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1997.[3–5] In 1962, Hanns-Peter Boehm first 
generated graphene through the reduction 
of graphite oxide, and he showed the TEM 
structure of what appears to be a monolayer 
material.[6] So, the field of 2D materials 
has existed for decades longer than many 
appreciate.[7–9] Academic interest in the 
synthesis has dominated the field, largely 
out of necessity: the synthesis of graphene 
and related materials is arduous, finicky, 
and often miniscule in scale.[10,11] Indeed, 
most published studies on graphene deal 
in amounts on the milligram or sub-mil-
ligram scale. These obtainable weights do 
not allow many cutting-edge applications 
to be readily scaled and applied to higher 
levels of technological readiness or com-
mercial application without requiring 
significant optimization. A multitude of 
demonstrated and hypothesized applica-
tions of graphene exist: composites, energy 

storage, lubricants, coatings, gas storage and separations, flexible 
electronics, displays, sensors, catalysts, and water filtration are 
among the most published upon (Figure 1).[2,12–15] The possible 
applications of graphene depend on the physical, electronic, and 
optical properties of the material, which as discussed later, are 
determined by the quality and number of layers. Large-area mon-
olayer graphene films are used in applications where flexibility 
and moderate conductivity over large areas are required, such as 
solar cells, electronics, and conductivity-based sensors. However, 
a trade-off exists between electrical conductivity and transparency 
based on the number of layers of graphene film present. A typ-
ical graphene monolayer has a resistance of ≈1000 Ω sq−1, with 
more layers necessary to achieve lower resistances. Compara-
tively, indium tin oxide (ITO) has a conductivity of 60–100 Ω sq−1.  
Each graphene layer adsorbs 2.5% of transmitted light at 550 
nm, so if conductivities comparable to ITO are desired using 
graphene, transparency is sacrificed.

However, bulk graphene powders, which can be produced 
in much larger scales than large-area graphene films, receive 
significant use in materials composites, lubricants, and energy-
storage materials where the sheet morphology, intrinsic 
strength, and high surface area can yield substantial improve-
ments. Bulk graphene is used in these applications due to 
the ability to produce adequate amounts at reasonable costs. 
Depending on the specific design, scale, and application, both 
bulk graphene or graphene films can be used in electrochem-
ical, coating, or other applications. Both graphene powders 
and graphene films have shown promise in many literature 
applications.

In the past 17 years, the larger-scale production of graphene and graphene 
family materials has proven difficult and costly, thus slowing wider-scale 
commercial applications. The quality of the graphene that is prepared on 
larger scales has often been poor, demonstrating a need for improved quality 
controls. Here, current industrial graphene synthetic and analytical methods, 
as well as recent academic advancements in larger-scale or sustainable 
synthesis of graphene, defined here as weights more than 200 mg or films 
larger than 200 cm2, are compiled and reviewed. There is a specific emphasis 
on recent research in the use of flash Joule heating as a rapid, efficient, and 
scalable method to produce graphene and other 2D nanomaterials. Reactor 
design, synthetic strategies, safety considerations, feedstock selection, 
Raman spectroscopy, and future outlooks for flash Joule heating syntheses 
are presented. To conclude, the remaining challenges and opportunities in 
the larger-scale synthesis of graphene and a perspective on the broader use 
of flash Joule heating for larger-scale 2D materials synthesis are discussed.

1. Large-Scale Graphene Synthesis

1.1. Introduction to Larger-Scale Graphene Production

Beginning with the exfoliation of graphite into graphene using 
repeated peeling of Scotch tape in 2004,[1] graphene has captured 
interdisciplinary research interests over the past 17 years, with 
more than 40 peer-reviewed publications per day mentioning 
graphene.[2] However, less widely known is that exfoliation of 
graphite to pseudo-2D platelets was published in the early 1990s, 
and that chemical vapor deposition (CVD) had been used to pro-
duce graphene and hexagonal boron nitride (hBN) as early as 
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Many reviews exist on the desirable properties and possible 
applications of graphene,[16–19] so the goal of this review is to 
highlight work being carried out to produce and apply larger-
scale quantities of graphene materials, defined here as weights 
more than 200 mg or films larger than 200 cm2. This scale is 
selected as the lower cutoff for this review since it suggests that 
through automation or leverage of reactors in parallel, along 
with process optimization, the technique might result in scales 
necessary for commercial or industrial study and use. Further, 
manuscripts published regarding production of graphene on 
a few-milligram or few-centimeter scale, using long reaction 
times or many steps, are excluded from consideration here. 
While those papers are noteworthy, work to translate from the 
bench-top to proof-of-concept scale levels of technological readi-
ness is not usually realized. Comparison of production rates 
could be a valid metric, but as discussed later in this review, 
disclosure of production rates remains lacking in most aca-
demic graphene synthesis manuscripts. Larger-scale methods 
are of interest since they are essential to realizing commercial 
applications.

Graphene is defined stringently as “a single layer of carbon 
atoms, with each atom bound to three neighbors in a honey-
comb structure” by the International Organization for Stand-
ards (ISO) as of 2017, but a significant variety of terminology 
is still employed academically and industrially.[20] Others have 
suggested that 10 or fewer layers to still be considered graphene 

since at <10 layers the optical properties of AB-stacked graphene 
are dissimilar to graphite, but this will be discussed further in 
Section  2.5. Several academic articles refer to graphene oxide 
materials or surface-modified graphene oxides as “graphene”, 
and terms like “pristine graphene” can be misleading. Single, 
bi-, and trilayer graphene are self-explanatory, while few-layer 
graphene is defined by ISO as consisting of 3–10 graphene 
layers, with no requirements as to how these layers are ordered. 
Graphene nanoplatelets are poorly defined and the term is 
widely used throughout literature. While the 2017 ISO directive 
has proven helpful in terminology, assignments of purity and 
analytical standards remain elusive.[21]

Strict definitions can break down when studying larger-
scale graphene. 2D monolayer graphene is only ever isolated 
in select laboratory conditions as synthesized by CVD. Any 
larger-scale production of graphene, especially those producing 
a dry powder form, will appear in aggregates of sheets, but the 
important distinction comes from the stacking arrangement 
and a number of layers. It is documented that graphite-like 
optical and electronic properties ensue when >9 layers are AB-
stacked, hence this being the distinction between "few-layer 
graphene" and graphite.[22] However, this border between 2D 
graphene properties and 3D graphite properties depends on 
whether the layers are randomly oriented with respect to one 
another, termed “misoriented”, “twisted”, “weakly coupled”, 
or “turbostratic”. The importance of this rotational disorder is 
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Figure 1.  A diagram displaying various graphene products and some of their eventual applications. In clockwise order starting with “Coatings”: 
Reproduced with permission.[38] Copyright 2011, American Chemical Society. Reproduced with permission.[39] Copyright 2018, Elsevier. Reproduced with 
permission.[40] Copyright 2015, Elsevier. Reproduced with permission.[41] Copyright 2010, American Chemical Society. Reproduced with permission.[42] 
Copyright 2010, Springer Nature. Reproduced with permission.[43] Copyright 2021, Elsevier. Reproduced with permission.[44] Copyright 2012, American 
Chemical Society. Reproduced with permission.[45] Copyright 2018, Elsevier. Reproduced with permission.[46] Copyright 2017, Elsevier. Reproduced with 
permission.[47] Copyright 2016, Elsevier. Reproduced with permission.[48] Copyright 2011, Royal Society of Chemistry. Reproduced with permission.[49] 
Copyright 2013, Elsevier.
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that it allows the individual graphene layers to retain several 2D 
properties.[23] Hence, even when many hundreds of graphene 
layers are stacked, if the rotational disorder is present, the 2D 
definition of graphene is maintained when studied by optical 
and electronic means.[24] A well-studied property to compare 
between graphene and graphite is the electronic properties, 
specifically electron mobility. Graphene, a 2D and conductive 
material, is highly anisotropic in electron mobility, allowing 
x–y motion but significantly less mobility in the z-axis.[25] Tur-
bostratic graphene adds to this anisotropy, and even when mul-
tiple layers are stacked, the z-axis conductivity is observed to be 
many orders of magnitude less than the in-plane conductivity, 
and turbostratic graphene remains a zero-bandgap semicon-
ductor.[26] However, since graphene layers are AB stacked to 
form graphite, the coupling of layers creates alternative energy 
levels at the K wave vector, inducing a bandgap.

Some researchers highlight the cost and difficulty of gra-
phene production, arguing that the "wonder material" is far 
from being widely implemented.[27] Further, some think that 
graphene will take decades to live up to the expectations sur-
rounding it, such as revolutionizing manufacturing processes 
and improving the performance of everyday objects.[28] We 
intend to convey herein that commercial and industrial-scale 
synthesis is already taking place, and larger-scale applications 
are following close behind.[29] Flash Joule heating (FJH) is 
one of the most promising methods of larger-scale graphene 
synthesis, being highly efficient and requiring only simple 
input materials.[30] The growing body of literature pertaining 
to FJH is discussed and contrasted with other industrial and 
academic methods of graphene production, and a perspective 
for future larger-scale and even bulk graphene development is 
provided.[31–37]

1.2. Current Industrial Graphene Production Methods and Uses

Graphene production can be broadly classified into two dif-
ferent methodologies: the top-down and bottom-up strate-
gies.[50] The name of each method acknowledges whether the 
carbon atoms had their hexagonal molecular arrangement 
before the synthesis began. The bottom-up method is exem-
plified using chemical vapor deposition (CVD), in which CH4, 
C2H4, or other simple hydrocarbons are catalytically decom-
posed to form graphene films on Ni, Cu, or other metal sur-
faces.[51] Thus, the films are grown from the bottom (individual 
carbon atoms) up to graphene sheets, adding one or a few 
atoms at a time to the graphene crystal. Conversely, the top-
down method is exemplified by the exfoliation of graphite to 
form graphene sheets. Here, the graphene sheets are already 
fully formed and are merely separated physically or chemically, 
from the top (already formed sheets) down to the individual or 
a few graphene layers.

In the larger-scale synthesis of graphene, the top-down 
approach is almost singularly used industrially.[52] For industrial 
applications of graphene in coatings or composites, typically 
kilograms are required for prototype applications alone, either 
in powder or suspension form. For applications requiring con-
tinuous and large graphene films, such as in sensors or solar 
cells, bottom-up CVD synthesis is generally used, but hun-

dreds of films with high reproducibility might be required in  
product prototyping. It becomes readily apparent that at a cost  
of $50 000–200 000 ton−1 for graphene powders and  
$45 000–$100 000 m−2 of graphene film, industrial production 
methods and costs are restraining graphene utility.[53] Market 
research suggests that there are currently more than 800 compa-
nies producing various graphene products including graphene-
enhanced composite materials, and ≈300 producing graphene 
powders.[54] Approximately 75% of the world’s graphite supply 
is controlled by China, and most worldwide graphene-based pat-
ents also reside in China.[55] Notably, the European Union Gra-
phene Flagship has pledged 1 billion euros to graphene develop-
ment over 10 years.[56] Total production of graphene and graphene 
nanoplatelets is currently estimated to reach 3800 ton year−1, a 
miniscule amount when compared to other materials.[57]

Current methods of industrial graphene powder production 
revolve around the physical and chemical exfoliation of graphite. 
Graphite is relatively inexpensive ($1000–3000 ton−1) and abun-
dant, whereas battery-grade graphite can be $20 000 ton−1.  
High quality and purity are required for graphene synthesis 
since top-down methods rely on the graphene sheets already 
present in the graphite feedstock. Graphene layers are stacked 
in an alternating AB manner to form graphite, overlapping 
electron-rich areas with electron-poor areas in the neighboring 
sheets.[58] These electrostatic interactions, occurring millions of 
times per sheet, require large energy inputs to accomplish exfo-
liation. The separation energy is industrially introduced using 
sonication, shear mixing, or ball milling, in addition to cou-
pling with solvent or surfactant systems that reduce the inter-
facial energies or attractive forces between graphene sheets.[59] 
Following this physical exfoliation, the graphene sheets are 
then segregated by density and dispersed in solution, with cen-
trifugation commonly being used to separate exfoliated gra-
phene from remaining graphite.[60]

Chemical exfoliation is another common top-down method 
to form graphene via graphene oxide, in which strong oxidizing 
agents functionalize the surface of the graphite, changing the 
electronic structure and thus removing one or a few layers at 
a time.[61,62] This functionalized single- or few-layer graphene 
oxide can then be purified or separated through centrifuga-
tion or filtration. However, to arrive back at the sp2-hybridiza-
tion of graphene, the oxygen functionalities must be removed 
through reduction. This reduction, also known as deoxygena-
tion, is generally carried out industrially either chemically by 
strong reducing agents such as hydrazine or thermally through 
heating under an inert atmosphere.[63] This reduced graphene 
oxide is generally a lower quality product since the strong oxi-
dation and reduction processes induce defects, and oxygen 
functionalities remain, lowering the conductivity of the product 
and decreasing the tensile strength. Due to the toxic chemical 
waste streams and high water demands required by Hummers’ 
type methods, as well as poorer structure, few industrial enti-
ties produce larger-scale graphene using this method, how-
ever, it may be considered more readily scalable compared to 
sonication.[64] A lack of consensus remains on what to term the 
product resulting from the chemical oxidation and reduction of 
exfoliate graphite into a graphene-like material. Some manu-
facturers and researchers term this reduced graphene oxide, 
while others refer to it somewhat misleadingly as “graphene”. 

