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Recently, the development of nanotechnology has bloomed in numerous industries. In this
regard, graphene, a two-dimensional carbon nanomaterial, has been extensively researched, due to
its high academic interests and commercial potential. Due to its unique structure and outstanding
material properties, the research on graphene has enabled substantial progress in the development
of electronics devices, thermoelectric appliances, optical devices, sensors, and energy harvesting
applications. In addition, the mechanical properties, such as young modulus (1TPa), intrinsic strength
(130 GPa), high stiffness, and fracture strain, make graphene a promising candidate for industries
like nanocomposite coatings, paints, and bioapplications [1]. The development of graphene and
graphene-based nanocomposites is always under intensive research, to provide the foundations for
next generation devices. In this framework, the present special issue explored recent advances in
the graphene based devices and their applications in next generation electronics. Here, we have
discussed remarkable electronic and thermal properties of graphene such as Dirac fermions, high
electrical conductivity, high seebeck coefficient, the quantum hall effect and thermoelectric effects [2].
This special issue compiles 19 articles dedicated to thermal, electrical and thermoelectric properties of
graphene: 14 research articles and five review articles.

Graphene shows numerous novel and inimitable physical properties, such as the anomalous
quantum hall effect, the ambipolar electric field effect, Klein tunneling, and ballistic transport, due
to its exclusive crystal and electronic structure. However, the band gap characteristics of graphene
limits its applications and commercial interests. The properties of graphene can be tuned by altering
its nanostructure in terms of boundary configuration, structural defects, chemical doping, and
the formation of heterogeneous structures to meet the demands of the electronic, photo thermal,
thermoelectric and photoelectric fields [3]. High energy density and low cost are the prerequisite
conditions for next generation transportation and grid storage. Lithium sulfur batteries are widely
popular in this respect, however, due to their low active material utilization and poor life cycle,
Hearin Jo et al. [4] use carbon coated separators with different ratios of carbon black and vapor
grown carbon fibers to inhibit the migration of the soluble polysulfide, preventing it from reaching
to the Li metal surface. Hong et al. [5] prepared carbon foam from carboxymethyl cellulose and
compared enhancement in the thermal conductivity of neat carbon foam (CF), and carbon foam with
Ag (CF-Ag), Al (CF-Al), CNT (CF-CNT), and graphene (CF-G). Their studies showed higher thermal
conductivities of CF-Ag, CF-Al, CF-CNT, and CF-G, compared to CF. Among all the CF, the phase
change temperature is the fastest for CF-G. In addition, the SEM analysis showed effective impregnation
of erythritol into the pores of carbon foams, which minimized the latent heat loss during thermal
cycling. Therefore, these CF impregnated with erythritol represents promising material for thermal
energy storage applications. Jhao Yi Wu et al. [6] reported a facile process to synthesize few layer
graphene (FLG) from graphite by a liquid exfoliation process. The similar D/G ratio of FLG and graphite
demonstrates generation of very few structural defects. The FLG/polyvinylidene difluoride thin films
showed superior electrical conductivity with great flexibility and mechanical strength under bending
conditions, and have immense potential in conductive adhesive applications. The manuscript by
Maoyuan Li [7] and Huaipeng Wang [1] discussed molecular dynamics simulations (MDS) to study the
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mechanical properties of graphene and carbon honeycomb (CHC). Maoyuan Li et al. investigated the
effects of temperature, strain rate, and defects in the mechanical properties of graphene. Their results
indicate a reduction in the Young modulus, fracture strength, and fracture strain with increases in the
temperature. The existence of defects in graphene hampers the mechanical properties significantly,
due to local stress concentration points, whereas the thermal conductivity showed a low temperature
dependent behavior. In a similar study, Huaipeng Wang et al. presents an interesting insight between
the covalent bonds of hinge atoms of CHC and their plastic behavior.

The special issue is completed with review papers [2,3,8,9], which compile recent research findings
on the thermal, electrical, and thermoelectric properties of graphene and its composites. In addition,
the application of graphene in the development of electrochemical biosensors was also discussed. Chao
Lv et al. [10] discussed recent developments and the potential of graphene-based humidity sensors in
their review paper.

In summary, this special issue of nanomaterials entitled “Electronic and Thermal Properties of
Graphene” compiles a series of original research articles and recent review papers to provide depth
information on the development of graphene based next generation devices. We hope that this special
issue will provide an interesting insight into the latest perspectives in this rapidly evolving industry.

Funding: This research received no external funding.

Conflicts of Interest: The author declare no conflicts of interest.
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Abstract: Lithium–sulfur (Li–S) batteries are expected to be very useful for next-generation
transportation and grid storage because of their high energy density and low cost. However, their
low active material utilization and poor cycle life limit their practical application. The use of a
carbon-coated separator in these batteries serves to inhibit the migration of the lithium polysulfide
intermediate and increases the recyclability. We report the extent to which the electrochemical
performance of Li–S battery systems depends on the characteristics of the carbon coating of the
separator. Carbon-coated separators containing different ratios of carbon black (Super-P) and
vapor-grown carbon fibers (VGCFs) were prepared and evaluated in Li–S batteries. The results
showed that larger amounts of Super-P on the carbon-coated separator enhanced the electrochemical
performance of Li–S batteries; for instance, the pure Super-P coating exhibited the highest discharge
capacity (602.1 mAh g−1 at 150 cycles) with a Coulombic efficiency exceeding 95%. Furthermore,
the separators with the pure Super-P coating had a smaller pore structure, and hence, limited
polysulfide migration, compared to separators containing Super-P/VGCF mixtures. These results
indicate that it is necessary to control the porosity of the porous membrane to control the movement
of the lithium polysulfide.

Keywords: carbon-coated separator; polysulfide; shuttle effect; lithium–sulfur batteries

1. Introduction

The continuously increasing worldwide demand for energy has resulted in energy storage systems
becoming essential for the successful implementation of various electric devices such as electric vehicles,
portable electronic devices, and energy storage systems [1–6]. Lithium–sulfur batteries have been
regarded as promising candidates due to their high theoretical capacity (1675 mA·h·g−1), low cost, and
the environmentally friendly characteristics of sulfur. Despite the many advantages of sulfur cathodes,
Li–S batteries have poor cycle performance due to following chronic drawbacks, which lead failure at
successful commercialization [7–11]: (1) Sulfur has insulating properties that interfere with uniform
electrons throughout the active materials during operation. As a result, poor utilization of the active
sulfur material occurs during electrochemical reactions. (2) Lithium polysulfides (Li2Sx, 4 ≤ x ≤ 8),
the intermediates of sulfur during the charging/discharging processes, are a fatal component impeding
the cycle performance of Li–S batteries. Lithium polysulfide dissolves easily in the electrolyte from the
sulfur cathode and consumes electrons directly from the both electrodes, cathodes, and anodes inside
the battery system, unlike conventional battery systems, where electrons are consumed along the
conductors. This series of internal cyclic electron consumption is called the “shutting effect” [12–14].

Nanomaterials 2019, 9, 436; doi:10.3390/nano9030436 www.mdpi.com/journal/nanomaterials3
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Various approaches have been proposed to overcome the drawbacks of the sulfur cathodes
described above to improve Li–S batteries through the modification of the sulfur cathodes and
electrolyte systems, and in this regard, advanced sulfur/carbon composites [3,15,16], functional
polymeric binders [17,18], sulfur/metal–organic frameworks [19,20], solid electrolytes [21–23], and
functional additives [24] have been studied.

Although the separators are one of the main components of the battery system (composed of
anodes, cathodes, electrolytes, and separators), the significance of the separators for cycle performance
of Li–S batteries was underestimated until a functional separator containing a carbon coating layer
was proposed [25–28]. A carbon coating layer not only provides an electron path to the sulfur cathodes
but also effectively reduces the migration of lithium polysulfides through the separators and leaves
them on the sulfur cathode surface. As a result, the carbon-coated separators improve the cycle
performance of the Li–S batteries by helping the sulfur cathodes to reuse lithium polysulfides during
the repeated charging/discharging processes. Furthermore, from a practical point of view, the use of
functional separators is not only economical but is also advantageous over other existing approaches
associated with sulfur cathode and electrolyte modification, since it can be applied to a variety of
existing technologies.

We have focused on the selection guidelines for carbon materials for Li−S batteries, and to do so
we fabricated carbon-coated separators using two representative commercial carbon materials, carbon
black (Super-P) and vapor-grown carbon fibers (VGCFs). We see that when Super-P and VGCFs are
used as conductive additives for lithium–cobalt–oxide (LiCoO2) cathodes, there is a synergy that leads
to improved LiCoO2 performance in unexpected combinations. Taking this into account, it is thought
that the combination of Super-P and VGCFs for carbon-coated separator needs to be investigated for
Li−S batteries, because changing the ratio of Super-P and VGCFs significantly changes the electrical
conductivity and porosity of the coating separators.

The design of carbon-coated separators for Li–S batteries has to carefully consider the porosity
of the coating layer. For instance, the use of carbon-coated separators which are not porous with a
dense surface structure would prevent the liquid electrolytes containing the polysulfide from flowing
through the layer fluently, thereby making it difficult for the polysulfide to migrate to the Li metal
surface. From a kinetic point of view, however, limited movement of the liquid electrolyte inside the
batteries may result in electrochemical performance degradation due to low reaction rates. On the
other hand, highly porous, carbon-coated separators would be beneficial to the kinetic behavior of the
Li–S battery system but would be vulnerable to polysulfide migration. In this study, the porosity of the
carbon-coated separator was adjusted by using mixtures of different types of carbon materials, VGCFs
and Super-P. Simply changing the VGCF to Super-P ratio in the carbon-coated separator enabled us to
optimize the porosity of the separator as an effective approach to obtain a stable high-performance
Li–S battery with exceptional rate capability.

2. Materials and Methods

2.1. Materials

Sulfur (100 mesh, Sigma–Aldrich, St. Louis, MO, USA), Ketjenblack (Ketjenblack®EC-600JD,
AkzoNobel, Amsterdam, Netherlands), poly(vinylidene fluoride) (PVdF, KF-1300, Kureha, Iwaki,
Japan, Mw = 350000), vapor-grown carbon fibers (VGCFs, Showa Denko K.K, Tokyo, Japan), Super-P
(Li-conductive) (IMERYS, Paris, France), poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP,
Kynar Flex® 2801, Arkema Inc., Colombes, France), N-methyl-2-pyrrolidone (NMP, Sigma–Aldrich),
1,3-dioxolane (DOL, Sigma–Aldrich, St. Louis, MO, USA), 1,2-dimethoxyethane (DME, Sigma–Aldrich,
St. Louis, MO, USA), LiTFSI (Enchem, Jecheon, Korea), Li metal foil (thickness = 200 μm, Honjo Metal
Co., Osaka, Japan), and polypropylene (PP) separators (thickness = 25 μm, Celgard 2400, Celgard®,
Charlotte, NC, USA) were used as separators.
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2.2. Preparation of the VGCF and Super-P Carbon Composite

The VGCF and Super-P powder, both of which were purchased from commercial corporations,
were first mixed together in a specific weight ratio and then dispersed in a poly(vinylidene
fluoride-co-hexafluoropropylene) (PVdF-HFP, Kynar Flex® 2801, Arkema Inc., Colombes, France)
solution (2 wt.% of PVdF-HFP dissolved in N-methyl-2-pyrrolidone (NMP, Sigma–Aldrich, St. Louis,
MO, USA)) to form a uniform slurry.

2.3. Preparation of the Modified Separators

In this work, the separators were modified by fabricating them with three different coatings by
using slurries with different compositions. The first (VGCF-coated separator) consisted of 70 wt.%
VGCF and 30 wt.% PVdF-HFP; The second (VGCF and Super-P composite-coated separator) consisted
of 35 wt.% VGCF, 35 wt.% Super-P, and 30 wt.% PVdF-HFP; the third (Super-P-coated separator)
consisted of 70 wt.% Super-P and 30 wt.% PVdF-HFP. These three kinds of separators were prepared by
modifying the conventional separator (PP separator, Celgard 2400) by directly applying a coating of the
three slurries mentioned above on the PP separator using a gap-controlled doctor blade. After they were
dried at 50 ◦C for 12 h in the oven, the three kinds of modified separators were punched into circular
disks with a diameter of 18 mm. The fabricated layers of carbon coating had an average thickness of
~10 μm, which is the minimum value to ensure reasonable polysulfide inhibition behavior. The coating
thickness issue will be further discussed in polysulfide diffusion experiments corresponding to Figure
2. The carbon loadings of the VGCF-coated separator, VGCF and Super-P composite-coated separator,
and Super-P-coated separator were 0.18, 0.20, and 0.33 mg cm−2, respectively.

2.4. Preparation of the Sulfur Cathode and Cell Assembly

A sulfur/carbon (S/C) (Ketjen black) composite (S/C = 80/20 in weight) was prepared with the
melt diffusion method. A slurry consisting of the S/C composite (70 wt.%), vapor grown carbon fiber
(20 wt.%), and PVdF (10 wt.%) as a binder, was poured onto aluminum foil. Then the coated foil was
dried at 50 ◦C for 12 h. Finally, the sulfur cathode was roll-pressed and punched into circular disks
with a diameter of 12 mm. The areal loading of sulfur for the as-prepared electrodes ranged from
1.3 mg·cm−2 to 1.5 mg·cm−2. The electrochemical properties were tested by assembling 2032 coin-type
half-cells using the sulfur electrodes, VGCF/Super-P coated separators, and Li metal as the counter
electrode. The electrolyte was 1 M LiTFSI (lithium bis (trifluoromethanesulfonyl) imide) in DOL and
DME (1:1 by volume) with 0.2 M LiNO3 as an additive. To standardize the measurement protocol,
the amount of electrolyte added to each cell was controlled to 200 μL. Cell assembly was carried out in
an argon-filled glove box, and all capacity values were calculated based on the sulfur mass.

2.5. Electrochemical Testing

After assembly, the coin cells (sulfur/Li metal) were stored for 12 h before the electrochemical
measurements. Cycle performance was evaluated by cycling the unit cells over different potential
ranges (1.9–2.8 V versus Li/Li+) in a constant current (CC) mode during both the charging and
discharging processes at a constant current density C/2 (resp. 0.76 mA·cm−2 for sulfur) using a
charge/discharge cycler (PNE Solution, Suwon, Korea) at 25 ◦C. The cycle performance was evaluated
at 1 C (CC during the charge and discharge processes within the same potential ranges.) The rate
capability was evaluated by increasing the discharge current densities from C/5 to 3 C (C/5, C/2, 1 C,
2 C, and 3 C). The cells were discharged in CC mode while maintaining a charging current density of
C/2 in CC mode.

2.6. Characterization and Electrochemical Measurements

After the electrochemical investigations were performed, the fully charged cells up to 2.8 V versus
Li/Li+ were carefully disassembled in a dry Ar-filled glove box. The samples were washed several
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times with dimethyl carbonate (DMC, anhydrous, >99%, S Sigma–Aldrich, St. Louis, MO, USA), and
then dried overnight under vacuum before observation. The samples were analyzed by performing
field emission scanning electron microscopy with energy-dispersive X-ray analysis (FE-SEM/EDX,
S-4800, Hitachi, Tokyo, Japan).

The Gurley number was evaluated using a densometer (4110N, Thwing-Albert, West Berlin, NJ
USA) by measuring the time required for passing 100 mL of air through separators under 6.52 psi
pressure [29].

3. Results and Discussion

3.1. Morphology and Physical Characterization of the Carbon-Coated Separator

For simplicity, the carbon-coated separator containing pure Super-P, the Super-P/VGCF
combination, and pure VGCF are denoted as the Super-P, Super-P/VGCF, and VGCF
separators, respectively.

Figure 1 shows the surface morphologies of each of these carbon-coated separators. The Super-P
separator had a dense surface structure in powder form with an average particle size of
~40 nm. The larger size columnar VGCF particles (average particle diameter = ~150 nm,
average length = 15 μm) resulted in the VGCF separator showing the most porous surface structure.
Thus, the different dimensions and shapes of the Super-P and VGCF particles strongly influenced
the surface morphology of the Super-P/VGCF separator, which was strongly dependent on the
Super-P/VGCF ratio. The physical properties of each separator such as the Gurley number and surface
resistance are listed in Table 1. All of the carbon-coated separators (the Super-P, Super-P/VGCF,
and VGCF separators) had higher Gurley numbers than the bare uncoated separator (Celgard 2400).
The additional carbon coating layer of ~9 μm with high tortuosity played the role of a gas barrier.

 

Figure 1. Scanning electron microscopy (SEM) images of the separator surface containing (a) Super-P;
(b) Super-P/vapor-grown carbon fiber (VGCF) (5:5 by wt.%); and (c) VGCF.

Table 1. Physical properties of bare polypropylene (PP) and different conductive additives (Super-P,
Super-P/VGCF, VGCF).

Celgard 2400 Super-P Super-P/VGCF VGCF

Thickness (μm) 25 34 35 34

Gurley number (s·100 mL−1) 546.4 633.2 583.2 570.6

Surface resistance (mΩ·cm) N.A. 286.1 165.2 84.3

On the other hand, VGCF exhibited the lowest surface resistance, which is in good agreement
with our previous study [30]. Similar to the present study, the previous study investigated the effect of
various types of conductive additives (pure Super-P, pure VGCF, and a mixture of Super-P and VGCF)
on lithium–cobalt–oxide (LiCoO2) cathodes. The LiCoO2 cathodes containing pure VGCF revealed the
lowest surface resistance because VGCF builds an “expressway” for electron transfer, which facilitates
electron transfer across the cathode.
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3.2. Polysulfide Suppression Behaviors of Carbon-Coated Separators

In general, separators for batteries are placed between the cathode and anode and are designed
to have a highly porous structure to allow ion migration through the pores. Separators with
high porosity containing more massive amounts of liquid electrolyte result in improved ion
mobility [31,32]. However, a Li–S battery with highly porous separators can increase the mobility
of polysulfides, resulting in more severe polysulfide shuttle behavior which can critically affect the
cycle performance [33]. Taking this into account, the polysulfide inhibition behavior of carbon-coated
separators prepared with various Super-P and VGCF ratios was investigated.

As shown in Figure 2, the polysulfide permeability of the separator was examined. The inner
glass tube was filled with a mixture consisting of 15 mL of a solution of 0.43 M Li2S6 and 15 mL of
DME/DOL (1:1, by vol.). The outer glass tube was filled with 30 mL of DME/DOL (1:1, by vol.).
Because of the difference in polysulfide concentration in the two tubes, the polysulfide spread to the
outer glass tube over time. The bare separator (Celgard 2400) showed the fastest polysulfide diffusion,
whereas the Super-P separator exhibited the best protection against polysulfide diffusion. After 6 h,
the solution in the outer glass tube wrapped with the bare separator turned brown, but the Super-P
separator ensured that the solution in the outer glass tube remained transparent even after 12 h. On the
other hand, when the carbon coating layer was less than 10 μm, the diffusion of the polysulfide could
not be adequately suppressed even by the Super-P separator. Thus, an increase in the Super-P ratio
more effectively inhibited the diffusion of polysulfide. These results indicate that Super-P effectively
immobilizes polysulfide inside nano-sized porous structures.

 

Figure 2. Digital camera images of polysulfide diffusion experiments after (a) 2 h and (b) 6 h. The inner
glass tube filled with a mixture of polysulfide (Li2S6) and control electrolyte (DME/DOL, 1:1 by vol.)
was wrapped with various types of separators, while the outer glass tube was filled with control
electrolyte. S:V indicates the weight ratio of Super-P to VGCF.

3.3. Electrochemical Performance

Figure 3a shows the galvanostatic discharge/charge potential profiles during pre-cycling for the
Li–S battery containing the three types of carbon-coated separators (Super-P, Super-P/VGCF (5:5 by
wt.%), and VGCF) measured at C/5. During the discharging process (lithiation), the upper discharge
plateau near 2.4 V represents the conversion of sulfur (S8) to soluble polysulfide (Li2Sx, 4 ≤ x ≤ 8),

7



Nanomaterials 2019, 9, 436

and the lower discharge plateau near 2.1 V represents the conversion of soluble polysulfide (Li2Sx,
4 ≤ x ≤ 8) to solid polysulfide (Li2S2/Li2S) [34]. During the charging process, the first long and flat
plateau near 2.2 V corresponds to the conversion of solid polysulfide (Li2S2/Li2S) to soluble polysulfide
(Li2Sx, 4 ≤ x ≤ 8), and the plateau near 2.35 V corresponds to the conversion of soluble polysulfide
(Li2Sx, 4 ≤ x ≤ 8) to sulfur (S8) [34]. Although the theoretical potentials of each plateau are 2.18 and
2.33 V versus Li/Li+, the plateaus generally differed during charging and discharging because of the
IR drop ascribed to the high internal resistance of Li–S batteries [35]. The Li–S batteries containing
Super-P exhibited the highest initial discharge capacity (1219.5 mA·h·g−1) with the highest Coulombic
efficiency (100%). The first discharge capacity of each cell containing the carbon-coated separator
exceeded that of the bare separator (Super-P = 1213.0 mA·h·g−1, Super-P/VGCF = 1158.4 mA·h·g−1,
VGCF = 1120.7 mA·h·g−1, bare PP = 1017.4 mA·h·g−1). The hysteresis shown in Figure 3a usually can
be observed from the initial discharge of other conversion electrode materials because this is attributed
to the poor electrical contact of the initial grain boundaries between active materials and conducting
carbon materials [36]. As can be seen in Figure 3b, the hysteresis observed under 2.0 V versus Li/Li+

during pre-cycling (associated with Figure 3a) disappeared. Considering this, we can infer that the
Li−S batteries were stabilized during pre-cycling.

As shown in Figure 3c, the cycle performance of the Li–S batteries containing the carbon-coated
separators was evaluated at a discharging rate of 1 C. The unit cells containing larger amounts of
Super-P showed a higher initial discharge capacity (after the first cycle, Super-P = 984.3 mA·h·g−1,
Super-P/VGCF = 903.0 mA·h·g−1, VGCF = 795.9 mA·h·g−1, bare PP = 690.4 mA·h·g−1). The cycle
performance of Li–S batteries was greatly improved when larger amounts of Super-P were used (after
150 cycles, Super-P = 602.1 mA·h·g−1, Super-P/VGCF = 501.5 mA·h·g−1, VGCF = 301.0 mA·h·g−1,
bare PP = 0 mA·h·g−1). Because the Gurley number is defined by passing a specific amount of
air through the medium, the exact correlation between the polysulfide and the separators cannot
be clearly explained. Nonetheless, it is plausible that separators with a high Gurley number are
beneficial in inhibiting polysulfide migration since the Gurley number reflects the tortuosity of the
separators [32,37]. With this in mind, the improved cycle performance of the Li–S unit cells containing
Super-P separators is reasonable.

The rate capabilities of the Li–S batteries containing the various carbon-coated separators were
also evaluated by increasing the discharging current density step-wise from C/5 (0.27 mA·cm−2) to 3 C
(4.02 mA·cm−2) every seven cycles. As shown in Figure 3d, the rate capabilities of the Li–S unit cells
were significantly improved when more substantial amounts of Super-P were used (at the 35th cycle for
the 3 C rate: Super-P = 659.8 mA·h·g−1, Super-P/VGCF = 582.1 mA·h·g−1, VGCF = 509.5 mA·h·g−1,
bare PP = 3.4 mA·h·g−1). These results were unusual because the Super-P separators with the highest
Gurley number, and with the highest tortuosity, exhibited the highest rate capabilities. Given the
results, we can infer that, of the two main factors, the tortuosity of the separators and migration
of polysulfide, the latter is more decisive in determining the cycle performance as well as the rate
capabilities of Li–S batteries.
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Figure 3. Charge/discharge potential profiles during (a) pre-cycling (current density = C/5) and (b)
the first cycling for rate capability test (associated with Figure 3d); (c) cycle performance for the Li–S
batteries containing various carbon-coated separators, respectively (current density = 1 C); and (d) rate
cyclability (charging current density was varied from C/5 to 3 C, while the discharging current density
was fixed at C/5). Super-P/VGCF consisted of Super-P:VGCF = 5:5 by wt.%.

3.4. Post-Mortem Analysis of Li–S Batteries after Cycling

After 20 cycles (corresponding to Figure 3c), the sulfur cathodes were retrieved from fully charged
Li–S unit cells and the surface structures of the sulfur cathodes were observed using SEM. As shown
in Figure 4, the morphological structure of the sulfur cathodes varied depending on the type of coating
that was used on the separator. Deep holes were observed across the entire surface of the sulfur
cathode in the Li–S unit cells containing bare separators (Figure 4a) and VGCF (Figure 4d). On the
other hand, the sulfur cathodes of the Li–S unit cells containing larger amounts of Super-P showed a
dense structure with fewer pores. Because polysulfide intermediates are highly soluble in electrolytes,
these results are plausible because Super-P-rich separators more efficiently hinder the movement of
polysulfides [28,38].
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Figure 4. SEM images of the surfaces of (a)–(d) sulfur cathodes after 20 cycles (corresponding to
Figure 3c).

The surface structure of the cathode side of each separator was also observed using SEM and
EDX. As shown in Figure 5, the morphological structures of the separators are almost similar to
those shown in Figure 1. In contrast, the elemental composition determined by EDX showed that
the Super-P-rich separator contained larger amounts of the element sulfur (Super-P = 6.54 wt.%,
Super-P/VGCF = 2.00 wt.%, and VGCF = 1.08 wt.%). On the other hand, as shown in Figure 6,
after exposure to the same experimental conditions, the Li metal surface was observed using
SEM and EDX. Again, although the morphological structure was almost the same, the Li metal
recovered from the disassembled Li–S unit cells containing Super-P-rich separators contained a smaller
amount of the element sulfur on the surface (Super-P = 6.36 wt.%, Super-P/VGCF = 13.28 wt.%
and VGCF = 16.14 wt.%). The sulfur element was originated from the sulfur-containing species,
namely polysulfide and LiTFSI. The relationship between polysulfide and LiTFSI for electrochemical
decomposition during discharge has not yet been clearly understood. Nonetheless, it can be easily
deduced that the elemental change of the Li metal surface depends mainly on the amount of polysulfide.
This is because the amount of LiTFSI is the same in all cases because the same amount of liquid
electrolyte is used, but the amount of polysulfide changes during operation.

 

Figure 5. (a,c,e) SEM images and (b,d,f) EDX elemental analysis of the surfaces of the separators on
the cathode side after 20 cycles (corresponding to Figure 3c).
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Figure 6. (a,c,e) SEM images and (b,d,f) EDX elemental analysis of the Li metal after 20 cycles
(corresponding to Figure 3c); (g) SEM images of the Li metal after 50 cycles (corresponding to Figure 3c).

4. Conclusions

In this study, the effect of the Super-P/VGCF ratio of the carbon-coated separators on the
electrochemical performance of Li–S batteries was investigated. Although the Super-P-rich separator
exhibited the highest tortuosity with the highest Gurley number, Li–S unit cells containing the
Super-P-rich separator showed superior cycle performance and rate capabilities compared to the
other types of separators. This implies that polysulfide shuttling is the main factor determining
the performance of Li–S batteries rather than the dynamic behavior of separators. Furthermore,
we demonstrated that the migration of the soluble polysulfide was efficiently inhibited by the
Super-P-rich separators, which prevented the polysulfide from reaching the Li metal surface (Figure 7).
Consequently, manipulating the porosity of the porous membrane to control the migration of soluble
lithium polysulfide is of key importance for the development of Li–S batteries.
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Figure 7. Schematic representation of polysulfide immobilization by Super-P-rich separators in Li–S
cells. The black and yellow spheres represent lithium and sulfur particles, respectively.
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Abstract: In this study, isotropic pitch-based carbon fibers were prepared from a mixture of petroleum
residue and graphene nanoplatelets with different contents. The softening point and synthetic yield
of synthesized isotropic pitches were analyzed and compared to characterize the nature of the
pitches. The surface and thermal characteristics of the fibers were observed using scanning electron
microscopy and thermogravimetric analysis (TGA), respectively. From the results, it was observed
that the prepared carbon fibers had an interesting core-shell structure. In the TGA analysis with air,
the carbon fiber having 0.1 wt.% of graphene showed a higher residue yield than that of the sample
having 1.0 wt.% of graphene. This result can be explained due to the graphene being placed on the
surface region of the carbon fibers and directly helping to increase the surface area of the carbon
fibers, resulting in rapid oxidation due to the enhanced contact area with oxygen.

Keywords: pyrolysis fuel oil (PFO); isotropic pitch; graphene; carbon fiber

1. Introduction

Carbon fiber (CF) can be prepared from various precursors, such as gases (benzene [1], ethane [2],
and methane [3]), polymers (cellulose (rayon), polyacrylonitrile (PAN), polyvinylchloride, and
phenol resin [4]), and pitches (isotropic and mesophase pitch). Carbon fiber is considered a useful
reinforcement for composites due to its excellent properties, such as its high modulus, dimensional
stability, and excellent thermal and electrical conductivities [5–9]. Commercial production has been
achieved from only three kinds of precursors: PAN, rayon, and pitches [10]. The pitch-based CFs
can be further classified into two types: isotropic pitch and anisotropic (or mesophase) pitch [11,12].
Isotropic pitch-based CFs are widely used for general performance applications because isotropic pitch
is easy to spin, and its physicochemical properties can be easily controlled during the carbonization
process [13]. Graphene has become one of the most important nanomaterials, and many researchers
have been continuing various studies using it in various fields [14–16]. Recently, a variety of studies to
combine graphene and other materials are underway [17–20] in attempts to unlock synergetic effects
of two materials. From the point of view of mechanical applications, Ji et al. [17] have reviewed
graphene/polymer composite fibers. These composite fibers usually exhibit enhanced mechanical,
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thermal, conductive, and antibacterial properties. In the aspect of energy storage applications, He
et al. [18] have made microporous carbon/graphene composites using coal tar pitch and graphene
oxide via KOH activation. These composites exhibit a high specific capacitance, good rate performance,
and excellent cycle stability due to the good electrical properties that result from the addition of the
proper content of graphene. Cheng et al. and Ma et al. [19,20] have studied the co-carbonization
behavior of petroleum pitch/graphene oxides. Such composites form different anisotropic structures
depending on the content of graphene. However, the present works focus on the properties of
graphene/polymer composite fibers or electrical properties of graphene/pitch based porous materials;
there has been no report on surface morphology change of graphene-dispersed isotropic pitch-based
fiber. In this study, graphene-dispersed isotropic pitch was synthesized, and CF was prepared using it.
Various contents of graphene were added to the pitch during the synthesis step to observe the effects of
graphene content on the morphology of the CFs. The morphology change and surface properties of the
CFs with addition of graphene were observed using scanning electron microscopy (SEM), transmission
electron microscopy (TEM), atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS),
Raman spectroscopy, and X-ray diffraction analysis (XRD); the thermal and electrical properties were
also characterized.

2. Materials and Methods

2.1. Materials

The isotropic pitch was synthesized from pyrolysis fuel oil (PFO)-based materials (PFO#), which
were thermally fractionated at 360 ◦C. The phase of PFO# is solid and has heavy molecular weight
fractions of PFO via thermal separation. XGnP®Graphene Nanoplatelets Grade C650 (XG Sciences
Inc., Lansing, MI, USA) was selected for the graphene source. N-methyl-2-pyrrolidone anhydrous
grade (NMP, Sigma-Aldrich Co., St. Louis, USA) was used as a dispersion agent for the graphene.

2.2. Synthesis of Isotropic Pitch Using PFO#

Heat treatment was applied for the synthesis of isotropic pitches without any catalyst. A 500 mL
Pyrex flask containing 30 g of PFO# was placed in the reactor; it was heated to 280 or 300 ◦C at
a 5 ◦C/min heating rate, held at that temperature for a certain time, and finally cooled to room
temperature. While the heat treatment was underway, the reactant was bubbled with nitrogen at
800 mL/min and stirred at 400 rpm at the same time.

2.3. Synthesis of Isotropic Pitches Using PFO# and Graphene

Graphene was put into beakers with various PFO# weight%’s with 30 g of NMP and sonicated for
120 min to disperse the material. The 500 mL flask containing 30 g of PFO# was placed in the reactor
and the dispersed graphene solution was poured into the flask. A two-step heat treatment was used
for the synthesis. First, the mixture was heated to 300 ◦C at 5 ◦C/min, held for 360 min, and cooled
down. Then, it was heated again to 350 ◦C at 5 ◦C/min and held at that temperature for 240 min and
before cooling to room temperature.

2.4. Carbon Fiber Preparation

Synthesized pitches (with or without graphene) were deposited in a stainless-steel chamber
equipped with a spinneret (0.5 × 0.5 mm, L/D = 1) and spun into fiber at 300 m/min speed while
applying pressurized nitrogen gas (Figure 1). The spinning temperature was controlled in a range 40
to 50 ◦C higher than the temperature of the softening point of the pitches [21]. The spun fibers were
stabilized in an oven under air atmosphere, followed with a two-step program of heating at 1 ◦C/min
from room temperature to 300 ◦C and holding for 60 min at the same temperature. The stabilized
fibers were carbonized in a horizontal furnace heated under a nitrogen atmosphere at 5 ◦C/min up to
1000 ◦C, at which temperature, they were held for 60 min.
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Figure 1. Melt-spinning instrument scheme.

2.5. Characterization of Materials and Products

The yield of synthesized pitches was calculated using Equation (1), and the softening points of
synthesized pitches were measured using a Mettler FP 90(Mettler Toredo, Columbus, Ohio, USA) by
following the directions of the ASTM (American Society for Testing and Materials) D3104 standard
test method.

Yield(%) =
Weight o f the product
Weight o f the reactant

× 100 (1)

The thermal properties of the samples were analyzed using an SDTA 841e – TGA analyzer (Mettler
Co.) in the temperature range of 30 ◦C to 800 ◦C at a heating rate of 10 ◦C/min in an air atmosphere.

The surface structure and functional groups of the fibers were analyzed using SEM (S-4700,
Hitachi, Tokyo, Japan), AFM (XE-70, Park systems. Co., Suwon, Korea), XPS (PHI 5000 Versa Probes
II, ULVAC-PHI, Inc., Kanagawa, Japan), and TEM (JEM-2010, JEOL, Co., Tokyo, Japan). In order to
prepare the TEM sample, the carbon fibers were molded into an epoxy resin. The samples were cut
using a focused ion beam (FIB, JIB-4601F, JEOL, Co., Tokyo, Japan). The microstructural property
was analyzed using Raman spectroscopy (LabRAM HR800, Horiba, Co., Kyoto, Japan) and XRD
(X’pert pro Powder, Malvern PANalytical., Eindhoven, Netherlands). The electrical resistivity of the
carbon fibers was measured using a Loresta GP resistivity meter (MCP-T610, Mitsubishi Chemical
Co., Kanagawa, Japan) connected with a four-point-probe (MCP-TP03P, Mitsubishi Chemical Co.,
Kanagawa, Japan). A tubular furnace with an alumina tube was used for the oxidation of the carbon
fibers to observe different weight loss behaviors via surface oxidation due to the different morphologies
of the fibers. Material was heated to 500 ◦C at 20 ◦C/min and held at the same temperature for 40 min
with 100 mL/min of nitrogen flow. Then, the atmospheric gas was shifted from nitrogen to air. Finally,
system was held for 20 min in the same conditions for both samples.

3. Results and Discussion

The sample preparation ID of PFO#280(240)-800 indicates PFO# was manufactured using the
following heat treatment conditions: ‘280′ and ‘(240)’ are the holding temperature and time; ‘800′ is
the flow rate of nitrogen atmosphere. The data about synthesis yield and softening points are listed in
Table 1. The PFO# was observed as a solid petroleum residue with a softening point in the range of
162.0 to 172.7 ◦C. As the reaction temperature and time increased, the yield and the softening point
changed. When the reaction temperature increased, the yield showed a decrease, and the softening
point exhibited an increase. In the case of the increase in holding time, two factors (softening point and
synthesis yield) showed the same trend when the reaction temperature increased. This is probably due
to the decrease in the low molecular weight fractions using a heat treatment and the increase in average
molecular weight. When graphene was added, it was possible through the heat treatment to produce a
pitch having a softening point similar to that in the case of the material not containing graphene.
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Table 1. Yields and Softening Points of Pitches Synthesized as Functions of Thermal Treatment
Conditions and Graphene Addition.

Sample Yield (%) Softening Point (◦C)

PFO# - 167.4 ± 5.4
PFO# 280(240)-800 83.3 190.3 ± 0.2
PFO# 300(120)-800 48.3 274.4 ± 6.0
PFO# 300(240)-800 45.0 319.5 ± 8.1
PFO#/0.1 graphene 300(360)350(240)-800 50.6 285.6 ± 4.9
PFO#/1.0 graphene 300(360)350(240)-800 54.5 277.6 ± 4.8

Note: Each sample was measured two times.

Figure 2 shows the TGA and derivative of the TGA (DTG) data of PFO#-based fibers (nitrogen
atmosphere, 50 mL/min of feeding rate). PFO#/graphene-based fibers exhibited a lower weight loss
than that of the PFO#-based fibers. The weight of the PFO#-based fibers decreased rapidly around
500 ◦C. However, the PFO#/graphene-based fibers showed better thermal resistance (they showed a
similar drop point around 550–600 ◦C). It seems that the addition of graphene significantly increased
the thermal stability of the pitch fiber.

(a) (b) 

Figure 2. Thermal analysis of PFO#-based fibers before and after graphene addition; (a) TGA, (b) DTG.

Generally, pitch-based spun fibers are highly brittle and difficult to handle. Thus, in this work,
they were stabilized in an oven under an ambient condition by heating them from room temperature
to 300◦C at a heating rate of 1 ◦C/min and then maintaining this temperature for 60 min [22]. Finally,
the stabilized fibers were carbonized by heating up to 1000 ◦C at a heating rate of 5 ◦C/min in an inert
atmosphere. The mass change of the pitch-based fibers is listed in Table 2. It is found that a significant
weight was gained in the stabilized fibers (≈10.5%) because oxygen atoms diffuse into the fibers to
induce thermosetting [23]. This crosslinking reaction helps the fibers maintain their shape and allows
them to be carbonized in the following process without inter-filament fusing [24]. It is interesting to
note that the fibers having graphene exhibit lower stabilization yield than that of the neat pitch-based
fiber. This indicates that graphene is not oxidized or is less oxidized at the stabilization condition.
Moreover, it can be recognized that the graphene played the role of a gas barrier, preventing oxygen
diffusion in the fiber due to the severe difference of the stabilization yield.
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Table 2. Process Yields of PFO#-based Fibers as Functions of Thermal Treatment Conditions and
Graphene addition.

Sample Stabilization Yield (%)

PFO# 300(240)-800 110.5
PFO#/0.1 graphene 300(360)350(240)-800 109.6
PFO#/1.0 graphene 300(360)350(240)-800 107.7

Figure 3 presents SEM images of the PFO#-based carbon fibers. The neat pitch-based carbon fiber
(Figure 3a) had smooth morphology and exhibits a range of diameters of 20.7–23.7 μm. There were
no distinctive defects on the surfaces of the fibers. However, some voids were observed in the SEM
micrographs of the surface and cross-sectional area of the PFO#/graphene-based CFs, and the skin
area of the fibers showed a unique core-shell structure. It is considered that the graphene added during
the synthesis of pitch did not directly participate in the reaction, but was placed at the outside of the
fiber during the spinning process as a result of the different rheological properties of the pure pitch
and the pitch/graphene-mixed domain (during spinning, the core areas of the fibers were exposed to
high flow compared to the outer side; this can cause extraction of graphene added to the outer side,
resulting in the formation of a core-shell structure).

Figure 3. SEM images of PFO#-based carbon fibers; (a) PFO#, (b) PFO#/0.1 graphene, and (c)
PFO#/1.0 graphene.

Longitudinal TEM images of PFO#-based carbon fibers are shown in Figure 4. Concerning
the longitudinal TEM images, the structure of the PFO#-based carbon fiber displayed a random
microtexture of carbon microcrystallite. The structure of the PFO#/0.1graphene-based carbon fiber
displayed a random microtexture of carbon microcrystallite with crumpled graphene sheets. In the
high magnification images, the graphene sheet displayed a well-aligned carbon crystallite microtexture.
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Figure 4. TEM images of PFO#-based carbon fibers: (a) PFO# and (b,c) PFO#/0.1 graphene.

Figure 5 confirms that the electrical conductivity of PFO#-based carbon fibers showed a slight
increase with the addition of the graphene. The electrical conductivity of the carbon fiber was
considered to be affected by the graphene, which oriented in the longitudinal direction as shown in
Figure 4.

Figure 5. Electrical conductivity of PFO#-based carbon fibers.

AFM topographic images of PFO#-based carbon fibers and height profiles derived from AFM
are presented in Figure 6. An absolute comparison using AFM was impossible due to the difference

20



Nanomaterials 2019, 9, 521

in diameter of the fibers. However, the AFM images show particles on the surface after addition of
graphene, and the height profiles were also significantly changed.

Figure 6. AFM surface morphology of PFO#-based carbon fibers; (a,b) PFO#, (c,d) PFO#/0.1graphene,
and (e) height pattern along the color lines.

The diffraction patterns of the PFO#-based carbon fibers show two broad (002) diffraction peaks
at around 2θ = 23◦, with another (10l) diffraction peak at around 2θ = 44◦, indicating a graphitic
structure [25,26]. The inter-planar spacing d002 was calculated using the Bragg equation from the
intensity of the diffraction peak. Lateral size (La) and the stacking height (Lc) of the crystallite were
determined using Equation (2,3) [25,26]:

La = 1.84λ/Aa cos βa (2)

Lc = 0.89λ/Ac cos βc (3)

where λ is the wavelength of X-rays used, Aα and Ac are the full half width of the (10l) and (002) peaks,
and βα and βc are the corresponding scattering angles.

Figure 7 and Table 3 present the XRD results of the PFO#-based carbon fibers. It can be seen that
the XRD peak intensities of carbon fibers with 0.1 wt.% of graphene were higher than those without
graphene, and the addition of graphene reduces the lateral size (Lα) but increased the stacking height
(Lc). It was also interesting to note that the centers of the (002) and (101) peaks were shifted to the right
side, indicating that graphitization was accelerated by the addition of graphene to the pitch.
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θ ( ο )

Figure 7. XRD patterns of PFO#-based carbon fibers; PFO#, PFO#/0.1 graphene.

Table 3. Crystallite size results of PFO#-based carbon fibers: PFO#, PFO#/0.1 graphene.

Sample
002 Peak 10l Peak

2θ FWHM d002 (Å) Lc (Å) 2θ FWHM La (Å)

PFO# 22.95 ± 0.02 7.54 3.73 13.25 44.05 ± 0.06 4.97 35.25
PFO#/0.1 Graphene 23.08 ± 0.01 7.73 3.83 17.95 44.24 ± 0.03 6.32 27.74

Figure 8 and Table 4 present the Raman spectroscopy results of the PFO#-based carbon fibers.
Strong peaks can be seen in the range of 1300–1600 cm−1. These Raman spectra exhibited two large
peaks: one near 1330 cm−1, which was a D peak from amorphous structures of carbon, and another
near 1580 cm−1, which was a G peak from the graphitic structures of carbon [27,28]. The D-band peak
position of carbon fibers shifted from 1346 to 1359 cm−1, and the R-value (defined as ID/IG) decreased
from 2.39 to 2.28. These results can be explained as showing that there was a shift toward a higher
wavelength number, which meant greater ordering of the PFO#/0.1 graphene-based carbon fiber [29].

Figure 8. Raman spectra of PFO#-based carbon fibers; PFO#, PFO#/0.1 graphene.

22



Nanomaterials 2019, 9, 521

Table 4. Raman Spectra Results of PFO# and PFO#/0.1 Graphene-Based Carbon Fiber.

Sample
Peak Position Peak Intensity R-Value

(ID/IG)
D Band G Band D Band G Band

PFO# 1346.28 ± 0.76 1588.45 ± 0.50 574.28 570.73 2.39
PFO#/0.1 Graphene 1359.43 ± 0.84 1591.63 ± 0.52 384.16 396.21 2.28

In the wide-scan XPS spectra (Figure 9a), the surface of PFO#-based carbon fibers can be seen to
contain the expected two elements (C and a small amount of O), because carbon fibers were formed
via carbonization at 800 ◦C in the nitrogen condition. The C1s spectra (Figure 9b) were used to analyze
the types and amounts of functional groups of carbon. These results were fitted into five peaks at
284.3, 285.2, 286.7, 288.6, and 290.5 eV, which correspond to C–C (aromatic), C–C or C–H (aliphatic),
C–O, –C=O, and –COOH [30–33], respectively. The area ratios of aromatic carbon bonds/other carbon
bonds, which depends on the degree of disorder of the carbon materials [31], were calculated from
Figure 9b and are shown in Table 5. It is clear that the ratio for PFO#/0.1 graphene-based carbon fibers
was larger than that of PFO#-based carbon fibers. This result seems to derive from the more ordered
structure shown in the Raman analysis.

−

−

−

Figure 9. (a) Wide-scan XPS spectra and (b) C1s XPS spectra of PFO#-based carbon fibers.
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Table 5. Area Ratios of Chemical Bonding Peaks from C1s XPS Spectra.

Peak Area
Area Ratio

Aromatic Carbon Other Carbon

PFO# 5135.04 3225.53 1.59
PFO#/0.1 graphene 4596.05 2515.76 1.83

Table 6 and Figure 10 present the oxidation results of each carbon fiber. After oxidation, the
surface of the carbon fibers was distinctively changed. The surface of PFO#-based carbon fibers
(Figure 10a) was smoother than that shown in Figure 3a, but in the PFO#/graphene-based carbon
fibers (Figure 10b,c) the destruction of the core-shell structure during the oxidation process can be
observed. It appears that graphene, which was a shell, competitively reacted with oxygen atoms, and
this was related to a decrease in oxidation yield when the graphene content increased (Table 6).

Table 6. Yields of Carbon Fibers after Oxidation at 500 ◦C in Air.

Sample Yield (%)

PFO# 300(240)-800 89.1
PFO#/0.1 graphene 300(360)350(240)-800 86.6
PFO#/1.0 graphene 300(360)350(240)-800 52.1

Figure 10. Oxidized PFO#-based carbon fibers; (a) PFO#, (b) PFO#/0.1 graphene, and
(c) PFO#/1.0 graphene.

These oxidation results are direct proof that the core-shells were formed by graphene addition to
the pitch precursors. Moreover, it was possible to obtain functional fibers with high specific surface
area using this core-shell structure.

The carbon fibers fabricated in this work were identified as having a higher surface area and better
electric conductivity than virgin carbon fibers. Usually, a high surface area of fillers can cause good
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mechanical adhesion with a polymer matrix in a composite system. Recently, research to apply carbon
fibers has been used to fabricate polymer-matrix 3D printing wires [34,35]. However, low adhesion
strength between carbon fibers (or other carbonaceous materials) and thermoplastic matrix has been
a critical obstacle to commercialization. The high surface area of carbon fibers can be an excellent
solution to enhance the mechanical interfacial strength between fibers and thermoplastic matrices.

Moreover, with the development of the shale gas industry, the importance of
proton-exchange-membrane-fuel-cells (PEMFC) has been steadily increasing. The gas-dispersion-layer
(GDL) in a PEMFC is normally made of carbon fibers due to their excellent mechanical properties,
chemical resistance, and electric conductivity. Carbon fibers with a core-shell structure, like those
prepared in this work, can be candidate materials for GDL [36–38]. Additionally, this kind of carbon
fiber can be easily activated by further oxidation in steam and to have porous structures that will
maintain higher electric conductivity compared to that of conventionally activated carbon fibers. This
means that carbon fibers with core-shell structures can be used as electrode materials for energy
storage devices such as fuel cells and supercapacitors.

4. Conclusions

In this study, using various thermal treatments, isotropic pitches/graphene precursors were
prepared from compounds of petroleum residue and graphene-dispersed solution. As the reaction
temperature and time increased, the yield decreased, and the softening point increased. The addition
of graphene increased the thermal stability, surface roughness, and ordered structures of the pitch
fibers. Isotropic pitch-based carbon fibers, which were prepared from petroleum residue and
graphene-dispersed solution, showed core-shell structures. When 0.1 wt.% and 1.0 wt.% of graphene
were added, the oxidation yields were 86.6% and 52.1%, respectively, which seem to be due to the
acceleration of the oxidation reaction due to the presence of graphene at high temperature. Carbon
fibers with a core-shell structure, which have a high surface area, could be used in C/C composite
materials, and would result in good adhesion with the polymer matrix. Carbon fibers with more
ordering of structures via the addition of graphene lead to improved electrical conductivity, such that
they could be used in electrode materials to obtain enhanced electrical conductivity.
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Abstract: The control of graphene’s topography at the nanoscale level opens up the possibility to
greatly improve the surface functionalization, change the doping level or create nanoscale reservoirs.
However, the ability to control the modification of the topography of graphene on a wafer scale is still
rather challenging. Here we present an approach to create well-defined nanowrinkles on a wafer scale
using nitrocellulose as the polymer to transfer chemical vapor deposition grown graphene from the
copper foil to a substrate. During the transfer process, the complex tertiary nitrocellulose structure is
imprinted into the graphene area layer. When the graphene layer is put onto a substrate this will result
in a well-defined nanowrinkle pattern, which can be subsequently further processed. Using atomic
force and Raman microscopy, we characterized the generated nanowrinkles in graphene.

Keywords: CVD graphene; transfer; ruga; wrinkle; ripple; Raman spectroscopy; AFM

1. Introduction

The transfer of either exfoliated or chemical vapor deposition (CVD) grown graphene to another
substrate is one of the key steps during the fabrication of graphene-based devices. The creation of
rugae [1], a single state of a corrugated material configuration in which graphene can be mostly
observed as exhibiting either wrinkles, ripples, folds, wrinklons or crumples, during the transfer is
generally seen as unwanted, as these topographic features deteriorate the properties of graphene [2,3].
Several techniques were developed to improve the transfer of graphene as perfect as possible.
Especially, the introduction of an all-dry transfer (whether or not using h-BN and annealing) resulted
in devices with a minimum of these unwanted features [4,5].

However, those “unwanted topographic features” can be very suitable to further explore
graphene’s potential. One of the most significant changes due to the presence of these rugae is
a change in the pyramidalization angle, which describes the angle between the σ- and π-orbitals
of graphene, and which is a measure for the chemical reactivity of carbon allotropes [6–8]. As the
pyramidalization angle is highly dependent on the local curvature, a larger reactivity can be expected
around the rugae. The chemical reactivity of the rugae can be further controlled via the doping level [9].
As they are locally delaminated from the substrate, the influence of the substrate doping is reduced.
Furthermore, rugae can act as a generator for pseudo magnetic fields [10] or for anisotropic transport
properties [11].

Besides changing these fundamental properties of graphene, a homogeneous, local deformation
of graphene can act as a trap for liquids and gases, as graphene is an impenetrable membrane for
most liquids and gases [12]. Besides acting as a storage space, these nanoreservoirs could also be an
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ideal chemical reactor for two dimensional (2D) chemistry [13] or used as a model system to study 2D
confined liquids or the effect of a 2D liquid–membrane interface [14].

As shown recently by Hallam et al. [15], the strain in the graphene layer which is induced during
the after-growth cooling is released during the removal of the Cu foil during the Cu etching step.
Depending on the stiffness of the polymer, the strain within the graphene layer can be released via
rugae. For CVD transferred graphene, these rugae most often consist of networks of wrinkles which
have a width ranging between one and hundreds of nm, a height below 15 nm, a length (much) larger
than 100 nm and an aspect ratio larger than 10. Although it is straightforward to induce some of these
topographic corrugations during the transfer of graphene, it is a challenge to create these topographic
features homogeneously in the whole transferred graphene layer.

The actual type of corrugation that is created during the transfer can be predicted if the properties
of the used polymer for transfer are known. Using rugae mechanics, it can be shown that the shear
modulus of both graphene and the polymer, the adhesion energy, the mismatch strain between the
polymer and graphene, the orientation of graphene’s grain and defects edges and the structure of
the used polymer are the dominant factors that determine the types of rugae that can be observed
when the graphene is transferred to its final substrate [16,17]. For many polymers these parameters
are known, and this information can be used to fine-tune the final rugae landscape.

In this article we show that by transferring graphene using nitrocellulose as a transfer polymer,
we can induce a homogeneous landscape of nanoscale wrinkles in the whole graphene sheet,
in which topography is induced from the structure of the used nitrocellulose polymer. This easy
and straightforward method dramatically improves the production of large homogeneous areas of
graphene with nanoscale wrinkles, which are created in a controllable and reproducible way. The ability
to create large areas of graphene with the desired topographical properties improves the study of the
influence of rugae on the electrical, optical and chemical properties of graphene, as there is no need to
extensively search for large, homogeneous areas with the desired type of rugae.

2. Materials and Methods

Graphene samples were grown by the CVD method as reported previously [18]. In brief,
the polycrystalline copper foil was heated to 1000 ◦C and annealed for 20 min under a flow of
50 standard cubic centimeters per minute (sccm) H2. The copper foil was exposed to 30 sccm CH4 and
50 sccm H2 for 20 min, after which the copper foil was cooled to room temperature.

On top of the foil, a nitrocellulose layer (NC) (Collodion solution for microscopy, 2% in amyl
acetate, Sigma Aldrich 09817, St. Louis, Missouri, MO, USA), was spincoated with 2700 revolutions
per minute (rpm) for 30 s and air dried, which results in a thickness of the NC of approximately 50 nm.
The transfer of the 1 × 1 cm2 graphene/NC layer is the same as is used for the transfer with PMMA.
In short; the Cu foil was etched away using FeCl3 (copper etchant type CE-100, Transene Company Inc.,
Danvers, MA, USA), and the graphene/NC sample was fished using a Si/SiO2 wafer from the solution
and subsequently washed several times using highly purified water. Finally, the graphene/NC layer
was fished using the final substrate, which was carefully cleaned using acetone and isopropanol,
and dried with nitrogen gas. Residual NC can be easily removed from the graphene by washing
the sample several times with methanol. The samples were dried with nitrogen gas and no further
annealing steps were performed.

Prepared samples were characterized by atomic force microscopy (AFM) and Raman spectroscopy.
The Raman spectra were obtained at a WITec alpha300R spectrometer (WITec Wissenschaftliche
Instrumente und Technologie GmbH, Ulm, Germany) equipped with a piezo stage. Raman spectral
maps were measured with 2.33-eV (532-nm) laser excitation, a laser power of approximately 1 mW,
a grating of 600 lines/mm and lateral steps of 1 μm in both directions. The laser was focused on the
sample with a 100× objective. The D, G and 2D modes of the graphene monolayer were analyzed
using pseudo-Voigt peak profiles, where one, three (G1, G2 and D’) and two (2D1 and 2D2) peak
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profiles were used to fit the D, G and 2D modes respectively. The G1, G2, 2D1 and 2D2 modes were
used to account for the delaminated graphene, which was created by the NC transfer [19].

AFM was measured using PeakForce quantitative nano-mechanical mapping (PeakForceQNM)
and imaging in tapping mode, using a Dimension Icon microscope (Bruker Inc., Billerica, MA, USA).
Images were captured using Bruker Scanasyst-Air probes (k = 0.4 N/m, f0 = 70 kHz, nominal tip radius
= 2 nm) at room temperature in air. High quality images were processed in the standard way using
Gwyddion software [20], applying line-by-line first order leveling and scar removal.

To determine the overall orientation of wrinkles, Gwyddion’s 2D FFT analysis (Gwyddion,
Czech Metrological Institute, Brno, Czech Republic) is used. Grain analysis was used to evaluate the
surface coverage by the winkles (Awr), and to determine their geometry and width (wwr). Surface
characterization was used for the estimation of the roughness (Ra), root-mean-square roughness
(Rq), and surface area (SA). The profile height distribution was analyzed to determine the median
peak-to-valley distance (Rtm), of the wrinkle graphene layer topography, which was used as the wrinkle
height. The topography AFM image was cut into individual lines using home-built procedures, in order
to identify all the minima and maxima attributed to the highest parts of the wrinkles and the lowest
parts in the inter-wrinkle valleys. Then, the median difference of all maxima and minima was calculated
as Rtm = pμ − vμ, where pμ is the median wrinkle height and vμ is the median valley depth, calculated
over all the lines in the image.

3. Results

Figure 1a shows an AFM image of the CVD grown graphene transferred with NC on Si/SiO2

substrate. It can be clearly seen that the graphene is not flat, but a clear, fine landscape of graphene
wrinkles is present. Graphene is wrinkled very homogeneously, as shown from the 2D FFT in
Figure 1c, within the whole graphene layer and consisted everywhere of a fine structure composed of
connected wrinkles.

Figure 1. The atomic force microscopy (AFM) topography image of the wrinkled NC transferred
graphene (a) with the cross-section (black line) in panel (b). The 2D FFT image of the AFM topography
image (c), showing no orientation preference of wrinkles, and the height histogram of the topography
image (d). (e) Large-scale AFM image of NC on a Si/SiO2 substrate. (f) A close up AFM image of the
NC on a Si/SiO2 substrate as shown in (e).

Figure 1e shows an AFM image of a NC layer directly spincoated on a Si/SiO2 substrate without
graphene. On the 2 × 2 um2 scale, the NC layer was relatively smooth. In Figure 1f a close up of this
layer is shown where the very fine, complex tertiary structure of the NC is visible with a height of less
than 1 nm, which resembles the landscape of graphene wrinkles presented in Figure 1a.
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Homogeneously distributed wrinkles were found to be uniformly covering almost 65% of
graphene sheet area (see Table 1). The large-scale wrinkles and folds, which are often present when
graphene is transferred with PMMA [11], were rarely observed. If there were large folds, they were
wrinkled in the same way as the whole graphene layer. On the large scale, there was no orientation
preference, indicating an isotropic compression of the graphene layer, and wrinkles were oriented
equally in all directions, as can be seen from the 2D FFT image (Figure 1c). If there was some preferential
orientation direction of the wrinkles, the 2D FFT image would not be spherical, but asymmetric in the
direction of preferential orientation. Furthermore, the intensity of the 2D FFT sphere was homogeneous
and no bright rings in the sphere are visible. This indicates that the distance between two wrinkles
varied from wrinkle to wrinkle and no repeating wrinkle pattern was present. The wrinkle height,
which is represented by the Rtm value, reached 2.5 nm and wrinkle width varies from 6 to 15 nm.

Table 1. The basic characteristics of the NC transferred graphene, determined from the AFM images.
Roughness (Ra), root-mean-square roughness, (Rq), wrinkle height (Rtm), surface area (SA), area covered
with the wrinkles (Awr) and width, (wwr).

Ra (nm) Rq (nm) Rtm (nm) SA (%) Awr (%) wwr (nm)

0.83 1.03 2.5 105 65 6–15

Raman Spectroscopy

Figure 2 shows a typical Raman spectrum of a CVD graphene monolayer transferred with NC.
While the G and 2D modes of graphene are clearly visible, almost no D mode is visible indicating that
no significant amount of defects were created in graphene during the NC transfer. Furthermore, the G
and 2D modes are rather asymmetric, and therefore fitted with a G2 and 2D2 sub-band. The presence
of these sub-bands confirms the results of the AFM analysis, indicating that a significant part of the
graphene was delaminated [19]. Finally, the intensity of the G and 2D modes is approximately the same,
which was caused by the relatively high doping level of the graphene, as can be seen in Figure 3e [21].

Figure 2. Typical Raman spectrum of graphene, which is transferred using NC. The experimental
data are marked by gray dots and fits of the individual bands are shown in red for the G1 and
2D1 components, blue for the G2 and 2D2 components and grey for the D’ component, respectively.
The resulting curve (sum of the individual components) is represented by a solid black line.

The Raman data were further analyzed in order to get deeper insight in the charge and strain
management in the graphene monolayer with regularly distributed nanowrinkles. Raman spectral
maps of the Raman shift of the G1 and 2D1 modes, and the full width at half maximum (FWHM) of the
2D1 mode are shown in Figure 3a–c. The Raman shift of the G1 and 2D1 modes was not homogeneous,
and well-defined regions with a smaller or larger Raman shift are visible. These regions were caused
by the different Cu grains of the Cu foil, onto which the graphene was grown. As shown before [21],
the actual strain and doping varies depending on the crystal orientation of the Cu grain in the Cu foil.
This variation in strain and doping was visible as a variation in the actual Raman shift and FWHM of
the G and 2D modes. Using well known relations describing the relation between strain, doping and
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the measured Raman shifts of the G and 2D modes, an actual estimation of the strain and doping can
be made [22,23]. As a first estimate, a biaxial strain distribution was assumed. As shown in Figure 3d,
also in the calculated strain map, clear regions with a different strain were be observed, whereas in the
doping map shown in Figure 3e these regions showed a much more homogeneous doping.

The FWHM of the 2D mode, which acts as a probe of the nanometer-scale flatness [24] is shown
in Figure 3c. The FWHM of the 2D1 mode of the NC transferred graphene was rather homogeneous
and there was no obvious dependence visible, as could be seen for the Raman shift of the G1 and 2D1

modes. This is an indication that during the NC transfer, the wrinkles as shown in the AFM images
in Figure 1 were homogeneously induced in the graphene layer. Figure 3f shows the distribution of
the FWHM of the 2D1 mode, which shows a narrow distribution of FWHM values around 48 cm−1,
where extremely flat graphene can have a FWHM of the 2D mode well below 20 cm−1 [5].

Figure 3. Raman spectral maps of the fitted Raman shift of the G1 (a) and 2D1 (b) modes, the full
width at half maximum (FWHM) of the 2D1 mode (c) and the calculated strain (d) and doping (e) for
graphene transferred with NC. (f) A histogram of the fitted FWHM of the 2D1 mode. (g) Correlation
plot of the Raman shift of the 2D1 and 2D2 modes as a function of the Raman shifts of the G1 and G2

modes, respectively. The (G2 – 2D2) data points are shown in black, whereas the (G1 – 2D1) data points
are colored, which represents the FWHM of the 2D1 mode. (h) The correlation between the FWHM of
the 2D1 mode versus the calculated, biaxial strain.

However, the correlation between the calculated strain and FWHM of the 2D1, as shown in
Figure 3h, shows that there might be a correlation between the strain and the FWHM of the 2D1

mode. For increasing compressive strain, the FWHM of the 2D mode slightly decreased, whereas for
increasing tensile strain, the FWHM of the 2D mode has a larger scatter and was not increasing.

This trend is also visible in the correlation plot between the Raman shift of the G1 – 2D1 (colored
points) and G2 – 2D2 (black points) modes, as shown in Figure 3g, where the FWHM of the 2D1 mode
is indicated via a color code. The attached graphene to the substrate (colored points) was relatively
doped and a large strain variation was present. Interestingly, these points were clustered close to the
blue line indicating graphene with a strain value close to zero, but with an increasing doping level,
had a lower FWHM of the 2D1 mode than points that had some tensile strain.

As the FWHM of the 2D1 mode of the NC transferred graphene seemed to be strain dependent,
this suggests that there is also the uniaxial strain component present within the graphene layer [25].
Although all the wrinkles are oriented randomly with respect to each other, it is not surprising that
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graphene feels locally around a single wrinkle this uniaxial strain component due to the large amount
of one dimensional wrinkles. Subsequently, Raman spectroscopy will probe the contribution of all the
different local strain components [24]. No significant influence of the doping level on the FWHM of the
2D1 mode is expected, as the FWHM did not change significantly when the doping level was changed.

The delaminated graphene (black points) had a very low doping level and showed the same large
strain variation as observed for the attached graphene.

4. Discussion

The rugae landscape in CVD grown graphene that is transferred to another substrate can be
controlled by the used polymer. Up to now, the choice of polymer was often influenced by the
possibility to completely remove the polymer after the transfer, so that as clean as possible graphene
could be obtained. Here, we show that NC transferred graphene, besides utilizing a very clean
transfer method [15], also results in the creation of a very fine pattern of wrinkles in the whole
transferred graphene sample, which is evidenced by AFM and an extreme broadening of the 2D mode
in Raman spectra.

The relatively rigid NC preserves the strain in graphene that is built up during the CVD growth as
can be seen in the maps of the Raman shift of the G and 2D modes (Figure 3). Areas with a well-defined
Raman shift are clearly recognizable. The variation of the Raman shift in the different areas is mostly
caused by the variation in strain, as can be seen in the Figure 3, which strongly depends on the Cu
grain orientations in the Cu foil where graphene was grown on.

The structure of NC shows at the nanoscale a complex network of nanoscale wrinkles, as is
visible in Figure 1f. When the Cu foil is etched away below the graphene/NC stack, the rigid NC
polymer layer is able to preserve the compressive, growth-induced strain as was already observed by
Hallam et al. [15]. However on the nanoscale, some strain is released locally in the graphene layer and
thereby graphene locally copies the complex tertiary NC structure and forms a complex nanowrinkle
network, as shown in Figure 1a.

The observed wrinkles in the AFM images are not caused by polymer residuals. The strong
asymmetric G and 2D modes indicates that a significant part of the graphene layer is delaminated [15].
Furthermore, the FWHM of the 2D mode acts as a probe of the nanometer scale flatness [24].
The extremely broad FWHM of the 2D mode of the NC transferred graphene films indicates that
graphene is not flat on the nanometer scale, and the wrinkles observed with AFM are thus caused
solely by the graphene layer.

5. Conclusions

We have shown that when NC is used as the polymer for the transfer of CVD grown graphene
from the Cu foil to another substrate, randomly distributed regular nanowrinkles are imprinted in the
graphene layer. Our approach opens up many new possibilities to control and exploit the properties
of graphene with nanometer spatial resolution, like the doping level or chemical functionalization.
Moreover, it allows to discover the potential of nanoscale reservoirs on wafer scale.
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Abstract: Transparent heating devices are widely used in daily life-related applications that can
be achieved by various heating materials with suitable resistances. Herein, high-performance
vertically-oriented graphene (VG) films are directly grown on soda-lime glass by a radio-frequency
(rf) plasma-enhanced chemical vapor deposition (PECVD) method, giving reasonable resistances
for electrothermal heating. The optical and electrical properties of VG films are found to be tunable
by optimizing the growth parameters such as growth time, carrier gas flow, etc. The electrothermal
performances of the derived materials with different resistances are thus studied systematically.
Specifically, the VG film on glass with a transmittance of ~73% at 550 nm and a sheet resistance of
~3.9 KΩ/� is fabricated into a heating device, presenting a saturated temperature up to 55 ◦C by
applying 80 V for 3 min. The VG film on the glass at a transmittance of ~43% and a sheet resistance
of 0.76 KΩ/� exhibits a highly steady temperature increase up to ~108 ◦C with a maximum heating
rate of ~2.6 ◦C/s under a voltage of 60 V. Briefly, the tunable sheet resistance, good adhesion of
VG to the growth substrate, relative high heating efficiency, and large heating temperature range
make VG films on glass decent candidates for electrothermal related applications in defrosting and
defogging devices.

Keywords: graphene; transparent heater; PECVD

1. Introduction

Electrically driven transparent heaters have attracted a lot of attention in broad areas containing
defogging in automobiles, outdoor displays, heating retaining windows, and other heating systems [1].
To date, the customarily employed materials like strips of metal alloys (such as Fe-Cr-Al or Ni-Cr)
are often used in commercial heaters. However, they present several drawbacks like a heavy weight,
opacity, and low heating efficiency [2,3]. Therefore, the conductive metal-oxide represented by indium
tin oxide (ITO) has been commercially used for fabricating conventional transparent heaters for its
extra-high transparency and conductivity [4]. However, disadvantages lie in its intolerance to acids or
bases, fragile under bending deformation, as well as the limited reserves of indium, etc. Consequently,
the use of many alternative materials have been attempted to serve as heating media. Metal nanowires
such as silver nanowires have been developed to be used in the stretchable, wearable transparent
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heaters [5], while facing the challenge of easy oxidation in the atmosphere. Carbon nanotubes (CNTs)
also possess impressive electrical, optical, and thermal properties, and the related heating device was
first fabricated by Han and co-workers with the achievement of a remarkable heating performance [6].
However, drawbacks lie in the multi-step process and the necessity to use harsh chemicals, since CNTs
need to be purified, dispersed, sonicated and transferred onto targeted substrates.

Graphene, a two-dimensional layered material which possesses sp2-hybridized carbons, has
attracted a lot of attention since it was first obtained in 2004 [7]. The excellent electrical [8],
optical [9], mechanical [10] and thermal conductive [11] properties endow graphene with versatile
applications in varied fields [12], including sensors [13], transparent electrodes [14,15], field-effect
transistors [16] and so on. Up to now, various methods have been developed to achieve graphene,
such as mechanical exfoliation [7], reduction of graphene oxide [15], anodic bonding [17], epitaxial
growth [18] and chemical vapor deposition [19]. Graphene films assembled by chemically reduced
graphene oxides (RGO) were firstly used to fabricate transparent heating devices and displayed decent
performances [20]. However, the treatment of reduced graphene (RGO) needs high-temperature
annealing over 800 ◦C. Transfer of graphene on metals onto targeting substrates is another promising
method to fabricate transparent heating devices [21–23]. But it always requires a complicated transfer
process, which customarily introduces breakage, wrinkle, and contaminations in the derived graphene.
Alternatively, vertically-oriented graphene (VG) has many unique properties, containing free-standing,
non-agglomerated morphology, a large amount of exposed edges, etc. [24–26]. More importantly, the
extremely high in-plane conductivity of graphene can be effectively used, avoiding the sheet-to-sheet
resistance. The VG films are thus proposed to serve as perfect heating media. In particular, the
combination of VG films and traditional functional substrates like glass should be more promising for
related applications.

Herein, VG films were directly grown on soda-lime glass by using a low temperature (~600 ◦C)
radio frequency (rf) plasma-enhanced chemical vapor deposition (PECVD) route using CH4 as the
precursor. The optical and electrical properties of VG films were precisely controlled by alternating the
growth parameters, especially the growth time. Accordingly, the resulted VG films are featured with a
broad range of tunable transparency levels at 20–80% and sheet resistance levels of 250–5600 Ω·sq−1.
The as-grown VG films on glass hybrids were then manufactured to transparent heating templates
for the functions of defogging and defrosting, showing relatively high heating efficiency, uniform
temperature distribution, low electrical consumption and a wide range of heating temperature. The
highly tunable range of sheet resistance, high chemical stability and good adhesion of graphene to the
growth substrates were considered to be the unique properties of the current system, compared with
other materials such as metal alloys related or RGO-related heating media in the electrothermal devices.

