duration, and is often
accompanied by laser-induced material removal/ablation. The second step is the structural
reorganization of the carbon-based lattice into planar, sp? conjugated domains. This step
is mediated by thermal effects, and can be spatially heterogeneous in nature depending on
factors such as the laser’s spatial intensity profile, treatment conditions, anisotropic thermal
diffusion, etc. These two steps occur on different timescales. Photochemical reactions can
be induced within a few hundred femtoseconds, while the earliest step of thermal diffusion
(the transfer of energy from the electrons to phonons/molecular vibrations) occurs on the
order of tens of picoseconds.

8.4.1.1 Photochemical Reduction

The photochemical reactions that occur during the laser reduction process can be classi-
fied into two separate regimes, those due to linear absorption and those due to nonlinear
absorption effects. Nonlinear absorption effects only occur in the regime of high intensities
within picosecond and sub-picosecond pulsed laser interactions, while linear absorption
dominates for nanosecond and continuous wave lasers. Optical bandgaps are hard to esti-
mate, as GO is a heterogeneous material. To the extent that we can treat GO sheets as semi-
conducting, Liaros et al. propose a ~0.6 eV gap corresponding to non-oxidized sp? and sp*
regions, and a further 2.6-3 eV gap from the oxygenated regions [186].

Depending on the chemical functionalities present on the surface of GO, different pro-
cesses can occur that lead to reduction. Overall, it has been determined that the structure of
GO most closely follows the Lerf-Klinowski model [187, 188], where the basal-plane func-
tionalities are epoxides and hydroxyls, with carboxyls, carbonyls, and lactones at the edges
[189]. This is supplemented by small domains of graphitic sp* regions, which are present
due to incomplete oxidation. Further studies have also shown the presence of humic and
fulvic acid like debris of <50 nm in size that decorate the surface of the larger GO sheets,
when GO is synthesized via the Hummers-Offerman method [190]. This can be seen in
Figure 8.6 below, where the differences between graphene, GO, and rGO are depicted.

The study of the complex mechanisms occurring during GO photoreduction has been
hampered by the lack of uniformity and the structural complexity of GO itself. Recent work
by Hong et al. has attempted to elucidate the effect of different functional groups on the
reduction of GO, using two-photon oxidation of graphene to carefully control the func-
tional groups present [192, 193]. Hong et al. found that laser reduction can cause redox
reactions that convert one functional group to another, over a timescale of tens of sec-
onds. This finding has an impact on both photothermal [194] and photochemical reduction
[195]; when the total C:O ratio is high, reduction occurs by epoxide diffusion and subse-
quent removal, whilst high binding energy functional groups (like carbonyls and carboxyls)
are first converted to lower binding energy groups (like epoxides or ethers) prior to full
reduction. If the C:O ratio is low, redox reactions that convert epoxides and ethers to car-
boxyls and carbonyls occurs first, then a stepwise reduction to sp* and residual sp’ carbons.

We can also examine analogous photodisassociation reactions of small carbon-based
fragments, extensively studied in the molecular photochemistry field, to understand the
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Figure 8.6 Aberration corrected TEM images of (a) Pristine graphene. (b) GO with holes (blue), graphitic
domains (yellow), and oxygenated domains (red). (c) rGO with holes (blue), graphitic domains (yellow), and
oxygenated domains (red). Copyright 2010 Wiley. Reproduced from [191] with permissions. (d) Schematic of
the Lerf-Klinowski model of GO. Copyright 2009 Royal Society of Chemistry. Reproduced from [142] with
permissions.

photoreduction of GO. Plotnikov et al. have performed a detailed analysis of the possible
reaction mechanisms involved in the disassociation of small molecules from GO, and the
expansion of sp> domains under incoherent UV radiation [196], which was also observed
by Matsumoto et al. [197]. GO absorbs light primarily in the UV region, at ~227 nm.
As effective photoreduction progresses, the absorption maximum redshifts to ~265 nm,
which indicates an increased size of sp? conjugated domains [9]. Signatures of increased
conjugation and removal of oxygenated groups could also be observed in the fluorescent
excitation-emission maps [198]. The growth of sp? conjugated domains was attributed to
the migration of remnant epoxide and hydroxyl fragments to the periphery of sheets, which
is estimated to have an energy barrier of ~0.9 eV and hence easily surmounted by light
sources with wavelengths shorter than ~1378 nm. Indeed, this hydroxyl migration step has
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been observed via in situ photoluminescence studies during the reduction of a single GO
flake under 405 nm continuous wave irradiation [199].

The disassociation of CO, CO,, H,0, and 0, molecules is also expected to occur from
an electronically excited state, rather than from a vibrationally excited ground state. This
underscores the main difference between traditional photochemical and photothermal
reductions. Photothermal reductions involve a vibrationally excited ground state, which
are populated either via heating or by relaxation from an electronically excited state.
Photochemical reduction occurs from the excited state and has a dependence on the spin
multiplicity (singlet/triplet) of the states involved.

The R-0, and O-H fragments (where R represents an all-carbon fragment) have excited
states that are repulsive (anti-bonding) with triplet and singlet characteristics, hence exci-
tation into either state will result in bond cleavage. However, the triplet excited states are
higher in energy [196, 200], and unlikely to be populated by a single UV photon. The
excited state for the C-O singlet is lower in energy than the O-H singlet [201], hence the
C-0 bond will be preferentially broken. Similar considerations occur for the elimination
of CO and CO, from carboxyl (RCO,H) and carbonyl (RCHO) functionalities [202]. The
elimination of these groups occurs in a concerted reaction with simultaneous hydrogen
transfer to the remaining carbon fragment. The removal/photolysis of epoxy, carbonyl,
and carboxyl functionalities can be tracked by a decrease in the absorption of GO, espe-
cially if the photolysis goes too far and degrades the structure of the resulting rGO [199].
However, the C-C bonds that comprise the main carbon network are not easily broken
by purely photochemical means, as its disassociative triplet excited state is high in energy
[203].

As discussed above, irradiation with UV photons causes photochemical reduction and
photothermal reduction [197] and is required for linear absorption by GO sheets, both
as films and in solution. Visible wavelengths are more weakly absorbed, but absorbances
remain around 0.5 until ~400 nm for GO so that photochemical reduction with visible
light is still possible. At continuous wave laser wavelengths of 532 and 635 nm, there is
poor linear absorption and no photochemical reduction occurs. However, once infrared
radiation is used, or at high laser powers, the mechanism changes from a photochemical
to a photothermal one [194]. Any photochemical reactions would have to proceed via
nonlinear absorption mechanisms, which become important under the extremely high
photon flux from ultrafast lasers for example. In the ultrafast regime, photooxidation
[193] is a competing mechanism with photoreduction. Photooxidation is detrimental to
the reduction of GO to rGO, as it will reduce the C:O ratio and the size of the graphene-
like domains.