Adv. Mater. 2022, 34, 2106970
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Standardization and further research remain to be carried out 
on this topic, but reduced graphene oxide shows promise, and 
sometimes can outperform more pristine graphene in select 
applications as the oxygen functionalities increase dispersibility 
in polar solvent systems.[65]

With industrial chemical and physical exfoliation methods, 
many obstacles still exist. Chiefly, the energy input required to 
exfoliate the graphite to form graphene can result in the frac-
turing of sheets and induction of defects within the graphene 
product. These defects and smaller sheet sizes can negatively 
impact the conductivity and tensile strength of the product, 
making it less favorable in demanding applications. A dilemma 
exists, however, in that energy is required to exfoliate fully to 
mono- or few-layer graphene, but this same exfoliating energy 
results in a lower quality product. Another major drawback of 
top-down graphene production lies in the excruciatingly low 
solubility and stability of graphene solutions. Concentrations of 
1 mg mL−1, or ≈0.1 wt%, are difficult to reach even in favorable 
solvents such as dimethylformamide (DMF) and N-methyl-
2-pyrrolidone (NMP), or they require the addition of surfactants 
to aqueous solutions.[66] Further, if the solvent is removed to 
ship the product as graphene powder, re-aggregation of the 
graphene sheets can occur, forming lower utility few-layer gra-
phene or graphene nanoplatelets. Shipping of these solutions 
thus requires many folds more energy than if the graphene 
powder could be shipped innately. Further, the large amounts 
of solvent or surfactant needed to produce kilogram-scales of 
graphene through chemical or physical exfoliation are resource 
intensive and can create large amounts of chemical waste.

The industrial production of graphene was recently studied, 
examing 60 commercial graphene producers.[67] It was deter-
mined that the majority of the 60 companies produce less than 
10% truly single-layer graphene in their commercial products. 
Further, none of the companies produced a single-layer yield 
greater than 50% once the graphene is dispersed in solvent and 
spin coated on silicon oxide wafers. Even more worrisome than 
the number of layers is that most graphene products displayed 
an elemental purity of less than 90% carbon. Raman spec-
troscopy was carried out, but unfortunately, these differences 
between the 60 companies were not discussed. The Raman 
spectra could be used to bolster the assertion that the graphene 
companies are producing graphite nanoplatelets rather than 
single- or few-layer graphene. The authors did not evaluate 
bottom-up graphene manufacturers.

The most common route to form graphene films is through 
bottom-up CVD synthesis onto various, often pristine metallic, 
substrates. Plasma cleaning and high-purity copper or nickel 
films are often needed to achieve high quality and reproducible 
graphene films. Following the deposition of carbon and gra-
phene formation on the surface, the metal is typically etched 
away with acid, and the graphene film is transferred to the 
substrate of interest for shipping or application. Significant 
improvements to both throughput and size have occurred 
in the past decade, with Samsung Technology investing in 
research and achieving high quality 76 cm (diagonally) films;[68] 
however, most current industrial companies sell much smaller 
films, between 1 and 1000 cm2, often shipped on polymer or 
silicon substrate.[69] Advertised annual production capabili-
ties range from 100 000 to 1 000 000 m2.[57] Aixtron recently 

released a turn-key roll-to-roll system for larger-scale bottom-
up synthesis, advertising 20 000 m2 per year capabilities per 
unit.[70] A general roll-to-roll CVD synthetic scheme is shown 
in Figure 2a,b. Batch wafer-scale production is another widely 
used industrial CVD method, as shown in Figure 2c–e. Copper 
foils account for >50% of the cost to synthesize graphene films, 
and etching is a chemically intensive and wasteful method, but 
few industrially viable alternatives exist.[69]

Another well-established bottom-up method is to synthesize 
graphene materials is through laser induction. Laser-induced 
graphene (LIG) was discovered in 2014 by Lin et al. and repre-
sents a cost-effective and rapid method to pattern highly con-
ductive graphene foams onto polymeric or other carbon-con-
taining materials.[71] LIG represented one of the first single-step, 
accessible, and scalable methods to pattern graphene materials, 
and it is enjoying extensive academic use as well as commercial 
applications in a growing number of areas. LIGC Application 
Ltd. is commercializing portable LIG air filter units as their first 
commercial product.[72] Several reviews exist on the implemen-
tation and scalability of LIG, so this will not be extensively dis-
cussed here.[73,74] However, recent work to produce laminated 
LIG composites in roll-to-roll high-throughput manners and 
patterning of high-resolution LIG onto photoresist materials 
indicate that flexible electronics and on-chip applications may 
soon see industrialization.[75,76]

As graphene production capabilities have increased, com-
mercial applications are finally being realized now that the cost 
of entry has been reduced. Due to the confidential nature of 
industrial research and development, it is impossible to know 
what the future graphene market demand will be. However, a 
handful of truly larger-scale industrial operations are already 
disclosing their use of bulk graphene products. One of the 
exemplary applications is the use of larger-scale graphene in 
late-model automobiles being produced by Ford Motor Com-
pany, which began in 2018. Graphene supplied by XG Sciences 
is used in foam cushions and under-hood insulation in all Ford 
models since February 2020.[77] Bulk graphene destined for use 
in composites is generally synthesized through liquid-phase 
exfoliation of graphite, as shown in Figure 2f. This work began 
in 2014, interacting closely with the producers on a laboratory 
scale, before entering prototype scale applications a few years 
later. The polyurethane foam present in the engine compart-
ments was enhanced with graphene to improve noise reduc-
tion, heat dissipation, and durability while lowering weight. 
This commercial application is an excellent example of the gra-
phene industry as a whole: years of optimization in the labora-
tory and prototyping stages to arrive at a product that is cost 
effective and requiring only small assembly line level changes. 
Yet, this work pays off in producing greatly improved products 
at only a 0.35 wt% graphene additive level. Further applications, 
including the addition of graphene into bumpers through extru-
sion molding and coatings, are also being explored, and may 
soon debut to the market. Another major bulk use of graphene 
that has already been realized industrially is its use in lithium 
rechargeable batteries and supercapacitors. Companies such as 
US-based Real Graphene, Australian-based Graphene Manu-
facturing Group, and Chinese-based GAC New Energy are 
already mass-producing graphene battery-based products which 
are available on the market.[78–80] Further, companies such as 

Adv. Mater. 2022, 34, 2106970
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Chongqing Graphene Technologies and Wuxi Graphene Films 
are already producing terminal products such as flexible devices 
and touch screens.[81,82] Several major companies such as Tesla, 

Samsung, and Dupont are studying graphene in the coating, 
battery, and flexible electronics applications.[83–85] Collabora-
tions at the interface of academic, start-up level companies, and 

Adv. Mater. 2022, 34, 2106970

Figure 2.  a,b) Industrial-scale graphene production through a roll-to-roll CVD on copper film method. c–e) Industrial-scale batch production of graphene 
on CuNi wafer substrate. f) Industrial-scale graphene production through a sonication-based liquid-phase exfoliation method. a,b) Reproduced under the 
terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[87] Copyright 2015, The Authors, 
published by Springer Nature. c–e) Reproduced with permission.[88] Copyright 2019, Elsevier. f) Reproduced with permission.[67] Copyright 2018, Wiley-VCH.
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major corporations are growing, especially as governments allo-
cate large amounts of funding to graphene research.

From a survey of the current graphene production and con-
sumption industry, significant progress in production capability 
has been achieved over the past decade. However, the highly 
variable properties of commercially available graphene would 
likely benefit from stronger characterization standards and 
closer interaction between end-users and producers, to specifi-
cally tailor the material for the desired application. Many pre-
vious manuscripts, reviews, and perspectives have bemoaned 
the need for graphene grades through an international stand-
ardizing body, and we agree that this will be essential to fur-
ther standardize research and prevent the graphene produc-
tion industry from being haphazard materials sales. Lastly, few 
technoeconomic assessments or life cycle assessments exist 
on the larger-scale production of graphene, which are essen-
tial to better understand the environmental impact of this new 
material on the ecosystem.[86] As green-chemistry regulations 
increase, increased efficiency to lower greenhouse gas emis-
sions and minimization of hazardous waste and by-product 
streams will be essential for long-term sustainability in the gra-
phene industry.

1.3. Current Academic Advancements in Bulk Top-Down  
Graphene Production

As discussed above, significant shortcomings still exist in the 
industrial-scale production of both graphene powders/solu-
tions and graphene films, and much academic research has 
been devoted to ameliorating these problems. As in its initial 
discovery by Novoselov and Geim, most of the larger-scale gra-
phene synthesis has centered around the top-down produc-
tion through chemical or physical exfoliation. Academic work 
has largely remained focused on this process as well, chasing 
methods that result in less energy and time being used to 
exfoliate, producing higher-quality graphene (fewer layers and 
fewer defects), or using a less accompanying solvent or chemi-
cals during production.

One relatively recent, yet truly advancing development was 
work from the Coleman group to show that shear mixing can 
be used as a scalable method to arrive at few-layer graphene 
nanosheets.[89] In this extremely detail-oriented manuscript, 
the authors work to optimize many shear mixing parameters 
in NMP, aqueous surfactant solution (sodium cholate), and 
poly(vinyl alcohol) (PVA) solutions, to exfoliate large amounts 
of high-quality graphene nanosheets with average thicknesses 
of 5 nm. Much characterization such as average Raman spectra 
and 100+ sheet histograms are presented. Calculations and dis-
cussions on exfoliation and laminar flow are also presented 
with new models for the rheology and shear-induced interlayer 
sliding. Mechanistic arguments discussing the turbulence, sol-
vent limitations, sheet sizes, and comparisons with sonication 
and the greater literature body are also given. Process gener-
ality to other 2D materials such as hBN was also shown, and 
production rates of graphene nanosheets as high as 5.3 g h−1 
are obtained, with a scale up to 300 L being successfully dem-
onstrated. The authors use extensive modeling to estimate that 
at a 10 000 L scale, production rates exceeding 100 g h−1 might 

be possible. This academic study of larger-scale graphene syn-
thesis with its characterization methods and discussions form 
an excellent framework for the standards that should be pre-
sented. Discussions of yield, scale-up, and optimization also 
serve as a quality blueprint for other larger-scale exfoliation 
methods. Prompted by the Coleman approach, many other 
methods have been discovered. For example, Kaplan’s group 
used naturally occurring and easily isolated silk nanofibers 
as a surfactant during kitchen blender shear mixing.[90] They 
were able to achieve graphene concentrations of 8.6 mg mL−1 
with 30% yields of few-layer graphene with good lateral size. 
Advances such as these allow for less solvent and parent 
graphite to be used during physical exfoliation processes, as 
well as less energy compared to sonication.

Significant work has also been devoted to the calculation and 
optimization of hydrodynamic effects that occur during the 
successful exfoliation of graphene. As mentioned previously, 
Coleman and co-workers have proposed multiple theories, and 
the Taylor–Couette flow system is used largely in the field. One 
recent example used real-time in situ optical microscopy and 
high-speed cameras with image processing scripts to track 
the graphite precursor and the exfoliated sheets to study the 
speed, agglomeration, and live production rates during shear 
exfoliation.[91] The production of few-layer graphene mecha-
nistically depends on local strain rate distribution and graphite 
residence time, providing critical exfoliation criteria for scaling. 
High-resolution 3D flow simulations were also carried out to 
further study how strain rate and topology impact exfoliation. 
The study concluded by applying the gained fundamental 
knowledge to tailor product distributions through real-time 
feedback and control of shear rates and disclosing essential 
considerations for shear exfoliation scale-up. This study is an 
excellent example of how fundamental study can culminate and 
be applied to larger-scale graphene production questions, and 
reward both academic and industrial realms.

