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Over a decade ago, monolayer graphene became a heated 
topic of research, and its celebrated physical properties 
were measured and reported1–5. At the time, this atomi-

cally thin two-dimensional (2D) material with surprising electri-
cal conductivity, and its mechanical strength, optical transparency 
and impermeability, promised many applications, and it has capti-
vated the attention of the scientific community for the past decade. 
Since then, interests in graphene have increased rapidly, triggering 
the steady progress in graphene commercialization. Production 
of graphene has increased from 14 tonnes in 2009 to nearly 120 
tonnes in 20156–8, and is estimated to reach nearly 1,200 tonnes 
in 20196–8. It also led to the rediscovery of entire categories of 2D 
materials and allotropes that have kept scientists and engineers 
busy for over a decade.

To harness the unprecedented properties of graphene, small 
companies were made to attempt commercialized applications of 
this revolutionary material. Presently, there are large consortiums 
such as the Graphene Flagship (https://graphene-flagship.eu),  
which provide long-term funding and support for putting  
graphene products out in the market9. Graphene has initially 
gained commercial success in sports goods and anti-corrosion 
coatings, functioning as passive additives. Over the years, the 
deepening understanding of graphene’s electrical and optical 
properties in terms of an atomically thin material has led to the 
heavy pursuit of graphene in commercial electronics and opto-
electronics (Fig. 1).

With such broad market categories that can potentially be rev-
olutionized or significantly improved by utilizing graphene and 
related materials, there has been steady growth of the graphene-
based device market. Top market analysis groups (IDTechEx) esti-
mate an inflection point sometime in the very near future (around 
2021) after which the volume of sales related to graphene and related 
materials will reach US$100 million10.

Graphene research is at a stage where most of the outstand-
ing physical properties have been studied, but the development of 
technology that bridges academic to industrial manufacturing still 
needs focus. Here we look back the past decade and have an over-
view of the development history of graphene, commercial opportu-
nities and the recent progress of graphene commercialization.

Availability of graphene
Although various research activities on graphene have been ongoing 
since the last century5,11,12, a monolayer of graphene was isolated by 
mechanical cleavage of bulk graphite a decade ago1. The technique 
comprises repeatedly peeling adhesive tape from the bulk until a 
monolayer of graphene remains. The so called Scotch tape method 
does not involve sophisticated lab equipment, yet historically it has 
provided the highest quality graphene flakes and has fuelled numer-
ous scientific discoveries in the laboratory.

However, the flakes of monolayer graphene have been limited 
to hundreds of micrometres in size13, and require exhaustive iden-
tification under the microscope. Such a low-throughput procedure 
naturally fails to meet the requirements of industrial production. 
In time, a plethora of processes was invented for the synthesis of 
graphene and its derivatives. The graphene commonly available 
can be classified into two main categories, with one being discon-
tinuous graphene flakes of up to hundreds of micrometres and the 
other being continuous graphene sheets. The synthesis, proper-
ties and product implementations of these two types of graphene  
and their respective applications differ significantly due to their  
different forms14.

Graphene nanoplatelets
Graphene nanoplatelets (GNPs), also called ‘nanosheets’ or ‘nano-
flakes’, here refer to a multitude of graphene materials produced 
through exfoliation of graphite, the procedure of which generates 
graphene of arbitrary shapes and lateral dimensions on the order of 
hundreds of nanometres up to tens of micrometres. Graphene oxide 
is a form of GNP functionalized by oxygen-containing groups. The 
initial manufacturing process is based on the oxidation of graph-
ite15–17. The process begins with oxidizing graphite into graphite 
oxides in the presence of strong acids and oxidants18. Then, the 
sheets in the graphite oxides are separated through sonication to 
form graphene oxide, which forms a discontinuous nanoplatelet 
dispersion in aqueous solutions. Given the abundance of graphite 
and the high exfoliation efficiency, this process has been proven 
suitable for mass production.

The access to discontinuous nanoplatelets dispersed in liquid 
permits graphene processing that would otherwise be difficult or 
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costly. For example, dispersed GNPs in liquid allow processing 
to form freestanding thin films or coatings on arbitrary surfaces, 
and facilitate mixing with other materials to form composites19–21. 
However, graphene oxides in the primitive form differ signifi-
cantly from crystalline graphene and possess excessive defects 
decorated with carbonyl and hydroxyl functional groups, although 
the graphitic backbone is largely preserved22,23. To restore the gra-
phene lattice, graphene oxide is reduced through thermal anneal-
ing or chemical treatment to form reduced graphene oxides24,25. 
While the oxygen groups can be partially eliminated by reduction, 
the damages in the carbon networks remain with the presence of 
structural defects26.