The nonlinear response of GO has been extensively characterized by Zheng et al. [27].
They discovered four distinct regimes of nonlinear effects (such as saturable absorption,
Kerr nonlinearities, etc.) as a function of the laser fluence for an 800 nm, 100 fs pulse laser,
at a 1kHz repetition rate. The four regimes (ordered from low to high fluence regimes) are;
(i) saturable absorption, (ii) two-photon absorption and excited state absorption of the sp*
matrix, (iii) onset of reduction of GO, and (iv) completion of reduction of GO. Machining
with fluences beyond the final regime results in laser ablation. However, the rGO produced
with the higher fluence of regime (iv) does not have a significant 2D Raman band, despite
evidence (from XPS) that oxygen is removed [184]. This indicates that there is no relaxation
of rGO sheets to a planar graphene layer, with extended sp* conjugation.
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Similar to the discussion of linear absorption photochemistry, there is also the influence
of functional groups on the nonlinear absorption. Also, lower oxidation % or a higher sp*
carbon content results in higher nonlinear absorption, a trend observed for femtosecond
[27, 204] through to nanosecond laser reduction [156, 205]. Curiously, there is even a non-
linear absorption for continuous wave lasers at 405 nm, which decreases as GO is laser
reduced (at that same wavelength). While wavelength dispersion of the nonlinear index and
two-photon absorption cross-section is observed in rGO [206], generally as the sp? content
increases, the nonlinearity also increases [207].

8.4.1.2 Photothermal Reduction

In order to understand the photothermal aspect of the laser reduction of GO, we turn to
studies on the thermal reduction of GO as a guide. It is assumed that, at the microscopic
level, there is a similarity between the structural change to GO induced by photothermal
effects vs. purely thermal effects. There are differences in the morphology of the final prod-
uct however, due to the rastering motion of the laser and the localized deposition of heat,
compared to the more isotropic heating in furnace based thermal GO reduction.

Thermogravimetric studies have shown the presence of two separate steps of material
removal/resorption during the reduction process. The first, occurring at ~150°C involves
the removal of epoxide and hydroxyl functionalities, while another at 600°C is attributed
to other functionalities like the edge carbonyl and carboxyls [187]. Synchrotron XPS stud-
ies have shown that edge carboxyls are much more easily removed than carbonyls, and
phenolic C-OH, where the hydroxyl is attached to an sp” carbon, is the most stable [208].
Furthermore, the step at 600°C is accompanied by a large increase in the density of electrons
near the Fermi level, which indicates the restoration of large sp2 regions and an increase in
the rGO’s conductivity.

Thermal reduction also results in exfoliation [209, 210] and a large increase in the pore
sizes of rGO at 200-300°C, due to removal of gaseous species (HZO, CO, CO,, etc.) and
oxygenated groups [211]. This is also seen in photothermal reduction, where exfoliation of
graphene occurs at low laser fluences.

At 500-700°C the structure densifies slightly due to removal of hydroxyl or carbonyls,
then becomes more open again at 900°C. Under the focus of a continuous wave or nano-
second laser, temperatures can reach in excess of 10°~10°K at the centre of a tightly focused
beam [212]. In addition to exfoliation, defect healing is also observed at temperatures of
2000-2800°C via an annealing process. Both computational and experimental studies
have pointed to vacancy elimination, increase of lateral domain size via cross-linking,
and increase of hexagonal sp® regions, as the source of the defect elimination [213]. Full
removal of defects has been observed for annealing at 2073K, if the starting GO material is
already pre-reduced with a low concentration of oxygen functionalities that would other-
wise desorb CO/CO, and leave behind vacancies [214]. Hence, photothermal reduction can
increase the size of graphene domains and decrease the density of defects in rGO, relative
to the starting GO.

Generally, laser reduction of GO in inert gas or vacuum conditions results in a higher
quality rGO, with a greater electrical conductivity [133]. However, in thermal reduc-
tion of GO, reduction in hydrogen atmospheres has yielded more reduced rGO (higher
C:O ratio) than reduction in inert argon atmospheres. This effect is possibly due to
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the reduction by hydrogen of carbonyls and epoxides by to hydroxyl groups, which
are then easily eliminated as water. For laser reduction of GO, the role of hydrogen
gas can be replaced by strongly bound water molecules [215], that are retained in the
initial desorption process of weakly intercalated water. Theoretical studies [216, 217]
have indicated the plausibility of this mechanism, and further lends support to the
importance of bound water in the reduction of GO. Molecular dynamics simulations
are the primary source of insight into the atomistic mechanism, and advances in the
computational efficiency of codes like LAMPSS and ReaxFF have enabled the simula-
tion of larger flakes of GO.

Other than in aiding the exfoliation process, water intercalated within layers of GO can
also play a role in the photoreduction process by changing the resulting optical properties
of the rGO. The linear refractive index and absorption coefficient have both been found to
increase upon thermal reduction of GO, due to the removal of water between GO layers.
This can aid the further absorption of energy from the irradiation source and increase the
conversion of GO to rGO [218].

8.4.2 Light-Matter Interaction Timescale in GO and LrGO
8.4.2.1 Continuous Wave Lasers

Continuous wave (CW) laser reduction is dominated by the photothermal reduction process
for CW lasers in the IR and long wavelength regime (800 nm to 10 wm). Lazauskas et al.
have shown similarities in the exfoliated morphology of rGO between LrGO at 788 nm, and
that for thermally reduced GO [219]. Photochemical mechanisms can come into play if the
wavelength of light exceeds the bandgap of GO (typically in the visible to near-UV energy
range), and so is effectively absorbed.

Sokolov et al. have performed a comprehensive study investigating the mechanism of
405nm laser reduction with a single flake of GO [199]. The first step of the CW reduction
process identified was photochemical in nature (Stage I in Figure 8.7a), as the measured
temperature of the flakes did not change by more than a few Kelvin [220], and the activa-
tion energy for this step of the reduction process corresponds well to the barrier needed
for elimination of a hydroxyl group. The next step is the reduction and ablation of rGO
into a highly photoluminescent species after 100 seconds of irradiation with a 405 nm CW
laser (Stage II in Figure 8.7a). The final stage is the photobleaching of the fragments due
to excited state reactions of emissive species with oxygen. Heterogeneity in the extent of
reduction is observed in the single GO flake, resulting from several factors; (i) the inherent
disorder in the starting GO material, (ii) the laser beam profile, and (iii) temperature gra-
dients due to inhomogeneous thermal conductivity that feed back to changes in photoiniti-
ated events [220]. This can be seen by the superimposed photoluminescence rate of change
vectors in Figure 8.7b-e. The rate of change vectors indicate the spread of the reduction, by
tracking the gradient of photoluminescence intensity changes. The inhomogeneous spread
of the “reduction front” can be decreased by rastering the laser beam. Hence, an optimal
exposure time to the CW laser exists, which balances reduction of GO with photobleach-
ing, an observation also made by Struchkov et al. [133].