A recent exciting development to the field of physical exfo-
liation was the appearance of “multi-roll milling”, billed as an 
alternative to ball milling. Whereas ball milling is stochastic 
in nature and often results in decreases in graphene sheet size 
and quality due to the collisions, Yousef et al. constructed a 
belt-driven instrument that uses a set of gears to apply uniform 
shear rates, like existing industrial multi-roller wet-milling 
units used for malting corn.[92] The graphite is in a DMF sus-
pension before going into the unit, and brief sonication and 
centrifugation are used after processing to remove unexfoliated 
graphite prior to drying. This affords a graphene nanoplatelet 
powder in batches of more than 100 g. The Raman microscopy 
showed low defects and some presence of single-sheet gra-
phene, but no average Raman spectra were presented. Further, 
no atomic force microscopy (AFM) analyses were shown, but 
yield analysis suggests a 91% efficiency and high recovery and 
re-use of DMF. Further advances of this technique, possibly 
resulting in few-layer graphene production, will be interesting.

Significant advances in ultrasonication techniques have also 
taken place in the past few years. One of the areas receiving the 
most attention is the use of supercritical CO2 to assist the exfo-
liation.[93] Supercritical CO2 is able to penetrate the sheet struc-
ture and exfoliate by cavitation and it removes the need to use 
a surfactant during sonication. It also shortens the duration of 
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sonication, reducing defect formation and thereby maintaining 
elemental purity. AFM analysis showed that 93% of the formed 
graphene was <4 layers thick, and 58% yields from graphite 
were observed. Supercritical CO2 is already widely used indus-
trially, paving the way for possible scaled-up use of this high-
efficiency industrial-scale synthesis method. A similar approach 
can be seen across literature using intercalating agents during 
sonication.

Newer methods have eliminated the need for sonication. 
One example used Br2 as an intercalating agent followed by 10 s  
microwave irradiation of the dried intercalated graphite.[94] 
No rinsing was reported, and Raman characterization of the 
powder showed production of few-layer graphene. AFM anal-
ysis showed almost exclusively single or bilayer product with 
lateral sizes up to 5 µm. Low defect concentrations, short pro-
cessing times, and decreased use of solvent are promising 
advances, with demonstrated use in graphene film fabrication 
and application in catalytic water splitting.

Another approach gaining popularity and seeing increased 
scalability is the use of intercalation followed by electrochemi-
cally assisted exfoliation. Electrochemical exfoliation of graphite 
to graphene has seen significant research activity. A voltage 
is applied in a setup similar to an electrolytic cell. Graphite is 
used as one of the electrodes, and water is generally used as 
the solvent. Small amounts of ionic electrolyte are often used, 
which are drawn between the sheets due to the applied voltage. 
These ions, with accompanying water molecules, can interca-
late between the graphene sheets, where the applied voltage 
results in the formation of oxygen gas, breaking the interac-
tions and exfoliating graphene. This exfoliation results in the 
graphite monolith electrode gradually being consumed and 
the formation of few-layer graphene or graphite nanoplatelets. 
Since no sonication is used, very low defect concentrations 
can be obtained, however cavitation can still produce defects. 
One common shortcoming with this method is that once few-
layer graphene or graphite nanoplatelets are removed from the 
monolith, they are no longer part of the electrolytic circuit, and 
thus they experience no further exfoliation. Hence large distri-
butions in product thickness occur.

Recently, Zhang and Xu reported production rates as high 
as 25 g h−1 for few-layer graphene (70% being 1–3 layer) with 
a 0.08 D/G ratio and high conductivities and very low defect 
densities using electrochemically assisted exfoliation.[95] Raman 
spectroscopy, and namely the ratio of 2D/G and D/G peaks 
allow analysis of the quality and physical arrangement of gra-
phene sheets, which we discuss further in Section 2.5. This was 
accomplished through the judicious use of alkylammonium 
perchlorate salts as ionic intercalating agents, and an applied 
voltage of 5 V. High concentration graphene inks with high 
conductivities were then demonstrated. High-temperature exfo-
liation following intercalation in an inert tube furnace at 800 °C 
is required to arrive at the final graphene product. The larger 
scale, yield, and purity of these electrochemically and interca-
lating-agent-assisted methods are promising.

Similarly, deep eutectic solvent systems (multiple dissolved 
salts, resulting in multiple ionic species) are being studied 
as intercalating agents for electrochemical exfoliation. One 
example of this method achieved gram-scale one-pot exfoliation 
of graphite electrodes to few-layer graphene using deep eutectic 

solvents and a 7 V electrochemical potential.[96] The graphene 
had a moderate defect concentration, and some elemental con-
tamination was reported even after rinsing. Yields and scale-up 
considerations such as energy consumption per unit product 
were discussed, which are essential for further study of this 
possible bulk production method.

Interestingly, a nonelectrified electrochemical method of 
exfoliation was reported recently, leveraging the electrochemical 
reaction of lithium particles with graphite so that the process 
consumes no external electricity.[97] Up to ≈16 g of graphene 
nanosheets can be produced in ≈8 h from 20 g of graphite, 
showing good elemental purity and few-layered thickness. No 
AFM analysis was conducted to further understand the size 
or thickness distribution, but the application of the graphene 
nanosheets was demonstrated in lithium-ion batteries, showing 
increased capacities compared to chemically exfoliated and 
reduced graphene oxide.

A recent approach involves the solvent-free exfoliation of 
graphite. Excellent work by Islam et  al. used commercially 
available plasma spraying to exfoliate graphite using just argon 
and hydrogen gases (Figure  3).[98] Stringent characterization 
was carried out, showing 95% carbon content, 95% sp2 char-
acter, and an average thickness of 1 nm with almost no discern-
able D peak character. Most impressively, production rates of 
up to 48 g h−1 are reported with no use of solvent. Mechanisti-
cally, they assert that the exfoliation results from thermal shock 
on the graphite by the plasma, followed by shearing in the 
laminar and turbulent plasma flow regions. Temperature, flow 
rates, and graphite particle velocity were optimized, and mate-
rial cost of $1.12 g−1 was estimated with demonstrated batch-to-
batch reproducibility. The authors continued to probe the phys-
ical and electronic properties of the graphene sheets as well as 
lubricity, film transmittance, and cyclic voltammetry demon-
strating high-quality sheets. This study marks the highest pub-
lished production rate for the solvent-free larger-scale synthesis 
of very high-quality graphene powders, and future develop-
ments using this technique will be interesting to follow.

Another solvent-free top-down synthetic method includes 
the use of arc-discharge methods, which will be discussed in 
more detail in Section 2.1. However, academic research has lev-
eraged the technique using commercial arc welding machines 
to discharge high currents (≈150 A) through graphite electrodes 
kept 1 mm apart, while under N2/H2 gas flow.[99] The precise 
mechanism is still debated, but one explanation is that exfo-
liation results from the high-temperature plasmas generated 
between the graphite electrodes colliding and intercalating 
between the graphene sheets, expanding, and depositing the 
graphene product on the side-wall of the container. Significant 
amounts of the graphite are converted to other amorphous car-
bons and must be removed through annealing at 400 °C, but 
few-layer graphene production rates above 12 g h−1 are still able 
to be achieved. The graphene was then characterized using TEM 
and AFM, showing sub-micrometer-sized sheets and few-layer 
thickness, while XPS observed excellent carbon purity. However, 
some defects were present by Raman spectroscopy. Application 
of the product was demonstrated in lithium-ion batteries which 
showed a reversible capacity of 390 mAh g−1 after 300 cycles.

These highlighted solvent-free methods are promising since 
they significantly lower the overall process mass intensity, 
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although large amounts of high-purity gases are still required. 
Process mass intensity is a mass-based metric to evaluate the 
sustainability of an individual or sequence of chemical reac-
tions, calculating the ratio of reactant mass required to pro-
duce a mass of isolated product. Production of high-quality dry 
graphene powder can drastically lower shipping costs as com-
pared to shipping dilute (<1% wt) graphene solutions, as well as 
adding more choices for end users to employ the graphene in 
their specific applications.

1.4. Current Academic Advancements in Larger-Scale Bottom-Up 
Graphene Production

In the field of bottom-up graphene synthesis, academic research 
groups have focused on many areas to increase the overall pro-
duction rate and quality, while lowering the cost of graphene 
film production. Increases in overall film production rate have 
been realized most strikingly in the continued development 
of roll-to-roll methods, reaching 25 cm min−1.[87,100] A typical 
roll-to-roll system will use Cu foil that first travels through an 
annealing zone to clean the surface and increase the crystal-
linity of the substrate, before traveling to a growth zone where 
graphene is synthesized on the surface of the foil. Use of lower 
temperatures or shorter heating durations has also shown 

promise to increase the overall production rate, while compu-
tational modeling of furnaces and deposition mechanisms has 
allowed more efficient design and packing of wafers in batch 
CVD reactions. Careful engineering of substrate materials 
has also improved the rate of graphene formation, and Cu–Ni 
alloys were shown to accelerate the rate of graphene film syn-
thesis.[101] Deng et al. extended this concept through the use of 
a single-crystal Cu90Ni10(111) growth surface.[88] The substrate 
wafer was manufactured through a somewhat arduous spin-
coating and recrystallization method but resulted in the growth 
of 10 cm single-crystal graphene films in 10 min, or 500× faster 
than growth on pure Cu(111) faces.

In the past several years, significant effort has been devoted 
to reducing the number of crystal domains or grain boundaries 
that result from a given CVD synthesis. These grain bounda-
ries can affect the mechanical, chemical, and electronic proper-
ties of the film, making single-crystal graphene films extremely 
desirable. A few key strategies have emerged in this field, such 
as minimizing or passivating substrate crystal domains thus 
reducing the active nucleation sites, locally feeding the pre-
cursor hydrocarbon so adequate nucleation concentrations are 
present at a few or single nucleation sites, or operating the 
entire reaction chamber at lower hydrocarbon concentrations 
to slow overall nucleation while naturally resulting in slower 
overall growth.[102,103] Synthesis of single-crystal graphene with 

Adv. Mater. 2022, 34, 2106970

Figure 3.  a) A schematic showing the plasma spray exfoliation of graphite. b) Representative Raman spectra of the produced graphene, c,d) Raman 
maps of a single sheet of graphene showing the intensity of the G and D bands with e,f) representative Raman spectra for the Basal plane and edge 
of the flake. g) A histogram showing the AFM determined thickness of 400 graphene flakes. a–f) Reproduced with permission.[98] Copyright 2021, 
American Chemical Society.
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acceptable production rates and in a method compatible with 
roll-to-roll scale-up was demonstrated by Vlassiouk et  al.[104] 
They grew a single-crystal graphene film that are more than 
30 cm long, on a polycrystalline Cu/Ni substrate with excel-
lent quality, through localized feeding of methane. As shown 
in Figure  4, large graphene sheets can be synthesized, with 
the single crystallinity being demonstrated through micro
scopy image analysis of etched hexagonal holes in the sheet. 
Extremely low defect concentrations and the expected 2D/G 
ratio of 2–3 are observed. This technique has inspired several 
other developments, including the application of these methods 
in hBN and other inorganic 2D materials synthesis.

Improved removal of synthesized graphene films from the 
foil substrates has also been a focal point of academic research 
since current etching methods are both time-intensive and 
wasteful. Further, many transfer methods result in damaging, 
folding, or cracking of the graphene sheet, most easily meas-
ured by an increase in sheet resistance. Several transfer strat-
egies exist, however, "bubble-assisted" and roll-to-roll transfer 
methods generally show the most promise for larger-scale 
scale and higher efficiency. Some residues may be left on the 
graphene sheets during polymer or other assisted transfer 
methods, which may result in a decreased conductivity. Bubble-
assisted transfer methods have been known for more than a 
decade and allow the reuse of growth substrate. This results 
from the chemical or electrochemical formation of gas between 

the graphene and growth substrate, thus removing the gra-
phene layer. Significant improvements in scale allow for at 
least seven cycles of growth substrate reuse.[105] One especially 
exciting academic development was the combined use of roll-
to-roll lamination and scalability with bubble transfer demon-
strated by Hempel and co-workers.[106] This work demonstrated 
acceptable sheet resistances, as well as allowing for graphene–
graphene or graphene–hBN stacking by roll-to-roll methods. 
This same technique was further advanced by the same group 
two years later to add a layer of parylene prior to the roll-to-roll 
bubble assisted transfer, resulting in very low sheet resistances 
below 300 Ω sq−1.[107]

Another approach to bypass the transfer step is to grow the 
graphene film directly on the end-application substrate, such as 
a flexible electronic platform, however this requires CVD tem-
peratures to be far lower. One excellent example of this came 
when Park et al. reported that the addition of a nano-thin Ti 
layer atop glass or polymer substrates allows for CVD graphene 
synthesis to proceed at a substrate temperature of 150 °C and 
still produce high-quality graphene films.[108] Although higher 
temperatures are still used in other regions of the CVD, the 
ability to maintain the growth substrate at such low tempera-
tures allows for direct growth of graphene on the desired device 
with no observed impact resulting from the Ti layer.