2. Materials and Methods

2.1. Synthesis of Vertically-Oriented Graphene

Uniform VG films were directly grown on soda-lime glass by an rf-PECVD method. In a typical
PECVD process, the used soda-lime glass substrate was cleaned with deionized water, ethanol and
acetone before loading into the quartz tube placed inside a three-zone furnace. CH4 was selected as
the carbon source. A copper coil was used to assist the generation of plasma, which was placed ~40 cm
away from the glass substrate. A vacuum pump was used to keep the system at low pressure (~15 Pa).
The typical growth temperature was set at ~600 ◦C. The thicknesses of the VG samples were controlled
by varying the growth time, plasma generating power, flow rate of the precursor gas, and growth
temperature. After the optimization of the other parameters at a steady condition, the growth time is
selected as the fundamental parameter.
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2.2. Characterizations

The samples were systematically characterized using Raman spectroscopy (LabRAM HR
Evolution, Horiba, Paris, France; 532 nm laser excitation, 100× objective lens), scanning electron
microscopy (SEM, FEI Quattro S, IBM, Waltham, MA, USA, operating at 1 kV), four-probe resistance
measurement meter (RTS-4, Guangzhou 4-probe Tech Co. Ltd., Guangzhou, China), atomic
force microscopy (AFM, BRUKER Dimension Icon, Karlsruhe, Germany), infrared imaging system
(FLIR A615, Täby, Sweden) and UV-Vis spectroscopy (Perkin-Elmer Lambda 950 spectrophotometer,
Waltham, MA, USA).

3. Results

3.1. Structural Characterizations of Vertically-Oriented Graphene Films

The growth mechanism of VG on the soda-lime glass by the rf-PECVD method is summarized
in Figure 1a. In the beginning, the carbon source CH4 is disassociated into highly reactive carbon
species (CHx, C2Hy, and atomic C and H) by the radio-frequency discharge. These active species are
first adsorbed onto the glass surface at the temperature of ~600 ◦C (right below the softening point of
soda-lime glass). The irregular cracks, impurities and dangling bonds on the substrate surface serve
as nucleation sites, inducing the formation of a horizontal carbon buffer layer. The carbon species
then migrate on the buffer layer and form carbon nanosheets or islands with open edges with the
increasing growth time, under the effects of localized electric field and the internal stress. After that,
carbon nanosheets grow vertically, and the growth is terminated until the closure of open edges,
which is determined by the competition between the etching effect in the plasma and the materials
deposition [27].

Figure 1. Plasma-enhanced chemical vapor deposition (PECVD) growth towards the formation of
vertically-oriented graphene (VG). (a) Schematic illustration of VG growth by the radio-frequency
PECVD (rf-PECVD) method. (b–d) Typical 2D atomic force microscopy (AFM) height images (5 μm ×
5 μm) of directly-grown VG films on soda-lime glass at various growth time: (b) 30 min, (c) 45 min,
(d) 60 min, respectively, with the identical growth conditions (10 standard cubic centimeter per minute
(sccm) CH4, 600 ◦C, 300 W). Insets show the section view of the images along the white-dashed line
direction. The corresponding 3D AFM height images are shown in (e–g).
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To verify the generation of VG, various comparative experiments with varying growth time were
carried out under the identical PECVD growth condition (10 standard cubic centimeter per minute
(sccm) CH4, 300 W, 600 ◦C, 15 Pa). The surface morphologies of the VG films deposited on soda-lime
glass were first characterized by atomic force microscopy (AFM). Typical 2D and 3D AFM images of
VG films on soda-lime glass with different growth times of 30, 45 and 60 min are shown in Figure 1b–g.
The height profiles of these samples are plotted along the lines in Figure 1b–d. The red arrows in each
image mark the ridge differences. At the initial growth stage (within the early 30 min), a polycrystalline
carbon layer was formed on the glass surface Figure 1b,e, and more detailed images are shown in
Figure S1. Individual graphene nanosheets of ~154.3 nm high also appeared on the carbon layer.
With increasing growth time, this vertical growth was then facilitated by the strain energy at the
curved edges, and the nearby VG domains merged with each other and reached ~224 nm at ~45 min
(Figure 1c,f). After 60 mins’ growth, the corrugation of the VG nanosheets reached ~247 nm and the
density of nanosheets increased gradually, as shown in Figure 1d,g.

The corresponding growth-time-dependent SEM images are also presented in Figure S2. In the
early stage of growth (20 min), a polycrystalline carbon buffer layer was formed on the glass surface,
accompanied by the formation of a few nanosheets oriented perpendicularly to the glass surface (Figure
S2a). As the growth progressed, nucleation sites initialize on the boundaries and dangling bonds
induced by ion bombardment, leading to the growth of vertically-oriented graphene (Figure S2b,c).
With the increase of growth time to 60 min, the randomly distributed vertical graphene nanosheets
cover the whole surface and keep growing (Figure S2d). When the growth time reached 90 min,
much larger graphene nanosheets formed with the evolution of network structures (Figure S2e). The
cross-section image suggests that these vertically-oriented graphene sheets are around 1 μm high
(Figure S2f).

The preference of graphene to grow vertically rather than parallel to the substrate surface can
be explained as follows: (1) the irregular cracks and dangling bonds on the substrate surface serve as
nucleation sites, and a buffer layer is formed [28]; (2) the edges of buffer layer or defects curve upward,
and vertical growth of graphene happens in these curved edges [27]; (3) the diffusion of carbon cations
along the vertical nanowalls is enhanced by the electric field in the sheath layer in plasma, as well as
by the stronger localized electric field due to the sharp features of VG edges [29–31].

Figure 2a shows the photographs of the VG films on soda-lime glass samples for 20, 30, 45, 60
and 90 min at 600 ◦C under the system pressure of 15 Pa. Copper tapes were attached to both sides
of the glass for fabricating transparent heating devices, as displayed in the latter part of the work
(Figure S3). These samples are marked as 20#, 30#, 45#, 60#, 90#, according to their different growth
time. Evidently, the grey contrast of the VG films on glass samples (superimposed on a scenic photo)
from left to right increases, which is caused by the increase of the density of VG nanosheets and the
lateral expansion of nanosheets. This observation is also supported by the corresponding Raman
and transmittance measurements (Figure 2b,c). Raman spectra were also performed on the above
mentioned VG nanosheets directly grown on glass. All the spectra are standardized by G peak intensity
for comparison. The D, G, and 2D peaks are fitted with the Lorentzian function and the D′ peak fitted
by a Fano line shape. Here, the heights of specific peaks are used to indicate the peaks intensities,
which are denoted as ID, IG, ID′ , I2D for the D, G, D′, and 2D peaks, respectively.

The I2D/IG intensity ratio increases from ~0.47 to 0.94 with increasing growth time from 20 to
90 min, as clearly shown in Figure S4a. In addition, the ID/IG intensity ratio decreases from 2.1 to 1.2
(Figure S4b), demonstrating the improvement of crystal quality and the expansion of lateral length of
the VG nanosheets with an increasing growth time from 20 to 90 min. This can be explained by the
empirical equation proposed by Cancado et al. [32], which describes the relation among the in-plane
sp2 crystallite size La, the excitation energy of laser source EL, and ID/IG:

La(nm) = 560/E4
L(ID/IG)

−1
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Moreover, D’ band appears around 1610 cm−1, corresponding to the highest frequency feature in
the density of states [33]. The intensity ratios of ID/ID’ were ~5.49, 4.33 and 6.58 at the first growth stage
for 20, 30, 45 min, respectively, which indicates the occurrence of obvious vacancy defects [34]. After
45 min of growth, the intensity ratios of ID/ID’ were estimated to be ~2.89 and 2.73, suggesting the
evolution of abundant grain boundary defects [34,35]. The details are shown in Table S1. Specifically,
the transparencies of the VG films on glass (at 550 nm) are tunable from 80%, 73%, 63%, and 43% to
20%, by varying the growth time of VG from 20, 30, 45, and 60 to 90 min, respectively (Figure 2c).
The sheet resistance also varies significantly with the values of ~5.60, 3.90, 0.90, 0.76 and 0.26 kΩ/�,
accordingly, as shown in Figure 2d. Briefly, this series of results show the wide tunability of the optical
and electrical properties of the synthesized VG films on soda-lime glass.

Figure 2. (a) Photographs of 5 cm × 5 cm PECVD-derived VG films on the soda-lime glass at 600 ◦C with
varying the growth time from 20, 30, 45, 60 to 90 min, respectively. (b) Corresponding Raman spectra
of the VG nanosheets films, respectively. (c) Corresponding transmittance spectra in the wavelength
range of 300–800 nm for VG films on glass, respectively. (d) Corresponding sheet resistances and
UV-vis transmittance spectra at 550 nm for the VG nanosheets on the glass, respectively.

3.2. Heating Performances of VG-Based Transparent Heater Devices

The unique advantages of the VG nanosheets on soda-lime glass, including the one-step growth
strategy, comparatively low growth temperature, reduced sheet resistance, excellent uniformity of
transmittance and sheet resistance, and more importantly, its combination with soda-lime glass, make
it readily practical for the fabrication of transparent heating devices. Herein, sample 45# (5 cm ×
5 cm, 63%, 900 Ω/�) was fabricated into a heater, as it has relatively high transparency and low
sheet resistance. Sheet resistance mapping of sample 45# was first performed to address the excellent
uniformity (Figure S5). Figure 3 indicates the infrared images of the VG film of 45# by applying
different voltages (20, 40, 60, 80 V), respectively. As expected, the final equilibrium temperature
increases obviously as the input voltage goes up. And the time consumed to reach the equilibrium
temperature is shorter for the sample at higher input voltage. Although there is no inter-digital
electrode loaded on the graphene film, obvious heat radiation can be observed at a low input voltage
of 20 V. Overall, the temperature distribution is rather homogeneous according to the infrared thermal
images showing a uniform color contrast. This is attributed to the uniform sheet resistance/electrical
conductivity, as well as the excellent thermal conductivity of the as-grown VG films on glass. It should
also be noticed that the size of VG on the glass sample is only limited by the size of the furnace, and it
can be enlarged to several inch scales by a large furnace or a different growth route [25]. Therefore,
the VG films on glass hybrids are desirable for a wide range of applications in electrothermal heating
related aspects.
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Figure 3. The infrared thermal images of 45# VG films on glass (5 cm × 5 cm, 63%, 900 Ω/�) under
different applied voltages, under (a) 20 V, (b) 40 V, (c) 60 V and (d) 80 V, respectively. Time versus
temperature profiles of the samples with respect to different applied voltages are listed in (e) 20 V,
(f) 40 V, (g) 60 V and (h) 80 V, respectively.

The as-obtained samples were then fabricated into heaters for electrothermal performance tests.
Copper tapes were attached to both sides of the glass as electrodes. An alternating current (ac)
was applied to the VG films on soda-lime glass platforms (valid heating area: 5 × 5 cm2). Their
electrothermal performances were studied under atmospheric conditions, as demonstrated in Figure 4.
Upon connecting electrical power, the surface temperature monotonically rises over time until a stable
temperature is obtained. With increasing the applied voltage, the steady temperature of a given film
surges. Moreover, the longer the growth time (with respect to lowered resistance), the higher the
steady temperature was attained at a given voltage. Among these, the VG film obtained by 20 min (20#,
80%, 5600 Ω/�) has a relatively higher sheet resistance, which shows the lowest steady temperature
and the lowest heating rate given the same applied voltage.

Figure 4. Electrothermal performances of VG films on glass (5 cm × 5 cm) under varied growth
times from 20, 30, 45, and 60 min to 90 min, respectively. (a–e) Time versus temperature profiles
under different applied voltages. (f) Steady-state temperature versus the applied voltage plots for the
different samples.
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This can be explained by the relative low transition efficiency from electrical energy to
Joule-heating for the current sample. Since P = U2/R, where P is power, U is the applied voltage, R is
the resistance. Sample 20# (80%, 5600 Ω/�) has a relatively higher sheet resistance, which shows the
lowest steady temperature (~32 ◦C) and the lowest heating rate (0.23 ◦C/s) given the same applied
voltage (60 V) (Figure 3a and the Supporting Information (SI), Figure S6). Therefore, the sample
marked with 20# can be used as transparent heating device considering its low electricity consumption
(e.g., maximum input power density less than 0.045 W cm−2) and good transparency ~80% over the
whole vision region. The input power density is lower than that of the RGO-based transparent heater
at the same sheet resistance, but with approximately equal transparency under the same applied
voltage [15]. In comparison, as shown in Figure 4c–e, the 60# and 90# samples (43%, 760 Ω/�; 20%,
255 Ω/�) show higher steady temperature and heating rates, due to their lower sheet resistances with
regard to that of the 45# sample (63%, 900 Ω/�).

Notably, all of the samples can reach the maximum temperature in less than 3 min, highly
indicating their rather high electrothermal heating performances. Specifically, the 45# sample (43%,
760 Ω/�) can reach a maximum temperature of ~45 ◦C under 40 V, and ~130 ◦C under 80 V. With regard
to the 90# sample, the steady temperature can reach ~160 ◦C under 50 V, exhibiting the maximum
heating rates of ~2.6 ◦C/s at an applied voltage of 40 V (Figure S7). 50 V is the cut off voltage for 90#
sample as the temperature can reach over 200 ◦C when 80 V is applied, which causes copper tape
oxidization. Compared to 20# (80%, 5600 Ω/�), the 30# (73%, 3900 Ω/�), 45# (63%, 900 Ω/�), 60#
(43%, 760 Ω/�), 90# (20%, 255 Ω/�) samples can achieve higher input power at the same applied
voltage due to their improved electrical conductivities. But the maximum input power density is still
less than 0.4 W cm−2 (see Figure S8). Under the same input power density ~0.4 W cm−2, the VG-based
heating device can obtain a relatively high heating temperature (~160 ◦C), twice as high as that of
the RGO-based heating devices (~80 ◦C) [15]. For 45#, 60#, 90# samples, improved electrothermal
performances can be realized, while their transparencies were reduced dramatically. Due to their
different electrothermal properties, the applications of the hybrid materials can be very different. The
performances of the reported electrothermal heaters are summarized in Table S2. Notably, under the
same power density, the max heating rate achieved in this work is comparable, or even larger than
that reported previously. As for the low transparency films, they can be used as heating devices which
do not require high transparency, such as antifogging mirrors in bathrooms and vehicles.

There are also some applications requiring high transparency and excellent heating performance,
such as transparent heaters on building windows or cars. The 20# (80%, 5900 Ω/�) and 30# (73%,
3900 Ω/�) samples with high transparency can be candidates for the above application scenarios. VG
has good uniformity at both high and low sheet resistances (30#), as demonstrated in Figure 5a (size:
5 cm × 5 cm, transmittance: ~73%, sheet resistance: ~3900 Ω/�). Detailed statistical distributions of
the sample are shown in Figure 5b. With 40 V input voltage, the VG glass shows a uniform temperature
distribution of 39.0 ± 1.0 ◦C, as shown in the infrared thermal image in Figure 5c. It is known that one
of the probable applications of the heating performance for VG glass is the defroster device. Herein, the
sample 30# (VG films on glass: 73%, 3900 Ω/�) was fabricated into a defroster device in Figure 5d,e,
which possessed a good defrosting performance with a completion time of ~120 s under 40 V. In general,
the VG directly grown on soda-lime glass by the rf-PECVD method possesses excellent graphene
thickness uniformity, high transparency, homogeneous sheet resistance, thus affording advanced
defrosting potential in outdoor displays or other equipment requiring transparent, conductive heating
films for defogging or temperature maintenance.
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Figure 5. (a) Spatial distribution of the sheet resistance of the 30# sample (transmittance ~73%). The
map is composed of 36 points, collected from 5 cm × 5 cm graphene glass. (b) The statistical distribution
of the sheet resistance. (c) Infrared temperature image on the VG glass (5 cm × 5 cm) fabricated by
the rf-PECVD route. Defrosting results (d) before, and (e) after heating the 30# VG film by an applied
voltage of 40 V.

4. Conclusions

We report the direct synthesis of high-performance VG films on soda-lime glass by a rf-PECVD
method. Considering the tunable transparency and resistance, such directly grown VG films on
soda-lime glass are exploited to fabricate electrical thermal heating devices. The electrothermal
performance was studied in terms of applied voltage and heating rate. Moreover, prototype devices
for defogging or defrosting were also fabricated by these VG films on glass hybrids, which possess
homogeneous sheet resistance, low electrical consumption, and excellent heating efficiency. In essence,
this work provides a reliable method for the production of VG on the glass, as well as presenting a visual
demonstration of its applications in electrothermal related fields, especially in traffic transportation,
home appliances, or any other industrial fields.
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Figure S1: Detailed AFM image of VG film obtained in 30 mins (1.6 μm × 1.6 μm), Figure S2: (a–e) SEM images
of graphene nanowalls directly grown on the soda-lime glass for growth periods of 20, 30, 45, 60 and 90 min,
respectively, with plasma power 300 W at 600 ◦C. (f) Cross section SEM image of graphene nanowalls through
90 min growth, Figure S3: Schematically illustration of the structure of the heating devices, Figure S4: (a,b) I2D/IG
and ID/IG ratio of different growth time, Figure S5: Sheet resistance mapping of sample 45# indicates the excellent
uniformity, Figure S6: Heating rates of (a) 20#, (b) 30#, (c) 45#, (d) 60# at 60 V, Figure S7: Heating rates of (a) 20#,
(b) 30#, (c) 45#, (d) 60#, (e) 90# at 40 V, Figure S8: (a) steady-state temperatures vs input power; (b) steady-state
temperature vs power density. Table S1: The intensity ratios of ID/IG, ID’/IG, ID/ID’ for growth time of 20, 30, 45,
60 and 90 min, Table S2: Heaters fabricated by carbon-based films and their performances.

Author Contributions: L.C. and H.C. synthesized the samples, L.C. characterized the samples and analyzed the
data. K.C. and K.Z. contributed to analysis tools and software. L.C. designed the experiments. L.C. wrote the
paper. X.G. and H.X. help review the article. Y.Z. and Z.L. guide and help review the article.

Funding: This work was supported by the National Key Research and Development Program of China (No.
2016YFA0200103), the National Natural Science Foundation of China (NSFC) (Nos. 51432002, 51520105003),
Beijing Municipal Science & Technology Commission (No. Z181100004818002).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kim, J.H.; Ahn, B.D.; Kim, C.H.; Jeon, K.A.; Kang, H.S.; Lee, S.Y. Heat generation properties of Ga doped
ZnO thin films prepared by rf-magnetron sputtering for transparent heaters. Thin Solid Films 2008, 516,
1330–1333. [CrossRef]

2. Wu, Z.P.; Wang, J.N. Preparation of large-area double-walled carbon nanotube films and application as film
heater. Phys. E Low-dimens. Syst. Nanostr. 2009, 42, 77–81. [CrossRef]

43



Nanomaterials 2019, 9, 558

3. Janas, D.; Koziol, K.K. A review of production methods of carbon nanotube and graphene thin films for
electrothermal applications. Nanoscale 2014, 6, 3037–3045. [CrossRef] [PubMed]

4. Ederth, J.; Johnsson, P.; Niklasson, G.A.; Hoel, A.; Hultåker, A.; Heszler, P.; Granqvist, C.G.; van Doorn, A.R.;
Jongerius, M.J.; Burgard, D. Electrical and optical properties of thin films consisting of tin-doped indium
oxide nanoparticles. Phys. Rev. B 2003, 68, 155410. [CrossRef]

5. Hong, S.; Lee, H.; Lee, J.; Kwon, J.; Han, S.; Suh, Y.D.; Cho, H.; Shin, J.; Yeo, J.; Ko, S.H. Highly Stretchable and
Transparent Metal Nanowire Heater for Wearable Electronics Applications. Adv. Mater. 2015, 27, 4744–4751.
[CrossRef]

6. Yoon, Y.-H.; Song, J.-W.; Kim, D.; Kim, J.; Park, J.-K.; Oh, S.-K.; Han, C.-S. Transparent Film Heater Using
Single-Walled Carbon Nanotubes. Adv. Mater. 2007, 19, 4284–4287. [CrossRef]

7. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A.
Electric Field Effect in Atomically Thin Carbon Films. Science 2004, 306, 666–669. [CrossRef]

8. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Katsnelson, M.I.; Grigorieva, I.V.; Dubonos, S.V.;
Firsov, A.A. Two-dimensional gas of massless Dirac fermions in graphene. Nature 2005, 438, 197–200.
[CrossRef]

9. Nair, R.R.; Blake, P.; Grigorenko, A.N.; Novoselov, K.S.; Booth, T.J.; Stauber, T.; Peres, N.M.R.; Geim, A.K. Fine
Structure Constant Defines Visual Transparency of Graphene. Science 2008, 320, 1308. [CrossRef] [PubMed]

10. Lee, C.; Wei, X.; Kysar, J.W.; Hone, J. Measurement of the Elastic Properties and Intrinsic Strength of
Monolayer Graphene. Science 2008, 321, 385–388. [CrossRef]

11. Nika, D.L.; Pokatilov, E.P.; Askerov, A.S.; Balandin, A.A. Phonon thermal conduction in graphene: Role of
Umklapp and edge roughness scattering. Phys. Rev. B 2009, 79, 155413. [CrossRef]

12. Huang, X.; Yin, Z.; Wu, S.; Qi, X.; He, Q.; Zhang, Q.; Yan, Q.; Boey, F.; Zhang, H. Graphene-Based Materials:
Synthesis, Characterization, Properties, and Applications. Small 2011, 7, 1876–1902. [CrossRef] [PubMed]

13. Shao, Y.; Wang, J.; Wu, H.; Liu, J.; Aksay, I.A.; Lin, Y. Graphene Based Electrochemical Sensors and Biosensors:
A Review. Electroanalysis 2010, 22, 1027–1036. [CrossRef]

14. Wang, X.; Zhi, L.; Müllen, K. Transparent, Conductive Graphene Electrodes for Dye-Sensitized Solar Cells.
Nano Lett. 2008, 8, 323–327. [CrossRef] [PubMed]

15. Becerril, H.A.; Mao, J.; Liu, Z.; Stoltenberg, R.M.; Bao, Z.; Chen, Y. Evaluation of Solution-Processed Reduced
Graphene Oxide Films as Transparent Conductors. ACS Nano 2008, 2, 463–470. [CrossRef] [PubMed]

16. Das, A.; Pisana, S.; Chakraborty, B.; Piscanec, S.; Saha, S.K.; Waghmare, U.V.; Novoselov, K.S.;
Krishnamurthy, H.R.; Geim, A.K.; Ferrari, A.C.; et al. Monitoring dopants by Raman scattering in an
electrochemically top-gated graphene transistor. Nat. Nanotechnol. 2008, 3, 210. [CrossRef]

17. Moldt, T.; Eckmann, A.; Klar, P.; Morozov, S.V.; Zhukov, A.A.; Novoselov, K.S.; Casiraghi, C. High-yield
production and transfer of graphene flakes obtained by anodic bonding. ACS Nano 2011, 5, 7700–7706.
[CrossRef]

18. Berger, C.; Song, Z.; Li, X.; Wu, X.; Brown, N.; Naud, C.; Mayou, D.; Li, T.; Hass, J.; Marchenkov, A.N.;
et al. Electronic Confinement and Coherence in Patterned Epitaxial Graphene. Science 2006, 312, 1191–1196.
[CrossRef]

19. Sun, Z.; Yan, Z.; Yao, J.; Beitler, E.; Zhu, Y.; Tour, J.M. Growth of graphene from solid carbon sources. Nature
2010, 468, 549. [CrossRef]

20. Sui, D.; Huang, Y.; Huang, L.; Liang, J.; Ma, Y.; Chen, Y. Flexible and Transparent Electrothermal Film Heaters
Based on Graphene Materials. Small 2011, 7, 3186–3192. [CrossRef]

21. Lee, B.J.; Jeong, G.H. Fabrication of defrost films using graphenes grown by chemical vapor deposition. Curr.
Appl. Phys. 2012, 12, S113–S117. [CrossRef]

22. Bae, J.J.; Lim, S.C.; Han, G.H.; Jo, Y.W.; Doung, D.L.; Kim, E.S.; Chae, S.J.; Huy, T.Q.; Luan, N.V.; Lee, Y.H.
Heat dissipation of transparent graphene defoggers. Adv. Funct. Mater. 2012, 22, 4819–4826. [CrossRef]

23. Kang, J.; Kim, H.; Kim, K.S.; Lee, S.K.; Bae, S.; Ahn, J.H.; Kim, Y.J.; Choi, J.B.; Hong, B.H. High-performance
graphene-based transparent flexible heaters. Nano Lett. 2011, 11, 5154–5158. [CrossRef]

24. Qi, Y.; Deng, B.; Guo, X.; Chen, S.; Gao, J.; Li, T.; Dou, Z.; Ci, H.; Sun, J.; Chen, Z.; et al. Switching Vertical
to Horizontal Graphene Growth Using Faraday Cage-Assisted PECVD Approach for High-Performance
Transparent Heating Device. Adv. Mater. 2018, 30, 1704839. [CrossRef]

25. Ci, H.; Ren, H.; Qi, Y.; Chen, X.; Chen, Z.; Zhang, J.; Zhang, Y.; Liu, Z. 6-inch uniform vertically-oriented
graphene on soda-lime glass for photothermal applications. Nano Res. 2018, 11, 3106–3115. [CrossRef]

44



Nanomaterials 2019, 9, 558

26. Sun, J.; Chen, Y.; Cai, X.; Ma, B.; Chen, Z.; Priydarshi, M.K.; Chen, K.; Gao, T.; Song, X.; Ji, Q.; et al. Direct
low-temperature synthesis of graphene on various glasses by plasma-enhanced chemical vapor deposition
for versatile, cost-effective electrodes. Nano Res. 2015, 8, 3496–3504. [CrossRef]

27. Malesevic, A.; Vitchev, R.; Schouteden, K.; Volodin, A.; Zhang, L.; von Tendeloo, G.; Vanhulsel, A.;
Haesendonck, C.V. Synthesis of few-layer graphene via microwave plasma-enhanced chemical vapour
deposition. Nanotechnology 2008, 19, 305604. [CrossRef] [PubMed]

28. Yang, C.Y.; Bi, H.; Wan, D.Y.; Huang, F.Q.; Xie, X.M.; Jiang, M.H. Direct PECVD growth of vertically erected
graphene walls on dielectric substrates as excellent multi-functional electrodes. J. Mater. Chem. A 2013, 1,
770–775. [CrossRef]

29. Zhao, J.; Shaygan, M.; Eckert, J.; Meyyappan, M.; Rümmeli, M.H. A growth mechanism for free-standing
vertical graphene. Nano Lett. 2014, 14, 3064–3071. [CrossRef]

30. Ostrikov, K.K.; Levchenko, I.; Xu, S. Self-organized nanoarrays: Plasma-related controls. Pure Appl. Chem.
2008, 80, 1909–1918. [CrossRef]

31. Neyts, E.C.; van Duin, A.C.; Bogaerts, A. Insights in the plasma-assisted growth of carbon nanotubes through
atomic scale simulations: Effect of electric field. J. Am. Chem. Soc. 2011, 134, 1256–1260. [CrossRef] [PubMed]

32. Cancado, L.G.; Takai, K.; Enoki, T.; Endo, M.; Kim, Y.A.; Mizusaki, H. General equation for the determination
of the crystallite size L-a of nanographite by Raman spectroscopy. Appl. Phys. Lett. 2006, 88, 163106.
[CrossRef]

33. Ni, Z.H.; Fan, H.M.; Feng, Y.P.; Shen, Z.X.; Yang, B.J.; Wu, Y.H. Raman spectroscopic investigation of carbon
nanowalls. J. Chem. Phys. 2006, 124, 204703. [CrossRef]

34. Eckmann, A.; Felten, A.; Mishchenko, A.; Britnell, L.; Krupke, R.; Novoselov, K.S.; Casiraghi, C. Probing the
nature of defects in graphene by Raman spectroscopy. Nano Lett. 2012, 12, 3925–3930. [CrossRef]

35. Wu, J.B.; Lin, M.L.; Cong, X.; Liu, H.N.; Tan, P.H. Raman spectroscopy of graphene-based materials and its
applications in related devices. Chem. Soc. Rev. 2018, 47, 1822–1873. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

45



nanomaterials

Review

Recent Advances in Graphene-Based
Humidity Sensors

Chao Lv 1,2, Cun Hu 1,3, Junhong Luo 1, Shuai Liu 3, Yan Qiao 4, Zhi Zhang 1, Jiangfeng Song 1,

Yan Shi 1, Jinguang Cai 1,* and Akira Watanabe 2,*

1 Institute of Materials, China Academy of Engineering Physics, Jiangyou 621908, China;
lvchao219@foxmail.com (C.L.); hucun402@163.com (C.H.); luojunhong@caep.cn (J.L.);
zhangzhi@caep.cn (Z.Z.); songjiangfeng@caep.cn (J.S.); shiyan@caep.cn (Y.S.)

2 Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, 2-1-1 Katahira, Aoba-ku,
Sendai 980-8577, Japan

3 School of Chemistry and Chemical Engineering, Southwest Petroleum University, Chengdu 610500, China;
shuailiu@swpu.edu.cn

4 College of Chemistry and Molecular Engineering, Zhengzhou University, Zhengzhou 450001, China;
yanqiao@zzu.edu.cn

* Correspondence: caijinguang@foxmail.com (J.C.); watanabe@tagen.tohoku.ac.jp (A.W.)

Received: 31 January 2019; Accepted: 3 March 2019; Published: 12 March 2019

Abstract: Humidity sensors are a common, but important type of sensors in our daily life and
industrial processing. Graphene and graphene-based materials have shown great potential for
detecting humidity due to their ultrahigh specific surface areas, extremely high electron mobility at
room temperature, and low electrical noise due to the quality of its crystal lattice and its very
high electrical conductivity. However, there are still no specific reviews on the progresses of
graphene-based humidity sensors. This review focuses on the recent advances in graphene-based
humidity sensors, starting from an introduction on the preparation and properties of graphene
materials and the sensing mechanisms of seven types of commonly studied graphene-based humidity
sensors, and mainly summarizes the recent advances in the preparation and performance of humidity
sensors based on pristine graphene, graphene oxide, reduced graphene oxide, graphene quantum
dots, and a wide variety of graphene based composite materials, including chemical modification,
polymer, metal, metal oxide, and other 2D materials. The remaining challenges along with future
trends in high-performance graphene-based humidity sensors are also discussed.

Keywords: humidity sensors; graphene; graphene oxide; reduced graphene oxide; chemical modified
graphene; graphene/polymer; graphene quantum dots; graphene/metal oxide; graphene/2D materials

1. Introduction

Humidity sensors are a common type of sensors in our daily life, and play a significant role in
numerous application fields ranging from humidity control for various kinds of industrial processing,
agricultural moisture monitoring, and medical fields to weather forecasting, indoor humidity sensing,
and domestic machine controlling [1–4], and the corresponding research has continued for more than
100 years since the 18th century. Simply, humidity sensors show the humidity by converting the
amount of water molecules in the environment into a measurable signal. According to the change of
the physical parameters after interacting with water molecules, humidity sensors can be categorized
into many types, such as the capacitive type, resistive type, impedance type, optic-fiber type, quartz
crystal microbalance (QCM) type, surface acoustic wave (SAW) type, resonance type, and so on [3].
Many materials sensitive to water molecules have been developed as sensing materials in humidity
sensors, including ceramics, such as Al2O3, SiO2, and spinel compounds [2]; semiconductors, such
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as TiO2 [5,6], SnO2 [7–10], ZnO [11–14], In2O3, Si [15], and perovskite compounds [16,17]; polymers,
such as polyelectrolytes [18,19], conducting and semiconducting polymers [20], and hydrophilic
polymers [21–24]; 2D materials, such as MoS2 [25–27], WS2 [28–30], and black phosphorus [31–34];
and carbon materials, such as porous carbon [35], carbon nanotubes [36,37], and graphene [38,39].

Among them, graphene is a unique material, which is an atomically thin, planar membrane
of carbon atoms arranged in a honeycomb lattice. The unique atomic arrangement brings unique
electronic structures, and extraordinary physical and chemical properties, which promote graphene
materials’ applications in many fields, including electronics, optoelectronics, spintronics, catalysts,
energy generation and storage, molecular separation, and chemical sensors [38–47]. Graphene and
graphene-based materials have shown great potential for the detection of various kinds of gases due to
their ultrahigh specific surface areas, extremely high electron mobility at room temperature, and low
electrical noise due to the quality of their crystal lattice and very high electrical conductivity [48].
Although many excellent review articles have summarized the progresses on graphene-based chemical,
gas, and tactile sensors [38,39,45,46,48–54], and several review articles have addressed the mechanisms,
materials, and development of humidity sensors [1–4,55,56], there are still no specific reviews on
the progresses of graphene-based humidity sensors. This review focuses on the recent advances in
graphene-based humidity sensors, which is divided into three main parts: Preparation and properties
of graphene, sensing mechanisms of graphene-based humidity sensors, and advances in the humidity
sensors based on graphene and graphene composite materials. The first part will briefly introduce three
commonly used methods to prepare pristine graphene and graphene oxide, as well as the properties
of different kinds of graphene materials. The second part will explain the sensing mechanisms
of seven types of commonly studied humidity sensors, including field-effect transistor (FET)-type,
resistive, impedance, capacitive, surface acoustic wave (SAW), quartz crystal microbalance (QCM),
and optical fiber humidity sensors, and the progresses of SAW, QCM, and optical fiber humidity
sensors based on graphene materials will be comprehensively reviewed in this part. The third part
mainly focuses on the progresses of graphene-based humidity sensors operating in electronic modes,
such as field-effect transistor (FET)-type, resistive, impedance, and capacitive humidity sensors,
which are classified into eight sub-parts according to the properties and composites of graphene
materials. Finally, the remaining challenges along with future trends in high-performance and practical
graphene-based humidity sensors are also discussed.

2. Preparation and Properties of Graphene

2.1. Preparation of Graphene

The preparation of graphene materials is critical for practical applications. Various methods have
been developed to synthesize graphene materials with different structures since the first preparation
was accomplished by mechanical exfoliation of graphite in 2004. In this method, Scotch tapes were
generally employed to stick the graphite crystals or graphite flakes, and repeatedly peeled over a
long period to obtain the graphene layers. This process can also be conducted with a silicon wafer
with an oxidized layer. The products are monolayer or few-layer graphene with perfect atomic
arrangement, which can be used to fabricate principle electronic devices, such as gas sensors or
electronic biosensors [48,57]. However, this method has an extremely low productivity, thus it is
difficult to be applied widely [58].

Fortunately, the chemical vapor deposition (CVD) technique, which was widely used in the
preparation of one-dimensional (1D) structures, has been developed and extensively explored to grow
high-quality graphene with superior properties [59]. Like the growth process of 1D nanostructures,
the growth of graphene includes three main steps, the dissolution of carbon atoms into the metal
substrate at higher temperature, the precipitation of carbon from the substrate in the cooling stage
caused by the reduced solubility, and the formation of graphene layers on the metal surface [60].
Some metals, such as Ni, Cu, Fe, Co, Ir, Pt, and Ni-Mo alloy, have been developed as a catalyst and
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substrate to grow graphene layers. The growth of single-layer or multilayer graphene films can be
controlled by using metals with different solubility of carbon atoms. For example, multilayer graphene
films are usually prepared on Fe, Ni, and Co substrates with relatively high solubility [61], while
single-layer graphene films can grow on Pt and Cu substrates due to the relatively low solubility
(Figure 1a). To use the graphene layers in electronic devices, the effective transfer technology of the
chemical wet-etching method was developed to dissolve the metal substrate and transfer the graphene
films, and this process does not produce defects or degrade graphene properties. This process was
further developed in a roll-to-roll way for continuous and large-area production (Figure 1b) [62].
Nevertheless, more facile, effective, and low-cost technologies are urgently required for large-scale
commercial applications.

Figure 1. Schematics of the synthesis mechanism of chemical vapor deposition (CVD) graphene
on Cu foil (a) and the roll-to-roll transfer process of graphene (b). Reproduced with permission
from [42]. Copyright Wiley-VCH, 2016. Schematic of the preparation of graphene oxide and reduced
graphene oxide by the reduction of graphene oxide (c). Reproduced with permission from [63].
Copyright Wiley-VCH, 2011.

Another common strategy of the solution-processed approach, which is also called the Hummers
method, has been widely used in the massive and reproducible preparation of graphene materials [40].
This approach involves two main steps, the oxidation and exfoliation of graphite in liquid solution
and the formation of graphene by reduction. In the first step, the graphite powder is oxidized by
strong acids and oxidants, followed by exfoliation under sonication, producing hydrosoluble graphene
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oxide (GO) (Figure 1c) [63]. GO with different layers can be obtained by purification and separation
by centrifugation. Then, reduced graphene oxide (rGO) can be obtained through chemical reduction,
thermal reduction, microwave irradiation, electrochemical reduction, photo reduction, or laser-induced
reduction. Compared to the CVD method, which mainly grows single-layer or multilayer graphene
films, this method can produce GO or rGO with abundant functional groups in a powder form at
a very large scale and with relatively low costs [52,64]. However, this method has some shortages,
such as environmental pollution, explosion hazards, and a long period during the oxidation process,
and the resultant graphene materials have lots of defects.

2.2. Properties of Graphene

The unique atomic thickness and honeycomb lattice structure of sp2-bonded carbon atoms, endow
graphene with excellent physicochemical, electronic, optical, thermal, and mechanical properties [65].
Graphene can be regarded as a single layer of graphite, but it exhibits a semi-metal feature with a unique
zero band gap, different from the metallic behavior of graphite. The charge carriers of graphene have zero
rest mass near their Dirac point with a high carrier density of up to 1013 cm−2, thus graphene exhibits a
significant high room-temperature carrier mobility of ~10,000 cm2 V−1 s−1 and a low temperature carrier
mobility of 200,000 cm2 V−1 s−1, corresponding to a resistivity of 10−6 Ω [65,66]. Due to the perfect
atomic arrangement, graphene possesses excellent mechanical properties with fracture strains of up to
25% and a Young’s modulus of ~1.1 TPa [67], even higher than steel’s tensile strength, showing large
potential for applications in flexible, stretchable, and wearable electronics. Single-layer graphene has a
very high transparency of up to 97.7% with an extremely low theoretical sheet resistance of 30 Ω sq−1,
showing significant promise in high-performance optic and electronic devices. Additionally, graphene
has a very high specific surface area of up to ~2600 m2/g [38]. The extremely high electron mobility,
the ultrahigh specific surface area to adsorb molecules, and inherently low electronical noise due to the
high-quality crystal lattice and very high electrical conductivity make graphene highly sensitive to changes
in its chemical environment, thus graphene is recognized as an ideal candidate for the ultrahigh sensitivity
detection of gases in various environments [48].

Some of the above properties are only shown in pristine perfect single-layer graphene, which
is quite different from graphene materials, such as GO or rGO, prepared by the solution-phase
method. In contrast to CVD growth, the solution-phase approach mostly introduces plenty of oxygenic
functional groups, such as carboxyl, epoxides, and hydroxyl groups, and defects exist on the graphene
basal plane and edges [45]. Thus, as-prepared GO is an electrical insulator with no conductivity,
and reduction is necessary to make it conductive in most practical applications. The functional
groups, defects, and other unavoidable contamination may degenerate the physical properties.
Generally, the conductivity, transparency, and mechanical properties of rGO are several orders lower
than those of pristine graphene [40]. Nevertheless, GO and rGO show other advantages. For example,
the abundant oxygen containing groups endow GO or rGO with various stimuli-responsive behaviors
in aqueous solution. GO and rGO can be further chemically modified to improve their properties
for additional functions [45]. The electronic properties of rGO can be modulated by heteroatom
doping, and other properties can also be realized by covalently grafting functional groups. In addition,
non-covalent interactions between GO or rGO and other components can be employed to prepare
graphene-based composite structures for more extensive applications [40]. Furthermore, GO or rGO
can be dispersed in solutions and assembled into 1D fibers, 2D films, and 3D porous structures, which
diversifies their application areas. Therefore, there is plenty of room to develop and improve the
performance of gas sensors, including humidity sensors, based on GO and rGO materials.

3. Mechanisms of Graphene-Based Humidity Sensors

Principally, water molecules in the gas environment will adsorb onto the graphene surfaces in a
graphene-based humidity sensor, which causes changes of some properties of the graphene materials,
corresponding to the humidity change. Various kinds of graphene-based humidity sensors have been
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developed according to different sensing mechanisms or sensor configurations. This section briefly
introduces seven types of sensing mechanisms commonly applied in graphene-based humidity sensors,
and the progress of graphene-based humidity sensors working in the last three mechanisms, i.e., SAW,
QCM, and optical fiber, is also included.

3.1. Field-Effect Transistor (FET) Humidity Sensors

FET configuration has been widely applied in many gas sensing devices due to the simple preparation
process, high sensitivity, and portability, as well as the easy miniaturization to the nanoscale [57]. A typical
graphene-based FET humidity sensor is comprised of three main parts, graphene as the channel material,
two conductive electrodes as the source and drain electrodes, and a gate electrode with a thin dielectric
layer (Figure 2). A bias voltage is applied on the gate electrode through the dielectric layer, which can
modulate the conductivity of the graphene channel. Humidity sensing is conducted by measuring the
current change of the graphene channel before and after exposing it to a humidity environment under
a constant applied gate voltage. When adsorbing the water molecules, the electronic structure of the
sensing graphene will be changed, leading to a change of the conductivity. In this type of humidity sensor,
the sensing material, graphene, can be easily functionalized with different groups or complexed with other
components to improve the sensitivity of the humidity sensors. Notably, many gases, including CO, NO,
NH3, NO2, H2, SO2, H2S, and ethanol, can be detected by such a type of gas sensor due to the different
interactions between the gas molecules and sensing materials [48,68].

 
Figure 2. Schematic of a graphene-based field-effect transistor (FET) humidity sensor with source-drain
voltage, Vds, and gate voltage, Vgs, control.

3.2. Resistive Humidity Sensors

Resistive humidity sensors are one of the most widely investigated types of humidity sensing
devices because of their many intrinsic advantages, such as the facile fabrication, simplicity of operation,
cost effectiveness, reusability, low driven power, and easy miniaturization. The sensing mechanism is
based on the change of the electrical resistance of graphene materials caused by the water molecules
adsorbed on the surfaces, and the humidity can be effectively determined by measuring the resistance
change (Figure 3) [46,69]. Equivalently, the humidity sensor can also detect the current change.
The configuration of resistive humidity sensors is relatively simple, which consists of sensing materials
located between two conductive electrodes on an inert substrate. The electrodes always employ an
interdigitated structure to improve the sensing area and thus the sensitivity. The sensing graphene
materials can easily be coated onto the substrate with patterned electrodes through spin-coating,
drop-casting, spray-coating, dip-coating, printing, or laser transfer deposition. Generally, the sensitivity
of such types of humidity sensors can be improved by increasing the materials, surface areas, as well
as the functional groups sensitive to water molecules through constructing porous structures, surface
modification, or compositing with other sensitive components. Sensors in this type are also widely
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employed to detect different kinds of gases, such as CO, H2, NOx, SOx, O2, Cl2, and organic vapors,
by changing the sensing materials [38,46,48,52,70–72].

Figure 3. Schematic of a graphene-based humidity sensor in a resistive, impedance, or capacitive
working mode depending on the measuring parameter.

3.3. Impedance Humidity Sensors

Impedance humidity sensors are a type of mixed potential sensors, which work based on impedance
change. The humidity sensor is applied with a sinusoidal voltage in the frequency domain, and the
impedance is calculated by measuring the current. In such a type of humidity sensor, an impedance
spectroscopy is utilized to measure the response of the humidity sensor over frequencies ranging from
subhertz to megahertz [73]. There is an advantage in such-type humidity sensors that it has the potential
to accurately detect a relatively low humidity, but generally, it requires professional high-performance
impedance spectroscopy. The structure of the impedance humidity sensor is similar to the resistive one,
in which sensing materials are deposited on two conductive electrodes with gaps on an inert substrate
(Figure 3). In impedance humidity sensors, GO and rGO based materials rather than pristine graphene are
utilized as sensing materials, because the abundant functional groups on the surfaces as well as porous
structures can provide more active sites for water molecules, which induces a simultaneous resistance and
capacitance change of the graphene materials, i.e., comprehensive impedance change [74]. Similarly, GO or
rGO can be composited with other active components to further improve the sensitivity. Impedance sensors
have also been developed for the efficient detection of various gases, including NOx, CO, and hydrocarbons,
with low concentrations [69].

3.4. Capacitive Humidity Sensors

Capacitive humidity sensors utilize the special properties of GO materials, which are insulating,
but show proton conductivity when the surfaces adsorb water molecules, with the proton conductivity
being related to the water concentration in the environment. This induces the change of the
capacitance [75]. The sensor detects the humidity by measuring the capacitance of the device.
Therefore, GO can work as a water molecule-sensitive dielectric in a double-layer electrochemical
capacitor to detect humidity in the atmosphere. A typical capacitive humidity sensor is generally the
in-plane type to expose the maximum active surface area, which consists of two parts, interdigitated
conductive electrodes and GO-based sensing materials as the dielectric (Figure 3) [76]. In capacitive
humidity sensors, interdigitated conductive electrodes can be metal materials, as well as rGO, which
can form all-graphene based humidity sensors. For the dielectric, GO can be composited with other
proton conductive components to improve the sensitivity and response [77].

3.5. Surface Acoustic Wave (SAW) Humidity Sensors

Principally, SAW humidity sensors are a type of microelectromechanical system, which detect the
humidity change depending on the modulation of surface acoustic waves. An SAW sensor basically
comprises a piezoelectric substrate, an input interdigitated transducer (IDT) on one side, a second
output IDT on the other side of the substrate, and a delay line in the space between the two IDTs
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(Figure 4) [78,79]. The input IDT produces a mechanical SAW under the sinusoidal electrical signal
using the piezoelectric effect of the piezoelectric substrate, and the SAW propagates across the decay
line, where the SAW is influenced by the environment. The SAW is converted into an electric signal by
the piezoelectric effect in the output IDT, and any changes made to the mechanical wave are reflected
in the output electric signal. The sensing can be accomplished by measuring changes in the amplitude,
phase, frequency, or time-delay between the input and output electrical signals. Any changes of the
physical or chemical properties of the sensor surface, such as the mass, conductance, or viscoelasticity,
affect the acoustic wave velocity or attenuation [80]. Graphene-based SAW humidity sensors generally
employ graphene materials as the acoustic layer and utilize the mass change induced SAW change to
detect the humidity because hydrophilic GO or GO-based composites enhance the water adsorption
capability through the oxygen-rich groups, strengthening the mass loading effect. Based on the above
mechanism, SAW sensors towards other gases or targets can also be designed by modulating the
properties of the sensing materials and their interaction with sensing targets.

 

Figure 4. Schematic view of a surface acoustic wave sensor with a clean surface and covered with a
graphene oxide (GO) film. Reproduced with permission from [79], Copyright Elsevier B.V., 2017.

Balashov et al. investigated the sensing performance of SAW humidity sensors by coating a
submicro-thick film of GO or a polyvinyl alcohol (PVA) thin film on the decay line, and the GO-based
humidity sensor showed a sensitivity of 1.54 kHz/% RH (relative humidity), much higher than the
0.47 kHz/% RH and 0.13 kHz/% RH for the PVA coated and uncoated one, respectively [78]. The SAW
humidity sensor prepared on the LiNbO3 surface coated with a CVD-growth graphene layer showed
a frequency downshift of 1.38 kHz/% RH in the RH range lower than 50% due to the mass loading
and a frequency downshift of 2.6 kHz/% RH in the RH range higher than 50% due to the change in
the elastic properties of graphene film [81]. The SAW humidity sensor based on GO coated LiNbO3

plate showed a super high sensitivity by employing a high-order lamb wave with a large coupling
constant, standard LiNbO3 plate, and graphene oxide sorbent film, showing a minimal detectable
level as low 0.03% RH, and reproducibility of ±2.5% [82]. Xuan et al. demonstrated SAW humidity
sensors based on a ZnO piezoelectric thin film on a glass substrate with GO as the sensing layer, which
exhibited a high sensitivity from 0.5% RH to the 85% RH range with very fast responses (rise time of
1 s and fall time of 19 s) [83]. Then, they realized a high-performance flexible SAW humidity sensor
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with the same GO sensing layer on a piezoelectric ZnO thin film deposited on a flexible polyimide
substrate [84]. Similarly, Kuznetsova et al. reported an SAW humidity sensor based on a GO film/ZnO
film/Si substrate with an enhanced sensitivity of about 91 kHz/% RH and a linear response towards
relative humidity in the range of 20–98% [85]. Recently, Xie’s group proposed an SAW humidity sensor
based on an AlN/Si (doped) layered structure with a GO sensing layer for a high sensitivity and low
temperature coefficient of frequency [79]. The humidity sensor coated with the GO layer exhibited
an improved sensitivity of up to 42.08 kHz/% RH in the RH higher than 80% and worked well at
both low (<10% RH) and high (>90% RH) humidity. Moreover, it showed low hysteresis, outstanding
short-term repeatability, long-term stability, and improved thermal stability.

3.6. Quartz Crystal Microbalance (QCM) Humidity Sensors

The QCM technique has been widely used to analyze the mass, membrane structure, molecular
interaction, and viscoelasticity changes on the surface of electrodes. QCMs coated with water-sensitive
materials can act as sensors for humidity detection, which have the advantages of being ultra-sensitive
towards water molecules adsorbed on the crystal surface and a digital frequency output. A QCM
humidity sensor can be directly connected to a digital control system to simplify the signal processing
circuit. A typical QCM humidity sensor consists of a bare quartz crystal resonator deposited
with a humidity sensing material on its electrode, forming a composite resonator (Figure 5) [86].
The composite resonator shows an oscillating frequency shift when the water molecules adsorb or
desorb on the sensing material, reflecting the ambient humidity change. There are two types of
interaction between water molecules and sensing materials in a QCM humidity sensor, the mass
change due to the adsorption and desorption on the surface (mass effect) and the viscoelastic change
of the adsorbed film caused by the penetration of water molecules (viscosity effect) [87].

 

Figure 5. Photograph and structure of the quartz crystal microbalance (QCM) sensor. Reproduced with
permission from [86], Copyright Elsevier B.V., 2017.

GO is recognized as a promise humidity sensing material because of its abundant hydrophilic
oxygen-containing functional groups, such as hydroxyl, carboxyl, and epoxy groups. Yao et al.
demonstrated the first GO thin film-coated QCM humidity sensors, which exhibited excellent humidity
sensitivity properties with a sensitivity of up to 22.1 Hz/% RH and a linear frequency response in the
wide detection range of 6.4–93.5% RH. They found that, at the low RH range (<54.3%), mass changes
caused by water molecules’ adsorption/desorption accounted for the frequency response of the
sensor, while in the high RH range (>54.3%), both the water adsorption/desorption mass change and
expansion stress of the GO thin film induced by the swelling effect caused the frequency change [88].
They also demonstrated that the GO coated QCM humidity sensor showed better stability than the
PEG-coated one [89]. The incorporation of other components into the GO film has also been widely
investigated to improve the humidity sensing performance by addressing the mass effect or viscosity
effect. Other carbon materials, such as multi-walled carbon nanotubes (MWCNTs), nanodiamond,
or fullerene, were introduced into the GO film to prevent the viscosity effect, because the intercalation
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may expand the GO film and improve water molecule diffusion [87,90,91]. Many hygroscopic or
hydrophilic components, such as poly (diallyl dimethyl ammonium chloride) [18], poly ethyleneimine
and protonated poly ethylenimine [92,93], polyethylene oxide [94], polyaniline [86], SnO2 [95],
and ZnO [96], have been introduced into GO or rGO films by the direct mixing method or layer-by-layer
assembly, which can provide more active sites for water adsorption to improve the humidity sensing
performance, including the sensitivity, response/recovery time, hysteresis, repeatability, selectivity,
and long-term stability. Additionally, diamine- and β-cyclodextrin-functionalized graphene oxide
films exhibited a good response to the low humidity region due to the strong sensitivity of the
–CONHC2H4NH2 groups to water molecules [97].

3.7. Optical Fiber Humidity Sensors

Optical fiber humidity sensors detect changes of the optical properties inside the fiber caused
by water molecules, such as changes of the transmitted optical power, dielectric properties, or the
refractive index. Compared to electronic humidity sensors, optical fiber humidity sensors show several
advantages, such as the possibility of working in harsh conditions, including flammable environments;
higher temperature and pressure ranges; and electromagnetic immunity. However, some facts,
including the fabrication repeatability and the high cost of the optical equipment, have prevented
the commercial applications of optical fiber humidity sensors. According to the working principle,
optical fiber humidity sensors can be classified into several groups, such as humidity sensors
based on the optical absorption of materials; humidity sensors based on fiber Bragg gratings
and long-period fiber gratings; humidity sensors based on interference (Fabry-Pérot, Sagnac,
Mach-Zehnder, Michelson, and modal interferometers); humidity sensors based on micro-tapers,
micro-ring, micro-knot resonators, and whispering galleries modes; and humidity sensors based on
electromagnetic resonances, specifically lossy mode resonances [98]. The classification is shown
in Figure 6. More details can be found in a comprehensive and specialized review on optical
fiber humidity sensors summarized by Ascorbe et al. [98], thus this review will not describe the
detailed mechanisms.

Figure 6. Classification of optical fiber humidity sensors [98].

Graphene materials have the potential to be applied in optical fiber humidity sensors due to
the good adsorption towards water molecules, which will induce changes of the optical properties
in the optical fiber. For example, Xiao et al. reported an rGO based optical fiber humidity sensor
by coating an rGO film on the polished surface of a side-polished fiber, which achieved a power
variation of up to 6.9 dB in the high relative humidity range (70–95%) and displayed a linear response
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with a correlation coefficient of 98.2%, sensitivity of 0.31 dB/% RH, response speed of faster than
0.13% RH/s, and good repeatability in the 75–95% RH [99]. Recently, they demonstrated an improved
optical fiber humidity sensor based side-polished single-mode fiber coated with GO film, which
exhibited a better performance [100]. The water adsorbed on the GO film caused the dielectric property
change, which could influence the TE-mode absorption at 1550 nm of the polymer channel waveguide,
constructing the relation between optical absorption and relative humidity [101]. Wang et al. developed
humidity sensors based on tilted fiber Bragg grating coated with GO film, which showed a maximum
sensitivity of 0.129 dB/% RH with a linear correlation coefficient of 99% under the RH range of 10–80%
due to the dependence of the cladding mode resonances on the water absorption and desorption
on the GO film [102]. They also investigated optical fiber humidity sensors based on an in-fiber
Mach-Zehnder interferometer coated with GO or GO/PVA composite, showing high sensitivity, good
stability, and linearity [103,104]. An optical fiber humidity sensor based on a Fabry–Perot resonator was
also demonstrated by depositing rGO on the other surface of a hollow core fiber, and the light leakage
at the resonant wavelength, which depended on the refractive index of rGO, could be measured to
reflect the humidity [105]. Optical fibers coated with graphene materials can be applied not only in
humidity sensors, but also in chemical and biological sensors [106].

4. Humidity Sensors Based on Graphene Materials

As seen in the previous sections, water molecules in the environment can induce physical and
electronic changes in graphene-based sensing materials. The detection of humidity is thus possible by
monitoring a variety of properties, such as the resistance, impedance, capacitance, mass, and surface
acoustic wave. Previous studies reporting SAW, QCM, and optical fiber sensors were covered in
Sections 3.5–3.7. This section describes recent advances in graphene-based humidity sensors based on
electronic properties using measuring techniques, such as FET, resistance, impedance, and capacitance,
and it is organized to illustrate the utilization of the different sensor types for the eight sub-classes of
graphene materials.

4.1. Humidity Sensors Based on Pristine Graphene

Novoselov et al. demonstrated the first gas sensors of the FET type based on pristine graphene
prepared by micromechanical cleavage of graphite at the surface of oxidized Si wafers, which exhibited
a significant response to not only water molecules, but also NH3, NO2, and CO gases (Figure 7a) [57].
The gas sensor showed different responses to the gases due to the electronic properties, where NO2 and
H2O act as acceptors, and NH3 and CO are donors. The exceptionally low-noise electronic property
endows the graphene-based sensors with a high sensitivity. Then, the bandgap of graphene was
tuned by exposing it to the humidity environment, which was increased with the amount of water
molecules adsorbed on the graphene surface, thus the resistivity of the graphene increased with the
humidity increasing (Figure 7b) [107]. Smith demonstrated a high-performance humidity sensor based
on the electrical resistance change of CVD-grown single-layer graphene placed on the top SiO2 layer
of an Si wafer (Figure 7c), which showed response and recovery times of less than 1 s due to the
fast adsorption and desorption of the water molecules from the graphene surface (Figure 7d) [108].
They also revealed that the sensitivity of the resistance of a graphene patch to water vapor resulted
from the interaction between the water electrostatic dipole moment and the impurity bands in the
substrate according to the simulations. Popov’s study revealed that water molecules adsorbed at
different defected places showed different effects on the resistance change of the graphene due to the
different interaction mechanisms [109]. Adsorption at grain boundary defects is assumed to lead to an
increase in film resistivity due to the donor property of water and the p-type conductivity of graphene,
while adsorption at edge defects in multilayer graphene films leads to the formation of conductive
chains with ionic conductivity. Son et al. found that physical defects in the graphene could hardly
increase the humidity sensing performance, while the distinct changes were observed with chemical
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defects by controlling the thickness and the coverage area of the poly(methyl methacrylate) (PMMA)
on the graphene surface [110].

56



Nanomaterials 2019, 9, 422

Figure 7. Changes in resistivity caused by graphene’s exposure to various gases diluted in concentration
to 1 ppm (a). Reproduced with permission from [57], Copyright Nature Publishing Group, 2007.
The values of maximum resistivity observed, and the time taken to achieve 90% of the saturation
value for different values of absolute humidity (b). Reproduced with permission from [107], Copyright
Wiley-VCH, 2010. Resistance change in the graphene device versus the relative humidity (%RH) for
a device placed in a vacuum chamber (1) and the same device placed in a humidity chamber (2) (c)
and the interaction of water molecules with the graphene surface (d). Reproduced with permission
from [108], Copyright Royal Society of Chemistry, 2015. Sensitivity of the humidity sensors under
current and capacitance modes (e). Reproduced with permission from [111], Copyright Wiley-VCH,
2017. Resistance response of the double-layer graphene device in comparison with the %RH response
from a commercial humidity sensor as well as the response from a commercial pressure sensor during
three consecutive cycles of pumping air from the environment into and out of the vacuum chamber (f).
Reproduced with permission from [112], Copyright Elsevier B.V., 2017.
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Shehzad et al. demonstrated a high-performance multimode humidity sensor by constructing
a graphene/Si Schottky junction. The intrinsic properties were influenced by the adsorbent water
molecules. The device could detect humidity when it was both forward and reverse biased, as well
as in the resistive and capacitive mode, the corresponding sensitivity of which reached 17%, 45%,
26%, and 32% per relative humidity (% RH), respectively (Figure 7e) [111]. Fan et al. investigated
the gas sensing behaviors of a double-layer graphene gas sensor, the resistance of which showed
a fast response and recovery towards humidity (Figure 7f), but their experiments and theoretical
calculations indicated that the resistance response to the humidity of double-layer graphene was lower
than that of single-layer graphene [112]. Recently, Zhu’s group reported a high-performance humidity
sensor based on wrinkled graphene [113], the wrinkled morphology of which could effectively prevent
the aggregation of water microdroplets and thus improve the evaporation compared to flat pristine
graphene (Figure 8a,b). The device exhibited an ultrafast response to the humidity with a short
response time of down to 12.5 ms, which can be used to monitor sudden changes in respiratory rate
and depth (Figure 8c). Additionally, the application of graphene woven fabrics prepared with CVD
growth have also been demonstrated in simultaneous sensing of humidity and temperature with high
sensitivity [114]. Notably, a recent study indicated that a relative humidity of over 50% may modify the
interlayer interaction, thus affecting the properties of bilayer graphene [115], therefore, the repeatability
and stability of the humidity sensors based on multilayer graphene materials should be paid attention
to. The sensing performance of humidity sensors based on pristine graphene materials is summarized
in Table 1, which indicates that, although several humidity sensors showed a fast response and recovery,
the sensitivity was relatively low and the long-term stability was not investigated.

 

Figure 8. Schematic illustration of the water adsorption and desorption on surfaces of CVD-growth flat
graphene (a) and wrinkled graphene (b), and breathing signals recorded by wrinkled graphene sensors
with alternating breathing speed and depth during physical activity (c). Reproduced with permission
from [113], Copyright Wiley-VCH, 2018.
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Table 1. Summary of the sensing performances of humidity sensors based on pristine graphene.

Material Preparation Method Type
Operating

Temperature
Sensitivity Selectivity

Humidity
Range

Response/Recovery
Time

Stability Ref.

Graphene micromechanical
cleavage of graphite FET R.T. — Low (NH3,

CO, NO2) 1 ppm Hundreds of seconds — [57]

Graphene CVD Resistive R.T. 0.31% High (Ar,
N2, O2) 1–96% 0.6 s/0.4 s — [108]

Multilayer
graphene CVD Resistive 25 ◦C 10–17% — 15–80% <1 s — [109]

Graphene/Si
Schottky junction CVD Resistive

Capacitive 10–90 ◦C 45%
32%

High (N2, O2,
Ar, CO2) 10–90% 8 s/19 s

4 s/10 s — [111]

Double-layer
graphene CVD Resistive 25 ◦C ~0.784–0.933% Low (CO2) 20–100% Hundreds of

milliseconds — [112]

Wrinkled graphene CVD Resistive 20–80 ◦C — — 11–95% 12.5 ms — [113]

4.2. Humidity Sensors Based on Graphene Oxide

Humidity sensors based on GO materials have been widely studied due to the simple, low-cost,
and large-scale preparation of GO, and high proton-conductive sensitivity to water molecules. Based on
the change of the proton conductivity, GO humidity sensors generally operate by detecting the
capacitance or impedance signals [116,117]. Bi et al. constructed a GO humidity sensor by depositing
a GO film on microscale interdigitated electrodes (Figure 9a), the capacitance change of which towards
humidity was measured with an LCR meter (Figure 9b) [76]. The capacitance of the humidity sensor
was related with the relative humidity in the gas environment, as well as the frequency (Figure 9c).
This device exhibited a highly improved sensitivity at 15–95% compared to conventional capacitive
humidity sensors, and a fast response time of 10.5 s and recovery time of 41 s. Subsequently, Borini et
al. investigated the influence of the GO layer thickness on the response of the humidity sensor and
demonstrated that a thickness of 15 nm of the GO film resulted in an ultrafast response to a modulated
humid flow at the tens-of-microseconds scale while maintaining a full scale output of over an order of
magnitude (Figure 9d,e) [76]. Ho et al. reported a stretchable and multimodal all graphene electronic
skin by spray coating rGO or GO on a patterned CVD graphene on poly(dimethylsiloxane) (PDMS)
to realize different functions, where the device made of GO on the graphene structure worked in a
capacitive mode and showed a response to the humidity change (Figure 9f,g) [118]. Recently, Park
et al. investigated the correlation between the sensitivity and the sorption/desorption hysteresis
of thin film GO humidity sensors working in the conductance mode (Figure 9h), which indicated
that the sensors made at pH 3.3 showed a lower sensitivity and hysteresis-induced error while those
made at pH 9.5 showed both increased sensitivity and hysteresis-induced error (Figure 9i) [119].
They proposed that the enhanced sensitivity and the hysteresis of these sensors were based on the
molecular interactions between the increased water and charged groups in GO at high pH, suggesting
a trade-off relationship between sensitivity and hysteresis. In addition, various approaches have been
employed to improve the sensing performance or application area of GO based humidity sensors,
such as free-standing GO foam to increase the active site [120], ultralarge GO to improve the overall
proton conductivity [121], silk fiber coated with GO to take advantage of silk fiber’s flexibility [122],
computer-aided design [123], investigation of the influence of the structure and coating methods [124],
heteroatom-doping on GO to improve the response [125], as well as microstructure related synergic
sensing for high-performance humidity sensors [126].
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Figure 9. SEM image of the device (a), schematic diagram of the humidity testing system graphene oxide
film as a humidity sensing material was placed on the two sets of interdigitated electrodes (b), and the
output capacitances of sensors as a function of RH (c). Adapted from [76]. Photograph of a sprayed
GO sensing element (d), and normalized response of the different sensors to a modulated humid air
flow at 1 Hz (e). Reproduced with permission from [74], Copyright American Chemical Society, 2013.
GO-based humidity sensor performance (capacitance vs RH) (f) and real-time RH sensing of the GO-based
humidity sensor at specific RH (g). Reproduced with permission from [118], Copyright Wiley-VCH, 2016.
The humidity sensing layer through drop-casting of GO followed by the measurement of relative humidity
via conductance (h) and normalized conductance of three different humidity sensors as a function of RH (i).
Reproduced with permission from [119], Copyright Elsevier B.V., 2017.

Generally, noble metal (Au, Ag, etc.) interdigitated patterns prepared by the lithographical
technique are used as electrodes to form GO based humidity sensors. However, Au and Ag materials
are relatively expensive, and the lithographical preparation needs professional instruments and
a complex process. The laser direct writing technique, which is a noncontact, fast, single-step
fabrication technique with no need for masks, postprocessing, or a complex clean room, and is
compatible with current electronic product lines for commercial use, has been employed to fabricate
energy storage devices, electrically conductive circuits, sensors, as well as self-powered integrated
devices [127–133]. Graphene oxide can easily be reduced by laser irradiation, producing rGO with
improved conductivity, which acts as conductive electrodes, while the GO can work as a water-sensitive
solid electrolyte [134]. Ajayan’s group prepared an interdigitated micro- supercapacitor (MSC) on a
hydrated GO film (Figure 10a), and demonstrated that the proton conductivity of GO was related to
the water concentration in the environment (Figure 10b). An et al. prepared a highly flexible humidity
sensor based on an rGO/GO/rGO structure patterned by a fiber femtosecond laser (Figure 10c), which
could reduce the GO to rGO with program-controlled patterns (Figure 10d) [135]. The impedance
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of the humidity sensor showed changes towards the relative humidity at different frequencies in
a large range, indicating a high sensitivity (Figure 10e). Moreover, this device also exhibited a fast
response time of 1.8 s and recovery time of 11.5 s (Figure 10f). Interestingly, this humidity sensor
could be arranged in the substrate forming pixels, which could work as a noncontact e-skin with a
high-spatial-resolution sensing capability.

Figure 10. Schematic of CO2 laser-patterning of free-standing hydrated GO films to fabricate rGO–GO–rGO
devices with in-plane geometry (a) and the dependence of ionic conductivity on the exposure time to
vacuum and air (b). Reproduced with permission from [75], Copyright Macmillan Publishers Limited,
2011. Schematic image of the laser direct writing system for the single-step fabrication of all-graphene
noncontact sensors (c), optical images of the sensor where the rGO electrodes appear in black and the brown
thin film corresponds to the GO sensing material (d), plots of impedance as a function of RH at different
operation frequencies (e), and (f) upper panel: real-time moisture sensing with different RH ranges (all
starting from 11% RH) and repeated RH detection between 11% RH and 90% RH for four cycles, and lower
panel: response−recovery curve of the sensor with RH switching between 11% and 90%. Reproduced with
permission from [135], Copyright American Chemical Society, 2017.
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Recently, we reported the facile preparation of humidity sensors based on an rGO/GO/rGO
structure on a flexible PET sheet through laser direct writing with a semiconductor diode laser
(Figure 11a) [131]. After laser irradiation, the color of GO was turned to grey from black (Figure 11b),
and the laser irradiated part expanded due to the evolved gases induced by laser heating (Figure 11c).
Raman spectra, X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) characterizations
clearly showed that the GO was reduced to rGO after laser irradiation and became electrically
conductive (Figure 11d). Instead of measuring the impedance or resistance of the rGO/GO/rGO
structure, we proposed a novel alternating current (ac) detection mode by connecting the interdigitated
structure to a simple circuit (Figure 11e), which showed an obvious response to the relative humidity
(RH), ranging from 6.3% RH to 100% RH (Figure 11f). Compared to the low and unstable response in
the direct current (dc) mode, the sensor working in this ac detection mode exhibited a dramatically
enhanced sensitivity by about 45 times (Figure 11h). Moreover, the device showed a fast response
time (1.9 s) and recovery time (3.9 s) (Figure 11g). The sensor also exhibited outstanding cycling
stability, flexibility, and long-term stability (>1 year), as well as good reproducibility of the device
preparation. The sensor could work on an iPhone to conduct the humidity sensing with an oscilloscope
application on iPhone OS (iOS). Furthermore, an electronic circuit simulation method was used to fit
the output waves, showing potential promise in real-time monitoring on a smartphone based on the
Internet of things and big data technologies. The sensing performance of GO-based humidity sensors
is summarized in Table 2, which suggests that such types of humidity sensors generally show a high
sensitivity and fast response, as well as potential long-term stability. However, such types of humidity
sensors are generally based on changes of the proton conductivity when adsorbing or desorbing water
molecules, thus the selectivity may be disturbed by the gases of proton donors or acceptors.