The effect of fluence on the laser reduction process was studied by Deng et al. [119] with
a 650 nm laser. The fluence dependence displays similar behavior to the effect of time on
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Figure 8.7 (a) Schematic showing continuous wave laser (405 nm) reduction of a single GO sheet, with
color images below indicating the kinetics of reduction (Stage I) or photobrightening (Stage IT) (measured
by photoluminescence mapping). (b) Reduction vector field superimposed on top of a color map of the rate
of photochemical reduction (c-e) Photoluminescence enhancement vector field superimposed on top

of a color map of the rate of photoluminescence enhancement. All scale bars are 2.5 um. Copyright 2013
American Chemical Society. Reproduced from [220] with permissions.
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Figure 8.8 Topography map (from white light interferometry) of rGO in the (a) growth region, (b) transition
region, and the (c) etch region. Corresponding Raman spectra are displayed below (d) growth region rGO
(black) with GO (red) above, and (e) transition region rGO (black) and GO (red). (f) Height vs. laser power
used, with the three regions classified. Copyright 2016 Elsevier. Reproduced from [119] with permissions.

reduction, suggesting a dependence of CW laser reduction on energy dosage rather than
on fluence or time separately. They observe a clear growth region, where exfoliation and
reduction to high quality rGO occurs (Figure 8.8a). The next stage is the transition region
(Figure 8.8b), where the rGO layers are ablated in a layer-by-layer fashion with a concurrent
decrease in the film thickness and increase in the size of the heat affected zone. The final
region is the etch region, which is characterized by pure laser ablation of GO (Figure 8.8¢).
These three distinct regimes can be seen by correlating the height of the film relative to the
laser power used (Figure 8.8f).

8.4.2.2 Nanosecond Pulsed Lasers

Nanosecond laser interaction in GO is also dominated by linear absorption, because of
their high photon energy and long pulse duration, thus allowing the various photo-
chemical processes detailed in Section 8.4.1.1 to occur. Nonlinear absorption can also
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occur, mostly due to the absorption of the excited sp’ and sp* states [27, 221], but with
less efficiency than in femtosecond laser interaction. Depending on the wavelength
of the laser, resonant excitation will result in excited state absorption, while non-
resonant excitation will give multi-photon absorption. The absorption of photons by the
GO sheets will allow the myriad photochemical processes related in Section 8.3.1.1 to occur.

With nanosecond laser treatment, there are further physical effects, due to the transient
nature of the laser pulse. Once a photon is absorbed, the electron excitation will then ther-
malize to the lattice, and Sokolov et al. predict that hole-hole localization, exciton self-
trapping, and material removal as a plasma may also occur [143]. The observation of
ablation being concomitant with laser reduction is also observed by our group previously
[122], especially during treatment in ambient atmosphere.

A pre-incubation effect is observed, where a minimum energy deposition is needed
to initiate the removal of oxygen and create a certain density of vacancy defects, prior
to material removal [122, 143]. Nanosecond laser pulse reduction of GO also produces
a defined ablation plume. Sokolov et al. suggest that this ablation plume could con-
tain carbon fragments that are re-oxidized in the presence of air and subsequently
re-deposited on top of the material [143]. This could account for the lower quality of
rGO produced by nanosecond laser treatment in air vs. in nitrogen [118]. However,
later studies have shown that lasers can also photo-oxidize GO in addition to reduc-
ing it [193]. Hence, a balance may be struck between reduction and oxidation, espe-
cially in heterogeneous regions of the GO film that possess different degrees of oxygen
functionalization.

8.4.2.3 Femtosecond Pulsed Lasers

The effect of femtosecond laser irradiation on GO is dominated by nonlinear effects, due
to the high peak intensity of a pulse. The optical gap of GO lies between 2.6 to 3 eV [186].
As most femtosecond lasers operate in the Ti:sapphire wavelength of 800 nm (1.55 eV), the
absorption of photons by GO is primarily nonlinear.

Numerous studies based on pump-probe spectroscopy with femtosecond laser pulses
have been used to illustrate the ultrafast pre-reduction behavior of GO [186, 222, 223].
Murphy and Huang have studied the ultrafast behavior of GO films, and found a remark-
able insensitivity of the excited state dynamics to the number of GO layers, substrate, and
excitation intensity. This indicates the dominance of intra-layer electron dynamics and weak
inter-layer interactions. They observe an initial 1-2 ps decay assigned to shallow defect
trapping of electrons, and a longer decay lasting ~10-100 ps associated with non-radiative
decay (e.g. thermalization with phonons, etc.).

High quality rGO has been made using high repetition rate femtosecond lasers, where
incubation and heating effects can dominate [176]. Reduction with single pulses and
low repetition rates (~1kHz) however, have not yielded high quality rGO, with a distinct
Raman 2D band and small D band [184]. We interpret this as the effect of a decoupling
between the photochemical removal of oxygen, and the subsequent relaxation of a sheet
back into a planar form that is characteristic of graphene (and not other disordered forms
of carbon).

Zhang and Miyamoto showed the possibility of selective breaking of C-O bonds, while
keeping C-C bonds intact, using time dependent density functional theory models [224].
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They demonstrated their simulations on a small nine carbon ring fragment, irradiated by a
800 nm, 2 fs pulse. These simulations showed the desorption of epoxy and hydroxy groups.
However, all experimental demonstrations to date have been performed with longer pulses,
>10 fs, and pulses with 10-45 fs durations can break the adhesive forces between graphene
layers [224]. This is more in line with experimental cases, where laser reduction of GO is
often performed with >1 layer of GO.

Irradiation of pristine graphene with a femtosecond laser at fluences below the abla-
tion threshold was shown to introduce oxygen functionalities on the surface [193],
which would compete with the nonlinear reduction process triggered by heating.
Theoretical and STM studies have also shown that femtosecond laser irradiation of
graphite can transform the sp? carbon on the surface into an sp’ coordination, due to
coherent excitation of interlayer compression and shear displacement [225]. This phe-
nomenon is not observed with nanosecond pulsed laser irradiation of graphite, up to
the ablation threshold [225].

On balance, these varied pieces of evidence point to the easy photochemical removal
of oxygen, but the resulting rGO has a more disordered and non-planar structure. The
non-planar structure can be relaxed by thermal annealing [101], for example due to incu-
bation effects in high repetition rate, large pulse number irradiation treatments with femto-
second lasers [14, 180]. In contrast, the low quality rGO produced with single pulses, while
“reduced” in the sense of having a lower oxygen content, lacks the structural features that
distinguishes it as pristine graphene or rGO.