Recent academic study into the synthesis of larger-scale 
graphene from a bottom-up strategy has also blossomed. One 

Adv. Mater. 2022, 34, 2106970

Figure 4.  An example of 32 cm × 5 cm single-crystal graphene film synthesis using roll-to-roll compatible methods demonstrating a) orientation of 
hexagonally etched holes to confirm crystal orientation; b) large-area Raman mapping showing high-quality single-layer graphene. a,b) Reproduced 
with permission.[104] Copyright 2018, The Authors, published by Springer Nature.
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exciting example of this was simple NaCl crystals in conjunc-
tion with plasma and pyridine precursor by CVD to synthesize 
nitrogen-doped graphene powders that could be dispersed to 
few-layer graphene.[109] They made more than 1.6 g, however no 
yield per batch was reported. Another report of the bottom-up, 
larger-scale synthesis of graphene powder was reported, where 
MgO and Mg powder were used to generate a self-propagating 
high-temperature synthesis, which then converted CO2 into 
graphene.[110] Batch sizes up to 5.05 g of graphene powder were 
reported, however, overall low 2D peak intensities and high 
defect concentrations were observed by Raman analysis. This 
low graphene crystallinity increased the surface area and made 
it an ideal candidate for use in high-capacity supercapacitors, 
which retained 90% of the capacitance after 106 cycles. This 
example demonstrates that high graphene quality is not always 
necessary, or even best, for some applications, emphasizing the 
need for interface between graphene manufacturers and end-
product users. Another recent larger-scale bottom-up synthetic 
method used microwave plasma and ethanol precursor to form 
high-quality graphene powder at a rate of 1.33 mg min−1.[111] 
Characterization showed low defects, and an average 2D/G 
ratio of 1.5 and layers of 2–7 sheets. Drawbacks for this method 
include large amounts of Ar and ethanol used for the relatively 
small amounts of graphene formed.

Another study demonstrated that the detonation of acetylene 
with varying ratios of O2 gas resulted in the synthesis of gra-
phene.[112] During detonation, temperatures of 4000 K and high 
pressures are reached, which the authors assert as a rationale 
for graphene being formed rather than amorphous soot. Raman 
spectroscopy and TEM imaging were used to characterize the 
graphene powder, and discussion of industrial scale-up was 
presented, asserting that production rates of 300 g h−1 could 
be realized. No applications of the graphene produced by this 
simple, rapid, and solvent-free bottom-up synthesis method 
were presented.

1.5. Current Academic Advancements in Sustainable  
Larger-Scale Graphene Production

Aside from improvements in production scale and production 
rate, improvements in sustainability and process mass inten-
sity are also necessary for the bulk graphene industry to excel. 
Alternative feedstock targets to combat the high-purity gases in 
CVD synthesis, large amounts of solvent needed in sonication 
exfoliation, or harsh oxidizing and reducing agents required 
in chemical exfoliation, have received much recent research 
attention.

As discussed above, some success has been achieved in 
lowering the temperatures required for both CVD substrate 
annealing and growth with many works now reporting temper-
atures below 600 °C. Temperatures of 300 °C using benzene as 
a carbon source were reported by Jang et  al.,[113] and tempera-
tures of 100 °C and below were achieved by Fujita et al. through 
the use of gallium catalysts and island nucleation.[114] However, 
high-temperature annealing of the substrate is still required for 
many of these methods, so overall lowering of the energy and 
heat demands for the entire CVD process remains a necessary 
area of study. Another exciting area of research in sustainable 

bottom-up synthesis is attempts to remove the need to use 
high-purity carbon precursor gases that can be costly and less 
sustainable. One recent publication used the hydrocarbon-rich 
gases resulting from the pyrolysis of waste sawdust as a more 
environmentally friendly carbon source in CVD formation of 
high-purity graphene foam.[115] Ar carrier gas was still required, 
but no H2 or CH4 was used, and heat from the pyrolysis of the 
biomass was shown to partially offset the energy consumption. 
The authors also conducted a life-cycle assessment to demon-
strate the reduced health, eco-system, and resource impacts of 
their synthetic method as compared to traditional methods.

Chemical exfoliation, the harsh oxidation of graphite fol-
lowed by reduction, has seen an abundance of study to improve 
methods as well as to lower the waste chemical footprint. One 
such high profile example is from Pei et al. wherein two simple 
electrochemistry reactions in sulfuric acid can result in the 
oxidative exfoliation of graphite without the use of any other 
chemicals or oxidizing agents, in a process much faster than 
traditional Hummers’ type oxidations.[116] When compared to 
graphene oxide produced by traditional methods, very similar 
materials properties were achieved, and excitingly all the sul-
furic acid was able to be recycled, minimizing the waste gener-
ated by this process, and even 90% less rinse water was used. 
The authors went on to demonstrate a continuous production 
prototype, and to discuss the mechanism for oxidation, while 
demonstrating applications of graphene oxide in aerogels, 
films, and carbon papers.

Sustainable reduction of graphene oxide has received much 
study as it is the unavoidable counterpart in chemical exfolia-
tion following oxidation. The type of reducing agent has seen 
the most work, with groups using sustainable or solvent-free 
reducing methods. New sustainable chemical reducing agents, 
taking the place of harmful hydrazine or hydroiodic acid, have 
been reported ranging from plant extracts and lemon juice to 
ascorbic acid and green tea, however, these methods still gener-
ally consume large amounts of water or other solvent.[63,117–119] 
Solvent-free methods of reduction greatly reduce economic/
environmental footprints and process mass intensity, and a tra-
ditional method is to use thermal reduction in a furnace. How-
ever, recent examples have leveraged hydrogen plasma, micro-
wave radiation, or even the use of Xe lamp radiation to reduce 
graphene oxide to graphene-like materials.[120–123]

One advance to decrease the large process mass inten-
sity required by physical exfoliation (1000 L of solvent per kg 
of graphite, typically) came from Dong et  al.[124] They demon-
strated that pretreatment of graphite in sulfuric acid with a 
single equivalent of KMnO4 (as compared to the large excess 
needed in Hummers’ method) allowed for extremely easy exfo-
liation to graphene using shear mixing. Only a 3.6% increase in 
oxygen content was observed by XPS analysis, low defect con-
centrations were observed by Raman spectroscopy, and 1–2 nm 
thickness was seen by AFM. Most importantly, they reported 
that their process allowed for graphene slurries as concentrated 
as 50 mg mL−1 in pH 14 solutions with yields as high as 82.5%. 
This allowed for significantly decreased amounts of solvent 
required for physical exfoliation. Further, production of 1 kg of 
graphene was reported, and rates as high as 80 g h−1 were cal-
culated. Other examples of efforts to increase the sustainability 
of physical exfoliation methods include the use of naturally 

Adv. Mater. 2022, 34, 2106970
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abundant surfactants and dispersants. One recent report used 
tannic acid, one of the most naturally abundant organic com-
pounds, as a dispersing and surface stabilizing agent during 
sonication to achieve higher concentrations and yields per unit 
solvent used.[125]

Several studies have demonstrated the use of biomass or 
waste materials as precursors to synthesize large amounts of 
graphene materials or graphite nanoplatelets. The waste mate-
rials often require extensive pretreatment, milling, or washing, 
before undergoing high-temperature pyrolysis under an inert 
atmosphere, followed by etching or activation. These products 
are also generally lower quality and demonstrate high defect 
concentrations, low overall crystallinities, and low levels of 
carbon purity. Despite this early work yielding low-quality prod-
ucts, it is encouraging to see the effort to leverage waste mate-
rials as precursors and upcycling them into high-value products 
with demonstrated applications. One such example is the con-
version of waste biomass into a relatively high quality 1–5-layer 
graphene in a "solvent-free" method using dry shear mixing of 
biomass with simple iron salts followed by carbonization and 
graphitization under inert atmosphere at high temperatures.[126] 
However, rinsing with HCl is still required to remove excess 
iron, so the classification of this method as solvent free is 
somewhat imprecise.

1.6. Prospects and Outlook of Academic Larger-Scale  
Graphene Production

Just as industrial graphene production can benefit from a stand-
ardization of terminology and characterization, many research 
articles on graphene synthetic methods are making graphene 
nanoplatelets with >10 layers. Greater care is needed in stand-
ardization. Similarly, average Raman spectra should always be 
shown, with Lorentzian fitting and reports of pertinent peak 
full-width at half maximum (FWHM). AFM is helpful for 
good quality graphene characterization since it is an excellent 
method to arrive at an average thickness of particles produced 
through synthesis. Average thickness, since it directly relates to 
the classification of the graphene material, is an important fea-
ture. Often, especially in manuscripts detailing top-down exfo-
liation methods to synthesize graphene, no yield or estimated 
production rate is given, and thus the scalability of the method 
is impossible to assess. A simple mass balance, graphite input 
vs graphite removed after centrifugation, and extrapolated gra-
phene produced in solution, should be included. A UV–vis 
measurement extrapolated to yield of graphene synthesized 
can greatly ease the comparison of literature methods. These 
simple standards would result in easier comparison between 
methods and possibly faster translation to commercial scale-up 
or application.

The larger-scale graphene production methods presented 
in Section  1 (200 mg or 200 cm2 films), both industrial and 
academic, have various considerations when scaling. Environ-
mental and safety concerns, such as the use of high-purity inert 
or flammable gases, flammable solvents, explosive oxidizing/
reducing agents, or strong acids can complicate the scale-up 
and industrialization of academic advancements. The handling 
of waste streams and byproducts, especially in chemical exfo-

liation methods, can pose a significant cost and complicate 
scale-up. Thus, efforts to avoid the use of expensive or haz-
ardous reagents can improve the potential and ease of scale-
up. For example, potassium permanganate in sulfuric acid, as 
commonly used for oxidative exfoliation pathways, is explosive 
when concentrated thereby exacerbating disposal.[62] Use of 
alternative oxidation methods can result in competitive eco-
nomic processes and they will ultimately result in a less expen-
sive product if waste mitigation costs can be minimized.

Even with physical exfoliation methods such as sonication, 
ball-milling, shear mixing, or multiroll milling, considerations 
of increasing from a bench-top scale are often not addressed. 
It is well-documented that the scalability of sonication is non-
linear with respect to yield or power demand.[127] In solvent-
intensive physical exfoliation strategies, such as sonication or 
shear mixing, re-use of solvent and surfactant are essential if 
the method is to be industrialized. Demonstration of solvent or 
surfactant recovery and reuse can greatly improve the economic 
viability and decrease environmental and disposal impacts, 
increasing the attractiveness of a process for scale-up. Alterna-
tively, in bottom-up syntheses, the reuse of the growth substrate 
or use of lower-cost substrates are important considerations. As 
discussed previously, a powder phase product as opposed to a 
solvent dispersion presents many advantages in both shipping 
and downstream product implementation. However, fine dry 
powders must be checked for their explosive properties upon 
impact, and they might warrant water-wetting for safe trans-
port and storage. Thus, academic methods that demonstrate 
and characterize powdered graphene products could have 
advantages.

In general, for both bottom-up and top-down synthetic 
methods that demonstrate larger-scale and hope to be scaled 
up, consideration of all steps in the process is essential. For 
example, the fast growth of large-area graphene films is cer-
tainly noteworthy and exciting, but consideration of the growth 
substrate preparation and graphene film transfer for terminal 
applications is essential. Life cycle assessments or technoeco-
nomic analyses can reveal these oversights since it prompts 
the researchers to examine all production steps and possible 
pitfalls.