Further developments, such as liquid phase exfoliation (LPE), 
involved disintegration of graphite directly into graphene by shear 
stress in solvent (Figs. 2a and 2b)27,28. The choice of a solvent with 
optimized surface tension is critical for efficient exfoliation and a 
stabilized dispersion of graphene. LPE produces GNPs with signifi-
cantly reduced structural defects in comparison to graphene oxides 
or reduced graphene oxides due to the direct mechanical exfolia-
tion27. Also, the production rate analysis shows promise in scaling up 
for industrial production (Fig. 2c)28. However, similar to graphene 
oxides and reduced graphene oxides, the lateral dimension of GNPs 
produced by LPE is limited to a few micrometres, and the thick-
ness of GNPs varies from monolayer to more than ten layers due to 
the statistical nature of the process. Producing graphene sheets with 
large average diameter while maintaining structural integrity and 
uniformity in monolayer thickness has remained a challenge. Today, 
vendors are producing GNPs in the form of a powder, dispersion, 
or composite master batch. Recent reports show increasing com-
mercial availability of graphene GNPs, with companies claiming 
production capabilities of thousands of tonnes per annum, while 
the specifications of graphene vary significantly in terms of lateral 
dimension, thickness and impurity content14,29.

Continuous graphene sheets
Continuous sheets of graphene can be synthesized from bottom-
up routes by sublimation of SiC or by chemical vapour deposi-
tion (CVD) with hydrocarbon precursors. Fabrication of graphene 
sheets directly on SiC, so called epitaxial graphene30, is done by sub-
limation of the top-most Si on single-crystalline SiC wafers at high 
temperature, which triggers the reconfiguration of the remaining  

carbon atoms into epitaxially aligned graphene. Since epitaxial gra-
phene is formed on the atomically flat wafer surface free of wrin-
kles and contaminations, it is readily compatible with high-value 
microelectronic processing although at the expense of costly semi-
conductor substrates. The CVD process has evolved over the years 
and is currently the choice process for scalable graphene sheet pro-
duction11,31–34. CVD of graphene involves the activation of gaseous 
carbon hydrate and subsequent chemical reaction to form a sheet of 
graphene, which was initially over a Ni foil11. It was found later that 
Cu is a better candidate as a substrate, leading to improved thick-
ness uniformity over a large area. Coverage of up to 95% monolayer 
graphene can be achieved on Cu foils35. Despite the significant prog-
ress in the past decade, the majority of CVD graphene is polycrys-
talline with a domain size in the micrometre to millimetre range. 
Nevertheless, the room-temperature carrier mobility of CVD gra-
phene can reach up to 70,000 m2 V–1 s–1 (ref. 36,37), close to that of 
pristine graphene and a significant improvement over GNPs38.

However, the synthesis of continuous CVD graphene of high 
quality requires tight process control, and its prices are still orders 
of magnitude higher than those of GNPs. Over the past decade, sig-
nificant efforts have been made to scale up the production of high-
quality CVD graphene. Multiple research groups demonstrated 
roll-to-roll CVD processes for graphene synthesis39–42, realizing 
high-quality CVD graphene with a Raman peak intensity ratio of 
the D and G bands (ID/IG) as low as 0.065 and a growth rate up to 
5 cm min–1 (Fig. 2d). It has also been shown that the roll-to-roll 
process can be applied for graphene transferred to a flexible sub-
strate of up to 30 inches43,44. These results pointed out the potential 
routes towards industrial production and handling of large-area 
electronic-grade graphene. Although CVD has been shown as a 
relatively scalable process, further production up-scaling is funda-
mentally limited by the efficiency in the phase change of carbon, 
as well as the complexity of infrastructures. Innovations to enable 
high-quality graphene synthesis without the need of a vacuum, 
high temperature or catalytic metal will be beneficial to accommo-
date the bulk consumptions in the market as well as to create extra 
market opportunities. Currently, CVD graphene of a few inches on 
various substrates including metal foils and SiO2 is widely available 
for sale to support the research communities or pilot development, 
while leading vendors are supplying CVD graphene on the scale of 
tens of metres through the roll-to-roll process. Large-scale CVD 
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Fig. 1 | A timeline of landmarks for graphene synthesis and commercialization in the past decade. The graphene-related products depicted include 
a tennis racket169, a touch screen43, a 3D printing cable170, a bio-sensor171, and electronic and optoelectronic microchips114. Images reproduced with the 
permission from refs. 6,172,27,28,43, Springer Nature Ltd. and ref. 173, American Chemical Society.
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graphene production with better quality control in terms of defects, 
uniformity and electrical properties is under development with 
leading vendors.

Applications in the industry
With the fast development of graphene production techniques, 
intensive efforts have also been made to incorporate graphene into 
real commercial products. Based on graphene’s unique properties, 
many applications spaces such as structural, environmental, electri-
cal and optoelectronic technologies have been identified and there 
has been substantial progress, close to production levels. This sec-
tion summarizes the current progress towards commercialization of 
graphene products in different technological sectors.

Graphene derivatives and composites
Due to the outstanding mechanical strength and electrical/thermal 
conductivity, graphene has been applied as scaffold or filler materi-
als in composites. By filtering the dispersed GNPs followed by dry-
ing, GNPs can be assembled into free-standing foil-like materials, so 
called graphene paper (Figs. 3a and 3b)45. GNPs in graphene paper 
form a unique layer structure interlocked together in parallel, allow-
ing effective load distribution. The Young’s modulus and fracture 
strength of graphene paper reaches 42 GPa and 120 MPa45, respec-
tively, superior to those of other paper-like materials, for example 
buckypaper or graphite foil46,47.