An exception to this hypothesis is the femtosecond laser reduction of GO while in aque-
ous solutions. In the case of UV photoreduction, contributions to the reduction process via
thermal or photoionization of oxygen functionalities was ruled out [226]. The source of the
electrons used for the reduction process instead was from the solvent (water) used. Over
1-250 ps, solvated electrons interacted with GO reducing it to rGO with several pulses
being necessary for extensive reduction.

8.5 GO Synthesis and Characterization of Graphene Materials

8.5.1 Graphene Oxide Production

GO production is a field on its own, with many innovations in the production and surface
deposition of GO over the past decade. Here, we will focus on the main methods of syn-
thesis of GO, and review the various casting methodologies used to deposit graphene on
surfaces. We also make some connections between the measured physical and chemical
properties of GO to its subsequent behavior in laser reduction. This section is written as a
“tutorial review” for readers unfamiliar with characterization and GO synthetic techniques.
More advanced readers may skip this section.

8.5.1.1 Synthetic Routes to GO

The synthesis of GO and graphite oxide was launched by the publication of Brodie in 1885
[227], where concentrated H,SO, and KCIO3 was used to oxidize graphite. However, the
reagents used are extremely dangerous, and KCIO, and H,SO, can react to make CIO,
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which decomposes explosively at 45°C [228]. Many subsequent efforts to improve the
process ensued [228], which culminated in three main methods to synthesize graphite
oxide: the Staudenmaier, Hofmann, and Hummers—-Offeman methods. Staudenmaier and
Hoffmann’s methods used HNO,, H,SO,, and KCIO3 as the oxidizing agents, but at lower
temperatures and different reagent ratios than the original synthesis proposed by Brodie.
The low temperatures (managed by equipment like ice baths) are necessary to minimize
the risk of explosions. The Hummers-Offeman method avoids the use of nitric acid and
KCIO3 entirely, and uses concentrated H,SO,, NaNO,, and KMnO r The resulting mixtures
are often sedimented, centrifuged (to isolate uniform sheet sizes), and ultrasonicated in
aqueous solvents to create a stable suspension of mono-disperse GO sheets. Care should be
taken in the ultrasonication process to not over-sonicate and break up the lateral dimen-
sions of the sheets [229]. For detailed descriptions of the synthesis of GO, we refer the
readers to Refs. [103], [142], [230]. There are numerous modifications to the traditional
synthetic procedures, such as the exfoliation of graphite sheets with intercalated ions [231],
and an improved Hummers’ method [232] to create a more oxidized product using H,SO,
and H,PO, (without any NaNO,).

The synthesis of GO is not a precise, atom-economic synthesis like in traditional organic
synthesis. The combination of harsh oxidizing reagents used and poor control of the struc-
ture of the graphitic starting material often results in heterogeneous GOs being produced.
This heterogeneity manifests in the sample morphology, ratio and location of functional
groups (epoxides, carbonyls, carboxyls, etc.), and the density of defects. Further sources of
sample heterogeneity originate from the workup process where the GO is isolated from the
strong acid mixture, where the sample can be exposed to light or water. There is measurable
difference in the heterogeneous electron transfer rates between thermally rGO made from
GO synthesized by each of the three main techniques [228]. For electrochemical appli-
cations, the rGO originating from the Hummers method shows faster electron transfer
kinetics and lower overpotentials than the Staudenmaier or Hoffmann methods [230]. The
oxidation mechanism of GO has been extensively studied both computationally and exper-
imentally [100, 142, 233].

8.5.1.2  Surface Deposition of GO

GO holds primacy among graphene-based technologies due to its unique capability to be
solution processed and hence coated onto a variety of substrates (e.g. SiO,, Si, PET, ITO,
metals, glassy carbon, polyimide, PTFE, etc.). GO is hydrophilic and hence dissolves easily
in aqueous solvents. Upon ultrasonication, deposition, and drying, the resulting films can
have controlled thicknesses and morphologies. There is an abundance of literature on the
solution processing of GO, and this has been extensively reviewed [100, 234].

The important physical characteristic that makes GO so easily dispersible in aqueous
solvents is its formally amphiphilic nature [235]. The basal plane of the sheet is composed
of islands of hydrophobic unsaturated carbons, while the edges have a high concentration of
hydrophilic oxygen functionalities. These oxygen groups serve to stabilize these sheets and
solvation sites for water molecules.

Drop casting is the simplest method for the coating of GO onto various surfaces. It
involves dropping a known volume of GO onto a surface and allowing it to dry in ambient
conditions or under inert gas heating [236]. The thickness of films can be controlled by
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changing the surface area/volume of GO deposited, or the concentration of the resulting
solution. This method is versatile and allows coating on various substrate geometries and
anisotropic structures. While the speed and ease of coating is advantageous, there is inho-
mogeneity in the thickness of the deposited film, due to surface tension effects. Furthermore,
the quick drying of the surface layers of GO prevent water from escaping the layers below,
thus increasing the amount of trapped water species [235]. The uniformity and hydropho-
bicity of drop-casted GO films can be tuned by modification of the underlying support
substrate, for example by attaching oxygen functionalities to PET films [237].

Spin coating is a commonly used technique to create films of uniform thickness, where
the thickness can be controlled by the viscosity of the solvent, the concentration of the
solution, and the rotational speed of the spin coater. Spin coating can achieve very uniform
and even monolayer thicknesses of GO and graphene on surfaces. Often, multiple stages of
spin coating are required, to uniformly wet the surface and subsequently to thin the solvent
layer. Nitrogen gas can also be simultaneously blown over the substrate while spinning, to
increase the speed of solvent evaporation [238]. The downside to this quick sample prepa-
ration method is the time needed to optimize different spin coating parameters, and the
substrate preparation. Spin coating substrates can vary depending on the application, but
are often glass, silicon, or quartz. These substrates are often thoroughly cleaned in solvents
like propanol or even piranha (mixture of H,SO, and H,0O,) solution before being coated.
Furthermore, in order to create a more uniform coating of GO, functionalization of the
surface with (aminopropyl)triethoxysilane [239] or oxygen plasma [240] can be performed.
The oxo or silane groups increase the hydrophilicity of the surface, thus enabling GO to
more efficiently wet the substrate. Subsequent drying of the GO solution can be done in a
vacuum oven or in ambient conditions.

Vacuum filtration of a GO solution onto filter paper made of cellulose ester or polyamide
is also common [74]. This procedure, which is commonly used to separate products in wet
chemical synthesis, allows the deposition of thin films of GO from low concentration solu-
tions. There is excellent control of the thickness (by varying concentration or filtration vol-
ume), as the deposition is self-limiting due to the lodging of GO sheets on the membrane’s
pores. However, as the pores are not uniform across the surface of the membrane, there
is some inhomogeneity for the thin GO films deposited, because sheets that block nearby
pores can overlap or cause wrinkles [74]. The resulting film can be kept on top of the mem-
brane substrate, or can be delaminated for further use. The delamination can be performed
by dissolving away the underlying membrane, and if pressed against another substrate, the
GO film can be transferred over. The free-standing membrane can also be lifted off by water
from the underlying substrate.