2. Flash Joule Heating

2.1. Flash Joule Heating Background

FJH has been known in the literature for many decades but was 
more recently applied to the synthesis of graphene.[127–129] Most 
notably, rapid Joule heating has been reported in the sintering 
of ceramics for more than a decade, where current is passed 
through a lightly conductive compacted powder, internally 
generating heat.[130,131] This heat generation, more than 1000 K 
min−1, results in sintering of the ceramic or glass much more 
rapidly and efficiently than through the use of a furnace.[132] 
The rapid heating and cooling rates of FJH have also been lev-
eraged to synthesize metallic glasses since the rapid cooling 
rate kinetically limits the crystallization that is able to occur in 
the alloy mixture.[133] FJH, known commonly as field-assisted 
heating or sintering, traditionally was produced by passing 

Adv. Mater. 2022, 34, 2106970
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direct current through high-pressure molds. Commercial field-
assisted sintering technologies exist and are available for aca-
demic and industrial research and use, capable of exceeding 
300 tons of pressure and sintering ceramics up to 35 cm in 
diameter.[134] Generally, temperatures stay below 1500 °C during 
these types of sintering and that is often far lower than furnace 
temperatures needed for traditional sintering methods for the 
same material.

Several computational models and mechanistic studies exist 
to predict and explain the products obtained from flash sin-
tering. Fundamental work on nanomaterials such as nanoscale 
grain and platelet Cu, Ag, and zirconia synthesis has occurred 
in the past few years.[129,135–137] This brief introduction to appli-
cations that take advantage of rapid Joule heating caused by 
strong electric fields highlights that this is a robust field. FJH 
has achieved high levels of technological readiness and scale-
up, and the work we present in the remainder of this review 
leverages this methodology with some important modifications.

2.2. Flash Joule Heating for Graphene Synthesis

FJH was used in 2020 by Luong et al. to synthesize gram-scale 
quantities of graphene from a variety of feedstocks including 
carbon black, coal, petroleum coke, waste foods, and plas-
tics.[30] The decision to apply FJH to the synthesis of graphene 
drew inspiration from LIG, where extremely rapid and local-
ized heating is used to convert carbonaceous feedstocks such 
as polymer films or paper into metastable graphene foam in a 
bottom-up method. LIG shows great promise in direct-writing 
circuits and flexible electronic applications but does easily not 
produce true bulk graphene that is widely used in many of the 
other applications of graphene such as composites, lubricants, 
or coatings. Further inspiration was drawn from the work of 
Hu’s group, who used ultrafast Joule heating to weld carbon 
nanofibers together to afford thin films with graphitic bonds 
and high conductivities.[138] They reported heating rates of  
200 K min−1 and peak temperatures of 2500 K. Inspired by LIG 
and Hu’s ultrafast Joule heating,[138,139] a graduate student, Duy 
Luong, set out to reproduce the rapid heating and conversion 
of carbonaceous feedstock into graphene on a larger scale. The 
graphene powder produced through FJH was demonstrated on 
a gram scale, and shown to be turbostratically arranged. It was 
among the first reports of gram-quantity, bottom-up synthesis 
of turbostratic graphene that was highly characterized.

The FJH strategy operates on the highly efficient conversion 
of electric current directly into thermal energy when it passes 
through a resistor. However, the amount of current, hundreds 
of amperes supplied by banks of capacitors is an essential fea-
ture. Thus, the capacitance of the capacitors used is essential 
in this FJH process. Another key feature is that in FJH, the 
resistor is composed of the carbon-based starting material, 
which is thus heated to very high temperatures, resulting in the 
cleavage of bonds and reorganization to the thermodynamically 
favored sp2-hybridization of graphene sheets. Graphene is the 
most thermodynamically stable form of carbon. Because of the 
temporally short nature of the “flash” of electric current, these 
graphene sheets do not have the opportunity to stack into the 
more stable and ordered AB layering of graphite, trapping them 

in a metastable state known as turbostratic graphene. Due to 
the bright flash of black-body radiation emitted during the FJH 
current discharge, the produced product is also termed “flash 
graphene” (FG). Further mechanistic discussions are provided 
in Section 2.6. In the initial publications on FJH of amorphous 
carbon to form grams of turbostratic graphene, amorphous 
carbon black as a starting material was studied extensively, 
though the method was shown to work on many other carbon 
feedstocks.

Using Raman spectroscopy, which will be discussed in more 
detail in Section  2.5, extremely high-quality graphene is dem-
onstrated to be produced using this flash method, as exempli-
fied by extremely low defect concentrations shown by the small 
D peak, and long-range crystallinity seen by the height and 
FWHM of the 2D peak. The duration of heating, as controlled 
by the duration of current discharge through the carbon sample, 
was also determined to directly impact the quality of graphene 
produced (Figure  5a). Overall, yields of graphene from amor-
phous carbon black ranging from 80–90% are achievable using 
FJH, and carbon purities more than 99% are regularly observed. 
Most excitingly, at no point is solvent or inert gas used during 
the synthesis of flash graphene, and scales larger than 1 g per 
batch were demonstrated. Production rates of ≈7.5 g h−1 were 
demonstrated at the time of the first publication. Bulk conver-
sion into graphene using FJH can readily afford mass yields 
>90% based on the amount of carbon present in the precursor 
material. Large-area Raman spectral mapping demonstrates 
that often ≈100% of the product is graphene. Contaminants 
that may be present in starting materials, such as trace metals, 
silicon, aluminum, or other heteroatoms sublime out during 
the FJH process. Carbon has the highest sublimation point of 
all elements. In all FG manuscripts, no further purification is 
used for FG that is used in composite or energy-storage applica-
tions. Likewise, no further purification is used prior to the char-
acterization of the FG. However, if extremely high-purity FG 
is desired, trace highly carbonized impurities can be removed 
through dispersion and centrifugation, or through calcining 
since the thermal stability of graphene is higher than that of 
amorphous carbonized impurities. Both methods are scalable 
and used industrially. These methods have not, to our knowl-
edge, been demonstrated in FG systems but have been used in 
other graphene synthetic methods. Dispersion and centrifuga-
tion take advantage of the very high surface area of graphene 
sheets, which disperse better than aggregated amorphous 
carbon impurities. Centrifugation can then be used to remove 
the impurities or other aggregates. This strategy is commonly 
used in the field to prepare AFM samples and is like solution-
phase exfoliation strategies. A comparison of FJH to other 
recent and promising larger-scale graphene synthetic methods 
is presented in Table 1.

Complete conversion to crystalline graphene can be observed 
through powder XRD (Figure 5b), which shows the intense (002) 
peak centered at 26.1°, corresponding to an interlayer spacing 
of 3.45 Å. This interlayer spacing is significantly larger than 
the 3.36 Å that is commonly reported for graphite. Further, the 
FWHM of the (002) peak is larger, and the peak is asymmetric 
toward low diffraction angles, suggesting that a wider array of 
stacking environments occurs when compared to graphite. The 
stacking of turbostratic graphene sheets produced by FJH can 

Adv. Mater. 2022, 34, 2106970
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be observed via SEM as shown in Figure 5c to form large crystal 
domains of these loosely interacting sheets, so decoupled that 
they can be easily exfoliated (Figure 5d). Elemental purity and a 
better understanding of the carbon bonding can be afforded by 
XPS analysis (Figure 5e). Elemental purities above 99% carbon 
content can be achieved when using amorphous carbon black 
as the feedstock, and 98.6% sp2 hybridization can be observed 
using high-resolution XPS.

Due to the observed increase in interlayer spacing, it was 
hypothesized that the turbostratic graphene would allow for 
higher dispersibilities as it can easily be exfoliated to single 
layer thicknesses. The addition of flash graphene to a variety 
of organic solvents, as well as a 1% surfactant-assisted aqueous 
solution, yielded a high concentration of very stable dispersions 
(Figure 5f). These dispersions did not exhibit any settling out of 

graphene aggregation, even when stored for many months, in 
contrast with the poor stability of the commercial graphene dis-
persions. Preliminary cost analysis was conducted in the initial 
publication as well, demonstrating that only 7.2 kJ of electricity 
are required per gram of graphene produced, and ≈$100 of elec-
tricity costs per ton of graphene produced.

The current discharge through the resistive sample results 
in extremely high temperatures being produced, up to 3200 K  
in less than 10 ms (Figure  6a), indicating the formation of 
defect-free graphene sheets that are rotationally disordered 
(Figure  6b–f). This rotated orientation can be confirmed opti-
cally as well, through the use of TEM imaging to observe Moiré 
patterns present as well as the selected-area electron diffrac-
tion (SAED) pattern which shows two sets of distinct six-mem-
bered rings mismatched by 9.93°. This rotation allows for the  

Adv. Mater. 2022, 34, 2106970

Figure 5.  a) Raman spectra of flash graphene samples, as a function of FJH duration. b) Powder XRD spectra of two morphologies of flash graphene. 
c,d) SEM images showing a stack of flash graphene sheets, which are then exfoliated through simple shear force along the surface (scale bar is 500 nm).  
e) XPS analysis of flash graphene with inset high-resolution XPS of the C1s binding energy region. f) Dispersions of flash graphene in 1% surfactant 
aqueous solution, as compared to commercial graphene in the optical image. a–d) Reproduced with permission.[33] Copyright 2020, American Chemical 
Society. f) Reproduced with permission.[30] Copyright 2020, The Authors, published by Springer Nature.
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Figure 6.  a) Schematic of the FJH process, and plot of temperature versus time during (inset). b–d) HAADF-STEM images of FG on top of a larger 
sheet of FG. e) HR-TEM images showing a large flake of few-layer graphene derived from coffee. f) SAED of the circled area in (e) demonstrating the 
misorientation of graphene layers and g) high-resolution Raman spectroscopy confirming the turbostratic stacking. a–g) Reproduced with permis-
sion.[30] Copyright 2020, The Authors, published by Springer Nature.

Table 1.  Comparison of recent academic larger-scale graphene production methods, contrasting production rates and quality of products.

Method Product Estimated  
production rate

D/G ratio 2D/G ratio Thickness  
(AFM)

Carbon  
content (XPS)

Refs.

Plasma exfoliation of graphite 1–3 layer graphene powder 48 g h−1 0.15 0.75 0.8 nm 95.50% [98]

Electrochemical exfoliation of graphite Vacuum-dried few-layer graphene 30 g h−1 0.14 0.36 4 nm 93% [140]

Electrochemical exfoliation of graphite Vacuum-dried few-layer graphene 25 g h−1 0.08 0.4 1.5 nm 96% [95]

Detonation of acetylene in oxygen Few-layer graphene powder 25 g h−1 0.2 0.75 – 98% [112]

Arc discharge through graphite electrodes Few-layer graphene powder 12 g h−1 0.51 1.03 1.9 nm 97% [99]

FJH of carbon feedstock Tubrostratic graphene powder 7.5 g h−1 0.08 1.1 1.2 nm 99% [30]

Solvent assisted shear multi-roll milling Dispersed graphene nanoplatelets 6 g h−1 0.1 0.71 15 nm (TEM) – [92]

Shear mixing of graphite in solvent Dispersed few-layer graphene 5.3 g h−1 0.17 0.26 7.3 nm >90% [89]

Surfactant assisted milling of graphite Dispersed few-layer graphene 2.5 g h−1 0.65 0.25 3.5 nm – [141]

Electrochemical exfoliation of graphite Freeze-dried few-layer graphene 2 g h−1 0.45 0.94 – 96% [97]

Bromine intercalation and microwave exfoliation Few-layer graphene powder 1.5 g h−1 0.09 0.48 1.1 nm 95.3% [94]

Supercritical CO2 assisted sonication Dispersed few-layer graphene 0.5 g h−1 0.2 0.4 1.5 nm – [93]

Salt intercalation of graphite Dispersed few-layer graphene 0.4 g h−1 0.1 0.45 2.6 nm 99% [142]

Electrochemical intercalation followed  
by sonication

Dispersed few-layer graphene 0.3 g h−1 0.25 0.4 5.2 nm –  [96]

Acid and peroxide assisted exfoliation Dispersed few-layer graphene 0.25 g h−1 0.05 0.88 1 nm 97% [143]
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lessening of van der Waals interactions, permitting facile dis-
persion as described. TEM analysis can further observe an 
increase in interlayer spacing in the lattice fringe of 3.45 Å, 
which is significantly larger than the 3.34 Å spacing observed 
in AB graphite. To further probe the discussed turbostratic 
arrangement of the bottom-up synthesized graphene sheets 
that allow for easy exfoliation and high concentration disper-
sions, high-resolution Raman spectroscopy and TEM imaging 
was carried out. Specific details and further discussion on the 
interpretation of Raman spectra of larger-scale graphene pow-
ders are provided in Section 2.5, but the presence of the TS1 
and TS2 peaks, with locations and widths matching well with 
literature values, is strong evidence of the rotational disorder 
that is present in the sample (Figure 6g). The very high 2D/G 
ratios (with the 2D peak being up to 17 times more intense than 
the G peak) are further confirmation that the produced flash 
graphene is composed of multilayer turbostratic graphene.