GNPs can also be fabricated as fibres by spinning, a similar pro-
cess to the production of conventional synthetic fibres (Fig. 3c,d)48,49. 
Similar to graphene paper, graphene fibre forms the interconnected 
networks but in the form of a fibre. The Young’s modulus and tensile 
strength of graphene fibre can reach more than 120 GPa and 1.2 
GPa, respectively49–51. Although the reported modulus and tensile 
strength of graphene fibre are not comparable to those of carbon 

fibre, which are 380 GPa and 4.5 GPa, respectively52. Graphene fibre 
is flexible and possesses a five-times higher failure strain of 10%52,53, 
suggesting graphene fibre can sustain higher elongation before fail-
ure. Coupled with the high temperature stability and the outstand-
ing electrical (>105 S m–1)48,51,54,55 and thermal (>1,400 W m–1 K–1)51,56  
conductivity, graphene papers and fibres can provide the structur-
ally robust platforms for various applications in light-weight rein-
forcement, heat spreaders, conductive textiles and so on.

Additionally, GNPs are proposed to be the alternative filling agent 
in composite materials to replace conventional filler materials such 
as carbon black and carbon fibres21. The specifications of graphene 
are outstanding owing to its high surface area, tensile strength, ther-
mal and electrical conductivity. Mixing a small amount of GNPs in 
the matrix of polymers, metals or ceramics can achieve significant 
enhancement in the mechanical, electrical and thermal properties 
of the composites. As an example, 0.5 wt.% of GNPs in epoxy resin 
achieves fracture toughness enhancement by 40%57. Electrical con-
ductivity is enhanced by 8 orders of magnitude from 10–8 S m–1 to  
1 S m–1 (ref. 58), and thermal conductivity is enhanced by 167 times to 
~33 W m–1 K–1 with GNP filler59,60. Commercial applications under 
development include light-weight sports goods, electromagnetic 
shields for aircraft, flame retardant plastics and 3D printing fila-
ments and inks promising for printed flexible electronics (Fig. 3e).  
For example, tennis racquets with a graphene-based composite were 
first commercialized (Table 1)61. Following this success, ski equip-
ment, bicycles, helmets and shoes with graphene reinforcement are 
in production (Table 1). The chemical inertness and the special lay-
ered structure of graphene have also been utilized for anti-corrosion 
purposes62. The incorporation of GNPs into coatings creates a cor-
rugated path for the permeation of oxidants, delaying the oxidation 
process. Graphene-based coatings have been demonstrated to out-
perform conventional zinc phosphate-based materials (Fig. 3g)63, 
and is commercially available (Table 1).

Energy and environment
Energy is a major industry that requires the consumption of gra-
phene in bulk quantity. The integration of graphene in batteries, 
supercapacitors and devices for hydrogen generation and storage 
offers opportunities to meet the challenge of ever-increasing global 
energy consumption64. The atomically thin graphene provides an 
extremely large surface-to-mass ratio of 2630 m2 g–1, coupled with 
chemical stability and excellent electrical and thermal conductiv-
ity65, which is an ideal platform for energy applications, such as 
storage of electrical charges, ions and hydrogen atoms. Indeed, the 
amount of charge, ions, or hydrogen stored per unit mass is directly 
proportional to the surface available.

Graphene can be used as an active material for electrodes of 
Li-ion batteries. It has been considered that a monolayer graphene 
with two surfaces being used for Li adsorption enables a theoretical 
specific capacity of 744 mAh g–1, doubling that of current graph-
ite electrodes66,67. With further surface modification, graphene 
oxide electrodes have been demonstrated to achieve more than 
2,000 mAh g–1 for the first discharge, surpassing the theoretical 
value of pristine monolayer graphene because of solid electrolyte  
interphase formation68.

So far, graphene is mostly used as a conductive agent in elec-
trodes to improve rate capability and cyclability because of its ther-
mal conductivity and electrical conductivity. For example, graphene 
is used in a combination of common cathode materials such as 
LiCoO2, LiMn2O4 and LiFePO4. Owing to the improved electrical 
and thermal conductivity of graphene in comparison to conven-
tional additives such as carbon black, the path for the transport of 
charge and heat is much shortened. Improvement of up to 160% 
of the discharge capacity is observed with electrodes enhanced 
with graphene69. Also, graphene can form a matrix or skeleton to 
encapsulate active components to resolve the issues associated with 
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Fig. 2 | Mass production of graphene as raw materials. a, GNP dispersion 
in multiple bottles produced by LPE28. b, Lab scale GNP synthesis using a 
shear mixer28. c, GNP production on the scale of 100 L28. d, Roll-to-roll CVD 
of graphene at lab scale40.
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fast capacity decay, poor rate performance and low Coulombic 
efficiency70–72. The high-energy lithium-ion batteries with graph-
ite anodes and transition metal oxide cathodes are still unable to 
achieve fast charging without negatively affecting electrochemical 
performance and safety73. Commercial batteries with graphene and 
graphene–Si composite electrodes are currently under develop-
ment. Battery manufacturers have been developing graphene bat-
tery technology with ‘graphene ball’ materials that enables five times 
faster charging speeds than standard lithium-ion batteries74, and the 
technology is expected to be adopted in mobile phone products in 
the near future.