 

Figure 11. Schematic illustration for the preparation of rGO patterns by laser direct writing (a),
interdigitated pattern of rGO/GO/rGO prepared on a flexible poly(ethylene terephthalate) (PET)
film (b), SEM image of the structures obtained by laser direct writing (c), Raman spectra at different
positions of a laser-irradiated line (d), electronic circuit of the rGO/GO/rGO humidity sensor (e),
output waves of the humidity sensor responding to a rectangular alternating current (ac) wave with a
(peak) pk−pk voltage of 1 V at 0.04 Hz (f), response and recovery of the humidity sensor at 40 Hz (g),
and the change of the sensing peak voltages toward RH at different frequencies (h). Reproduced with
permission from [131], Copyright American Chemical Society, 2018.
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4.3. Humidity Sensors Based on Reduced Graphene Oxide

After reduction, the insulating graphene oxide is converted into conductive rGO, the conductivity
of which is sensitive to water molecules due to the defects and remnant oxygen-containing groups,
and rGO also shows some capacitive behavior because of the uncomplete reduction. Till now, rGO
materials prepared with various reduction methods have been employed for humidity sensing.
For example, Guo et al. realized the simultaneous reduction, patterning, and nanostructuring of graphene
oxide on flexible PET substrates with a two-beam-laser interference method [136]. The as-prepared
humidity sensor exhibited a high sensitivity and fast response and recovery performance due to the
improved water molecules’ adsorption provided by laser induced hierarchical graphene nanostructures.
Humidity sensors prepared by layer-by-layer covalent anchoring of a GO film followed by a partially
reduced process exhibited good sensitivity in the range of 30% to 90% RH with negligible hysteresis
(<2.5% RH), short response time of 28 s and recovery time of 48 s, and good long-term stability [137].
Phan et al. investigated the influence of the reduction degree or the quantity of oxygen functional
groups of the GO on humidity sensing using rapid thermal annealing [138]. They indicated that,
as the annealing temperature increased, the resistivity decreased, and the GO film lost its capability to
adsorb water molecules, thus the response of the humidity sensor decreased. However, a trade-off
existed between the response and the long-term stability, which was quite poor in the as-deposited
GO film. Recently, Shojaee et al. reported their study on the influence of the reduction degree of GO
nanosheets on the humidity sensing performance by a hydrothermal reduction method, the reaction
time of which accounted for the reduction degree [139]. The found that humidity sensors based on rGO
with a moderate reduction exhibited an optimized sensitivity and response, because the sensitivity
was attributed to the oxygen function groups while the response was attributed to the restoration of
the sp2 carbon network. A transparent humidity sensor made of rGO stripes driven by convective
self-assembly exhibited a reversible response to humidity in the range of 10–70% RH [140]. In addition,
rGO materials obtained by photo reduction, such as sunlight or flash, have also been applied in
high-performance rGO-based humidity sensors [141,142]. Papazoglou et al. demonstrated an in-situ
sequential laser transfer and laser reduction method to fabricate rGO-based humidity sensors using
picosecond laser pulses, and this laser printed rGO humidity sensor showed a fast response time of less
than 1 min in the water concentration of 1700–20,000 ppm with a limit of detection of 1700 ppm [143].

Table 2. Summary of the sensing performance of GO-based humidity sensors.

Material
Preparation

Method
Type

Operating
Temperature

Sensitivity/Response Selectivity
Humidity

Range
Response/Recovery

Time
Long-Term

Stability
Ref.

GO Drop casting Capacitive 25 ◦C 37,800% — 15–95% 10.5 s/41 s 30 days [76]

GO Drop casting Impedance 10–40 ◦C — — 10–90% ~30 ms 72 h [74]

GO Spary coating Capacitive 22–90 ◦C — — 20–90% — 500 cycles [118]

GO Drop casting Conductance 25 ◦C

12.3 ± 2.2 μS/%RH
(pH 3.3)

12.3 ± 2.2 μS/%RH
(pH 9.5)

— 10–90% 2.2 s/1.6 s (pH 2.8)
91.8 s/11.3 s (pH 9.3) — [119]

GO foam Dry in a frame Impedance 25 ◦C 33,254% — 11–95% 50 s/79 s — [120]

Ultralarge GO Drop casting Conductance 20 ◦C 4339 ± 433 — 7–100% 0.2s /0.7 s 5 days [121]

GO Simulation Capacitive 25 ◦C 7680 pF/%RH — 0–100% <0.5 s — [123]

Li-doped GO Drop casting Resistive 25 ◦C 3038% — 11–97% 4 s/25 s — [125]

GO Spary coating Capacitive R.T. — — 12–97% <0.1 s — [126]

rGO/GO/rGO Laser direct
writing Impedance 23 ◦C — — 11–95% 1.8 s/11.5 s 30 days [135]

rGO/GO/rGO Laser direct
writing Voltage R.T. 142.5

High (H2,
hexane,
ethanol)

6.3–100% 1.9 s/3.9 s > 1 year [131]
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Because of the importance of humidity sensing in daily life, wearable or portable humidity
sensors based on rGO materials have attracted much research attention. To make the device wearable,
one of the strategies is to prepare the humidity sensor in a fiber form. For example, Qu’s group
demonstrated multi-stimuli sensitive sensor based on double-helix core-sheath rGO-based microfibers,
which showed a high current response to small perturbations induced by temperature variations,
mechanical interactions, and relative humidity changes [144]. Recently, Choi et al. developed a unique
humidity sensing layer with nitrogen-doped rGO fibers on colorless polyimide film, and tiny Pt
nanoparticles were deposited on the surface of rGO, which acted as dissociation catalysts for humidity
sensing [145]. The rGO fiber could detect a wide humidity range from 6.1% RH to 66.4% RH, with
a 1.36-fold sensitivity at 66.4% RH of pure rGO fiber. Natural fibers, such as silk fibers or spider silk
fibers, have been employed as supports to construct wearable devices due to their excellent mechanical
properties, superior skin affinity, and biodegradable properties. Recently, Li et al. developed a flexible
humidity sensor based on silk fabrics coated with Ni and GO nanosheets, which showed a fast
response to the humidity change and could be used for human respiration monitoring [146]. Li et
al. demonstrated a biomimetic electric multi stimuli sensing device by combining layer-by-layer
deposition of graphene and supercontraction of spidroin fibers, which exhibited a rapid response
and repeatability towards RH > 20% [147]. Ma et al. proposed a strong, tough, lightweight printable
biopapers by introducing silk interlayers into graphene oxide films combining a seriography-guided
reduction technique, and the resultant rGO/silk patterns could work as resistive moisture sensors to
detect humidity within 3.0 s, showing potential for applications in wearable electronics [148].

The controllable preparation of homogeneous rGO thin film at a high efficiency is the basis for
practical applications. Zhang’s group proposed an effective and reproducible way to assemble rGO
ultrathin films with a controllable thickness [149]. The preparation involved the vacuum filtration
of rGO suspension and exfoliation at the liquid/air interface (Figure 12a). The ultrathin film on a
PET substrate showed high transparency and flexibility with layer structured rGO (Figure 12b,c).
The preparation showed a good reproducibility according to the transmittance of all 13 samples
(Figure 12d). The device fabricated based on rGO ultrathin films and the Au electrode showed a fast
response to RH from 4.3% to 75.7% with repeated response (Figure 12e,f). Furthermore, a flexible
matrix panel was prepared based on the rGO ultrathin film and Au electrode arrays, which exhibited
excellent noncontact humidity sensing performance with high sensitivity, high spatial resolution,
and fast response (Figure 12g). Additionally, wearable humidity sensors can also be prepared based
on a porous graphene network with a high response for detecting finger humidity, speaking, whistle
rhythm, and respiration monitoring [150]. The sensing performance of rGO-based humidity sensors is
summarized in Table 3, which indicates that rGO-based humidity sensors generally work based on
impedance or resistance change, and generally the sensitivity is not so high because of the reduced
functional oxygen-containing groups compared to GO. Therefore, combining rGO and other sensitive
materials may be an effective way to improve the sensitivity.
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Figure 12. Schematic of the reproducible exfoliation process for the fabrication of r-GO ultrathin
films (a), a typical photograph (b) and SEM image of an r-GO ultrathin film on a PET substrate (c),
transmittance spectra of 13 r-GO ultrathin films on PET substrates (d), real-time response of one
sensor in the flexible matrix device to RH from 4.3% to 75.7% (e), real-time-repeated response of
the sensor at 4.3% RH for eight cycles (f), and the 3D mapping of matrix device when the fingertip
approaches the relative center area of the device (g). Reproduced with permission from [149], Copyright
Wiley-VCH, 2014.
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Table 3. Summary of the sensing performance of humidity sensors based on reduced graphene oxide
or graphene quantum dots.

Material
Preparation

Method
Type

Operating
Temperature

Sensitivity/Response Selectivity
Humidity

Range
Response/Recovery

Time
Long-Term

Stability
Ref.

rGO
Two-beam-laser

interference
reduction

Capacitive 25 ◦C — — 11–95% 3 s/10 s — [136]

rGO
LBL-anchored
and chemical

reduction
Impedance 15–35 ◦C 0.0423 log Z/%RH — 30–90% 28 s/48 s 42 days [137]

rGO Rapid thermal
annealing Resistive 25 ◦C 35.3–0.075%

High
(Acetone,
ethanol,
toluene,

NH3, H2,
CO, NO2,

C2H2)

20–95% — 5 weeks [138]

partially
reduced GO

Hydrothermal
reduction Resistive R.T. 3.3–105% — 20–85% 4.2 s/3.6 s 14 days [139]

rGO Chemical
reduction Resistive 25 ◦C 17.6 — 10–70% — — [140]

rGO Sunlight
reduction Impedance 25 ◦C three orders of

magnitude — 11–95% 16 s/47 s 30 days [141]

rGO Flash reduction Impedance 20 ◦C — — 11–95% 1 s/24 s 30 days [142]

N-doped rGO
fiber

Thermal
annealing Resistive R.T. 0.32–4.51% — 6.1–99.9% — 30 cycles [145]

rGO-silk Seriography-guided
reduction Resistive 25 ◦C — — ~20–97% 3 s/~1 min — [148]

rGO
Exfoliation at

liquid/air
interface

Resistive R.T. ~6% — 4.3–75.7% 4 s/10 s — [149]

GQDs Hydrothermal Resistive 24 ◦C ~390
High (CO,
H2, CH4,

CO2)
1–100% 12 s/43 s — [151]

GQDs Pyrolysis of
citric acid Resistive R.T. — — 15–80% ~5 s — [152]

4.4. Humidity Sensors Based on Graphene Quantum Dots

Graphene quantum dots (GQDs) have similar structures and properties as layered graphene in
the 2D layer, but their electronic structure is governed by the edge electronic states and size (quantum
confinement), which can be manipulated to control their properties. Sreeprasad et al. demonstrated
the electron-tunneling modulation in a percolating network of graphene quantum dots selectively
assembled on a polyelectrolyte microfiber, which was employed to construct a humidity sensor, where
the water-mass transferred from the polymer and electrons transported through the GQDs [153].
The reduction of 0.36 nm in the tunneling barrier width between GQDs increased the conductivity of
the device by 43-fold. Ruiz et al. synthesized GQDs through pyrolysis of citric acid drop-casted on a
metallic interdigitated microelectrode, forming a resistive humidity sensor [152]. The sensor showed
an exponential dependence of sensitivity with the RH in the range of 15–80%, and a fast response
time estimated at around 5 s. The capillary condensation of water molecules on the GQD surfaces
accounted for the sensing performance. Then, Alizadeh et al. prepared a GQD humidity sensor by
using a similar approach [151], which exhibited outstanding sensitivity to the variation of environment
humidity with a response time of about 10 s. However, they found there were two different sensing
mechanisms existing between 0–52% and 52–97%. In the low RH range, the adsorption of water
molecules increased the hole-type carriers, thus decreasing the electrical resistance, while in the high
RH range, the improved ionic proton transportation devoted by the adsorbed water molecules induced
the resistance decrease of the sensor. Hosseini et al. demonstrated the first flexible humidity sensor
based on GQDs, which were prepared using a facile hydrothermal method. The as-prepared GQDs
were drop-casted on an interdigitated microelectrode on a flexible polyimide substrate (Figure 13a),
and the GQD film showed a porous structure (Figure 13b). The sensor showed an exponential behavior
response towards humidity in the RH range of 12–100%, with a response and recovery time of 12 and
43 s, respectively (Figure 13c). The device exhibited a fast response when exposed to a flow of
exhaled breath with about 90% RH (Figure 13d) [151]. From the performance summary in Table 3,
it can be found that GQDs-based humidity sensors have some advantages, such as high response,
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high selectivity, and relatively fast response and recovery. More studies should be done to develop
high-performance humidity sensors based on GQDs.

 
Figure 13. Schematic illustration of the fabricated flexible sensor (inset is an optical image of a flexible
array of sensors) (a), SEM image of the drop-casted sensing layer (b), the sensor response to different
levels of humidity (inset shows sensor resistance as a function of time upon exposure to 60% RH during
subsequent cycles) (c), and response of the fabricated sensor to human breath (d). Reproduced with
permission from [151], Copyright The Royal Society of Chemistry, 2017.

4.5. Humidity Sensors Based on Chemical Modified Graphene

Generally, pristine graphene or reduced graphene oxide without proper modification exhibits
a relatively slow response and low sensitivity towards humidity changes, probably due to the small
change in resistance, the decrease of oxygen-containing functional groups, or the aggregation during
the chemical reduction process. Hence, chemical modification on graphene surfaces provides a
pathway to improve the humidity sensing performance. Earlier, Huang et al. demonstrated the adding
sugar through the solvothermal method could effectively tune the mount of the oxygenated group on
graphene surfaces, which contributed to the improvement of the humidity sensing performance [154].
A humidity sensor based on amine rich polyethyleneimine (PEI) functionalized CVD-growth graphene
showed an improved sensitivity, fast recovery, and good repeatability due to the electron transfer
from amine groups in the polymer to graphene [155]. Chen et al. reported an ultra-strong PEI-GO
nanocomposite by using PEI modified GO and glycerol diglycidyl ether, forming cross-linking
networks [156]. Synergistic reinforcement of mechanical interlocking and hydrogen bonding led
to a dramatic increase in the tensile strength and Young’s modulus by 98.3% and 87%, respectively,
at 7.5 wt% GO loading of PEI and the composite film showed robust humidity sensing performance
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over the RH range of 40–90%. Both Su’s group and Lee’s group studied amine-modified graphene oxide
as sensing materials in humidity sensors, and demonstrated that the amine modification could improve
the sensitivity towards humidity change, but may bring hysteresis-induced errors due to the interaction
between water molecules and amine groups [157,158]. Wang et al. proposed supramolecularly
modified graphene naphthalene-1-sulfonic acid sodium salt and silver nanoparticles (Ag-NA-rGO),
and the resulting supramolecular composite-based humidity sensor exhibited an excellent sensing
performance between 11% and 95%, including an ultrafast response and recovery time of <1 s, and a
high sensitivity and stability, which was attributed to the large surface area and wide interlayer spacing
in the supramolecular composite [159]. Some chemical modification of porous graphene oxide (pGO),
such as phenyl, dodecyl, or ethanol, can decrease the humidity sensing sensitivity, but improve the
sensitivity to other molecules [160].

In order to address the low resistance change of graphene towards humidity, Ali et al. introduced
methyl red molecules to modify graphene surfaces and the composite was deposited over the
interdigitated electrodes with the electrohydrodynamic technique (Figure 14a). The electrical resistance
of the humidity sensor varied inversely over a wide range from 11 to 0.4 MΩ towards the RH
content from 5% to 95%, and the humidity sensor showed 96.36% resistive and 2,869,500% capacitive
sensitivity (Figure 14b), with a fast response and recovery times of 0.251 and 0.35 s, respectively [161].
The highly-improved humidity sensing performance was attributed to the water adsorption on methyl
red, and induced a decrease of the overall film resistance and the paths between graphene flakes built
by water adsorbed methyl red. Tao et al. proposed the preparation of hydrophobin (HFBI) protein
wrapped rGO by a one-step exfoliation and functionalization, which was casted onto the interdigitated
electrode (Figure 14c) [162]. Humidity sensors based on HFBI modified rGO showed a highly improved
sensitivity compared to that based on pristine rGO (Figure 14d,e). Chen et al. employed a similar
supramolecular assembly method to modify rGO with functional organic molecule pyranine, which
has a pyrene ring decorated with hydrophilic sulfonic groups and can assemble with rGO through
π-π interactions (Figure 14f) [163]. A humidity sensor based on this composite exhibited an excellent
sensing performance, including a high sensitivity between 11% and 95% RH, fast response time of <2 s,
small hysteresis of 8% RH, and good repeatability and stability (Figure 14g,h). Additionally, tannic
acid modified rGO can be incorporated in PVA to improve its humidity sensing properties [164].
Recently, a typical metal organic framework (MOF), copper benzene-1,3,5-tricarboxylate (Cu-BTC),
was incorporated and deposited on GO film to form a resistive humidity sensor, which showed an
improved humidity sensing performance due to the facilitated water molecules captured by Cu-BTC
from the environment [165]. The sensing performances of humidity sensors based on chemical modified
graphene are summarized in Table 4, wherein humidity sensors based on graphene/methyl-red or
pyranine-rGO showed excellent performance, but further studies on the stability and selectivity
are required.

4.6. Humidity Sensors Based on Graphene/Polymer Composites

It is well-known that electric humidity sensors output electrical signals by sensing the variation
of the moisture content by adsorbing/desorbing water molecules in the environment on the sensitive
layer. To construct humidity sensors, polymers are one of the chosen sensitive materials, because they
have some advantages, such as low cost, good sensitivity, fast response, flexibility, easy processability,
etc. However, generally, they lack conductivity and show large hysteresis due to the cluster of water
adsorbed inside bulk polymers, which may cause deformation and instability of the sensing polymer
layer, eventually reducing the lifetime of the sensor. Therefore, the combination of polymers and
graphene can harness the advantages of both to improve the humidity sensing performance and this
has been widely investigated.
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Figure 14. Schematic representation of the graphene/methyl-red composite based humidity sensor (a),
and capacitance versus relative humidity (% RH) characteristics curves of the graphene/methyl-red
composite, methyl-red only, and graphene only based humidity sensors measured in the humidity
chamber at a 1 kHz frequency (b). Reproduced with permission from [161], Copyright, 2016 Elsevier
B.V. Optical images of the comb electrode before and after coating a layer of hydrophobin (HFBI)
wrapped rGO flakes (c), real-time responses of HFBI wrapped rGO sensor (left) and bare rGO sensor
(right) to RH ranging from 2% to 50%, respectively (d), and relative resistance change upon the exposure
to water molecules at the maximum equilibrium vs. RH values (e). Reproduced with permission
from [162], Copyright Elsevier B.V., 2017. Schematic of the supramolecular assembly of Pyr-rGO sheets
with the corresponding physical image in dispersion (f), the impedance curves of Pyr-rGO based
humidity sensors measured at different frequencies under different RH levels (g), and the five-cycle
response-recovery curve of Pyr-rGO (h). Adapted from [163].

Table 4. Summary of the sensing performance of humidity sensors based on chemical modified graphene.

Material Preparation Method Type
Operating

Temperature
Sensitivity/Response Selectivity

Humidity
Range

Response/Recovery
Time

Stability Ref.

Graphene/methyl
red Electro-hydrodynamic Resistive

Capacitive R.T. 96.36% (R)
2,869,500% (C) — 5–95% 0.251 s/0.35 s — [161]

HFBI-rGO Drop casting Resistive R.T. 2.24/RH

Medium
(Ethanol,
acetone,
hexane)

2–50% 130 s/200 s — [162]

Pyranine-rGO Supramolecular
assembly Impedance 25 ◦C 6000 — 11–95% <2 s/<6 s 100 cycles [163]

PEI-GO Solution casting Impedance 30 ◦C — — 40–90% — — [156]

Diamine-GO Brush coating Impedance 15–35 ◦C 0.0545 log Z/% RH — 20–90% 52 s/72 s 54 days [157]

GO-NH2 Drop casting Conductance 25 ◦C 870 ± 90 — 5–95% — — [158]

Ag-NA-rGO Drop casting Impedance 25 ◦C 600 — 11–95% 1 s/1 s 110 days [159]
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Cellulose is an abundant, renewable, and natural material on earth, which is a colorless,
odorless, and nontoxic solid polymer, and possesses the advantages of a high mechanical strength,
hydrophilicity, relative thermo-stability, biocompatibility, light weight, low price, and is eco-friendly.
Moreover, cellulose is a high dielectric material and insulator, therefore, the incorporation of cellulose
into graphene may be of benefit to the humidity sensing performance. For example, Kim’s group
first employed cellulose nanocrystals to modify rGO, and the resultant composite, m-r(CNC/GO),
exhibited an improved sensitivity by 5 times compared to that of pristine rGO, which was attributed
to its high surface-to-volume ratio and charge-storage capacity at junctions related to hydrophilic
functional groups, such as carboxyl groups [166]. Then, they demonstrated that the incorporation
of GO can highly improve the humidity sensor based on cellulose nanocrystal (CNC) due to the
increased water molecule adsorption; the water uptake of the cellulose/GO composite in 90% RH
was almost two times higher than the pristine cellulose film [167]. Nanocellulose was also used
to assist graphene dispersion in the PVA nanocomposite (PVA/NFC/rGO) for humidity sensing,
and the abundant hydroxyl groups on the surface of nanocellulose formed hydrogen bonds with
water molecules for an improved sensitivity and decreased hysteresis [168]. Recently, Chen et al.
prepared a cellulose/graphene composite film using an eco-friendly process by dispersing GO and
cellulose homogeneously followed by in situ chemical reduction of GO to rGO, endowing the film with
high conductivity and good mechanical properties [169]. The composite film was used as a sensing
material to different external stimuli, such as temperature, stress/strain, liquids, as well as humidity in
a resistance change. The swelling of the cellulose matrix by adsorbing water molecules increased the
distance between the rGO sheets, thus increasing the resistivity of the material.

Lignin is also an abundant polymer in nature and the largest biomass source with an aromatic
skeleton. Technical lignin from biomass can be sulfonated into water-soluble sodium lignosulfonate (LS)
with abundant oxygen containing groups, which can provide a large number of moisture acceptors for
humidity sensing. The hydrophobic phenylpropane units of LS can be spontaneously cross-linked into
3D networks, which is beneficial for the fast swelling and shrinking during adsorption and desorption of
water molecules. Nevertheless, LS is electrically insulating, preventing it from being applied in resistive
humidity sensors. Recently, Chen et al. designed an LS/rGO composite-based resistive humidity sensor
using LS as the moisture sensing layers and rGO as the resistance transduction layers [170]. The LS/rGO
composite film showed good flexibility (Figure 15a) and exhibited a more compact interlayered structure
compared to pure rGO film (Figure 15b,c), and this alternative multilayered structure could provide water
molecules as accepted sites as well as resistant transduction. The LS/rGO humidity sensor showed an
apparent response to the RH from 22% to 97% with a dependent resistance increase with the increasing
RH (Figure 15d). It also showed a relatively fast response to the RH change (Figure 15e) and a long-term
stability lasting for 30 days (Figure 15f). The sensing mechanism may be attributed to the reduction of the
hole density in the p-type rGO layers caused by physisorbed water molecules in low humidity and the
interlayer swelling effect of LS networks in high humidity (Figure 15g).

Polyelectrolytes are always employed in humidity sensors due to their function groups being
sensitive to water molecules. However, their impedance at low relative humidity levels is too high
to be measured exactly due to their conductivity, while graphene materials have the advantage of a
high surface area and relatively high conductivity. Therefore, it is an effective strategy to improve the
sensing performance by combining polyelectrolytes and graphene materials. Li et al. first prepared
two composites of polyelectrolytes, i.e., cationic poly(diallydimethylammonium chloride) (PDDA)
and anionic sodium poly(4-styrenesulfonate) (PSSNa), and rGO as sensing materials [171]. Both the
polyelectrolytes and polyelectrolyte/rGO showed a high response towards RH in the range of 10–90%.
However, at lower RH, the polyelectrolytes showed an impedance that was too high to detect. With an
increase of the rGO concentration in the polyelectrolytes, the impedance at low humidity was largely
decreased by ~45 times. Both composites exhibited high sensitivity and good sensing linearity in
their impedance response to humidity in the RH range of 0.2–30%. Typically, PDDA/rGO showed a
higher sensitivity of 1000% with respect to the 300% for PSSNa/rGO. Subsequently, they prepared
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another impedance-type polyelectrolyte/graphene humidity sensor by sequentially depositing the thin
films of cross linked and quaternized poly(4-vinylpyridine) (QC-P4VP) and rGO onto interdigitated
gold electrodes [172]. The QC-P4VP/rGO humidity sensor showed much lower impedance than
the QC-P4VP humidity sensor in the low RH levels and could detect ultra-low RH of 0.18% with
a high response with an increase of 500% between 1.1% and 0.18% RH. Moreover, it showed a
small hysteresis of ~4.5% RH and a fast response time of 21 s and recovery time of 78 s. Zhang et
al. reported rGO/PDDA and GO/PDDA composite humidity sensors by using a layer-by-layer
self-assembly approach. The rGO/PDDA exhibited a resistive type humidity sensor, which showed
a stable and fast response to the RH in the RH range of 11–97% with a fair sensitivity, and the
sensing mechanism was attributed to the p-type semiconducting properties of rGO at low RH,
and interlayer swelling of rGO/PDDA film at high RH rather than the ionic conductivity [173].
Then, they demonstrated an ultrahigh performance humidity sensor based on GO/PDDA working in a
capacitive type. The humidity sensor showed an unprecedented response of up to 265,640% in the RH
range of 11–97% with a short response and recovery time of within 1 s. Thus, it can be used to sense
human breath. The excellent sensing performance was attributed to enhanced proton transportation
and water molecule permeation in the mesoporous film with adsorbed water molecules [174].

 

Figure 15. Photographs of a flexible rGO/LS-1 thin film (a), cross-sectional SEM images of rGO (b) and
rGO/LS-1 (c) thin-film, real-time resistance measurement of the rGO/LS thin-films under switching
RH (d), time-dependent humidification-dehumidification curves to a relative humidity pulse between
0% and 33%, 52%, 75%, and 97%, respectively (e), long-term stability of rGO/LS thin-film at 33%,
52%, 75%, and 97% RH (f), and schematic image of the humidity sensing mechanism of an rGO/LS
thin-film at the initial stage and the saturation stage under a humidity environment, respectively (g).
Reproduced with permission from [170], Copyright Elsevier B.V., 2017.
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Dopamine is a small molecule containing catechol and amine groups, and its polymerized
form, known as poly(dopamine) (PDA), is similar to the adhesive proteins of mussels, which can
be used to modify the materials to bind strongly to most organic and inorganic surfaces. Hwang et
al. demonstrated the incorporation of PDA-GO into PVA to synthesize graphene-reinforced PVA
composite films, during which PDA reduced GO to rGO [175]. This film showed reinforcement and
toughening mechanical properties, as well as an apparent response to RH in the range of 40–100%
due to the proton generation on the surface of rGO and PVA when adsorbing water molecules.
Recently, He et al. reported a high performance humidity sensor for wearable devices through a
bioinspired atomic-precise tunable graphene/PDA heterogeneous sensing junction [176]. The strategy
for preparing the bioinspired graphene nanochannels confined poly(dopamine) (GNCP) sensor
is schematically shown in Figure 16a, which indicates the dispersion of PDA modified rGO was
drop-cased on the flexible polyimide substrate with an interdigitated Au electrode. After slowly
evaporating the solvent, the rGO/PDA nanosheets spontaneously self-assembled into a 40 nm thick
rGO/PDA film where monolayer graphene alternated with PDA molecular layers with abundant
graphene-polymer heterogeneous sensing junctions (Figure 16b–d). The humidity sensing range of
the rGO/PDA depended on the PDA content (Figure 16e). The typical composite of GNCP-4 was
highly sensitive to variation of RH and improved by almost 4 orders of magnitude with little hysteresis
when the RH changed from 0% to 97% (Figure 16f,g). This device also showed a very fast response
and recovery, with a response time of about 20 ms and recovery time of 17 ms (Figure 16h,i). A large
number of hydroxyl and amino groups in the PDA polymer acting as proton donors and accepters
could provide a possible proton transport mechanism by proton-hopping among the carboxyl and
amino. Furthermore, this humidity sensor could detect humidity fluctuation information for voiceprint
recognition anticounterfeiting (Figure 17), and monitor human respiratory, as well as be applied in
noncontact human skin activity real-time monitoring devices.

In addition, some other polymers composited with graphene materials have also been reported,
such as poly(N-vinyl pyrrolidone) (PVP), polypyrrole (PPy), poly(vinyl alcohol) (PVA), polyvinylidene
fluoride (PVDF), polyurethane (PU), and Nafion. For example, an rGO/PVP composite based resistive
humidity sensor was highly sensitive to RH in the range of 30–90% with a response time of ~3 s.
The water molecules adsorbed by PVP assisted the charge transfer on the rGO/PVP composite
sheets, thus increasing the sensitivity and response [177]. The PVP could also assist the dispersion
of graphene to form graphene/PVP ink, which was inkjet-printed on the interdigitated electrode to
form a humidity sensor, and further integrated into a complementary metal oxide semiconductor
(CMOS) to fulfill the humidity sensing [178]. Su et al. prepared an rGO/PVP resistive humidity
sensor, which showed high sensitivity towards RH in the range of 7–97.3% with a response and
recovery time of 2.8 and 3.5 s, respectively. Interestingly, such a humidity sensor was integrated
with a triboelectric nanogenerator to form a self-powered humidity sensor [179]. Hernández-Rivera
et al. reported a capacitive humidity sensor based on an electrospun PVDF/graphene membrane,
the sensing principle of which was based on the dielectric constant change of membranes due to the
water vapor inside fibrous structure, and the enhanced response of the device may be caused by the
improved hydrophobicity brought by the incorporation of graphene into the PVDF [180]. Lin et al.
prepared a graphene/PPy composite by a chemical oxidative polymerization method with graphene,
which acted as the sensing materials in the impedance humidity sensor. The humidity sensor based on
10% graphene/PPy material showed optimized sensing properties in the RH range of 12–90% with a
higher sensitivity of 138 and small humidity hysteresis of <0.16%, as well as fast response and recovery
times of 15 and 20 s, respectively [181]. Trung et al. reported a high-performance humidity sensor
based on a rGO/PU composite sensing layer and an elastomeric conductive electrode, which exhibited
fast response and recovery times of 3.5 and 7 s, respectively. Furthermore, this device remained almost
unchanged under stretching up to a strain of 60% and after 10,000 stretching cycles at a 40% strain
in the presence of humidity, meaning it can easily be attached to a finger to monitor humidity [182].
Recently, Leng demonstrated that the incorporation of Nafion into diamine modified GO (MGO) could
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improve the linearity of the sensor compared to MGO [183]. Additionally, fullerene and multiwalled
carbon nanotubes have been introduced to composites with graphene to form humidity sensors
with improved performances by increasing the accessible surface area of the composite material and
accelerating the diffusion of the water molecules [184,185]. Plenty of humidity sensors based on
graphene/polymer composites have been reported, the performances of which are summarized in
Table 5. The combination with polymer can endow the composite with not only improved sensing
performances, such as higher sensitivity and lower detection limit, but also additional functions, such as
strength, flexibility, adhesion, and stability. Nevertheless, as we all know, the aging of polymers will be
an issue for polymer-incorporated humidity sensors during their practical use. Therefore, accelerated
aging tests on humidity sensors based on graphene/polymer composites are suggested.

 

Figure 16. Schematic fabrication layer-by-layer stacking process of the graphene nanochannels confined
poly(dopamine) (GNCP) high order superlattice sensing junction structure (a), photograph of a
drop-casted GNCP sensing element and atomic force microscope (AFM) image of nano-size layered
structure poly(dopamine) (PDA)/graphene film on it (b), illustration of superlattices composed of
alternating atomic scale PDA/graphene layers (c), AFM image of graphene before (up) and after
PDA modification (down) (d), the RH dependent resistance response range of PDA/graphene sensors
as a function of PDA content (e), histogram plots of absorbed water of PDA/graphene at different
humidity atmospheres (f), the derived RH dependent resistance changes of PDA/graphene and its
magnified curve of the low RH region from 0% to 35% (g), and the changes in the measured current
from the film at 1 V as RH was switched between dry air (RH ≈ 10%) and humidity air (RH ≈ 80%)
(right) (h). Estimated results showed the ultrafast response (20 ms) and recovery (17 ms) times (left).
Reproduced with permission from [176], Copyright American Chemical Society, 2018.
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Figure 17. (a) Schematic illustration of a humidity sensor for human exhaled air detection during
speaking. (b) Repeated responses of a PDA/graphene sensor to three different words. (c) Responses of
a PDA/graphene sensor to the song “Twinkle Twinkle Little Star” sung by two different volunteers.
Reproduced with permission from [176], Copyright American Chemical Society, 2018.

Table 5. Summary of the sensing performance of humidity sensors based on
graphene/polymer composites.

Material
Preparation

Method
Type

Operating
Temperature

Sensitivity/Response Selectivity
Humidity

Range
Response/Recovery

Time
Stability Ref.

m-r(CNC/GO) Layer-by-layer
spraying Resistive 25 ◦C ~55 — 20–100% ~10 s/~5 s — [166]

CNC/GO Pour drying Capacitive 25–45 ◦C 547 — 25–90% — — [167]

PVA/NFC/rGO Pour drying Resistive R.T. 0.347/%RH — 30–98% <2 min — [168]

rGO/cellulose Pour casting Resistive 23 ◦C ~40% — 35–90% — — [169]

rGO/LS Vacuum
filtration Resistive 25 ◦C 298% — 22–97% 100 s/100 s 30 days [170]

PDA/rGO Drop casting Resistive 25 ◦C 20,000 — 0–97% 20 ms/17 ms 60 days [176]

PDA/PVA/rGO Pour drying Resistive 30 ◦C — — 40–100% — — [175]

PDDA/rGO
PSSNa/rGO Dip coating Impedance 22–25 ◦C 1000% (0.2–30%)

300% (0.2–30%) — 0.2–90% 16 s/24 s
38 s/70 s — [171]

QC-P4VP/rGO Dip-coating Impedance 20–40 ◦C 500% (0.18–2.1%) — 0.18–98% 21 s/78 s — [172]

PDDA/rGO Layer-by-layer
self-assembly Resistive 25 ◦C 8.69–37.43% — 11–97% 108–147 s/

94–133 s 60 days [173]

PDDA/GO Layer-by-layer
self-assembly Capacitive 25 ◦C 1552.3 pF/% RH — 11–97% 1 s/1 s 60 days [174]

rGO/PVP Spin coating Resistive R.T. — — 30–90% 3 s/3 s — [177]

Graphene/PVP Ink-jet printing Resistive R.T. 0.3–0.21%/%RH — 10–80% 6–16 s/
60–300 s 28 days [178]

rGO/PVP Spary coating Resistive 20–60 ◦C ~7
High (HCHO,

H2S, NH3,
acetone, H2)

7.0–97.3% 2.8s/3.5s 28 days [179]

PVDF/graphene Electro-spinning Capacitive 25 ◦C 0.0463pF/% RH — 40–90% ~1000 s/21.3 s — [180]

Graphene/PPy Dip coating Impedance R.T. 138 — 12–90% 15 s/20 s — [181]

rGO/PU Spin coating Resistive R.T. — — 10–70% 3.5 s/7 s — [182]

MGO/Nafion Drop casting Impedance R.T. — — 11–97% 100–300 s/
100–300 s 2 months [183]

GO/C60 Drop casting Capacitive R.T. 2770% — 11–97% 8 s/7 s 21 days [184]

GO/MWCNT Drop casting Capacitive 25 ◦C 7980 pF/% RH — 11–97% 5 s/2.5 s — [185]

4.7. Humidity Sensors Based on Graphene/Metal or Metal Oxide Composites

Metal oxide nanostructures, such as SnO2, CuO, ZnO, and TiO2, showed humidity sensing
performance due to their high specific surface area, diverse morphology, vacancies, and defects, but a
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lack of conductivity and slow electron diffusion limited the response towards humidity while pristine
GO or rGO exhibited relatively poor sensing properties toward humidity, including low sensitivity
and irreversibility. Thus the composite of graphene and metal oxide structures may improve the
performance of the humidity sensor. Graphene/SnO2 composite was widely studied in humidity
sensing, and the incorporation of graphene could highly improve the humidity sensing performance.
For example, graphene coated SnOx/carbon fiber (graphene/SnOx/CF) showed a sensitivity of
6.22, more than 2 times more than the 2.71 for the uncoated one [186]. Xu et al. demonstrated a
humidity sensor based on GO wrapped SnO2@graphene, which showed a very high sensitivity of
up to 32 MΩ/% RH, fast response and recovery time of <1 s, and good stability, which could be
attributed to the improved conductivity by graphene and oxygen-rich groups (hydroxyl and epoxy
groups) from GO [187]. Zhang et al. fabricated SnO2 nanoparticles/rGO composites by using a
facile one-step hydrothermal route, and deposited the composite on microelectrodes forming the
humidity sensor (Figure 18a) [77]. The device showed highly improved sensitivity compared to
the pristine rGO (Figure 18b), as well as fast response and recovery (Figure 18c), which may be
attributed to the active sites, such as vacancies and defects, brought by SnO2 nanoparticles and the
heterojunction created at the interface of the two materials. They also investigated the humidity sensing
performance of the SnO2 nanoparticles/rGO based humidity sensor working in a resistive mode [188].
Reduced GO was also employed to improve the sensing performance of the humidity sensor based
on Fe-doped SnO2 [189]. For other metal oxide/graphene composites, Wang et al. demonstrated
that a humidity sensor based on rGO/CuO composite exhibited a relatively good humidity sensing
performance, including high sensitivity and fast response, which was attributed to the formation
of an rGO−CuO Schottky junction [190]. It has also been demonstrated that the incorporation of
graphene shows improvements on the sensing performance of humidity sensors based on ZnO or
TiO2 nanoparticles [191–194].

 

Figure 18. Schematic illustration of as-fabricated sensor prototype (a), sensitivity comparison between
SnO2/rGO composite and rGO towards humidity (b), and response and recovery curves of the
SnO2/rGO composite sensor towards an RH pulse from dry air to other RH levels (c). Reproduced with
permission from [77], Copyright Elsevier B.V., 2015. AFM images of GO-Ag sheets (d), time-dependent
response and recovery curve of an rGO scroll meshes-based device (e) and an rGO-Ag scroll
meshes-based device (f) at different humidity. Reproduced with permission from [195], Copyright The
Royal Society of Chemistry, 2017.
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Several works have studied the combination of metal nanoparticles and graphene applied in
humidity sensors. For example, Liu et al. prepared Ag nanoparticles encapsulated GO scrolls to
form GO-Ag scrolls by a molecular combing method, where Ag nanoparticles uniformly deposited
on the GO layer (Figure 18d) [195]. After reduction by hydrazine, the humidity sensor based on
rGO-Ag scroll meshes exhibited a 3 orders of magnitude response towards humidity compared to
that of rGO scroll meshes (Figure 18e,f). The excellent sensitivity was attributed to the enhanced
conductivity of rGO-Ag scroll meshes induced by the encapsulation of Ag nanoparticles. Su et al.
demonstrated the self-assembly of Au nanoparticles on the surface provided conduction pathways,
thus improving the sensitivity and linearity of the sensing film [196]. Interestingly, Yeo et al. realized
the suppression of humidity dependence of the rGO sensor by incorporating Cu nanoparticles to
decrease the electrical resistances to detect other gases [197]. The sensing performance of humidity
sensors based on graphene/metal oxide or metal nanoparticles is summarized in Table 6.

4.8. Humidity Sensors Based on Graphene/2D Materials

Recently, other 2D materials, such as transition metal dichalcogenides, like MoS2 and WS2

and black phosphorus, have attracted increasing attention for ultrasensitive sensor applications
due to their unique structure and electronic properties. Several 2D materials, such as MoS2, WS2,
and black phosphorus (BP), have been employed for composites with graphene as humidity sensing
materials for humidity sensors with improved performance. Burman et al. developed the first
MoS2/GO nanocomposite-based humidity sensor, which exhibited a high sensing response lying
between 55 times at 35% RH and 1600 times at 85% RH, and the high response was attributed to the
high proton conductivity in the water layer for both MoS2 and GO [198]. Recently, Park et al. reported
chemoresistive humidity sensors based on rGO/MoS2 composites, which were prepared by simple
ultrasonication without additives and additional heating followed by drop-casting on the interdigitated
electrodes (Figure 19a) [199]. The rGO/MoS2 humidity sensor exhibited a 200 times higher response
to humidity at room temperature, compared to the pristine rGO humidity sensor (Figure 19b),
and showed a dependent response towards humidity change (Figure 19c). The electronic sensitization
due to p–n heterojunction formation and porous structures between rGO and MoS2 accounted for the
remarkable improvement in the sensing performance of the rGO/MoS2 humidity sensor (Figure 19d,e).
They also demonstrated a high-performance humidity sensor based on rGO/MoS2 hybrid composites
synthesized by the hydrothermal method [200]. In addition, WS2/GO nanohybrids humidity sensors
have also been demonstrated with a high response up to 65.8 times at 40% RH and 590 times at
80% RH and a fast response time of 25 s and a recovery time of 29 s, which was attributed to the
oxygen linking activities at the GO/WS2 interface for better proton conductivity [201]. BP materials
showed ultra-sensitive humidity sensing performance due to the natural adsorption of water molecules
induced by the specific 2D layer-crystalline structure, but lack repeatability due to the instability of BP
with water molecules. Phan et al. introduced graphene into BP forming BP/graphene composite to
overcome this limitation, and the stability of the humidity sensor was improved by the BP/graphene
interface. The humidity sensor exhibited a linear response in the range of 15–70% RH with a sensitivity
of 43.4% at 70% RH, and a fast response time of 9 s and a recovery time of 30 s [202]. Humidity sensors
based on graphene/2D materials are listed in Table 6, which indicates that graphene/MoS2 composites
have large potential in high-performance humidity sensors, but the response and recovery times still
need to be reduced.
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Figure 19. Fabrication procedure of the rGO@MoS2 humidity sensor (a), response curves of rGO,
RGMS 1, RGMS 5, RGMS 10, and MoS2 to 50% RH at 25 ◦C (b), response curves to different RHs of 5%,
25%, 45%, 65%, and 85% at 1 V (c), and Schematic of the mechanism with enhanced humidity sensing
properties of the enhanced depletion region on (d) bare rGO and (e) RGMS. Reproduced from [199]
with permission from The Royal Society of Chemistry.
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Table 6. Summary of the sensing performance of humidity sensors based on graphene/metal, metal
oxide, or 2D material composites.

Material
Preparation

Method
Type

Operating
Temperature

Sensitivity/Response Selectivity
Humidity

Range
Response/Recovery

Time
Stability Ref.

Graphene/SnOx/CF Electro-spinning Resistive 20.5 ◦C 6.22 — 30–80% 8 s/6 s — [186]

SnO2@G-GO Electro-spinning Impedance 20 ◦C 32 MΩ/% RH — 30–90% 1 s/1 s 3 cycles [187]

SnO2/rGO Hydrothermal Resistive R.T. 15.19–45.02% — 11–97% <100 s/<100 s 60 days [188]

SnO2/rGO Hydrothermal Capacitive 25 ◦C 1604.89 pF/%RH — 11–97% 6–102 s/6–9 s — [77]

rGO/Fe:SnO2
Electrostatic
interaction Resistive R.T. 3.23 — 0–100% — — [189]

CuO/rGO Hydrothermal Impedance 25 ◦C 22,700 — 11–98% 2 s/17 s — [190]

Graphene/TiO2 Sol–gel Impedance 25 ◦C 151 High (NH3,
NO2, NO, CO) 12–90% 128 s/68 s — [191]

ZnO/GO Layer-by-layer
self-assembly Capacitive R.T. 17785.6 pF/%RH — 0–97% ~50 s/~20 s 30 days [192]

Graphene/ZnO Spin coating Impedance R.T. — — 0–85% 1 s/2 s — [193]

TiO2/GO Drop casting Resistive R.T. > 106 High (H2, CO,
CH4, NO2) 9–90% ~70 s 2 months [194]

rGO–Ag scroll Molecular
combing Resistive R.T. 908–1243 — 11–97% 50 s/13 s 30 days [195]

Au/GO/silica Sol-gel Impedance 15–35 ◦C −0.0281 log Z/%RH — 20–90% 119 s/125 s 15 days [196]

Cu-embeded rGO
fiber Wet spinning Resistive 20 ◦C 0.94 — 34–75% — — [197]

rGO/MoS2
Mixing and
drop casting Resistive 27 ◦C 2494.25%

High (H2,
CH3COCH3,
NO2, NH3)

5–85% 6.3 s/30.8 s 20 months [199]

MoS2/GO Mixing and
drop casting Resistive R.T. 1600 — 25–85% 43 s/37 s 90 days [198]

rGO/MoS2 Hydrothermal Resistive R.T. ~25%
High (NO2,

NH3, H2,
C2H5OH)

10–90% 30 s/253 s — [200]

WS2/GO Mixing and
drop casting Resistive 25 ◦C 590

0.044/%RH — 40–80% 25 s/29 s 28 days [201]

Black P/
graphene

CVD-G
electrospray BP Resistive R.T. 43.4% — 15–70% 9 s/30 s 2 weeks [202]

5. Summary and Perspective

Various effective approaches have been devoted to developing graphene-based humidity sensors
with high sensing performance. First, humidity sensors based on pristine graphene show high
sensitivity with a detecting limit as low as 1 ppm and fast response, however, it suffers from low
selectivity and relatively slow recovery. Chemical modification on the graphene surface may be
a possible way to improve the selectivity and recovery. Second, graphene oxide-based humidity
sensors possess high sensitivity and fast response in the high humidity range, but it is difficult for
them to detect low humidity conditions of less than 5% RH. The swelling effect and relatively low
stability possibly exist at high RH ranges, and the capacitive or impedance working mode generally
needs relatively complicated circuits. Third, reduced graphene oxide provides an effective strategy
to construct resistive humidity sensors with simple and easy fabrication and measurements and
low power consumption, but it also reduces the available functionional groups for adsorbing water
molecules, thus decreasing the sensitivity and sensing humidity range. Fourth, various kinds of
materials, such as chemicals, polymers, metal, metal oxide, and 2D materials, have been incorporated
into graphene oxide or reduced graphene oxide film to improve the humidity sensing performance,
and some of them show excellent performances, such as wide sensing RH range, high sensitivity, small
hysteresis, and fast response, but they may suffer from reproducibility and long-term stability.

Table 7 provides the performance of several graphene-based humidity sensors with superior
comprehensive characteristics. All of them have high sensitivity, fast response, and broad humidity
range, but there are still some challenges in the preparation and practical applications of the
graphene-based humidity sensors. First, the design and development of humidity sensors based
on graphene-materials with a comprehensively high performance, including high sensitivity,
high selectivity, wide humidity range, fast response and recovery, and small hysteresis, is still
required, and the long-term stability must be especially addressed. Second, the reproducibility for
graphene-based materials is a big challenge, because the preparation process, especially the oxidation
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degree and reduction degree of graphene, is quite difficult to control precisely, thus resulting in
materials with different sensing performance. Third, although several studies involve detection
in a low humidity range of less than 2% RH, it still requires studies addressing the sensing in the
low humidity range. Fourth, besides sensing performance, it is time to consider issues involved
in the commercialization of graphene-based humidity sensors, such as large-scale manufacturing,
integration, encapsulation and packaging, repeatability, long-term stability in practical use, anti-scratch
and anti-chemical characteristics, calibration-free characteristics, etc. Fortunately, Goldsmith et al. have
demonstrated a process on industrially manufactured graphene-based digital biosensors [203], but the
commercialization still has a long way to go. Furthermore, most current studies on graphene-based
humidity sensors have not considered the power consumption issue, which is very important for the
future of wearable electronics.

Table 7. Performance of the selected graphene-based humidity sensors with superior characteristics.

Material Type Response Selectivity
Humidity

Range
Limit of

Detection
Response

Time
Recovery Time Stability Ref.

GO Impedance ~102 (1) — 10–90% 10% (2) ~30 ms ~30 ms 72h [74]

Ultralarge GO Conductance 4339 ± 433 — 7–100% 7% (2) 0.2 s 0.7 s 5 days [121]

rGO/GO/rGO Voltage 142.5
High (H2,
hexane,
ethanol)

6.3–100% 6.3% (2) 1.9 s 3.9 s > 1 year [131]

rGO Impedance ~103 (1) — 11–95% 11% (2) 1 s 24 s 30 days [142]

Graphene/methyl red Resistive
Capacitive

96.36% (R)
2869500% (C) — 5–95% 5% (2) 0.251 s 0.35 s — [161]

PDA/rGO Resistive 20000 — 0–97% 10% (1) 20 ms 17 ms 60 days [176]

rGO/MoS2 Resistive 2494.25%
High (H2,

CH3COCH3,
NO2, NH3)

5–85% 5% (2) 6.3 s 30.8 s 20 months [199]

PDDA/rGO
PSSNa/rGO Impedance 1000% (0.2–30%)

300% (0.2–30%) — 0.2–90% 0.2% 16 s
38 s

24 s
70 s — [171]

QC-P4VP/rGO Impedance 500% (0.18–2.1%) — 0.18–98% 0.18% 21 s 78 s — [172]

(1) Estimated from the response curve; (2) the lowest RH in the sensing measurements.
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Abstract: Recently, graphene has been extensively researched in fundamental science and engineering
fields and has been developed for various electronic applications in emerging technologies owing to
its outstanding material properties, including superior electronic, thermal, optical and mechanical
properties. Thus, graphene has enabled substantial progress in the development of the current
electronic systems. Here, we introduce the most important electronic and thermal properties
of graphene, including its high conductivity, quantum Hall effect, Dirac fermions, high Seebeck
coefficient and thermoelectric effects. We also present up-to-date graphene-based applications: optical
devices, electronic and thermal sensors, and energy management systems. These applications pave
the way for advanced biomedical engineering, reliable human therapy, and environmental protection.
In this review, we show that the development of graphene suggests substantial improvements in
current electronic technologies and applications in healthcare systems.

Keywords: graphene; electronic and thermal properties; electronic and thermal
conductivity; quantum Hall effect; Dirac fermions; Seebeck coefficient; thermoelectric effect;
graphene-based applications

1. Introduction

Graphene is a recently discovered two-dimensional (2D) carbon allotrope that consists of
only a single layer of carbon atoms arranged in a honeycomb lattice and is a base unit for other
graphitic materials. Although graphene has been theoretically studied for several decades [1–3],
freestanding graphene was first obtained in 2004 by using sticky tape and a pencil, and follow-up
experiments opened ‘the world of graphene’ [4–7]. Over the past decades, various electronics,
such as next-generation radio-frequency and high-speed devices, sensors, thermally and electrically
conductive composites, and transparent electrodes for solar cells and displays, have been widely
developed [8]. Additionally, novel materials such as quantum dots (QDs) and rare earth elements
have been thoroughly studied to support the fast-growing technology and to continuously enhance
the performance of electronics [9–11]. However, the difficulty of synthesis and high cost due to
limited supply have made the broad exploitation of these materials difficult [12]. Graphene is an
excellent candidate to replace these materials. Graphene exhibits remarkable electronic and thermal
properties and shows unusual electronic properties, such as Dirac fermions [13], the quantum Hall
effect (QHE) [7], and an ambipolar electric field effect [14]. Low-energy excitations of graphene
are massless; Dirac fermions behave uniquely in magnetic fields and lead to the QHE. Additionally,
graphene is highly thermally conductive, exhibiting a thermal conductivity of ~4000 Wm−1 K−1 [15–17].
Moreover, graphene has a high Seebeck coefficient and figure of merit, which make it easier to
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convert electrical current to heat [18]. Thus, graphene has the potential for use in energy-harvesting
applications. Additionally, this unique material has impressive mechanical and optical properties,
such as a fracture strength of 130 GPa [19], optical transparency [20], high room-temperature carrier
mobility, and an ultrabroad optical absorption spectrum [21]. Graphene has attracted explosive interest
in physics, material science and wide technological applications [22–27]. Here, we present a review
of the electronic and thermal properties of graphene and its up-to-date applications, including high
conductivity, the quantum Hall effect, Dirac fermions, a high Seebeck coefficient, thermoelectric effects,
optical devices, electronic and thermal sensors, and energy management systems. In addition, the
remarkable potential to extend the field of applications based on graphene is suggested.

2. Electronic Properties and Applications

2.1. Electronic Properties

The remarkable electronic and optical properties observed for graphene crystallites are the primary
reasons for the exclusive focus of experimental and theoretical efforts on graphene while ignoring
the existence of other 2D materials. The electrons in graphene have long mean free paths without
disrupting the electron-electron interactions and disorder. Therefore, the properties of graphene differ
from those of other common metals and semiconductors associated with the physical structures and
electronic properties.

2.1.1. Honeycomb Lattice and Brillouin Zone

Figure 1a shows the hexagonal structure of carbon atoms in graphene [13]. A triangular lattice
with a basis of two atoms forms the honeycomb lattice structure. The unit vectors of the lattice can be
expressed as

a1 =
a
2
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3,
√

3
)

, a2 =
a
2

(
3,−

√
3
)

, (1)

where the distance between two carbon atoms is approximately 1.42 Å. The reciprocal-lattice vectors
can be written as
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The two points K and K’ at the edge of the graphene Brillouin zone (BZ), called Dirac points, are
essential for the physics of graphene. Their positions in momentum space can be expressed as
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The three nearest-neighbor vectors are expressed by
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, δ3 = −a(1, 0) (4)

while the six second-nearest neighbors are positioned at δ′1 = ±a1, δ′2 = ±a2, and δ′3 = ±(a2 − a1).
The graphene electronic structure can be predicted by graphene simulation, especially using

density functional theory (DFT). The adsorption energy of graphene and other materials (such as
lithium, sodium, hydrogen and potassium), density of states (DOS), geometry, work function and
dipole moment of each adatom-graphene system are studied and calculated using DFT [28–34].

2.1.2. Ambipolar Electric Field Effect in Single-Layer Graphene

As shown in Figure 1b, the exceptional quality of graphene can be precisely seen in its pronounced
ambipolar electric field effect [14]. Charge carriers can have high mobilities μ over 15,000 cm2 V−1 s−1

at ambient conditions and can be continually switched between electrons and holes in concentrations
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n of 1013 cm−2 [4–7]. The mobility of graphene has a consistently high value despite the high n
(1013 cm−2) in electrically and chemically doped devices.

Figure 1. Electronic and optical properties of graphene, (a) Hexagonal lattice structure (left) and
its Brillouin zone (right); (b) Graph of the ambipolar electric field effect of single-layer graphene.
The inset indicates the change in Fermi energy EF in response to the changing gate voltage Vg in
the conical low-energy spectrum E(k); (c) Hall conductivity σxy (red) and longitudinal resistivity
ρxx (green) of graphene versus carrier concentration. The inset shows σxy in double-layer graphene;
(d) Three examples of Landau quantization in graphene. D is density of states; (e) Image of a 50-μm
diameter aperture covered partly by graphene and its bilayer. (Inset) The designed sample; (f) The
open circles show the transmittance spectrum of single-layer graphene. (Inset) Black squares indicate
the transmittance of white light versus the number of graphene layers; (a) Reproduced with permission
from [13]. Copyright Reviews of Modern Physics, 2009. (b), (d) Reproduced with permission from [14].
Copyright Nature Materials, 2007. (c) Reproduced with permission from [7]. Copyright Nature, 2005.
(e), (f) Reproduced with permission from [20]. Copyright Science, 2008.
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2.1.3. Quantum Hall Effect

The QHE is another factor indicating the system’s outstanding electronic quality. Because the
temperature range of the QHE for graphene is 10 times broader than that of other 2D materials, the
QHE in graphene can be seen at room temperature. The unique reaction of massless fermions in a
magnetic field is made more evident by their behavior at the high-field limit, where Shubnikov-de Haas
oscillations (SdHOs) progress to the QHE [7]. In Figure 1c, the Hall conductivity σxy and longitudinal
resistivity ρxx of graphene are shown with electron or hole concentrations in a constant magnetic
field B. Pronounced QHE plateaus are detectable but do not behave in the expected progression
σxy =

(
4e2/h

)
N, where N is an integer. The first plateau occurs at

(
2e2/h

)
, and the progression

is
(
4e2/h

)
(N + 1/2) because the plateaus correspond to half-integer ν values. In graphene, the

movement from the lowest hole (ν = -1/2) to the lowest electron (ν = +1/2) Landau level (LL) needs
the same amount of carriers (Δn = 4B/ϕ0 ≈ 1.2 × 1012cm−2), as does movement between other
adjacent levels. To highlight this extraordinary property, Figure 1c shows the σxy of a graphite film
comprising only two graphene layers. The existence of a quantized level at zero E, which is shared by
electrons and holes, is the most important factor in realizing the unusual QHE sequence [14,35–39]
(Figure 1d(1)). Another means of describing the half-integer QHE is to identify the coupling between
pseudospin and orbital motion [5,7,40]. The pseudospin related to massive Dirac fermions induces
a geometrical phase of 2π, which appears in the double degeneracy of the zero-E LL (Figure 1d(2)).
Interestingly, the ‘standard’ QHE with all the plateaus present can be recovered in bilayer graphene
by the electric field effect. A gate voltage causes an asymmetry between the two graphene layers,
resulting in a semiconducting gap. The electric-field-induced gap results in a sustained QHE sequence
by dividing the double step into two (Figure 1d(3)).

2.1.4. Visual Transparency of Graphene

The transparency or opacity of suspended graphene is dependent only on the fine-structure
constant, α = e2/hc ≈ 7.299 × 10−3 (where c is the speed of light) [14]. This parameter, conventionally
related to quantum electrodynamics, defines the binding of light and relativistic electrons. Nair et al.
reported that graphene absorbs a large portion (πα = 2.3%) of incident white light despite being only
one atom thick [20]. The universal G (high-frequency conductivity) for Dirac fermions means that
detectable quantities such as graphene’s optical transmittance T and reflectance R are also universal

(expressed by T ≡
(

1 + 2πG
c

)−2
=

(
1 + 1

2 πα
)−2

and R ≡ 1
4 π2α2T, respectively, for normally incident

light) [41,42]. Additionally, the opacity of graphene is yielded by (1 − T) ≈ πα, which can be written
by computing the absorption of light by two-dimensional Dirac fermions with Fermi’s golden rule.
Figure 1e displays a graphene crystal sample covering submillimeter apertures in a metal scaffold
(Figure 1e inset) in transmitted white light. The opacities of different areas can be compared because the
schematic in Figure 1e shows only an aperture partially covered by suspended graphene. Differences
in the observed light intensity can be explained by the line scan traveling across the image. Figure 1f
illustrates an opacity of graphene of 2.3 ± 0.1% with minor reflectance (< 0.1%), in contrast to optical
spectroscopy, which indicates that the opacity is nearly independent of the wavelength, λ. As shown
in the inset of Figure 1f, the opacity increases by 2.3% for each graphene layer added to the membrane.
The above results also demonstrate a universal dynamic conductivity G = (1.01 ± 0.04) e2/4� (here e
is the elementary charge and � is the Planck constant) in the visible-frequency region, which is the
expected performance for ideal Dirac fermions.
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2.2. Electronic Applications

2.2.1. Optical Devices

Photodetectors

The ability of photodetectors to detect broad spectral ranges of light with high responsivity
and fast photodetection is critical in optoelectronic applications ranging from sensing, imaging, and
spectroscopy to communications. Therefore, numerous studies have reported the use of traditional
semiconductors for broader ranges of photodetection, even in the mid-infrared to far-infrared
regime. As a result, narrow-bandgap semiconductor compounds such as indium antimonide (InSb),
mercury cadmium telluride (HgCdTe), lead sulfide (PbS), and lead selenide (PbSe) are now widely
applied in mid-infrared or far-infrared photodetectors [43–45]. However, the cryogenic operation,
high cost, and complicated growth processes of these narrow-bandgap semiconductors has limited
their practical usage as broad-range photodetectors [46]. Therefore, graphene has advantages over
narrow-bandgap semiconductor compounds in terms of its ultrabroad optical absorption spectrum
and high room-temperature electron and hole mobilities.

Liu et al. developed photodetectors consisting of a thin tunnel barrier sandwiched between two
graphene layers [47]. The graphene/5-nm-thick Ta2O5/graphene heterostructure photodetector shows a
remarkably high responsivity of ~1000 A W−1 under a low excitation power (~10−9 W) of 532 nm laser
light at a 1 V source-drain bias voltage. Additionally, the authors fabricated a similar graphene/6-nm-thick
intrinsic silicon/graphene heterostructure device with improved photoresponsivity in the infrared regime.
The intrinsic-silicon-incorporated photodetector shows high responsivity in a broadband regime ranging
from near-infrared (4 A W−1 at 1.3 μm light and 1.9 A W−1 at 2.1 μm light) to mid-infrared light (1.1
A W−1 at 3.2 μm). Yu et al. fabricated a mid-infrared photodetector by hybridizing graphene with
an innovative narrow-bandgap semiconductor, titanium sesquioxide (Ti2O3) nanoparticles [48]. The
schematic in Figure 2a shows the representative hybrid graphene/Ti2O3 nanoparticle photodetector, with
a high responsivity of ~300 A W−1 and high detectivity of ~7 × 108 cm Hz1/2 W−1 at room temperature.
Furthermore, a high responsivity of ~120 A W−1 can be achieved from the photodetector over a wide range
of wavelengths from 4.5 μm to 10 μm (Figure 2b). Figure 2c shows the superior performance of this material
compared to those in other recent studies, such as hybrid ZnO/graphene [49], perovskite/graphene [50],
QDs/graphene [51], etc. [52]. Wang et al. proposed seamless lateral graphene p-n junctions by performing
selective-area ion implantation followed by the in situ chemical vapor deposition (CVD) of graphene [53].
The photodetector based on these seamless lateral graphene p-n junctions offers a high responsivity
of 1.4~4.7 A W−1 and detectivity of ~1012 cm Hz1/2 W−1 in the broad spectral range of visible light
(532 nm) to near-infrared light (1550 nm) under an illuminated light intensity of 15 mW/ cm2. Fang et al.
proposed a graphene photodetector with a gold snowflake-like fractal metasurface design [54]. The authors
measured the photovoltages generated when light was illuminated on the fractal metasurface and plain
gold-graphene edge (Vfractal and Vedge, respectively). The results showed that photovoltage enhancement
factors (Vfractal/Vedge) of 8 to 13 over the visible-light range (476 to 647 nm) can be achieved. Cakmakyapan
et al. fabricated a photodetector with gold-patched graphene nanostripes showing ultrafast photodetection
and high responsivity [55]. The photodetector operates in a wide spectral range of visible light (800 nm)
to infrared light (20 μm) with a high responsivity ranging from 0.6 A W−1 to 8 A W−1. Additionally, the
photodetector shows an ultrafast photodetection speed exceeding 50 GHz.

Light-Emitting Diodes

Solid-state light-emitting diodes (LEDs) are currently widely used in the semiconductor
industry [56] due to their unique electronic properties. Recently, the improved performance of
LEDs has enabled various electronic applications, such as smart displays, light communications,
and optoelectronics [57–60]. The external quantum efficiency (EQE), current efficiency, and power
efficiency are important factors that determine the performance of LEDs. Among these factors, the
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EQE is known to be dominated by the light extraction efficiency and internal quantum efficiency [61].
To date, the internal quantum efficiency of LEDs has been remarkably improved and has already
reached the theoretical limit, which is larger than 90% [62]. In contrast, the light extraction efficiency
has not reached the theoretical limit. Therefore, improving the light extraction efficiency is key to
obtaining a higher EQE. A high optical transparency, high reliability and low sheet resistance are
required for better light extraction efficiency. Thus, the use of transparent conductive electrodes (TCEs)
is necessary; indium tin oxide (ITO) is one of the most widely used materials because of its high
optical transmittance (above 80% at 450 to 550 nm) and low sheet resistance [63,64]. However, ITO
has considerable disadvantages, which are its mechanical brittleness and high cost [65]. Thus, metal
nanowires (NWs) and carbon-based materials such as carbon nanotubes and graphene have been
investigated to replace ITO [22,66–69].

Figure 2. Electronic applications of graphene (a) Schematic showing a hybrid graphene/Ti2O3
photodetector for mid-infrared detection; (b) High photodetector responsivity when illuminated with
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wavelengths of light from 4.5 to 10 μm; (c) Comparison of photodetector responsivity with the results
of other recent studies; (d) Structure of a graphene OLED (left) and its energy-level diagram (right);
(e) Current efficiency (top) and power efficiency (bottom) versus luminance characteristics of three
types of OLEDs. The inset indicates a flexible green OLED with a rosin-transferred graphene anode; (f)
Schematic of a mesoscopic MAPbI3-based perovskite solar cell; (g) I-V curves of measured perovskite
solar cells exploiting MoS2 QDs, f-RGO, and MoS2 QDs:f-RGO as an ABL between spiro-OMeTAD and
MAPbI3; (h) Sensing mechanism of a piezoresistive pressure sensor and current response to loading
and unloading. (i) Image of multifunctional sensors on a soft contact lens; (j) Transmittance and haze
of graphene, AgNW films, and graphene/AgNW hybrid structures. (a), (b), (c) Reproduced with
permission from [48]. Copyright Nature Communications, 2018. (d), (e) Reproduced with permission
from [21]. Copyright Nature Communications, 2017. (f), (g) Reproduced with permission from [70].
Copyright ACS Nano, 2018. (h) Reproduced with permission from [71]. Copyright Small, 2018. (i), (j)
Reproduced with permission from [72]. Copyright Nature Communications, 2017.

Zhang et al. fabricated four-inch flexible organic light-emitting diodes (OLEDs) showing a high
brightness of ~10,000 cd m−2 by transferring ultraclean and damage-free graphene supported by
rosin (C19H29COOH); Figure 2d shows the device structure [21]. To date, various materials, such
as small organic molecules and macromolecular polymers, have been used as supporting layers for
transferring graphene [73–75]. However, low solubility in all solvents and strong interactions with
graphene make the elimination of the supporting layers after the transfer difficult. These problems
damage and leave polymer residues on the transferred graphene layer, degrading the electrical and
optical properties. Rosin shows high solubility in solvents and weak interactions with graphene,
thus enabling an ultraclean and damage-free transfer. As a result, OLEDs with rosin-transferred
graphene showed a maximum current efficiency of 89.7 cd A−1 and power efficiency of 102.6 lm W−1,
exceeding the performance of ITO and poly(methyl) methacrylate (PMMA)-transferred graphene
OLEDs (Figure 2e). In addition, the inset shows an optical image of a rosin-transferred graphene-based
OLED showing uniformly bright green light. Lee et al. proposed flexible OLEDs with an electrode
structure based on low-index hole injection layers (HILs) and high-index TiO2 layers sandwiching
graphene electrodes [76]. This structure enables losses in both the surface plasmon polariton (SPP) and
cavity resonance enhancement to be controlled, thereby leading to a high EQE. The proposed OLEDs
showed ultrahigh EQEs of 40.8% and 62.1% for single- and multijunction structures, respectively.
Additionally, the OLEDs were bendable to a radius of 2.3 mm because the TiO2 layer is capable of
withstanding flexural strains up to 4%. Wang et al. developed a single tunable LED emitting light
ranging from blue (~450 nm) to red (~750 nm) composed of semireduced graphene oxide sandwiched
by graphene oxide (GO) and reduced graphene oxide (RGO) [77]. The LED produced red and green
lights at 4.8 lm W−1 and 6000 cd m−2 under a 12 V bias voltage and a 0.1 A drive current and blue
light at 0.67 lm W−1 and 800 cd m−2 under a 16.5 V bias voltage and a 0.1 A drive current. This
experiment enabled in situ wavelength tuning by controlling the bias voltage and doping level. Huang
et al. introduced transparent LEDs based on graphene-encapsulated Cu NWs [78]. Cu NWs are a
strong candidate to replace ITO TCEs owing to their high transmittance (~93%), low sheet resistance
(51 ohm/sq), and low cost [79,80]. However, the low stability against oxidation of Cu NWs limits their
use as electrodes for LEDs. To solve this problem, gas-phase graphene can be used to encapsulate
Cu NWs to enhance their stability: the material shows strong antioxidant stability while maintaining
high optoelectronic properties (33 ohm/sq and 95% transmittance) over a broad transparency range
(200~3000 nm). Therefore, the encapsulated NWs serve as electrodes by forming good ohmic contact
with both n-GaN and p-GaN, thereby leading to the successful fabrication of blue-light LEDs. Seo et al.
conducted similar research by integrating silver nanowires (AgNWs) with a graphene protecting layer
to achieve high performance [81]. High-quality graphene was obtained by a two-step growth method,
which results in reduced point defects and an increased graphene domain size. The measured sheet
resistance of AgNWs with graphene produced via the two-step growth method (A-2GE) was 77.5 ±
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10 ohm/sq, and that of AgNWs was 205.1 ± 40 ohm/sq. Additionally, the oxygen transmission rate
(OTR) was measured after the graphene films had been transferred to a polyethylene terephthalate
(PET) film. The OTR of 2-G/PET was 5.39 ± 0.9 cc/m2-day, 74% less than that of bare PET. Thus,
A-2GE showed high optoelectronic properties and strong antioxidant stability and can be used for
TCEs for LEDs.

Solar Cells

Solar cells based on organic-inorganic perovskite materials have recently been widely studied
due to their high power conversion efficiencies (PCEs), long-range carrier diffusion length, intense
light absorption, and facile fabrication (low cost and low temperature) [82–89]. The active device
layers of perovskite solar cells (PSCs) are sandwiched by electron and hole transport layers (ETLs and
HTLs, respectively) [90–92]. Since the charge carrier transport properties can be affected by both the
electronic structures of the various interfaces and the morphology of PSCs [93,94], graphene and related
two-dimensional materials (GRMs), such as graphene quantum dots (GQDs) [95–97], RGO [97–99],
and fullerene [100], have been widely used to tune the interfacial properties and morphologies of PSCs.
GRMs have been exploited as the top electrodes of PSCs, as an interlayer between the ETL/HTL and the
perovskite layer, and by integration with the ETL/HTL to provide efficient charge transfer [101,102].