In the initial publication, the authors also demonstrated 
multiple applications of the flash graphene, such as increasing 
the compressive and tensile strength in cement by up to 35% 
with just 0.1 wt% addition of FG.[30] The enhancements in 
compressive strength were found to greatly outperform com-
posites using electrochemically exfoliated graphite, even at the 
same mass loading. Poly(dimethylsiloxane) (PDMS) compos-
ites showed 250% increases in compressive strength as well, 
when 0.1 wt% flash graphene was added. Initial studies dem-
onstrating the use of flash graphene derived from amorphous 
carbon black as an electrode material in Li-ion capacitors and 
batteries were also conducted, but optimization of capacity and 
stability is still required in these areas.

As with all research, the technique, and more importantly 
the FJH equipment, went through many iterations of design to 
advance from one generation to the next, over a span of mul-
tiple years. To date, several FJH stations have been used, as 
described in Figure 7. As discussed above, the most important 
aspects of an FJH apparatus are the capacitance of the capac-
itor banks, discharge control system for controlling heating, 
and system safety. Advancements in the sample holder and 
reaction chamber have also occurred through each iteration. 
These improvements allowed the batch size to move from 20 
mg in FJH Beta up to 1.1 g in FJH V2 as the capacitance of the 
system increased from 10 to 200 mF. FJH Beta and V0 used 
simple toggle or disconnect switches, rated for 50 A or below, 
and they were manually operated. Switches that are manually 
operated are undesirable, due to poor control and limited repro-
ducibility, as well as safety concerns. FJH V1 and V2 amelio-
rated this by switching to a 100 A mechanical relay, which was 
driven by a simple Arduino and LCD screen interface, control-
ling the discharge with an estimated reproducible temporal 
resolution of ≈50 ms. Computer control was realized in FJH 
V3, using a simple LabView interface interacting with an I/O 
board that drives an insulated gate bipolar transistor (IGBT) for 
switching. Use of the 600 A rated IGBT enabled kHz frequency 
switching, allowing for sub-millisecond temporal resolution in 
the switching.

Major improvements in the analysis of the FJH process 
occurred through the construction of a spectrometer to record 
the temperature reached during the current discharge, deter-
mined through the fitting of the emitted black-body radiation. 

The spectrometer was made in-house using a fiber optic cable 
to collect and transmit the radiation onto a grating followed 
by a photodiode array. The signal is then conveyed to a com-
puter interface through an I/O device. This spectrometer was 
implemented beginning in FJH V1. To better understand the 
role of current discharge through the sample as it converts into 
flash graphene, a Hall effect sensor was installed on FJH V3. 
This allowed for the extremely high-resolution recording of the 
current discharge over time, which has enabled precise energy 
consumption calculations as well as a better understanding of 
how peak current or total current impacts the temperature and 
thus the quality of graphene produced. Since the assembly of 
FJH V3, multiple other designs have been constructed to incre-
mentally improve the utility, scale, or function. FJH V4 is dis-
cussed later in this review, and newer versions will be disclosed 
in manuscripts currently under preparation.

Due to the in-house construction of the FJH instrumenta-
tion as well as the high voltages and currents used, we under-
stand that entrance into the field of FJH might be difficult for 
some research groups. Hence, we provide here a brief discus-
sion of the design and safety considerations determined from 
our five years of study. Primarily, the construction and opera-
tion of the FJH system, like much equipment or procedures in 
any research laboratory, can be hazardous, but the hazards can 
be minimized through proper experimental design, training, 
and use. Surely, electrocution is a hazard and steps must be 
taken to minimize that risk. Most importantly, proper training 
of all users is essential. Consultation of an electrical technician 
during the design and construction of an FJH is essential. It is 
important to use wires and components able to safely operate 
at high voltages and currents. There should be multiple visual 
in-line indicators of instrument charge and status such as 
light bulbs or LEDs. Multiple kill switches should be installed, 
preferably in the form of steady-state high direct current-rated 
circuit breakers since they inherently suppress arcs. As a rule 
of thumb, transformers, if used, and capacitors are the most 
dangerous aspects of this system, and if not properly designed, 
charge from these components can appear in unexpected 
places. Capacitors, if no resistor is present to slowly bleed off 
the charge, can indefinitely hold dangerous levels of charge, so 
the use of large 100 000 Ω bleed resistors is important. Thick 
insulating gloves extending to the elbows should be worn when 
the FJH is being used, and components should only be touched 
in a discharged and disconnected state, using one hand, and 
making sure the operator is not otherwise grounded. Bright 
flashes of black-body IR and visible photons are emitted, so the 
use of an opaque reaction chamber or dark glasses is suggested. 
Welding or brazing safety glasses provide protection from both 
UV and IR radiation, and a minimum shade number of #3 is 
recommended. Our several publications using the FJH station 
provide detailed electrical schematics and safety lists.[30,31,33,34]

2.3. Flash Graphene from Waste Materials

The conversion of amorphous carbon black into grams of tur-
bostratic graphene was used for initial optimization, but the 
use of other high-carbon content feedstock materials, such as 
anthracitic coal, calcine coke, and charcoal demonstrated process  

Adv. Mater. 2022, 34, 2106970
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generality. Several low-value and waste materials were studied as 
carbon feedstocks as well and were included in the original publi-
cation.[30] Biochar, humic acid, keratin, lignin, sucrose, starch, pine 
bark, olive oil soot, coconut char, coconut shells, coffee grounds, 
pistachio shells, potato skins, waste rubber, and rubber-tire-derived 
carbon black were all able to be converted into graphene using the 

FJH process. A variety of other waste carbon feedstocks have been 
screened at the request of collaborators and remain unpublished, 
yet we have not encountered a dry, high-carbon-content material 
that cannot be converted into graphene through FJH.

Through select optimization of the FJH parameters such as 
sample mass, resistance, voltage, and duration of discharge, 

Adv. Mater. 2022, 34, 2106970

Figure 7.  Photographs and simplified circuit schematics displaying the evolution of FJH stations. Each circuit schematic highlights the important 
advances in current discharge control and process analysis added with each iteration. The 500 V DC source is provided by a transformer, and varying 
amounts of capacitance were used in each version. The carbon-source sample holder is represented in all schematics by the square load resistor as 
labeled in the first circuit schematic.
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the quality and elemental purity of the produced graphene 
derived from pyrolysis ash and waste rubber was greatly 
improved. Hoping to further demonstrate and capitalize upon 
the ability of FJH to convert zero- or negative-value materials 
into high-value graphene, a more in-depth study was dedicated 
to ash resulting from the chemical recycling of waste plastic 
(pyrolysis ash) as well as waste rubber tires and rubber tire-
derived carbon black.[31,32] Pyrolysis ash and tire carbon black 
are unavoidable byproducts of the catalytic depolymerization 
of plastics and tires and are high in carbon content but con-
taminated with trace metals and other undesirable impuri-
ties. Hence, some optimization of pretreatment FJH pulses 
proved to be important when using larger weights and less 
pure feedstocks since this treatment aids in the precarboni-
zation of the low-carbon-content materials. This can result in 
90–95% graphene yields based on the initial carbon content 
with 50–80% overall weight yields depending on the feedstock. 
Further, 94–98% elemental carbon purity was determined by 
XPS. High average 2D/G ratios of ≈0.8 and excellent dispers-
ibilities were observed. Plastic-derived pyrolysis ash produced 
some sheets that were hundreds of nanometers in lateral size, 
while tire carbon black and waste rubber produced smaller-
sized sheets of 3–40 nm. Both feedstocks showed an increased 
interlayer spacing as compared to AB-stacked graphene, when 
analyzed by TEM. These waste material feedstock-derived flash 
graphene products were all tested in Portland cement and con-
crete, showing 25–43% increases in compressive strength at 
addition amounts <1 wt%.

The plastic waste pyrolysis ash-derived turbostratic gra-
phene was also dispersed in PVA to enhance the properties 
of the biodegradable polymer. Significant decreases in water 
uptake, absorbing 20% less water than the control over 10 d, 
and increases in hydrophobicity with contact angle of 56° com-
pared to 24° in the control sample, were observed. Further, the 
produced graphene-enhanced PVA films showed up to 30% 
increases toughness and failure strain. These negative-value 
waste and byproduct materials could be converted into valuable 
graphene and demonstrated multiple composite applications, 
in hopes of economically incentivizing the recovery and chem-
ical upcycling of plastic and rubber waste.

2.4. Flash Graphene from Waste Plastics

One of the most notable carbonaceous waste materials is 
waste plastic since its pollution continues to be a global focal 
point. Recycling of waste plastic is troubled by low economic 
viability, but also by the mechanical and chemical intensity 
required. Sorting of mixed plastic waste is almost always nec-
essary before the various polymer types can then be cleaned 
in a water-intensive process, and finally undergoing mechan-
ical shredding and remolding or chemical depolymerization. 
These sorting and washing steps are the most unattractive 
industrially, and as advanced packaging containing multiple 
layers of different types of plastic become more widespread, 
the very mechanism of these recycling methods is threat-
ened. Thus, advanced chemical recycling methods able to 
convert mixed waste plastics into high-value products are 
essential.

Plastics inherently are insulating. For FJH, some level of 
conductivity is essential, thus the addition of 10 wt% carbon 
black or flash graphene from a previous run was required 
to make the mixtures conductive. This addition of a conduc-
tive additive, coupled with pretreatment discharges afforded 
graphene synthesis from many different types of plastics 
as well as mixed waste plastics, as disclosed in the initial 
publication.[30]

Further effort to reduce the amount of conductive additive 
was studied, which resulted in the use of a two-step method.[34] 
Through addition of small amounts (2–5 wt%) of conductive 
additive, such as amorphous carbon black or flash graphene, to 
fine ground waste plastics (Figure 8a), the resistance decreased 
to 100 Ω for 500 mg of plastic packed into a 8 mm diameter 
quartz tube. This resistance was then suitably conductive to 
pass current through, first using a long discharge of the capaci-
tance banks. The current would initially remain very small, but 
as heat is generated through the Joule heating, the plastic will 
eventually begin to carbonize, and the resistance will decrease, 
allowing more current and thus more heat to be generated. 
To further simplify the technique and remove the need to use 
capacitors for carbonization, a new FJH system (FJH V4) was 
constructed, consisting of a 120V/60A outlet, and two 10 A cir-
cuit breakers, with the constant voltage provided by the labo-
ratory electrical outlet, and the circuit breakers controlling the 
peak current delivered to the plastic. Due to the use of unrec-
tified AC, this low-current FJH is also termed AC-FJH. The 
circuit breakers thus trip once the current exceeds 10 A, sig-
nifying that a resistance of <12 Ω had been reached within the 
carbonized plastics. During this low current yet long duration 
carbonization step (0–10 A, over 8 s), temperatures >2900 K 
are reached, as determined by the black-body radiation emitted 
during the process. At this point, the plastic is converted into 
carbonized low-quality graphene. It can further be converted 
into higher-quality graphene through a secondary traditional 
FJH discharge as described in Section  2.2, and it was shown 
that any plastic stream including mixed or unwashed waste 
plastic can be used without impacting the quality of turbostratic 
graphene produced. Raman spectra of the graphene following 
low-current AC-FJH carbonization and after the final high cur-
rent FJH are shown in Figure 8b,c.

This FJH resulting in carbonization of the mixed waste 
plastic allows for direct conversion of waste plastic into gra-
phene, without any intermediate pyrolysis processing. Fur-
ther, since the heat necessary is generated in situ, there is no 
need for furnaces or inefficient heat transfer. The authors also 
observed that hydrocarbons such as waxes, oils and oligomers 
were emitted during the low-current FJH process, much like 
they are during the chemical recycling of polymers. Appli-
cations of the flash graphene powder were demonstrated, 
including the dispersion of the flash graphene in an aqueous-
surfactant solution, resulting in 80x higher stable dispersibility 
than commercial thermally expanded graphite. The addition 
of the mixed-waste-plastic derived turbostratic flash graphene 
once again resulted in a 30% increase in compressive strength 
when 0.035 wt% is added to Portland cement. A preliminary 
cost analysis was also carried out, arriving at an estimated cost 
of $124 in electricity to convert 1 ton of mixed waste plastic into 
180 kg of turbostratic flash graphene.