Other deposition methods include the Langmuir-Blodgett method, dip coating and
spray coating [241] of a GO solution onto an inert substrate [100]. The Langmuir-Blodgett
method involves spreading a solution of aqueous GO and methanol over water, thus sus-
pending GO sheets at the air-water interface [235]. The layer is stable due to the reduction
of surface tension of the surface by the GO monolayer, and the prevention of layer collapse
by the electrostatic repulsion between the edge oxo-functionalities of the GO sheets. This
film is then deposited onto a substrate and transferred over. There is potential for damage to
the film during the transfer process, and careful solvent optimization, and speed of spread-
ing is required.
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8.5.2 Characterization and Quality Control Metrics for GO
and Graphene Materials

Rational materials design is centered on the paradigm of understanding the relation-
ship between structure, processing, properties, and performance. In order to understand
this complicated relationship for LrGO materials, various characterization techniques
are required. This is written in the style of a “tutorial review”, to demonstrate the main
advantages, limitations, and the important information that can be extracted using each
technique.

The development of robust devices based on LrGO requires reliable and standardized
metrics for quality. These metrics vary according to the application, and can be classi-
fied into microscopic parameters (Table 8.1) like defect density and crystallite size and
macroscopic quantities (Table 8.2) like electrochemical reaction activity or electrical
conductivity.

8.5.2.1 Morphology

Scanning electron microscopy (SEM) is used universally in materials science, and utilizes a
raster scanned electron beam, and the electron-sample interactions, to generate an image.

Table 8.1 Microscopic parameters.

Microscopic parameter Characterization techniques
Lateral sheet size AFM, Raman, HRTEM
Defect concentration Raman

Chemical composition (e.g. dopant, C:O ratio) XPS, FTIR

Phase/impurities TGA, UV-Vis

Layer structure XRD, AFM, Raman

Surface morphology (wrinkles, etc.) SEM, TEM, optical microscopy
Electronic structure (sp? conjugation) UV-Vis

Table 8.2 Macroscopic quantities.

Macroscopic quantities Characterization techniques
Surface area BET, dye adsorption

Electrical conductivity Four-point probe

Capacitance, electrode reaction kinetics Cyclic voltammetry

Complex dielectric function Electro-impedance spectroscopy
Optical absorbance, transmission, reflection Spectroscopic ellipsometry
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Although graphene layer thickness is smaller than the resolution of an SEM (typically
nanometer), it can still reveal important information on the morphology of a graphene-
based material.

The layered structure of graphene materials is a common observation in SEM char-
acterization, and can be seen in seen in graphene, GO, and rGO in Figure 8.9. SEM can
also be used to measure the lateral dimensions of graphene flakes, an important qual-
ity metric. Although it does not have the resolution required to measure graphene layer
thickness, the appearance of “transparent” graphene flakes in SEM indicates the presence
of few-layer graphene, with less than 10 graphene layers [242].

Transmission electron microscopy (TEM), high resolution electron microscopy
(HR-TEM), and scanning transmission electron microscopy (STEM) are some of the most
important characterization techniques for graphene-based materials. In conventional TEM,
electron diffraction can be used to characterize the crystallinity of the underlying graphene
lattice, which is maintained even when graphene is in an oxidized state [244]. The morphol-
ogy of graphene flakes or platelets is also often observed, as well as wrinkles or folds in the
film.

HR-TEM allows more detailed analysis of GO, due to its ability to image lattice atoms
and defect sites. Domains of graphitic sp’ carbons are typically seen, interspersed with
regions where the pristine graphene structure is disrupted by oxygen moieties, as shown in
Figure 8.10. The presence of these oxygen groups, and the structural disorder they intro-
duce, are clearly seen by HR-TEM [245, 246]. In cross-sectional imaging, individual layers
can be resolved, and layer spacing measured [247].

GO has also found application as a support film for TEM analysis of nanoparticles and
macromolecules, due to its high electron transparency [244]. Practical concerns include the
stability of GO under the high voltage beam, where oxidized groups are seen to move to where
the electron beam is focused, leading to a upper limit for stable imaging of 60-80 kV [245].

Figure 8.9 SEM images of graphene-based materials, including (a) GO, (b) LrGO, showing the layered
structure created during laser-induced thermal exfoliation, (c) electrochemically exfoliated graphene,

(d) “transparent” few-layer flakes of rGO. (a) and (d) reproduced with permission from [242]. Copyright
2012 Springer Nature. (c) reproduced from [243] under Creative Commons Attribution License (CC BY).
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Figure 8.10 Left: Simulated STEM-ADF images of graphene with oxygen attached, (a-d) represent possible
configurations of oxygen bonded to the graphene lattice, while (e) represents oxygen randomly connected

to the graphene lattice in a 1:5 O:C ratio. Reproduced with permission from [15]. Copyright 2009 American
Chemical Society. Middle and right: HR-TEM images of rGO showing graphene lattice and defects, with
carbon hexagons (blue), pentagons (magenta), and heptagons (green) assigned. Reproduced with permission
from [248]. Copyright 2010 American Chemical Society.

Contamination of GO with Si has also been observed in TEM images, a result of trace amounts
of Si from deionized water filters being carried through the production process [245].

Brunauer-Emmett-Teller analysis (BET) determines the specific surface area of a sample
(m?*/g) by measuring the amount of gas adsorbed on the sample surface. For graphene-based
materials this metric has particular importance in the areas of sensors, supercapacitors, and
hydrogen storage. Isolated graphene sheets have an extremely high surface area of 2630 m*/g,
however in practice surface areas greater than 700 m?/g are rarely achieved due to agglomer-
ation and presence of multilayer graphene. Modifications such as nanomesh graphene reduce
this tendency, and have allowed specific surface areas of up to 1650 m*/g to be achieved [249].

When analyzing graphene-based materials for capacitor applications, a number of prac-
tical limitations of the technique must be considered. Very narrow pores/cavities, such as
those created by exfoliation of graphene layers, can be difficult to access by certain phy-
sisorbing gases, leading to discrepancies in specific surface area measured by N, and CO,.
This can lead to inconsistent or unreliable calculation of key performance metrics such as
the interfacial capacitance (F/m?) [250].

Optical microscopy is a widely used and relatively simple method for visually examining
graphene-based materials. When placed on top of a certain thickness of SiO, on Si (depen-
dent on illumination wavelength, 300 nm SiO, is used for white light), the path length
difference means that even single layer graphene can be detected with a standard optical
microscope, and contrast changes can be used to determine the number of layers pres-
ent [251]. Recent advances have allowed optical microscopy to examine more than just
the number of layers, and flake shape/size (Figure 8.11). Using selective oxidation of the
underlying copper foil, grain boundaries in graphene sheets can be revealed under optical
microscopy [252]. Interference reflectance microscopy (Figure 8.11), a label-free technique,
can use the difference in refractive index between graphene and GO to watch the oxidation
reaction progress [253].