You et al. proposed semitransparent PSCs with top graphene electrodes [103]. The fabricated PSCs
showed maximum PCEs of 11.65 ± 0.35% and 12.02 ± 0.32% from the graphene and fluorine-doped
tin oxide (FTO) sides, respectively, with optimized conditions of double-layer graphene and an ~70 mg
mL−1 2,2′,7,7′-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9′-spirobifluorine (spiro-OMeTAD) solution
due to the low surface roughness. Sung et al. first fabricated PSCs with over 17% efficiency by
exploiting graphene as a transparent conducting anode [104]. The presence of molybdenum trioxide
(MoO3) controlled the contact angle between poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) and the graphene surface and helped successfully form PEDOT:PSS/MAPbI3 layers.
The thickness of the MoO3 layer affected the PCE of the PSCs. In the experiment, a 1 nm-thick MoO3

layer with graphene-based devices showed a maximum PCEs of 17.1%, larger than 90% of those of
ITO-based devices (18.8%). The flexibility and high PCE of this graphene-based device pave the way
for the further development of flexible solar cells. Najafi et al. fabricated a PSC with a high PCE of
over 20% using MoS2 QDs and a functionalized reduced graphene oxide (f-RGO) hybrid [70]. MoS2

QDs:f-RGO hybrids are used as both the HTL and active buffer layer (ABL), and a schematic of the
PSC is shown in Figure 2f. The PSC structure consists of FTO/compact TiO2 (cTiO2)/mesoporous TiO2

(mTiO2)/MAPbI3/f-RGO:MoS2/spiro-OMeTAD/Au. The I-V characteristics of MoS2 QDs, f-RGO,
and MoS2 QDs:f-RGO as ABLs are shown in Figure 2g. The PSC using MoS2 QDs:f-RGO showed
a further improved performance, with a maximum PCE of 20.12% and a fill factor (FF) of 79.75%,
compared to the reference device showing a maximum PCE of 16.85% and an FF of 76.9%. Agresti
et al. fabricated a large-area PSC of 50.56 cm2 with a PCE of 12.6% by doping the mTiO2 layer with
graphene flakes and inserting lithium-neutralized graphene oxide flakes (GO-Li) between the interface
of the mTiO2 and perovskite [105]. The charge injection from perovskite to mTiO2 is improved by the
GO-Li layer, and the graphene flakes dispersed in the mTiO2 layer help speed up the charge dynamic
at the electrode. The interface engineering of PSCs by GRMs leads to an increased PCE, from 11.6%
for the reference PSC to 12.6% for the PSC with GO-Li and mTiO2. Li et al. proposed a PSC with an
MAI perovskite layer incorporating graphene nanofibers [106]. Integrating graphene nanofibers with
perovskite leads to improved charge injection and the formation of larger crystals. Therefore, the PSCs
with graphene nanofibers showed an improved PCE of 19.83% compared to the PCE of the reference
device of 17.51%.
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2.2.2. Sensors

Electronic Sensors

Graphene can be utilized in various electronic sensors due to its unique device properties. Recently,
novel integrated electronic circuitries with tactile pressure sensors based on piezoelectricity [107,108],
piezoresistivity [109,110], capacitance [111,112], and field-effect transistors (FETs) [113–115] have
been fabricated for healthcare and health-monitoring applications [107,108,115]. Haniff et al.
successfully fabricated a flexible piezoresistive-type pressure sensor based on graphene synthesized
at various substrate temperatures (750, 850 and 1000 ◦C) with hot-filament thermal chemical vapor
deposition (HFTCVD) [116]. The authors found that the sensitivity of the flexible graphene-based
piezoresistive-type pressure sensor could be tuned through this technique (graphene deposited
at 750 ◦C has a four-fold higher sensitivity than graphene deposited at 1000 ◦C). A flexible and
highly sensitive piezoresistive pressure sensor based on an ultrathin wrinkled graphene film (WGF),
interdigital electrodes (IDEs), polyvinyl alcohol (PVA) NWs, and an interconnected isolation effect was
reported by Liu et al. [71]. The sensing mechanism and current response to loading and unloading are
described in Figure 2h. The WGF and interconnected PVA NWs produce a synergistic effect, resulting
in a piezoresistive pressure sensor with an ultrasensitivity of 28.34 kPa−1 and mechanical durability
and reliability (repeated tests of 6000 cycles). Shin et al. paved the way to use pressure sensors for
diverse application areas, such as medical diagnosis, robotics and automatic electronics [117]. The
authors developed transparent tactile pressure sensors covering a wide pressure range (250 Pa~3 MPa)
by forming fully integrated active-matrix pressure-sensitive graphene FET arrays with air-dielectric
layers between two folded opposing panels.

For the true integration of woven electronics and/or optoelectronics into textiles, the direct
fabrication of the device on the fiber itself with high-performance materials allowing easy unification
into fabrics is required [118,119]. Alonso et al. completely integrated flexible (up to 10 mm, the
radius of a human finger), transparent and durable graphene-based LED and touch sensors on textile
fibers [120]. Roll-to-roll and printing-compatible patterning techniques were adopted to fabricate
the LED and the capacitive touch sensors. Transparent electrodes coated by monolayer graphene
on a textile fiber can be utilized for wearable electronics with high conductivity and flexibility [121].
Graphene-based optical waveguide tactile sensors can overcome the disadvantage of optical sensors
with a directional coupler [122]. Additionally, transparent and flexible UV sensors play an important
role in the field of wearable and/or portable optoelectronic systems. Pyo et al. demonstrated a fully
transparent, exceedingly sensitive, and flexible UV sensor with 1D hybrid carbon nanotubes (CNTs)
combined with a 2D graphene electrode [123]. Because of the provided effective charge transfer and
the minimized effect of contact resistance by the integration of the CNTs and graphene without a
potential barrier, the CNT–graphene UV sensors have a 30 times higher photoresponse (45% under
254 nm UV illumination with a power intensity of 1.91 mW cm−2) than that of the CNT-Au electrode
sensors. Additionally, thanks to the outstanding properties of graphene and CNT, the device shows
a high optical transparency (over 80% at 550 nm) and remarkable mechanical flexibility (bending
radius of 5.5 mm) with high electrical reliability. Goossens et al. reported the monolithic integration of
graphene with a complementary metal–oxide–semiconductor (CMOS)-integrated circuit operating as
a high-mobility phototransistor [124]. Broadband high-resolution image sensing and a sensitive digital
camera in the range of ultraviolet, visible and infrared light was demonstrated.

Research on the safe and accurate monitoring of human body signals, hazardous disease detection,
and stimulation systems has been highly focused in areas ranging from biological research to clinical
medicine [125–132]. Electrooculography (EOG) is a technique for recording the corneo-retinal standing
potential between the retina and the cornea of human eyes. Ameri et al. described a noninvasive
graphene electronic tattoo (GET)-based invisible EOG sensor [133]. Ultrathin (350 nm thickness),
stretchable (up to 50%), soft, fully transparent (85% in the visible regime), and breathable EOG
sensors based on GETs have a high resolution (approximately 4◦ to detect eye movement); wireless
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communication can be achieved by connecting the sensor to an OpenBCI Cyton board, and the
sensors can be successfully applied to a human–robot interface (HRI). Kuzum et al. simultaneously
recorded electrophysiological spikes in the brain with flexible, fully transparent graphene-based
neural electrodes and neuro-optical images with confocal or multiphoton microscopy [134]. The
graphene electrodes were highly transparent, such that both electrophysiological recording and optical
imaging, leading to brain imaging with high spatiotemporal dynamics, could be achieved without
perturbing either technique. Additionally, the simultaneous optical stimulation of neural tissue and
electrical recording of the brain can be achieved by using μ-LEDs and transparent graphene electrodes,
respectively. [135]. Such powerful graphene-based systems that resolve individual cells and their
connections through optical imaging and electrical recording of brain activity are a breakthrough in
neuroscience. Monitoring glucose [136,137] and the intraocular pressure [138–141] are particularly
crucial for detecting and managing diabetes and glaucoma, respectively. Kim et al. fabricated a highly
conductive, flexible and transparent wearable smart contact lens using a reliable and robust hybrid
structure of 1D and 2D nanomaterials [72]. Wearable contact lenses can directly and noninvasively
detect and wirelessly monitor biomarkers such as the glucose contained in tears and intraocular
pressure by measuring the change in resistance and capacitance of the electronic device. Figure 2i
shows a schematic of fully integrated multifunctional sensors on a soft contact lens. As shown in
Figure 2j, a lower optical transmittance, haziness, and sheet resistance were obtained when graphene
and AgNWs were integrated in a hybrid system than when the single materials of graphene or AgNWs
were used.

Biomolecule Sensors

For early and reliable clinical cancer diagnosis and treatments, cost-efficient, dependable and
sensitive monitoring and detecting systems are crucial. Wu et al. fabricated a functionalized
graphene-based electrochemical sensor array system for cell sensing [142]. The graphene-based
chemical nose/tongue approach system can discern 100 cell samples consisting of (i) artificial
circulating tumor cells (CTCs); (ii) cancerous, multidrug-resistant cancerous and metastatic human
breast cells; and (iii) different cell types with almost 100% classification accuracy.

Detecting and monitoring various electrolytes, such as biological, organic, and inorganic
electrolytes, and electroactive materials in human body fluids are important for clinical diagnosis and
analytical applications [61,143–145]. Wang et al. developed electrochemical biosensors to selectively
and simultaneously detect five analytes in human serum: ascorbic acid (AA), dopamine (DA),
nitrite (NO2), tryptophan (Trp), and uric acid (UA) [146]. A CVD method was used to fabricate
freestanding graphene nanosheets on tantalum (Ta) wire. Graphene-based biosensors provided
highly selective, sensitive results (detection limits of AA, DA, NO2, Trp, and UA of 1.58, 0.06, 6.45,
0.10, and 0.09 μM, respectively (S/N = 3)) with differential pulse voltammetry (DPV). As predicted
by the World Health Organization (WHO), the number of diabetes patients has been gradually
increasing [147], and such patients require the continuous monitoring of glucose levels in the interstitial
fluid. Currently, only invasive methods are available for monitoring the glucose in the blood [148–150].
Lipani et al. demonstrated a noninvasive, transdermal, path-selective, and specific glucose monitoring
and detection system based on a miniaturized device array platform fabricated by a graphene thin-film
method or screen-printing technology [151]. The authors found via in vivo testing on healthy humans
that the graphene-based glucose monitoring system can continuously record the blood sugar for 6 h.

The most important consideration for systems biology and personalized and precision medicine
is an acceptable affinity and binding efficiency of deoxyribonucleic acid (DNA) hybridization and
the ability to distinguish DNA sequences with single-nucleotide substitutions. Xu et al. suggested
next-generation multichannel graphene-based DNA sensors for a cost-effective, fast, simple and
label-free biosensing system to perform kinetic studies (e.g., detection limit of 10 pM for DNA) [152].
Reproducible and reliable G-FET DNA biosensors have been designed using a mature FET fabrication
method characterized by low cost, low power, and simplicity of miniaturization. Diffusive transport is
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a general mechanism for biomolecules in viscous media, and a crucial prerequisite for biosensing is
placing the target biomolecules at the most sensitive point. Because of the powerful dielectrophoresis
(DEP) forces of monolayer graphene, the sharp edge of monolayer graphene can successfully produce
singular electrical field gradients, accurately trapping and positioning biomolecules (nanoparticles and
DNA molecules) [153]. Seo et al. fabricated a sensitive and selective electrochemical genosensor
integrated with grown graphene films, realizing reliable biodetection and demonstrating the
functionality of the graphene films [154].

A provisional WHO guideline has established a concentration limit of microcystin-LR (MC-LR)
of 1 μg/L in drinking water [155] because the continuous monitoring of drinking water quality
and appropriate treatment are extremely important for human healthcare and the quality of life
worldwide [156,157]. Zhang et al. reported a novel graphene film-integrated biosensor for MC-LR
detection that is time- and cost-effective, portable, scalable to large-scale manufacturing, and easy to
handle. A graphene film/polyethylene terephthalate (GF/PET) composite grown through the CVD
method was used to develop a graphene-based biosensor, resulting in a detection limit of 2.3 ng/L,
which fully satisfies the safety guideline of the WHO.

Gas Molecule Sensors

With fast-growing industrial development, toxic gases endangering human beings have been
extensively produced and emitted [158,159]. Therefore, developing gas sensors with a high detection
sensitivity or control capacity for hazardous gases is extremely important for the protection of human
health and the environment [160]. Wu et al. reported a chemiresistor-type sensor based on a 3D
sulfonated reduced graphene oxide hydrogel (S-RGOH); the sensor is capable of detecting a variety of
important gases with high sensitivity, boosted selectivity, fast response, and good reversibility [161].
The NaHSO3-functionalized RGOH displays 118.6 and 58.9 times higher responses than its unmodified
RGOH counterpart for NO3 and NH3, respectively. Moreover, the response increases monotonically
from 6.1% at 200 ppb NO2 to 22.5% at 2 ppm NO2. Guo et al. fabricated a NO2 gas sensor from the
room-temperature reduction of GO via two-beam-laser interference (TBLI) [162]. The fabricated RGO
sensor enhanced the sensing response for NO2 and accelerated the response/recovery rates. For 20
ppm NO2, the response (Ra/Rg) of the sensor based on RGO hierarchical nanostructures is 1.27, which
is higher than those of GO (1.06) and thermally reduced RGO (1.04). The response time and recovery
time of the sensor based on laser-reduced RGO are 10 s and 7 s, respectively, which are much shorter
than those of GO (34 s and 45 s).

Because of the significant properties (high heat of combustion and low minimum ignition energy)
of hydrogen (H2), it can be exploited in various applications [163,164]. However, because of its
delicate properties (low level of explosion limit ~4%), the real-time and long-distance monitoring of
H2 concentrations is essential. Sharma et al. produced an FET hydrogen sensor integrated with a
graphene-Pd-Ag-gate FET (GPA-FET) [165]. The GPA-FET showed an excellent sensing response to
hydrogen gas at 25~254.5 ◦C.

Many studies have reported the integration of graphene-based mobile gas sensors with modern
technologies such as smart phones, cloud computing and the Internet of Things (IoT) with graphene
nanoribbons due to the high electrical conductivity of the nanoribbons. The first monolithically
integrated CMOS-monolayer graphene gas sensor was developed by Zanjani et al., with a minimal
number of post-CMOS processing steps, to realize a gas sensor platform that integrates the higher
gas sensitivity of monolayer graphene with the low power consumption and cost advantages of a
silicon CMOS platform [166]. Furthermore, Pour et al. improved graphene nanoribbons’ electrical
conductivity by lateral extension [167]. Improved graphene nanoribbons were synthesized in solution;
the lateral extension decreased their bandgap and improved their electrical conductivity.
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3. Thermal Properties and Applications

3.1. Thermal Properties

3.1.1. Specific Heat of Graphene and Graphite

The specific heat, C, is a distinct characteristic of a material expressing the change in the energy
density U with respect to the change in temperature (1 K or 1 ◦C), represented as C = dU/dT, with
units of joules per kelvin per unit mass, per unit volume, or per mole. The thermal time constant of a
material, which indicates how quickly the material heats or cools, is determined by the specific heat.
The thermal time constant is expressed as τ ≈ RCV, where V is the volume of the material and R is the
thermal resistance for heat dissipation [168]. As the specific heat of graphene has not been measured
directly, the calculation was performed by referencing the data for graphite [169–171]. The specific
heat of a material is contributed by two components, phonons (or lattice vibrations) and electrons:
C = Cph + Cel. However, the contribution of phonons dominates the specific heat of graphene at all
temperatures [172]. In addition, as shown in Figure 3a, the phonon specific heat increases with the
temperature [171,173]. The specific heat of graphite at room temperature is Cph ≈ 0.7 J g−1 K−1, which
is approximately 30% higher than that of diamond due to the higher density of states (DOS) at low
phonon frequencies caused by the weak coupling of graphite layers. For a graphene sheet at room
temperature, a similar result is expected, but the specific heat can be altered when graphene interfaces
with a substrate (e.g., graphene on insulators) [174].

3.1.2. Thermal Conductivity

The thermal conductivity K is explained by Fourier’s law, q = −K∇T [175]. In this equation, the
negative sign means heat flows from high to low temperature; q is the heat flux per unit area; and ∇T
is the temperature gradient. The thermal conductivity is related to the specific heat by K ≈ ∑ Cνλ,
where ν is the average phonon group velocity and λ is the mean free path. Therefore, as the specific
heat of graphene is dominated by phonon transport, the thermal conductivity is also dominated by
phonon transport [171].
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Figure 3. Thermal properties of graphene (a) Specific heats of graphite, diamond, and graphene. The
inset compares the specific heats of graphene and graphite at low temperature; (b) Thermal conductivity
of bulk carbon allotropes as a function of temperature; (c) Figure of a graphene layer suspended across
a trench and the measurement of the thermal conductivity; (d) SEM image of a suspended graphene
layer across a 3-μm-wide trench in a Si wafer; (e) Raman spectrum of graphene showing the G-peak
region measured at two different power levels; (f) Graph showing the G-peak position shift versus
power change; (g) Graph of measured Seebeck coefficients as a function of temperature for graphene
samples. (a) Reproduced with permission from [171]. Copyright MRS Bulletin, 2012. (b), (c), (d)
Reproduced with permission from [16]. Copyright Nature Materials, 2011. (e), (f) [176]. Copyright
Nano Letters, 2008. (g) Reproduced with permission from [18]. Copyright Science, 2010.

Here, the thermal conductivity of various carbon allotropes, including two types of pyrolytic
graphite (in-plane and cross-plane), diamond, and amorphous carbon, is presented in Figure 3b.
Pyrolytic graphite is similar to highly oriented pyrolytic graphite (HOPG). The in-plane K of pyrolytic
graphite is approximately 2000 W m−1 K−1 at room temperature, and the cross-plane K at room
temperature is more than two orders of magnitude smaller. Because HOPG is composed of well-aligned
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large crystallites, the overall behavior is analogous to that of a single crystal; this fact explains the
difference in K [177]. Heat is mainly transported by acoustic phonons in all bulk carbon allotropes. In
HOPG and diamond, K reaches maximum values at approximately 100 K and 70 K, respectively. In
amorphous carbon, K ranges from 0.01 W m−1 K−1 to 2 W m−1 K−1 at 4 K and 500 K, respectively.
Similarly, carbon allotropes have different thermal conductivities depending on the temperature. The
difference is attributed to the grain size and quality of graphite and the phonon DOS, as indicated
by Cph.

A method to measure the thermal conductivity of graphene by exploiting confocal micro-Raman
spectroscopy is introduced in Figure 3c. The G peak in the graphene spectra depends strongly on
the temperature [178]. This high temperature sensitivity of the G peak enables the monitoring of
the local temperature change induced by laser light focused on a graphene layer. In this experiment,
trenches were fabricated on Si/SiO2 substrates by reactive ion etching (RIE), and graphene was
suspended over the trenches. The depth of the trenches was 300 nm, and the width varied from 2 to
5 μm [176]. An optical image of the trenches taken by scanning electron microscopy (SEM) is shown in
Figure 3d. The laser light focused on the middle of the suspended graphene layer generates heat in
the graphene. The heat generated by laser excitation propagates laterally through the graphene due
to the negligible thermal conductivity of air. Thus, even a small amount of heat propagated from the
middle of the graphene can result in a detectable temperature increase. The heat front propagating
through the graphene layers can be explained by two components: the plane-wave heat front and the
radial heat wave [179]. The thermal conductivity from the plane-wave heat front can be expressed
as K = (L/2S)(ΔP/ΔT), where ΔP/ΔT indicates the heating power change with respect to the
temperature change, L is the distance from the center of the graphene to the heat sink, and S = h × W.
For the radial heat wave case, K = χG(1/2hπ)(δω/δP)−1, where δω/δP indicates the G peak position
shift due to the heating power change. Consequently, the thermal conductivity can be expressed as

K = χG(L/2hW)(δω/δP)−1. (5)

As shown in Figure 3e, the excitation power dependence of the Raman G peak was measured
for the suspended graphene layers. The increase in laser power induced an increase in the
intensity and redshift of the G peak. The G peak position shift with respect to the power change
in the suspended graphene layers is shown in Figure 3f. The slope from the measured data is
δω/δPD ≈ −1.29 cm−1mW−1, where PD is the total dissipated power and the temperature coefficient
χG = −1.6 × 10−2 cm−1/K [180]. When these values are substituted into equation (5), a thermal
conductivity of approximately 2000~4000 W m−1 K−1 is obtained for freely suspended graphenes;
this value is the highest of any known material [15–17]. Raman spectroscopy is a basic technique for
graphene analysis. In addition to thermal conductivity, Raman spectroscopy can help to characterize
graphene flakes [181], detect traces of molecules [182] and achieve electronic properties [183].

3.1.3. Thermoelectric Effects of Graphene

The thermoelectric power (TEP) is the voltage induced by a temperature gradient. Experimental
studies indicated that graphene has a TEP of ~ 50 to 100 μV K−1 [184]. In addition, other experiments
showed that graphene has a maximum TEP value of ~80 μV K−1 at room temperature. It was
theoretically verified that TEP behaves as 1/

√
n0 at a high carrier density (n0) but is saturated at low

densities. The values of the Seebeck coefficient range from ~100 to ~10 μV K−1 for temperatures
ranging from ~100 to ~300 K. The Seebeck coefficient (S = dV/dT) shows lower values at high
temperatures, as shown in Figure 3g [18]. Graphene has a higher S than those of semiconductors,
and the polarity of S can be controlled by varying the gate voltage; these thermoelectric effects are
intriguing [185]. The figure of merit (ZT) of the efficiency of thermoelectric energy conversion is defined
as ZT = S2σT/

(
Kph + Kel

)
, where σ is the electrical conductivity [186]. Graphene shows a high value

of ZT due to suppressed phonon scattering, which leads to decreased K (Kph + Kel) [187,188]. The high
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value of ZT for graphene suggests the possibility of its use in energy-harvesting applications. The
ZT of various graphene nanostructures is very promising for the improvement of the thermoelectric
energy conversion [189].

3.2. Thermal Applications

3.2.1. Sensors

Temperature Sensors

Electronic skins (E-skins) can generate electronic signals from external stimulation for use as
human-machine interfaces (HMIs) and multifunctional smart skins [113,190–194]. In addition to
pressure and strain sensing, achieving the simultaneous detection and monitoring of temperature
with cost-efficient fabrication is important to make plausible mimics of multifunctional human skin.
Ho et al. fabricated a fully transparent (over 90% transmittance in the range 400 ~ 1000 nm) and
stretchable graphene-based multifunctional E-skin sensor matrix [195]. The matrix can detect and
monitor humidity, temperature, and pressure through a simple lamination process. Figure 4a shows
the fabrication technique of the sensor matrix. CVD-grown graphene interconnects electrodes with
three sensors, and GO and rGO are the active sensing materials for humidity and temperature,
respectively. Figure 4b shows the resistance change with respect to temperature, and real-time
measurement results are shown. Each sensor was simultaneously and individually sensitive to
only its relevant form of stimulation, and no response was obtained from other forms of stimulation.
Vuorinen et al. reported a simple technique to fabricate graphene/PEDOT:PSS-based skin-conformable
inkjet-printed temperature sensors [196]. A Phene Plus I3015 transparent graphene/PEDOT:PSS
ink was printed onto polyurethane skin-conformable adhesive bandages to form transparent and
flexible temperature sensors. The inkjet-printing method can significantly reduce the manufacturing
costs and wasted materials and provides advantages for the production of disposable systems. The
graphene/PEDOT:PSS temperature sensors present remarkable sensitivity to monitor temperature
changes on the human skin with a temperature coefficient of resistance (TRC) higher than 0.06% per
degree Celsius. Additionally, Trung et al. demonstrated an all-elastomeric transparent stretchable
(TS) gated sensor with a simple method using graphene [197]. The schematic of the structure of the
TS-gated sensor is shown in Figure 4c. The overall system integrated a graphene-based temperature
sensor and strain sensor. A PEDOT:PSS/PU dispersion (PUD) composite elastomeric conductor
serves as the source, drain, and gate contacts. A PU R-GO/PU nanocomposite and a composite of
AgNWs/PEDOT:PSS/PUD as a gate dielectric are used to form a temperature-responsive channel
layer and a strain sensing layer, respectively. The sensor shows a high stretchability of up to 70%,
responsivity of up to 1.34% per 34 ◦C and durability (10,000 test cycles at a strain of 30%) and could be
conformally attached to human body skin to monitor temperature changes. Figure 4d indicates the
sensor’s ability to monitor the surface temperature of targets: cold and hot water. The dashed line
illustrates the device region. Such devices can be useful for applications including interactive remote
healthcare systems, biomedical monitoring, and HMIs by integrating wireless communication units
such as Bluetooth into the sensors.

Single-layer graphene (SLG) presents impressive thermal properties, so graphene can be used for
thermal management and temperature sensing applications. Davaji et al. fabricated and compared
micropatterned SLGs on a silicon dioxide (SiO2)/Si substrate, a silicon nitride (SiNx) membrane,
and a Si wafer with etched rectangular boxes (10 × 20 μm2) [198]. These sensors show a quadratic
dependence of the resistance versus temperature in the range of 283 ~ 303 K, as determined through
analyzing the temperature-dependent carrier density, electron mobility relationship (~T−4) and
electron-phonon scattering. The graphene-based sensor fabricated on a SiNx membrane has a
substantially faster response, better sensitivity because of the low thermal mass, and better mechanical
stability than other suspended graphene sensors. As a result, a temperature sensor comprising the
suggested SLG on a SiNx membrane can be exploited for various highly sensitive and fast applications.
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Figure 4. Thermal applications of graphene. (a) Schematic of the fabrication process of an all-graphene
electronic skin sensing matrix; (b) Graph showing resistance vs temperature of an rGO-based thermal
sensor (top) and real-time temperature sensing results (bottom); (c) Schematic of a device with a
transparent and stretchable gate; (d) Drain current responses of a TS-gated sensor according to
low-temperature water (left) and high-temperature water (right); (e) Schematic of a GO-PEG-P
theragnostic platform (top) and thermal images of vials with water and GQD-PEG-P solution
(100 μg/mL) (bottom); (f) Hybrid graphene/SWCNT film deposited on an ITO surface showing
high effusivity (top) and heat transfer coefficients on various heating surfaces (bottom). (a), (b)
Reproduced with permission from [195]. Copyright Advanced Materials, 2016. (c), (d) Reproduced
with permission from [197]. Copyright Advanced Materials, 2016. (e) Reproduced with permission
from [199]. Copyright ACS Appl. Mater. Interfaces, 2017. (f) Reproduced with permission from [200].
Copyright Nano Letters, 2016.
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Thermoelectric Sensors

Graphene can be utilized as not only a temperature sensor but also a sensor of other crucial
parameters. Though terahertz radiation has been used in various applications ranging from
security to medicine [201], the sensitive room-temperature detection of terahertz radiation is very
difficult [202]. Cai et al. successfully demonstrated a graphene thermoelectric terahertz photodetector
with highly impressive sensing ability (over 10|V|W−1 (700|V|W−1) at room temperature) and low
noise-equivalent power (below 1100|pW|Hz−1/2 (20|pW|Hz−1/2)) [203]. The compared reference
was the incident (absorbed) power. The detection mechanism of the sensor is the hot-electron
photothermoelectric effect in graphene. Because of strong electron-electron interactions, photoexcited
carriers quickly gain heat [204,205], and the energy of the lattice decreases more slowly [204,206].
Electron diffusion is caused by the temperature gradient of electrons. As a results, a net current is
generated by asymmetry due to local gating [207,208] or dissimilar contact metals [209] through a
thermoelectric effect. The operation of graphene-based sensors is similar to that of state-of-the-art
room-temperature terahertz detectors [210], and the ability of the former to obtain time-resolved
measurements is eight to nine times faster than that of the latter [208,211]. Additionally, one of the
important considerations in on-chip nano-optical processing is the detection, control and generation
of propagating plasmons [212–214]. Graphene shows intensely confined and controllable (>0.5 ps)
plasmons induced by electrostatic fields [215–218]. An all-graphene-based mid-infrared plasmon
detector that precisely converts the natural decay product of the plasmon (electronic heat) to voltage
via the thermoelectric effect [219,220] was presented by Lunderberg et al. [221]. The detection system,
constructed with the plasmonic medium of graphene encapsulated in hexagonal boron nitride (hBN),
operates at room temperature; a single graphene sheet simultaneously acts as the plasmonic medium
and detector. The junction induced by two local gates was used to completely control the thermoelectric
and plasmonic behavior of the graphene.

Thermal Biosensors

Recently, studies aiming to realize theranostic systems with simultaneous detection and
therapeutic services in one single nanostructure have increased in the field of personalized
nanomedicine and clinical biomedical applications [222–224]. Cao et al. reported a multifunctional
theranostic system coupling diagnostic and therapeutic functions with a porphyrin derivative (P)
and GQDs [199]. The P is capable of high singlet oxygen production, and GQDs have excellent
fluorescence properties. A GQD- polyethylene glycol (PEG)-P system was fabricated by integrating
the P into PEGylated and aptamer-functionalized GQDs; the system showed exceptional physiological
stability, impressive biocompatibility and low cytotoxicity. The intrinsic fluorescence of the GQDs can
distinguish cancer cells from somatic cells and helps to detect intracellular cancer-related microRNA
(miRNA). The photothermal conversion properties of GQD-PEG-P are shown at the bottom of Figure 4e.
The image results indicated that the temperature of 100 μg/mL GQD-PEG-P solution increased to 53.6
◦C, while the temperature of control water remained at 33.2 ◦C. A cancer treatment system combining
progressive photothermal therapy (PTT) and powerful photodynamic therapy (PDT) demonstrated
outstanding efficiency for both in vitro cancer cells and in vivo multicellular tumor spheroids (MCTS).
A total GQD-PEG-P theranostic system for intracellular miRNA detection and PTT and PDT therapy is
presented at the top of Figure 4e (the molecular beacon (MB) is the detection probe for miRNA-155).
After monitoring and detecting a cancer, highly effective and reliable treatment is crucial. Synergistic
cancer cures such as drug delivery, magnetic hyperthermia, photothermal therapy, gene therapy, and
radiotherapy have been spotlighted [225–230]. To accomplish safe and successful treatment, Yao et al.
suggested a multifunctional platform with GQD-capped magnetic mesoporous silica nanoparticles
(MMSNs); a composite of GQDs was used for caps and local photothermal generators, and MMSNs
were used for controlled drug release and magnetic hyperthermia [231]. Drug release can be handled
by changing the interaction between drug molecules and carriers and by controlling the state (open or
closed) of the outlets of mesoporous channels [232,233]. Monodisperse MMSN/GQD nanoparticles
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(particle size of 100 nm) can carry doxorubicin (DOX), provoke DOX discharge and adequately
generate heat in an alternating magnetic field (AMF) or by near-infrared irradiation. An integrated
graphene-based chemo-magnetic hyperthermia therapy or chemo-photothermal therapy platform
for destroying breast cancer 4T1 cells (the model cellular system) represents a remarkable synergistic
effect. As a result, the MMSN/GQD nanoparticles have excellent potential for efficient and accurate
cancer therapy.

3.2.2. Energy Management Systems

Efficient heat management systems have become extremely important in various fields, such
as electronic, optoelectronic, and thermoelectric applications, with the fast-growing development
of state-of-the-art technologies to transport heat to the field environment; a high power heating
density is required, or excessive heat must be prevented from deteriorating the device reliability,
lifetime, and performance [234,235]. In this regard, the development of materials with high thermal
conductivity is urgently needed. Heat management systems are normally based on metallic materials
such as Al and Cu because of their relatively high thermal conductivity, approximately 200 to 400 W
m−1 K−1, and low cost [236,237]. However, these materials show insufficient thermal conductivity
when fabricated with nm thickness due to the linear relation between the thickness and thermal
conductivity [238]. Therefore, graphene, which has superior thermal conductivity, is a promising
alternative for use in practical heat management systems. Seo et al. studied the pool boiling of hybrid
graphene/single-walled carbon nanotubes (SWCNTs), graphene, and SWCNT films deposited on ITO
surfaces to prove that the hybrid graphene/SWCNT material is the layer with the most enhanced heat
transfer coefficient [200]. The authors tested four types of heating surfaces: (1) a bare ITO surface, (2)
SWCNTs, (3) graphene, and (4) hybrid graphene/SWCNT layers deposited on an ITO surface. CVD
was used to deposit graphene on the ITO surface, and SWCNTs were spray-coated on the surface
to fabricate hybrid graphene/SWCNTs. The critical heat flux (CHF) of the SWCNTs, graphene, and
hybrid graphene/SWCNT heaters were measured to be 123.0, 130.5, and 141.6 kW/m2, respectively.
The CHF of the hybrid graphene/SWCNT heater showed the greatest improvement of 18.2% compared
to that of the bare ITO heater. As shown in Figure 4f, the maximum heat transfer coefficient (HTC)
values of the bare ITO, SWCNT, graphene, and hybrid graphene/SWCNT heaters were found to be
4.41, 5.31, 4.49, and 6.83 kW/m2 K, respectively. The HTC of the hybrid graphene/SWCNT heater
improved by 55% compared to that of the bare ITO heater. These improvements are attributed to the
deposition of SWCNTs on the graphene, which compensates the disconnected areas and wrinkles of
the graphene. Han et al. introduced a high-performance heat spreader to manage excessive heat [239].
Graphene-based films (GBFs) were used in this experiment because of their high thermal conductivity
of 1600 Wm−1 K−1 [240]. With a heat flux of 1300 W cm−2, the temperature of the hotspot decreased
by 17 ◦C with a GBP deposited on nonfunctionalized GO. In addition, 3-amino-propyltriethoxysilane
(APTES) functionalization resulted in an additional decrease in temperature of 11 ◦C, or a total decrease
of 28 ◦C. Bernal et al. proposed edge-functionalized graphene nanoplatelets (GnPs) to improve the
thermal conductivity [241]. The diazonium reaction was exploited to synthesize phenol-functionalized
GnPs (GnP-OH) and dianiline-bridged GnPs (E-GnPs). The in-plane thermal conductivity of both
GnP-OH and E-GnPs was enhanced by 20% compared to that of GnPs. Even the cross-plane thermal
conductivity of E-GnPs was remarkably increased by 190% compared to that of GnPs. Ma et al.
conducted research on the relation between the thermal conductivity and grain size of graphene [242].
Segregation adsorption CVD (SACVD) was exploited to grow high-quality graphene films with a
controllable grain size ranging from ~200 nm to ~1 μm. The experimental results demonstrated that
the thermal conductivity increased exponentially from ~610 to ~5230 W m−1 K−1, with grain sizes
ranging from ~200 nm to 10 μm. The thermal conductivity of graphene was found to be significantly
decreased with the decreasing grain size by a small thermal boundary conductance of ~3.8 × 109 W
m−2 K−1. Ding et al. proposed graphene nanosheets (GNSs) exhibiting high dispersibility in water
and thermal conductivity [243]. Graphite powder and a modifier of sodium lignosulfonate (LS) were
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used to fabricate the GNSs by a ball-milling method. The GNSs fabricated with this method exhibited
a high thermal conductivity of 1324 W m−1 K−1.

Currently, with the rapid development of industry, the energy consumption of mainly fossil
fuels is causing dramatic depletion worldwide [244]. Additionally, various environmental problems,
such as desertification, the greenhouse effect, and pollution, are accompanied by the excessive use
of energy [245,246]. In this regard, the development of sustainable energy is urgently required, and
heat, which is approximately 60% of all energy waste, is rising as a promising candidate [247]. Thus,
thermoelectric materials are of high interest. As mentioned above, the figure of merit ZT is defined
as ZT = S2σT/(Kph + Kel); thus, enhancing the Seebeck coefficient and electrical conductivity and
reducing the thermal conductivity are essential to achieving a higher efficiency. Cho et al. proposed
multidimensional nanomaterials based on organic thin films exhibiting a high thermoelectric power
factor at room temperature [248]. The thin film consists of the organic materials polyaniline (PANi),
PEDOT:PSS-stabilized graphene, and PEDOT:PSS-stabilized double-walled nanotubes (DWNTs).
These materials are deposited as a quad-layer of PANi/graphene-PEDOT:PSS/PANi/DWNT. The
quad-layer film showed a gradual increase in the electrical conductivity and Seebeck coefficient
with the increased number of layers. The electrical conductivity and Seebeck coefficient of the film
were found to be 1.9 × 105 S m−1 and 120 μV K−1 at 80 QLs, respectively. These results led to a
high value of the thermoelectric power factor (PF) (~2710 μW m−1 K−2), where PF = S2σ. Ma et al.
doped bromine (Br) onto graphene fibers to enhance the thermoelectric properties [27]. The porous
structure of the Br-doped graphene fibers enhances phonon scattering and leads to limited thermal
conductivity compared to that of other graphene materials [249,250]. Additionally, doping with Br
induces a downshift in the Fermi level, which causes an increased Seebeck coefficient and increased
electrical conductivity [251,252]. As a result, the experiment exhibited a maximum figure of merit
of 2.76 × 10−3 and room-temperature PF of 624 μW m−1 K−2. These values are better than those of
materials composed of solely graphene and CNTs. Lin et al. observed the enhanced thermoelectric
effect of lanthanum strontium titanium oxide (LSTO) upon adding graphene [253]. The addition of
graphene to LSTO led to enhancements in the electrical conductivity, the Seebeck coefficient and power
factor. It was found that LSTO integrated with 0.6 wt % graphene exhibited the best figure of merit
and power factor. The figure of merit was over 0.25 at room temperature.

4. Conclusions

In this paper, we presented a review of the electronic and thermal properties of graphene and its
up-to-date applications. Graphene has exceptional physical characteristics compared to other usual
metals and semiconductors and has the potential for extensive applications. The ambipolar electric
field effect in SLG proves that charge carriers have higher mobilities than those of semiconductors.
Additionally, the QHE, the unique phenomenon observed with LL, is explained by graphs and unique
geometrical phases. Using the experimental results of graphene crystal samples, the visual transparency
of graphene was characterized by the fine-structure constant α. In addition to its electronic features, the
superior thermal properties of graphene were reviewed. The specific heats of graphene and graphite
were derived, and the thermal conductivity of carbon allotropes containing graphene was explained.
Graphene has high thermoelectric power, which suggests its potential for use in energy-harvesting
applications. These remarkable properties of graphene can be incorporated into versatile systems in
various application fields: optical devices, electronic and thermal sensors and energy management
systems. Here, state-of-the-art examples based on graphene were presented. Despite the development
of many graphene-based electronic systems with unique properties, challenges and problems related
to the development of materials for commercial electronics still exist and need to be studied further.
By resolving such challenges and problems, graphene will be in the limelight as an active material for
future electronics.
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Acronym

Acronym Word Original Word

2D two-dimensional
QDs quantum dots
QHE quantum Hall effect
D (DOS) density of states
BZ Brillouin zone
DFT Density Functional Theory
SdHOs Shubnikov-de Haas oscillations
B magnetic field
σ Hall conductivity
ρ longitudinal resistivity
LL Landau level
c speed of light
G high-frequency conductivity
T transmittance
R reflectance
InSb indium antimonide
HgCdTe mercury cadmium telluride
Pbs lead sulfide
PbSe lead selenide
CVD chemical vapor deposition
LEDs light-emitting diodes
EQE external quantum efficiency
TCEs transparent conductive electrodes
ITO indium tin oxide
NWs nanowires
OLEDs organic light-emitting diodes
PMMA poly(methyl) methacrylate
HILs hole injection layers
SPP surface plasmon polariton
GO graphene oxide
RGO reduced graphene oxide
AgNWs silver nanowires
A-2GE two-step growth method
OTR oxygen transmission rate
PET polyethylene terephthalate
PCEs power conversion efficiencies
PSCs perovskite solar cells
ETLs electron transport layers
HTLs hole transport layers
GRMs graphene and related two-dimensional materials
GQDs graphene quantum dots
PEDOT:PSS poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
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f-RGO functionalized reduced graphene oxide
ABL active buffer layer
FF fill factor
GO-Li lithium-neutralized graphene oxide flakes
FETs field-effect transistors
HFTCVD hot-filament thermal chemical vapor deposition
WGF wrinkled graphene film
IDEs interdigital electrodes
PVA polyvinyl alcohol
CNTs carbon nanotubes
CMOS complementary metal–oxide–semiconductor
EOG Electrooculography
GET graphene electronic tattoo
CTCs circulating tumor cells
AA ascorbic acid
DA dopamine
NO2 nitrite
Trp tryptophan
UA uric acid
WHO World Health Organization
DNA deoxyribonucleic acid
DEP dielectrophoresis
MC-LR microcystin-LR
GF/PET graphene film/polyethylene terephthalate
S-RGOH sulfonated reduced graphene oxide hydrogel
TBLI two-beam-laser interference
GPA-FET graphene-Pd-Ag-gate FET
IoT Internet of Things
C Specific heat
K thermal conductivity
HOPG highly oriented pyrolytic graphite
RIE reactive ion etching
SEM scanning electron microscopy
TEP thermoelectric power
ZT the figure of merit
E-skins Electronic skins
HMIs human-machine interfaces
TRC temperature coefficient of resistance
TS transparent stretchable
PUD PU dispersion
SLG single-layer graphene
SiNx silicon nitride
hBN hexagonal boron nitride
P porphyrin derivative
PEG polyethylene glycol
miRNA microRNA
PTT photothermal therapy
PDT photodynamic therapy
MCTS multicellular tumor spheroids
MB molecular beacon
MMSNs magnetic mesoporous silica nanoparticles
DOX doxorubicin
AMF alternating magnetic field
SWCNTs single-walled carbon nanotubes
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CHF critical heat flux
HTC heat transfer coefficient
GBFs Graphene-based films
GnPs graphene nanoplatelets
SACVD segregation adsorption CVD
GNSs graphene nanosheets
LS lignosulfonate
PANi polyaniline
DWNTs double-walled nanotubes
PF power factor
LSTO lanthanum strontium titanium oxide
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Abstract: In this study, a graphene nanoplatelet (GNP) was used as a reinforcing filler to prepare
poly(vinylidene fluoride) (PVDF)/high density polyethylene (HDPE) blend-based nanocomposites
through a melt mixing method. Scanning electron microscopy confirmed that the GNP was mainly
distributed within the PVDF matrix phase. X-ray diffraction analysis showed that PVDF and HDPE
retained their crystal structure in the blend and composites. Thermogravimetric analysis showed
that the addition of GNP enhanced the thermal stability of the blend, which was more evident in a
nitrogen environment than in an air environment. Differential scanning calorimetry results showed
that GNP facilitated the nucleation of PVDF and HDPE in the composites upon crystallization.
The activation energy for non-isothermal crystallization of PVDF increased with increasing GNP
loading in the composites. The Avrami n values ranged from 1.9–3.8 for isothermal crystallization of
PVDF in different samples. The Young’s and flexural moduli of the blend improved by more than
20% at 2 phr GNP loading in the composites. The measured rheological properties confirmed the
formation of a pseudo-network structure of GNP-PVDF in the composites. The electrical resistivity of
the blend reduced by three orders at a 3-phr GNP loading. The PVDF/HDPE blend and composites
showed interesting application prospects for electromechanical devices and capacitors.

Keywords: PVDF; HDPE; graphene nanoplatelet; nanocomposites; electrical properties;
thermal properties

1. Introduction

In the past two decades, special attention has been paid to polymeric blend-based nanocomposites,
because these systems benefit from the advantages of both blends and nanocomposites [1,2].
Various combinations of polymer matrices and a small amount of nanofillers have been designed
to study their potential in improving the chemical and physical properties of neat polymers.
The one-dimensional carbon nanotube (CNT) and two-dimensional nanoclays are two of the most
studied nanofillers. Reviews on CNT-based polymer nanocomposites have been updated [3–6].
Additionally, graphene and its derivatives have also been recognized as appropriate nanofillers
in fabricating polymer nanocomposites to improve the properties of parent polymers [7–10].
Two-dimensional graphene or graphene nanoplatelets reveal a 1 TPa Young’s modulus, a 130 GPa
ultimate strength, and a high electrical conductivity of 6000 S/cm [11]. Similar to CNT-based
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nanocomposites, the interfacial adhesion between graphene-polymers and the dispersion of graphene
throughout the polymers are the key factors in achieving nanocomposites with an advanced
performance [6]. Moreover, dispersion and distribution of the fillers are strongly affected by the
melt-mixing methods.

Poly(vinylidene fluoride) (PVDF), a crystalline thermoplastic polymer, shows excellent properties,
such as a high mechanical strength, worthy dielectric properties, and remarkable thermal/chemical
stability. The disadvantages of PVDF include its high cost and low production volume. The five
crystalline polymorphs (α, β, γ, δ, and ε) of PVDF have attracted much academic attention [12,13].
The non-polar α-form with trans-gauche-trans-gauche (TG+TG−) linkage conformation is the
most stable and encountered polymorph. The polar β-form crystal with all-trans (TTTT) zig-zag
conformation is the most attractive polymorph because of its unique piezo- and pyroelectric properties,
which allow PVDF applications in sensor and actuators. PVDF-based blends and nanocomposites
have been investigated for extending the versatility of PVDF [14–20]. Mago et al. [21] reported that
the crystal size of PVDF decreases with increasing CNTs content, whereas its rate of crystallization
increases with increasing β-form crystallization. Almasri et al. [20] investigated PVDF/double-walled
carbon nanotube (DWNT) nanocomposite films fabricated by the solvent casting method. They found
that the storage modulus of PVDF evidently increased by 48% below Tg and increased by up to
85% above it, and the percolation threshold at the addition of 0.23 vol.% DWNTs achieved electrical
conductivity. Martins et al. [22] demonstrated that the electrical and rheological percolation threshold
was achieved at 1.2 and 0.9 wt.% MWCNT loading, respectively. They showed that a 0.5 wt.% MWCNT
nanocomposite revealed a uniform dispersion throughout the PVDF matrix, whereas a percolated
network started to form at 1 wt.%. Wang et al. [15] used quaternary phosphorus salt to physically
modify graphene and achieved an excellent dispersion of graphene within the PVDF matrix. Moreover,
the electrical percolation threshold was achieved at 0.662 wt.%. The nanocomposite material films
displayed tremendous electric and dielectric properties, and the salt modifier induced β- and γ-form
crystals. Blend-based nanocomposites have received academic and industrial interest because of their
potential to exhibit superior properties. Polyethylene (PE) is an important thermoplastic with versatile
properties, which has been widely used in the agricultural, automotive, and packaging industry
due to its low cost, easy processability, good mechanical/thermal properties, insulation capability,
resistance to chemical solvents, and biological attack [23–26]. Its use has repetitively grown in the
plastic industry. However, certain problems exist, caused by the inherent insulation of polymers,
thus restricting all application fields, such as the material surface trend for the easy accumulation
of charges trapping dust and the deterioration of product performance, possibly resulting in an
explosion. Only a few studies have been reported on PVDF/PE blend-based nanocomposites [27–29].
Blending of PVDF with a suitable polymer such as PE can be an effective strategy to overcome its
drawbacks. The blend of PVDF/HDPE and their conductive composites is especially cost effective
and used in micro-electromechanical devices and high-charge storage capacitors. Chiu [30] used CNT,
GNP, and organo-montmorillonite (Cloisite 15A) as reinforcing fillers to prepare PVDF/polycarbonate
(PC) blend-based nanocomposites. He found that fillers were selectively located in the minor PC
phase. The localization of some parts of the Cloisite 15A filler at the interface of the PVDF/PC
blend facilitated the crystallization of PVDF and further induced the formation of β-form PVDF.
Moreover, Chiu et al. [31] compared the thermal, mechanical, and electrical properties of PVDF/GNP
nanocomposites and PVDF/PMMA/GNP blend-nanocomposites. They reported that GNP had a
higher nucleation effect on crystallization of the PVDF in ternary composites compared with binary
composites. The electrical percolation threshold was achieved at 1–2 phr GNP loading for the two
composite systems, whereas ternary composites showed a lower electrical resistivity at identical GNP
loadings. Rafei et al. [27] examined the morphology, rheological properties, and electrical conductivity
of PVDF/PE/GNP ternary nanocomposites. They reported that double percolation was predicted for
the PVDF/PE blend containing 0.9 wt.% GNP and was confirmed by direct electron microscopy and
conductivity analysis.
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From academic and industrial viewpoints, the influences of the incorporation of GNP on the
various properties of PVDF should be thoroughly investigated. GNP-loaded PVDF/HDPE blend-based
nanocomposites have been less reported. In the current study, commercialized GNP served as the
nanofiller in preparing PVDF/HDPE blend-based nanocomposites through a melt-mixing method.
It aimed to investigate the morphology and the resulting physical properties of the prepared samples.
The thermal properties (including crystallization/melting behavior and thermal stability) of neat
components, a blend, and composites were compared and reported. The mechanical and rheological
properties and electrical resistivity of the samples were also characterized.

2. Materials and Methods

All materials used in this study are commercially available. PVDF with an average molecular
weight of 1.8 × 105 g/mol in pellet form (Kynar 710, Arkema, Colombes, France) was used as the
major component in the blend/composites. Commercial grade HDPE (Taisox 8050, MFR-6.0 g/10 min,
density of 0.96 g/cm3) was supplied by Formosa Plastic Corporation, Taoyuan, Taiwan. The graphene
nanoplatelet (xGNP M-15, denoted as GNP), obtained from XG Sciences, Inc. (Lansing, MI, USA), was
used as the nanofiller for composites fabrication. The components were pre-dried in a vacuum oven at
70 ◦C for 24 h to eliminate the absorbed moisture and then dry-mixed at given ratios before being fed
into the mixer. All blend/composites samples were mixed using a Thermo Haake PolyDrive mixer
(R600, Karlsruhe, Germany) at 190 ◦C for 10 min with a rotor speed of 60 rpm. The PVDF/HDPE
blend was prepared with the weight ratio of 70:30. GNP was loaded at concentrations of 0.5–3 phr into
the blend to prepare the composites. Neat PVDF and HDPE were also melt-treated for the purpose of
comparison. The sample designation of F7E3 represents the PVDF/HDPE-70/30 blend. The codes of
F7E3-# represent the # phr (1 phr = 0.99 wt.%, 2 phr = 1.96 wt.%, and 3 phr = 2.91 wt.%) of GNP loaded
in the composites. To attain different shapes of specimens for further characterizations, the melt-mixed
samples were consequently compression-molded at 190 ◦C for 3 min.

The fractured surface morphology of the blend and composites was examined using a
field emission scanning electron microscope FESEM, Jeol JSM-7500F (Akishima, Tokyo, Japan).
The cryo-fractured (in liquid nitrogen for 3 min) specimens were sputter-coated with gold prior
to observation. Thermogravimetric analysis (TGA) was conducted by using a TA Q50 analyzer (TA
instrument, New Castle, DE, USA) under air and nitrogen environments at a 10 ◦C/min heating
rate. The crystallization kinetics and the resulting melting behavior of the samples were studied
using a differential scanning calorimeter (DSC, TA instrument, New Castle, DE, USA) TA Q10.
For non-isothermal crystallization experiments, the samples were first melted at 210 ◦C for 2 min to
erase the thermal history. The samples were then cooled at various rates to 20 ◦C. The cooled samples
were subsequently heated to 210 ◦C at 10 ◦C/min to evaluate their melting behavior. For isothermal
crystallization kinetics study, samples were rapidly cooled at a rate of 100 ◦C/min (from 210 ◦C) to the
pre-set crystallization temperatures (Tc), and the crystallized samples were then heated at 10 ◦C/min
to evaluate the melting behavior. The crystal structures of PVDF and HDPE in the blend/composites
were investigated using an X-ray diffractometer (AXS, D2, Bruker, Karlsruhe, Germany) operating at
40 kV and 40 mA. The X-ray source was CuKα radiation with a wavelength of 1.54 Å.
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Fourier-transform infrared spectroscopy FTIR spectra of the samples were recorded using a
BRUKER, TENSOR 27 IR spectrometer (Karlsruhe, Germany). The samples were analyzed within the
range of 700–2500 cm−1. A Raman spectrometer (UniDRON, C. L. Technology Co., Ltd., New Taipei
City, Taiwan) with a 532 nm laser excitation wavelength was used. All samples were compression
molded into films at 200 ◦C and 100 bar. The samples were cooled to room temperature in the mold
under pressure. The rheological properties of the samples were analyzed at 190 ◦C by using an
Anton Paar Physica rheometer (MCR 101, Graz, Austria) in an oscillating mode. A parallel plate
geometry with a 25 mm diameter and 1 mm gap was used, and the strain amplitude was set at
1%. The tensile properties of the compression-molded specimens (according to ASTM D638) were
measured at a crosshead speed of 5 mm/min with a Gotech AI-3000 system (Taichung, Taiwan).
The flexural modulus of the samples (according to ASTM D790) was measured using the same Gotech
AI-3000 system at a cross-head speed of 5 mm/min. Izod impact tests (according to ASTM D256) were
performed using a CEAST impact tester (Taichung, Taiwan). The reported data was expressed as the
average of at least five specimens of the same formulation. The volume electrical resistivity of each
specimen was measured using commercial resistivity meters (MCP-HT450 and MCP-T600, Mitsubishi
Chemical Co., Yamato, Japan) at room temperature. The resistivity data was expressed as the average
value of four repeated measurements at different positions.

3. Results

3.1. Phase Morphology and Selective Localization of GNP

The cryo-fractured surfaces of the prepared blend and blend-based composites were investigated
using FESEM, as shown in Figure 1. Figure 1a depicts the F7E3 (PVDF70/HDPE30) blend, which
evidently exhibited a bi-phasic (matrix-dispersed domain) morphology, indicating its immiscible
character. The dispersed HDPE phase (minor component) exhibited a distribution of spherical domain
size within the PVDF matrix phase, and the domain ranged from 8–30 μm. The size of domains was
measured by using eight domains. The displayed piercing boundary clearly indicated no specific
interaction between the PVDF and HDPE phases. Figure 1b–d depict the images of GNP-added
representative composites. The domain size of HDPE decreased after the addition of GNP, and the
size further decreased with increasing GNP loading. The added-GNP might have prevented the
aggregation of HDPE domains forming large HDPE domains. Notably, the HDPE domains had
a continuous-like morphology in the composites, which was more evident at high GNP loading.
The GNP (arrowed) was mainly located within the PVDF matrix, which suggested that the interaction
between PVDF and GNP was greater than that of HDPE and GNP. Thus, GNP thermodynamically
prefers the PVDF phase. The inset Figure 1b clearly reveals the dispersion of GNP in the PVDF
matrix. Additionally, the localization of GNP in the PVDF matrix caused the increased viscosity of
the composites at the mixing temperature (see rheological data). According to the morphological
observations, GNP was well-dispersed in the PVDF matrix phase, thereby confirming the achievement
of blend-based nanocomposites. The thermal and mechanical properties of the F7E3 blend were
improved after forming the nanocomposites. The results are discussed in the following sections.

The selective localization of filler in the immiscible polymer blend was executed by kinetic and
thermodynamic factors. Sumita et al. [32] reported that through the wetting coefficient (ω) from
Young’s equation, the GNP localization could be predicted by the following equation in equilibrium:

ω =
γHDPE−GNP − γPVDF−GNP

γPVDF−HDPE
(1)

where γPVDF-GNP, γHDPE-GNP, and γPVDF-HDPE are the interfacial tension between PVDF and GNP,
HDPE and GNP, and PVDF and HDPE phases, respectively. If ω > 1, the GNP is localized in the
HDPE phase. If −1 < ω < 1, GNP will be located at the interface of the two polymer phases. If ω < −1,
GNP will preferentially reside in the PVDF phase. The values of interfacial tension between different
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polymers can be evaluated from their surface energies based on the Harmonic-mean equation and the
Geometric-mean equation:

γ12 = γ1 + γ2 − 4
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where, γd and γp stand for the dispersive and polar parts of surface tension, respectively. The provided
surface tension values of PVDF, HDPE, and GNP in Table 1 were followed by reported data [27,33,34].
The interfacial tension at 190 ◦C between the components was calculated using Equations (2) and
(3) (see Table 2). According to the theoretical prediction by Equation (1), the ω values calculated
by the harmonic-mean and geometric-mean equations were −1.37 and −1.17, respectively (Table 2),
confirming the dispersion of GNP within the PVDF matrix during melt-mixing. These theoretical
results agree with the SEM results, as discussed in the above section.

Figure 1. Scanning electron microscope (SEM) images of selected samples: (a) F7E3, (b) F7E3-1 (higher
magnification image included in the inset), (c) F7E3-2, and (d) F7E3-3.

Table 1. Surface tension data of PVDF, HDPE, and GNP at 190 ◦C.

Samples γ (mN m−1) γd (mN m−1) γp (mN m−1) References

PVDF 38.0 32.6 5.4 [27]
HDPE 25.9 25.9 0 [33]
GNP 52.6 47.7 4.9 [34]
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Table 2. Interfacial tension and calculated wetting coefficient of composites at 190 ◦C.

Samples γPVDF-GNP γHDPE-GNP γPVDF-HDPE ω (GNP)

Harmonic-mean Equation (2) 2.90 11.35 6.17 −1.37
Geometric-mean Equation (3) 1.45 8.20 5.78 −1.17

3.2. Thermal Stability

The TGA curves of the selected samples scanned under N2 and air environments are shown in
Figure 2. Figure 2a shows that neat HDPE displayed an evidently lower degradation temperature than
PVDF under an N2 environment. The temperature at 10% weight loss (Td10) was 451 and 422 ◦C for
PVDF and HDPE, respectively. The degradation marginally shifted to a higher temperature for the
composites compared with that of the blend, and a higher GNP loading led to a higher degradation
temperature. The thermal stability increased for the GNP-added composites, which was attributed
to the high aspect ratio of GNP that served as a barrier and then prevented the emission of gaseous
molecules during the thermal degradation. In addition, the radical scavenging function of GNP could
inhibit the degradation process of the organic polymers. The GNP enhanced the thermal stability in
some reported nanocomposite system [35]. The decomposition curves of the samples scanned under
an air environment are compared in Figure 2b. The samples scanned in an N2 environment exhibited
higher degradation temperatures compared with those scanned in air because of the auto-oxidation
reaction (due to the presence of oxygen). The neat PVDF again exhibited a higher degradation
temperature than that of HDPE. The Td10 was 446 ◦C for PVDF and 376 ◦C for HDPE under an
air environment. As anticipated, the F7E3 blend curve lied between those of PVDF and HDPE.
After the formation of the blend and composites, two-step degradation corresponding to the individual
degradation of PVDF and HDPE was observed. The composites displayed an improved degradation
behavior compared to that of the F7E3 blend. The increase in thermal stability was demonstrated more
evidently in the PVDF phase, because GNP was located in the PVDF phase (see above FESEM images).
The temperatures at 10 and 50 wt.% loss (Td10 and Td50) of the samples scanned under both air and N2

environments are listed in Table 3. For the blend and composites, Td10 is mainly associated with the
degradation of HDPE and Td50 corresponds to the degradation of PVDF.

Table 3. Thermogravimetric analysis (TGA) and differential scanning calorimeter (DSC) data of
selected samples.

Samples

Properties

(Td10) a

(◦C)
(Td50) a

(◦C)
(Td10) b

(◦C)
(Td50) b

(◦C)

(Tp) c

(◦C)
(Tm) d

(◦C)

ΔEc

(kJ/mol)

PVDF 451 476 446 471 138.1 169.2 −303
HDPE 422 461 376 411 118.2 135.0 −153
F7E3 447 480 421 464 138.2 167.7 −326

F7E3-1 457 481 427 475 140.6 167.9 −330
F7E3-2 458 484 435 476 140.1 168.4 −363
F7E3-3 463 491 449 489 140.7 168.5 −374

a in N2; b in air; c 5 ◦C/min cooling; d 5 ◦C/min pre-cooled.
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Figure 2. Thermogravimetric analysis (TGA)-scanned curves of selected samples under (a) N2

environment and (b) air environment.

3.3. Crystallization Kinetics

Figure 3a shows the DSC cooling thermograms (from the melt state) of the prepared samples at
5 ◦C/min. Neat PVDF and HDPE showed their crystallization peak temperatures (Tps, temperature
at the exotherm minimum) at 138.1 and 118.2 ◦C, respectively. After blending with each other,
the Tp value of PVDF remained unchanged and the crystallization temperature of HDPE slightly
decreased. Two further observations can be made from this figure. First, the addition of GNP into
the blend increased the Tp of individual PVDF and HDPE, and a higher GNP loading increased
the Tp value. This observation suggests that the GNP acted as the nucleation agent for PVDF
and HDPE crystallization. The determined Tp values of different samples are listed in Table 3.
The formulation-dependent crystallization behavior of PVDF and HDPE at 5 ◦C/min-cooling was
similarly observed in the samples cooled at 40 ◦C/min (Figure 3b). Lower Tp values were displayed
for the samples cooled at a faster rate, mainly due to the thermal lag effect. For kinetic analysis,
the crystallization of PVDF in the selected samples under different cooling rates was examined, as
exhibited in Figure 3c–e. The Tp value decreased with the increased cooling rate for all samples, as
anticipated. The GNP-added composites showed higher Tp values compared with the blend at each
cooling rate. For example, F7E3 showed a Tp value ca. 141.6 ◦C at 2.5 ◦C/min cooling, whereas F7E3-3
had a Tp value ca. 142.7 ◦C at the same cooling rate. The activation energy of PVDF was studied due
to its major component. The activation energy (ΔEc) for the non-isothermal crystallization of PVDF in
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different samples (PVDF used as a major component in the whole experiment) was calculated using
the Kissinger equation [36–38] (Equation (4)), as the typical plots shown in Figure 3f.

(
β

Tp2

)
= Const − ΔEc

RTp
(4)

where Tp, R, and β stand for the crystallization peak temperature, universal gas constant, and cooling
rate, respectively. The ΔEc values of the representative samples are summarized in Table 3. Neat PVDF
showed an absolute ΔEc value of 303 kJ/mol, while the F7E3 blend showed ΔEc values higher
than that of neat PVDF. The composites showed that absolute ΔEc increased with increasing GNP
content in the blend. This result suggests that although GNP accelerated the nucleation of PVDF, it
retarded the subsequent crystal growth of PVDF during the non-isothermal crystallization process.
The isothermal crystallization kinetics of the selected samples was also analyzed. Figure 4a–d depict
the DSC isothermal crystallization curves of the representative samples at different Tcs. According to
the nucleation-controlled crystal growth theory, the shift in crystallization exothermic peak time from
a lower to higher value with increasing Tc for individual samples was shown. The plots in Figure 4e
show the reciprocal of the crystallization peak time (tp) as a function of Tc. The reciprocal value (tp

−1)
was proportional to the overall isothermal crystallization rate. These results specified three pieces
of information: First, the crystallization rate decreased with increasing Tc for the individual sample;
second, the F7E3 blend revealed a lower overall crystallization rate than neat PVDF at identical Tc; and
third, the composites (i.e., F7E3-1 and F7E3-3) crystallized at a faster rate than the blend at an identical
Tc, due to the GNP nucleation effect. The Avrami equation (Equation (5)) [39] was used to evaluate the
isothermal crystallization kinetics of PVDF in different samples based on the Xt (crystallinity at time t)
versus t data.

Xt = 1 − exp(−Ktn) (5)

where K is the crystallization rate constant and n is the Avrami exponent, depending on the type of
nucleation and crystal growth geometry. Equation (5) can be transformed into the following equation:

ln[− ln(1 − Xt)] = ln K + n ln t (6)

Figure 5a–d show the Avrami plots of the representative samples. The n and K values were
determined from the linear region of the plots (slope and intercept). The n value provides qualitative
information on the nature of nucleation and crystal growth geometry. The n value for PVDF ranged
from 1.9–3.8 in different samples and decreased with increasing Tc, as shown in Figure 5. Furthermore,
n decreased slightly after forming the composites. The decreased n values in the composites might
indicate that nucleation changed from a thermal to athermal type, which was associated with the
nucleation effect of GNP. The growth of PVDF crystals might also have changed from two-dimensional
(at high Tcs) to three-dimensional (at low Tcs). The K value was noted to decrease with increasing Tc

(not shown for brevity), corresponding to the tp
−1 results.
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Figure 3. Differential scanning calorimeter (DSC) curves of the selected samples at (a) 5 ◦C/min cooling
from the melt, (b) 40 ◦C/min cooling from the melt; DSC cooling curves of (c) PVDF, (d) F7E3, and
(e) F7E3-3 at various rates; (f) Kissinger plots of selected samples for calculation of crystallization
activation energy.
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Figure 5. Avrami plots of PVDF isothermally crystallized at different Tcs in different samples: (a)
PVDF, (b) F7E3, (c) F7E3-1, and (d) F7E3-3.

3.4. Melting Behavior

Figure 6a illustrates the DSC melting curves (10 ◦C/min heating) of the 5 ◦C/min pre-cooled
samples. The melting temperatures (Tms) of neat PVDF and HDPE were ca. 169.2 and 135.0 ◦C,
respectively. The Tm of individual PVDF and HDPE slightly decreased in the blend. A higher loading
of GNP slightly increased the Tm of PVDF and HDPE. This result suggests that PVDF crystals with
a higher stability (more perfect) formed in the composite. The melting behavior of the 40 ◦C/min
pre-cooled samples was also examined, as shown in Figure 6b. The neat PVDF and blend/composites
showed multiple peaks from 165–170 ◦C. The multiple peaks were caused by the melting of original
grown and heating-scan annealed α-form crystals (no β-form crystal was detected in the XRD data) [31].
The samples pre-cooled at 5 ◦C/min did not exhibit melting of the heating-annealed α-form crystals,
because the slow cooling rate resulted in the growth of crystals with a sufficient stability. Accordingly,
crystal annealing was prevented during heating scans. The Tm values of PVDF at different samples are
summarized in Table 3. Figure 6c–f illustrate the melting curves of the representative samples that
were isothermally crystallized at different Tcs. Some features were noticed in these figures. First, the
Tm of PVDF increased with increasing Tc for the individual samples. Second, neat PVDF, the blend,
and F7E3-1 showed similar melting behavior from 168–172 ◦C. Furthermore, the composites showed
lower Tm values compared with the blend at each Tc. For example, F7E3 showed a Tm of 170.3 ◦C
at Tc = 150 ◦C, whereas F7E3-3 had a Tm of 169.4 ◦C at an identical Tc. This is because the PVDF in
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composites displayed greater super cooling (due to higher Tm values) compared with in the blend,
while they were crystallized at an identical Tc.
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Figure 6. DSC heating curves of different samples: (a) 5 ◦C/min pre-cooled and (b) 40 ◦C/min
pre-cooled; DSC melting curves of PVDF isothermally crystallized at indicated Tcs in different samples:
(c) PVDF, (d) F7E3, (e) F7E3-1, and (f) F7E3-3.
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3.5. Crystal Structure, FTIR, and Raman Spectra

Figure 7 shows the XRD patterns of the 5 ◦C/min pre-cooled samples. Neat PVDF revealed
characteristic diffraction peaks at 2θ values of approximately 17.8◦ (100), 18.5◦ (020), 20.1◦ (110),
and 26.8◦ (021) of the stable α-form [30,31], whereas neat HDPE exhibited characteristic peaks
(orthorhombic structure) at 2θ values of approximately 21.6◦ (110) and 24.0◦ (200) [25]. The diffraction
peaks of individual neat PVDF and HDPE with a lower intensity were observed in the blend
and composites. The change in intensity ratio [(mainly between (020) and (110)] of PVDF in the
blend/composites is because the growth of the (020) plane was somehow retarded compared to the
growth of the (110) plane for PVDF crystals. Additionally, the composites exhibited a strong diffraction
peak at ca. 2θ = 26.5, due to the layered structure of GNP. XRD results thus indicated that the crystal
structure of PVDF and HDPE remained after forming the blend and composites. The presence of GNP
did not affect the crystal structures of PVDF and HDPE.

 
Figure 7. (a) X-ray diffraction (XRD) patterns of 5 ◦C/min-cooled representative samples; (b)
Fourier-transform infrared spectroscopy (FTIR) spectra of selected samples; and (c) Raman spectra of
GNP, F7E3-1, and F7E3-3.
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Figure 7b shows the FTIR spectra of neat PVDF, HDPE, and selected composites. The bands
located at 1381 and 1402 cm−1 correspond to the deformed vibration of the CH2 groups in neat PVDF.
The peaks at 1068, 1146, 1179, and 1210 cm−1 were related to the CF2 stretching mode of PVDF
chains [40,41]. The peaks at 762, 795, 839, 872, and 974 cm−1 indicated the high content α-form crystal
in the neat PVDF sample [41]. F7E3 showed two extra peaks compared with the neat PVDF at the wave
numbers of 721 and 1466 cm−1, corresponding to the bending and rocking mode of the CH bonds of
HDPE chains, respectively [42]. The peaks interrelated to the stretching mode of CH2 in both PVDF
and HDPE chains overlapped in the F7E3 blend, leading to broadened peaks (as shown in selected
area). The intensity of the stretching of CH and CF2 bonds of the composites increased compared with
the F7E3 blend. The characteristic bands of composites were moderately broadened compared with
the blend due to the charge-transfer-type interaction [43] between the electron pairs of fluorine atoms
in PVDF and electrons in GNPs.

Figure 7c shows the Raman spectrum of the neat GNP and selected composites. Neat GNP
showed a G band at 1569 cm−1, which was attributed to the first-order scattering of the E2g vibration
mode, and the D band at 1336 cm−1 arose from the breathing mode of the j-point phonons of A1g
symmetry [44]. The location of the D band shifted from 1336 to 1362 cm−1 while GNP was loaded into
the blend, suggesting a significant interaction between PVDF and GNP. Additionally, the G band of
GNP shifted from 1569 to 1575 cm−1, due to the charge-transfer interaction between the fluorine atoms
of PVDF and the aromatic structure of GNP, noted as F–C bonding [42].

3.6. Melt Rheology

The rheological property measurements, including complex viscosity (η*) and storage modulus
(G′), can reveal the processability and change in the internal structure of the neat components after
forming the blend and composites. Figure 8a provides a comparison of the η* as a function of
sweep frequency (ω) at 190 ◦C for the selected samples. The neat PVDF and HDPE showed similar
Newtonian fluid behavior at the low-frequency region, whereas that in the high-frequency region
exhibited non-Newtonian fluid (shear thinning) behavior. The F7E3 blend exhibited non-Newtonian
fluid behavior of η* values at all frequencies, and basically in-between that of individual PVDF and
HDPE, except for displaying lower values than HDPE at high frequencies. The network structure of
PVDF in the blend should have played a role for the observation. The η* values evidently increased
at all frequencies after the addition of GNP into the blend, and higher η* values were observed at
higher GNP contents. The selective localization of GNP within the PVDF matrix phase along with the
formation of the PVDF-HDPE co-continuous morphology should be responsible for this observation.
Moreover, η* exhibited a non-Newtonian fluid behavior at all frequencies for the composites. The shear
thinning behavior at low frequencies indicated the development of a GNP-in-PVDF pseudo-network
structure (liquid-like to solid-like transition) in the composites. Figure 8b shows the G′ versus ω plots
of the representative samples. G′ increased with increasing ω for all samples, and the values increased
with the addition of GNP into the blend. The addition of 3 phr GNP resulted in the highest increase in
G′. Additionally, the smaller slopes of the blend/composite plots compared with those of neat PVDF
and HDPE at low frequencies suggest a solid-like behavior, which agrees with the η* observation.
The smaller slope values revealed more elastic characteristics of the blend and composites due to the
pseudo-network structure (PVDF-GNP) development within the matrix.