On the other hand, the large surface-to-mass ratio and theoreti-
cal capacitance of 550 F g–1 of graphene are advantageous for super-
capacitor implementation66,75. The key to success for graphene is 
to make full utilization of the intrinsic surface capacitance and spe-
cific surface area. Supercapacitors with graphene-based electrodes 
and a mesoporous structure exhibited a specific energy density of 
85.6 Wh kg–1 at room temperature and 136 Wh kg–1 at 80 °C, with 
a current density of 1 A g–1 (ref. 76). Laser-scribed graphene films 
that have been used directly as electrodes without binder, conduc-
tive additives or metal current collectors, have shown energy densi-
ties of up to 1.36 mWh cm–3 and power densities of 20 W cm–3 in 
an ionic liquid electrolyte77. Further, graphene can be combined with 
pseudocapacitive materials maintaining high energy density and 
power performance to bridge the gap between batteries and electric  
double-layer capacitors78. In fact, the supercapacitor market is one of 
the first to have adopted graphene technology commercially. Graphene 
ultracapacitors have been reported to reduce elevator energy con-
sumption by half and are currently in use throughout Europe79.

An emerging environmental application of graphene is in mol-
ecule or ion filtration. A GNP membrane can act as a selective bar-
rier for permeation of molecules or ions80–82. GNPs are stacked in a 

layer by layer fashion, creating a corrugated nanochannel between 
the layers. The selectivity is based on the size exclusion. It was 
found that a 1μm-thick GNP membrane with interlayer distance of 
less than 9 Å rejects all solute with a hydrated radius more than 
4.5 Å (ref. 83), while the flow rate of water permeation can reach 
0.2 l m–2 h–1. Water filtration can also be achieved with monolayer 
graphene sheets, while the water permeates through well-defined 
nanopores84. The selectivity is based on pore diameter as well as the 
functional groups at the pores. The flow rate of filtration depends 
on the porous density and the upper bound permeance for water fil-
tration is estimated to exceed 1,000 l m–2 h–1 bar–1 (ref. 85). The high 
selectivity and permeance of graphene membranes can be applied 
for energy efficient water desalination and gas filtration (Fig. 3f).

Electronics
Driven by the challenge of further scaling Si transistors, search-
ing for a replacement has become imminent in the past decades. 
Fabricating field-effect transistors using graphene has been the 
first motivation following the discovery of its outstanding carrier 
mobility. In addition, the high field velocity of graphene shows great 
promise over traditional semiconductors including Si. Although 
the performance of graphene-based transistors as logic switches 
has been rather restricted owing to the zero bandgap, leading to 
the dreadful on–off ratio86. Rapid progress has been made in the 
past decade for graphene-based radio frequency field effect transis-
tors (FETs), which quickly broke the record set by the Si equiva-
lent, achieving a cut-off frequency (fT) of 100 GHz given the same 
gate length87. Shortly after, a new record was set with fT of 427 GHz 
by aggressive gate length scaling (Fig. 4a)88. The impressive cut-off 
frequency owes to the high mobility in the channel. On the other 
hand, the maximum oscillation frequency (fmax) of graphene FETs 
had been historically below 30 GHz due to a high contact resistant 
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Fig. 3 | Selective applications of graphene in composites, energy and environment. a, Macroscale graphene paper45. b, Microstructure of graphene 
paper45. c, Graphene fibres woven in textiles48. d, Microstructure of a knotted graphene fibre49. e, Printed electronics with graphene inks174. f, Testing of 
water filtration with a graphene membrane175. g, Salt spray testing after 2,000 hours showing the comparison between the zinc-based anti-corrosion 
coatings with (bottom) and without (top) graphene oxide additives63.
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associated with organic residues87–89. Very recently, fmax exceeding 
200 GHz has been achieved after optimizing contact resistant with 
a residue-free process90,91. Continuous efforts are ongoing to create 
graphene-based radio frequency electronic circuitry (Fig. 4b)92. So 
far, vendors have been supplying graphene-based field-effect tran-
sistors mainly for research and development purposes (Table 1).

Increasingly, instead of challenging the established role of Si, 
graphene attracts more attentions in the area where conventional 
electronic materials do not excel. For example, graphene intercon-
nects can support a current density of 108 A cm–2 and possess ther-
mal conductivity of 5,000 W m–1 K–1, 100 times and 4 times greater 
than those of copper, respectively93,94. These outstanding properties 
of graphene have led to its promising applications as current or heat 
spreaders in the back end of silicon integrated circuits. Graphene-
based thermal management was successfully commercialized, espe-
cially in thermal cooling for solid state drives and memory where it 
allows normal operation without bulky heat sinks (Table 1).