Adv. Mater. 2022, 34, 2106970
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2.5. Raman Spectroscopy of Graphene Powders

The use of Raman spectroscopy to characterize graphene and 
other 2D or nanomaterials is well described in the literature 
and multiple reviews.[144–146] Raman spectroscopy is widely 
used, and generally accepted as the gold standard of graphene 
characterization, due to the vast array of information a single 
spectrum can provide. This includes the quality and symmetry 
of the graphene, as well as the stacking or translational organi-
zation of the neighboring sheets.[147]

As discussed in Section 1.1, a rotational disorder of graphene 
sheet stacking allows sheets to maintain the optical and elec-
tronic graphene properties. This misorientation between gra-
phene layers can be readily probed using Raman spectroscopy. 
The D, G, and 2D (also known as the G′) peaks are readily 
present in turbostratic graphene; however, the intensity ratios 
may vary widely, especially throughout the entire sample. The 
common practice of assessing graphene layering through the 
2D/G peak intensity ratio or FWHM does not apply to tur-
bostratic systems. The individual layers are weakly coupled so 
the spectra remain independent of the number of layers. The 

2D peak remains narrow and Lorentzian in shape; no addi-
tional modes are introduced at the K-point of the Dirac cone 
since no out-of-plane interactions are present.[148] Due to this 
lack of intersheet interaction, the 2D peak remains a single 
peak that benefits from double-resonance enhancement, able to 
greatly enhance the peak intensity. In a reverse of AB-stacked 
graphite, where the 2D peak intensity decreases and loses the 
single Lorentzian shape as a function of number of layers, in 
turbostratic graphene the 2D peak retains its Lorentzian shape 
and can increase in intensity as more layers are present. 2D/G 
ratios as high as 17 can be observed in flash graphene tur-
bostratic systems,[30] while ratios higher than 2 are regularly 
be observed.[149] This goes against the common notion domi-
nant in CVD-grown graphene that the highest achievable 2D/G 
ratio is 4, occurring when a single layer is present. Further, the 
FWHM of the 2D peak in extremely high-quality turbostratic 
graphene can be as small as 15 cm−1, which is smaller than the 
FWHM of documented single-layer CVD-grown graphene.

Other weaker and less-known peaks, namely the TS1, TS2, 
and M peaks are essential to understand the rotational align-
ment of graphene in powder form (Figure 6g).[150–152] The TS1 

Adv. Mater. 2022, 34, 2106970

Figure 8.  a) Photographs showing the process workflow to convert postconsumer high-density polyethylene (HDPE) into graphene (the conduc-
tive additive, carbon black is abbreviated CB). b) Raman spectra of graphene resulting from the AC-FJH carbonization of various types of plastic 
(poly(ethylene terephthalate) is abbreviated PET, poly(vinyl chloride) is abbreviated PVC, low-density polyurethane is abbreviated LDPE, polypropylene 
is abbreviated PP, and the plastic mixture is composed of 40% HDPE, 20% PP, 20% PET, 10% LDPE, 8% PS, and 2% PVC). c) Raman spectra of high-
quality turbostratic FG produced after AC-FJH and high current FJH. a–c) Reproduced with permission.[34] Copyright 2020, American Chemical Society.
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and TS2 peaks are noted to occur due to combinations of trans-
verse acoustic with the longitudinal optic or acoustic modes. 
The TS1 and TS2 peaks occurring at 1880 and 2030 cm−1, 
respectively, when using a 532 nm excitation source, are gen-
erally ≈30 times less intense than the G band. The TS1 can be 
fitted with a single Lorentzian and has a FWHM of ≈35 cm−1, 
while the TS2 is composed of two superimposed Lorentzians, 
thus having a slightly wider FWHM of ≈52 cm−1. The M peak, 
which occurs at 1750 cm−1 when a 532 nm excitation source is 
used, is also a weak peak, ≈25× less intense than the G peak, 
occurring well past the shoulder of the G peak. The M peak 
results from the combination of multiple phonon modes but 
arises from intersheet coupling and is thus indicative of AB 
stacking of multiple sheets. The M peak is notably silent when 
observing turbostratic graphene since these interlayer interac-
tions are disrupted. When discussing graphene powder, or 
any turbostratic graphene products, all three peaks should be 
studied, with the presence of the TS1 and TS2 being apparent 
along with the absence of the M peak indicating a rotationally 
disordered product.

Larger-scale graphene production, whether top-down or 
bottom-up, will likely produce a distribution of graphene 
quality. Showing a single Raman spectrum for a production 
method can be misleading. Displaying an average spectrum, 
where each spectrum is normalized, then summed with many 
other spectra, from a wide area of a sample area, called a Raman 
spectral map over a large area, is therefore helpful. Or, pro-
ducing scatterplots displaying the intensity ratios of important 
peaks from many spectra can be an aid in assessing larger-scale 
graphene quality. Raman spectrometer software often makes 
these plots accessible, and there are libraries of R or MatLab 
open-source packages that also do this. Therefore, Raman spec-
troscopy can be used to improve the comparison and reproduc-
ibility of larger-scale graphene production methods.

Preparation of flash graphene samples with varying ratios 
of 13C and 12C has permitted the further study of the optical 
and electronic properties using Raman spectroscopy.[35] Due 
to changes in the lattice symmetry and vibrational frequen-
cies experienced by the graphene sheets, unusual enhance-
ments in the D’ peak are observed. This indicated a favoring of 
intravalley phonon scattering modes in graphene lattices with 
5–15% added 13C. Also, Raman spectroscopy demonstrated high 
degrees of isotopic homogeneity, as a single set of D, G, and 
2D peaks with minimal broadening were observed rather than 
doublets where one set pertains to graphene sheets of separate 
isotopic content. Interestingly, infrared analysis of a 1:1 12C:13C 
flash-graphene sample showed the long-sought carbon–carbon 
double-bond stretch at 1562 cm−1 due to the disruption of lattice 
mass symmetry.

2.6. Mechanism for FJH Graphene Synthesis

Mechanistic understanding is central to the optimization and 
advancement of graphene synthetic methods. In top-down 
preparation of graphene, the graphene sheets are already fully 
formed and the interest centers around the mechanism of exfo-
liation.[153] Significant research interest also remains pertaining 
to bottom-up synthesis methods, searching for new catalysts, 

lower temperatures, and more rapid formation of CVD gra-
phene synthesis.[154]

A current study shows that the FJH mechanism of graphene 
formation has most in common with thermal annealing and 
graphitization that takes place to convert amorphous carbon 
into graphite, which has been known for more than a century 
in the production of highly oriented pyrolytic graphite.[155] This 
conversion from amorphous carbon begins at >1000 °C as 
structural changes begin to take place, with the rearrangement 
and re-hybridization occurring as the activation energy needs 
are met.[156] Rosalind Franklin conducted a study more than 70 
years ago varying the carbon graphitization temperatures and 
observed the crystalline growth of graphite.[157] She studied var-
ious amorphous carbons heated between 1700 and 3000 °C, and 
measured the amounts of crystalline graphite produced using 
XRD. Two distinct classes of materials were found, graphitizing 
carbons which readily form dense graphite, and nongra-
phitizing carbons which formed a less ordered and more porous 
graphite structure. In the years since Franklin, researchers 
have studied graphitization in real-time using electron micros-
copy and they observed the formation of many carbon struc-
tures besides graphitic sheets.[158] Many researchers have used 
density functional theory (DFT) or molecular dynamics (MD) 
simulations to study the structure of amorphous carbon mate-
rials and how they change during high temperature treatment, 
largely surrounding the annealing of carbon fibers.[159]

For FJH synthesis, large-scale simulations have been used 
to further elucidate this graphitization and annealing process 
that happens on the millisecond time frame. Using these sim-
ulations, the density of carbon packing and temperature were 
demonstrated to have large impacts on the annealing process 
and most significantly on the final sp2/sp3 ratio obtained after 
annealing. The computational data, particularly demonstrating 
the temperature correlation with graphene formation and defect 
healing, agreed well with experimental results where the same 
phenomena are observed through Raman spectroscopy and 
TEM imaging. Due to computational constraints, simulations 
were constrained to less than 5 ns annealing at the given temper-
atures, and the resulting structures are shown in Figure 9a–c,  
with the change in hybridization shown in Figure  9d. Experi-
mentally, temperatures during FJH are >3000 K for ≈5 ms, 
explaining how high-quality graphene can be obtained through 
rapid thermal treatment. Simulations have not been carried out 
to confirm that the turbostratic arrangement of graphene layers 
results from kinetic trapping due to the rapid cooling rate not 
allowing for ordered stacking of the layers into graphite. How-
ever, experimental studies have shown that extending the FJH 
times to 0.5 s results in a notable increase in AB stacking of 
the layers.[33] SEM images suggest that along a single 1 mm-
size crystal of turbostratic graphene, likely experiencing a large 
thermal gradient during synthesis, small-faceted graphene 
domains are observed. These "seeds" gradually merge and 
converge into larger graphene crystal domains. Raman spec-
troscopy demonstrates that at longer FJH pulse durations, AB 
stacking can be observed, lending credence to the mechanistic 
hypothesis that the rapid heating and cooling are essential to 
kinetically trap the metastable turbostratic product. Atomistic 
simulations were again conducted in this study, but probed 
longer durations up to 125 ns at maintained temperatures of 

Adv. Mater. 2022, 34, 2106970
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3500 K. Once more, extremely large increases in the sp2 hybrid-
ization are observed, but molecular models still did not show 
distinct turbostratic graphene sheets being formed. The simu-
lated time scale is only 0.002% of the duration that the amor-
phous carbon powder experiences during FJH annealing, but 
lack of sheet formation in simulations may indicate that fac-
tors such as electronic current or local fluctuation in charge or 
resistance, which are not accounted for in the MD simulations, 
may have sizable impacts on the FJH mechanism. Rather, MD 
resulting models show a wrinkled graphene structure, which 
is also observed experimentally and still shows turbostratic 
characteristics through expanded interlayer spacing by powder 
XRD. This wrinkled graphene morphology accounts for ≈60% 
of the product and is still of high sp2 content and elemental 
purity, while distinct sheet-like morphologies are observed for 
the remainder of the sample. These sheet and wrinkled mor-
phologies are distinct optically as well as spectroscopically and 
may result from temperature or cooling rate differences during 
the FJH process.[33]

Taken together, experimental and computational data present 
a mechanism for turbostratic flash graphene that involves the 
rapid heating due to electronic resistance, resulting in the rapid 
high-temperature annealing of the carbonaceous starting mate-
rial. Carbon content increases during heating, since volatiliza-
tion of noncarbon elements causes them to sublime or outgas 

from the sample. During this annealing, mobile carbon is gen-
erated and begins to nucleate into thermodynamically favored 
sp2 hybridized, faceted nanosized, or wrinkled graphene mor-
phologies. These graphene seeds merge as heating durations 
are extended to 100–200 ms, giving rise to large domains of 
randomly oriented turbostratic graphene sheets, with increased 
interlayer spacing. Due to the high cooling rates, the orienta-
tion of the sheets to overlap the electron rich and poor regions 
of alternating sheets is limited since the thermal energy dis-
sipates rapidly, kinetically trapping the metastable turbostratic 
product.

3. Perspective on Larger-Scale Graphene Synthesis

Helpful considerations for industrial or academic synthesis and 
use of larger-scale graphene include:

1.	 Stricter industrial quality control and certification of industri-
al graphene products are suggested. The overall poor quality 
of graphene on the market today delays successful applica-
tion and depreciates the field of graphene research. Standard-
ized characterization of graphene, such as presenting average 
Raman spectra, elemental purity information, standardized 
dispersibility data, and AFM or TEM derived sheet size and 

Adv. Mater. 2022, 34, 2106970

Figure 9.  a–c) Molecular dynamics simulations showing the structure of materials with density 1.5 g cm−3 kept at different annealing temperatures 
for up to 5 × 10−9 s with a Nosé–Hoover thermostat. The scale bar for each structure is 1.5 nm. d) A schematic showing the proposed mechanism for 
graphene formation during FJH of carbon sources. b–d) Reproduced with permission.[30] Copyright 2020, The Authors, published by Springer Nature. e) 
Reproduced with permission.[33] Copyright 2020, American Chemical Society.
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thickness, will increase the quality and utility of the "black 
powder" on the market today.