135



Nanomaterials 2019, 9, 361

Angular frequency,  (rad/s)
0.1 1 10 100

C
om

pl
ex

 v
is

co
si

ty
, 

*

1e+3

1e+4

PVDF
HDPE
F7E3
F7E3-1
F7E3-2
F7E3-3

Angular frequency, (rad/s)
0.1 1 10 100

St
or

ag
e 

m
od

ul
us

, G
' (

Pa
)

1e+1

1e+2

1e+3

1e+4

1e+5

PVDF
HDPE
F7E3
F7E3-1
F7E3-2
F7E3-3

(a)

(b)

Figure 8. Rheological properties of the selected samples: (a) η* vs. ω and (b) G′ vs. ω.

3.7. Mechanical Properties

The mechanical properties of the prepared samples, including the Young’s modulus (YM), flexural
modulus (FM), and impact strength (IS), were measured. The neat PVDF had a YM value (1216 MPa)
that was higher than that of the neat HDPE (665 MPa). The F7E3 blend showed a YM value (575 MPa)
that was lower than those of its neat components, because of the immiscible character. The YM
values and standard deviations (σ) of all samples are summarized in Table 4. The value increased
after the GNP was loaded into the blend, and increased up to 2 phr GNP loading. F7E3-3 (654 MPa)
showed a value lower than F7E3-2 (697 MPa, 21% increase at 2 phr GNP loading compared with the
blend), which could be associated with the agglomeration of GNP at a higher loading. The noticeable
improvement in YM after the GNP addition was mainly caused by the intrinsic high strength, high
aspect ratio, and adequate interaction between the GNP and PVDF matrix phase [31]. The FM values
of the individual samples were also compared and the values are listed in Table 4. PVDF possessed a
much higher FM than that of HDPE, and the FM of HDPE significantly increased after blending with
PVDF. The addition of GNP caused an evident increase in FM for the composites (24% increase at 2
phr GNP loading compared with the blend). The reasons behind this significant improvement are
identical to those of the YM improvement after GNP addition. The notched IS values of the individual
sample are listed in Table 4. The neat PVDF possessed an IS of 17.9 J/m, which evidently decreased
after the formation of the blend because of the immiscibility. After the addition of 2 phr GNP, IS
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increased to approximately 1.54 times the original value of the F7E3 blend, and a higher GNP loading
slightly reduced the IS value. The GNP was located in the PVDF matrix phase near the interface of
PVDF-HDPE, leading to adhesion enhancement of the interface. The possibility of stress transfer
between blend components through the potential bridging effect of the GNP at the blend interface
caused the enhancement of toughness.

Table 4. Mechanical properties and electrical resistivity of the selected samples.

Samples

Properties

Young’s Modulus
(σ) (MPa)

Flexural Modulus
(σ) (MPa)

Impact Strength
(σ) (J/m)

Electrical
Resistivity (Ω-cm)

PVDF 1216 (90) 927 (28) 17.9 (2.10) 1.03 × 1011

HDPE 665 (41) 744 (36) 10.5 (0.98) 3.87 × 1011

F7E3 575 (66) 815 (29) 6.4 (0.94) 1.95 × 1011

F7E3-1 672 (34) 921 (18) 7.8 (0.73) 3.85 × 1010

F7E3-2 697 (29) 1010 (25) 9.9 (0.45) 2.32 × 109

F7E3-3 654 (41) 937 (34) 8.5 (0.52) 1.79 × 108

3.8. Electrical Resistivity

The uniform distribution of electrically conductive fillers in the polymer matrices offers great
potential for fabricating (semi)conductive polymers. The volume electrical resistivity values of the
selected samples are summarized in Table 4. Neat PVDF, HDPE, and F7E3 exhibited resistivity
values higher than 1011 Ω-cm, indicating their electrically insulating characteristic. PVDF shows an
electrical resistivity value of 1011 Ω-cm, similar to a previously published paper [31]. However, the
low loading of GNP (< 3 phr) could evidently reduce the resistivity for the composites. For example,
the loading of 0.5 phr GNP decreased the resistivity value from 1011 to 1010 Ω-cm. The resistivity
further decreased (down to 108 Ω-cm) with increasing GNP loading in the composites. The apparent
decrease in resistivity was noticed at 1–1.5 phr GNP loading. The observations of a ca. three orders
of magnitude drop resulted from the fine dispersion of GNP throughout the PVDF matrix phase.
This result is consistent with the above SEM morphological observations.

4. Discussion

PVDF/HDPE blend and blend-based nanocomposites with PVDF as the major component were
fabricated through the melt-mixing process. SEM results revealed that GNP was mainly located in
the PVDF matrix phase. DSC data showed the nucleation effect of GNP on both PVDF and HDPE
crystallization. The activation energy for the non-isothermal crystallization of PVDF increased from
303 kJ/mol in the neat state to 374 kJ/mol in the F7E3-3 composite. GNP increased the isothermal
crystallization rate of PVDF in the composites. The Avrami n values ranged from 1.9–3.8 for PVDF in
different samples, and the GNP caused an athermal nucleation mechanism for PVDF crystallization.
TGA results confirmed the improvement in thermal stability of the blend after GNP addition under
both air and nitrogen environments. XRD results revealed that the presence of GNP did not alter
the crystalline polymorph of PVDF and HDPE. An increase in the rheological properties of η* and
G’ was observed with increasing GNP loading. The pseudo-network structure was achieved in the
composites at 3-phr loading GNP into the blend. The rigidity of the PVDF/HDPE blend increased with
the incorporation of GNP. The toughness of the blend also increased with GNP inclusion, up to a 55%
rise after 2 phr loading. The electrical resistivity of the blend dropped by more than three orders of
magnitude with a GNP loading of 3 phr. The obtained results indicated that the prepared composites
should have great potential applications in micro-electromechanical devices and storage capacitors.
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Abstract: Graphene, a single atom thick layer of two-dimensional closely packed honeycomb carbon
lattice, and its derivatives have attracted much attention in the field of biomedical, due to its unique
physicochemical properties. The valuable physicochemical properties, such as high surface area,
excellent electrical conductivity, remarkable biocompatibility and ease of surface functionalization
have shown great potentials in the applications of graphene-based bioelectronics devices, including
electrochemical biosensors for biomarker analysis. In this review, we will provide a selective overview
of recent advances on synthesis methods of graphene and its derivatives, as well as its application to
electrochemical biosensor development. We believe the topics discussed here are useful, and able to
provide a guideline in the development of novel graphene and on graphene-like 2-dimensional (2D)
materials based biosensors in the future.

Keywords: Graphene; Graphene Oxide; 2D materials; Electrochemical; Biosensor

1. Introduction

Graphene, a single 2-dimensional (2D) layer of a hexagonal structure consisting of sp2 hybridized
carbon atoms, and its derivatives have received increasing attention in biomedical fields, due to its
unique physicochemical properties. This feature includes a high surface area, excellent electrical
conductivity, strong mechanical strength, unparalleled thermal conductivity, and ease of surface
functionalization (Table 1) [1–5].

Table 1. Physicochemical properties of graphene and its derivatives.

Physicochemical Property Estimated Value Ref.

High surface area ~2630 m2g−1 [1]
Excellent electrical conductivity ~1738 siemens/m [2]

Strong mechanical strength Young’ Modulus ~1100 GPa,
Fracture strength ~125 GPa [3]

Thermal conductivity 5000 Wm−1K−1 [4]

Ease of functionalization π–π stacking interaction
Electrostatic interaction [5]

Particularly, owing to the high surface area, excellent electrical conductivity, and capability to
adsorb a variety of biomolecules, graphene has been considered as an ideal transducing material for
constructing electrochemical biosensors [6,7]. It is well defined that the efficient electrochemical

Nanomaterials 2019, 9, 297; doi:10.3390/nano9020297 www.mdpi.com/journal/nanomaterials141



Nanomaterials 2019, 9, 297

reaction takes place at the close distance between the electrode surface and the electroactive
(reduction/oxidation, redox) site of a molecule. In detail, the electron transfer rate is inversely
proportional to the exponential distance between the electrode surface and the electroactive redox
site of the molecule [8,9]. Since the electron transfer between graphene and redox active molecule
typically take place at either edge of the graphene layer or defects in the basal plane, the high surface
area of 2D structure helps graphene to work as an excellent conducting material for electrical charge
and heterogeneous electron transfer [10,11].

In addition, based on the unique atomic thin layer structure, the electrical properties of graphene
are known to be highly sensitive to foreign atoms or absorbed molecules [12]. Favorably, graphene
is known to be highly reliable for capturing aromatic molecules through a π–π stacking interaction.
For example, single-stranded deoxyribonucleic acid (ssDNA) can bind to the graphene surface by π–π
stacking interaction between deoxyribonucleic acid (DNA) and polyaromatic structures of graphene,
and serve as a platform for various DNA based biosensing applications [13,14]. In addition, its
derivatives graphene oxide (GO) are known to possess the oxygen-containing hydrophilic groups
(hydroxyl and epoxy in the basal planes; carbonyl and carboxyl groups on the edges), that allows the
electrostatic interaction [9,15]. Alternatively, graphene can be also functionalized by covalent bonding
either through unsaturated p-bonds of graphene or oxygen-containing functional groups of GO [5,16].
As an example, various dienophiles, such as azomethine ylide, nitrene, and aryne, has been successfully
generated a variety of terminal groups on the graphene surface for further modification [17–19].
The carboxyl groups of GO are used to link the amino groups of molecules by well-established
carbodiimide chemistry [20]. According to the above mentioned unique physicochemical properties,
the utilization of graphene as a functional component for an electrode has gained considerable interest
in the field of electrochemical biosensors [19].

Although there exists an extensive collection of reviews for graphene synthesis methods and
electrochemical sensing applications, the tremendous amount of recent activities and a new, live
cell-based biosensing approach warrant a thorough review at this time. In this review, we will provide
a selective overview of the recent advances on the synthesis methods of graphene and its derivatives,
as well as its application in the electrochemical biosensor, which particularly covers small molecule,
nucleic acid/protein, and live cell-based sensing. This review will provide an extensive analysis
of the current state of the art and provide a perspective on key challenges that remain in the field.
We hope that this review will inspire interest from various disciplines and highlight an important
field wherein the advanced graphene-based electrochemical sensor is making great strides towards
biomedical applications.

2. Synthesis of Graphene

As the outstanding physicochemical properties of graphene make this material promising
candidate for electrochemical biosensor applications, the synthesis processes of the graphene which
affect its properties also hold great influence on the proper development and performance of
the biosensors. To this end, a number of a different synthesis method for graphene has been
developed over the years. Particularly, in this review, most well-defined exfoliation phenomena
or chemical vapor deposition (CVD) will be discussed as graphene and its derivatives synthesis
methods (Figure 1) [9,21–23].

142



Nanomaterials 2019, 9, 297

Figure 1. Schematic illustration of the graphene and its derivatives synthesis methods. (a) Mechanical
exfoliation (b) liquid phase exfoliation, (c) thermal decomposition, and (d) chemical vapor deposition.
Reproduced with permission from [23], Copyright Springer Nature, 2017.

2.1. Mechanical and Chemical Exfoliation Method

The phenomena of exfoliation are to separate a few layers from the bulk material by overcoming
the strong van der Waals attractions between adjacent layers. Among the exfoliation based process,
the mechanical approach, ‘Scotch tape’ based exfoliation was first developed to obtain graphene,
where few layers of graphene are peeled off from a highly ordered pyrolytic graphite (HOPG) flakes
by external mechanical force (adhesive tape) based on the relatively weak interaction between the
thin layers and the bulk materials. After the mechanical exfoliation, micromechanical cleavage of
graphite, by rubbing a bulk crystal flake against another flake, was also utilized to obtain individual
crystal planes of graphene layers [24]. In principle, through these mechanical exfoliation methods,
high structural and electronic quality graphene crystals can be obtained without hosting structural
defects into 2D graphene layers repeatedly [25–27]. However, these mechanical exfoliation methods
are often limited for biosensor application, due to the difficulties in the mechanical cleavage of graphite
crystals in a controlled manner. Such as low yield in the production of single-layer or few-layer
graphene and relatively large lateral dimensions of graphene (range in micrometer size) often restrict
their application in biosensors. Apart from the mechanical exfoliation, the potential energy caused
by van der Waals attractions could be overcome in the presence of solvents as well [28]. This process,
which is also known as liquid phase exfoliation (LPE), generally requires dispersion of bulk materials
in a solvent, exfoliation, and purification [29]. Thus, the selection of ideal solvents is critical for LPE
process to obtain high yield and stability [30]. However, the commonly used solvents for LPE, such
as N,N-dimethylformamide (DMF) and N-methyl pyrrolidinone (NMP) are usually known to have
acute toxic effects. To overcome this limitation, numerous approaches, such as urea-based aqueous
exfoliation, which even showed higher efficiency compare to conventional DMF based exfoliation, were
recently developed [31]. In addition, graphene derivatives can be also synthesized by the chemical
oxidation of graphite. For example, one of most well established Hummer’s method for preparing
graphite oxide includes the addition of potassium permanganate (KMnO4) to a mixture of graphite,
sodium nitrate (NaNO3), and concentrated sulfuric acid (H2SO4) [32]. During the oxidation, small ions
intercalate to bulk graphite oxide during oxidation and weaken the interlayer interactions. In detail,
the sp2 hybridized carbon bonding is disrupted during the oxidation process, yielding formation of
sp3 hybridized carbon bonding. Through this mechanism, sonication allows exfoliating GO layer
from bulk graphite oxide flake and subsequent reduction of GO could also help to obtain reduce
graphene oxide (rGO) [33–35]. Owing to ease of process, the exfoliation based on chemical method
is known to be suitable for the synthesis of graphene at a large scale, which is important for the
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construction of bioelectronics devices, including electrochemical biosensors. In addition, the unique
chemical structure of chemically derived GO and rGO, which differs from the pristine graphene or
graphite, provide versatility in applications based on the chemical functionalization through the oxygen
functional groups. However, large amounts of structural defects caused by inevitably introduced
oxygen functional groups could affect the electrical properties of graphene and the performance of
electrochemical biosensors.

2.2. Thermal Decomposition and Chemical Vapor Deposition Method

An alternative approach to synthesize a high quality graphene layer in a large scale comprises
the self-organization of carbon atoms on the surface of the crystal by the thermal decomposition of
hydrocarbon and segregation of the carbon monolayer on metal substrates through CVD [36–38].
For example, the evaporation of silicon from single-crystalline silicon carbide (SiC) substrates at a
high annealing temperature results in the organized attachment of the remaining carbon atoms on the
surface of lattice-matched SiC substrates. Though, this method directly provides graphene layers on
insulating SiC substrates in a wafer-scale; however, the strong interaction of graphene with substrates
limits doping property, as well as transfer efficiency to other substrates for biomedical applications.
Among the numerous metal substrates, nickel (Ni) and (copper) Cu substrates demonstrated the
potential to separate graphene layer from the substrates and transfer onto other substrates, including a
solid substrate to flexible and bendable substrates [36]. In detail, the synthesis mechanism for the metals
substrate with high solubility of carbon species, such as Ni substrate include catalytic decomposition
of the precursor, dissolution of decomposed carbon species, segregation of dissolved carbon atoms
onto the metal surface, and followed by nucleation and growth of graphene layer on the surface of
the substrate [39]. Though, the several critical factors, such as the thickness of Ni films, growth time,
and cooling rate has been already revealed to improve the quality of synthesized graphene layers;
however, it is still difficult to obtain a single layer of graphene through the polycrystalline Ni substrate
and the electrical property of the synthesized graphene layer were found to be not very satisfactory as
well. Comparably, by using a Cu substrate, which has low solubility of carbon, highly uniformed single
graphene layer with the excellent electrical property was synthesized [36,40]. Due to the low solubility
of carbon, the formation of graphene happens through the self-limited nucleation and lateral growth by
diffusion of carbon atoms on the surface directly after the decomposition of precursors [41]. In addition,
free-floating graphene layers could be obtained by metal etching or electrochemical bubbling method
for further applications [42]. Although, CVD method can synthesize graphene layer even in a large
area (up to several inches) with high electronic quality (mobility up to 105 cm2V−1s−1) comparable to
the exfoliation methods [36,39,43], the structural defects or contamination which can be originated
during the etching and transfer process are still limiting factor for obtaining high profile graphene
layer and can also affect the performance of electrochemical biosensors as well.

3. Application to Electrochemical Sensing

The biosensor is the analytical device which consists of a biological component that recognizes the
target analytes and an electrical component (transducer) which converts the recognition event into a
measurable signal. To improve the performance of biosensors, tremendous efforts from multidiscipline
fields has been established. Ever since the discovery of graphene by Geim and Novoselov in 2004,
numerous approach has been conducted to utilize graphene as transducing material to improve the
performance of electrochemical sensors [6,44]. Graphene and its derivatives modified electrodes have
exhibited excellent electrochemical behavior in terms of their high surface area and active electron
transfer sites [7], which makes graphene as a promising electrode material to improve the performance
of graphene and its derivatives based electrochemical biosensors. In this review, the division of
biomedical electrochemical sensors will be divided into three categories i) small molecules, ii) nucleic
acids and proteins, and iii) Live cell-based sensing.
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3.1. Small Molecule Sensing

There are many small molecules that are highly relevant to human health and disease. Even
a subtle change of these biomolecules could cause a serious disease which threatens a patient’s
life [45–48]. For example, dopamine (DA) is one of the most important neurotransmitters that play
a vital role in the central nervous system. Abnormal level of DA can cause severe neurological
disorders, such as Parkinson’s disease [49–51]. However, due to the complex matrices of nature, it is
still challenging to develop a biosensor to distinguish the biomolecules which share a similar oxidation
potential, such as ascorbic acid (AA), uric acid (UA) and other catecholamine molecules. To resolve this
problem, graphene has been adopted as a transducing material in the development of the electrode.
Through its phenyl structure, these molecules could adsorb on the graphene-modified electrode surface
through the different π-π stacking interactions. Ping et al. introduced a graphene-based screen-printing
ink which could selectively and sensitively analyze these molecules via differential pulse voltammetry
(DPV) [52]. Even in the co-existence of these three molecules, the linear range and detection limit were
found to be 0.5–2000 μM, 4.0–4500 μM, and 0.8–2500 μM and 0.12 μM, 0.95 μM, and 0.20 μM for DA,
AA, and UA, respectively.

As an alternative approach, graphene was also utilized to provide large surface area, as well
as a binding motif for the mediator (i.e., enzyme) to improve the electrocatalytic performance of
electrochemical sensors to determine small molecules, such as hydrogen peroxide (H2O2), glucose,
and nicotinamide adenine dinucleotide (NADH) sensitively. Besides its well-known cytotoxic effects,
as an essential mediator in many biological processes, H2O2 detection has earned great attention.
However, due to the co-existing other electro-active constituents, the detection of H2O2 is easily
interfered [53,54]. To improve the H2O2 detection efficiency, graphene was also utilized to improve
the performance of electrochemical sensors. Fan et al., designed a graphene capsule, which served as
a carrier for horseradish peroxidase (HRP), to detect H2O2 in human serum [53]. Through the large
surface area and high conductivity of graphene, the synergistic effect on catalytic activity was able to
be obtained. Instead of using the enzyme, Wang et al., have grown Prussian blue nanocubes on the
surface of nitrobenzene-functionalized reduced graphene oxide as an “artificial enzyme peroxidase”
for constructing H2O2 electrochemical biosensors [55]. Another approach based on the incorporation
of myoglobin (Mb) on graphene oxide encapsulated molybdenum disulfide (MoS2) nanoparticle
(Mb-GO@MoS2) hybrid structure was also reported by Choi’s group (Figure 2) [56]. Mb is a one
of metalloprotein family with unique redox properties, due to the metal ion core integrated into
the hemin group. Through this unique redox properties, Mb can be used to detect H2O2 through
electrochemical reduction of H2O2 as well. The developed Mb-GO@MoS2 structure and extended
electroactive surface also affected the fast electron transfer and resulted in an enhanced amperometric
response H2O2. Instead of using full protein, Song et al. utilized hemin porphyrin and functionalized
on the graphene/GNP/glassy carbon electrode to avoid the possible insulating effect from protein
structure [57]. Note that hemin porphyrin is a well-known natural metalloporphyrin which is the
active site in heme-proteins, such as hemoglobins and myoglobins [58]. Alternatively, Shao et al. have
shown that by just doping graphene nitrogen, the better electrocatalytic activity could be obtained for
H2O2 detection as well [59]. The enhanced performance of nitrogen-doped graphene is expected, due
to the existence of nitrogen functional groups in addition to oxygen-containing groups and structural
defects. In a similar manner, graphene was also utilized to improve the electrocatalytic performance of
electrochemical sensors to determine other small molecules, such as DA, glucose, and NADH as well.
The recent researches on graphene-based electrochemical biosensors toward various small molecules
are compared in Table 2.
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Figure 2. (a) Schematic of graphene oxide encapsulated molybdenum disulfide (MoS2) nanoparticle
preparation for the fabrication of electrochemical biosensors composed of myoglobin (Mb) and (b) its
application to H2O2 detection with improved electrochemical performance. (c–d) Amperometric
response curves obtained from Mb/GO@MoS2 upon successive (c) addition of 100 nM L-ascorbic acid
(AA), 100 nM sodium nitrite (NaNO2), 100 nM sodium bicarbonate (NaHCO3), and 100 nM H2O2

solutions; and by (d) addition of 100, 50, 20, and 10 nM H2O2 solutions. Reproduced with permission
from [56], Copyright Elsevier, 2017.

Table 2. Comparison of different graphene-based electrode for small molecule detection.

Electrode Materials Target Linear Range
Detection

Limit
Ref.

Graphene capsule/horseradish peroxidase H2O2 0.01–12 mM 3.3 μM [53]
Prussian blue nanocubes/nitrobenzene/reduced

graphene oxide H2O2 1.2 μM–15.25 mM 0.4 μM [55]

Myoglobin (Mb)/MoS2 nanoparticle/graphene oxide H2O2 - 20 nM [56]
Hemin porphyrin/graphene/gold nanoparticle H2O2 0.3 μM–1.8 mM 0.11 μM [57]
Cobalt ferrite nanoparticles decorated exfoliated

graphene oxide
H2O2

NADH
0.9–900 μM
0.50–100 μM

0.54 μM
0.38 μM [60]

Au-Ag nanoparticles/poly(L-Cysteine)/reduced
graphene oxide

NADH
ethanol

0.083 μM–1.05 mM
0.017 μM–1.845 mM

9.0 nM
5.0 μM [61]

Graphene-pyrroloquinoline quinone NADH 0.32 μM–220 μM 0.16 μM [62]

FeN nanoparticles/nitrogen-doped graphene core-shell NADH 0.4 μM–718 μM 25 nM [63]

Screen-printed graphene
Dopamine

Ascorbic acid
Uric acid

0.5 μM–2000 μM
4.0 μM–4500 μM
0.8 μM–2500 μM

0.12 μM
0.95 μM
0.20 μM

[52]

Nickel and copper oxides-decorated graphene Dopamine 0.5 μM–20 μM 0.17 μM [64]
Molecularly imprinted polymer modified

graphene/carbon nanotube Dopamine 2.0 fM–1.0 pM 667 aM [65]

Gold nanoparticle-anchored nitrogen-doped graphene Dopamine
glucose

30 nM–48 μM
40 μM–16.1 mM

10 nM
12 μM [66]

Graphene-encapsulated gold nanoparticle glucose 6 μM–28.5 mM 1 μM [67]

Cobalt phthalocyanine–ionic liquid–graphene glucose 0.01–1.3 mM
and 1.3–5.0 mM

0.67 μM [68]

Copper nanoparticle/graphene oxide/single wall
carbon nanotube glucose 1 μM–4.538 mM 0.34 μM [69]

3.2. Nucleic Acid and Protein Sensing

A sensitive and selective nucleic acids (DNA/ribonucleic acid, RNA) sensor is in high demand for
the diagnosing gene-related diseases. DNA sensors also referred to as geno-sensors, are an analytical
system, which integrates a sequence-specific probe on a transducer. Thus, the immobilization of
DNA strands greatly influences the performance of the electrochemical DNA sensor. In this manner,
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graphene and its derivatives provide an excellent avenue to develop electrochemical DNA sensor.
Hu et al. utilized GO as a DNA probe immobilization layer for electrochemical detection of HIV-1 gene
fragment [70]. First, GO is anchored on diazonium functionalized electrode surface via electrostatic
attraction, hydrogen bonding or epoxy ring opening. The π-π stacking interaction between the aromatic
ring of GO and DNA base ring facilitated DNA immobilization, and impedance measurement was
used for the quantitative detection of HIV-1 gene fragment up to 0.11 pM. Moreover, Akhavan et al.
developed a graphene nanowall structure and showed an extremely high response to single-strain
DNA towards single-strain DNA electrochemical sensing. As a result, they have observed a unique
response signal from each kind of basic group through DPV measurement (Figure 3) [71].

 
Figure 3. (a) Scanning electron microscopy images of the graphene oxide nanowalls deposited on
a graphite rod by using electrophoretic deposition (b,c) Differential pulse voltammetric profiles of
the reduced graphene nanowalls (RGNW), graphene oxide nanowalls (GONW), reduced graphene
nanosheet (RGNS), and graphene oxide nanosheet (GONS) electrodes as compared to the graphite and
glassy carbon (GC) electrodes for detection of (b) the four free bases of DNA (G, A, T, and C) separately,
and (c) equimolar mixture of G, A, T, and C. Reproduced with permission from [71], Copyright
American Chemical Society, 2012.

Although it is clear that nucleic acids can effectively immobilize on the graphene and its
derivatives, many researchers have focused to modify the graphene and its derivatives electrode surface
with various materials to achieve improved performance on electrochemical sensor. For example,
Tiwari et al. electrophoretically deposited graphene oxide modified iron oxide-chitosan hybrid
nanocomposite onto indium tin oxide (ITO) coated glass substrate and utilized for the detection
of a pathogenic Escherichia coli DNA with a detection limit of 10 fM [72]. In addition to the surface
modification, the enzyme was also utilized to improve electrochemical sensor. Esteban-Fernández de
Ávila et al. designed a disposable electrochemical DNA sensor based on carboxymethyl-cellulose-rGO
modified screen-printed carbon electrodes. And HRP was utilized to catalyze the redox mediator,
tetramethylbenzidine (TMB), and the substrate (H2O2) for the detection of the p53 tumor suppressor
gene [73]. Besides, graphene can be also utilized for DNA sequencing. With the presence of nanopore
on the monolayer graphene, detailed electric signals can be sensed when DNA passes the pore
by measuring transverse conductance of DNA. Through this mechanism, Freedman et al. have
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distinguished long and short DNA using nanopores with graphite polyhedral crystal (GPC)-edges
(Figure 4) [74].

Figure 4. (a) Transmission electron microscopy image of the shrunked nanopore with graphite
polyhedral crystal (GPC)-edges sculpted by the irradiation of electron beam (6.2 × 105 electrons/nm2·s)
on to the single layer graphene. Scale bar = 5 nm. (b) Current versus voltage plot for a 5 nm
nanopore (in diameter) having GPC-edges in the 2M KCl condition. (c) Current drop translocation
time scatter plot for double stranded λ-DNA (5 nM concentration, 48.5 kb long) using a 5 nm nanopore
with a GPC-edges at 250 mV [1 M KCl, 10 mM Tris, 1 M ethylenediaminetetraacetic acid (EDTA)].
The mean current drop value was 332 ± 62 pA by the scatter plot. (d–e) Ionic current traces for
single-stranded DNA (25 bases in length) in (d) a 5 nm silicon nitride nanopores (50 nm thick) and
(e) 5 nm graphene nanopores with GPC-edges. (f–h) Detailed characterization of 5 nm graphene
nanopores with GPC-edges for 25 nucleotide-long DNA fragment sensing. (f) The linear increase
in current drop based on applied voltages, (g) The exponential decrease of peak translocation time
based on applied voltages, and (h) Calculated translocation velocity from (e). The velocity of the
25 nucleotide-long DNA fragment in 5 nm graphene nanopores with GPC-edges was 0.35 Å/μs at
100 mV/room temperature, which demonstrates the slower velocity than the silicon nitride pores.
Events were recorded at 100, 125, 150, 175, 200, and 250 mV in 2 M KCl, 10 mM Tris (pH 8), 1 mM
EDTA and 10 nM DNA at room temperature. Reproduced from Reference [74] with permission from
the American Chemical Society.

In parallel, many biological processes can be also monitored by quantification of specific proteins.
Owing to the amphiphilic nature of graphene and its derivate, it provides sufficient active sites
to immobilize these probes, including aptamer and antibody to detect specific proteins as well.
Wen et al. explored hairpin-shaped DNA aptamer as a cognition element for carcinoembryonic
antigen on the gold nanorods functionalized graphene electrode surface [75]. In addition, by targeting
membrane protein of pathogenic microbes, Natarajan et al. successfully developed an immunoassay
for white spot syndrome virus using a methylene blue dye (MB) immobilized graphene oxide
modified glassy carbon electrode (GCE/GO@MB) (Figure 5) [76]. Here, graphene was also utilized
to improve antibody immobilization efficiency and enhance electron transfer, the binding on the
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target produced an enhanced immune-recognition response by the sandwich assay with an enzyme
reaction. As mentioned above, considerable approaches have been made to develop and improve
graphene-based electrochemical DNA and protein sensors. However, the simultaneous detection of
multiple targets in complex biological matrices still remains a major bottleneck for clinical analysis.
The recent researches on graphene-based electrochemical biosensors toward various protein and
nucleic acids are compared in Table 3.

Figure 5. Schematic illustration for the development of electrochemical white spot syndrome virus
immunosensor using a methylene blue dye (MB) immobilized graphene oxide modified glassy carbon
electrode. Reproduced with permission from [76], Copyright Springer Nature, 2017.

Table 3. Comparison of different graphene-based electrode for protein/nucleic acid detection.

Electrode Materials Target Linear Range Detection Limit Ref.

Graphene Oxide/probe DNA HIV-1 gene (cDNA) 1 pM–1 μM 0.11 pM [70]
Reduced graphene nanowalls dsDNA 0.1 fM–10 mM 9.4 zM [71]
Graphene oxide modified iron
Oxide/chitosan/probe DNA

Escherichia coli O157:¨H7 gene
(cDNA) 10 fM–1 μM 10 fM [72]

Screen-printed carbon/reduced graphene
oxide/Carboxy-methyl-cellulose/probe DNA

p53 tumor suppressor gene
(cDNA) 10 nM–0.1 μM 2.9 nM [73]

Nitrogen-doped graphene/Au
nanoparticles/probe DNA multidrug resistance gene 10 fM–100 nM 3.12 fM [77]

Fe3O4 Nanoparticles/reduced graphene oxide HIV-1 gene
(cDNA) 10 aM–100 pM - [78]

Glassy carbon/reduced graphene
oxide/polypyrrole–3–carboxylic acid Breast cancer 1 gene 1 pM–0.1 μM 0.3 pM [79]

Gold nanorods/graphene/ hairpin-shaped
DNA aptamer Carcinoembryonic antigen 5 pg·mL−1–50 ng·mL−1 1.5 pg·mL−1 [75]

Graphene quantum dot-ionic
liquid-nafion/hairpin aptamer Carcinoembryonic antigen 0.5 fg·mL−1–0.5 ng mL−1 0.34 fg·mL−1 [80]

Graphene/glassy carbon/aptamer Carcinoembryonic antigen 80 ag·mL−1–950 fg·mL−1 80 ag·mL−1 [81]
Glassy carbon/graphene oxide methylene

blue/Antibody White spot syndrome virus 1.36 × 10−3–107 copies·μL−1 103 copies·μL−1 [76]

Graphene-wrapped copper oxide/cysteine E. coli O157:H7 10 CFU·mL−1–108 CFU·mL−1 3.8 CFU·mL−1 [82]
Gold/reduced graphene
oxide/polyethylenimine E. coli 10 CFU·mL−1–104 CFU·mL−1 10 CFU·mL−1 [83]
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3.3. Live Cell-based Sensing

Owing to their excellent biocompatibility, solubility, and unique interactions with specific
molecules, graphene, and its derivatives has been also utilized to detect a response from the
biological process of living cells. For example, effective and accurate characterization of H2O2

concentration in a living cell is critical to achieving the normal physiological activities of cells.
Wu et al. integrated nitrogen-doped graphene to monitor H2O2 release process from live cells through
improved electrocatalytic activity [84]. After the injection of phorbol 12-myristate-13-acetate to induce
H2O2 generation in the neutrophil cells, the rapid increase of amperometric response was able to be
observed, which indicates a large amount of H2O2 release from the cells. Sun et al., also reported
a graphene/Intermetallic platinum/lead (Pt/Pb) nanoplates composites for sensing H2O2 release
from live macrophage cells (Raw 264.7) (Figure 6) [85]. Through the high-density of electrocatalytic
active sites on the unique PtPb nanoplates and the synergistic effect with graphene contributed for
outstanding electroanalytical performance. The proposed construct showed 12.7 times higher redox
signals than that of commercial Pt/Carbon electrode and able to detect H2O2 with a wide linear
detection range of 2 nM to 2.5 mM. Zhang et al. also proposed a way to monitor H2O2 secretion
from viable cells with a freestanding nanohybrid paper electrode composed of 3D ionic liquid (IL)
functionalized graphene framework (GF) decorated by gold nanoflowers [86]. The gold nanoflower
modified IL–GF was synthesized by a dopamine-assisted one-pot self-assembly method. The resultant
nanohybrid paper electrode exhibits good non-enzymatic electrochemical sensing performance toward
H2O2. Through the real-time tracking of H2O2 release from different breast cells attached to the paper
electrode allow to distinguish the normal breast cell line HBL-100 from the cancer breast cell line
MDA-MB-231 and MCF-7 cells. Liu et al. utilized HRP on a porous graphene electrode to monitor the
H2O2 release from living cells [87]. A simple method based on silver nanoparticles etching process was
proposed to prepare porous graphene network. Owing to the versatile porous structure, the analysis
performance was significantly improved by loading large amounts of enzyme and accelerating
diffusion rate. A significant low detection limit of 0.0267 nM and wider linear range of 7 orders
of magnitude were achieved. A rat adrenal medulla pheochromocytoma cell line PC12 was chosen as a
model cancer cell, and H2O2 release was monitored within AA stimulation. In a similar manner, Li et al.
monitored nitric oxide (NO) by developing a new 3D hydrogel composite via in situ reductions of Au3+

on three-dimensional graphene hydrogel [88]. The developed sensor showed improved electrochemical
performance compare to pure gold nanoparticles, pure graphene, 3D graphene hydrogels, and gold
nanoparticle-graphene hybrids. A linear relation was obtained for 0.05–0.4 mM of NO. Two different
normal and cancer skin cell was stimulated with Ach, and concentration-dependent signal increments
were analyzed.

Figure 6. (a) Transmission electron microscopy image of PtPb nanoplates. (b) Chronoamperometric
curves of the graphene/Intermetallic PtPb nanoplates composite (PtPb/G) electrode with the successive
addition of 0.1 mM H2O2, 1 mM Uric Acid (UA), 1 mM L-Cysteine, 1 mM ascorbic acid (AA), and 1 mM
glucose at a constant potential at −0.2 V. (c) Amperometric responses of the PtPb/G electrode to
the addition of N-formyl methionyl-leucyl-phenylalanine (fMLP) with and without Raw 264.7 cells.
Reproduced with permission from [85], Copyright American Chemical Society, 2017.
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Differently, Lee et al., utilized graphene-Au hybrid nanoelectrode array (NEAs) to monitor stem
differentiation in a non-destructive real-time manner (Figure 7) [89]. Typically, unique multifunctional
graphene-Au hybrid NEAs were fabricated via laser interference lithography and physical vapor
deposition methods. Followed by surface modification with reduced graphene oxide. The presence of
reduced graphene oxide enhanced the cell adhesion and spreading without functionalization with
any extracellular matrix proteins, which could work as an insulator and diminish ET between the
electrode and electroactive molecules. Owing to the excellent biocompatibility and electrochemical
performance of graphene-Au hybrid NEAs, the osteogenic differentiation of human mesenchymal
stem cell was successfully monitored through an alkaline phosphatase (ALP)-based enzymatic reaction.
During the osteogenesis, ALP expression level is known to be sequentially increased. P-aminophenyl
phosphate (PAPP) were introduced to cell prior to electrochemical monitoring, the ALP expressed on
the cell catalytically hydrolyzed the PAPP to produce electroactive p-aminophenol (PAP), and the redox
reaction between PAP and Quinone imine (QI) was monitored by cyclic voltammogram. Through
this mechanism, the osteogenic differentiation of human mesenchymal stem cell was successfully
monitored in both non-destructive and real-time manner. Although, stem cell therapy has arisen as a
promising method in the field of biomedicine owing to their unique ability to differentiate into multiple
cell lineages [90], necessary required destructive analysis process, such as cell lysis and cell fixation
were one of a critical limiting factor for further clinical applications. Such a novel electrochemical
detection method proposed by graphene-Au hybrid NEAs could be a breakthrough in the preclinical
investigation of differentiated stem cells. Consequently, this kind of work is expected to be highly
potential to advance stem cell differentiation assays by providing a practical, non-destructive, real-time
monitoring tool. The recent researches on graphene-based electrochemical biosensors toward various
live cell-based sensing strategies are compared in Table 4.

Table 4. Comparison of different graphene-based electrode for live cell-based detection.

Electrode Materials Target Linear Range Detection Limit Ref.

Nitrogen doped graphene H2O2 0.5 μM–1.2 mM 0.05 μM [84]
Graphene/PtPb-nanoplate H2O2 2 nM–2516 μM 2 nM [85]

Gold nanoflowers modified ionic liquid
functionalized graphene framework H2O2 0.5 μM–2.3 mM 100 nM [86]

HRP supported Porous graphene H2O2 2.77 μM –835 μM 26.7 pM [87]
Graphene-Pt nanocomposites H2O2 0.5 μM–0.475 mM 0.2 μM [91]

GNP deposited 3D graphene hydrogel NO 200 nM –6 μM 9 nM [88]
GNP/calf thymus DNA/nitrogen-doped graphene NO 2 nM–500 nM 0.8 nM [92]

Iron phthalocyanine decorated nitrogen-doped
graphene on ITO NO 0.18 μM–400 μM 0.18 μM [93]

3-aminophenylboronic acid functionalized
graphene foam network H2S 0.2 μM–10 μM 50 nM [94]

Dendritic Pt nanoparticles decorated freestanding
graphene paper DA 87 nM–100μM 5 nM [95]

Zn-NiAl layered double hydroxide on reduced
graphene oxide DA 1 nM–1 μM 0.1 nM [96]

Aryldiazonium Salts and GNP decorated reduced
graphene oxide TNF-α 0.1–150 pg·mL−1 0.1 pg·mL−1 [97]

Graphene-Au hybrid nanoelectrode array ALP 0.1–10 unit·mL−1 0.03 unit·mL−1 [89]
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Figure 7. (a) Schematic illustration of alkaline phosphatase (ALP) based enzymatic reaction and
electrochemical sensing mechanism on the 3D surface in graphene-Au hybrid nanoelectrode arrays
(NEAs) compared to 2D flat ITO surface. (b) Improved voltammetric response of graphene-Au NEAs
compares to bare ITO substrate, rGO-coated ITO substrate, and Au NEAs. (c,d) Cyclic voltammogram
and Anodic peak (oxidation potential: IPA) value of P-aminophenyl phosphate (PAPP) on graphene-Au
NEAs before and after enzyme reaction with ALP. (e) The linear correlations between concentrations of
ALP and the current signal at IPA. (f) Schematic illustration of electrochemical signal change between
undifferentiated hMSCs and differentiated osteocyte based on ALP generation. (g) Cyclic voltammetry,
and (h) calculated IPC values from time-dependent monitoring during osteogenesis of hMSCs (range
from D1 to D21). Reproduced with permission from [89], Copyright John Wiley and Sons.

4. Conclusions and Future Outlook

It is evident that the exceptional physicochemical properties of graphene and its derivatives
make them compelling for various electrochemical biosensor applications. The development and
wide application of the electrochemical sensing based on these materials were hindered by the lack
of facile and reproducible synthesis method of these materials with defined properties. In order
to make it compatible to develop various electrochemical sensors, numerous efforts have been
devoted to controllable and scalable production of graphene and its derivatives. Mechanical
exfoliation method was first used to obtain graphene; however, the poor controllability and low
production were the limiting factors. To achieve scalable production, LPE based methods were
developed to obtain a dispersed solution of these materials and its products has been the most
widely utilized for the electrochemical biosensors. More or less, recently CVD method was also
adopted to synthesize graphene with controllable properties; however, limited scale production
of graphene and its derivatives still hinders its applications. For example, various oxygenated
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surface functional groups provide a relatively high surface area, while it inhibits the performance
of electrochemical biosensor as an insulator. Thus, a novel synthesis method which can consistently
produce graphene and its derivatives with defined properties (high quality) in a large scale (high yield)
and cost-effective manner is still required for future commercialization of graphene and its derivatives
based electrochemical biosensors.

During the past years, many different strategies have been also explored to develop novel
graphene and its derivatives based electrochemical biosensors for analyzing bio/chemical molecules.
It is clear that the optimization through the selection of a suitable surface functionalization method still
needs to be revealed, in order to develop a highly effective and reproducible electrochemical biosensors.
In addition, the combination with functional materials, such as ionic liquids, nanomaterials and
polymers, have provided numerous choices to take the synergistic effect to enhance the electroanalytical
performances. However, designing and finding the appropriate combinatorial structure with
functional materials must be addressed for each biomolecule to maximize the performance of
electrochemical biosensors. Although extensive studies have been made to design and fabricate
novel electrochemical biosensors, long-term stability of combinatorial structure and functionalized
surfaces (with receptor), in complexed real sample matrices, should be considered. Real biological
fluids, such as blood and plasma, always contain various molecules and ions which can cause the
interference through nonspecific binding events and undermine the performance of electrochemical
biosensors. Furthermore, to adopt graphene and its derivatives for recently arisen in situ live cells
and in vivo sensing strategies, more effort, such as long-term toxicity of graphene and its derivatives,
as well as incorporated functional materials, should be also discovered. Moreover, since graphene
and its derivatives can serve as both the sensing component and transducer, utilization to flexible
electrode and miniaturization in size by forming free-standing structures via self-assembly would be
an excellent approach for developing an implantable (flexible) and portable (lightweight) sensors as
well. However, the lack of a suitable power source is a limiting factor.

In addition, owing to the advantages of specific planar morphology, graphene-like 2D
nanomaterials have attracted significant attention as emerging materials for electrochemical sensor
approaches. Taking the advantages of diverse composition and structural effect, graphene-like 2D
nanomaterials also have promoted great efforts to improve the performance of electrochemical
biosensors. Similar to graphene and its derivatives, the defined synthesis method for high
quality graphene-like 2D nanomaterials with controllable sizes and thickness, as well as tunable
properties, and surface functionalization method is highly desirable for their practical application
to electrochemical biosensor development as well. In witness of their current attention, we also
endeavor that further improvement of graphene and its derivatives, as well as graphene-like
2D nanomaterial-based electrochemical biosensors, will lead to a significant advance in analytic
applications for the highly effective and reliable detection of biomarker and open new avenues in
biological and medical fields.
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Abstract: Graphene, as a typical two-dimensional nanometer material, has shown its unique
application potential in electrical characteristics, thermal properties, and thermoelectric properties
by virtue of its novel electronic structure. The field of traditional material modification mainly
changes or enhances certain properties of materials by mixing a variety of materials (to form a
heterostructure) and doping. For graphene as well, this paper specifically discusses the use of
traditional modification methods to improve graphene’s electrical and thermoelectrical properties.
More deeply, since graphene is an atomic-level thin film material, its shape and edge conformation
(zigzag boundary and armchair boundary) have a great impact on performance. Therefore, this paper
reviews the graphene modification field in recent years. Through the change in the shape of graphene,
the change in the boundary structure configuration, the doping of other atoms, and the formation of
a heterostructure, the electrical, thermal, and thermoelectric properties of graphene change, resulting
in broader applications in more fields. Through studies of graphene’s electrical, thermal, and
thermoelectric properties in recent years, progress has been made not only in experimental testing,
but also in theoretical calculation. These aspects of graphene are reviewed in this paper.

Keywords: graphene; electrical; thermal; thermoelectric; applications

1. Introduction of Graphene

As an ideal two-dimensional (2D) material, graphene has become a popular topic of scientific
research due to its distinctive physical and chemical properties since it was first proposed in 2004 [1–3].
Monolayer graphene has a hexagonal honeycomb structure comprised of the thinnest 2D crystal;
graphene film is only one atom thick [2]. The sp2 hybridization of C atoms also gives graphene
its novel properties. As the basic unit of C-based materials, graphene can form zero-dimensional
fullerenes, curl into one-dimensional C nanotubes, and form graphite by means of AA stacking or AB
stacking; see Figure 1a [2].

Nanomaterials 2019, 9, 218; doi:10.3390/nano9020218 www.mdpi.com/journal/nanomaterials159
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Figure 1. (a) Carbon-based nanomaterials [2]. Copyright 2008, Springer. (b) The planar crystal structure
of graphene: a1 and a2 are the lattice vectors of the unit cell; δ1, δ2, and δ3 are vectors mutually adjacent
to each other [3]. (c) The Brillouin zone (BZ) corresponding to the graphene lattice (b1 and b2 are the
reciprocal space bases; K, M, K’, etc. represent k-space high symmetry points. The coordinate axis is
the k-space basis vector.) [3]. Copyright 2009, American Physical Society. (d) Energy band diagram of
graphene’s hexagonal lattice [4]. Copyright 2009, Springer. Electronic structure of a single layer (e),
symmetric double layer (f), and asymmetric double layer (g) of graphene. The energy bands depend
only on in-plane momentum because the electrons are restricted to motion in a two-dimensional
plane. The Dirac crossing points (marked by a grey cross and square) are at energy ED [5]. Copyright
2006, Science.

Graphene is a transparent conductor that can be used to replace the current liquid crystal display
materials [5]. It is one of the smallest known inorganic nanomaterials, is very strong and hard, and is
100 times stronger than the best steel in the world [6]. The elastic modulus of the theoretical calculations
and experimental measurements are 1.05–1.24 TPa and 1 TPa, respectively [7–9]. The thermal
conductivity (TC) of graphene is up to 5300 Wm−1 K−1 [10]. At room temperature, the carrier
mobility of graphene is as high as 15,000 cm2 V−1 s−1 [2], and its carrier mobility is not affected by
temperatures in the range of 10–100 K, which proves that defect scattering is the main scattering
mechanism of the electrons in graphene [11]. The light absorption of single-layer graphene is only
2.3% [12–14], and it has excellent nonlinear optical properties [15]. Graphene also has exceptional
magnetic and spintronic properties [16].

2. The Crystal Structure and Electronic Structure of Graphene

The ideal graphene is the thinnest two-dimensional crystal (0.35 nm). The bond length between C
and C is 0.142 nm (ac−c). In the crystal structure of graphene, each cell contains two C atoms, A and B.
Carbon atom A and atom B are not equivalent; see Figure 1b. The lattice constant is 2.460 Å [17]. Each
C atom has four valence electrons, three of which form three σ bonds in sp2 orbital hybridization with
neighboring C atoms, respectively, in the graphene plane. This regular hexagonal crystal structure
makes graphene’s planar structure extremely stable. The tensile elastic modulus of graphene is as high
as 1 TPa and the tensile strength is as high as 130 GPa [7–9]. The structure of graphene remains stable
when external forces are applied to it; the other electron in the P orbital contributes to the nonlocalized
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π and π* bonds, which form the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO). The π and π* bonds degenerate at point K in the Brillouin zone (BZ) of
graphene; see Figure 1c. The Fermi surface shrinks to a point, forming a bandwidth-free metal-like
band structure [18–21], which gives graphene extremely high carrier mobility.

Researchers have described the interactions between graphene’s π electrons using a tightly bound
model [3,18,20]:

ε±(kx, ky) = ±γ0

√
1 + 4 cos

√
3kxa
2

cos
kya
2

+ 4 cos2 kya
2

(1)

where the value of a is
√

3ac−c and γ0 is the transfer integral that corresponds to the matrix element
between π orbitals of adjacent carbon atoms, with the magnitude ranging from 2.8 eV to 3.1 eV. The
plus energy of Equation (1) corresponds to the π* band, and the minus energy corresponds to the π

bond, respectively. Figure 1d illustrates the electronic dispersion in the honeycomb lattice, which is
the electronic structure of monolayer graphene. Since the electronic states near the Dirac points (DPs)
are composed of different sublattices, the dual component wave function corresponds to their relative
contributions. The Schrödinger equation corresponding to these electrons is as follows [2]:
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The Fermi group velocity corresponds to vF ≈ 1 × 106ms−1,
⇀
σ corresponds to the Pauli matrix,

and
⇀
k corresponds to the momentum of graphene’s quasiparticles. Figure 1e–g shows the electronic

structures of single-layer graphene and the electronic structure of double-layer graphene in the AA
and AB stacking modes.

Graphene’s unique physical and chemical properties are closely related to its electronic energy
band structure. The energy level distribution of graphene can be calculated based on independent
C atoms and the potential generated by the surrounding C atoms as perturbation. Spread out near
the DPs, the energy is linearly related to the wave vector (similar to the dispersion of photons), and a
singularity occurs at DPs. This means that the effective mass of the electrons in graphene is zero near
the Fermi energy level, which also explains the material’s exceptional electrical properties.

3. Graphene’s Novel Electronic Properties

Graphene’s exclusive crystal and electronic structures give it many novel and inimitable physical
properties, including anomalous quantum hall effects (QHEs) [20,22,23], ambipolar electric field effects
(AEFEs) [24], Klein tunneling (KT) [25,26], and ballistic transport (BT) [27,28]. With further research on
graphene nanomaterials, more electrical characteristics have been discovered and recognized.

3.1. Current Vortices, Electron Viscosity, and Negative Nonlocal Resistance

Electron transport properties are similar to those of viscous fluid in strongly related electronics
systems, known as the quantum critical effect, which is a typical collision-controlled mass transfer
characteristic. However, the study of this phenomenon has been hindered by the lack of macroscopic
features of electron viscosity. Levitov et al. determined the vortex characteristics associated with the
easy verification of the macroscopic mass transfer performance [29–32]. The eddy current generated
by viscous flow can be applied to the field of the opposite driving current, which results in a negative
nonlocal voltage. This suggests that the latter plays an important role in the superconducting zero
resistance viscosity system. In addition to providing a diagnosis of viscous mass transfer from the
ohmic flow, the electrical response of the signal changes, providing a powerful way to directly measure
the viscosity and resistivity ratios. The intense electron hole plasma interaction in high-mobility
graphene provides an exclusive connection between the critical quantum electron transport and many
hydrodynamic phenomena.
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It has been a prominent problem that the zero resistance of the viscous flow is related to
superconductivity. The viscous flow caused by the vortex leads to the unique macroscopic transport
behavior. Levitov et al. predicted that the vorticity of the shear flow with viscosity may cause the
return current [33], which is opposite to the applied field. Figure 2a,b shows a negative signature of the
nonlocal voltage, which provides a clear signature of collective viscosity. The characteristic symbols
associated with this behavior change the spatial pattern of the potential, as shown in Figure 2, which
can be observed directly using modern scanning microscopy techniques [34].

g

 

Figure 2. Current streamlines and potential map for viscous and ohmic flows. White lines show current
streamlines, colors show electrical potential, and arrows show the direction of current. (a) Mechanism
of a negative electrical response: viscous shear flow generates vorticity and a backflow on the side of
the main current path, which leads to charge buildup of the sign opposing the flow and results in a
negative nonlocal voltage. (b) In contrast, ohmic current flows down the potential gradient, producing
a nonlocal voltage in the flow direction. (c) Nonlocal response for different resistivity-to-viscosity
ratios, ρ/η [33]. Copyright 2016, Springer Nature.

Figure 2a,b shows the basic properties of the negative response from the shear flow. The collective
behavior of the viscous system results from the momentum exchange of the fast exchange carrier
while preserving the conservation of net momentum. The momentum is still referred to as a conserved
quantity as it will produce a hydrodynamic momentum transfer mode; that is, the momentum flows
in space, in a transverse diffusion to the source drain current and away from the nominal current
path. As a result of this process, the shear flow is established to produce vorticity and the application
field of the (noncompressible fluid) opposite reflux direction. The direct effect of such a complex and
apparently noncurrent mode on the electrical response produces a reverse electric field acting on the
opposite field driving the source drain current; see Figure 2c. This results in the presence of a negative
nonlocal resistance, even in the presence of quite significant ohmic flow; see Figure 2c.

3.2. Transition Between Electrons and Photos

Graphene’s inimitable electronic properties make it a new infrared frequency domain plasmon
waveguide and terahertz metamaterial [35–49]. By excitation of photons or electrons, the collective
oscillations of electrons on the surface of a conductor is the surface plasmon. When photons and
graphene’s surface plasmon are coupled, they form surface plasmon polaritons (SPPs). As an
alternative to conventional metal plasmon, graphene surface plasmons (GSPs) can be used for optical
metamaterials [40], optical absorption, and optical conversion [41,42].

Researchers have found that when light hits a single layer of graphene, it can slow down by
hundreds of times [48,49]. Researchers have studied the hot carriers located inside graphene, which
form GSPs on graphene’s surface; see Figure 3a. Figure 3b–g shows the test results and analysis of the
experimental results (The GP in the figure stands for graphene plasmon.). Slowing photons (particles
of light) travel through a single layer of graphene much as electrons do through the same material.
Electrons travel very fast in a single layer of graphene, at a million meters per second, about one-third

162



Nanomaterials 2019, 9, 218

the speed of light in a vacuum. The speed of the two particles is close enough to strongly interact.
When the material is adjusted to match the speed of the two particles, graphene slows the speed
of the photons and the rapid movement of the electrons across a graphene surface. This suggests
that graphene can be used to create a possible intrinsic effect, producing light instead of capturing it.
The theoretical research suggests this could generate light by a new way. This conversion is possible
because electrons’ drift velocity in graphene is close to light, breaking the “light barrier” just as shock
waves produce sound when breaking the “sound barrier”. In graphene, this will result in a shock
wave of light on a two-dimensional level.

 

Figure 3. (a) Illustration of the plasmon emission from charge carriers in graphene via a 2D Čerenkov
process. (b) Illustration of the possible transitions. The hot carrier (green dot) has a range of potential
transitions (red arrows) with distinct final states (green curves and circles), emitting plasmons that
satisfy conservation of momentum and energy (corresponding to the height and angle of the red arrows).
In this way, the cone geometry correlates the graphene surface plasmon (GSP) frequency and angle.
The projection of these arrows to a 2D plane predicts the in-plane angle y of the plasmonic emission,
matching the (c) map of GSP emission rate as a function of frequency and angle. (d) Spectrum of the
ČE (Čerenkov effects) GSP emission process of radiation rate. (e) Explaining the GSP emission with the
quantum ČE. The GSP phase velocity is plotted as a red curve, with its thickness presenting the GSP
loss. (f) Illustration of the distribution of hot carriers, which is taken to be an exponential multiplied by
the linear electron density of states in graphene. The exponential decay is (g) eE1/0.01eV with maximum
hot carrier energy of Ei,max = 0.2eV corresponding to (d) [48]. Copyright 2016, Springer Nature.

This new approach may eventually become more efficient and adjustable. Highly efficient and
controllable plasmon generation properties that are compatible with current microchip technology
are a new method of creating core chips for optical circuits, which is a new research direction in the
evolution of computer technology toward smaller and more efficient devices.

3.3. Electron Transport Properties in Nitrogen-Doped Graphene

The presence of impurities, especially charged impurities in a lattice, can affect graphene’s
electrical properties [50–54]. When approaching the DPs, due to the loss of state density, graphene’s
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transport properties are highly sensitive to the scattering of charged impurities. Therefore, physical
and chemical doping of graphene can be used to improve its electrical properties. Among many
dopants, both theories and experiments have shown that an n-doped graphene lattice can realize
n-doping and the carrier can maintain high mobility [55].

High-quality nitrogen-doped graphene is prepared using chemical vapor deposition (CVD)
methods. The spectral line in Figure 4a indicates that there is a characteristic peak at 0 eV, and it was
confirmed that the doped nitrogen was graphitized nitrogen, in which the doping concentration was
2.0%. The doping of nitrogen atoms between graphene lattices was demonstrated using a scanning
tunneling microscope (STM) graph. The white region in Figure 4b represents the location of nitrogen
doping. In the figure, the color was caused by the intervalley scattering in the graphene lattice caused
by single doping. The illustration is the fast Fourier transform (FTF) corresponding to the STM.
In Figure 4c, the peak height of the D peak in the Raman spectrum increased with the increase in
nitrogen doping. The 2D peak indicates that the nitrogen-doped graphene prepared via the experiment
had good crystallization. The diagram is a test sample image. Figure 4d shows the relationship
between the conductivity σ of nitrogen-doped graphene with different doping concentrations and
the grid voltage Vg at temperature (T) = 9 K. Solid lines of different colors represent different doping
concentrations. As shown in the figure, the negative location of the DPs is due to the sample’s n-type
doping characteristics, and as the nitrogen doping concentration increases, the DPs moves toward
negative values. Figure 4e shows the evolution of the charge impurity density with the nitrogen
doping concentration. Figure 4f shows that after the introduction of more scattering centers, carrier
mobility in nitrogen-doped graphene decreases as the nitrogen doping concentration increases.

Figure 4. (a) N 1s core-level XPS (X-ray photoelectron spectroscopy) spectra of an as-formed graphitic
N-doped (2% N atomic concentration) graphene film. (b) Scanning tunneling microscope (STM)
image of an as-formed graphitic N-doped graphene sample (Vbias = −10mV and Iset = 100pA). (c)
Raman spectra of a graphitic N-doped (2% N atomic concentration) graphene film (The letters on each
Raman peak in the figure indicate the vibrational symmetry of the Raman peak.). Transport properties
(conductivity (d), carrier concentration (e) and mobility (f)) of as-formed N-doped graphene films [55].
Copyright 2017, American Chemical Society.

The test results confirmed the electron hole valley scattering asymmetry of the charge transport
property of the nitrogen-doped graphene. Valley electron scattering is much stronger than hole
scattering, and the scattering rate increases with the increase in the nitrogen doping concentration.
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This is because the nitrogen-doped graphene forms a positive center, causing large-angle scattering
for electron transport. Therefore, graphene carrier scattering can be effectively regulated by adding
different amounts of graphene nitrogen to control graphene’s electrical characteristics.

3.4. Strong Current Tolerance

Graphene can also withstand very high currents and quickly balance out missing charges.
Researchers conducted an experiment to prove that the electrons in graphene are extremely mobile and
react very quickly. Collisions of Xe+ with the supercharged charges on graphene films can detach many
electrons from a very precise point [56]. Within a few femtoseconds, graphene can quickly resupply
the electrons. This will lead to the appearance of ultrastrong currents that cannot be sustained under
normal circumstances. These unusual electrical properties make graphene a potential candidate for
future electronic applications.

Researchers used a single xenon ion to travel through the graphene layer, so that each xenon
ion carried approximately 20 electrons through the graphene region. At this point, the C atom
with a missing electron is squeezed out of the graphene, and the location of the missing electron is
immediately replenished by other electrons, which lasts only a matter of femtoseconds. This means
there is a large amount of electron flow in a short period of time; that is, a high density of current is
transmitted on graphene. Figure 5 shows a schematic diagram of the experimental equipment and test
results. Strong currents from areas adjacent to the graphene membrane quickly replenish the electrons
before the positive charges repel each other and cause an explosion. To accomplish this, graphene must
carry a current density approximately 1000 times higher than any material would normally tolerate.
The surrounding current density is 1000 times that of a normally destructible material, but graphene
can withstand these extreme currents with no damage. The movement of extremely high charges on
graphene is of great significance for a range of potential applications, and graphene may be used in
superfast electronics in the future.

Figure 5. Experimental scheme and results. (a) Measured spectra of a Xe30+ beam at kinetic energies of
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135 and 60 keV (blue and red, respectively) transmitted through a freestanding single-layer graphene
(SLG) sheet with different amount of charge injected (qin). Exit charge states qout are calculated from
the spectrometer voltage of the electrostatic analyzer. The exit charge state distribution shifts towards
smaller average exit charge qout for slower ions. (b) Schematic of the interaction process between
freestanding SLG and an approaching highly charged ion (HCI). The HCI extracts a lot of charge from
a very limited area on the femtosecond time scale, leading to a temporary charge-up of the impact
region (q is the amount of electricity, and v is the speed.). (c) Sketch of the experimental setup with
the target holder and electrostatic analyzer. (d) TEM image of a freestanding monolayer of graphene
after irradiation with Xe40+ ions at 180 keV with an applied fluence of 1012 ions per cm2 (about six
impacts on the shown scale). No holes or nanosized topographic defects could be observed. (e) Average
number of captured and stabilized electrons (qin − qout) after transmission of Xeqin+ ions through a
single layer of graphene as a function of the inverse projectile velocity for different incident charge
states [56]. Copyright 2016, Springer Nature.

3.5. Novel Electrical Properties of Graphene/Graphene van der Waals Heterostructure

A van der Waals (VdW) heterostructure is a vertical stack of two-dimensional materials. Based on
the rich functionality of two-dimensional materials, more engineering manipulation can be realized
to obtain unexpected new characteristics. The graphene-based van der Waals heterostructure is
introduced as a substrate from h-BN (hexagonal Boron Nitride). The peculiar physical and chemical
characteristics of the heterogeneous structure have provoked much interest. Of the many VdW
heterostructures based on graphene (graphene/graphene, graphene/h-BN, graphene/MoS2, and
graphene/Si, among others), VdW heterostructures produced by double layers of graphene are
particularly interesting. Because the lattices of the two layers correspond precisely, the physical and
chemical properties are equivalent [57–61]. Novel electrical properties are produced in the superlattices
of graphene/graphene heterostructures [62–64].

Researchers from the Massachusetts Institute of Technology (MIT) have found that the electron
properties of vertically stacked graphene heterostructures are closely related to the arrangement of C
atoms in graphene [62]. The different arrangement of atoms also affects the movement of electrons
between the layers. In general, electrical behavior is dominated by energy, and the energy of electrons
involved in the movement of electrons between atoms within a single layer of graphene is on an
order of magnitude of eV, while the energy involved in the movement of electrons within a double
layer of graphene is on an order of magnitude of several hundred meV. Figure 6 shows a diagram of
experimental equipment and calculation results [62].

 

Figure 6. (a) Schematic diagram of twisted double graphene devices. (b) Moiré superlattice in
graphene/graphene heterostructure. (c) The band structure of the double graphene at an angle of θ =
1.08◦. (d) Mini-BZ in graphene/graphene heterostructure. (e–g) A schematic diagram of overlapping
bands in different energy regions. Localized density of states (LDOS) (h) of heterogeneous structural
regions in different stacking modes(i). [62]. Copyright 2018, Springer Nature.
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For graphene with a highly ordered structure, the electrical properties depend on symmetry.
The MIT researchers created a rotating, twisted, two-layer graphene heterostructure that controls the
electron state of the entire system through interactions between the electrons. The dislocation caused
by rotation misaligns the electron band structure in the graphene layer and increases the single cell
size. Twisted bilayer graphene (TwBLG) produces two new electron states [63,64]. One electronic state
is the Mott insulated body that results from the strong repulsion between the electrons. The other is
the superconducting state that results from the strong attraction between electrons to produce zero
resistance. When the small rotation angle approaches the magic angle (<1.05◦), distortion of the vertical
stack of atoms in the double-layer graphene area will form a narrow electronic band, enhancing the
electronic interaction effect and resulting in a nonconductive Mott insulation state. In a Mott insulation
state, a small charge carrier can be successfully converted into a superconducting state. Figure 7 shows
the test results of superconductivity in a graphene/graphene heterostructure [63].

Figure 7. 2D superconductivity in a graphene superlattice. (a) Schematic of a typical twisted bilayer
graphene (TwBLG) device and four-probe measurement scheme. The stack consists of top h-BN, rotated
graphene bilayers (G1, G2), and bottom h-BN. (b) Measured four-probe resistance (Rxx = Vxx/I) in
two devices M1 and M2, with twist angles θ = 1.16◦ and θ = 1.05◦, respectively. (c) The band structure
of TBG at θ = 1.05◦ in the first mini-Brillouin zone (MBZ) of the superlattices. (d) The density of states
(DOS) corresponding to the bands shown in (c), zoomed in to −10–10 meV. (e) I–V curves for device
M2 measured at n = −1.44 × 1012 cm−2 and various temperatures. At the lowest temperature of 70 mK,
the I–V curve shows a critical current of approximately 50 nA [63]. Copyright 2018, Springer Nature.
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The MIT researchers created TwBLG that controls the electron states of the entire system through
interactions between electrons. The dislocation caused by rotation misaligns the electron band structure
in the graphene layer and increases the single cell size. The study found that in stacked graphene
layers, electrical behavior is very sensitive to the arrangement of atoms, affecting the movement of
electrons between layers.

3.6. The Interaction between Plasmons and Electrons in Graphene

The surface plasmons of 2D nanomaterials have distinctive electrical properties, and applications
such as the interaction between plasmons and electrons and catalytic reactions are also well known,
especially in surface plasmons based on grapheme [65–70].

Cao et al. reported on a plasmon–exciton coupling device [69]. They first prepared
a complementary metal-oxide semiconductor (CMOS)-like device composed of gold dots and
graphene. The device can easily be added to the gate voltage or can inject current into the
device through the source and drain electrodes. They included a series of studies on the electrical
properties of plasma–exciton-coupled devices under different gate voltages and source–drain voltages.
The source–drain bias voltages at different gate voltages were measured before and after the catalyzed
molecules were placed in the center of the device. The source–drain bias increased at the same gate
voltage after the molecules were placed and showed varying bias change behaviors at different gate
voltages; see Figure 8a,b. This occurred because the chemical potential of graphene is regulated by the
gate voltage. Figure 8c,d shows the operation of the device current as the bias voltage changed. First,
the volt–ampere characteristics of the bias voltage and current showed a perfect linear relationship.
Second, the volt–ampere characteristic curve (slope) changed little at different gate voltages when
no molecules were added to the device. When there was no molecule, the gate voltage had little
ability to regulate the chemical potential of graphene. Third, after the device was added to the
molecule, the slope of the volt–ampere characteristic curve was very different, indicating that the
gate voltage had an increased regulation range for the device’s chemical potential. These phenomena
indicate that charge transfer occurs between the molecule and graphene and that the gate voltage also
regulates the charge transfer. This can also be concluded by the relationship between the gate voltage
and conductivity, as shown in Figure 8e,f. Focusing on the relationship between the volt–ampere
characteristic curve and the gate voltage, the gate voltage can be regulated in both positive and
negative directions for charge transfer. This is a very good property for photooxidative reduction
catalysis. Since the oxidation reaction requires holes, the reduction reaction requires electrons. Such
devices provide free holes or electrons for the reaction through different gate voltage controls.

 

Figure 8. Gate- and bias-voltage-dependent electrical current for a device without (a) and with
(b) addition of molecules; (c,d) the current varies with bias voltage at different gate voltages; (e,f)
gate-voltage-dependent conductance for a device without and with molecules, where VBias = 0.1 V [69].
Copyright 2017, Wiley.
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4. The Thermal and Thermoelectric Properties of Graphene

4.1. The Thermal Conductivity (TC) Measurement of Graphene

In 2008, researchers used confocal micro-Raman spectroscopy to measure the heat transport of
suspended graphene nanoribbons [71,72]. They found that the thermal conductivity (κ, TC) of SLG
reached 3500–5300 W/mK, and the mean free path of the phonons was 775 nm at room temperature [71].
The device is shown in Figure 9a. The experimental results confirmed that the heat transfer of graphene
mainly comes from the phonon contribution. The same study was conducted again in 2011. To be
immune to air heat transfer, researchers measured suspended graphene at the pore size of 2.9–9.7 μm
in a vacuum environment to eliminate the loss of ambient air heat. Figure 9b shows the device.
The TC of graphene was measured up to (2.6 ± 0.9)–(3.1 ± 1.0) × 103 Wm−1 K−1 at a temperature of
350 K. The experimental device configuration is shown in Figure 9b near the TC of graphene up to
(2.6 ± 0.9)–(3.1 ± 1.0) × 103 Wm−1 K−1 [72].

Figure 9. The thermal conductivity (TC) of graphene. (a) Schematic of the experiment showing the
excitation laser light focused on a graphene layer suspended across a trench [71]. Copyright 2008,
American Chemical Society. (b) Schematic of the experimental setup for thermal transport measurement
of suspended graphene [72]. (c) Thermal conductivity of the suspended chemical vapor-deposited
(CVD) graphene as a function of the measured temperature of the graphene monolayer suspended in a
vacuum over holes of various diameters [72]. Copyright 2011, American Chemical Society. (d) SEM
image of the suspended device, the central beam, and the folded edge of the SLG ribbon near the
right electrode. (e) Measured thermal conductance of G2 before (solid downward triangles) and after
(unfilled upward triangles) the SLG was etched, with the difference being the contribution from the
SLG (circles). (f) The relation diagram of thermal conductivity of different samples with temperature
change [73]. Copyright 2010, Science.

The phonon transmission mode and scattering mechanism of graphene’s thermal conductivity
have a significant impact. Numerous studies have shown that the substrate of graphene has an
unavoidable effect on its thermal conductivity. After the two-dimensional material contacts the
substrate, the thermal conductivity normally decreases significantly after the two-dimensional material
contacts the substrate because the thermal conduction is mainly determined by the phonon conduction.
When the graphene comes into contact with the substrate [73–75], the surface or edge of the graphene
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is very sensitive. In 2010, researchers measured the TC of graphene deposited on silica substrates
and found that it had been reduced due to scattering at the substrate interface, but it still reached
1000 Wm−1 K−1 [73]. Figure 9c shows the thermal conductivity of the suspended CVD graphene as a
function of the measured temperature of the graphene monolayer suspended in a vacuum over holes
of various diameters. Figure 9d shows a STM representation of the graphene sample. The thermal
properties of graphene nanostructures may play a very important role in future nanodevices. Figure 9e
shows a comparison between the thermal conductivity of graphene before and after etching and that
of single-layer graphene. Figure 9f shows the relation diagram of thermal conductivity of different
samples with temperature changes.