Optical profilometry, or interferometry, is another optical technique that can provide
information on the morphology of graphene-based materials, and has the added capa-
bility to give accurate information about changes in surface height by using an interfer-
ence objective lens. Phase shifting interferometry uses a single wavelength source, and has



266 HANDBOOK OF GRAPHENE: VOLUME 8

Figure 8.11 (a) Graphene on 300 nm SiO, illuminated at with white light, showing visibility of single and
multilayer graphene. Reproduced with permission from [255]. Copyright 2010 American Chemical Society.
(b) Interference reflectance microscopy image, showing graphene after 1h oxidation in Clorox, where lighter
areas are oxidized graphene, initiated at nanoscale bilayers (red arrows). Reproduced with permission from
[253]. Copyright 2017 American Chemical Society. (c) 3D phase shift interferometry image of graphene on
SiO,, showing how the phase shift through graphene appears as “recesses” in height data. Reproduced with
permission from [254]. Copyright 2007 AIP Publishing.

extremely high vertical resolution (<0.1 nm) over a smoothly varying surface. Contrary to
typical applications of this technique however, it is the phase shift of the light as it passes
through the graphene layer, rather than the path length difference from reflection off the
surface variations (graphene on silica has a very low reflectivity), that supplies the measured
height differences. This means that height data appears inverted, with the phase shift from
a graphene layer appearing to come from a recess relative to the surface (see Figure 8.11).
To properly measure surface height, this must be calibrated using the known thickness of
single layer graphene [254].

White light interferometry is another type of optical profilometry, where white light is
used instead of a single wavelength, leading to lower vertical resolution (several nanome-
ters) and increased range. White light interferometry relies on reflected light from the sam-
ple surface, so difficulties can arise when measuring graphene-based materials with low
reflectivity. It is unable to resolve single graphene layers, but is useful for larger scale mea-
surements, such as the thickness of films of graphene or GO cast from a solution.

Atomic force microscopy (AFM) uses a sharp, scanning tip to characterize the topogra-
phy of insulating or conductive surfaces, making it ideal for imaging graphene, GO, and rGO.
Key parameters measured with this technique include the lateral dimensions of graphene
flakes, and layer thickness and number of layers, which are useful to assess the degree of
exfoliation and agglomeration. The oxygenated groups on either side of the GO sheet typi-
cally give a single layer a thickness of around 1.2 nm, while the thickness of pristine graphene
is 0.34 nm [245].

Shearer et al. discussed a number of factors that must be considered for accurate mea-
surement of graphene, particularly relating to single layer graphene thickness. Firstly, an
adsorbate layer is often present on top of the graphene layer which can affect tip—sample
interactions—these are typically removed by laser irradiation. There is also evidence of a
buffer layer between graphene and the substrate surface, the result of which is that the mea-
sured layer height is dependent on the pressure applied to the graphene. To obtain accurate
layer thickness, the graphene must be pushed through the buffer layer to contact the sur-
face, which can be done using high tip force, or modifications to the tip (such as attaching
a carbon nanotube) to concentrate the force [256].
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Scanning tunneling microscopy (STM) is a related technique that also makes use of
a sharp scanning tip, but instead employs changes in the tunneling current between the
tip and a conducting sample to build an image. It allows topography to be imaged with
sub-atomic resolution, allowing graphene structure to be examined in detail [257]. Due to
the insulating nature of GO, there are fewer studies using STM to characterize it, however
Gomez-Navarro et al. report that oxidized regions appear as bright spots/regions, without
ordered lattice features [258].

8.5.2.2 Chemical Structure

Raman spectroscopy is the pre-eminent technique for the analysis of carbon-based mate-
rials in general, and graphene in particular [259, 260]. Raman spectroscopy probes the
quantized extended state vibrations (phonons) in graphene, and theoretical analysis allows
classification of these vibrations by their symmetry. Shifts in the position of the peaks can
be associated with strain in the lattice, and the full-width at half-maximum of the peaks
is an indication of the disorder in the material [261, 262]. There are several bands visible
in graphene-like materials, but we focus on three main ones [263], which can be seen in
Figure 8.12 below. The G band (~1580 cm™) originates from an in-plane phonon with E |
symmetry, and the 2D band (~2700 cm™) is linked to the planarity and electronic structure
of graphene. In defective graphene-based materials, including GO and rGO, an additional
peak called the D band (~1350 cm™) becomes prominent. The D band is a sp? ring-breathing
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Figure 8.12 (a) Top: Raman spectrum of highly oriented pyrolytic graphite (HOPG) Bottom: Raman
spectrum of GO, (b) Raman spectra of LrGO, with labels: continuous wave (CW), Pulsed nanosecond, and
treated in air or N,. Reproduced with permission from [118]. Copyright 2010 American Chemical Society.
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mode with A symmetry. The D-band is usually Raman inactive, except in the presence of
disorder that changes it to a symmetry-allowed transition (atomic vacancies, grain bound-
aries, oxygen atoms, etc.).

Typically, Raman spectra of carbon materials are normalized to the G band, which is
shared with other carbon based materials like carbon nanotubes and graphite [102].
Comparison between the Raman spectra of different photoreduction methods can be facil-
itated by this normalization. Subsequently, ratios of the intensity of the bands can be taken
and correlated to different microscopic parameters. The I, /I ratio is related to the extent
of graphenization [264], the I /I . ratio is related to the defect density of the material, and
the I /I  ratio indicates the number of layers (up to 5 layers, past which identification is
difficult) [265].

Furthermore, the average crystallite size can be calculated from the I /I . ratio, using the
formula determined by Cangado et al. [266, 267]. While for monolayer graphene, a lower
I /1, ratio results in higher electronic conductivity, in multilayer or rGO materials, the
reverse is often seen [134]. This is attributed to the increase in number of small graphene-
like domains, thus increasing the conductivity relative to GO even though the domain sizes
are smaller.

Charge inhomogeneity and impurities can also be detected for few-layer graphene in
Raman spectra from peak shifts and widths [268].

Advances in instrumentation of micro-Raman and Raman mapping has allowed for spa-
tially resolved maps of the degree of reduction of GO and insights into the mechanism of
the reduction [136]. Upon laser irradiation of GO, successful establishment of graphene-
like networks in rGO can be seen by the increase of the I /I ratio, and if defect healing
occurs, a decrease in the I /I . ratio. However, in some applications, a high density of defects
may still be useful, e.g. in electrochemical sensing. Care should be taken in the acquisition
of the Raman spectrum of GO, as the laser power may inadvertently photoreduce it above
a certain laser fluence threshold [269].