Additionally, the 2D nature of graphene and its strong sp2 bond-
ing enables opportunities in flexible and stretchable electronics19,95. 
The theoretical fracture strain of graphene has been estimated to 
be ~20%–25%96,97. Impressive uniaxial tensile strain of up to 450% 
is achievable when coupled with a pre-stretched substrate98. As a 
demonstration, graphene has been fabricated as active transistors 
on rubber and a high mobility of graphene is retained under 5% 
strain99. Coupled with its transparency, graphene is particularly 
attractive for transparent electrodes (Fig. 4c)100, as an alternative 

to indium tin oxide. Monolayer graphene has a transparency of 
97.7%101, compared to indium tin oxides that have a value of 90.5%. 
It has been shown that a stack of four monolayers of graphene is 
enough to achieve the same sheet resistance of 10 Ω square–1 with 
a transparency of 90%102, the standard in the industry currently set 
by indium tin oxides. The flexibility of graphene-based transparent 
electrodes is an extra benefit that can find applications in advanced 
electronics such as solar cells, display panels, radio frequency iden-
tification and wearables. Graphene has been incorporated in com-
mercial electronics as transparent electrodes in mobile phone touch 
screens (Table 1).

A recent exotic application of graphene involves utilization 
of the special van  der Waals feature on the surface of graphene. 
Semiconductor thin films deposited on graphene have been 
mechanically separated from substrates due to their weak van der 
Waals bonding with graphene103. It was further discovered that the 
crystallinity of a deposited semiconductor thin film can be signifi-
cantly improved with atomically thin graphene, due to the reduced 
distance to its substrate104. Such new functionality of graphene 
potentially enables significant cost reduction in high-value non-
silicon electronics.

Overall, the implementation of graphene into commercial prod-
ucts must be compatible with existing technology in terms of fab-
rication and functionality. Especially for large-scale applications, 
graphene transferred from its host onto a target substrate has been a 
crucial step so far. The key is to avoid generating damages or residues 

Table 1 | Graphene-based products already available in market

Graphene properties utilized Company Product (model) Features

Thermal Huawei Smartphone (Mate 20 X) Graphene film as a heat sink for cooling177

Thermal TeamGroup Solid-state drives (Cardea Zero 
M.2 PCIe SSD)

Graphene heat spreader for efficient SSD 
cooling178

Thermal, mechanical Momodesign Helmet (FGTR Graphene 1.0) Graphene film for efficient heat dissipation179

Thermal, mechanical Directa Plus/Colmar Apparel (G+ series) Graphene-assisted heat management and 
heat distribution180

Mechanical HEAD Tennis racquet, Ski (GrapheneXT) Graphene for light weight, flexibility and 
robustness61,181

Mechanical Dassi Bicycle (Interceptor) Graphene in frameset for light weight and 
stiffness182

Mechanical inov-8 Shoes (G-series) Graphene for improved elasticity, strength and 
durability183

Mechanical ZOLO Earphone (Liberty series) Graphene-enhanced audio drivers for 
improved sound quality184

Mechanical Richard Mille Watch (RM 50-03) Graphene for extremely light-weight 
chronograph185

Electrical Nanomedical diagnostics Biosensor (Agile) Graphene FET as a biochemical sensor186

Electrical Graphenea Transistor array (GFET-S10) FETs on SiO2 with CVD graphene and 1,000 
cm2 V s–1 mobility (https://www.graphenea.
com)

Optical, electrical, mechanical Chongqing Graphene Technology Smartphone Flexible touch screen for mobile phone187

Optical Emberion Photodetector Prototype of graphene-based broadband 
photodetector188

Optical, electrical Graphene Flagship Communication link (modulator 
and detector)

All-graphene optical communication link at 25 
Gb s–1 (ref. 127)

Optical, electrical Galapad Smartphone (Galapad Settler) Graphene-based touch screen enabling better 
light transmission189

Chemical Applied Graphene Materials Additives for painting/coating 
(Genable series)

Graphene for anti-corrosion and for blocking 
moisture penetration190

Chemical CalBattery Lithium battery electrode Silicon–graphene composite anode191
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either to the graphene or the target substrate. Thus, a major focus 
is the development of contamination-free processes of graphene 
transfer. Starting from graphene grown on the wafers can allevi-
ate such concerns. However, the requirements for low temperature 
synthesis processes while maintaining the quality and uniformity of 
graphene have been challenging, and successful development will 
be extremely valuable. An alternative is to scale up the residue-free 
transfer processes, for example the dry transfer or semi-dry transfer, 
with which graphene is not in direct contact with the polymer105,106.

Optoelectronics
The exceptional properties of graphene have also found attractive 
applications in optoelectronics107. Due to its unique linear energy-
momentum dispersion relation, electrons in graphene interact 
strongly with photons across a wide range of the spectrum, theo-
retically covering the frequency from ultraviolet to infrared, and 
extending into terahertz or even radio frequency. The broadband 
responsivity is an outstanding feature found in graphene-based pho-
tonic devices108–110. Remarkably, such broadband responsivity can be 
effectively controlled by the Fermi level of graphene through either 
electrostatic gating or optical pumping111,112. Graphene has been 
implemented as a variety of photonic components with outstanding 
performance113, including optical sensors114, polarizers110,115, satu-
rable absorbers116 and so on, potentially to be integrated in photonic 
circuits for next generation communication systems117. The real and 
imaginary parts of the effective mode index are reconfigurable by 
electrical biasing, facilitating broadband optical amplitude, or phase 
modulation113 (see Fig. 4d). The strong polarization-dependent opti-
cal absorption in graphene-laminated waveguides can be leveraged 
to realize integrated polarizers, while the broadband absorption 