It is apparent from the measurement of the thermal conductivity of graphene that all factors, such
as the shape and thickness, affect graphene’s thermal conductivity. In general, the size of the graphene
in the heat transfer direction is positively correlated with the thermal conductivity. In general, the larger
the linear size of graphene, the higher the thermal conductivity; when graphene is on the substrate,
the substrate has a great influence on the thermal conductivity. This is because the interaction between
the graphene and the substrate leads to changes in the graphene’s lattice constant. The temperature
also affects the magnitude of the TC.

4.2. Length-Dependent and Temperature-Dependent TC of Graphene

Based on the relationship between the TC and length, researchers also specifically analyzed the
relationship between the TC and the temperature [75]. The results indicate that all of the graphene
nanoribbons exhibit the same properties as the temperature. Thermal conductance (σ) adds to
the platform as the temperature increases. The TC (κ) increases with the length of the graphene
nanoribbons over the entire temperature range.

Earlier sections of this article cited examples of theoretical calculations for the TC of graphene [76].
However, the role of graphene in the ZA mode during heat transfer remains controversial. In particular,
the solution to the Peierls–Boltzmann equation shows that the ZA mode is the main heat carrier for
graphene transport and has a strong dimensional dependence [77–79]. Research conducted through
experimental data and nonequilibrium molecular dynamics (NEMD) simulation resulted in the perfect
combination [80,81]. Figure 10c shows the relationship between the TC (κ) and the length (L) [75].
The value of κ increased with the increase in L at a temperature of 300 K. The temperature did not
saturate in the longest L = 9 μm of graphene. k was proportional to logL at L > 700 nm. This is because
the length of graphene is comparable to the phonon mean free path. The researchers also observed
that the size far exceeded the ballistic length at 1000 K and at 300 K; see Figure 10d. After comparing
the different aspect ratios of the graphene nanoribbons, their simulated results agree with Figure 10d.
The relationship between the TC and the length of the single-layer graphene nanoribbons has been
revealed experimentally.

 

d 

Figure 10. (a) The variation in the thermal conductance (σ) of a graphene nanoribbon with temperature
(T) over a length of 9 μm to 300 nm. (b) Image of the TC (κ) with length (L) at temperatures of 120 K
and 300 K. Rtotal is the thermal contact thermal resistance. Experimental (c) and various simulation
methods (d) results on length-dependent thermal conductivity [76]. Copyright 2014, Springer Nature.
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The researchers used experimental measurements and nonequilibrium molecular dynamics
to simulate the thermal conduction of a single layer of suspended graphene as a function of the
temperature and sample length. Different from bulk materials, the thermal conductivity continues
to increase at 300 K. Although the length of the sample is much larger than the mean free path of the
phonons, the thermal conductivity remains logarithmically discrete with the length of the sample.
This is the result of the two-dimensional properties of phonons in graphene, which provides a basis
for understanding heat transfer in two-dimensional materials.

4.3. Influence of Boundary or Configuration on Thermal Property and Thermal Rectification Effect

Many theoretical studies and experiments have shown that the different boundaries and
configurations of graphene nanoribbons have a certain impact on the TC [82–93].

The TC of zigzag-type graphene nanoribbons is 30% higher than that of armchair-type graphene
nanoribbons at room temperature, indicating obvious heat transport anisotropy [82]. Figure 11a,b
demonstrates that the heat flux of Y-type graphene nanoribbons studied via molecular dynamic
(MD) simulation shows a significant thermal rectification effect. Moreover, the bilayer Y-type
nanoribbons can achieve a larger rectification ratio due to the interaction between the layers than the
single-layered Y-type nanoribbons, thus providing a theoretical basis for the thermal management of
nanoelectronics [84]. Figure 11c shows the phonon properties of three-terminal graphene nanojunctions
(GNJs) [85]. This study demonstrates that the transport direction of the heat flux moves along the
narrow end to the wide end and produces an obvious ballistic thermal rectification effect. The thermal
rectification ratio of 200% is dependent on the asymmetry of the nanojunction, indicating excellent
ballistic heat transport properties, making the preparation of nanodevices possible.

 
Figure 11. (a) Heat flux (J) versus Δ; (b) Rectifications versus Δ for the single-layer graphene Y
junctions [84]. Copyright 2011, Royal Society of Chemistry. (c) The rectification ratio R versus the side
height of corner NL/R

H for the two types of asymmetric three-terminal graphene nanojunctions (TGNJs)
with armchair-edged corners [85]. Copyright 2011, American Physical Society.

4.4. The Effect of Atomic Edge Variation and Size Change on TC

Using the nonequilibrium green function (NEGF) method combined with first-principles
calculations, researchers revealed the influence of the edge atom position on the TC of graphene
nanoribbons [94]. Figure 12a,b presents the results of this study. When the width of the nanoribbons is
n > 12, the TC possesses obvious quantization characteristics and is independent of the nanoribbon
width. When the nanoribbon width is 2 < n < 12, due to the obvious boundary effect of the nanoribbons,
the quantum heat transport is destroyed.

Another theoretical simulation revealed the dependence of the TC on the length of
graphene [95]. Researchers simulated the relationship between the TC and the lateral dimension
of graphene nanoribbons and again revealed the mean free path of acoustic phonons and the
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nonmonotonic dependence of the nanoribbon length L. Moreover, past studies reported that the
bulk three-dimensional phonons in graphene greatly contribute to the TC in the graphene plane.
Figure 12c shows the results.

 
Figure 12. (a) Transport properties of graphene nanoribbons (GNRs) with width n = 2 and n = 4.
Dotted curve corresponds to the case for the relaxed structure (RS) of GNR-4 and the dashed curve
corresponds to the case for the perfect structure (PS) of GNR-4. Full circles represent the configuration
of the perfect GNR-4. Circles with and without “+” represent two configurations after relaxation. (b)
Thermal conductance of the sandwiched device versus temperature for different numbers of cells Nc in
the central region. For comparison, the solid line corresponds to the conductance of a GNR-2 of infinite
length [94]. Copyright 2009, American Physical Society. (c) Dependence of the thermal conductivity
of the rectangular graphene ribbon on the ribbon length L shown for different ribbon width d. The
specular parameter is fixed at p = 0.9 [95]. Copyright 2012, American Chemical Society.

Many theoretical calculations and experiments have revealed that graphene’s TC can be changed
through the hybridization of grapheme [96], adsorption of metal atoms [96,97], gradient surface
hydrogenation [76,98], grain size engineering [99], fluorination [100], carbon isotope doping [101],
vacancies and defects engineering [102,103], and so on.

4.5. The Thermoelectric Properties of Graphene

The performance of thermoelectric materials is generally measured by the thermoelectric optimal
value ZT (the thermoelectric figure of merit) [58,104]:

ZT = σS2T/(κe, κph) (3)

where σ is the electronic conductivity, S is the Seebeck coefficient, κe and κph are the electronic thermal
conductance and phonon thermal conductance, respectively, and T is the average temperature of the
device. The formula indicates that the higher the ZT, the higher the conversion efficiency between the
device’s thermal energy and electric energy. Outstanding thermoelectric materials must have higher
Seebeck coefficients, good electrical conductivity, and very low thermal conductivity. Therefore, it
has become a focus of research to identify thermoelectric materials with higher Seebeck coefficient,
improve their electronic conductivity, and reduce their thermal conductivity [105–107].

4.5.1. Thermoelectric Properties in Graphene Nanoribbons (GNRs)

Thermoelectric conversion is currently a popular field of research. Researchers studied the ballistic
thermoelectric properties of graphene nanoribbon-based heterojunctions [106]. The results reveal
that the binding structure affects the transport of electrons, whereas the fluctuations in electrons are
strongly enhanced by the thermoelectric power. The first four panels in Figure 13 show the ZT at
T = 300 K and the ZT at T = 100 K for two different graphene edge heterojunctions. The calculation
of the ballistic thermoelectric properties based on graphene nanoribbons heterostructures using the
nonequilibrium green function and the Landau transport theory provides a method for understanding
the thermoelectric properties of graphene. The phonon heat conduction under the influence of
different heterostructures was basically similar, but the influence of the heterostructure geometry and
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geometric details on electron transport was substantial, and the change in the electronic transport
greatly enhanced the thermoelectric properties. These parameters further improve the thermoelectric
properties of nanomaterials.

 
Figure 13. The figure of merit ZT at the two different temperatures of 100 K and 300 K in (a,b) for
armchair edge junctions and (c,d) for zigzag edge junctions. Thermal current (left vertical axis) and
average temperature (right vertical axis) vs. temperature difference ΔT [106]. Copyright 2012, American
Physical Society. The dashed boxes highlight negative differential thermal conductance (NDTC) in (e).
The inset shows the structure of the GNR (1.5 nm × 6 nm). (f) Thermal current (left vertical axis) and
average temperature (right vertical axis) vs. temperature difference ΔT in triangular GNRs is shown in
the inset. The dashed box highlights NDTC [107]. Copyright 2011, American Physical Society.

The nonlinear thermoelectric properties of triangular graphene nanoribbons at the armchair
boundaries of armchair-GNR (AGNR) and zigzag-GNR (ZGNR) were also modeled by MD [107].
Researchers observed that negative differential thermal conductance (NDTC) appeared in the system
when GNRs had large temperature deviations and beyond the range of the linear influence, and the
NDTC could be controlled by the temperature. For rectangular GNRs, as the GNR length increases, the
NDTC gradually decreases and eventually disappears; see Figure 13e. For triangular GNRs, the NDTC
only exists when heat flows from the narrow end to the wide end; see Figure 13f. These results provide
theoretical basis for the thermal management and thermal signal processing of nanomaterials.

4.5.2. Thermoelectric Spin Voltage (TSV) in Graphene

Spin-dependent thermal effects, or the interaction between spin and thermal current, have been
demonstrated in ferromagnetic materials, and the spin Seebeck effect is one of the most interesting
phenomena [16,108–112].

The spin current caused by the thermal gradient has been detected by the inverse spin
Hall effect [113–115]. Graphene, by virtue of its highly efficient spin transmission [116–118],
energy-dependent carrier mobility, and novel density of states [3,119], has become the focus material
in this direction.

SMott =
π2k2

BT
3e

•d ln R
dμ |μ=μF

(4)

where kB is the Boltzmann constant, R is the resistance and μF is Fermi energy.
Researchers prepared graphene-based detection devices and measured their properties and

spin thermoelectric parameters. The results show that the thermal gradient of the carriers in a
graphene-based transverse spin valve can lead to increased spin voltage in areas near the graphene
charge neutrality point (CNP). Similar to the thermal voltage in a thermocouple, the effect caused
by the thermoelectric spin voltage can be enhanced by the thermal carrier generated by applying
the current [120–123]. These results and research methods such as maintaining the purity of the spin
signals through the thermal gradient and adjusting the remote spin accumulation by changing the spin
injection bias voltage are very important for driving graphene-based spin electronic devices through
thermal spin.
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Figure 14a shows the experimental device, which consists of two graphene nanosheets
(GNs) [124]. Different carrier concentrations on the GNs lead to varying Seebeck coefficients S1

and S2. The temperature difference ΔT on both sides of the nanosheets leads to thermoelectric voltage
versus (Vs = V+

s − V−
s = −(S2 − S1)ΔT), which is caused by the temperature gradient ΔT. When the

carrier concentrations n1 = −n2, VS = δμ/e. Figure 14b demonstrates that nonlocal spin resistance
RNL changes slightly with the magnetic induction curve when the carrier concentration is n = −2
× 1011 cm−1 and the electrode current is Idc = 0 (black line) and Idc = 50 μA (red line), respectively.
Figure 14b clearly indicates that the ferromagnetic property of the system switches (the blue arrow is
the relative direction of the ferromagnetic magnetization) when the magnetic induction intensity is at
B1 = 30 and B2 = 40. Figure 14c,d demonstrates the characteristics of the device. Figure 14e,f shows the
qualitative representation of S (a) and its derivative dS/dn (b) about the CNP.

Figure 14. (a) Schematic of the test device. (b) Nonlocal spin resistance RNL versus magnetic field B
along the magnetization of the electrodes for Idc = 0 (black line) and Idc = 50 μA (red line). Blue arrows
show the relative direction of the ferromagnetic magnetization. (c) Comparison between the Mott
Seebeck coefficient SMott versus carrier density n (blue line and left axis) obtained from the graphene
square resistance R at room temperature and the quadratic fitting coefficient Σ versus n. Modelling
and roles of the Seebeck coefficient and the spin accumulation in (e,f), with qualitative representation
of S (a) and its derivative dS/dn (b) about the CNP [124]. Copyright 2018, Springer Nature.

5. The Recent Applications in Electronic and Thermal Properties of Graphene

The novel electrical and thermal properties of graphene have been gradually recognized, and more
applications are being widely used in photoelectric and thermoelectric devices.

5.1. Highly Efficient Thermal Conductivity Composite Film and Flexible Lateral Heat Spreaders

Polymer composite materials are ideal for horizontal heat dissipation in electronic equipment.
Researchers have prepared polymer composites with highly efficient TC [125–129].

Ding et al. produced a graphene–nanocellulose composite film using vacuum-assisted
self-assembly (VASA). The highly crystalline nanofibers driven by natural forces are conducive to the
formation of thermal conduction paths; see Figure 15a [125]. Graphene’s orientation was analyzed
using effective medium approximation (EMA) to improve the TC of the composite. They changed
the TC of the film by changing the defects of graphene; see Figure 15b. Through the qualitative
and quantitative characterization of graphene’s defects, the increase in the defects makes the TC
decrease [126]. They fabricated composite films with high in-plane TC and thermal anisotropy using
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layer-by-layer assembly (LBL). The results show that when the content of graphene is reduced to
1.9 wt %, the in-plane TC of the composite film reaches 12.48 Wm−1 K−1 and the anisotropy coefficient
is 279; see Figure 15c [127]. Composite films have great research and application potential in various
fields due to their excellent TC preparation and adjustment methods. Figure 15d shows the TC of a
composite film prepared by another group of researchers [128].

 

Figure 15. (A) Effect of graphene sheet orientation on theoretical heat transfer calculated by effective
medium approximation (EMA) [125]. Copyright 2015, Royal Society of Chemistry. (B) The relationship
between defects and thermal conductivity of graphene [126]. Copyright 2017, Elsevier. (C) The test
results of thermal conductivity of a composite film [127]. Copyright 2017, American Chemical Society.
(D) The thermal and electrical conductivity of debris-free graphene films (df-GFs) annealed at different
temperatures [128]. Copyright 2018, Wiley.

5.2. Thermal Conductance Modulator

Based on graphene’s robust TC and strength, a graphene nanoribbon-based TC modulator was
developed in 2011 [130]. By changing the geometry of the graphene nanoribbons, the researchers were
able to control and reverse the thermal conductance. This regulation can alter the conductance of
unfolded graphene nanoribbons by up to 40%, as shown in Figure 16a,b. At this point, the folding angle
of the GNRs exhibits a linear relationship with the conductivity and changes with the distance between
the graphene layers. This thermal device has potential for use in phonon circuits and nanoscale
thermal management.

Another interesting study was based on the 3D graphene structure of a curved fold that was
transformed by planar graphene [131]. The distinctive properties of self-folding 3D graphene using
multiscale molecular dynamics models have been revealed, making it possible to encapsulate cells or
construct folded transistors; Figure 16c,d shows the results of this experiment.
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Figure 16. (a) σF/σP versus θ for the A-FGNR-α with CL(center region length) = 15 at T = 300 K.
The inset shows the different θ values belonging to σF/σP versus CL [130]. Copyright 2011, American
Physical Society. (b) The ΔP versus θ for the A-FGNR-α at different values of CL. (c) The optical images
and circuit diagrams of graphene field-effect transistors (FETs); flat (top) and folded (bottom). (d) The
transfer curves of the functionalized graphene FETs as a function of back-gate voltage in the flat (black
line) and folded (red line) states [131]. Copyright 2017, Science.

5.3. Graphene Microheaters Based on Slow-Light-Enhanced Energy Efficiency

With high TC, graphene absorbs only 2.3% of light, which indicates that it is almost transparent.
Based on these two properties, graphene is the best alternative to traditional metal thermometers.
Graphene as a thermal microheater can be closely attached to the surface of an optical waveguide
without considering the loss of graphene due to light absorption [132], while graphene’s high TC can
quickly transfer heat to the optical waveguide, thereby enhancing the speed regulation.

Figure 17a,b demonstrates graphene microheaters based on slow light enhancement by placing
graphene on a photonic crystal waveguide with the light propagation speed reduced to 1/30 of the
vacuum. The effective heating length of the optical signal is greatly increased, thus reducing the energy
loss of the optical signal. Figure 17c shows the results of a graphene thermal microheater. The thermal
regulation efficiency of the device is as high as 1.07 nm·mW−1, which is nearly double that of traditional
devices. The energy consumption of the optical signal reaching 2P phase shift is 3.99 mW, which is
lower than that of traditional metal thermal heaters. The optical signal switching speed is 550 ns,
which is three orders of magnitude faster than traditional metal thermal microheaters and is far from
that of the fastest regulated nanothermal microheater; see Figure 17d,e. The comprehensive evaluation
index of the device is 2.5413 mW, which is 30 times higher than the comprehensive evaluation index of
the best nanothermal microheater. This study is expected to be widely used in integrated phased array
radar systems and optical arbitrary waveform generators.
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Figure 17. (A) Schematic of the slow-light-enhanced graphene heater. (B) False-color scanning electron
microscope image of the slow-light-enhanced graphene heater. (C) Measured resonance shifts for the
interference dips at 1525.12 nm (blue) and 1533.71 nm (red) as functions of the applied heating power.
(D) Driving electrical signal and (E) corresponding temporal response signal [132]. Copyright 2017,
Springer Nature.

5.4. Hybrid Graphene Tunneling Photoconductor

Composite photodetectors formed using highly efficient optical materials (such as quantum dots,
carbon nanotubes, etc.) and graphene have attracted extensive attention. The photogenerated carriers
in the absorbent materials can be effectively transferred to the graphene channel with high mobility to
achieve superhigh light response gain [133–138]. However, due to a large number of trap states at the
interface between the absorbent materials and the graphene, this type of photodetector is usually slow
in response, which restricts its use in high-frequency applications.

Based on graphene/Si hybrid photodetectors, researchers inserted single-layer MoS2 between
graphene and silicon to improve the performance of the photoconductor [139]. The experimental
results indicate that the photogenerated carriers flow out of the silicon and enter the graphene channel
through the potential barrier of MoS2 through the quantum tunneling effect under the condition of
illumination. There are no suspension bonds on the surface of the molybdenum disulfide, which
reduces the trap state and effectively passivates the interface. Comparing the detection performance of
devices before and after MoS2 insertion, the response speed of the latter is three orders of magnitude
higher than the former; that is, the response time is 17 ns and the response degree is 3.4 × 104 A/W.
Figure 18a presents a schematic diagram of the device. Figure 18b,c,d shows the device’s photoelectric
response characteristics. Figure 18e,f demonstrates the experimental results of the device. This type
of nanodevice graphene-based heterostructure shows excellent performance, which provides new
applications for graphene-based electrical characteristics.
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Figure 18. (a) Schematic diagram of a hybrid graphene photoconductor. (b) Photocurrent vs. drain
voltage under various light powers at 635 nm wavelength. The arrow indicates the direction of light
power increase. The inset shows the dark current of the device. (c) Power-dependent photocurrent and
photoresponsivity at 5 V drain voltage calculated from the data in (b). (d) Normalized photocurrent vs.
illumination wavelength. (e) Transient characteristics of the hybrid graphene photoconductor with
MoS2 under 635 nm illumination, showing a rising time of ~500 ns. Inset is the switching performance
over three periods of square-wave modulation. (f) Photocurrent and responsivity as functions of the
illumination power of the device with MoS2 [139]. Copyright 2017, Springer Nature.

5.5. Graphene Electrode

P-doped graphene-based electrodes improve the performance of the device by reducing its
resistance. However, the resistance of the electrode will gradually increase in the environment, which
will affect the actual use of the graphene electrode [140–146].

Researchers recently used perfluorinated polymeric sulfonic acid (PFSA) as a dopant molecule
to conduct p-doped graphene to build a PFSA-based p-doped graphene electrode [146]. The electric
dipole of the sulfonate group proton in the PFSA molecule strongly attracts electrons, which leads
to high ionization potential of the perfluorocarbon skeleton. Doped with PFSA graphene electrodes,
the device’s surface resistance (Rsh) decreased by 56% and its surface potential increased by 0.8
V. Moreover, the graphene electrode of this configuration, although treated with a chemical agent,
was stable under high temperatures and long-term exposure to air. This graphene-based electrode
can be used to produce phosphorescent organic light-emitting diodes with high hole injection and
substantial luminescence efficiency.

Figure 19a presents a structural diagram of the PFSA-doped graphene electrode. Figure 19b shows
the calculated results of the device. Figure 19c–e demonstrates the performance examination results of
the electrode. Figure 19f shows the performance test results of organic light-emitting diodes (OLEDs)
based on the graphene electrode. The construction of a doped graphene electrode has consistently been
a popular topic of research, but many researchers focus on the regulation of its electrical properties and
ignore the problem of its stability. The study used organic macromolecules as dopants to improve the
electrical properties of graphene and its stability. This work can promote the construction of a stable
graphene electrode and its application.
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Figure 19. (a) Chemical structure of perfluorinated polymeric sulfonic acid (PFSA) and schematic
drawings of graphene doped using PFSA (+: hole, −: electron). (b) Calculated electrostatic potential of
the most stable configuration of PFSA-doped graphene (inset: difference in work function between
pristine and PFSA-doped graphene). (c) Averaged n of thermally annealed pristine and PFSA-doped
graphene with various Ta calculated from Raman spectroscopy results. (d) Various solvent treatments
and (e) acid and base treatments as a function of exposure time. (f) Luminance vs. voltage of green
phosphorescent organic light-emitting diodes (OLEDs) with pristine and PFSA-doped graphene anodes
(inset: schematic device structure of OLEDs) [146]. Copyright 2018, Springer Nature.

5.6. Dirac-Source Field-Effect Transistors (DS-FETs)

The development trend of integrated circuits has changed from the pursuit of performance and
integration to the most effective way to reduce power consumption, which is to reduce the working
voltage. Currently, the working voltage of the integrated circuit (14/10 nm technical node) of a
complementary metal-oxide semiconductor (CMOS) is reduced to 0.7 V, while the thermal excitation
limit (60 mV/decade (Dec)) of the MOS transistor’s subthreshold swing (SS) makes it impossible
to reduce the working voltage of the integrated circuit to below 0.64 V. Existing transistors that are
tunneling FET and negative capacitance FET can realize SS < 60 mV/Dec, but they have a low speed
or important defects such as poor stability, unfavorable integration, and thus lack of practical value.
The ultralow power consumption transistor to be used in future integrated circuits not only must
obtain SS < 60 mV/Dec, ensuring the open state current is sufficiently large, but also requires stable
performance and simple preparation [147–157].

Researchers in Beijing recently reexamined the MOS transistor and the physical limits of
its threshold swing [158]. They proposed a new type of ultralow power field effect transistor
and adopted doped graphene as a “cold” electronic source with carbon nanotubes as the active
channel. Semiconductor sources with high-efficiency top grid structures have been built as DS-FETs.
The threshold value of swing experiments has been implemented at 40 mV/Dec at room temperature
(Figure 20). The results of variable temperature measurement indicate that there is an obvious linear
relationship between the DS-FET subthreshold amplitude and temperature. This indicates that the
carrier transport of transistors is a traditional thermal emission mechanism rather than a tunneling
mechanism. The DS-FET has excellent scalability. When the channel length of the device decreases to
15 nm, it can still achieve a subthreshold swing of 60 mV/Dec.
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Figure 20. (a) Schematic diagram showing a Dirac-source field-effect transistor (DS-FET) with a control
gate in addition to the normal gate. (b) Schematic diagrams illustrating the off-state of the DS-FET. (c)
Transfer characteristics of a typical DS-FET at different VCG. Circles and lines represent experimental
and simulated results, respectively. Green color represents results obtained at VCG = 1.5 V, and blue
represents those obtained at VCG = 0 V. Inset figures are schematic band edge profiles for fitted data
situations. (d) Temperature-dependent SS of a typical DS-FET measured at temperatures between 77 K
and 300 K; VCG was set at 2 V to keep the device in Dirac-source mode. SS varied by more than 100%
from 77 to 300 K. In all measurements, the substrate was biased with −20 V to keep the ungated region
near the drain open [158]. Copyright 2018, Science.

Most importantly, the DS-FET has a proposed driving current much higher than that of tunneling
transistors compared to metal-oxide semiconductor field-effect transistors, and its SS < 60 mV/Dec
spans a larger range of currents. As the key parameter of the comprehensive index of open and closed
state characteristics of sub-60 mV/Dec (that is, the current at SS = 60 mV/Dec), I60 = 40 μA/μm, which
is 2000 times the published best tunneling transistor and fully meets the standards of the international
semiconductor development roadmap (ITRS) for the practical application of sub-60 mV/Dec devices.
The open and closed current of a typical DS transistor at a working voltage of 0.5 V is equivalent to
that of a CMOS device at 14 nm (at a working voltage of 0.7 V). This indicates that the DS transistor
can meet the requirements of future ultralow power consumption (Vdd < 0.5 V) integrated circuits.
Moreover, the device structure of the DS does not rely on semiconductor materials and may be used in
conventional CMOS transistors and field effect transistors in two-dimensional materials.

6. Conclusions and Prospects

Graphene, with its exceptional physical and chemical properties, has been increasingly applied
in various fields of scientific research. When graphene’s nanostructure changes (such as in terms of
boundary configuration, shape, own defects, chemical doping, and the formation of heterogeneous
structures, etc.), its physical and chemical properties show novel properties. With the improvements
in the preparation of graphene nanomaterials and the enhancement of their measurement and
regulation, more graphene nanomaterials and their hybrid structures have been applied in electronic,
photothermal, thermoelectric, and photoelectric fields.
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However, graphene’s band gap characteristics limit its application. Graphene’s physical and
chemical properties are both closely related to its electronic properties. Graphene’s electronic properties
change its physical and chemical properties. There are two kinds of methods. One is a physical
approach (for example, the change of the graphene nanostructures, the applied electric field or magnetic
field, vertical configuration heterostructure or plane heterostructure, substrate, etc.). The other is
a chemical method (chemical doping, other atoms or groups of adsorption, the use of chemical
reagents, etc.). The fabrication level of graphene-based microscale or nanoscale devices also determines
their application and development. Researchers are actively working in correlated fields, and more
high-performance graphene-based devices will be prepared and used in the future.

Author Contributions: M.S. is responsible for the overall context of the article, the theme of the article and the
design of the structure of the article. J.W. and M.X. are responsible for the writing of the article and the collection
of the literature.

Funding: This work was supported by the National Nature Science Foundation of China (Grant No. 11374353,
91436102, 11474141). Fundamental Research Funds for the Central Universities and talent scientific research fund
of LSHU (No. 2018XJJ-007).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A.
Electric Field Effect in Atomically Thin Carbon Films. Science 2004, 306, 666–669. [CrossRef] [PubMed]

2. Geim, A.K.; Novoselov, K.S. The rise of graphene. Nat. Mater. 2007, 6, 183–191. [CrossRef] [PubMed]
3. Castro Neto, A.H.; Guinea, F.; Peres, N.M.R.; Novoselov, K.S.; Geim, A.K. The electronic properties of

graphene. Rev. Mood Phys. 2009, 81, 109–162. [CrossRef]
4. Ando, T. The electronic properties of graphene and carbon nanotubes. Npg Asia Mater. 2009, 1, 17–21.

[CrossRef]
5. Ohta, T.; Bostwick, A.; McChesney, J.; Seyller, T.; Horn, K.; Rotenberg, E. Controlling the Electronic Structure

of Bilayer Graphene. Science 2006, 313, 951–954. [CrossRef] [PubMed]
6. Lee, C.; Wei, X.; Kysar, J.W.; Hone, J. Measurement of the elastic properties and intrinsic strength of monolayer

graphene. Science 2008, 321, 385–388. [CrossRef] [PubMed]
7. Liu, F.; Ming, P.; Li, J. Ab initio calculation of ideal strength and phonon instability of graphene under tension.

Phys. Rev. B 2007, 76, 064120. [CrossRef]
8. Zakharchenko, K.V.; Katsnelson, M.I.; Fasolino, A. Finite temperature lattice properties of graphene beyond

the quasiharmonic approximation. Phys. Rev. Lett. 2009, 102, 046808. [CrossRef]
9. Sahin, H.; Cahangirov, S.; Topsakal, M.; Bekaroglu, E.; Aktrk, E.; Senger, R.T.; Ciraci, S. Monolayer honeycomb

structures of group IV elements and III-V binary compounds. Phys. Rev. B 2009, 80, 155453. [CrossRef]
10. Balandin, A.A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C.N. Superior thermal

conductivity of single-layer graphene. Nano Letters 2008, 8, 902–907. [CrossRef]
11. Chen, J.; Jang, C.; Xiao, S.; Ishigami, M.; Fuhrer, M. Intrinsic and Extrinsic performance limits of graphene

device on SiO2. Nat. Nanotechnol. 2008, 3, 206–209. [CrossRef] [PubMed]
12. Avouris, P.; Chen, Z.H.; Perebeinos, V. Fine structure constant defines visual transparency of graphene. Nat.

Nanotechnol. 2007, 2, 605–615. [CrossRef]
13. Wang, J.; Ma, F.; Sun, M. Graphene, hexagonal boron nitride, and their heterostructures: Properties and

applications. Rsc Adv. 2017, 7, 16801. [CrossRef]
14. Wang, J.; Ma, F.; Liang, W.; Wang, R.; Sun, M. Optical, photonic and optoelectronic properties of graphene,

h-NB and their hybrid materials. Nanophotonics 2017, 6, 943–976. [CrossRef]
15. Li, R.; Zhang, Y.; Xu, X.; Zhou, Y.; Chen, M.; Sun, M. Optical characterizations of two-dimensional materials

using nonlinear optical microscopies of CARS, TPEF, and SHG. Nanophotonics 2018, 7, 873–881. [CrossRef]
16. Wang, J.; Xu, X.; Ma, F.; Sun, M. Magnetics and spintronics on two-dimensional composite materials of

graphene/hexagonal boron nitride. Mater. Today Phys. 2017, 3, 93–117. [CrossRef]
17. Al-Jishi, R.; Elman, B.S.; Dresselhaus, G. Lattice dynamical model for graphite. Carbon 1982, 20, 4514–4552.

[CrossRef]

181



Nanomaterials 2019, 9, 218

18. Geim, A.K.; Philip, K. Carbon wonderland. Sci. Am. 2008, 298, 90–97. [CrossRef] [PubMed]
19. Nair, R.R.; Blake, P.; Grigorenko, A.N.; Novoselov, K.S.; Booth, T.J.; Stauber, T.; Peres, N.M.; Geim, A.K. Fine

structure constant defines visual transparency of graphene. Science 2008, 320, 1308. [CrossRef] [PubMed]
20. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Katsnelson, M.I.; Grigorieva, I.V.; Dubonos, S.V.; Firsov, A.A.

Two-dimensional gas of massless Dirac fermions in graphene. Nature 2005, 438, 197–200. [CrossRef]
21. Elias, D.C.; Gorbachev, R.V.; Mayorov, A.S.; Morozov, S.V.; Zhukov, A.A.; Blake, P.; Ponomarenko, L.A.;

Grigorieva, I.V.; Novoselov, K.S.; Guinea, F.; Geim, A.K. Dirac cones reshaped by interaction effects in
suspended graphene. Nat. Phys. 2011, 7, 701–704. [CrossRef]

22. Kim, P. Experimental Observation of Quantum Hall Effect and Berry’s Phase in Graphene. Nature 2005, 438,
201–204.

23. Novoselov, K.S.; Jiang, Z.; Zhang, Y.; Morozov, S.V.; Stormer, H.L.; Zeitler, U.; Maan, J.C.; Boebinger, G.S.;
Kim, P.; Geim, A.K. Room-temperature quantum Hall effect in graphene. Science 2007, 315, 1379. [CrossRef]
[PubMed]

24. Berger, C.; Song, Z.; Li, X.; Wu, X.; Brown, N.; Naud, C.; Mayou, D.; Li, T.; Hass, J.; Marchenkov, A.N.
Electronic confinement and coherence in patterned epitaxial graphene. Science 2006, 312, 1191–1196.
[CrossRef] [PubMed]

25. Katsnelson, M.I.; Novoselov, K.S.; Geim, A.K. Chiral tunneling and the Klein paradox in graphene. Nat. Phys.
2006, 2, 620–625. [CrossRef]

26. Allain, P.E.; Fuchs, J.N. Klein tunneling in graphene: Optics with massless electrons. Eur. Phys. J. B 2011, 83,
301–317. [CrossRef]

27. Du, X.; Skachko, I.; Barker, A.; Andrei, E.Y. Approaching ballistic transport in suspended graphene.
Nat. Nanotechnol. 2008, 3, 491–495. [CrossRef] [PubMed]

28. Miao, F.; Wijeratne, S.; Zhang, Y.; Coskun, U.C.; Bao, W.; Lau, C.N. Phase-coherent transport in graphene
quantum billiards. Science 2007, 317, 1530–1533. [CrossRef]

29. Damle, K.; Sachdev, S. Non-zero temperature transport near quantum critical points. Phys. Rev. B 1997, 56,
8714–8733. [CrossRef]

30. Kovtun, P.K.; Son, D.T.; Starinets, A.O. Viscosity in strongly interacting quantum field theories from black
hole physics. Phys. Rev. Lett. 2005, 94, 111601. [CrossRef]

31. Son, D.T. Vanishing bulk viscosities and conformal invariance of the unitary fermi gas. Phys. Rev. Lett. 2007,
98, 020604. [CrossRef] [PubMed]

32. Karsch, F.; Kharzeev, D.; Tuchin, K. Universal properties of bulk viscosity near the QCD phase transition.
Phys. Lett. B 2008, 663, 217–221. [CrossRef]

33. Levitov, L.; Falkovich, G. Electron viscosity, current vortices and negative nonlocal resistance in graphene.
Nat. Phys. 2016, 12, 672–676. [CrossRef]

34. Yoo, M.J.; Fulton, T.A.; Hess, H.F.; Willett, R.L.; Dunkleberger, L.N.; Chichester, R.J.; Pfeiffer, L.N.; West, K.W.
Scanning single-electron transistor microscopy: Imaging individual charges. Science 1997, 276, 579–582.
[CrossRef] [PubMed]

35. Mikhailov, S.A.; Ziegler, K. New Electromagnetic Mode in Graphene. Phys. Rev. Lett. 2007, 99, 016803.
[CrossRef] [PubMed]
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Abstract: An efficient strategy for growing thermo-sensitive polymers from the surface of exfoliated
graphene oxide (GO) is reported in this article. GO sheets with hydroxyls and epoxy groups on the
surface were first prepared by modified Hummer’s method. Epoxy groups on GO sheets can be
easily modified through ring-opening reactions, involving nucleophilic attack by tris(hydroxymethyl)
aminomethane (TRIS). The resulting GO-TRIS sheets became a more versatile precursor for next ring
opening polymerization (ROP) of ethyl ethylene phosphate (EEP), leading to GO-TRIS/poly(ethyl
ethylene phosphate) (GO-TRIS-PEEP) nanocomposite. The nanocomposite was characterized
by 1H NMR, Fourier transform infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy
(XPS), thermogravimetric analysis (TGA), differential thermal gravity (DTG), transmission electron
microscopy (TEM) and atomic force microscopy (AFM). Since hydrophilic PEEP chains make
the composite separate into single layers through hydrogen bonding interaction, the dispersity
of the functionalized GO sheets in water is significantly improved. Meanwhile, the aqueous
dispersion of GO-TRIS-PEEP nanocomposite shows reversible temperature switching self-assembly
and disassembly behavior. Such a smart graphene oxide-based hybrid material is promising for
applications in the biomedical field.

Keywords: graphene oxide; PEEP; ROP; grafting-from

1. Introduction

Graphene oxide (GO), a single layer of carbon atoms in a closely packed honeycomb
two-dimensional lattice with carboxylic acid, epoxide, and hydroxyl groups, has attracted considerable
attention in recent years [1–9]. GO, which is highly hydrophilic, can be prepared using cheap graphite
as raw material by cost-effective chemical methods with a high yield. The biocompatibility of GO
renders it a good candidate for application in the biomedical field [10–13]. The presence of abundant
functional groups at the surface of GO may be very interesting since that they provide enough
reactive sites for the subsequent chemical modification using known carbon surface chemistry [14].
Recently, a considerable number of works have been performed on enhancing the properties of
GO by adding additional functionality to the groups already present on the surface of GO [15–28].
In particular, “intelligentizing” graphene can been obtained by attaching stimuli-responsive polymers
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to the backbone of GO [21–28]. These attachments are typically made by either grafting-from or -onto
approaches. The vast majority of the triggers reported so far are confined to temperature [21–24],
pH [24,25], light [26,27] and redox [28].

Polyphosphoesters (PPEs) are known to be a class of biocompatible polymers with repeated
phosphoester attachments in the backbone [29–33]. As the phosphorus atom has multivalent
property, the physicochemical properties can be easily modified by means of introduction into
such polymers with different functional groups. According to the type of side groups connected
to the phosphorous atom, PPEs are classified as polyphosphate, polyphosphonate, polyphosphite
or polyphosphoramidate [33]. Among them, polyphosphates are an important family of PPEs,
which have attracted great attention for biological and phamaceutical applications such as drug release,
gene transfer, and tissue engineering [34–37]. Under usual physiological conditions, polyphosphates
can readily degrade through hydrolysis or enzymatic cleavage of the phosphoester bonds. In addition
to the excellent biocompatibility and biodegradability, it has been demonstrated that polyphosphates
also exhibit thermo-responsibility in aqueous solution so as to make them possess great potential
as novel smart biomaterials [32,38]. However, no one has reported on a PPE-based GO/polymer
nanocomposite until now.

Herein, we have successfully designed and prepared a kind of PPE-based temperature- responsive
GO/polymer nanocomposite (Scheme 1), in which a typical hydrophilic polyphosphoester, i.e.,
poly(ethyl ethylene phosphate) (PEEP), was covalently connected on the surface of GO by ring opening
polymerization (ROP) of ethyl ethylene phosphate (EEP) initiated by the hydroxyls on GO surface
introduced by tris(hydroxymethyl) aminomethane (TRIS). The obtained GO-TRIS-PEEP nanocomposite
has robust temperature-responsive properties resulting from a change in the PEEP conformation on
GO surface. When raising the temperature, PEEP chains may become hydrophobic and collapse
so that the nanocomposite precipitated from the solution. Owing to the excellent biocompatibility,
biodegradability and thermo-responsibility of PEEP chains, the prepared nanocomposite shows a
bright prospect in the field of smart nanocarrier for controlled release under temperature stimuli.

.

Scheme 1. Preparation of graphene oxide-tris(hydroxymethyl) aminomethane-poly(ethyl ethylene
phosphate) (GO-TRIS-PEEP) nanocomposite.
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2. Experimental

2.1.Characterization

1H NMR measurements were performed on a JEOL resonance ECZ 400S (400 MHz)
spectrophotometer (Tokyo, Japan) in CDCl3 or D2O, TMS was used as internal standard. Fourier
transform infrared (FT-IR) spectra were recorded on a Nicolet AVATAR-360 FT-IR spectrophotometer
(Waltham, MA, USA) with a resolution of 4 cm−1. Elemental analysis was carried out on a Carlo-Erba
1108 system (Milan, Italy). X-ray photoelectron spectroscopy (XPS) was recorded on a Perkin Elmer
PHI 5000c ESCA photoelectron spectrometer (Waltham, IN, USA). Thermogravimetric analysis (TGA)
was carried out with a TA Q500 thermal analyzer (New Castle, IN, USA) from 50 ◦C to 600 ◦C at a
heating rate of 10 ◦C/min in N2. Transmission electron microscopy (TEM) images were obtained by a
JEOL JEM 1230 instrument (Tokyo, Japan) operated at 80 kV. Atomic force microscopy (AFM) images
were taken by a Veeco DI MultiMode SPM (Plainview, TX, USA) in the tapping mode of dropping the
sample solution onto the freshly exfoliated mica substrate. Differential scanning calorimetry (DSC)
measurement was run on a TA Q200 (New Castle, IN, USA) system under N2 purge with a heating
rate of 10 ◦C min−1.

2.1. Preparation of GO Sheets

Exfoliated GO sheets were prepared by a modified Hummer’s method using graphite powder as
starting material. Graphite powder (99.99+%, Aldrich) was firstly oxidized by sulfuric acid (H2SO4,
Aldrich, 95–98%) and potassium permanganate (KMnO4, Aldrich, 99%) followed by filtration and
subsequent dialysis or by several runs of centrifugation/washing to completely remove residual salts
and acids. Finally, graphite oxide dispersion (0.1 mg mL−1) was exfoliated by waterbath ultrasonication
for 3 h. GO sheets were recovered by filtration and vacuum drying.

2.2. Preparation of TRIS-Bonded Graphene Sheets (GO-TRIS)

GO (2.3 g) was treated with 12.2 g of 1,1,1-tris(hydroxymethyl) methanamine (TRIS, Aldrich, 99%)
in 500 mL of anhydrous N,N-dimethylformamide (DMF, Aldrich, 99.8%) at room temperature for 36 h
to transform the epoxy groups on the basal plane of GO into hydroxyls. The crude product was filtered
through a 0.22 μm filter and washed exhaustively with deionized water. The obtained GO-TRIS (2.4 g)
was dried overnight at 40 ◦C in vacuo.

2.3. Preparation of Ethyl Ethylene Phosphate (EEP)

Tetrahydrofuran (THF, Aldrich, 99%) was dried over CaH2 and distilled from sodium and
benzophenone under N2 prior to use. Triethylamine (Et3N, Aldrich, 99.5%) was dried over KOH
and distilled over CaH2 under N2 prior to use. A mixture of ethanol (EtOH, Aldrich, 99.8%,
8.8 mL, 0.15 mol) and Et3N(20.9 mL, 0.15 mol) was added dropwise to a solution of 2-chloro-1,3,2-
dioxaphospholane-2-oxide (COP, Aldrich, 90%–94%, 21.4 g, 0.15 mol) in anhydrous THF (250 mL)
at −5 ◦C. The reaction mixture was stirred at −5 ◦C for 30 min and then at room temperature for
additional 12 h. The resulting mixture was firstly filtered to remove the insoluble salt. The filtrate
was concentrated and distilled under reduced pressure (107 Pa/95~97 ◦C) to give 15.5 g of yellowish
liquid, ethyl ethylene phosphate (EEP), with a yield of 68%. 1H NMR (400 MHz, CDCl3): δ (ppm):
1.38 (3H, POCH2CH3), 4.22 (2H, POCH2CH3), 4.42 (4H, OCH2CH2).

2.4. Preparation of PEEP-Grafted Graphene Sheets (GO-TRIS-PEEP)

Tin-2-ethylhexanoate (Sn(Oct)2, Aldrich, 98%) was purified by distilling under reduced pressure
(20~40 Pa/152 ◦C) after co-boiling with p-xylene twice prior to use [39]. A 25 mL Schlenk flask
was first dried by sonication in acetone. It was then immersed in the diethyl ether solution of
trimethylchlorosilane (5% TMSCl) overnight to remove the hydroxyls on the surface of glass. GO-TRIS
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(235 mg) was firstly added to the flask (flame-dried under vacuum prior to use) sealed with a
rubber septum for degassing and kept under Ar. After three cycles of evacuation purging with
purified Ar, anhydrous THF (15 mL) and DMF (2 mL) were added via a gastight syringe followed
by water-bath ultra-sonication for 30 minutes. The flask was then degassed by three cycles of
freezing-pumping-thawing after EEP (1.98 g, 13 mmol) was added. THF solution (0.9 mL) of
Sn(Oct)2 (0.18 mmol) was added via a gastight syringe. The flask was again degassed by three
cycles of freezing-pumping-thawing, followed by immersing the flask into an oil bath set at 40 ◦C.
The polymerization lasted 24 h and it was terminated by adding excess acetic acid. The crude product
was filtered through a 0.22 μm filter followed by washing with THF and deionized water. The
precipitate was dried in vacuo at 45 ◦C for 48 h to give the desired product of GO-TRIS-PEEP (156 mg).
XPS (molecular molar ratio): C, 65.66%; N, 0.98%; O, 30.44%, P, 1.89%. 1H NMR (400 MHz, D2O): δ

(ppm): 1.12 (3H, POCH2CH3), 3.81 (2H, POCH2CH3), 4.16 (4H, OCH2CH2). FT-IR: ν (cm–1): 1727, 1590,
1226, 1030, 977, 800, 640, 518.

3. Results and discussion

3.1. Preparation of GO-TRIS-PEEP

The fabrication process of GO-TRIS-PEEP polymer-modified nanocomposite via ring opening
polymerization of EEP monomer is outlined in Scheme 1. Commercial graphite powder was first
oxidized to GO with the help of KMnO4 under strong acidic environment using the modified
Hummer’s method [40], as a result, new epoxy and hydroxyl functionalities were introduced to
the surface of a graphene oxide sheet. The structure of the obtained GO was confirmed by FT-IR
(Figure S1), XRD (Figure S2) and elementary analysis (Table S1). The obtained epoxy groups can
be easily modified through ring-opening reactions, on the basis of the mechanism of nucleophilic
attack by amine groups [17]. 1,1,1-Tris(hydroxymethyl) methanamine (TRIS) is a kind of primary
amine with three hydroxyls, which has been extensively used in chemical modification of macroporous
materials [41,42]. In this work, TRIS is required to improve the opportunity of grafting from the plane of
GO sheet, rendering GO a more versatile precursor for a wide range of applications. XPS measurement
was used to confirm the introduction of TRIS moiety. XPS spectrum of GO-TRIS shown in Figure 1
exhibits a significant nitrogen peak around the binding energy of 400 eV, which is absent in that of GO
(Figure S3). Zooming in further revealed that the N1s band appeared at 402.2 eV accompanied with
a lower binding energy shoulder located at 399.8 eV, which is consistent with a previous report [43].
The appearance of N1s band suggested the successful covalent functionalization of TRIS units onto the
surface of modified GO sheets; i.e., the formation of TRIS-modified GO (GO-TRIS). Moreover, Figure 1
also displays the elemental analysis result of GO-TRIS, which indicated that the nitrogen content (N%)
increased from 0 to 1.40% after the functionalization with TRIS. The C/N ratio was estimated to be 38
= (46.18wt %/12)/(1.40 wt %/14) (1 TRIS group per 6.3 aromatic rings), which agreed with the value
(45) derived from XPS measurement. Additionally, the dispersity of GO-TRIS kept as good as GO
in water or polar organic solvents as shown in the inset of Figure 1. The yellow color of GO sheets
remained after the incorporation of TRIS moieties, which also suggested that GO-TRIS retained the
oxygen-containing groups so as to stabilize the corresponding aqueous solution.

Thermo-responsive PEEP chains then grew from the fabricated hydroxyls on the surface through
ROP. To ensure that there was no polymer chains adsorbed on the surface of GO, the obtained product
was filtered through a 0.22 μm filter followed by washing with THF constantly, until the P content
determined by elementary analysis was detected to be zero in the filtrate. lH NMR and FT-IR analyses
were employed to characterize the obtained product after ROP of EEP monomer for confirming GO
functionalization and the presence of PEEP chains on the surface of GO. 1H NMR spectrum of the
resulting GO-TRIS-PEEP in D2O is shown in Figure 2A and the peaks located at 1.12 (3H) and 3.81
(2H) ppm are attributed to the POCH2CH3 moiety in the side group of PEEP, respectively. On the
other hand, the proton resonance signal of OCH2CH2 moiety in the backbone of PEEP is also seen
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at 4.16 ppm. Owing to the existence of the hydrophilic PEEP chains, GO-TRIS-PEEP might be well
dispersed in D2O. GO-TRIS-PEEP showed relative strong bands at 3217, 1726, 1577 and 1037 cm−1 in
FT-IR spectrum (Figure 2B), corresponding to stretching vibrations of O-H, C=O, C=C and C-O groups,
respectively. The stretching vibration peaks attributed to P=O and P-O-C appear at 1226 and 977 cm−1

after ROP. These characteristic peaks are originated from polyphosphoester chains attached to the
surface through ROP. These data clearly illustrate the successful ROP of EEP initiated by GO-TRIS.

 

Figure 1. Survey X-ray photoelectron spectroscopy (XPS) data for GO-TRIS and photograph of
well-dispersed GO-TRIS solution in water (inset).

Figure 2. 1H NMR (A) and Fourier transform infrared (FT-IR) (B) spectra of GO-TRIS-PEEP.

192



Nanomaterials 2019, 9, 207

To further understand the effective functionalization of PEEP chains on GO sheets, XPS
measurement was employed to provide qualitative analysis. GO-TRIS-PEEP shows a strong peak of
C1s at a binding energy around 285 eV, a weak peak of N1s at around 401.0 eV and a peak at around
533 eV originating from O1s (Figure 3). Furthermore, a peak at around 134 eV is assigned to P2p3,
which is resulted from PEEP chains. As the coordination between Sn of the catalyst and hydroxyls in
the polymer chains [44], we also can observe the peaks of Sn4d around 24 eV, SnO2 around 487 eV
and Sn3d around 497 eV. The molar contents of C, O, N and P are 65.66%, 30.44%, 0.98% and 1.89%,
respectively. The weight percentage of grafted PEEP in GO-TRIS-PEEP is estimated to be 21.5 wt %
from Equation (1).

PEEP% = [cP × AP/∑(ci × Ai)] × (152/31) × 100% (1)

TGA analysis of GO-TRIS-PEEP was performed to elucidate its thermal behavior and chemical
composition. In comparison with the initial GO (Figure S4), the thermograph of the obtained
GO-TRIS-PEEP (Figure 4) exhibits three major stages of decomposition in the temperature range of
50–600 ◦C. The first stage shows a low weight loss until 125 ◦C, corresponding to the loss of adsorbed
water into its structure. The second stage from 125 ◦C to 250 ◦C can be assigned to the decomposition
of oxygen-containing functionalities by evaporation of CO and CO2. The last weight loss occurs
between 250 ◦C and 450 ◦C, indicating the degradation of PEEP segment. To further investigate the
enhancement of thermal properties, differential thermal gravity (DTG) curve of GO-TRIS-PEEP is
also plotted in Figure 4. The peaks in DTG curve correspond to the temperatures at maximum rate
of weight loss (Tmax), and the outcome is entirely consistent with the TGA data. The quantity of
PEEP chains attached to the surface of GO sheets is also determined from TGA. Figure 4 shows a
14.6 wt % (= 79.6 wt % − 65.0 wt %) weight loss at the temperature range from 250 ◦C to 450 ◦C, and
thus, the amount of PEEP chains grafted onto GO sheets is about 14.6 wt %. Compared to GO, most of
PEEP chains were exposed on the surface of GO-TRIS-PEEP, the measured phosphorus content by XPS
might be higher than actual data. As a result, the XPS data (21.5%) is a little higher than that obtained
from TGA (14.6%).

 

Figure 3. Survey XPS data for GO-TRIS-PEEP.
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Figure 4. Thermogravimetric analysis (TGA)(red line) and differential thermal gravity (DTG) (blue
line) curves of GO-TRIS-PEEP in N2.

3.2.Surface Morphologies of GO-TRIS-PEEP Sheets

A TEM micrograph of the fabricated GO-TRIS-PEEP is presented in Figure 5. It can be observed
that the lamellar morphology of GO is preserved after ROP of EEP monomer, and the individual sheets
have sizes of about 1 μm. Compared to GO (Figure S5), new dark dots appear because of the tangled
mess formed by the grafted PEEP chains. Previous studies on GO have identified that carboxyls are at
the periphery of sheets, while the oxygen-containing functionalities such as hydroxyl and epoxy group
are on the basal plane [45,46]. As hydroxyls were used as initiating sites to trigger the polymerization
of EEP monomer via surface-initiated ROP, the blackish polymeric chains spread evenly on the surface
of the GO sheets, which is consistent with previous reports [47,48]. The grafted polymeric chains also
destroyed the ordered π-π stacking of graphitic basal planes so that functionalized GO sheets appeared
to have better dispersion and exfoliation in methanol solution (Figure S6).

 

Figure 5. Transmission electron microscope (TEM) image of GO-TRIS-PEEP aqueous solutions with a
concentration of 0.01 mg/mL using drop-casting method.
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AFM provides a direct method to characterize the surface morphology and thickness of
GO-TRIS-PEEP sheets. As shown in Figure 6, GO-TRIS-PEEP sheets have an average in-plane size
with several hundreds of nanometers. The surfaces of GO-TRIS-PEEP sheets are very rough compared
to those of pristine GO sheets (Figure S7) and the thickness of GO-TRIS-PEEP sheets is measured to be
approximately 10 nm from the average height profiles, which is much higher than that of pristine GO
sheets. Both the rough surfaces and higher thickness of GO-TRIS-PEEP sheets further demonstrate the
successful polymeric grafting [49–51].

Figure 6. Atomic force microscopy (AFM) images of GO-TRIS-PEEP.

3.2. Thermo-Responsive Behavior of GO-TRIS-PEEP

As it is well known, PEEP has a phase transition behavior in water and form aggregates by
making the solution turbid when the temperature is above its low critical solution temperature
(LCST) [32,38]. The LCST behavior of PEEP is attributed to a balance between hydrophilic and
hydrophobic interactions and the resulting hydrogen-bonding interactions between water molecules
and the polymeric chains. It is one of the basic physical properties of thermo-responsive water-soluble
polymers [52]. As expected, this thermal behavior in aqueous solution was well retained after PEEP
was covalently bound to GO sheets (see the inset in Figure 7). In a typical experiment, we found that
GO-TRIS-PEEP with a concentration of 0.5 mg/mL at 25 ◦C formed a stable homogeneous solution.
If not heated, the homogeneous solution could last more than one month. When the solution was
heated to 40 ◦C, GO-TRIS-PEEP began to aggregate. Further raising the temperature, GO-TRIS-PEEP
would precipitate completely from the solution in a few minutes. When the mixture was cooled
down to 25 ◦C, and then mildly shaken for several minutes, a homogeneous solution recovered again.
This precipitation phenomenon was not observed for GO aqueous dispersion even if the temperature
rose to 90 ◦C (Figure S8), which demonstrated that PEEP segments on the surface of GO-TRIS-PEEP
take account for the above- mentioned thermal responsibility. The hydrophilic/hydrophobic phase
transition of PEEP-grafted GO sheets should show exothermic or endothermic effects. The change
of enthalpy during phase transition can be measured by DSC. The DSC curve (Figure 7) exhibits
a small endothermic peak at ~74 ◦C, which indicates a phase transition process. Considering that
GO-TRIS-PEEP nanocomposite begins to aggregate at 40 ◦C, the phase transition process should
be gradual in a wide temperature range. It might be because the abundant oxygen-containing
functionalities on the surface increased the hydrophilicity of GO-TRIS-PEEP. Therefore, it is not
appropriate to provide a certain temperature as the LCST.
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Figure 7. DSC curve of GO-TRIS-PEEP with a heating rate of 10 ◦C/min in N2, the inset shows the
thermo-stimuli reversible phase behavior of GO-TRIS-PEEP.

4. Conclusions

In summary, we have successfully modified GO with the thermo-responsive PEEP chains
via the grafting-from approach. To the best knowledge, this is the first example of PPE-Based
GO/polymer nanocomposite via covalent modification. The structure of the resulting GO-TRIS-PEEP
nanocomposite was well studied by various characterizations to prove the change on functionalization.
Moreover, GO-TRIS-PEEP nanocomposite shows good temperature responsive behavior as a result
of a conformation change in PEEP chains grafted on the surface of GO. Our work provides a potent
strategy for the design and synthesis of novel GO/stimuli- responsive polymer nanocomposites, which
exhibit great application potential in biological and medical as well as interdisciplinary fields.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/2/207/s1,
Figure S1: FT-IR spectra of natural graphite powder and graphene oxide, Figure S2: X-ray diffraction patterns of
natural graphite powder and graphene oxide, Table S1: Elementary analysis of natural graphite and graphene
oxide, Figure S3: Survey XPS data for graphene oxide, the inset curve indicates that there is no N1s peak in XPS of
graphene oxide, Figure S4: TGA (black) and DTG (blue) curves of graphene oxide, Figure S5: TEM images of
graphene oxide with different scale bars in length, (A) 1 μm and (B) 200 nm, Figure S6: AFM images of graphene
oxide, Figure S7: AFM images of graphene oxide, Figure S8: Photographs of graphene oxide aqueous solutions in
different temperature with a concentration of ~0.5 mg/mL.
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Abstract: Carbon foam was prepared from carboxymethyl cellulose (CMC) and Ag, Al and carbon
nanotubes (CNTs), and graphene was added to the foam individually, to investigate the enhancement
effects on the thermal conductivity. In addition, we used the vacuum method to impregnate erythritol
of the phase change material (PCM) into the carbon foam samples to maximize the latent heat and
minimize the latent heat loss during thermal cycling. Carbon foams containing Ag (CF-Ag), Al
(CF-Al), CNT (CF-CNT) and graphene (CF-G) showed higher thermal conductivity than the carbon
foam without any nano thermal conducting materials (CF). From the variations in temperature with
time, erythritol added to CF, CF-Ag, CF-Al, CF-CNT, and CF-G was observed to decrease the time
required to reach the phase change temperature when compared with pure erythritol. Among them,
erythritol added to CF-G had the fastest phase change temperature, and this was related to the
fact that this material had the highest thermal conductivity of the carbon foams used in this study.
According to differential scanning calorimetry (DSC) analyses, the materials in which erythritol
was added (CF, CF-Ag, CF-Al, CF-CNT, and CF-G) showed lower latent heat values than pure
erythritol, as a result of their supplementation with carbon foam. However, the latent heat loss
of these supplemented materials was less than that of pure erythritol during thermal cycling tests
because of capillary and surface tension forces.

Keywords: carbon foam; nanomaterials; phase change material; thermal conductivity; latent
heat storage

1. Introduction

Thermal energy generated from fossil fuels is a type of high-quality energy that can be easily
converted into mechanical energy and electric energy [1,2]. However, thermal energy of a low
temperature, which remains after mechanical or electric use, is a low-level energy that is difficult
to convert to other types of energy. For storage of high-quality thermal energy produced from
low-level energy, the waste heat of low-level energy should be of a higher density to minimize energy
loss [3–5]. Phase change materials (PCMs) capable of thermal energy storage (TES), especially latent
heat storage, are increasingly receiving enormous amounts of attention as alternatives to physical
thermal energy storage materials [6–8]. PCMs store energy in the form of latent heat during solid-liquid
phase changes, and PCMs are widely used as thermal storage materials because they have a high
thermal storage density, narrow range of temperatures for TES, and repeated utility [9–12]. Despite
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these advantages, PCMs typically have a low thermal conductivity, which can lead to disagreeable
supercooling problems and phase segregation. To overcome this, high thermal conductive fillers have
been widely used to enhance the thermal conductivity in PCMs, but high concentrations of fillers
can reduce the TES capacity of the PCMs. Among fillers, porous thermal conducting materials are
promising for resolving the above troubles related to the low thermal conductivity and reduction of TES;
this can be accomplished through surface tension forces and capillary in the porous structure [13–17].
Especially, porous carbon materials can offer many advantages such as excellent physical, chemical,
and thermal stability, non-toxicity, high specific surface areas, and fire resistance properties in addition
to providing good heat storage capacities for PCMs [18,19]. Shin et al. [20] selected expanded graphites
(EGs), which are one type of porous carbon material, as fillers and then researched the effects of the
EGs on the thermal conductivity following impregnation of sodium acetate trihydrate (SAT) as the
PCM. As shown by the results, the EGs increased the thermal conductivity of SAT composites and
maximized the SAT impregnated between the interlayers of EGs. The resulting products exhibited
excellent thermal cycling stabilities. Karthik et al. [21] prepared erythritol-graphite foam as a stable
composite PCM and used the wetness impregnation method for the utilization and recovery of solar
heat or industrial waste heat. Li et al. [22] researched the thermal performance enhancement of
erythritol/carbon foam composites. By improving the wetting ability of the carbon foam surface
by hydrogen peroxide, erythritol content was increased on the carbon foam surface, resulting in
improvement of the thermal performances of the composites.

In this study, we prepared carbon foams as porous carbon materials to enhance the thermal
conductivity and to maximize the latent heat of PCMs. Carbon foam has three-dimensional (3D)
netlike construction and has been widely used in applications, such as electrode materials [23],
heavy oil recovery [24], and sound energy absorption [25,26]. Here, carbon foam was prepared
from carboxymethyl cellulose (CMC) derived from cellulose [27,28]. While CMC is an attractive
material from eco-friendly and economic perspectives [29–31] to reduce the negative environmental
effects [32], the thermal conductivity of CMC carbon foam is not very satisfactory. Therefore, to
enhance the thermal conductivity of the CMC carbon foams used in the present study, we prepared
various carbon foams containing various kinds of nano thermal conducting particles: Ag, Al, carbon
nanotube (CNT), and graphene oxide (GO). We then investigated the enhancement effects on thermal
conductivity. The reason for selecting these four nano thermal conducting particles was that carbon
foams could not be prepared from CMC composites containing other nano thermal conducting particles
due to decomposition by non-crosslinking between CMC and citric acid (CA) during electron beam
irradiation (EBI). The erythritol as the PCM was added to the carbon foams containing the various nano
thermal conducting particles via the vacuum method, and the different latent heat values and thermal
properties were then evaluated. The carbon foams containing various nano thermal conducting
particles and impregnated with erythritol were characterized by the use of differential scanning
calorimetry (DSC) and scanning electron microscopy (SEM).

2. Experimental

2.1. Materials

The erythritol as the PCM was purchased from Cargill Co. (Minneapolis, MN, USA). The
carboxymethyl cellulose used as the precursor of carbon foam was obtained from Sigma Aldrich Co.
(St. Louis, MO, USA). The spherical Ag powder was received from HKK Solution Co. (Seoul, Korea);
its degree of purity was 99.99%, with a particle size of 20 nm. The spherical Al powder was supplied
from Ditto Technology Co. (Gunpo-si, Gyeonggi-do, Korea); its degree of purity was 99.99%, with a
diameter in the range of 60–80 nm. The CNT powder was obtained from Nano Solution Co.; its degree
of purity was above 95 wt %, with length in the range of 5–20 μm, diameter in the range of 8–15 nm,
and tap density of 0.05 g cc−1. The GO powder with 65.33% carbon and 31.31% oxygen content was
supplied from Graphenall Co. (Siheung-si, Guionggi-do, Korea); its D/G ratio was 1.04, with pH 2.87.
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The citric acid (CA) used as the cross-linking agent for preparing the carbon foam was of analytical
grade and used as received.

2.2. Preparation of Simple CMC Carbon Foam and CMC Carbon Foams Containing Nano Thermal
Conducting Materials

The simple CMC carbon foam and CMC carbon foams containing Ag, Al, CNT, and GO were
respectively prepared through carbonization of CMC composites and CMC composites containing
Ag, Al, CNT, and GO obtained via EBI treatments. For the simple CMC composite, 10 wt % CMC and
4 wt % CA were dissolved in distilled water at room temperature, which resulted in the production
of a CMC paste. For CMC composites containing Ag, Al, CNT, and GO: 10 wt % CMC and 4 wt %
CA were dissolved in distilled water at room temperature and then 2 wt % Ag, 2 wt % Al, 2 wt %
CNT, and 2 wt % GO powder was added to the above pastes. The resulting pastes were stirred until
the additives were uniformly dispersed. The obtained pastes were irradiated at a dose of 80 kGy of
EBI, which was carried out by using a conveyor-type scanned beam with an accelerating voltage of
1.14 MeV and a beam current of 7.6 mA. The EBI treatment in this study was used for cross-linking of
CMC and CA to prevent CMC composite decomposition at high temperature (over 1000 ◦C) during
carbonization [27,28]. The EBI-treated samples were lyophilized. These lyophilized samples were
carbonized at a high temperature of 1000 ◦C for 1 h under a nitrogen atmosphere in a tubular furnace
to produce the carbon foams. These carbon foams were labeled as CF (CMC carbon foam), CF-Ag
(CMC carbon foam containing 2 wt % Ag), CF-Al (CMC carbon foam containing 2 wt % Al), CNT
(CMC carbon foam containing 2 wt % CNT), and CF-G (CMC carbon foam containing 2 wt % GO). In
the case of the latter sample, GO powder in the CMC composite was reduced by thermal annealing
during carbonization of CMC composite at 1000 ◦C, which changed it into reduced graphene oxide
(rGO). Thermal reduction of GO is able to remove oxygen functionalities via a complicated mechanism
that restores the π-conjugation arrangement characteristic of graphene. Thermal annealing at high
temperature near 1000 ◦C has been proposed as the classic temperature for GO reduction resulting in
rGO [33,34].

2.3. Impregnation of Erythritol into Carbon Foam and Carbon Foams Containing Various Nano Thermal
Conducting Materials and Its Characterization

Figure 1 shows a schematic diagram of the process whereby erythritol was impregnated into
the carbon foam, and carbon foams containing various nano thermal conducting materials, by the
vacuum method to maximize thermal energy storage and minimize the loss of latent heat during
repeated thermal cycling tests. The carbon foam and solid erythritol (1:100) were placed into an airtight
glass container and this container was then heated in an oil bath. Molten erythritol at around 120 ◦C
was impregnated into the carbon foam by removing the air, using a vacuum pump. The heating
temperature was monitored by a thermocouple, which was located in a glass test tube filled with
erythritol or erythritol mixed with carbon foams containing the various nano thermal conducting
materials. The temperature variations of the erythritol in the glass test tubes during heating were
passed through a temperature readout box, where the data were automatically recorded and saved
onto a computer (Figure 1). The thermal conductivity measurements were conducted with a TPS 2500S
instrument (Hot Disk, Göteborg, Sweden) and the resulting data obtained from the sensor, which was
sandwiched between 2 same sample pieces. The samples were tested 10 times each, and the average
value and the standard deviation of the obtained data were calculated. The latent heat values for pure
erythritol and the various carbon foams impregnated with erythritol were determined by DSC (DSC25,
TA instruments Co., New Castle, DE, USA) in the range of 30–140 ◦C. The samples were tested 10 times
each, and the average value and the standard deviation of the obtained data were calculated. The
microstructure for the morphology of various carbon foams and corresponding erythritol-impregnated
carbon foams were evaluated with SEM (CX-200TA, COXEM, Daejeon, Korea).
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Figure 1. Schematic diagram of the temperature variation test unit for erythritol as the phase change
material (PCM) and the vacuum impregnation of erythritol into carbon foam.

3. Results and discussion

3.1. Thermal Conductivity of the Various Carbon Foams

Figure 2 shows the thermal conductivity of CF, CF-Ag, CF-Al, CF-CNT, and CF-G. As shown in
Figure 2, the thermal conductivity values of carbon foam containing various nano thermal conducting
materials were higher than that of the simple CF without any nano thermal conducting materials.
Generally, the thermal conductivity of non-graphitized carbon foam will have a low value below
1 W mK−1 [35], and here, the thermal conductivity of CF without nano thermal conducting materials
was 0.12 W mK−1. In contrast, the thermal conductivity values of CF-Ag, CF-Al, CF-CNT, and
CF-G were approximately 0.18, 0.14, 0.22, and 0.27 W mK−1, respectively. Compared with CF, these
values represented enhancements of approximately 150%, 116.67%, 183.33%, and 225%, respectively.
Individually, Ag (429 W mK−1), Al (237 W mK−1), CNT (~3500 W mK−1), and graphene (4800~5300
W mK−1) are excellent thermal conducting materials. Therefore, the addition of Ag, Al, CNT, and
graphene as nano thermal conducting materials into the carbon foam supported the development of
substantially higher thermal conductivities.
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Figure 2. Thermal conductivity of simple carboxymethyl cellulose carbon foam (CF) and CF containing
various nano thermal conducting materials.

3.2. Effects of Carbon Foams Containing Nano Thermal Conducting Materials on the Melting of Erythritol

Figure 3 shows the temperature changes with time during latent heat storage experiments with
pure erythritol and erythritol added to simple CF, CF-Ag, CF-AL, CF-CNT, and CF-G. Here, we can
see that erythritol initiated melting at a phase change temperature of around 120 ◦C and the time
required to reach the phase change temperature of pure erythritol took around 1965 s. However, when
erythritol was added to the simple CF and CFs with various nano thermal conducting materials, faster
melting occurred than that with pure erythritol. In particular, as shown in Figure 3, when erythritol
was added to the simple CF, the phase change occurred at approximately 1813 s. Even faster times of
1620 s, 1505 s, 1288 s, and 1046 s were achieved with CF-Ag, CF-Al, CF-CNT, and CF-G, respectively.
These results indicated that the enhanced thermal conductivities of carbon foams led to reductions in
the times required to reach the phase change temperature during heating with erythritol as the PCM,
and among the carbon foams used in this study, CF-G showed the highest thermal conductivity and
had the fastest phase change time, which was approximately 919 s less than that for pure erythritol.

 
Figure 3. Temperature changes with time of erythritol and erythritol added to the simple CF and CF
containing various nano thermal conducting materials.

3.3. Thermal Effects of Simple Carbon Foam and Carbon Foams Containing Various Nano Thermal Conducting
Materials on the Latent Heat Storage of Erythritol

The latent heat for erythritol as the PCM was generally calculated by using the region of the
endothermic peak near 120 ◦C during the DSC analysis. Figure 4a shows the DSC analysis results, and
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Figure 4b presents the latent heat values calculated from the DSC analysis. In Figure 4a, it can be seen
that the intensity of the endothermic peaks when erythritol was added to simple CF, CF-Ag, CF-Al,
CF-CNT, and CF-G were smaller than that of pure erythritol. This was because the amount of erythritol
was reduced following the supplementation of the carbon foam. By comparing the latent heat values
in Figure 4b, it can be seen that the latent heat value for pure erythritol was 358.04 ± 8.95 J g−1, but
the latent heat values when erythritol was added to simple CF, CF-Ag, CF-Al, CF-CNT, and CF-G
were generally similar, at around 290 and 300 J g−1. This was because of the similar impregnation
amounts of erythritol by the vacuum method, resulting from the similar porous structure of carbon
foams, regardless of the types of nano thermal conducting materials.