Fourier-transform infrared spectroscopy (FTIR) is an important tool for identifying
different functional groups present in carbon based materials. Although pristine graphene
itself does not have any functional groups with significant IR peaks, FTIR can give valu-
able information about the functional groups present in GO, rGO, and other types of
functionalized graphene. For GO, the characteristic C-O peaks appear at 1050 cm™
(epoxy C-0-C), 1680 cm™ (-C=0 vibration), 1350 cm™ (C-O vibration), and 3470 cm™
(C-OH stretch) [270]. For graphene-based materials, peaks lower than 900 cm™ are not
usually interpreted due to the complex structure they represent. C-C bonds can also be
detected for graphene-based materials by FTIR, appearing at around 1500-1600 cm™
[271].

The carbon:oxygen (C/O) ratio is a crucial metric when characterizing GO and rGO
prepared by various methods, and X-ray photoelectron spectroscopy (XPS) is often used
to measure this. GO typically has a C/O ratio in the range of 4:1-2:1, and after reduction
this can be reduced to around 12:1 [104]. This type of elemental analysis is given in a low-
resolution survey scan from the C1s/O1s peak area ratio; higher-resolution core level scans
can give more detailed information on the different carbon functional groups present.
Examples of survey and Cls core level spectra are shown in Figure 8.13 for GO, rGO, and
graphite.
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Figure 8.13 XPS spectra of GO (a, d), rGO (b, ), and graphite (c, f) showing survey scans (a—c) for elemental
composition and C 1s core level scans (d-f) for carbon binding states.

In pure graphene, the Cls spectrum is dominated by the sp’ bonding at ~284.6 eV,
with additional m-m* transition peaks at >290 eV when there are large areas of pristine
graphene lattice. When peak fitting graphene-based materials with high sp? content (i.e.,
pristine graphene or highly reduced GO), the asymmetry of the sp? peak must also be
considered, using a Doniach-Sunjic component [272]. If present, sp* carbon is found at
~285.4 eV, however these two C-C peaks can be difficult to deconvolute and are some-
times fit as one peak.

Measuring C-O components is crucial to analysis of GO, and the major components
are C-O bonds at ~286.5 eV, encompassing epoxide (-O-) and hydroxyl (~-OH) bonds,
carbonyl bonds (C=0) at ~288 eV, and carboxyl bonds (C(=0)O) at ~289 eV. These groups
appear prominently in GO and are present but much weaker in rGO. Doping graphene
with nitrogen introduces additional peaks to the Cls spectra, most commonly found at
~258.8 eV and ~287.1 eV for sp? C=N and sp’ C-N bonds respectively [273].

X-ray diftraction (XRD) analysis of graphene-based materials (usually in powder form)
can reveal information about the interlayer spacing between graphitic layers. Pure graphite
has its main peak at 26-27° (for Cu Ka radiation), corresponding to an interlayer spacing of
about 3.35 A. For GO, this peak is shifted to around 11°, but is influenced by the degree of
oxidation and hydration, and interlayer spacing can vary between 6.0-9.5 A (9-15°) [232,
270, 274]. Upon reduction of GO, this peak moves back to higher angle as the oxygen func-
tional groups are removed, and graphene layers can pack more closely [275].

The Scherrer equation is often used with XRD data to calculate the crystallite size from
peak width, and in most applications where the size of a crystallite is similar in all three
dimensions, the Scherrer factor K is around 0.9. For graphene-based materials, the two-
dimensional nature of graphene crystals must be taken into account, and the appropriate
shape factor is 1.84, about twice as large [276].
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8.5.2.3  Electrical Properties

The electrical conductivity of rGO is a measure of its quality [277, 278] as it is sensitive to
the degree of oxygen reduction and defects in the graphene sheets. Mattevi [279] found
comparable conductivities between films and individual flakes confirming that it is the
quality of the rGO sheets themselves that mainly limit conductivity [234]. Indeed, multi-
layer stacks of rGO can have higher conductivities [280], since current can move between
sheets to avoid defects on a single sheet.

rGO sheets are a disordered array of conducting sp? bonded carbons and insulating
regions of sp® bonded oxidized carbon, or lattice defects. This was recently imaged directly
using conductive atomic force microscopy [281, 282]. For typical residual oxygen fractions
in rGO of <70% sp* bonded carbon, electronic conduction occurs due to tunneling of elec-
trons between the conducting regions through the insulating regions [282, 283]. At higher
oxygen reduction, percolation of the conducting sp* regions means that the conductivity
approaches that of pure polycrystalline graphite, about 1e5 S.m™ [279].

Owing to its dependence on the degree of oxygen reduction, the resistivity of rGO can
thus can be controlled by the reduction process. For example, for laser-rGO, the exposure
time and intensity were used to vary the conductivity from the insulating GO (with its con-
ductivity dominated by ionic conductivity [14]) up to 3e4 S/m [176].

8.5.2.4 Optical Properties

The optical response of rGO, described by the related quantities of the absorbance, trans-
mittance, refractive index, complex conductivity, is an informative characteristic of rGO.
It can be measured by techniques such as FTIR reflection or transmission spectroscopy, or
more precisely by spectroscopic ellipsometry — a technique that also independently mea-
sures both the real and imaginary parts of the complex conductivity.

The reduction of GO can be characterized in a variety of ways in the optical response
(Figure 8.14). Firstly, in the infra-red (IR) response, the transition from insulating GO
to conducting rGO is marked by an increase in its optical absorption [284]. Additional
information on the rGO quality, such as the carrier concentration and mobility, and
Fermi-level, can be obtained from the complex conductivity, measured by spectroscopic
ellipsometry [285].
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Figure 8.14 Absorbance spectra for graphene, GO, and rGO in the visible to near-IR region. Copyright 2015
Springer Nature. Reproduced from [284] with permissions.
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The IR conductivity is also of interest as it reveals phonon excitations relating to the
graphene, and impurities, such as hydroxyl and epoxy groups—which can be tracked before
and after reduction of GO [284, 286].

At shorter wavelengths, in the visible and UV, pi-pi* interband transitions around
250 nm, are sensitive to the degree of rGO oxidation. Intercalated and adsorbed water is
another impurity which can be measured, particularly well by ellipsometry, via both thick-
ness of GO, and also its refractive index [287].