property facilitates photodetection across all optical communica-
tion bands118,119. For example, the state-of-the-art graphene-based 
photonic devices on wafers have demonstrated photodetection with 
a bandwidth of 128 GHz120, and optical modulation with a band-
width of 30 GHz121, a modulation depth exceeding 15 dB121 and 
energy consumption less than 350 fJ bit–1 (ref. 122). Additionally, due 
to the nature of van der Waals bonding of the graphene surface, the 
heterointegration of graphene with silicon-based photonic plat-
forms is not limited to lattice matching, unlike other conventional 
semiconductor materials. The success could propel the advance-
ment of on-chip optical interconnects and wireless data transmis-
sion with visible light (light fidelity).

So far, the performance of graphene-based photonic devices is on 
par with, or even better than, the best Si-based photonic devices at 
communication frequency. However, graphene optical components 
distinguish themselves in the infrared or terahertz wavelengths  
(Fig. 4e)123, where conventional optical materials are limited by their 
individual bandgap and the best solution has not been clear. As a 
demonstration, a broadband terahertz transmittance modulator 
was created by graphene gated via ionic liquid124. Modulation over 
frequencies ranging from 0.1 THz to 2.5THz have been achieved 
with a modulation depth of 20 dB. In addition, the modulation has 
even been extended to the microwave frequency range, around 10.5 
GHz (Fig. 4f)125, where the reflection and transmission of the micro-
wave were modulated with graphene integrated surfaces. Further 
multifunctional applications include compact terahertz imaging for 
airport security screening, microwave radar cloaking and so on.

The graphene-based integrated photonic devices reported so 
far are mainly small scale108–110, while system level integration 
still requires further development. Up-scaling of graphene-based  
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photonics is currently limited by the relatively low yield of the 
mechanical transfer process. High-quality monolayer graphene 
directly grown on fabricated photonic structures is ideal, although 
remains very challenging due to the lack of metallic catalysts. 
Additionally, the technological relevance of graphene-based opti-
cal components will also rely on compatibility with existing 
large-scale photonic fabrication processes126, for example comple-
mentary metal–oxide–semiconductor compatibility in foundries. 
Corresponding manufacturing technology is also needed to be 
optimized to realize device mass production with distinctive perfor-
mances and robustness. Recently, the prototype of an all-graphene 
optical communication link has been demonstrated with an impres-
sive data rate of 25 Gb s–1 per channel127, and the increasing num-
ber of reports on product development indicates the ramping up of 
graphene commercialization for optical communications (Table 1).

Challenges for commercialization
Here we discuss the outstanding challenges for graphene produc-
tion and standardization, along with the state-of-the-art solutions 
reported in literature.

Narrowing the gap to pristine graphene. As we have learned from 
the silicon industry, moderate performance enhancement is not 
enough to justify the replacement of an established technology that 
has been heavily invested in over time. New solutions should provide 
drastic improvements or be able to create new market opportuni-
ties. However, the graphene currently on the market differs signifi-
cantly from pristine graphene29. Ideally, graphene is an atomic plane 
of carbon bonded with pure sp2 bonds. Realistically, graphene varies 
in lateral size, thickness and density of structural defects, which are 
tied to the production methods. Such deviation causes changes in 
electronic or structural properties. For instance, thermal or electri-
cal conductivity of graphene is reduced with increasing thickness 
and number of structural defects such as dangling bonds and grain 
boundaries128–131. The stiffness of graphene also increases with thick-
ness, with bilayer graphene about 10 times stiffer than monolayer 
graphene. Structural defects such as grain boundaries and vacan-
cies significantly weaken the mechanical strength of graphene132,133. 
For example, graphene oxides or reduced graphene oxides represent 
the defective state of graphene, the Young’s modulus of which drops 
to the order of 250 GPa134, in comparison to the 1 TPa of pristine 
graphene. For CVD-synthesized polycrystalline graphene, although 
mechanical properties within the defect-free grains are outstanding, 
breakage tends to occur along the grain boundaries132. The reduc-
tion from the outstanding specifications of pristine graphene usually 
leads to the dissatisfactory performance in existing products and 
prevents applications where the intrinsic properties of graphene are 
critical. For example, graphene-based lithium ion battery electrodes 
so far have demonstrated performance far below expectations — the 
initial high capacity of the graphene-based electrode is not retained 
after the first charge135. The gap is partially because the defective 
graphene used in the electrode falls short in specific surface area, 
and defects decorated with oxygen and hydrogen containing groups 
become irreversible binding sites for lithium ions, leading to a 
low coulombic efficiency. Bridging the gap between commercially  

available graphene and pristine graphene is essential to reach the 
initial expectations for graphene technology.