 
(a) 

 
(b) 

Figure 4. (a) Differential scanning calorimetry (DSC) analysis results and (b) comparison of latent heat
values for pure erythritol and erythritol added to the simple CF and CF containing: Ag (CF-Ag); Al
(CF-Al); CNT (CF-CNT); and graphene (CF-G).

Figure 5 shows the results of the thermal cycling test (10 cycles) for pure erythritol and erythritol
added to simple CF, CF-Ag, CF-Al, CF-CNT, and CF-G. These tests results indicated the thermal
stability for the changes of latent heat during repeated melting and solidification cycles of the PCM. In
the case of pure erythritol, latent heat values decreased continuously during 10 cycles and up to ~5% of
the initial latent heat value was lost. However, when erythritol was added to simple CF, CF-Ag, CF-Al,
CF-CNT, and CF-G, the materials exhibited much less latent heat loss than the pure erythritol. These
results likely occurred because the porosity of carbon foam can prohibit the leakage of erythritol and
thus minimize the latent heat loss during thermal cycling tests through capillary and surface tension
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forces. Therefore, it can be concluded that CF, CF-Ag, CF-Al, CF-CNT, and CF-G demonstrated great
thermal reliability as fillers for PCMs.

 
Figure 5. Thermal cycling test for pure erythritol and erythritol added to simple CF, CF-Ag, CF-Al,
CF-CNT, and CF-G materials.

3.4. Scanning Electron Microscopy (SEM) Images for the Impregnation of Erythritol into Carbon Foams

The impregnation of the PCM into a filler, such as carbon foam, has a very import role in
maximizing latent heat storage. If the PCM is not impregnated into fillers properly, latent heat storage
is reduced. Figure 6 displays SEM images of simple CF, CF-Ag, CF-Al, CF-CNT, and CF-G and the
corresponding images for the carbon foams impregnated with erythritol. As shown in Figure 6, the
morphologies of simple CF, CF-Ag, CF-Al, CF-CNT, and CF-G consisted of the microstructures of
the respective carbon foams with various sizes and non-uniform porosities. Here, all of the images
confirmed that respective carbon foams, after impregnation with molten erythritol by the vacuum
method at around 120 ◦C, were successfully impregnated with erythritol without any voids. Therefore,
it was clear that erythritol could be effectively impregnated into the pores of the respective carbon
foams through the vacuum method.

Figure 6. Cont.
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Figure 6. SEM images of (a) CF; (c) CF-Ag; (e) CF-Al; (g) CF-CNT; and (i) CF-G, as well as the SEM
images for the corresponding carbon foams impregnated with erythritol (b,d,f,h,j, respectively).

4. Conclusions

In this study, we prepared both simple carbon foam without any nano thermal conducting
materials and carbon foams containing Ag, Al, CNT, and graphene from CMC to enhance the thermal
conductivity. We also used the vacuum method to impregnate erythritol as the PCM into the carbon
foams to maximize the latent heat and to minimize the latent heat loss during thermal cycling. Firstly,
we observed that CF-Ag (0.18 W mK−1), CF-Al (0.14 W mK−1), CF-CNT(0.22 W mK−1), and CF-G (0.27
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W mK−1) carbon foams containing Ag, Al, CNT, and graphene, respectively, could support higher
thermal conductivities than the simple CF (0.12 W mK−1) alone. Next, erythritol was added to the
simple CF, CF-Ag, CF-Al, CF-CNT, and CF-G and this resulted in a decrease in the time required to
reach the phase change temperature. Especially, when erythritol was added with CF-G, this material
reached phase change temperature fastest and the time was around 919 s lower than that of pure
erythritol. However, the addition of erythritol to the simple CF, CF-Ag, CF-Al, CF-CNT, and CF-G
resulted in latent heat values between about 290 and 300 J g−1 lower than pure erythritol (358.04 ±
8.95 J g−1), which occurred as a result of the carbon foam supplementation. Regardless, the carbon
foams displayed less latent heat loss than pure erythritol during thermal cycling tests. Lastly, with the
SEM images, we could see that erythritol was effectively impregnated into the pores of the respective
carbon foams through the vacuum method, and this helped to maximize the latent heat and minimize
the latent heat loss during thermal cycling. Therefore, these carbon foams impregnated with erythritol
represent promising materials for thermal energy storage applications. However, drawbacks in this
study included: The difficulty in controlling the pore sizes uniformly of carbon foams; and the difficulty
in preparing more varieties of carbon foams containing nano thermal conducting materials (because
the CMC pastes containing some nano thermal conducting particles were not cross-linked between
CMC and CA after treatment). Nevertheless, these carbon foams impregnated with erythritol represent
promising materials for thermal energy storage applications.
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Abstract: Present state-of-the-art graphene-based electrodes for supercapacitors remain far from
commercial requirements in terms of high energy density. The realization of high energy supercapacitor
electrodes remains challenging, because graphene-based electrode materials are synthesized by
the chemical modification of graphene. The modified graphene electrodes have lower electrical
conductivity than ideal graphene, and limited electrochemically active surface areas due to
restacking, which hinders the access of electrolyte ions, resulting in a low energy density. In order
to solve the issue of restacking and low electrical conductivity, we introduce thiol-functionalized,
nitrogen-doped, reduced graphene oxide scrolls as the electrode materials for an electric double-layer
supercapacitor. The fabricated supercapacitor exhibits a very high energy/power density of
206 Wh/kg (59.74 Wh/L)/496 W/kg at a current density of 0.25 A/g, and a high power/energy
density of 32 kW/kg (9.8 kW/L)/9.58 Wh/kg at a current density of 50 A/g; it also operates in a
voltage range of 0~4 V with excellent cyclic stability of more than 20,000 cycles. By suitably combining
the scroll-based electrode and electrolyte material, this study presents a strategy for electrode design
for next-generation energy storage devices with high energy density without compromising the
power density.

Keywords: EDLC; rGO scrolls; thiol functionalization; supercapacitor; energy and power density

1. Introduction

The growing demand for energy storage systems in electric vehicles, load-leveling, and
portable electronic devices has stimulated research into high-density electrochemical energy storage
technologies that can deliver high power for long periods of time [1–3]. Electrochemical double-layer
supercapacitors (EDLCs) have attracted considerable interest for such applications, due to their
high specific power density and long cycle life [4,5]. The major drawback of EDLCs is their low
energy density, which lies in the range of 3~5 Wh/kg [6,7], two orders of magnitude lower than
that of the commercial lithium-ion batteries. Supercapacitors that can deliver high-energy density
without sacrificing power density are critically needed for practical applications, such as hybrid
electric vehicles [8], industrial forks [4], wind turbine energy storage [9], mobile electronics [1], fuel
cells [10], regenerative braking [11], and power supply devices [12], etc. Several materials, including
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polymers [13–15] or reduced graphene oxide (rGO)-based materials have been introduced to overcome
the EDLCs’ low energy density issue. Among them, rGO-based EDLCs have been reported with
high power density, high charge/discharge rates, and long cycle life performance. However, even
though tremendous progress has been achieved in developing rGO-based EDLCs with high energy
density using hydrazine reduction (85.6 Wh/kg) [16], microwave exfoliation (70 Wh/kg) [17], and
other processes, their energy density values are still significantly lower than the level needed for many
practical applications.

Two of the major drawbacks of the rGO-based EDLCs that lead to the lower energy density values
are the restacking of rGO layers and the low electrical conductivity of rGO. The agglomeration and
restacking effects lead to a reduced electrochemically active surface area and interlayer spacing, with
the result that ions in the electrolyte become less accessible, which in turn leads to the low energy
density of the rGO-based EDLCs. In order to effectively implement EDLCs, their specific energy
storage capabilities must be further improved. Energy density can be significantly enhanced by (1)
preventing the restacking of rGO sheets, (2) increasing the electrical conductivity of the rGO sheets,
and (3) creating a narrow pore size distribution in the synthesized rGO electrode.

In the present study, in order to prevent restacking and to increase conductivity, we synthesized
nitrogen-incorporated, thiol-functionalized rGO scrolls (hereafter referred to as NTGS). The NTGS
have unique three-dimensional, interconnected networks with a continuous porous structure, narrow
pore size distribution, and a large surface area, making them potentially excellent electrode materials
for high-performance EDLCs. The NTGS represent a promising new design strategy for optimizing the
electrochemical performance of EDLC materials. Suppressing the sheet restacking yields a highly open
and porous structure that creates continuous ion transport channels and allows electrolyte solutions to
easily access the surfaces of individual graphene sheets.

Thiol-functionalized groups are composed of sulfur and hydrogen atoms (–SH). By functionalizing
rGOs with a thiol (–SH) group, it is possible to tailor the physical and chemical properties of the rGOs.
The synthesized NTGS show high electrical conductivity, which is attributed to (i) the orbital overlap
between sulfur 3s and 3p, with π- orbitals in the rGO sheets, and (ii) the presence of lone pair electrons
in nitrogen. The chemical bonding between sulfur and carbon is stronger than the van der Waals force
between adjacent π−π stacked rGO layers. Moreover, additional states are formed in the conduction
band of the rGO because of the thiolation process. Furthermore, the nitrogen atoms provide additional
free electrons to the conduction band. The two physical and chemical properties of the NTGS result in
significant enhancement of the electrical conductivity of the electrode.

In the present study, we achieve high energy density by synthesizing the unique scroll structure,
which provides a short and rapid transport pathway for electrons, leading to the outstanding
performance of the cell. The fabricated NTGS-based EDLC bridges the energy density gap between
conventional batteries and supercapacitors. The fabricated supercapacitor exhibits a very high
energy/power density of 206 Wh/kg (59.74 Wh/L)/496 W/kg, at a current density of 0.25 A/g,
and a high power/energy density of 32 kW/kg (9.8 kW/L)/9.58 Wh/kg at a current density of 50 A/g,
and excellent stability (>20,000 cycles).

2. Experiment Section

2.1. Preparation of Reduced Graphene Oxide and Thiol-Functionalized Reduced Graphene Oxide Scrolls

We synthesized GO using the modified Hummer’s method [18] by oxidizing graphite powder.
Two-week-long dialysis was performed to completely remove the metal ions. The resulting GO
solution was finally dried at 90 ◦C overnight to obtain GO powder. Then the powder was mixed well
in an agate mortar for 30 min, followed by an annealing at 800 ◦C in ambient nitrogen for one hour.
This rGO powder was used to fabricate the rGO cell.

For the preparation of thiol-functionalized rGO scrolls, the thiol-functionalized rGO powder
(UniNanoTech Co., giheung-gu, Korea) was dispersed in 30 mL of water, and this mixture was
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suspended in water by sonication for 8 h, using an ultrasonic reactor operating at a frequency of
33 kHz. The mixture was centrifuged at 12,000 rpm for 15 min, which resulted in a homogenous
suspension. Repeated sonication and centrifugation were carried out multiple times. The resulting
solution was finally dried at 90 ◦C overnight to obtain the powder. The powder was mixed well in an
agate mortar for 30 min, followed by an annealing at 800 ◦C in ambient nitrogen for one hour. The
resulting powder consisted of nitrogen-incorporated, thiol–functionalized rGO nanoscrolls (NTGS).

The morphological, structural, and compositional properties of the NTGS powder were
investigated using high-resolution transmission electron microscopy (HRTEM)/selective area electron
diffraction (SAED) (JEM.ARM.200F), Raman spectroscopy (inVia Raman microscope), ultraviolet
photoelectron spectroscopy (UPS), and X-ray photoelectron spectroscopy (XPS) measurements. The
measurement of the nitrogen adsorption isothermal was carried out at 77 K by a low-temperature,
nitrogen adsorption surface area analyzer (ASAP 2020, Micromeritics Ins., Norcross, GA, USA).

2.2. Cell Fabrication

Composite anodes were formulated with 80% active materials (NTGS or rGO), 10% Ketzen black
(KB), and 10% teflonized acetylene black (TAB) using ethanol. The slurry was then pressed on a nickel
mesh current collector with a 200-mm2-area, and dried at 160 ◦C for 5 h in a vacuum oven.

To evaluate the electrochemical performance of the NTGS electrodes, supercapacitors were
assembled with symmetrical cell geometry. The test cells were constructed in an argon-filled glove box
by compressing the NTGS and rGO electrodes, and the devices were fabricated with an ionic liquid
EMIMBF4 electrolyte. The mass loading of electrodes is 2.5 mg cm−2, and the thickness of the working
electrode is 57 μm. In the present study, stainless steel is used as the current collector, because in a
large operating voltage window, the current collector needs to be more stable and non-corrosive in
nature to maintain a stable cycling performance.

The electrochemical performance of the supercapacitor cells in the form of CR2032 coin cells
was measured in the range of 0~4 V using a battery tester (WBCS 3000, Won-A-Tech, Seoul, Korea).
The cyclic voltammetry (CV) was carried out at scan rates ranging from 10 mV/s to 200 mV/s, and the
Galvanostatic charge/discharge (GCD) cycling of the cells was performed at current densities ranging
from 0.26 A/g to 50 A/g.

3. Results and Discussion

Figure 1a illustrates the NTGS formation procedure. The NTGS samples were formed by rolling
thiolated rGO layers in one or more directions. Scrolling occurs because of the graphene oxide’s (GO’s)
planar structure, which is extremely unfavorable to maintain. A detailed discussion regarding the
formation of the GO scrolls has been reported in our previous work [19].

The driving force for the scrolling of the thiolated GO is the energy difference between the total
surface energy of the system and the elastic energy associated with thiolated GO bending [20,21]. When
the temperature increases during annealing, the GO layer bends to minimize the total surface energy of
the system by reducing the exposed surfaces of the thiolated GO layers, and the subsequent rolling of
the graphene oxide is driven by the reduction of the total area of the exposed GO surface. Consequently,
the total surface energy of the system is minimized by tightly wrapping adjacent graphene layers of
the scroll together, where the layers are interconnected to each other.

The morphology of the NTGS powder samples was analyzed using HRTEM images, as shown
in Figure 1c,e. The HRTEM images of the NTGS clearly reveal the interconnected scroll structure.
Additional TEM/HRTEM and selective area electron diffraction (SAED) images are shown in the
Supplementary Figure S1. The TEM images show that the lateral diameter of the scrolls is in the range
of 20~60 nm. The TEM images in Figure 1e indicate a high-quality interconnected carbon nanostructure,
with randomly oriented rGO scrolls of various diameters and lengths that are connected and assembled
together. Furthermore, the electron diffraction pattern in the high-magnification TEM image shows
that the NTGS retain the highly crystalline graphitic structure (Figure S1i).
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Figure 1. (a) Schematic showing the formation of the thiolated reduced graphene oxide (rGO) scrolls
and cell fabrication, (b) structure of the planar N-doped thiol rGO and N-doped thiol rGO scroll,
(c) high-resolution transmission electron microscopy (HRTEM) image of a single scroll, (d) digital
image of a fabricated cell, (e) TEM image of an interconnected NTGS powder sample, (f) galvanostatic
charge–discharge curves of the NTGS cell, and (g) ohmic voltage (IR) drop for the nitrogen-incorporated,
thiol-functionalized rGO scrolls (NTGS) and rGO cells. The IR drop curve shows electrical conductivity
was significantly enhanced in the NTGS compared to pure rGO.

The Raman spectrum was also recorded and analyzed to identify the formation of scroll structures.
The Raman spectra of the NTGS shown in Supplementary Figure S2a clearly show that the scrolls are
significantly different from those of the planar graphene. The inset of Figure S2a shows the Raman
spectra in the lower vibrational frequency range. The Raman spectrum of the scrolled GO differs
significantly from that of flat GO. The high-degree curvature in the scrolled GO causes the appearance
of low-frequency radial breathing-like (RBLM) modes. The most important feature in the Raman
spectrum of Carbon nanotubes (CNTs) is the radial breathing mode (RBM), which is usually located
between 75 and 300 cm−1. Figure S2a shows RBM modes around 100 and 172 cm−1, which again
confirms the tubular structure of the GO scrolls in our samples. Also, the bands indicating the formation
of scrolls are at 920, 1800, and 2000 cm−1, which are not observed in planar graphene/rGO [22,23].
The band observed at 630 cm−1 can be assigned to the C−S bond, confirming that there is strong
interaction between carbon and sulfur [24]. The band observed at ~1280 cm−1 is consistent with
sidewall functionalization, due to thiol-functional groups [25]. More explanations and the band
assignment are given in the Supplementary Information. The functionalization of the thiol groups was
also confirmed by X-ray photoelectron spectroscopy (XPS) analysis. The C1s, S2p, and N1s XPS spectra
were fitted and deconvoluted, as shown in Supplementary Figure S2b–d. The XPS spectra clearly
confirmed the strong chemical interaction between C–N and C–S in NTGS. The peak assignments and
explanations are given in the Supplementary Information.

The electrochemical Galvanostatic charge/discharge (GCD) performance of the NTGS cell (in the
voltage range between 0 and 4 V) was recorded at current densities ranging from 0.25 to 50 A/g
(Figure 1f). The GCD curves clearly indicate excellent performance (The fabricated supercapacitor
exhibits a very high energy /power density of 206 Wh/kg/496 W/kg, at a current density of 0.25 A/g
and a high power/energy density of 32 kW/kg/9.58 Wh/kg at a current density of 50 A/g, specific
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capacitance of 360 F/g (104.4 F/cm3) as well as the double layer capacitive behavior of the fabricated
NTGS cell). It is worth pointing that the cell can withstand a current density of up to 50 A/g.

The devices were fabricated with ionic liquid EMIMBF4 electrolyte. Compared with aqueous
and organic electrolytes, ionic liquids (IL) are ideal electrolytes for supercapacitors because of their
unique properties, such as high thermal stability and low flammability, which can improve the working
temperature range and safety of supercapacitors. In particular, the wide electrochemical windows
greater than 4 V can contribute greatly to improving the energy density of supercapacitors. A major
drawback of the aqueous and organic electrolytes are safety issues, such as volatility and flammability.
In addition, the working voltage window is very low, such as 1.2 V and 2.7 V for the aqueous and
organic electrolytes, respectively. On the other hand, ILs are attractive electrolytes that can be an
alternative to the conventional organic electrolytes because of their negligible vapor pressures, low
flammability, and high electrochemical stability [26–28].

The GCD performance of the rGO cell is shown in the Supplementary Information (Figure S3).
The rGO cell delivered a maximum energy density of 70 Wh/kg. The gravimetric specific capacitance
(Cgra), the gravimetric energy, and power density were calculated using the following Equations [29,30]:

Cgra = 4
iΔt

mΔV
(1)

Egra =
1
8

CgraΔV2 (2)

Pgra =
Egra

t
(3)

where i, m, Δt, and ΔV are the applied current (A); mass (g) of the active material, including both the
anode and cathode in the cell; discharge time; and potential window, respectively.

The volumetric specific capacitance (Cvol) can be calculated using the following equation:

Cvol = Cgra × ρ (4)

The volumetric power density (Pvol) and volumetric energy density (Evol) of the supercapacitor
can be calculated as follows.

Evol = Egra × ρ (5)

Pvol = Pgra × ρ (6)

The packing density of total electrode material (ρ) was calculated according to the previous report,
and the value is 0.29 g/cm3 [31].

The NTGS cell delivered a maximum capacitance of 360 F/g (104.4 F/cm3), an energy density
of 206 Wh/kg (59.74 Wh/L), and a corresponding power density of 496 W/kg at a current density
of 0.25 A/g. The cell delivered an energy density of 9.58 Wh/kg at a maximum power density of
32 kW/kg (9.8 kW/L) and at a current density of 50 A/g. Considering that the rGO cell delivered
a maximum energy density of only 70 Wh/kg, the NTGS cell delivered three times higher energy
density compared with the rGO cell.

A significant increase in the energy density of the NTGS electrode was observed, compared with those
of other very recently reported graphene- and polymer-based supercapacitors. The gravimetric energy
density of the NTGS electrode was higher than those of other very recently reported values, such as
the conjugated indole-based macromolecule (30 Wh/kg) [32], reduced graphene oxide/mixed-valence
manganese oxide composite (50 Wh/kg) [33], hollow particle-based nitrogen-doped carbon nanofiber
(11 Wh/kg) [34], porous Ni3S2/CoNi2S4 three-dimensional (3D)-network structure (62.2 Wh/kg) [35],
interlaced Ni(OH)2 nanoflakes wrapped in zinc cobalt sulfide nanotube arrays (75.5 Wh/kg) [36],
honeycomb-carbon frameworks (55 Wh/kg) [37].
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The enhancement in energy density of the NTGS cell over that of the GO cell can be attributed to (i)
the higher conductivity of the NTGS electrode, and (ii) the scroll structure of NTGS, which eliminates
restacking of the rGO and increases the electrolyte/electrode contact surface area. The cell resistance
of the NTGS and rGO cells was confirmed by the IR drop against the discharge current, as shown
in Figure 1g. The IR drop is calculated from the GCD curve, as shown in the previously published
paper [38]. The IR drop in the GCD curve at a current density of 0.25 A/g is shown in Supplementary
Information (Figure S4). It is worth noting that our NTGS cell exhibited resistance values that were
only 1/6 that of the pure rGO cell. In supercapacitors, charge storage occurs via ion transportation
and the intercalation of ions into the active material. Therefore, higher electrical conductivity or lower
resistance of the active material results in higher capacitance values. The NTGS cell exhibited six times
higher conductivity than the pure rGO cell, which in turn resulted in the higher capacitance and the
energy density values. Moreover, the higher contact area and narrow pore size distribution provided
by the peculiar scroll structure resulted in an enhancement of the electron transfer process between the
electrode and electrolyte.

The enhanced electrical conductivity, higher specific area, and the narrow pore size distribution
of NTGS samples were further investigated using ultraviolet photoelectron spectroscopy (UPS) and
Brunauer–Emmett–Teller (BET) surface area measurements.

Detailed study of the electronic structures of the powder samples was carried out using valence
band UPS spectroscopy. UPS was performed in an ultrahigh vacuum (UHV) chamber with an He–I
resonance line (hν = 21.22 eV) as an excitation source. As UPS sources can excite only valence band
electrons, UPS spectroscopy can provide information about the valence band electrons responsible
for bonding. The Fermi level position is referred at binding energy of 0 eV. UPS spectra for the NTGS
and rGO samples were measured in the binding energy, ranging from 0 to 20 eV, as shown in Figure
S5. This UPS spectrum reveals valence band energy levels of NTGS and rGO powders with respect
to the source emission line (He1α; 21.22 eV). Figure 2a corresponds to the fitted He–I UPS spectra of
the samples after subtracting background noise in the binding energy ranging from 4 to 15 eV. This is
because the peaks corresponding to the graphene oxide appear in this range.

Figure 2. Fitted He-I ultraviolet photoelectron spectroscopy (UPS) spectra of (a) NTGS and (b)
rGO powders after background subtraction. (c) Pore-size distribution and (d) nitrogen adsorption/
desorption plot at 77.4 K of the NTGS sample.
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The fitted peaks and their corresponding assignments are shown in Supplementary Table S1.
For comparison, the UPS spectra of pristine rGO samples were also recorded and deconvoluted,
as shown in Figure 2b.

The UPS spectra of the rGO exhibited peaks at 5.4, 7.3, 9.9, and 14.3 eV. The UPS spectra of NTGS
also showed similar peaks at 5.4, 7.0, and 14.6 eV. A noticeable difference was the additional 8.6,
10.5. 11.8, and 13.7 eV peaks in the NTGS UPS spectra. Interestingly, the peak observed at 9.9 eV in
rGO, which was attributed to the orbital interaction between C2s and C2p, shifted towards a lower
binding energy—8.6 eV in the NTGS [39]. We believe that this shift occurred because of the presence
of lone pair electrons supplied by nitrogen. The additional peaks observed at 10.5, 11.8, and 13.7 eV
correspond to C2p–S2p, C2p–S3s, and C2p–N2p interactions, respectively [39,40]. The UPS analyses
confirmed that there were mixtures of the main orbital types of carbon and sulfur. The thiol functional
group significantly improved the electrical conductivity because of the orbital overlap between sulfur
3s and 3p, with π- orbitals of carbon in the graphene sheets. The hybridization between carbon and
sulfur increased the local charge density and the hybridization between S3p, S3s, and C2p states,
resulting in the formation of impurity energy levels near the Fermi level, leading to higher conductivity.
The hybridization between S3p states and C3s states also contributed to the formation of impurity
energy levels.

The BET surface area measurement results are shown in Figure 2c,d. The interconnected NTGS
exhibited a narrow pore size distribution, with an average pore diameter of 2.5 nm, as shown in
Figure 2c. The scrolls had uniformly distributed mesopores with a narrow pore size distribution,
resulting in easy accessibility for the electrolyte ions. Nitrogen adsorption/desorption plots of the
samples at 77.4 K showed a type IV adsorption isothermal curve with a hysteresis loop (Figure 2d).

The interconnected NTGS had a large specific surface area of 803 m2/g. The higher specific
surface area provided by the nanoscrolls resulted in an increase in the number of sites actually
accessible to electrolyte ions, which enhanced the electron transfer process between the electrode
and electrolyte. This enhancement of the electron transfer process gives rise to higher energy density.
The high-surface-area NTGS with well-defined pores provides fast electronic and ionic conducting
channels, making the material ideal for electrodes in supercapacitor applications.

It is clear from Figure 3a that the cyclic voltammetry (CV) curves of the NTGS cells (scan rate in
the range of 10–200 mV/s) are excellent and exhibit a typical rectangular shape, which confirms the
formation of double layer capacitance. The variations in the Cgra values with respect to the current
density of the NTGS cell is depicted in Figure 3b. The NTGS cell exhibited stable cycling performance
and maintained 88% of its initial capacitance, even after 20,000 cycles at a current density of 5 Ag−1

(Figure 3c). Figure 3d shows the Ragone plots of the NTGS cell. It is apparent that the energy density
values of the NTGS cells are superior to those of other recently reported supercapacitors.
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Figure 3. (a) Cyclic voltammetry (CV) curves of the NTGS from 10~200 mV/s; (b) specific capacitances
of the NTGS cell as a function of the current density; (c) cycling performance of the NTGS cell; (d) the
Ragone plots of the NTGS cells, compared with those of other recently reported supercapacitors [32–37].

The electrochemical impedance spectra (EIS) is a powerful tool for analyzing the internal resistance
of the electrode material, and the EIS studies were conducted for the NTGS and pure GO cells
separately, at a frequency range between 100 kHz and 100 MHz, with an amplitude of 10 mV in
the open circuit condition. The corresponding EIS spectra are presented in Figure S6. The electrode
resistance, bulk electrolyte resistance, diffuse layer resistance, and equilibrium differential capacitance
can be retrieved directly from Nyquist plots. The Nyquist spectra of both cells consisted of semicircles
in the high-to-medium frequency region, and a sloping line in the low-frequency region. The slope
of the line represents the diffusion control process in the low-frequency region. The intercept of the
semicircle with the real impedance axis (Z′) represents the equivalent series resistance (ESR), which is
a combination of electrolyte and contact resistance. The intercept from the vertical line to the x-axis
gives the total internal resistance of the cell. The ESR values for NTGS and GO cells, calculated [41]
from a Nyquist plot, are 9.9 Ω and 19 Ω, respectively (Figure S6). Thus, Figure S6 clarifies that the ESR
of the NTGS cell is lower than that of the pure GO cell. The total internal resistance for NTGS and GO
cells are 13.5 Ω and 20.8 Ω, respectively (Figure S6). The diameter of the semicircle provides the charge
transfer resistance, Rct, resulting from the diffusion of electrons towards the electrode materials. The
lower Rct of the NTGS cell compared with that of the GO cell indicates the enhancement in the electron
transfer process. The scroll structure provides a connected network, and it results in a lower resistance
and a shorter electron diffusion pathway, which in turn leads to the enhanced electron transfer process.
Furthermore, the open and connected architecture of the conductive scrolls provides a good interface
for the electrolyte ions, which increases the electrochemical accessibility of the electrolyte ions into
the NTGS electrode. Figure S4 clearly shows that the diffuse layer resistance is lower for NTGS
compared to the GO cell. The formation of a narrow Helmholtz region in the NTGS cell is shown
as a schematic in Figure 4. The unique structure of the NTGS cells, with their outstanding electrical
conductivity, provides a short and rapid transport pathway for electrons, permitting high-capacity and
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high-energy density at high current densities. The excellent performance of the NTGS cell is suitable
for applications that demand high gravimetric energy densities.

Figure 4. A schematic showing the electrochemical reactions in the rGO cell (left) and the NTGS
cell (right).

4. Conclusions

In summary, to enhance the energy density of EDLCs, nitrogen-incorporated, thiol-functionalized,
reduced graphene oxide scrolls (NTGS) were synthesized. In the voltage range from 0 to 4.0 V,
a supercapacitor fabricated with NTGS powder exhibited high energy densities (206 Wh/kg, 59.74
Wh/L) compared to previously reported values (85–100 Wh/kg), and comparable to those of Li-ion
batteries. The superior energy density values of the fabricated NTGS capacitor are attributed to the
nitrogen doping, thiol functionalization, and scroll morphology. The NTGS cell also exhibited excellent
cycling stability up to 20,000 cycles, and a power density of 32 kW/h (9.8 kW/L). Our strategy in
developing NTGS using a combination of nitrogen incorporation, thiol-functionalization, and scroll
formation was to offer a significant potential electrode material for energy storage systems, which
can also be used to enhance the performance of the other electrode materials, including those for
lithium-ion batteries and hybrid supercapacitors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/2/148/s1,
Figure S1: (a–g) HRTEM images of an interconnected NTGS powder sample, (h) HRTEM image of a single scroll,
(i) SAED pattern of NTGS sample from the area shown in (g). Figure S2: (a) Raman spectrum and fitted XPS
spectra of (b) C1s, (c) N1s, and (d) S2p GFNS powder sample. The inset of (a) shows the Raman spectra of NTGS
sample in a different range of vibrational frequencies. Figure S3: The Galvanostatic charge/discharge (GCD)
performance of the rGO cell at current densities 1.6 A/g and 1.4 A/g. Figure S4: Ohmic voltage (IR) drop in
Galvanostatic charge/discharge curve at a current density of 0.25 A/g. Figure S5: He–1 UPS spectra for the NTGS
and rGO samples. Figure S6: Electrochemical impedance spectra of GO and NTGS powder samples. Table S1: The
fitted UPS spectra peaks of rGO and NTGS powder samples and their corresponding assignments.
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Abstract: In this study, we report a facile and green process to synthesize high-quality and
few-layer graphene (FLG) derived from graphite via a liquid exfoliation process. The corresponding
characterizations of FLG, such as scanning electron microscopy (SEM), transmission electron
microscope (TEM), atomic force microscopy (AFM) and Raman spectroscopy, were carried out.
The results of SEM show that the lateral size of as-synthesized FLG is 1–5 μm. The results of
TEM and AFM indicate more than 80% of graphene layers is <10 layers. The most surprising
thing is that D/G ratio of graphite and FLG are 0.15 and 0.19, respectively. The result of the
similar D/G ratio demonstrates that little structural defects were created via the liquid exfoliation
process. Electronic conductivity tests and resistance of composite film, in terms of different contents
of graphite/polyvinylidene difluoride (PVDF) and FLG/PVDF, were carried out. Dramatically,
the FLG/PVDF composite demonstrates superior performance compared to the graphite/PVDF
composite at the same ratio. In addition, the post-sintering process plays an important role in
improving electronic conductivity by 85%. The composition-optimized FLG/PVDF thin film exhibits
81.9 S·cm−1. These results indicate that the developed FLG/PVDF composite adhesives could be a
potential candidate for conductive adhesive applications.

Keywords: graphene; liquid exfoliation; polyvinylidene fluoride; conductive adhesives; flexiable

1. Introduction

Electronics or microelectronics industries have transitioned into making electronics lighter, smaller,
thinner and more highly efficient [1,2]. Aside from this, they must employ techniques and materials that
are environmentally friendly. As a result, they opt to replace lead-based solders for microelectronics
packaging with electrically conductive adhesives (ECAs). A great deal of research has been carried
out on the fabrication of polymer composites reinforced by metallic fillers ranging from metallic
particles to carbon materials. These polymer composites have been used to develop new types of
ECAs to reduce the cost to provide finer pitch capability [3]. Gold, silver [4–7], copper [8], palladium
and nickel have been widely used as fillers for commercial ECAs due to their stability and excellent
electrical conductivity [7,9]. However, a high concentration of filler is required to form a good electrical
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conductivity [5], which is the main reason for the high cost of ECAs. How to reduce the loading of
metal fillers into the ECAs has become an important issue.

Many researches use carbon nanotubes (CNTs) [10–12] as fillers to improve the electrical properties
of ECAs due to their high conductivity, flexibility, and large aspect ratios, and report the establishment
of a percolated network at low filler content. However, the usage of CNTs has been limited by the
challenges in processing, high cost and dispersion [13]. As a two-dimensional material, graphene
has attracted wide attention due to its stable structure and excellent performance. These materials
have drawn an intensive attention towards a variety of research fields to utilize their exceptional
thermal, mechanical, optical and electrical properties [14–16]. Theoretical and experimental studies of
graphene show they may possess high thermal conductivity (5000 W·m−1·K−1), high Young’s modulus
(~1 TPa), large surface area (~2600 m2·g−1) [17,18] and great electrical conductivity (6000 S·cm−1) [19].
Possessing the extremely high aspect ratio among all the nanostructured materials, graphene is a
promising nanomaterial able to establish a percolated network at very low concentrations.

Xie et al. predicted that in comparison with nanotubes, graphene could provide higher
conductivity when used as fillers for conductive adhesives. This is due to its large specific area [20–22].
Electrical conductivities of auxiliary forms of graphene have also been reported and studied as
conductive fillers or reinforcements for polymers. The polypropylene/graphene oxide (PP/GO)
nanocomposite prepared by Huang and colleagues through Zieglar-Natta polymerization provides a
high conductivity of 0.3 S·m−1 at a 4.9 wt.% loading of GO [23,24]. The chemically reduced graphene
oxide/polystyrene (CRGO/PS) composite prepared by Stankovich [25] delivers 0.1 S·m−1. Qi et al. [26]
compared the electrical conductivity of MWCNT/PS and G/PS nanocomposites and found that at
0.69 wt.%, G/PS has a conductivity of 3.49 S·m−1 while MWCNT/PS at the same content only has a
conductivity of 3 × 10−5 S·m−1. Ansari et al. studied and compared the properties of functionalized
graphene sheet/PVDF (FGS/PVDF) and exfoliated graphite/PVDF (EG/PVDF), which were prepared
via a solution process with subsequent compression to fabricate conductive nanocomposites. According
to their results, FGS remained well dispersed in PVDF and showed wrinkled topography with relatively
thin graphene sheets that were bonded well in the matrix [27].

In order to obtain graphene, various methods, such as exfoliation and cleavage, liquid-phase
exfoliation [28,29], growth on SiC [30,31], chemical vapor deposition [32,33], molecular beam epitaxy,
chemical synthesis [34–37], and chemical routes, have been widely studied. Mass production of
single-layer graphene or few-layer graphene is being hindered by the expensive cost and environmental
threat of its conventional synthesis. From the environmentally friendly viewpoint, there are many
researches that have studied the synthesis of graphene by a simple ultrasonication or jet cavitation
method to obtain few-layer graphene [38]. In this paper, a low-temperature, high-pressure continuous
flow cell disrupter was used as a delamination device to synthesize few-layer graphene. With this
method, simple, scalable, low-cost graphene was swiftly produced without the incorporation of any
toxic chemicals. The graphene obtained by this method was combined with polymer to make ECAs.

2. Experimental

2.1. Synthesis of FLG

Natural flake graphite (Øave = 500 μm) was used as a feed material for the delamination process
while N-Methyl-2-pyrrolidone (NMP) and polyvinylidene fluoride (PVDF) purchased from UBIQ
Technology Co. Ltd., Taiwan were used as a dispersing agent and a binder, respectively. The synthesis
of FLG was described as follow: a 1 kg solution consisting of 10 wt.% natural graphite dispersed
in de-ionized water (DI H2O) was fed into a low-temperature, ultra-high-pressure continuous flow
cell disrupter (LTHPD, JNBIO, JN 10C, Guangzhou, China). Prior to feeding the solution into the
tank of the LTHPD, the solution was vigorously stirred to ensure uniform dispersion. The graphite
solution was pumped into a nozzle with a high pressure and a high flow rate. Under the high-pressure,
strong-impact and repeated cyclic stress, layers of graphite were exfoliated, obtaining few-layer
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graphene (FLG). LTHPD did not only delaminate the graphite flakes into FLG, but also ensures
homogeneous dispersion in the solution. The operating condition was maintained at 1800 bar and
14–16 ◦C. The obtained product was dried in a vacuum oven at 30 ◦C overnight.

2.2. Conductive Adhesive Slurry Preparations

Different slurry compositions were prepared with various FLG:PVDF ratios, such as 1:99, 5:95,
8:92, 10:90, 30:70, 90:90, and 50:50 by dispersing PVDF with a designated amount into NMP. After
ensuring the homogeneity of PVDF in NMP, FLG was added into the solution and stirred for 2 h.
The slurry was coated onto glass slides and dried at 80 ◦C for 1 h. The graphite:PVDF slurry of the
same compositions was also prepared for comparison.

2.3. Characterizations

The height profile of as-synthesized few-layer graphene was measured by using atomic force
microscopy (AFM, Bruker Dimension Icon). The samples for AFM were prepared by dropping
the dispersion directly onto a freshly cleaved mica wafer. Raman spectra were carried out by
a micro Raman spectroscopy system with a laser frequency of 532 nm as the excitation source.
The morphologies of the samples were analyzed using scanning electron microscopy (SEM) by
Hitachi S-4100 (Hitachi, Tokyo, Japan) and high-resolution transmission electron microscopy (HRTEM)
JEOL-JEM2000FXII (JEOL, Tokyo, Japan). The electrical conductivities of the graphene adhesives were
measured using a resistivity meter (KeithLink TG2, KeithLink, Taipei, Taiwan) with a four-point probe.

3. Results and Discussion

3.1. Characterizations of FLG

Figure 1a,b show images of graphite and FLG with lateral sizes of 5–10 μm and 1–5 μm,
respectively. After treatment by LTHPD, the graphite size was decreased and delaminated to be
FLG. This shows that the thick sheets of graphite can be effectively exfoliated into thinner sheets.
Figure 1c displays the HRTEM image of the FLG. This image of FLG is transparent and folded, which
coincides well with the typical feature of the reported FLG. In order to observe the effect of the LTHPD,
AFM characterization was carried out for its convenience in measuring flake thickness. The FLG was
deposited on the silica wafer and dried in room temperature. More than 30 flakes were measured
to determine the distribution. Figure 1d,e show the AFM image and the thickness distribution of
FLG. They are believed to be monolayers according to the fact that FLG are often measured to be
0.4–1 nm by AFM due to some external factors such as the AFM equipment and substrates [39,40].
This shows that the range of FLG thickness is 1–4.5 nm, which is less than 10 layers. The delamination
process used to obtain FLG was expected to cause defects, and thus, Raman analysis of graphite
and FLG was determined and is depicted in Figure 1f. The result of similar D/G ratio demonstrates
that little structural defects were created by the liquid exfoliation process. Additionally, the intensity
ratio of D/G for the FLG is 0.19, which is much lower than that of the GO and chemically reduced
graphene [41,42].

225



Nanomaterials 2019, 9, 38

 
Figure 1. SEM images of (a) graphene and (b) FLG; (c) TEM image of FLG; (d) AFM image of FLG,
insert: height profiles of FLG; (e) thickness distribution of FLG measured by AFM on 35 samples;
(f) Raman spectra of graphite and FLG.

3.2. Characterizations of Conductive Adhesives

To formulate conductive adhesives, the conductive fillers, graphite and FLG were mixed with
PVDF. After mixing, the composites inks were cast into a 2 × 2 mm well to create solid thin films
(Figure 2). The dried thin films at various filler/PVDF ratios exhibit color variations. The FLG/PVDF
composite also exhibits great conductivity compared to its graphite counterpart. As shown in Figure 3,
at the same filler/PVDF ratio, the conductivity of the FLG/PVDF composite is always higher than that
of the graphite/PVDF composite, which is possibly due to the higher aspect ratio of FLG. The lateral
size of FLG is ~8 μm and the average thickness of FLG is ~4 nm. Thus, the aspect ratio of as-synthesized
FLG is as high as ~2000. The higher aspect ratio provided a better percolation network for electron
transfer, and thus resulted in the conductivity enhancement.

 
Figure 2. Photo images of graphite/PVDF and FLG/PVDF composites.
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Figure 3. Electronic conductivity of graphite/PVDF and FLG/PVDF composite films measured by a
four-point probe.

The conductivity of the FLG/PVDF thin film can be greatly enhanced after sintering. As shown
in Figure 4, when the temperature increases, the resistance decreases. This reduction of resistivity
comes from relaxation of the polymer chains at higher temperatures and thus leads to a decrease in
the mean distance between graphene [43–45]. The shortened distance between graphene layers helps
the electron transfer and thus increases the conductivity [46]. However, as the temperature reaches
the glass transition temperature of PVDF from ~400 to 425 ◦C, the relaxation process facilitates the
re-arrangement of the dispersed graphene [45] and thus the resistance plateau occurs at ~400 ◦C.

Figure 4. Variation in sheet resistance of FLG/PVDF composite films with temperature. The FLG/PVDF
thin film is coated on glass with a thickness of 0.02 mm and is placed on a hot plate for 30 min.

The FLG/PVDF composite also exhibits great flexibility and mechanical strength after being
coated on flexible plastic sheets. The electrical resistance of the FLG/PVDF thin film on the PET film
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under the bending test (inset picture in Figure 5a) shows a fairly small variation after thousands of
bending cycles. The small increase of ~5% in resistance is possibly attributed to the crack of film under
bending [47]. This great mechanical strength makes the FLG/PVDF a great conductive adhesive for
flexible electronic applications. For demonstration, two pieces of printed FLG/PVDF thin films on
the PET film were connected to an LED, and the printed conductive tracks were twisted or bent with
different degrees of curvature (Figure 5b,d). As shown in Figure 5c, the PET film with slight curvature
could remain bright. The bulb shone constantly after bending the film into a spiral shape, as shown in
Figure 5d, indicating the great bending property of the graphene/PVDF composites on the PET film.

Figure 5. (a) The resistance increase ratio (R/R0) of graphene/PVDF thin film on the PET film under the
bending performance test with a radius of curvature of 5 mm. After connecting the graphene/polymer
composite to an LED, the light remained bright at various degrees of bending: (b) flat, (c) bending, and
(d) spiral shape.

4. Discussion

In this study, a facile liquid exfoliation process was developed to synthesize FLG. Electron
microscopic examination shows the as-synthesized FLG has a lateral size of 1–5 μm. AFM indicates
more than 80% of FLG has less than 10 layers. Raman spectroscopy also shows a great D/G ratio
of 0.19, which is close to that of graphite (0.15), indicating that little structural defects were created
via the liquid exfoliation process. After being mixed with PVDF, the composite FLG/PVDF thin
film exhibits superior electronic conductivity compared to the graphite/PVDF composite with the
same ratio. Moreover, the post-sintering process can further improve electronic conductivity by 85%.
The composition-optimized FLG/PVDF composite exhibits 81.9 S·cm−1. The printed FLG/PVDF
thin film patterns also show great flexibility and mechanical strength under bending conditions.
The electrical conductivity remains nearly the same after thousands of bending cycles. These results
indicate that the formulated FLG/PVDF composite adhesives have a great potential in conductive
adhesive applications.
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Abstract: It is of great significance to distinguish enantiomers due to their different, even completely
opposite biological, physiological and pharmacological activities compared to those with different
stereochemistry. A sp3-to-sp2 converted highly stable and regenerative graphene/diamond electrode
(G/D) was proposed as an enantiomer recognition platform after a simple β-cyclodextrin (β-CD)
drop casting process. The proposed enantiomer recognition sensor has been successfully used
for D and L-phenylalanine recognition. In addition, the G/D electrode can be simply regenerated
by half-minute sonication due to the strong interfacial bonding between graphene and diamond.
Therefore, the proposed G/D electrode showed significant potential as a reusable sensing platform
for enantiomer recognition.

Keywords: graphene; chemical vapor deposition; electronic materials; enantiomer recognition; phenylalanine

1. Introduction

In stereochemistry, the characteristic of a substance that cannot coincide with its image is called
chirality. Chirality is ubiquitous in nature, which is the most basic characteristics of life processes.
Most of the organic compounds that constitute the life body are chiral molecules, such as proteins,
polysaccharides and nucleic acids. A number of metabolic and regulatory processes in biological
systems are closely related to stereochemistry, so chiral molecules participate in a series of enzymatic
reactions, host and guest effects as well as other biological phenomena. In addition, chiral drugs often
have only one enantiomer that shows a therapeutic effect, and the other may be ineffective or even
have toxic side effects.

Nowadays, considerable attention has been paid to the research of chiral recognition. Several
methods of chiral recognition have been developed including spectrum based [1], chromatography
based [2] and sensor based technologies [3]. Although spectrum based and chromatography based
methods could combine enantiomer separation and determination together, the operation process is
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still sophisticated, and detection time is also quite long. Therefore, the development of sensor based
chiral recognition methods, specifically electrochemical sensors, is of great practical significance due to
their simplicity, fast response, low cost, on-line and real-time detection. Electrochemical chiral sensors
are based on the differences in the effects of chiral selectors and enantiomers, and this difference can be
identified by conversion of redox probe signals into electrical signals. However, surface modification of
the electrode by a chiral selector or its composite is still a complex process. For example, glassy carbon
electrodes (GCE) are reusable, but the pre-polishing process has great influence on the performance of
the bare electrode. At the same time, the chiral selectors or molecular imprinted polymers often affects
the conductivity and further amplifies the instability of the GCE [4]. Screen printed electrode (SPE) are
low cost and disposable electrodes, but it is difficult to use for molecular recognition after the chiral
selector modification because of the poor electrical conductivity of the printed ink. In the past decade,
the growing interest in graphene chemistry provided many graphene based fascinating composites for
electrochemical sensor fabrication due to their excellent electrical and morphological properties [5–8].
The preparation of reusable graphene electrodes is an important topic in electrochemical sensing.

L-phenylalanine is an essential amino acid that human beings are unable to produce, and must be
supplemented from food sources. L-phenylalanine deficiency can affect tyrosine synthesis, resulting
in the decrease of thyroxine level and its metabolic activity [9]. Its enantiomer, D-phenylalanine,
is commonly recommended to promote muscle stiffness, help with walking and speaking, and is
therefore a useful health care product for treatment of Parkinson’s disease [10].

In this work, we proposed a new strategy for electrochemical chiral sensor fabrication,
which transforms a diamond surface into a graphene film via sp3-sp2 conversion. The fabricated
graphene/diamond (G/D) was successfully applied to D- and L-phenylalanine recognition after
a simple β-CD drop casting process. Due to the extremely strong interfacial forces between graphene
and diamond, the proposed G/D electrode can be simply regenerated via a half-minute of ultrasonic
cleaning treatment.

2. Materials and Experimental

All reagents were analytical grade and used without any further purification process. Phosphate
buffer solutions (PBS) were made by mixing 0.1 M KH2PO4 with Na2HPO4. High pressure high
temperature (HPHT) synthetic diamond substrate with size of 3.5 × 3.5 × 1 mm3 was purchased from
Shenzhen Tiantian Xiangshang Diamond Co. Ltd. (Shenzhen, China).

For graphene-diamond (G/D) electrode preparation, a HPHT diamond substrate was placed on
a Cu plate surface and annealed at 1100 ◦C with 8 sccm H2 flow (≈0.14 Torr). Residue Cu was etched
by immersing the G/D into a mixed solution (CuSO4:HCl:H2O = 1 g:50 mL:50 mL). The G/D was then
partially encapsulated by silicone resin and with the graphene surface left open. The electrode was
connected to Cu foil via silver paint (Figure 1A). For β-CD surface medication, 10 μL of β-CD solution
(1 mM) was drop casted on the G/D electrode surface and dried naturally (β-CD/G/D).

All electrochemical tests were performed on a CHI760E Electrochemical Analyzer. A β-CD/G/D,
Pt wire and 3 M Ag/AgCl electrode were used as a working electrode, counter electrode and reference
electrode, respectively.

3. Results and Discussion

Figure 1 shows the detail of graphene film growth via sp3-to-sp2 conversion process. Under high
temperature, carbon atoms on HPHT defects centers will continue to diffuse into melted copper. Due to
the low solubility of carbon in copper [11], the saturated carbon atoms will gradually precipitate and
rearrange within the interface between copper and HPHT to form a graphene film. When graphene
film completely blocked the contact between HPHT and copper, the entire catalytic reaction ended.
As a result, a HPHT substrate with graphene surface was obtained, which can be used as a highly
stable and regenerative electrode after encapsulation (Figure 1B,C,D) [12].
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Figure 1. (A) Schematic diagram of graphene formation. (B) Scheme of preparation of
graphene/diamond (G/D) electrode using chemical vapor deposition (CVD) method. (C) Photograph
of sample before and after thermal treatment. (D) Scheme of the device after encapsulation

The surface morphology change of HPHT can be observed via SEM characterization. As shown
in Figure 2A,B, due to the continuous diffusion of carbon atoms into copper, the surface of HPHT was
etched into many island structures. XPS was used to characterize the chemical state of carbon on the
surface of HPHT and G/D. As shown in Figure 2C, the surface of HPHT was basically composed of
sp3 bonds, except for a small number of defective oxygen functional groups. In contrast, the sp3 bond
(C—C) on the surface of G/D had nearly decreased by half, while the sp2 bond (C=C) had formed
clearly, indicating the sp3 bond had successfully converted to sp2. The quality of formed graphene was
evaluated using Raman mapping. As shown in Figure 2D, the ratio of I2D/IG of graphene in most areas
of G/D was between 0.9–1.2, indicating that it contained only a few layers. A full Raman spectrum is
shown in Figure 2E. Since the graphene formed on diamond was only a few layers, the diamond peak
was still visible. The sheet resistance of formed G/D was around 400 Ω/Υ.

Figure 2. (A,B) SEM images and (C) XPS spectra of the high pressure high temperature (HPHT) and
G/D electrode. (D) Raman mapping profile of I2D/IG in a 5 × 5 μm area. (E) A typical Raman spectrum
of G/D.
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In this work, L and D-phenylalanine were chosen for evaluating the feasibility of a G/D electrode
for electrochemical enantiomer recognition. β-CD was chosen as a chiral selector due to its excellent
solubility and chiral recognition property [13]. Linear sweep voltammetry (LSV) was used for
electrochemical enantiomers recognition. Figure 3 shows the LSV profiles of G/D and β-CD/G/D
electrodes for L and D-phenylalanine recognition. It can be seen that 0.1 mM L, D-phenylalanine
oxidized at the same potential on the G/D electrode without β-CD modification (Figure 3A). Although
the oxidation current of L-phenylalanine was slightly higher than that of D-phenylalanine, it could
not be used to identify the type of phenylalanine with an unknown concentration. In contrast,
L-phenylalanine and D-phenylalanine were oxidized at different potentials on the β-CD/G/D electrode
(Figure 3B), which confirms the G/D electrode can be successfully used for L, D-phenylalanine
recognition after a simple β-CD drop casting process. More specifically, the oxidation of l-phenylalanine
was observed at 0.576 V with an enhanced current response. This enhancement could be ascribed
to the strong interaction between β-CD molecules and L-phenylalanine, which concentrated more

L-phenylalanine on electrode surface. This phenomenon is in agreement with other works [14,15].
In contrast, a suppressed oxidation of D-phenylalanine was observed at 0.550 V.

The reproducibility of the G/D electrode was tested by five individually fabricated electrodes.
After the β-CD modification, these five electrodes all exhibited different oxidation potentials for
L,D-phenylalanine. More specifically, the oxidation potential of the D-phenylalanine was always
lower than the potential of L-phenylalanine oxidation. Because of the strong interaction between
graphene and HPHT, G/D electrodes can be reused after a half-minute ultrasonic cleaning process in
water with performance remaining very stable. The G/D electrode can be reused more than twenty
times without sensing degradation. Currently, fabrication of graphene-based electrodes is a very
hot area for biosensor development due to the outstanding properties of graphene. In most cases,
the graphene or graphene-based composites are formed in a dispersion form and used as a modifier for
commercial electrode modification, such as glassy carbon electrode or screen printed electrodes. These
biosensors cannot be reused because the cleaning process could remove the modifier as well. In our
reports, the G/D electrode can be simply regenerated by a half-minute sonication due to the strong
interfacial bonding between the graphene and diamond. Therefore, the G/D enantiomer recognition
sensor proposed in this work has more practical potential compared to modifier based electrochemical
enantiomer recognition sensors.

 
Figure 3. Linear sweep voltammetry (LSV) responses of (A) G/D and (B) β-CD/G/D in the absence
and presence of 0.1 mM L- and D-phenylalanine in 0.1 M PBS (pH 7.0). Amplitude: 50 mV; Pulse width:
0.05 s; Pulse period: 0.5 s.
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4. Conclusions

In conclusion, a highly stable and regenerative G/D electrode was formed via a carbon
sp3-to-sp2 conversion process. After a simple β-CD drop casting, the G/D electrode can be used
as an electrochemical platform for L and D-phenylalanine recognition. Due to the strong interaction
between graphene and HPHT, the proposed G/D electrode can be regenerated using a simple
sonication cleaning process. Therefore, the G/D electrode has more practical potential compared to
modifier based electrochemical sensors.
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Abstract: In this study, the mechanical and thermal properties of graphene were systematically
investigated using molecular dynamic simulations. The effects of temperature, strain rate and defect
on the mechanical properties, including Young’s modulus, fracture strength and fracture strain,
were studied. The results indicate that the Young’s modulus, fracture strength and fracture strain
of graphene decreased with the increase of temperature, while the fracture strength of graphene
along the zigzag direction was more sensitive to the strain rate than that along armchair direction
by calculating the strain rate sensitive index. The mechanical properties were significantly reduced
with the existence of defect, which was due to more cracks and local stress concentration points.
Besides, the thermal conductivity of graphene followed a power law of λ~L0.28, and decreased
monotonously with the increase of defect concentration. Compared with the pristine graphene, the
thermal conductivity of defective graphene showed a low temperature-dependent behavior since the
phonon scattering caused by defect dominated the thermal properties. In addition, the corresponding
underlying mechanisms were analyzed by the stress distribution, fracture structure during the
deformation and phonon vibration power spectrum.

Keywords: mechanical properties; thermal properties; graphene; defect; molecular dynamic

1. Introduction

Due to its excellent mechanical, thermal and other physical properties, Graphene (Gr) has
attracted great attention from researchers since it was first prepared by Geim and Novoselov [1]
in 2004. Experimental studies have proven that Gr presents superior thermal conductivity (TC) of
∼4840–5300 W/mK [2], which is far more than other common thermal management materials, such as
copper (~400 W/mK), silver (~429 W/mK), etc. [3]. By nanoindentation in an atomic force microscopy,
the Young’s modulus and fracture strength of Gr are reported as 1.0 ± 0.1 TPa and 123.5 GPa [4],
respectively. The outstanding physics properties are mainly due to the two-dimensional structure
consisting of sp2 bonded carbon atoms.

However, Gr fabricated by various experimental methods is not perfect and different types of
defects are unavoidable. The common types of defects include single vacancy (SV) [5,6], double vacancy
(DV) [5,6], Stone–Wales (SW) [7], grain boundaries [8], carbon adatoms [9], etc. The pristine structure
would be destroyed by the existence of defects, which have a significant impact on the mechanical
and thermal properties of Gr. For instance, by using Raman spectral, Zandiatashbar et al. [10] found
that the Young’s modulus of Gr was maintained and fracture strength decreased by only ~14% even

Nanomaterials 2019, 9, 347; doi:10.3390/nano9030347 www.mdpi.com/journal/nanomaterials238



Nanomaterials 2019, 9, 347

at a high concentration of sp3-type defects; however, it decreased significantly with the existence of
vacancy defect. Using the molecular dynamic (MD) simulations, Mortazavi et al. [11] indicated that
the TC of Gr decreased ~50% at a defect concentration of ~0.25%, and the Young’s modulus, fracture
strength and fracture strain decreased with the increase of defect concentration. Zhao et al. [12] found
that the oxygen plasma treatment could reduce the TC of Gr significantly at a low defect concentration
(~83% reduction for ~0.1% defect concentration) through MD simulations and non-contact optothermal
Raman measurement. Jing et al. [13] indicated that the vacancy defect could decrease the Young’s
modulus while the reconstruction of vacancy could stabilize the modulus. Although there are some
pioneering reports on the mechanical and thermal properties of Gr, as described above, there is still
a lack of comprehensive study about some important factors, e.g., how the type and concentration
of defects are related to the mechanical and thermal properties, especially at different temperatures.
The reduction or enhancement mechanisms for the TC of defective Gr at different temperature were
also not well understood. Meanwhile, the Gr is commonly used as nanofiller to enhance the mechanical
and thermal properties of polymer materials, e.g., Gr/epoxy nanocomposites [14,15], etc., thus it is
of great significance to fully understand the mechanical and thermal properties of Gr and effects of
various defects.

In this study, we conducted a series of MD simulations to investigate the mechanical and thermal
properties of Gr. The effects of temperature and strain rate on the Young’s modulus, fracture strength
and fracture strain were first studied. Three typical defects, SV, DV and SW, were considered in detail.
Besides, the influences of temperature, system size and defects on the TC of Gr were investigated by
non-equilibrium molecular dynamic (NEMD) simulations. By calculating the phonon vibration power
spectrum and phonon scattering, the related mechanisms of TC of Gr with/without defect at different
temperature were clarified.

2. Computational Methods

2.1. Molecular Model of Gr

MD simulations were conducted to evaluate the mechanical and thermal properties of Gr, and the
molecular models were first constructed. The molecular model of Gr for the uniaxial tensile test
consisted of 960 carbon atoms with the dimension around 50 Å × 50 Å, which has been proven to
successfully calculate the mechanical properties of Gr [16], as shown in Figure 1a. Figure 1b shows the
molecular model for calculating the TC of Gr with a size of 59 Å × 200 Å containing 4512 carbon atoms.

Figure 1. Molecular model of: (a) the armchair and zigzag Gr for uniaxial tensile test; and (b) Gr for
the calculating TC.
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To investigate the effect of different defects, Gr with three common types of defects, namely SV,
DV and SW, was constructed (as shown in Figure 2). The SV and DV were created by removing one
carbon atom or two adjacent carbon atoms from the pristine Gr, respectively. The SW was created by
rotating one of the C–C bonds by 90◦. Due to the different sizes of the models, the defect concentration
varied from 0% to 3.125% for calculating mechanical properties, and from 0% to 0.24% in the study of
TC. The defect concentrations of SV and DV were defined as the number density of atoms removed
from the pristine Gr. The concentration of SW was defined by considering two defective atoms for
each defect. The three kinds of defects were randomly distributed on the Gr sheets, respectively.

Figure 2. Types of defect studied in this work: (a) Single vacancy (SV); (b) Double vacancy (DV); and
(c) Stones–Wales (SW).

All MD simulations were conducted by The Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [17], and the velocity-Verlet method was used to integrate the equations of
motion. The adaptive intermolecular reactive bond order (AIREBO) [18] potential was used to simulate
the C–C interaction, as it has successfully investigated the thermal and mechanical properties of
carbon-based system, e.g., Gr [16], graphene [15], etc. A time step of 1 fs was used in the whole stages.

2.2. Calculation of Mechanical and Thermal Properties

After the initial models were established, the mechanical properties were calculated by uniaxial
tensile test. As shown in Figure 1a, the chirality of Gr was considered, i.e., the armchair (x) and zigzag
(y) directions. To eliminate the boundary effect, the periodic boundary conditions were applied along
the x and y directions. The system was first relaxed to reach an equilibrium state; the relaxation
involved two steps. At the beginning, an energy minimization was performed using the conjugate
gradient algorithm. The system was then relaxed in a canonical NVT ensemble (i.e., constant number
of atoms, volume and temperature) at temperature T = 300 K for 106 timesteps followed by a
microcanonical NPT ensemble along x/y directions (i.e., constant number of atoms, pressure and
energy) for another 106 timesteps. Followed by the equilibration, a constant uniaxial strain was applied
along the x- or y-direction with a strain rate of 5 × 10−3 ps−1. The atomic stress of the Gr during the
uniaxial tension were calculated by the viral theorem using Equation (1) [19]:

σ
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ij r
β
ij

}
(1)

where Ωi, mi and vi represent the volume, mass and velocity of atom i, respectively; Fij and rij are
the force and distance between atom i and j, respectively; and indices α and β denote the Cartesian
coordinate components. The thickness of Gr was determined by van der Waals interaction between the
single layers, i.e., 3.35 Å. Then, the mechanical properties including Young’s modulus, fracture strength
and fracture strain could be obtained from the stress–strain curves.

In this study, the direct non-equilibrium molecular dynamic (NEMD) [20] was applied to calculate
the TC. In the NEMD method, the atoms near the left/right end were treated as the heat/cold baths,
the temperature of which was set to TH = T0 (1 + Δ) and TC = T0 (1 − Δ) by Langevin thermostat,
respectively (as shown in Figure 1b). T0 is the average temperature and Δ is the normalized temperature
difference. To evaluate the effect of temperature, T0 varied from 300 K to 900 K, while Δ was fixed
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at 0.03. During the NEMD simulations, the energies removed from the cold bath and added to the
hot bath as a function of time were calculated. The sum of added/removed energy is equal to zero,
thus the total energy is conserved. The heat flux along the x-direction Jx can be expressed by:

Jx =
dE/dt

A
(2)

where E is the accumulated energy, t is the simulation time in NVE ensemble and A is the cross-section
area obtained by the width multiplied by thickness. Once the steady-state temperature profile along
the heat flux was reached, the TC could be calculated by Fourier law:

λ =
Jx
dT
dx

(3)

where λ and dT/dx are the TC and temperature gradient along the x direction, respectively. After the
temperature profile was stable, another 10 ns of NEMD simulations were applied. The final TC was the
average value of the last ten different time blocks (every 106 timesteps), the error bars were determined
by the standard deviation.

3. Results and Discussion

3.1. Validation of Models

To evaluate the molecular model and the AIREBO potential, the mechanical and thermal properties
of pristine Gr were calculated. Figure 3 shows the stress–strain curves and the total energy variations
along the armchair and zigzag directions. According to the stress–strain curves, the Young’s modulus
could be calculated by linear fitting the curves when the strain <2%; the value of fracture strength was
defined as the maximum stress while the corresponding strain was the fracture strain. The calculated
results and the relevant values obtained by previous simulations or experiments are displayed in
Table 1. It can be seen in Table 1 that the calculated results, including Young’s modulus (i.e., 961 GPa and
911 GPa for Gr along the armchair and zigzag direction, respectively), fracture strength (i.e., 93 GPa and
106 GPa for Gr along the armchair and zigzag directions, respectively) and fracture strain (0.14 and 0.20
for Gr along the armchair and zigzag directions, respectively) were in agreement with the experimental
values [4] (i.e., ~1000 GPa, 130 ± 10 GPa, and 0.25). The simulation results were also consistent
with previous studies [16,21,22], specific differences being determined by the selection of simulation
conditions such as potentials, system size, etc.

 

Figure 3. (a) Stress–strain curves for Gr along the armchair and zigzag directions; and (b) the total
energy variations during the loading process.
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Table 1. The calculated results and relevant values obtained by previous simulations or experiment.

References Method Direction
Young’s Modulus

(GPa)
Fracture Strength

(GPa)
Fracture Strain

Lee (2008) [4] Experiment / 1000 130 ± 10 0.25

Liu (2007) [23] DFT
Armchair 1050 110 0.19

Zigzag 1050 121 0.26

Q.X. Pei (2010) [16] MD (AIREBO)
Armchair 890 105 0.17

Zigzag 830 137 0.27

Ansari (2012) [21] MD (Tersoff)
Armchair 790 123 0.23

Zigzag 807 127 0.22

This paper MD (AIREBO)
Armchair 961 93 0.14

Zigzag 911 106 0.20

The Young’s modulus along the armchair direction was less than that along the zigzag
direction, while the fracture strength and strain were greater than those along the zigzag direction,
which indicated a typical anisotropic behavior. The fracture process and the distribution of von Mises
along the armchair and zigzag directions are shown in Figure 4. The von Mises was calculated as:

σm =

√
1
2

[
(σ11 − σ22)

2 + (σ11 − σ33)
2 + (σ22 − σ33)

2 + 6(σ2
11 + σ222 + σ233)

]
(4)

where σ represents stress, and subscripts 1–3 represent the coordinate directions (i.e., x, y and z
directions). The Gr was subjected to simple elongation deformation in the elastic deformation stage,
and the carbon rings remained hexagon. As the load increased, the carbon ring at the boundary
began to be irregular. When the load exceeded a certain value, Gr began to crack. For the armchair
direction, the break of the C–C bonding occurred at the both sides of boundary and propagated inward
rapidly. For the zigzag direction, the crack propagated rapidly and showed a remarkable zigzag shape.
Comparing the fracture process, it was found that the fracture along the armchair direction belonged
to Mode I (i.e., the tensile stress was perpendicular to the crack), while the fracture along the zigzag
direction belonged to a mixture of Modes I and II (i.e., the angle between tensile stress and crack
was ~60◦). Based on the force analysis, the force parallel to the loading direction FA was greater than
that with an angle of 60◦ to the loading direction FZ, thus Mode I ruptured first, leading a greater
fracture strength (106 GPa) and strain (0.20) along the zigzag direction than those (93 GPa and 0.14,
respectively) along the armchair direction.

The TC of pristine Gr was also calculated. Figure 5 shows the steady-state temperature profile
along the heat flux direction and the calculated energies added to the hot bath and removed from
the cold bath according to the time. Based on Equations (2) and (3), the TC value of pristine Gr
was 181.97 ± 0.007 Wm−1 K−1 at the temperature of 300 K. The measured value of TC with respect
to time during the steady-state simulations is provided in the Supplementary Materials. The TC
and relevant values obtained by simulations or experiments are listed in Table 2. The results show
that the TC of Gr was related with the calculation method, system size, potentials, etc. The present
results were consistent with the previous simulation results [24,25] (with same potential and size).
Therefore, the above results confirmed the validity of the AIREBO potential, molecular models and
calculation method.
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Figure 4. The fracture process and distributions of von Mises along: (a) the armchair direction and;
(b) the zigzag direction.

Figure 5. (a) Steady-state temperature profile of Gr without defect obtained using the NEMD
simulations at 300 K. The color bars highlight the hot/cold bath in simulation. (b) Energies added to
the hot bath and removed from the cold bath with respect to the time.

Table 2. The TC and relevant values obtained by simulations or experiment.

References Potentials Method Size
TC at 300 K

(Wm−1 K−1)

Balandin (2008) [2] / Experiment ~0.5–1 um ~4840–5300
Wei (2011) [25] AIREBO RNEMD 102 × 102Å2 77.3

Yang (2012) [26] AIREBO EMD (90~270) × (40~180) Å2 ~3200–5200
Xu (2014) [27] Tersoff NEMD 50 × (2 × 150) Å2 ~400–1800

Zhang (2012) [24] AIREBO RNEMD 61 × 200 Å2 ~170
This paper AIREBO NEMD 60 × 200 Å2 182
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3.2. Effects of Temperature and Strain Rate on the Mechanical Properties

The temperature/strain rate-dependent effects are of great importance for mechanical properties
of low-dimension materials, thus the effects of temperature and strain rate were investigated.
The temperature varied from 300 K to 1000 K, and the stress–strain curves were along different
directions, as shown in Figure 6. The curves indicated that the Gr showed a similar deformation
behavior, i.e., a brittle fracture behavior, indicating the stable molecular structure of Gr.

Figure 6. The stress–strain curves of Gr at different temperature along: (a) armchair; and (b) zigzag.

As shown in Figure 7a, the Young’s modulus, fracture strength and strain of Gr along different
directions decreased with the increase of temperature. When the temperature increased from 300 K
to 1100 K, the Young’s modulus along the armchair direction decreased ~6.8% (from 961.61 GPa to
896.56 GPa), fracture strength decreased ~27% (from 92.67 GPa to 67.68 GPa) and fracture strain
decreased ~37.6% (from 0.14 to 0.089), while it decreased ~8.5% (from 911.08 GPa to 834 GPa),
~26.7% (from 106 GPa to 77.73 GPa) and ~40.49% (from 0.204 to 0.121) along the zigzag direction,
respectively. The temperature-dependent mechanical properties along the different directions was
similar. Compared with the fracture strength and strain, the Young’s modulus was less sensitive to
temperature. The total kinetic energy increased with the increase of temperature; the thermal vibration
of carbon atoms was more vigorous, leading a larger vibration amplitude around the equilibrium
position. Under the action of external forces, the atoms were more likely to be away from their
original equilibrium position, resulting in a softer and less rigid structure. Meanwhile, at the high
temperature, in addition to the formation of cracks at the boundary, the cracks also occurred from
inside, resulting in more defect cracks. Therefore, the fracture strength and strain were significantly
reduced. Tang et al. [28] explained the mechanism from the perspective of energy: the deformation
process of Gr was determined by the strain energy and thermal energy; the thermal energy increased
with the temperature, thus the strain energy required for the fracture reduced.

 

Figure 7. (a) The Young’s modulus; (b) the fracture strength; and (c) the fracture strain of Gr along the
armchair and zigzag directions at different temperatures.
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As shown in Figure 8, at different strain rate (0.5 × 10−5−3 × 10−3 ps−1), the Young’s modulus
was insensitive to the strain rate, while the fracture strength and strain slightly increased at higher
strain rate. The lower strain rate means a longer response time for Gr, which would increase the
number of atoms that could overcome the energy barrier required for fracture, leading a lower fracture
strength and strain. However, the effect of strain rate was less significant than that of temperature.
The relation between fracture strength and strain rate can be described by Arrhenius equation [29]:

•
ε = Aσ

1
m exp(− Q

RT
) (5)

where
•
ε, σ, Q, R, T and m represent the strain rate, fracture strength, the activation energy, universal

gas consent, temperature and the strain-rate sensitivity, respectively, and A is a constant. By taking the
natural logarithm of both sides of Equation (6):

ln(
•
ε) = ln(A) +

1
m

ln(σ)− Q
RT

(6)

At the constant temperature, the partial differentiation of Equation (7):

m =
ln(σ)

ln(
•
ε)

(7)

Figure 8. (a) The Young’s modulus; (b) the fracture strength; and (c) the fracture strain of Gr along the
armchair and zigzag directions at different strain rates.