8.5.2.5 Electrochemical Properties

Graphene and graphene-based materials have shown huge promise in electrical power
storage [66] and sensing [288]. Cyclic voltammetry is the leading technique used to char-
acterize a candidate material for electrochemical applications. Cyclic voltammetry (CV)
interrogates fundamental electron transfer (oxidation-reduction) processes between elec-
trodes in contact with an electrolyte (liquid, gel, etc.). In essence, the technique involves
applying a voltage sweep and monitoring the current response of the material to that
voltage sweep. This sweep is performed at a certain voltage sweep rate, and the response
of a material can vary as the sweep rate is changed (as in Figure 8.15a), depending on the
kinetics of the electrochemical process. Peaks of the current vs. voltage response then
give an indication as to the number and identity of chemical reactions occurring, either at
the electrodes themselves or the solution surrounding the electrode. This principle can be
used in sensing, as the voltage (relative to a standard like the standard calomel electrode,
etc.) of a particular reaction can be characterized well. If a particular analyte undergoes
a redox reaction at a certain voltage, the magnitude of the current of the oxidation or
reduction peak can act as an indication of the concentration of the analyte in solution.
The response of the analyte is then “piggybacked” or transduced through the graphene-
based electrode and recorded on the CV trace [289], as in Figure 8.15b. We direct the
reader to Refs [290] and [291] for a more comprehensive tutorial of the principles behind
cyclic voltammetry.
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Figure 8.15 (a) Cyclic voltammogram of rGO supercapacitor on a PET substrate, at different voltage scan
rates. Reproduced with permission from [124]. Copyright 2018 Elsevier. (b) Cyclic voltammogram of
graphite oxide (G), graphite, and laser scribed graphene in a solution of K,[Fe(CN) ]/K,[Fe(CN) ] dissolved
in 1.0 M KCl at a 50 mV/s scan rate. Reproduced with permission from [120]. Copyright 2012 American
Chemical Society.
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Figure 8.16 Electro-impedance spectrum of a pristine GO film at different exposure times to a vacuum at 25°C.
Reproduced with permission from [14]. Copyright 2011 Springer Nature.

Differences in GO synthesis methods [292] and chemical reduction methods [41] give
rise to different CV responses, and certain shapes may be more useful for certain applica-
tions. For example, a more box-like CV trace indicates a more capacitive response, and this
helps characterize the capacitance value of the material [293].

Electro-impedance spectroscopy is a complementary technique to CV, and involves the
application of a sinusoidal perturbation (or voltage or current) to a system, and monitoring the
response at each frequency [294, 295]. From the frequency dependent potential and current,
the complex impedance can be calculated. This data can be presented as a Bode plot (ampli-
tude vs. frequency and phase vs. frequency) or as a Nyquist plot (complex impedance vs. real
impedance). The response of the system can be modeled by circuit elements (like capacitors,
resistances, etc.) and phenomenological models for chemical processes (e.g. Warburg diffu-
sion elements [296], etc.). The complex impedance response can then be fitted to the model to
extract useful parameters like double-layer capacitance and equivalent series resistance. The
equivalent series resistance can indicate the speed of a capacitor’s charge-discharge cycle. The
impedance spectra can also be used to calculate the ionic conductivity of electrodes made of
LrGO [14], and reveal the influence of water hydration and diffusion into the graphene sheets.
Figure 8.16 shows the change in the shape of the electro-impedance spectrum of GO in the
high frequency region, which corresponds to a decreased ionic conductivity as water is evap-
orated out over longer exposure to a vacuum environment [14].

8.6 Commercialization of Laser Reduced Graphene Oxide

The commercialization of graphene related materials (GRMs) is the goal of several con-
certed, and well-funded efforts around the world, from the USA to Europe to Korea [56].
Since the publication of its discovery in 2006, many companies (https://www.graphene-
info.com/companies keeps an updated list of companies and news relating to graphene)
entered into this space—some supplying research laboratories, but increasingly companies
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using GRMs for in industrial and commercial applications [297]. The first major applica-
tion of GRMs are thought to be from graphene-composite materials [298].

In terms of laser rGO, research interest has kept pace with GRMs (consistently account-
ing for about ~0.6% of papers) and about 60-70 related patents relating to laser rGO have
been filed. However, unlike general GRMs, there are yet to be any clearly market ready
products based on laser rGO. Since the processes are often proprietary, it can be difficult to
know if a company incorporates laser rGO specifically in the production of their product!
This is despite reports in academic literature of promising results [299].

The commercialization of laser rGO based products may be slowed because no one entity
owns a significant number of those patents. There are also many challenges going from dis-
covery to a market-ready product and is a process that generally takes several decades [298].
In this respect laser rGO technology is in fact still in its infancy since the first reports of laser
rGO-based applications came out less than a decade ago in 2010-2011 ([300] and [301]).

Although there are currently no market-ready laser rGO products, (Figure 8.17) printed
electronic circuits and on-chip supercapacitors are likely to be developed soon. rGO in
general is an attractive material for use in supercapacitors (see Section 8.2.2.3) — and has
been identified by many as key product to develop [299, 302]. Graphene-based supercapac-
itors are being marketed by called Skeleton Technologies and there are reports that CRRC,
the Chinese state owned rolling stock manufacturer, is trailing graphene-based supercapac-
itors in public buses. The exact processes used by these manufacturers are not known, but it
is likely a solution-processed rGO rather than laser rGO being used [68].

Prof. Kaner’s group at Berkeley, who published early work on laser rGO-based super-
capacitors, have since spun-out a company called NanoTech. This company makes and
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Figure 8.17 Estimates of readiness for various graphene-based technologies, with those where LrGO may
play an important role circled. Copyright 2016 John Wiley and Sons. Reproduced from [56] with permissions.
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sells rGO, using chemical, hydro- and photothermal methods to reduce GO. NanoTech is
actively working to produce batteries, printed circuits and supercapacitors, but these appli-
cations are not yet market ready. The R&D at NanoTech is however indicative of a wider
interest to develop laser rGO supercapacitors. For example Graphene Solutions is a recently
formed company based on research from Swinburne University and which aims to make a
prototype laser rGO supercapacitor by 2019.

The relatively young technology of laser rGO is likely to find commercial application
given more development time. In the meantime, it can also play an important role in rapid
prototyping and in R&D phase of some rGO products.

8.7 Conclusion

Graphene-based technologies have the potential to be widely integrated into the devices
and infrastructure of the future. The fantastic electrical conductivity, electrochemical activ-
ity, surface area, and optoelectronic properties of graphene make it truly deserve its status
as a “wonder material”. Laser reduction of graphene oxide is one of the easiest and quickest
methods to fabricate prototypes of graphene-based devices. It is a scalable technology, and
research groups worldwide have raced to demonstrate its capabilities. However, this tech-
nology has yet to fully escape the confines of a research laboratory and enter industrial pro-
duction. In order to push this technology into industry, applied research in the engineering
of better laser reduced graphene oxide devices and basic research into the mechanism of
the laser reduction process is required. In this chapter, we attempted to piece together spec-
troscopic and computational studies to create a model of the laser reduction process for
a range of different pulsed and continuous wave lasers. There remain many unanswered
questions and further experimental work probing the in situ chemical processes that occur
during a femtosecond and nanosecond laser treatment is required. With a better under-
standing of these processes we anticipate the growing use of laser reduced graphene oxide
as a common element within a materials scientist’s and engineer’s toolbox.
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