2.	 Efforts to expand the use of green chemical methods are 
advantageous. The use of large amounts of solvent or water 
that is not easily recovered can lessen the attractiveness. The 
hope to recycle or upcycle waste materials, minimize waste 
streams, and minimize process mass intensity or process 
energy have all been demonstrated academically. Translation 
of these methods to industry should be investigated and im-
plemented where possible. A wider utilization of strenuous 
life cycle assessments to better understand the impacts of 
graphene synthesis and applications can be used to identify 
problems and mitigate waste.

3.	 A better understanding of the environmental and biologi-
cal impact of larger-scale graphene is needed. Fortunately, 
graphene is naturally occurring as crystalline aggregates of 
graphite and is present in coal in large amounts. Graphene 
may even shear from graphite in flowing river water. Further 
dedicated study on the retention and degradation of larger-
scale graphene should be carried out at academic and indus-
trial levels as graphene application increases.

4.	 Research collaborations between graphene manufacturers 
and commercial product users should be sought. Communi-
cation of desired characteristics and end goals can help tailor 
graphene products, resulting in the higher-quality imple-
mentation of graphene. Cross-industry or academic-industri-
al collaborations can also foster new graphene family materi-
als applications, rather than following a one-size-fits-all use.

5.	 Sustained grant and commercial funding focused specifically 
on larger-scale graphene targets and applications should re-
main. Funding for improved graphene production research 
will in turn spawn further research due to increased acces-
sibility of the materials needed.

To conclude our review of the larger-scale synthesis of gra-
phene, the journey from Scotch-tape exfoliation to hypothesized 
production of kilograms or tons per hour, has not been linear or 
straightforward. Physical exfoliation and CVD growth of bulk gra-
phene and graphene films, respectively, have dominated as the 
large-scale and industrial methods of choice. Few, if any, viable 
alternatives yet exist for the synthesis of graphene films outside of 
CVD growth, with many of the recent advances pertaining to the 
specific growth conditions and rates. These incremental advances 
are significant, but many challenges in cost, throughput, and final 
application remain to be addressed for the use of single-layer gra-
phene films to fulfill the many desired applications. For the syn-
thesis of bulk graphene, FJH represents just one exciting method 
to achieve high production rates. Top-down methods are limited 
by both the quality of starting graphite as well as the strong inter-
sheet interactions, highlighting the utility of larger-scale synthesis 
of graphene using bottom-up methods.

4. Extensions and Outlook of Flash Joule Heating

4.1. Flash Joule Heating for Broader Materials Synthesis

As discussed, FJH is a powerful method to synthesize gram-
scale turbostratic graphene from seemingly any high carbon-

content feedstock. However, FJH is not limited to graphene 
synthesis as recent publications have shown. In an extension 
of the synthesis of flash graphene, it was observed that while 
FJH fluorinated substrates, alternative phases of carbon could 
be synthesized.[37] This work was further inspired by the small 
energy gap between formation of diamond and graphene, of 
0.01–0.04 eV atom−1 during synthesis.[160] The phase transition 
of carbon through radical or transient intermediates also has 
been shown to have profound impacts on the final allotrope of 
the carbon product,[161] and further work has shown that fluori-
nation of the substrate can result in increases in radical stability 
during phase transformations.[162,163] Thus, FJH of fluorinated 
organic carbon precursors was probed and resulted in control-
lable phase evolution. Fluorinated substrates included the use 
of Teflon and other perfluoroalkyl species. As previously dis-
cussed, low-current FJH results in carbonization to yield fluori-
nated amorphous carbon, which can then be further converted 
into fluorinated nanodiamond or fluorinated graphene prod-
ucts, before finally coalescing to form onion-like concentric 
carbon moieties (Figure  10a–c). High-resolution TEM, Raman 
spectroscopy, and XPS allowed for the characterization of the 
phase evolution. Microscopy shown in Figure  10 with accom-
panying FFTs demonstrate the shift from fluorinated nanodia-
mond (FND) to fluorinated flash graphene (FFG) and finally 
fluorinated concentric carbon (FCC) as the duration and peak 
current of FJH are adjusted. Raman spectroscopy in Figure 10d 
confirms the identity of each phase as well as demonstrates the 
turbostratic character of the FFG, since 2D enhancement is pre-
sent. XPS analysis verified the presence of fluorine within the 
materials, showing fluorine content of 20% in FND, and lower 
contents of 3–7% in FFG and FCC materials. The C KLL, the 
measured energy of electrons ejected due to the filling of the K 
shell by an electron from the L shell coupled with the ejection 
of an electron from an L shell, was also probed using high-res-
olution XPS. This demonstrated predominantly sp3 hybridiza-
tion in the FND samples and predominantly sp2 hybridization 
present in the FFG and FCC materials.

This study is interesting not only because of the synthesis of 
other phases of carbon nanomaterials using FJH but because 
it sheds light on the process and mechanism of FJH, demon-
strating how energy input influences phase transformation. 
Nanodiamonds had not been previously observed during the 
FJH conversion of amorphous carbon into graphene since the 
necessary electronegative fluorine was not present, and thus 
did not favor the formation of sp3 hybridized nanodiamond 
structure. Observed fluorine concentrations are lower in FFG 
and FCC materials which are only formed when higher energy 
densities are used, thus giving the system enough energy to 
form thermodynamically favored HF by breaking the CF 
bond while forming the sp2 hybridization. It is hypothesized, 
and observed via TEM imaging, that formation of the polyhe-
dral FCC result from the surface graphitization of FND parti-
cles. Total phase purity was not attained during this study, and 
work continues to afford higher degrees of phase selectivity. 
Hence, the facile FJH synthesis of metastable phases, which 
are often more difficult to access was demonstrated.

Interestingly, FJH has recently been applied to the larger-
scale synthesis of other 2D materials. The phase transformation 
of metastable 1T phase of MoS2 and WS2 was achieved thereby 
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suggesting that FJH is a general approach to new materials 
classes.[36] Transition metal dichalcogenides are an emerging 
2D material that is being extensively studied. MoS2 is just over 
6 Å thick.[164] These materials stack similarly to graphite, but 
in contrast they have a bandgap making them useful in tran-
sistors, spintronics, solar cells, photocatalysts, and electrocata-
lysts.[165] Also, distinct from graphene, there are two metastable 
materials phases that exist in these transition metal dichalcoge-
nides, that are distinguishable based on the coordination and 
space group, which can greatly affect their physical and chem-
ical properties.[166] In MoS2, WS2, and closely related materials, 
these phases are termed the 1T and 2H phases, and differ sig-
nificantly in conductivity and application. The 1T phase is diffi-
cult to form and has low stabilities, making study difficult since 
large amounts of SMo or SW bonds must break and simul-
taneously reorganize.[167]

Once again, direct FJH was leveraged to introduce high 
energy densities extremely rapidly, followed by rapid cooling 
rates of ≈104 K s−1 allowing conversion and access to the met-
astable 1T form. The dichalcogenide was used directly, only 
needing a 5% conductive additive of carbon black to lower the 
resistance enough for FJH. The reaction was run on hundreds 
of mg scales, reaching currents over 1000 A. The 1T product 
was characterized through changes in the Raman spectra, XRD, 
and characteristic binding energies, as well as atomic-level visu-
alization through high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM). Ratios of up to 
50% 1T were observed; the change in phase results in distinct 
changes in vibrational and bonding modes (Figure 11a), and con-
version of 2H to 1T can be followed as the duration of the FJH 
is extended. Inspired by literature where electronegativity was 
observed to ease the phase transition, tungsten powder was sub-
stituted for carbon black as the conductive additive and afforded 
up to 76% conversion of 2H into the 1T form as determined 

by high-resolution XPS (Figure  11b–d). HAADF-STEM images 
show the clear conversion of 2H into 1T as well (Figure 11e,f).

First-principles DFT calculations were conducted to probe 
the mechanism of conversion from the stable and energeti-
cally favored 2H structure to the metastable 1T phase. These 
calculations coupled with experimental validation determined 
that the FJH process induces defects through the rapid heating 
and possible sublimation of sulfur-inducing vacancies. These 
vacancies, coupled with the accumulation of negative charge 
that occurs during FJH, were calculated to drastically lower the 
energy required for conversion to the 1T phase. Application of 
the FJH produced majority-1T phase was shown by significantly 
improving both overpotentials (–491 to –221 mV) and Tafel slope 
(136 to 65 mV dec−1) in the hydrogen evolution reaction. The 1T 
has more metallic electronic properties. Further, the layer number 
was observed to decrease, and the interlayer spacing increase, 
suggesting that the FJH transformed MoS2 may be more dispers-
ible and useful to cast films or in the formation of composites.

These two recent publications show that FJH undoubtedly 
has many applications in 2D, metastable, or nanomaterials 
synthesis and phase transformation. The demonstrated scal-
ability of this technique was shown when synthesizing larger-
scale graphene, and it will unlock new applications or research 
avenues when applied to these other materials that are able 
to be synthesized using FJH. Further work in the larger-scale 
syntheses of these and other targets continues. This technique 
could advance many other synthetic, separations, or phase-
transformation-based research areas.

4.2. Perspective and Future Outlook of Flash Joule Heating

FJH, when applied to the synthesis of graphene and other 2D 
nanomaterials, was only disclosed in 2018. Hence questions, 

Figure 10.  a–c) scheme showing the conversion of the fluorinated precursor to form FAC (a), FND (b), and FFG with FCC (c). d) Raman spectra of 
each phase observed during FJH. a–d) Reproduced with permission.[37] Copyright 2021, American Chemical Society.
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opportunities, and challenges remain. The further scale-up and 
commercialization of FJH for bulk synthesis of high-quality 
turbostratic graphene are currently being carried out by Uni-
versal Matter Inc. The company is scheduled to have a proto-
type manufacturing line operational in early 2022 and will 
represent the first industrial-scale, bottom-up graphene powder 
synthesis method. On an academic level, much work remains 
to be done to better understand and utilize FJH. Mechanistic 
studies, including simulations that account for the current and 
voltage contributions rather than simple heat annealing, will 
prove enlightening and will drive process optimization. Fur-
ther experimental study of intermediate products and released 
volatiles, or in situ evaluation of intermediates and phase evolu-
tions would greatly increase the mechanistic understanding of 
the FJH process.

The capability to convert a wide array of waste materials 
into high-value graphene through a generalized, facile process 
is also exciting and offers a host of potential applications. As 
discussed in Section 1.5, the trend of upcycling waste materials 
into graphene is not exclusive to FJH. These processes, and 
applications of the upcycled waste material-derived graphene, 
offer avenues to realize economic viability for responsible 
waste management and resource recovery. Use of other waste 
products in FJH, use of FJH to upcycle other high-value prod-
ucts, and use of FJH to lessen or eliminate of hazardous waste 
streams, are all possible future research directions.

One of the current shortcomings with FJH synthesis is the 
onerous trial-and-error optimization that is required when a 
new feedstock or reaction is being studied. The many reaction 
parameters that can be adjusted such as energy density and 

Figure 11.  a) Raman spectra comparing the precursor 2H phase with the 76%/24% composition of 1T/2H phases that results from FJH. b,c) High-
resolution XPS scans comparing the precursor 2H phase with the 70/30 mix of 1T/2H phases that results from FJH. d) A scheme demonstrating the 
FJH-assisted phase transformation of the 2H phase into the 1T phase. e,f) HAADF-STEM atomic images comparing the 2H and 1T phases (orange = 
S, blue = Mo). a–f) Reproduced with permission.[36] Copyright 2021, American Chemical Society.
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heating rates are an advantage for specific materials design 
control, however, they result in significant amounts of time and 
characterization being required to incrementally synthesize and 
improve the desired product. Machine learning or simulation-
guided optimization would be a powerful advance in this realm, 
and an area that is gaining precedent in materials synthesis.

Since FJH can afford other 2D, metastable, and nanoma-
terials, a new class of compounds will be accessible. Further, 
existing materials classes or phases may benefit from increased 
efficiency, scalability, sustainability, or feedstock generality. 
Likewise, new classes of materials, alloys, composites, or cata-
lysts might be synthesized using FJH. FJH might be used as a 
simple rapid heating method to kinetically trap volatile prod-
ucts of interest and study their evolution based on peak tem-
perature or reaction duration. From a more fundamental stand-
point, the generation of heat in situ for a reaction, and ability 
to reach extremely high temperatures with rapid heating and 
cooling rates, could increase efficiency and decrease heat loss 
in several materials fields such as metallurgy. In conclusion, 
FJH for 2D materials synthesis is quite new. Yet its impact is 
being felt widely with respect to the attention received. This 
could be a harbinger for this classical method to be applied to 
new materials synthesis.
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