Progress has been made to reduce the inherent defects in gra-
phene nanoplatelets and continuous sheets. Nanoplatelets with 
improved graphitic quality can be obtained by microwave heating or 
by increasing the annealing temperature up to 3,100 K136–138, in com-
parison to the typical annealing temperature of less than 1,500 K139. 
The structural defects on carbon backbones are further repaired, 
indicated by the strong 2D peak and the nearly disappearing D peak 
in Raman spectroscopy (Fig. 5a)137. Chemical impurities such as 
oxygen and hydrogen are largely removed to the level close to that 
of CVD graphene or graphite138. As a result, significant increases in 
the Young’s modulus, and the electrical and thermal conductivity of 
graphene nanoplatelets are observed136,137. On the other hand, non-
uniformity of continuous sheet graphene in terms of thickness varia-
tion and grain boundaries has been mitigated by using well-defined 
metal substrates. It was found that single crystalline (111) Cu pro-
vides a better surface for graphene nucleation than polycrystalline 
or (100) Cu due to the symmetry matching, yielding highly ori-
ented graphene with improved thickness uniformity across the sur-
face140–142. Additionally, single-crystalline graphene with grain size of 
up 1.5 inches in diameter can be produced by local precursor feeding 
(Fig. 5b)143. Wafer-scale monolayer single-crystal graphene has also 
been demonstrated on (110) Ge substrates144. Evolutionary selective 
growth or self-collimation growth are potentially more scalable for 
grain boundary reduction (Fig. 5c)145,146. Additionally, by separating 
synthesis and post-processing, the synthesis time and restrictions 
due to uniformity can be significantly reduced. A recent develop-
ment showed that by the control of crack propagation at van  der 
Waals interfaces, monolayer 2D material can be extracted layer-by-
layer at the wafer-scale from a multilayer CVD 2D material stack, 
providing a potential solution for scalable uniformity control147. 
Further efforts should be made to incorporate these new under-
standings into cost-effective industrial-scale graphene production.

Standardization. One of the fundamental challenges of graphene 
production is run-to-run variations in terms of graphene quality, 
defects, thickness and doping. There is a large variation of graphene 
properties sold by various vendors, and a recent study have found 
that products from most vendors are not optimal for most graphene 
applications29. This large statistical variation in the quality of gra-
phene and lack of standards is another detriment to its commer-
cialization. To this end, a plethora of characterization methods has 
been developed and published in academia, allowing meticulous 
characterization of grown or transferred graphene on foreign sub-
strates. However, most techniques developed in academia are lim-
ited in terms of inspection area and throughput, which is a must for 
industrial adoption. Some key parameters that require quality con-
trol are thickness uniformity, macroscopic defects such as tears and 
wrinkles, and microscopic defects such as grain boundaries, con-
tamination, doping etc. and require assessment in a non-destructive 
manner. Here, we give an overview of past and recent inspection 
methods of various graphene parameters reported to date, consist-
ing of spectroscopic methods, microscopic methods and chemical 
methods (Fig. 5d–e)148–160.

Fig. 5 | Progress towards defect minimization and standardization of graphene. a. SEM showing the high temperature annealed graphene oxides 
(MWrGOs) with a lateral dimension of ~50 μm (top), and Raman spectroscopy comparison of graphene from different sources, with high temperature 
annealed graphene oxides shown in red (bottom)138. HOPG, Highly oriented pyrolytic graphite; rGO, reduced graphene oxide. b, Single-crystalline graphene 
of up to 1.5 inches was demonstrated (bottom), by local feeding of carbon precursor (top)143. c, SEM images of growth evolution of hBN film on liquid 
metal. Random grain distribution was initially observed during growth (top), and grains alignment was achieved later through electrostatic attraction 
between grains upon coalescence (bottom)145. d, Characterization techniques using optical methods to visualize defects such as cracks, wrinkles, tears and 
grain boundaries over a large area and with high throughput153–155. T, transmission; I, incident beam; R, reflection; n, refractive index; d, thickness; BS, beam 
splitter; BP, band-pass filter; FD, field diaphragm; AOI, angle of incidence; PD, photodiode; IRM, interference reflection microscopy; SNR, signal-to-noise 
ratio; TAMPs, tuned amplifiers. e, Methods to characterize electrical properties of graphene layers152,155. IR, infrared; TDS, time-domain spectroscopy.
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When graphene was first discovered, single point measurements 
such as Raman spectroscopy were predominantly used to detect and 
characterize the thickness, orientation and defects of the harvested 

graphene flakes. Raman spectroscopy has been one of the first 
breakthrough characterization methods for in-depth inspection of 
graphene flakes, first reported in 2006 on graphene flakes, and is still 
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the most widely used technique to characterize graphene148,161,162. 
It is highly sensitive to any disorders in the sp2-hybridized carbon 
bonds and can convey not only the structural properties but electri-
cal as well. Despite its universality, robustness and simplicity, due to 
its single point nature, it is an open question if this technique can 
truly be applicable for large-area detection with the high throughput 
required for industrial needs. Thus, immediate efforts were made 
to use simple processes, such as optical microscopy, to detect gra-
phene quality. Interference reflection microscopy was developed to 
visualize voids, cracks, wrinkles and the number of layers of gra-
phene transferred on transparent substrates. It utilizes a collimated 
light that is reflected off of the interface between the substrate and 
graphene, resulting in reflection interference that allows visualiza-
tion of the number of graphene layers with unprecedented contrast 
ratios153. With this technique, it is possible to directly visualize 
graphene on transparent substrates at 30–40% image contrast per 
graphene layer, also allowing identification of nanoscale structural 
defects such as wrinkles and cracks over a large area with a high 
throughput of about a thousand times faster than using scanning 
electron microscopy. Ellipsometric contrast microscopy was specif-
ically designed for large area contactless visualization of graphene 
defects155. It was demonstrated on a monolayer of graphene trans-
ferred onto an oxide-free 4 inch silicon wafer and was able to resolve 
micrometre scale defects and contamination with an imaging speed 
of 1.7 cm2 min–1. It is also applicable to graphene on Cu foils, 
potentially allowing inspection for a roll-to-roll process. Transient 
absorption microscopy allows detection of graphene grain bound-
aries where the graphene is produced by a roll-to-roll process154. It 
uses the decrease in pump beam intensity when carriers in graphene 
fill the conduction band in response to absorption of a light source. 
By using a line scan and an array of photodiodes, nearly six orders 
of magnitude increase in detection throughput was demonstrated 
compared to conventional Raman spectroscopy. Lock-in thermog-
raphy was also introduced recently, whereby Joule heating was 
imaged by applying an a.c. voltage across a large area polycrystal-
line and single crystalline graphene film and capturing the thermal 
radiation resulting from the voltage bias159. A clear heat signature 
contrast was observed in the areas with microscopic defects such as 
cracks and holes. Last but not least, although the above techniques 
can directly visualize the structural integrity of graphene, its electri-
cal characteristics cannot be quantified. There are a few methods 
developed that allow characterization of electrical performance of 
large area graphene films. One of the more promising technique is 
terahertz time-domain spectroscopy156, which is a non-contact and 
non-destructive method of measuring the sheet conductivity of a 
material. In this method, the attenuation of a femtosecond terahertz 
laser pulse is measured (either reflected or transmitted) which can 
be scanned over a large area within minutes.

Outlook and conclusion
To make graphene an industry-friendly material, significant efforts 
must be made in perfecting graphene as a basic building block at 
a much-reduced cost, including synthesis, storage and process-
ing of graphene. Fortunately, we have seen a steady trend showing 
the steep slope of price reduction, for example, the price of GNP 
graphene decreases by an order of magnitude from US$250 kg–1 
to US$20 kg–1 within four years after 2011163. On the other hand, 
there have been many variations of graphene in the form of films 
and composites, and they vary in dimensions and physical proper-
ties due to the inherent thermodynamic randomness of graphene 
synthesis. Specific graphene materials will be synthesized for a spe-
cific application from the beginning, and companies of graphene 
production need to work closely with the companies implement-
ing graphene-based products. Like any other new material to be 
commercialized, graphene must first be compatible with existing 
technology in terms of fabrication and functionality to facilitate its 

penetration into the markets. Most established industries will be 
hesitant to invest in new materials, which have a high risk of failure, 
thus it will also require the efforts from small companies as well 
as from scientific communities to demonstrate convincing concepts 
for scalable products at this point.

Together with the efforts for graphene perfection, it is crucial to 
identify the markets that can utilize the special properties of graphene 
for successful commercialization. Being a material with one layer of 
atoms, graphene has shown its unique mechanical, chemical, thermal, 
electrical and optical properties. Mechanically, graphene’s strong sp2 
bonding offers reinforcement for its surrounding matrix. Chemically, 
the anisotropic layered structure and stability of graphene provide 
barriers to penetration. For example, graphene has been considered 
as a replacement for metal diffusion barriers for logic and memory 
technologies in industry164. Thermally, the high thermal conductiv-
ity of graphene is immediately beneficial to fulfill the requirements 
for thermal management in macrostructures or microelectronics164. 
Thus, industry has been heavily pursuing graphene as a cooling 
mechanism for consumer electronics. Needless to say, the high car-
rier mobility of graphene allows numerous possibilities to outperform 
the established electronics, which will be the focus of development 
from this stage forward. While the justification for transistors has 
been weakened over time due to challenges in generating a sizable 
bandgap, the low sheet resistance of graphene at its atomic thickness 
has compelling applications as transparent electrodes for upcoming 
flexible electronics, the growth of which is imminent for internet-of-
things applications. Along with graphene’s broadband light-matter 
interaction, reinforced absorption by coupling with 0D materials can 
accelerate the application of graphene in optoelectronics165. The weak 
van der Waals bonding of graphene to adjacent layers also enables gra-
phene as a debonding layer for electronic devices. Single-crystalline 
devices can be grown on graphene and subsequently released from 
the surface allowing the reuse of expensive substrates, leading to 
wafer cost reduction for advanced non-Si electronics103.

The listed features above will certainly strengthen graphene’s 
market value as a real commercial product in the foreseeable future, 
while the investigation of graphene at the fundamental level is still 
ongoing. For example, graphene-based superconducting circuits 
have been recently achieved166 and twisted bilayer graphene stacking 
has been found to be tunable from superconductor to insulator167,168. 
The deeper understanding of graphene and the new discoveries in 
labs today will surely create new markets for graphene-based com-
mercial products in the far future.
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