The strain-rate sensitivity m can be obtained from the slope of the ln (σ) versus ln (
•
ε). The results

show that the m along the armchair and zigzag directions were 0.0044 and 0.0068, respectively.
Therefore, the fracture strength of Gr along the zigzag direction was more sensitive than to strain rate
that along the armchair direction.

3.3. Effect of Defects on the Mechanical Properties

In this section, the effect of defects was investigated. As described above, three types of defects,
i.e., SV, DV and SW, were considered. As shown in Figure 9, the mechanical properties of Gr decreased
remarkably with the increase of defect concentrations, and it showed a similar behavior along
different direction. For simplicity, only the mechanical properties of Gr along the zigzag are discussed.
At the same defect concentration, Gr was more sensitive to the SV than DV. For example, when the
concentration was 1.67%, the Young’s modulus of Gr containing SV decreased ~47.6% (from 106 GPa
to 55.50 GPa), while it decreased ~39.1% (from 106 GPa to 64.53 GPa) for the Gr containing DV.
The main reason was the fact that the SV produced more dangling bonding than DV, resulting in
more cracks. The literature [13] confirms that, at the same missing carbon atoms, the mechanical
properties of Gr are mainly determined by the number of dangling bonding. Zandiatashbar et al. [10]
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also quantitatively investigated the effect of defects on the mechanical properties using the Raman
spectroscopy; their results show that the Young’s modulus and strength of Gr is insensitive to sp3-type
defect, while decreases significantly with the increase of vacancy defect. Meanwhile, further increase
of defect concentration has little effect on the fracture strength and strain.

 
Figure 9. Under different defect types and concentrations, the variations of: (a) Young’ modulus; (b)
fracture strength; and (c) fracture strain of Gr along the armchair direction. The variations of: (d) Young’
modulus; (e) fracture strength; and (f) fracture strain of Gr along the zigzag direction with respect to
defect concentration at different defect types.

Figure 10 shows the fracture process of Gr containing different defects. Compared with the
fracture process of pristine Gr, the overall trend was similar for the defective Gr. However, the initial
crack did not occur near the boundary, but rather formed inside and gradually spread until the fracture.
Before a crack occurs, the existence of defects will cause the local stress concentration point, leading
to a lower fracture strength. Due to the limited size (50 Å × 50 Å) and high temperature (>300 K) in
present study, the defect concentration was limited since the structure with high defect concentration
was unstable at high temperature. When the defect concentration was larger, the interaction between
defects, including the merging of defect and crack blocking, could result in more complicated fracture
behavior. For example, Xu et al. found that when the concentration exceeded ~7%, sp-sp2 and sp2-sp3

network structures were formed, and fracture behavior for Gr changed from brittle to ductile.
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Figure 10. The fracture process of Gr containing: (a) SV; (b) DV; and (c) SW. The red ring indicates the
location of defect.

3.4. Effects of Temperature and System Size on the Thermal Properties

The thermal properties of Gr and other low-dimension materials showed significant relationship
with temperature and system size. As shown in Figure 11, the TCs of Gr with lengths of 20, 40, 80,
120 and 160 nm were calculated. The results indicate that the TC of Gr increased monotonically
with increase of length. By fitting the data, the TC was found to follow the power law of λ~L0.28,
which was similar to the previous results of λ~L0.35 obtained by Guo et al. [30]. Such phenomenon
was also consistent with the previous studies about the carbon nanotube [31], λ~Lβ and β~0.3–0.4.
The size-dependent behavior was due to the long mean free path of phonons (MFP) of Gr, ~775 nm [32],
which was much longer than that used in MD. Therefore, apart from the phonon–phonon scattering,
the phonon scattering existed at the boundary of Gr. With the increase of length, more phonons will
be excited and contribute to the increase of TC. We also compared the TCs calculated at different
boundary conditions along the width direction (y), as shown in Figure 11a. The fixed boundary
condition means that the particle could not interact across the boundary and move from one side of
the box to the other, i.e., the length of Gr was finite in the width direction. This clearly indicated that
the TCs obtained at the fixed boundary condition were smaller than those obtained at the periodic
boundary condition. For instance, when the length was 80 nm, the TCs at the periodic and fixed
boundary condition were 273.1 and 168.6 W/mK, respectively. At the fixed boundary condition, the
power law between the TCs and length, λ~L0.18, the index of power law was smaller than that at the
periodic boundary condition. This was because, at the periodic boundary condition, the phonons
can across the regions perpendicular to the direction of the heat flow without boundary scattering,
thus the width of Gr had negligible effect on the calculation results. In addition, the vibration density
of states (VDOS) of Gr at the two different boundary conditions were calculated. The VDOS can be
obtained by calculating the Fourier transformation of atomic velocities autocorrelation function at the
equilibrium state:

D(ω) =

τ∫
0

Γ(t) cos(ωt)dt (8)
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where ω is frequency, D(ω) is vibration density of state at frequency ω, τ is the total time, and Γ(t) is
the velocity autocorrelation function of atoms, which is given by:

Γ(t) = 〈v(t) · v(0)〉 (9)

where v(t) is the atom velocity at time t, and <···> denotes time and atom number-averaged velocity
autocorrelation function. In this study, the velocity was correlated every 5 fs with a total integration
time τ = 25 ps. Compared with the periodic boundary condition, the VDOS of Gr was suppressed at
the fixed boundary condition, especially at the high frequency (~50 THZ), leading to a lower TC.

 
Figure 11. (a) The variation of TCs of pristine Gr with respect to length; and (b) the VDOS of Gr under
periodic/fixed boundary conditions.

The TCs of Gr at different temperature are shown in Figure 12a. The TCs of Gr decreased
with increase of temperature, consistent with previous results obtained by Hu et al. [33]. Notably,
Seol et al. [34] found that, at the low temperature (<300 K), the lattice vibration increased with the
increase of temperature, leading to a longer MFP and higher TC. As the temperature continued to
rise, the TC decreased. We also calculated the energies added to the hot bath and removed from the
cold bath at different temperatures and the accumulated energy with respect to simulation times, i.e.,
the corresponding heat flux decreased with the increase of temperature. At high temperature, the
phonon motion became more vigorous and the interaction and collision between phonons increased,
resulting in stronger inelastic phonon scattering and lower TC.

Figure 12. (a) The TCs of Gr; and (b) the energies added to the hot bath and removed from the cold
bath during the NEMD at different temperature.
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3.5. Effect of Defects on the Thermal Properties

The effect of defects, including SV, DV and SW, on the TC of Gr were investigated. As shown
in Figure 13, the TCs of Gr decreased with the increase of defect concentration. When the defect
concentration varied from 0% to 0.24%, the TCs of Gr containing SV, DV and SW varied from
181.97 to 77.21 W/mK (~57.6%), 102.97 W/mK (~43.4%) and 123.86 W/mK (~31.9%), respectively.
This agreed with the previous simulation results of TCs of Gr obtained by Mortazavi et al. [11] and
that of carbon nanotube obtained by Sevik [35]. Zhao et al. [12] also found that the defect introduced
by oxygen-plasma treatment could decrease significantly the TC of Gr (~83% reduction at a defect
concentration of ~0.1%) using the non-contact optothermal Raman technique. The results indicate
that the TC of Gr decreased even at a low defect concentration (~0.24%), which was mainly due to the
scattering caused by defect. Based on the theory of classical TC, the TC can be obtained by:

λ =
1
3

CVl (10)

where C, V and l denoted the specific heat capacity, group velocity of sound wave in solid and the
MFP, respectively. The MFP of pristine Gr was determined by the phonon–phonon scattering. While
the defects were introduced, the effective MFP was:

1
l
=

1
lphonon−phonon

+
1

lde f ect−phonon
(11)

where lphonon-phonon and ldefect-phonon are the length of phonon–phonon scattering and scattering caused
by defects, respectively. According to Equations (10) and (11), the TC of defective Gr can be obtained:

1
λ

∝
1
l

∝
1

lphonon−phonon
+

1
lde f ect−phonon

(12)

 
Figure 13. The TCs of Gr with different concentration at different types of defects.

According to Equation (12), the existence of defects could decrease the MFP of pristine Gr,
resulting in a lower TC. Comparing different defect types, the TC of Gr containing SV was the smallest
(a reduction of ~57.6%) at the same defect concentration. Such phenomenon can be explained as follows.
At the same concentration, the Gr containing SV had more defect scatters than the Gr containing
DV, resulting in more phonon defect scattering [24]. Meanwhile, a SV was formed by removing one
atom leaving three carbon atoms two-coordinated, effectively breaking the sp2 structure of the local
lattice, while a DV was formed by removing two adjusted atoms as the local structure can rearrange to
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restore the three-coordinated sp2 bonding by creating an octagon and two pentagon structures [35].
The two-coordinated atoms were less stable, leading to higher level of defect scattering. Previously,
Haskin et al. [35] found that the Gr containing SV decreased ~80% at a concentration of 0.1%, while the
Gr containing DV and SW decreased ~70%. Zhang et al. [24] also found that different types of defects
had different effects on TC at a low concentration (≤0.2%). When the concentration increased (>0.2%),
they had similar effect on TC, which was mainly because the heat transport mechanism changed from
propagating to diffusive, and the TC was insensitive to the defect type in diffusive form.

Next, we investigated the TCs of Gr with/without defect at different temperatures. The TCs of Gr
containing different defects at different temperatures are shown in Figure 14a, at the concentration
of 0.13%. It indicated that the TCs of Gr with/without decreased with the increase of temperature.
For instance, when the temperature increased from 300 K to 900 K, the TCs of Gr containing SV,
DV and SW varied from 104.12 to 72.82 W/mK (~30%), 126.28 W/mK to 83.26 W/mK (~34%) and
142.65 W/mK to 106.53 W/mK (~25%), respectively. The TCs were fitted by power law, λ~T−α; the
corresponding index is shown in Figure 14b. Compared with the pristine Gr, the power law index of
defective Gr decreased significantly, i.e., showing a weak temperature-dependent behavior. The main
reason was that, compared with the phonon scattering caused by temperature, the scattering caused
by defects was the dominant factor for the TC of defective Gr, which was also consistent with previous
results obtained by Zhang [24] and Hu et al. [33].

Figure 14. (a) The TCs of Gr with/without defect at different temperature; and (b) the corresponding
power law index α.

4. Conclusions

In summary, we investigated the mechanical and thermal properties of Gr by conducting MD
simulations. For the mechanical properties, the effects of temperature, strain rate and defects were
studied. The results show that the mechanical properties, including Young’s modulus, fracture strength
and fracture strain, decreased with the increase of temperature. By calculating the strain rate sensitivity
index, it was found that the mechanical properties of Gr along the zigzag direction were more sensitive
to strain rate than those along the armchair direction. Then, the existence of defects, including SV,
DV and SW, was found to significantly reduce the mechanical properties, which were more sensitive
to SV than DV at the same concentration. Meanwhile, the local stress point caused by defects reduced
the fracture strength.

For the thermal properties, the effects of temperature, system and defect were investigated. It was
found that the TC followed a power law of λ~L0.28: more phonons were excited with the increase of
length, contributing to the TC. The results also indicate that the TC of Gr containing SV, DV and SW
decreased ~57.6%, ~43.4% and ~31.9% even at the low concentration of 0.23%, respectively, which was
mainly due to the reduced MFP caused by defect scattering. Besides, the TCs of Gr with/without
defect at different temperature were calculated, showing that, compared with the phonon scattering
caused by temperature, the phonon scattering caused by defect dominated the thermal properties.
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The TCs of defective Gr showed a low temperature-dependent behavior. The above findings can
provide a comprehensive understanding in the mechanical and thermal properties of Gr.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/3/347/s1.
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Abstract: With an ultralarge surface-to-volume ratio, a recently synthesized three-dimensional
graphene structure, namely, carbon honeycomb, promises important engineering applications.
Herein, we have investigated, via molecular dynamics simulations, its mechanical properties,
which are inevitable for its integrity and desirable for any feasible implementations. The uniaxial
tension and nanoindentation behaviors are numerically examined. Stress–strain curves manifest a
transformation of covalent bonds of hinge atoms when they are stretched in the channel direction.
The load–displacement curve in nanoindentation simulation implies the hardness and Young’s
modulus to be 50.9 GPa and 461±9 GPa, respectively. Our results might be useful for material and
device design for carbon honeycomb-based systems.

Keywords: carbon honeycomb; molecular dynamics; LAMMPS; uniaxial tension; nanoindentation

1. Introduction

Graphene is known widely, due to its excellent mechanical nature, as a so-called “miracle
material”, with many of its characteristics measured experimentally or theoretically exceeding those
obtained in other materials: A Young’s modulus of 1 TPa and intrinsic strength of 130 GPa [1,2],
high stiffness [3] and fracture strain [4,5], a normal-auxeticity mechanical phase transition [5],
etc. Due to these predominant properties, graphene has promising potential to be employed
in various applications: Paints and coatings of nanocomposites [4,6], flexible electronics [7], and
bioapplications [8–10]. Nevertheless, considering the difficulty in engineering synthesis of large-area
and high-quality graphene, so far, there is little practical application of industrially produced graphene.
Consequently, it is worth focusing on allotropes of graphene [11–13], which are more stable and feasible
to produce. Recently, a stable carbon allotrope, namely, carbon honeycomb (CHC), a three-dimensional
graphene, was synthesized. There are a few reports on of its physical absorption [14,15], electronic
band structure [16], thermoelectric performance [17], thermal transport properties [18,19], and phonon
properties [15].

According to the cell patterns in the plane perpendicular to the cell axis, carbon honeycombs can
be categorized into two sets: Armchair CHC (acn CHC) and zigzag CHC (zzm CHC) [20]. When the
number of armchair or zigzag lines (n in acn or m in zzm) varies, the cell sizes of CHCs and, thus,
their mechanical properties change correspondently. Krainyukova et al. [14] synthesized this carbon
allotrope by deposition of vacuum-sublimated graphite and proposed periodic and random structures
of CHCs. Regarding the mechanical properties of CHC, some analytical studies have been carried
out [16,19–24]. Karfunkel et al. first proposed a family of hypothetical zzm–sp2–sp3 CHC structures
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and revealed that the carbon modifications are as stable as diamond by solid-state semi-empirical SCF
methods using the modified neglect of diatomic overlap (MNDO) Hamiltonian [23]. Park et al. studied
the mechanical properties of zzm–sp2–sp3 CHCs with different m (where m can be an integer or a half
integer) using ab initio pseudopotential as well as the environment-dependent tight-binding method,
making clear that the carbon allotrope is elastically stable and has a fairly high shear modulus [24].
Pang et al. made a systematical analysis of failure strength and strong anisotropic Poisson’s effect
of acn–sp2–sp3 CHCs with different cell sizes via molecular dynamics simulation using optimized
reactive empirical bond-order potential [19]. Gu et al. used molecular dynamics (MD) simulation with
modified reactive empirical bond-order potential to give the stress–strain curves of symmetrical and
asymmetrical ac2–sp2–sp3 CHCs, ac3–sp2–sp3 CHCs, and zz2–sp2–sp3 and zz2.5–sp2–sp3 CHCs [21].
Zhang et al. [16] built the in-plane compression and out-of-plane nanoindentation tests of acn–sp2 and
zzm–sp2–sp3 CHCs via MD analysis with the Adaptive Intermolecular Reactive Empirical Bond Order
potential (AIREBO) [25] potential. Meng et al. investigated the out-of-plane compression behaviors of
both acn–sp2–sp3 and zzm–sp2–sp3 CHCs using MD simulation with AIREBO potential [20]. Despite
these studies, a full and clear understanding of the inner mechanism of the deformation of CHCs
is still lacking but desirable due to its various promising applications as an engineering material.
In this study, we used MD simulation with AIREBO potential to investigate the transformation from
an ac2–sp2–sp3 CHC to an ac2–sp2 CHC, which causes the change of tensile deformation behavior
of ac2 CHCs. In the meanwhile, we gave the stress–strain curves, Young’s modulus, and Poisson’s
ratio of ac2 CHCs, which show a great agreement with previous studies. We also built an out-of-plane
nanoindentation test to investigate the plastic deformation behaviors of ac2–sp2–sp3 CHCs, giving the
hardness and Young’s modulus.

2. Crystal Structure of Carbon Honeycomb

Carbon honeycomb, just as its name implies, is a kind of tubular structure with a honeycomb-like
pattern through a top–down perspective. The tube wall can be regarded as a graphene-like monolayer,
thereby deemed to be a 3D version of graphene. One thing about its structure that remains to be
discussed is whether three adjacent tube walls are bound up with each other via sp3 or sp2 bonding
(Figure 1b,c). Undoubtedly, atoms that build up the tube shells are combined with neighboring carbon
atoms by an sp2 bond, as is the case in graphene, whereas those who pull contiguous graphene-like
walls together, which are called hinge atoms, give rise to more options, one kind of typical sp3 bonds
with non-hinge atoms (tube atoms) or one variant of diamond-like sp3 bonds with both adjacent hinge
and non-hinge atoms. In the case of sp2 bonds, hinge atoms do not interact with each other, allowing
for electron exchange with only adjacent tube atoms. In the case of sp3 bonds, it is not only nearby tube
atoms but also nearest-neighbor hinge atoms that get bonded with the center hinge atom, resulting
in a diamond-like atom-hinge that ties up three around the atomic walls. According to the carbon
patterns in the plane perpendicular to the axis of cell channel, carbon honeycombs can be categorized
into two sets: Armchair CHC (acn CHC) and zigzag CHC (zzm CHC) [20], as shown in Figure 1.
Furthermore, carbon honeycombs can be subdivided into sp2 and sp2–sp3 CHCs. In zzm CHCs, carbon
atoms of graphene-like walls are bonded by sp2 bonds, while hinge atoms can be bonded with adjacent
atoms only by sp3 bonds. Therefore, zzm CHCs always refer to zzm–sp2–sp3 CHCs. However, the
other case is different. In acn CHCs, hinge atoms can be bonded with atoms around them by sp2

or sp3 bonds. Therefore, acn CHCs can be subdivided into acn–sp2 CHCs and acn–sp2–sp3 CHCs.
In the case of acn–sp2–sp3 CHCs, hinge atoms can be distributed symmetrically or asymmetrically in a
crystal cell, according to which acn–sp2–sp3 CHCs can also be subdivided into a symmetrical one and
asymmetrical one, as shown as Figure 1b,c,e,f.
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Figure 1. Honeycomb structures in (a) zigzag sp2–sp3-bonded carbon honeycomb (zz4–sp2–sp3

CHC), (b) symmetrical armchair sp2–sp3-bonded carbon honeycomb (sym-ac3–sp2–sp3 CHC), and (c)
asymmetrical armchair sp2–sp3-bonded carbon honeycomb (asym-ac3–sp2–sp3 CHC). (d), (e), and (f)
are the zoom-in views exhibiting detailed carbon patterns and bonding ways of hinge atoms shown in
(a), (b), and (c), respectively. For convenience, a coordinate system attached to sym-ac3–sp2–sp3 CHC
is displayed in (g). Uniaxial tension is applied on sym-ac3–sp2 and sym-ac3–sp2–sp3 CHCs along the
axis of cell channel. All the simulation supercells are cubic and periodical in three directions.

Herein, we implemented a density functional theory (DFT) calculation for both primitive cells of
sym-ac3–sp2 and sym-ac3–sp2–sp3 CHCs, as shown in Figure 2b,c, using PWmat [26,27], to examine
their stabilities. For both types, cell relaxation and atom relaxation were exerted in subsequence to
determine their respective energy-minimized configurations. Subsequently, self-consistent calculation
was carried out to optimize the electron interaction in both primitive cells, as visualized in Figure 1d,e.
As for the sym-ac3–sp2–sp3 CHC, stronger sp3 bonds between the hinge atom and nearest-neighbor
tube atoms can be observed than those between two adjacent hinge atoms, the bond angle of which
is measured as 103.35◦. Meanwhile, exactly strong sp2 bonds among graphene-like atoms can be
distinguished from sp3 bonds, with denser electron density around tube atoms observed (red-yellow
hexagons in Figure 1d). As for the sym-ac3–sp2 CHC, hinge atoms are not attached to each other, with
weaker sp2 bonds between hinge and non-hinge atoms observed than those between only tube atoms.
The DFT calculation results, i.e., that the cohesive energy is –154.19 eV/atom of the sym-ac3–sp2 CHC,
–154.84 eV/atom of sym-ac3–sp2–sp3 CHC, respectively, indicate that two types of configurations
are both likely to exist stably. Additionally, the slightly stronger cohesive interaction implies the
sym-ac3–sp2–sp3 CHC structure is relatively more stable.
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Figure 2. The primitive cells of sym-ac3–sp2 and sym-ac3–sp2–sp3 CHCs are shown in (a) and (b),
respectively. (c) and (d) display the slice contours of electron density from density functional theory
(DFT) calculation of structures shown in (a) and (b), respectively.

3. Molecular Dynamics Simulations

We used molecular dynamics simulations to do the investigations of mechanical behaviors of the
sym-ac3–sp2 CHC and sym-ac3–sp2–sp3 CHC. The reason we focused on them is that in the work of
Krainyukova et al. [14], a periodic carbon structure identical to the sym-ac3–sp2 CHC according to
their synthetic CHC samples, proving that ac3 CHCs are more likely to exist in the nature. The method
of MD simulations is well established to investigate the elastic and plastic behaviors of sym-ac3–sp2

and sym-ac3–sp2–sp3 CHCs. Initially, we carried out uniaxial tension tests for both types of CHCs,
simultaneously determining the Young’s moduli of the sym-ac3–sp2–sp3 CHC to be 551 ± 4 GPa and
of sym-ac3–sp2 CHC to be 542±4 GPa in the channel direction (Figure 1g,h), following which we
carried out tension tests in the channel direction of two kinds of CHCs, giving stress–strain curves,
respectively. Interestingly, a transformation of hinge atoms from sp3 to sp2 was observed on the atomic
scale, which can account for the yield stage that can be observed in the sym-ac3–sp2–sp3 CHC, while
cannot be observed in the sym-ac3–sp2 CHC. Furthermore, a nanoindentation simulation was devised
and the load–displacement curve was plotted to determine the hardness and Young’s modulus of the
CHC, which are 50.9 GPa of hardness and 461 ± 9 GPa of Young’s modulus, respectively. Meanwhile,
we discussed the plastic behavior of CHC in the process of nanoindentation.

We used a molecular dynamics (MD) software, LAMMPS [28], which is an open-source code,
to simulate two typical mechanical tests, uniaxial tension tests of the sym-ac3–sp2 CHC and
sym-ac3–sp2–sp3 CHC and nanoindentation of the ac3–sp2–sp3 CHC. As for the tension simulation,
given that we have set the boundary conditions as periodic in three directions, and thus, the mechanical
response of the system is independent from the simulation scale, in order to accelerate the calculation,
the simulation box was chosen as 3.408 nm × 2.951 nm × 4.181 nm, containing 2856 atoms. Both
end-faces perpendicular to the direction of tension were freed from all kinds of forces. The whole
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system was minimized for energy and relaxed at specified temperatures (10 K and 300 K) and zero
pressure in the NPT ensemble (where the number of particles, pressure, and temperature are constant)
using AIREBO [25] potential (cutoff radius = 2.5 Å), to eliminate inner stress. The strain rate is set
as 0.01 ps−1. Considering that temperature effect will cause random distribution of atoms, which
will prevent us from observing the bonding transformation of hinge atoms, in addition to at room
temperature, uniaxial tension tests were also carried out at 10K, at which little thermal motion is
allowed so that a perfect configuration might remain.

We also simulated the entire process of nanoindentation on an ac3–sp2–sp3 CHC along the channel
direction. A thick CHC plate measured as 17.82 nm × 15.43 nm × 11.60 nm was set up in a simulation
box with a vacuum layer 9.00 nm thick in addition (Figure 2). The indenter is a cubic diamond sphere,
8.00 nm in diameter, with [001] direction aligned with the channel direction. The velocity of this
indenter is set at 0.25 Å/ps. There is a 0.50-nm-thick layer on the bottom of the slab of CHC, all forces
on which are zeroed. Nonperiodic conditions were selected in three directions in order to simulate an
isolated system. Before the mechanical test, an energy minimization had been finished and the total
ensemble had been relaxed efficiently without applied stress at 300 K, using an NVT ensemble (where
the number of particles, volume and temperature are constant) and NPT ensemble with zero pressure
successively, with AIREBO-morse [29] potential (cutoff radius = 2.5 Å).

4. Results and Discussion

4.1. Uniaxial Tension

Strain–Stress Curve

From uniaxial tension, we obtained the engineering strain–stress curves of both the sym-ac3–sp2

CHC and sym-ac3–sp2–sp3 CHC (Figure 3), which can depict the elastic pattern directly and characterize
the plastic properties indirectly, gaining an insight into the similarities and differences between the
mechanical behaviors of two kinds of CHCs. Our results are in great agreement with the stress–strain
curves from a previous study [21], in which the fracture strength and strain equal to our results are
exhibited. Although the stress–strain curves of acn–sp2 CHCs with different sizes have been studied
systematically, there have been a limited number of studies of the yield process, i.e., the transformation
from sp3 to sp2, which is what we focus on. We also calculated the Young’s moduli of both CHCs,
542 ± 4 GPa for the sym-ac3–sp2 CHC and 551 ± 4 GPa for the sym-ac3–sp2–sp3 CHC (300 K). From a
previous study [16], the Young’s modulus of the CHC, which is assumed to be a nanoscale cell solid,
can be calculated by the cell wall width via an analytic method. In our cases (wall width is determined
as 7 Å), the analytical result is 560 GPa, in a great agreement with our simulation results.

Figure 3. Schematic of simulation model of nanoindentation along the channel direction.
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When the tension starts, both CHCs are stretched quasilinearly under homogeneous and elastic
deformation; herein, the initial curve of the sym-ac3–sp2–sp3 CHC deviates a little from that of the
sym-ac3–sp2 CHC. Then, in a certain strain range (from 0.072 to 0.132 for case at 10 K), a yield stage
occurs in the deformation of the sym-ac3–sp2–sp3 CHC, which indicates a plastic deformation has
initiated. Later in this article, the mechanism therein will be discussed in detail. After the yield
step, the sym-ac3–sp2–sp3 curve behaves just like a sym-ac3–sp2 curve does, even breaking off at
the same fracture strength, which is around 61 GPa (56 GPa for case at 300 K), with a retardation
measured as around 0.06 in strain for the case at 10 K, equal to the length of the preceding yield stage.
Thus, the mechanical behavior of the sym-ac3–sp2–sp3 CHC can be distinguished from that of the
sym-ac3–sp2 CHC by the fracture retardation caused by yield terrace mentioned above.

In order to illustrate the mechanism of this yield stage, a slice through some sheets of graphene-like
walls has been exhibited in Figure 4. Both cases at 10 K and 300 K exhibit the same yield stage, so in order
to avoid random distribution of atoms caused by thermal motion, which will prevent us from observing
the detailed transfomation of hinge atoms, we explain the yield process based on the tension at 10 K.
The color of atoms characterizes the channel-direction component of the stress on each atom, of which
the colormap is linearly related to the value of stress. Through the variation of the channel-direction
stress, we can justify whether the hinge atoms interact with other hinge atoms, so that we can determine
the bond type of hinge atoms. For hinge atoms with an sp3 bond, the neighboring hinge atoms must be
bonded with each other, thus exhibiting a high channel-direction stress; while for the case of sp2, hinge
atoms do not interact with each other, so there will be a low and even zero channel-direction stress on
them. In addition, sp2 bonding is in-plane (two-dimentional), while sp3 is three-dimentional; thus, we
can also tell them apart by their geometry and nearest neighbors. Three snapshots at different states
of strain, corresponding to three characteristic points in Figure 4, respectively, are displayed. At the
beginning of tension (Figure 4a), hinge atoms share most of the distortion energy through the extension
of the sp3 bond between two hinge atoms, while the sp3 configuration remains. However, when the
engineering strain reaches around 0.072, some sp3 pairs of hinge atoms break up, the distortion energy
of graphene-like atoms begins to increase gradually, and simultaneously, the yield stage starts. When
the strain attains 0.132, almost all sp3 pairs are disconnected, most of the deformation is shared by the
atomic cellular walls, and the yield stage terminates at the same time. By contrast, the sym-ac3–sp2

CHC, without sp3 interaction, does not experience such a transformation, and atomic tubes instead of
hinge atoms bear most proportions of tensile force. Compared with graphene, although CHC has a
lower fracture strength and modulus, it can obtain a higher fracture strain than graphene through this
transformation, which may be applied in flexible coating.

 
Figure 4. Stress–strain curves of the sym-ac3–sp2–sp3 CHC and sym-ac3–sp2 CHC. There are three
characteristic points representing three different stress states, and corresponding snapshots display the
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transformation of hinge atoms from sp3 to sp2, (a) for minuscular strain state, (b) for the start point of
yield terrace, (c) for the termination of the yield terrace.

4.2. Nanoindentation

At present, nanoindentation is commonly used for the research of mechanical properties of
materials on the nanoscale [30–32]. There are two main reasons this methodology has been put into
widespread usage [33]. As for nanoindentation, the stress applied by indenter is nonhomogeneous
and can thus create an elastically physically isolated volume. Secondly, not only the location of elastic
instability, but also the slip behaviors can be predicted via nanoindentation.

In a previous study [16], nanoindentation behaviors of different sizes of acn–sp2 and zzm–sp2–sp3

CHCs were reported. However, the indent depth was small (4 Å) and the unloading process was
not displayed. Herein, we simulated the process of nanoindentation in the channel direction of the
sym-ac3–sp2–sp3 CHC, an indentation depth of about 40 Å, containing two steps, acting load and
unloading, via LAMMPS [28], under the confinement mentioned in the section “Molecular Dynamics
Simulations”. The result is displayed in Figure 5, which we used to determine the hardness and
Young’s modulus of the CHC in the channel direction.

Figure 5. (a) The acting–load curve and unloading curve. The slope of tangent line at the initial
stage of unloading refers to the contact stiffness S = dP

dh . In addition, several snapshots of the
morphology of in situ indentation are exhibited here, in which the color of atoms distinguishes different
crystal lattices, with grey referring to normal CHC lattice, while purple refers to simple cube lattice,
which is a more compact type than the normal one. For comparison between 2D and 3D graphene,
the displacement–load curve of graphene under the same simulation condition is displayed in (b).

Nanoindentation hardness is the average pressure the material can support under an external
load, defined as the ratio of indentation load P and projected contact area Ap [30]. From the
load–displacement curve, the hardness H can be attained using the maximum load as:

H =
Pmax

Ap
. (1)

In addition, Young’s modulus can also be calculated indirectly via reduced modulus Er, which
can be expressed as:

Er =

√
π

2β

S√
Ap

, (2)

where S is termed as contact stiffness, which can be obtained as the slope at the tip of unloading curve,
β is a constant that depends on the geometry of indenter, for a spherical indenter, β = 1. Furthermore,
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we can determine the substrate’s modulus using following relationship that reflects impacts of both
indenter’s and substrate’s moduli:

1
Er

=
1 − ν2

i
Ei

+
1 − ν2

s
Es

, (3)

where the subscript i refers to indenter, while s refers to substrate.
The nanoindentation hardness is determined as 50.9 GPa in Tables 1 and 2, which is higher than

quartz (9.25 GPa) and even some ion-beam-irradiation hardened metal (over 20 GPa) [34]. In order to
analyze the plastic behavior of the ac3–sp2–sp3 CHC in the process of nanoindentation, five snapshots
are displayed in Figure 5. In the case of loading, the amounts of atoms which are identified as
simple cube lattice are increasing with the dent produced by spherical diamond indenter deepening.
This phenomenon indicates a transformation of covalent bonds from a previous normal type to a more
compact one. Subsequently, although the indenter retreated and the dent recovering partially in an
elastic way, the number of simple cubic atoms is maintained almost the same number as there is when
the indenter penetrates the deepest part, which illustrates that a plastic deformation has occurred and
cannot rebound.

Table 1. Hardness and Young’s modulus calculated from nanoindentation. Calculated hardness on
the nanoscale.

Projected Contact Area (Å2) Maximum Load (nN/ Å) Hardness (GPa)

3689 1878.1 50.9

Table 2. Hardness and Young’s modulus calculated from nanoindentation. Comparison between
Young’s moduli from tension test and nanoindentation.

Contact Stiffness
(nN/Å)

Reduced Modulus
(GPa)

Young’s Moudulus
(From Tension

Simulation) (GPa)

Young’s Modulus
(From Nanoindentation)

(GPa)

228 ± 3 285 ± 4 551 ± 4 461 ± 9

5. Conclusions

We discussed the elastic and plastic behaviors of sym-ac3–sp2 CHCs and especially the
sym-ac3–sp2–sp3 CHC which is slightly more stable according to our DFT calculation and previous
experimental study, using LAMMPS to carry out a typical uniaxial tension and nanoindentation
simulation. In the case of uniaxial tension, we discussed the yield stage in the stress–strain curve of
the sym-ac3–sp2–sp3 CHC caused by a intriguing transformation of covalent bonds of hinge atoms
from strong sp3 to comparatively weak sp2, and we also determined the Young’s moduli at room
temperature, 542 ± 4 GPa for the sym-ac3–sp2 CHC and 551 ± 4 GPa for the sym-ac3–sp2–sp3

CHC, which are in great agreement with a previous analytical study. Then, in the discussion of
nanoindentation, we determined the hardness (50.9 GPa) and Young’s modulus (461 ± 9 GPa) via the
load–displacement curve and gave an insight into the plastic deformation caused by the indenter on
the nanoscale, which can be explained by the permanent conversion of covalent bonds from sp3 type
to sp2 type. These findings provide an insight into the relationship between the covalent bond type of
hinge atoms in carbon honeycomb and the plastic behavior of carbon honeycomb.
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Abstract: SnO2 aerogel/reduced graphene oxide (rGO) nanocomposites were synthesized using the
sol–gel method. A homogeneous dispersion of graphene oxide (GO) flakes in a tin precursor solution
was captured in a three-dimensional network SnO2 aerogel matrix and successively underwent
supercritical alcohol drying followed by the in situ thermal reduction of GO, resulting in SnO2

aerogel/rGO nanocomposites. The chemical interaction between aerogel matrix and GO functional
groups was confirmed by a peak shift in the Fourier transform infrared spectra and a change in the
optical bandgap of the diffuse reflectance spectra. The role of rGO in 3D aerogel structure was studied
in terms of photocatalytic activity with detailed mechanism of the enhancement such as electron
transfer between the GO and SnO2. In addition, the photocatalytic activity of these nanocomposites
in the methyl orange degradation varied depending on the amount of rGO loading in the SnO2

aerogel matrix; an appropriate amount of rGO was required for the highest enhancement in the
photocatalytic activity of the SnO2 aerogel. The proposed nanocomposites could be a useful solution
against water pollutants.

Keywords: SnO2 aerogel; sol–gel method; graphene oxide; nanocomposite; photocatalysis

1. Introduction

The demand for solutions against several environmental issues has recently increased;
in particular, the presence of air pollutants and organic dyes in water are global concerns. Since the
latters are often highly toxic and have mutagenic properties, their removal is a major problem in
the industry [1–3]. Until now, many efforts have been made to decompose the organic pollutants by
using various processes involving, e.g., (homogeneous and/or heterogeneous) catalysts, adsorbents,
and ozone [4–8] and photocatalysis is one of the most effective and economical paths for their
removal [9–13]. Semiconducting metal oxides such as TiO2, ZnO, and SnO2 have been widely
used as photocatalysts due to their ability to generate electron–hole pairs when photon energy
is provided [12–19]. Among them, SnO2 has gained much attention because of its high natural
abundance, optical transparency, and physicochemical stability, relatively high electrical conductivity,
and lack of toxicity [20–22]. SnO2 is an n-type semiconductor with a wide bandgap (3.6 eV) and a
rutile-type crystal structure, but it exhibits a low photocatalytic activity due to such wide bandgap
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and its high photogenerated electron–hole pair recombination rate [23]. Also, the economic aspects
of the preparation of SnO2 photocatalyst for the mass production is still challenging. The cost and
compatibility should be considered in photocatalytic degradation [24–28].

Many previous studies aimed to enhance the photocatalytic activity of SnO2-based
semiconductors by introducing nanostructures and composites [29–33]. Different nanostructures for
SnO2-based photocatalysts, such as nanoparticles [29], flower-like structures [30], and simonkolleite
nanopetals [31], have been reported so far. In addition, the use of SnO2 composites with carbon
materials (in particular, carbon core-shell particles [34], graphene oxide (GO) [35], activated carbon [36],
and fullerene [37]) instead of pure SnO2 to decrease the electron–hole recombination rate, which would
enhance the photocatalytic activity, has been investigated. Moreover, some studies have reported
chemical interactions between these carbon materials and the SnO2 matrix, which decrease the bandgap
and improve the photocatalytic activity [38,39].

In the present work, we synthesized porous SnO2 aerogel/reduced GO (rGO) nanocomposites via
an epoxide-assisted sol–gel process. GO flakes were uniformly dispersed in a tin solution and captured
in a colloidal SnO2 three-dimensional (3D) network. Then, the in situ thermal reduction of GO was
performed continuously in autoclave during the supercritical drying of the resulting nanocomposites.
To the best of our knowledge, this is the first report on the in situ annealing of SnO2 aerogel/GO
nanocomposites in an autoclave, providing SnO2 aerogel/rGO nanocomposites as the final product.
Furthermore, the dispersion of 2D GO sheets would hinder the network formation. In this study,
the reaction condition was carefully controlled to achieve the uniform distribution as well as the
reaction between oxygen containing functional groups on GO sheet and Sn metal center and confirmed
by various characterizations. In addition, the synthesized nanocomposites were analyzed in detail and
their performance in the photocatalytic degradation of methyl orange (MO) was quantified. As per our
knowledge, SnO2 aerogel and rGO composite has not been studied in application of photocatalysis.

2. Materials and Methods

2.1. Sample Preparation

Tin tetrachloride pentahydrate (SnCl4·5H2O) was added to a mixture of water and ethanol (3:1,
v/v) and stirred for 1 h; after complete dissolution, 0.05, 0.1, and 0.3 wt.% of GO flakes were added to
each solution separately and their uniform distribution was ensured via ultrasonic processing for 1 h.
When the GO flakes were suspended in the tin salt solution, this was chilled in an ice bath. Excess
propylene oxide (C3H6O, 143 mmol; Sigma-Aldrich, St. Louis, MO, USA) was added to the solution
dropwise by using a syringe. The chemistry of the epoxide-initiated gelation method is well described
in [40]; the gelation took place in 10 min and the alcogel was left for 20 min to complete the reaction.
The resulting alcogel was added with ethanol and aged at room temperature for 3 days by exchanging
with fresh ethanol every 24 h. Then, the solvent exchange was performed with methanol for 24 h.
The so-obtained SnO2 alcogel underwent supercritical methanol drying at 265 ◦C and 105 bar in an
autoclave equipped with a 2 L vessel (Parr Instruments, Moline, IL, USA). After complete supercritical
fluid extraction, in situ drying was performed in the same autoclave by heating the vessel to 300 ◦C
under N2 flow and the dried aerogel was annealed for 1 h to induce the reduction of GO to rGO.

2.2. Characterization

A Fourier transform infrared spectroscopy (FTIR) system (Perkin Elmer, Waltham, MA, USA) was
used to monitor the reaction and characterize the impurities. The specific surface area of nanoporous
aerogel composites was measured using a Brunauer–Emmett–Teller (BET) analyzer (Quantachrome,
Boynton Beach, FL, USA) and the Barrett–Joyner–Halenda (BJH) method. Their crystallinity and
structure were investigated with an X-ray diffraction (XRD) system (Rigaku Ultima, Tokyo, Japan)
using Cu Kα radiation (1.5418 Å) in the 20–80◦ 2θ range. The surface morphology of the SnO2

aerogel/rGO nanocomposites was analyzed using a field emission scanning electron microscopy
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(FESEM) system (JEOL JSM 7001F, Tokyo, Japan). The photoluminescence (PL) analysis was performed
on a LabRam Aramis system (Horriba Jobin Yvon, Madrid, Spain) at room temperature and with a laser
excitation wavelength of ~325 nm. Ultraviolet diffuse reflectance spectra (UV-DRS) were recorded on a
spectrometer (JASCO 780, Tokyo, Japan) was performed using powder DRS kit at room temperature.

2.3. Photocatalyst Properties

The photocatalytic activity of both pristine SnO2 aerogel and SnO2 aerogel/rGO nanocomposites
was determined based on the degradation degree of an aqueous MO dye solution. The photocatalytic
decolorization of the MO solution was derived from its absorption (absorption peak at 464 nm by
using a UV–visible (Vis) spectrophotometer (JASCO 570, Tokyo, Japan) in the 300–800 nm range.
The initial concentration of the MO dye in the solution was 1 × 10−5 M and the photocatalyst
(1 mg mL−1) was dispersed in it. The photocatalytic degradation was performed using a UV lamp
(40 W; Philips TL-K) with peak intensity at 370 nm irradiating directly the solution after achieving the
adsorption/desorption equilibrium for 30 min. The solution was stirred continuously with a magnetic
stirrer. After centrifugation with a microcentrifuge (DAIHAN CF−10, Seoul, Korea), the absorbance
spectra of the solution with the photocatalyst suspension (approximately 1.2 mL aliquots) were
recorded over time at ambient conditions.

3. Results and Discussion

Metal alkoxides are generally used as non-silica-based precursors in the synthesis of
aerogels [41–43], but they are costly and their reactivity is hard to control [44]. In this study, cost
effective tin chloride was selected as the precursor and propylene oxide was used to initialize the
sol–gel process for the synthesis of the SnO2 aerogel/rGO nanocomposites. Propylene oxide acts as
proton scavenger and ring-strained epoxide, increasing the hydrolysis and condensation rate [45];
its addition usually speeds up the gelation (less than a minute), leading to the formation of an opaque
white alcogel [40,46]. However, in this study, the tin precursor solution and propylene oxide were
chilled in an ice bath to obtain uniform pores in the SnO2 aerogel, giving a clear transparent alcogel.
In addition, due to the relatively fast gelation (approximately 10 min), the GO flakes homogeneously
dispersed via ultrasonication were trapped within the SnO2 matrix without large agglomerations.
The porous SnO2 aerogel/rGO nanocomposites were obtained by removing the solvent in the 3D wet
gel via drying at supercritical pressure and temperature. The thermal annealing method was used
to reduce GO to rGO by decomposing the oxygen-containing functional groups. The BET and XRD
results about the textural and crystalline properties of the as-synthesized pristine SnO2 aerogel (PTO)
and SnO2 aerogel/rGO nanocomposites (named as TGO05, TGO1, and TGO3 according to the rGO
loading of 0.05, 0.1, and 0.3 wt.%, respectively) are shown in Figure 1 and Table 1.

Figure 1. (a) Brunauer–Emmett–Teller isotherms, (b) Barrett–Joyner–Halenda graph and (c) X-ray
diffraction spectra of pristine SnO2 aerogel (PTO) and SnO2 aerogel/reduced graphene oxide (rGO)
nanocomposites with different rGO loadings (0.05 wt.%: TGO05; 0.1 wt.%: TGO1; 0.3 wt.%: TGO3).

The nanoporous structure of the various samples was determined via the BET analysis (Figure 1a).
All isotherms showed type V according to the IUPAC classification, revealing the mesoporous structure
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of the SnO2 aerogel. PTO exhibited a slightly smaller surface area compared to the rGO-added
nanocomposites, while TGO3 showed the largest one (157 m2 g−1); the specific surface area of the
SnO2 aerogel increased with the rGO loading. The rGO presence could clearly enhance this parameter
without hindering the colloidal aerogel formation and this was due to the high initial surface area
of the GO flakes. Moreover, the well-distributed rGO sheets with a high mechanical strength could
reduce the thermal stress induced during the thermal annealing step. Moreover, the average pore
volumes and pore sizes, calculated via the BJH method (Figure 1b), slightly increased in the SnO2

aerogel/rGO nanocomposites compared to the pristine sample.
Figure 1c shows the XRD patterns of the SnO2 aerogel/rGO nanocomposite after the heat

treatment. The SnO2aerogel exhibited a rutile-type tetragonal crystal structure and the XRD peaks at
26.61◦, 33.89◦, 37.95◦, and 51.78◦ corresponded to the (110), (101), (200), and (211) crystal planes of the
SnO2 aerogel/rGO nanocomposites, respectively, with the following cell parameters: a, b = 4.738 Å
and c = 3.187 Å (JCPDS #41–1445) [47]. However, the graphene diffraction pattern could not be indexed
because of the low amount of GO flakes. The average crystallite size of the aerogel nanocomposites,
calculated using the Scherrer equation, was approximately 3.4 nm for all the samples and no distinctive
influence of the rGO addition was observed on the crystallinity of the SnO2 aerogel.

Table 1. Textural properties and crystallite size of pristine SnO2 aerogel and SnO2 aerogel/reduced
graphene oxide (rGO) nanocomposites with different rGO loadings.

Graphene Content
(wt.%)

Surface Area
(m2 g−1)

Pore Volume
(cm3 g−1)

Pore diameter
(nm)

Average Crystallite
Size (nm)

0 117 0.49 17 3.48
0.05 131 0.62 19 3.42
0.1 147 0.69 18 3.46
0.3 157 0.57 15 3.35

Exfoliated GO can be reduced to rGO via simple annealing under oxidizing or inert
atmosphere [48], but annealing SnO2 aerogel/GO composites under air atmosphere would reduce
the number of oxygen vacancies in the aerogel, lowering its photocatalytic activity. Therefore, after
drying, the reaction vessel was heated to 300 ◦C to induce the reduction of the GO flakes [48]; this is
a facile method for in situ thermal annealing with desirable atmosphere consecutively just after the
supercritical alcohol drying. For comparison, the BET specific surface areas of PTO and the various
SnO2 aerogel/rGO nanocomposites were measured before, during, and after (i.e., after the supercritical
drying) the in situ annealing (Table 2). The results suggested that the in situ annealing method can
minimize the thermal stress. Therefore, the GO reduction in the SnO2 aerogel matrix via in situ
annealing could introduce the enhancement of the specific surface area.

Table 2. Comparison of the effect of in situ annealing on the specific surface area of SnO2 aerogel, with
and without the addition of graphene oxide.

Graphene Content
(wt.%)

Surface Area
(m2 g−1)

Before Annealing

Surface Area
(m2 g−1)

Facile, in-situ Annealing

Surface Area
(m2 g−1)

Post Annealing

0 199 117 84
0.05 277 131 75
0.1 314 147 73
0.3 359 157 92

Figure 2 shows the FTIR spectra of PTO and the various SnO2 aerogel/rGO nanocomposites.
All samples show weak and broad absorption peaks of hydroxyl (–OH) group around 3400 cm−1

owing to the surface hydroxyl groups on the SnO2 aerogel primary particles. This represents the
hydrophilic surface which would favor to absorb aqueous solution for photocatalytic organic dye
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degradation [49]. In addition, Figure 2a shows a broad absorption peak at around 495 cm−1, for all
samples, that indicates the formation of Sn–O–Sn bonds via the epoxide-initiated sol–gel process.
However, this peak shifted toward higher wavenumbers with increasing the GO content, as shown in
the magnified spectra in Figure 2b. This broad peak was probably a combination of Sn–O–Sn vibration
and Sn–O–C stretching vibration (520 cm−1) [50,51]. The presence of the latter confirmed the chemical
bond formation between SnO2 aerogel and residual oxygen-containing functional groups in GO during
the synthesis.

Figure 2. (a) Fourier transform infrared spectra and (b) their magnification in the low-wavenumber
region for the pristine SnO2 aerogel (PTO) and the SnO2 aerogel/reduced graphene oxide (rGO)
nanocomposites with different rGO loadings (0.05 wt.%: TGO05; 0.1 wt.%: TGO1; 0.3 wt.%: TGO3).

PL emission is an important tool to determine the charge transportation and separation of
electron–hole pairs. Figure 3 shows the photoluminescence spectra of PTO and the various SnO2

aerogel/rGO nanocomposites, measured at 325 nm. PTO exhibited a strong emission at around 554
nm due to the crystal defect of the SnO2 matrix [52], which significantly decreased in TGO05, TGO1,
and TGO3; however, these samples showed similar intensities regardless the rGO amount added.
This phenomenon indicated that the rGO addition could inhibit the electron–hole pair recombination,
which implied that the rGO-based nanocomposites acted as electron trapping sites, benefiting the
charge transfer in the enhanced photocatalytic activity. In addition, the PL quenching effect was also
caused by the excellent electrical conductivity of rGO which will favor the photocatalytic activity [23].
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Figure 3. Photoluminescence spectra of pristine SnO2 aerogel (PTO) and SnO2 aerogel/reduced
graphene oxide (rGO) nanocomposites with different rGO loadings (0.05 wt.%: TGO05; 0.1 wt.%:
TGO1; 0.3 wt.%: TGO3).

The FESEM images of PTO and TGO1 are shown in Figure 4. In regards to the various
rGO-added samples, only the results for TGO1 are presented because they all exhibited similar
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surface morphologies but more rGO graphene incorporation sites are found. The increase in the
rGO loading did not influence the surface morphology of the nanocomposites. The colloidal porous
nature of PTO was confirmed by a mesoporous aerogel network (Figure 4a). Figure 4d confirms the
incorporation of rGO in the SnO2 matrix, which clearly depicts the growth of primary particles of
aerogel on the surface of rGO. The visible well deposition of the aerogel particles allowed us to assume
that there was a chemical interaction between the aerogel matrix and the functional groups on the
rGO surface.

Figure 4. Field-emission scanning electron microscopy images of: (a) pristine SnO2 aerogel (PTO);
(b) SnO2 aerogel/reduced graphene oxide (rGO) nanocomposites with an rGO loading of 0.1 wt.%
(TGO1); (c,d) magnification of red square areas in (b), showing the rGO incorporation in the SnO2

aerogel matrix; (e–h). The red arrows represent rGO sheets.

The chemical bond formation between SnO2 matrix and the functional groups on GO was further
confirmed by the UV-DRS analysis. Figure 5a shows the DRS spectra of PTO and TGO1 samples,
revealing a considerable difference after the GO addition. Figure 5b shows their Kubelka–Munk
plots; the calculated optical bandgaps of the semiconductor powders were approximately 3.56 and
3.29 eV for PTO and TGO1, respectively. The bandgap of PTO well agreed with the value for SnO2

nanoparticles reported in literature [53]. The rGO incorporation corresponded to a narrower bandgap,
which could be attributed to the Sn–O–C bond formation between SnO2 and the rGO functional
groups [50]. Since new impurity energy levels above the valence-band edge would be generated
by the rGO introduction, a smaller input energy would be required for the charge carrier excitation.
Therefore, the SnO2 aerogel/rGO nanocomposite exhibited a decrease in the optical bandgap with
the Sn–O–C bond formation. Although this phenomenon has been previously observed in the case
of TiO2-graphene composites, no such mechanism has been reported for SnO2-reduced graphene
composites so far [54].

Figure 5. (a) Diffuse reflectance spectra and (b) Kubelka–Munk plots for the calculated bandgaps of
pristine SnO2 aerogel (PTO) and SnO2 aerogel/reduced graphene oxide (rGO) nanocomposites with
an rGO loading of 0.1 wt.% (TGO1).
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The photocatalytic activity of both pristine SnO2 aerogel and its rGO nanocomposites was
investigated by the degradation of an MO solution. The MO concentration was determined by the
absorbance of the solution at 464 nm using UV–Vis spectrophotometer after the centrifugal separation
of the photocatalyst powder. All the MO solutions (with pristine and nanocomposite catalysts) were left
in dark for 30 min to achieve the adsorption/desorption equilibrium state on the photocatalyst surface.
Then, the photocatalytic activity of the samples was initiated via UV light irradiation under continuous
magnetic stirring. The absorbance of the MO solution was measured starting from time t = 0, every
10 min of irradiation. Figure 6 shows the changes in the concentration ratio C/C0, where C0 and C
are the MO concentrations at the initial time t0 and the irradiation time t, respectively, for the various
samples. PTO exhibited a moderately reasonable photocatalytic activity, with a 56% MO degradation
after 60 min of UV irradiation. Moreover, the rGO addition resulted in enhanced photocatalytic
activity, reaching with TGO1 an 84% MO degradation in the same time. The activity of TGO05 was
also relatively higher compared to PTO, but the difference was negligible. The enhancement in the
photocatalytic activity of TGO1 was discussed by a comparison with PTO, confirming that the rGO
introduction can considerably enhance the photocatalytic degradation of MO.

Figure 6b shows the photocatalytic reaction rate constant k values, derived from the slope of the
ln(C0/C) versus time plot, for PTO, TGO05, TGO1, and TGO3. All samples exhibited a first-order
rate law with a linear behavior. The highest (2.9 × 10−2 min−1) and lowest (1.2 × 10−2 min−1) k
values were observed with TGO1 and PTO, respectively, meaning that TGO1 attained a 2.4-fold higher
photocatalytic degradation rate compared to PTO.

Figure 6. Photocatalytic activities of pristine SnO2 aerogel (PTO) and SnO2 aerogel/reduced graphene
oxide (rGO) nanocomposites with different rGO loadings (0.05 wt.%: TGO05; 0.1 wt.%: TGO1; 0.3 wt.%:
TGO3), represented as (a) the degradation of methyl orange (MO) dye (in terms of concentration ratio
C/C0, where C0 and C are the MO concentrations at initial time t0 and a given ultraviolet irradiation
time t) and (b) its reaction rate during time.

In general, the three main factors influencing the photocatalytic activity are the light absorption
intensity, the specific surface area, and the separation/recombination rate of photoexcited electron–hole
pairs [23]. In this study, the rGO addition to SnO2 sol increased the specific surface area of the final
aerogel nanocomposites by introducing more reactive surface sites and, hence, generating more
electron–hole pairs [55]. In addition, the photoexcited electrons could move to the conduction band
of rGO to interact with absorbed O2 and generate reactive radicals for the MO degradation; this
phenomenon was hindered by the electron–hole pair recombination, enhancing the photocatalytic
activity of the SnO2 aerogel/rGO nanocomposites. The detailed mechanisms for the formation
of reactive radical intermediates during the photoactivation of the SnO2/rGO nanocomposites are

269



Nanomaterials 2019, 9, 358

described by the Equations (1)–(6) and the illustration in Figure 7. The photogenerated electron could
move to rGO and produce reactive superoxide anions, eventually leading to the MO degradation.

SnO2 + hv → SnO2(e− + h+) (1)

SnO2(e− + h+) + rGO → SnO2(h+) + rGO(e−) (2)

SnO2(h+) + H2O → SnO2 + OH· + H+ (3)

rGO(e−) + O2 → rGO + O2
·− (4)

O2
·− + H2O → H2O· + OH− (5)

MO + OH·/O2
·−/H2O· → CO2 + H2O (6)

On the other hand, the addition of excess graphene to the SnO2 aerogel matrix (i.e., the TGO3 case)
reduced the enhancement of the photocatalytic activity, resulting in a 74% MO degradation in 60 min of
UV irradiation. The photocatalytic activity was in the following order: TGO1 > TGO3 > TGO05 > PTO.
Hence, a suitable amount of rGO loading would benefit the photocatalytic activity while its excess
would decrease the photon absorption efficiency by SnO2 [56,57]; furthermore, such enhancement
could be possible only at a certain extent. At the beginning state of the study, the experiment was
designed to have 0.5–2.0 wt.% of rGO in SnO2 aerogel. However, authors have found that large
amount of rGO in SnO2 aerogel retarded the photocatalytic activity as well as the surface area.
This would happen because an excess rGO loading could increase the probability of collisions between
photogenerated electrons and holes, favoring the electron–hole pair recombination and, thus affecting
the photocatalytic activity [58]. Moreover, SnO2 aerogel/rGO nanocomposites are compared with
previous reported SnO2 based photocatalysts in Table 3.

Table 3. Comparison of photocatalytic performance of SnO2 aerogel/rGO nanocomposite photocatalyst
in this work with previously reported composite photocatalysts.

Photocatalyst
Light

Source/Pollutant
Experimental

Condition
Photodegradation

Efficiency
Ref.

SnO2 nanoparticles
coated on MWCNT

4 × 6 W fluorescent
halogen lamps (254
nm), methyl orange

C: 1000 mg L−1; P:
20 mg L−1 45 min/94% [17]

Simonkolleite
nanopetals with

SnO2

3 × 8 W UV lamps
(254 nm),

rhodamine 6G

C: 500 mg L−1; P:
10 mg L−1 32 min /100% [25]

SnO2–graphene
nanocomposite (solid

state)

300 W mercury
lamp, methyl orang
and rhodamine B

C: 500 mg L−1; P:
20 mg L−1

Methyl orange
40 min/95%

Rhodamine B
60 min/97%

[49]

SnO2–CNT
nanocomposites

9 W eight UV–vis
lamps (365 nm),
methylene blue

and methyl orange

C: 200 mg L−1; P:
20 ppm (methylene

blue), 10 ppm
(methyl orange)

Methylene blue
180 min/93%

Methyl orange
180 min/79%

[1]

SnO2 aerogel/rGO
nanocomposite

40 W UV lamp
(370 nm), methyl

orange

C: 1 × 10−5 M; P:
100 mg L−1

Methyl orange
60 min/84% This work
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Figure 7. Schematic of MO dye photodegradation by using SnO2 aerogel/reduced graphene oxide
nanocomposites under ultraviolet light.

4. Conclusions

We introduced GO into an SnO2 aerogel matrix followed by its reduction to rGO via a facile in
situ annealing process in a supercritical autoclave. During the sol–gel synthesis, the dispersed rGO
flakes were captured in the SnO2 matrix and the colloidal SnO2 reacted with their functional groups,
as confirmed by the FTIR and UV-DRS spectra. The so-obtained nanocomposites exhibited enhanced
photocatalytic activity in the degradation of an MO dye solution by reducing the electron–hole pair
recombination rate; the photogenerated electrons were trapped in rGO, leading to the formation of
reactive superoxide anions, and the photocatalytic activity varied depending on the rGO loading in
the SnO2 aerogel matrix. This enhancement in photocatalytic activity with rGO addition in aerogel
structure was due to the movement of photogenerated electrons to conduction band in rGO which
reduces the recombination rate. In 60 min under UV irradiation, the pristine SnO2 aerogel and
the SnO2 aerogel/rGO (0.1 wt.%) nanocomposites achieved an MO degradation of 56% and 84%
degradation, respectively. Therefore, SnO2 aerogel/rGO nanocomposites could be good candidates for
the photodegradation of organic pollutants in industrial wastewater.
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Abstract: The discovery of room-temperature ferromagnetism of hydrogenated epitaxial graphene on
silicon carbide challenges for a fundamental understanding of this long-range phenomenon. Carbon
allotropes with their dispersive electron states at the Fermi level and a small spin-orbit coupling
are not an obvious candidate for ferromagnetism. Here we show that the origin of ferromagnetism
in hydrogenated epitaxial graphene with a relatively high Curie temperature (>300 K) lies in the
formation of curved specific carbon site regions in the graphene layer, induced by the underlying
Si-dangling bonds and by the hydrogen bonding. Hydrogen adsorption is therefore more favourable
at only one sublattice site, resulting in a localized state at the Fermi energy that can be attributed to
a pseudo-Landau level splitting. This n = 0 level forms a spin-polarized narrow band at the Fermi
energy leading to a high Curie temperature and larger magnetic moment can be achieved due to the
presence of Si dangling bonds underneath the hydrogenated graphene layer.

Keywords: hydrogenated epitaxial graphene; electronic structure; ferromagnetism

1. Introduction

In the last decade, chemical functionalization of graphene attracted a good deal of attention
among scientists for various reasons [1–23]. The common motivation is the modification of electronic
properties of graphene. The electronic properties are much more affected under the influence of
covalent functionalization, which encourages researchers to focus on studying the decoration of
various defects in graphene [3,5,6,10,13,15,16]. In this way, it is also possible to make graphene
spintronic devices with the aim of utilizing spintronics technology [3,4,6,8–10,12,15,22]. An important
issue in exploring graphene-based spintronics is how to introduce magnetic order in graphene and
in particular ferromagnetism. In this approach, ferromagnetism was predicted theoretically for
hydrogenated graphene [4,18,24]. For example, using spin-polarized density functional theory (DFT),
Zhou et al. [17] have shown that semihydrogenated graphene, a layer of graphene in which half of the
carbon atoms (all belongs to one sublattice) are bonded to an hydrogen atom, is a ferromagnet with an
estimated Curie temperature between 278 K and 417 K. The suggested mechanism is the coupling of
unpaired localized electrons, present at non-hydrogenated carbon atoms due to the breaking of the
π bonding network of graphene. Their calculations show that a ferromagnetic configuration is the
ground state of such a system. In principle, defects are associated with lattice distortions, vacancies
or chemical functionalization, introducing localized states at the Fermi level in graphene [2]. Onsite
Coulomb electron–electron interactions lead to spin-polarization of these dispersionless flat states
at the Fermi level and thus the existence of local magnetic moments. The magnetic properties of
graphene are determined by the interaction of the mentioned localized states. In the literature, several
different mechanisms have been proposed for ferromagnetism of graphene. In Ref. [4] the authors
calculated the coupling of defect-induced extended states, assuming two different types of defects,
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the hydrogen chemisorption defect and the vacancy defect by first principles electronic structure
calculations, showing either ferromagnetic or antiferromagnetic ordering depending on whether
the defects are distributed on the same or different sublattices of the graphene lattice. In this last
approach, room-temperature ferromagnetism is explored theoretically for hydrogenated graphene,
but experimentally it was only obtained for epitaxial graphene on silicon carbide (SiC) [25]. This was
the motivation to study the interplay between the structural properties and the electronic structure of
hydrogenated epitaxial graphene.

We will show that in the case of epitaxial graphene specifically on SiC, the presence of the
Si-dangling bonds creates preferential sites for hydrogen adsorption [26]. This leads to a preferred
sublattice carbon occupation of H atoms, which is necessary for ferromagnetic behaviour. Importantly,
our ab-initio calculations show that the created localized state at the Fermi energy can be attributed
to a pseudo-Landau level splitting. This n = 0 level forms a spin-polarized narrow band at the Fermi
energy leading to a high Curie temperature and larger magnetic moment can be achieved due to
the presence of Si dangling bonds underneath the hydrogenated graphene layer. Hence, at first
the structural properties of epitaxial graphene on SiC and the effect of hydrogen chemisorption on
magnetic ordering will be described, followed by our ab-initio calculations of the electronic structure
of the system will be discussed.

2. Materials and Methods

Ab-initio calculations were performed based on the density functional theory (DFT) within
the generalized gradient approximation (GGA) as implemented in the SIESTA computational
code [27] within the Perdew-Burke-Ernzerhof (PBE) form [28]. The core electrons were replaced
by Troulier-Martins pseudopotentials [29]. A double-ζ basis set of localized atomic orbitals was used
for the valence electrons. Sampling of the Brillouin zone has been performed using by a (10×10×1)
shifted Monhorst-Pack grid [30], while a mesh cut-off energy of 200 Ry has been imposed for real-space
integration. All structures have been relaxed until forces were less than 0.05 eV/ Å. The influence of the
SiC substrate was introduced by an extra Hubbard-U term to account for electron correlation as a result
of the Coulomb interaction between the Si localized electrons [31]. Therefore, this correction which
is an effective potential defined by Ueff = U − J, where U and J are the Coulomb and the exchange
parameters [32] are only applied to the 3p orbitals of the Si-dangling bonds. In the calculations, Ueff is
considered equal to 3 eV which is in a good agreement with the experimental results [31]. A vacuum
interval of more than 10 Å was used to avoid the interaction between the periodic slabs.

3. Results and Discussion

3.1. Preferential Hydrogen Adsorption Sites in Epitaxial Graphene on SiC(0001)

Upon annealing SiC at high temperature, growing graphene on the Si face of 6H-SiC substrate,
a first carbon layer strongly bonded to the substrate is formed. This layer does not present the electronic
properties of graphene since it is interacting with the substrate by means of the covalent bonds between
the C atoms of this layer and the Si atoms of the substrate surface. However not all the C atoms bond
to the Si atoms, so there are some Si-dangling bonds existing underneath. This layer is well known as
the buffer layer. The first layer of the C sheet on top of the buffer layer is considered as the first layer
of graphene which shows the linear dispersion relation at the Dirac point. Characteristic for scanning
tunneling microscopy (STM) images of epitaxial graphene on SiC(0001) is the observed Moiré pattern
due to the presence of the buffer layer below the graphene layer [33]. Instead of a (6

√
3×6

√
3)R30◦

reconstruction, expected from a reconstruction point of view with respect to SiC lattice and observed
in low energy electron diffraction (LEED) pattern of epitaxial graphene [34], STM images show only
a superstructure with a quasi − (6×6) SiC periodicity (∼ 1.8 nm) due to electron interference effects
[see Figure 2(d)] [35]. This superstructure is related to the existence of intrinsic curved regions in
epitaxial graphene [35]. Ab-initio calculations have shown that the Si-dangling bonds in the buffer
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layer induce these curved regions and, consequently, the graphene layer mimics this morphology to
form a quasi—(6×6)SiC pattern of bright spots observed in the STM image (Figure 2d). To clarify
that, the total charge density of the buffer layer states is shown in Figure 1a–c. As can be seen
from Figure 1(a), an apparent quasi − (6×6)SiC modulation, denoted by the full line diamond cell,
is recognized in the total charge density of buffer layer states.

Figure 1. Buffer layer structure on top of the Si-terminated SiC surface (reprinted figure from Ref. [35],
with the permission of APS Publishing). (a) 11 × 11 nm2 image of the total ab-initio charge density;
the common (6

√
3×6

√
3)R30◦ SiC unit cell is shown by the dashed line diamond cell and the

incommensurate (6×6) SiC modulation is denoted by full line diamond cell; (b) The irregular hexagonal
patterns inside a (6

√
3×6

√
3)R30◦ SiC unit cell with a cross section along the defined dashed line shown

in (c); (d) 12 × 12 nm2 STM image of the buffer layer (V = −2.0 V and I = 0.5 nA); the superstructure
(6×6)SiC is clearly visible.

Patterns with dark regions are separated from each other by brighter borders. The dark regions
represent the C atoms which are covalently bounded to the Si atoms of the substrate and the bright
spots are associated with the C atoms with no interaction with the substrate, so leaving the Si atom
with a dangling bond underneath. Figure 1b shows a few of these irregular hexagonal shapes and
the cross-section of those is depicted in Figure 1c. Here one can see the curving of the surface due to
the existence of Si-dangling bond. These convex regions are mimicked by the first layer of graphene,
as shown in Figure 2a.

Figure 2. The first graphene layer on top of the buffer layer of Si-terminated SiC surface (reprinted
figure from Ref. [35], with the permission of APS Publishing). (a) 11 × 11 nm2 image of the total
ab-initio charge density; the common (6

√
3×6

√
3)R30◦ SiC unit cell and the incommensurate (6×6)SiC

modulation are defined by a dashed line and a full line diamond cell respectively; (b) The total charge
density inside the (6

√
3×6

√
3)R30◦ SiC unit cell; (c) The cross section of the dashed line defined in (b);

(d) 12 × 12 nm2 STM image of the monolayer graphene (V= −0.2 Vand I= 0.1 nA); the periodicity of
(6×6)SiC is indicated by a full line.

Therefore, the total charge modulation density of graphene layer states exhibits a honeycomb
lattice plane containing corrugations [see cross section in Figure 2c] with the quasi − (6×6)SiC
periodicity. The corrugations in graphene layer are smoother than those of the buffer layer. There
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is some evidence which indicates that these convex regions are favourable sites for hydrogen
adsorption [26]. STM images of an epitaxial graphene on SiC before and after hydrogenation are
displayed in Figure 3. According to Ref. [26], hydrogenation is performed with a very low coverage
of 0.76 ± 0.17% of the surface. Comparing Figure 3a,b, they clearly show protrusions at the corners
of (6×6)SiC superstructures after hydrogenation process. This observation indicates that hydrogen
atoms preferentially attach to convexly curved regions of monolayer graphene grown on SiC(0001) but
not to the concave areas.

Figure 3. Room-temperature STM images of pristine monolayer graphene and hydrogenated graphene
on Si terminated SiC (reprinted figure from Ref. [26], with the permission of ACS Publishing).
(a) Pristine graphene (V = 115 mV and I = 0.3 nA); (b) hydrogenated graphene with a low coverage
of 0.76±0.17% (V = 50 mV and I = 0.3 nA); (c) hydrogenated graphene after annealing for 5 min at
630 ◦C (V = 50 mV and I = 0.3 nA); (d) hydrogenated graphene after annealing for 5 min at 680 ◦C
(V = 50 mV and I = 0.3 nA). The cross sections, shown below each STM image, indicate the increase of
corrugation at the corners of the quasi − (6×6) superstructure after hydrogenation and decreasing of
them by annealing the hydrogenated graphene due to desorption of hydrogen atoms. Scale bar is 2 nm
and the sizes of images as well as the cross section lines are the same.

Thereafter, the sample is heated and it is shown that above ∼630 ◦C, hydrogen atoms start to
desorb from the surface, and as a result the height of the protrusions decreases and at the point where
the sample is annealed up to 680 ◦C, the corrugations came back to the levels of pristine graphene.
A (6×6)SiC superstructure with respect to SiC surface has a periodicity of ∼1.8 nm, corresponding
to ∼7.5 times the lattice parameter of graphene (0.24 nm), and recent theoretical work has shown
that hydrogen adsorption is more favourable at only one sublattice (A or B) with sublattice distances
larger than 1 nm [36]. Since magnetic moments arise from this hydrogen adsorption on graphene
(see below), an imbalance of occupied sublattice sites will lead to a ferromagnetic ground state obeying
the Lieb theorem [37]. This defines the ground state total spin angular momentum of the system with
a bipartite lattice and a half-filled band based on the difference in the number of sites in the A and B
sublattices, i.e., S = 1/2||A| − |B||, yielding itinerant-electron ferromagnetism with |A| �= |B|. In the
case of hydrogenated graphene, the difference is between the occupation of A or B sublattice sites
with hydrogen. In epitaxial graphene the Si-dangling bond induced curving of the graphene layer
creates a superlattice for hydrogen adsorption, preventing a random occupation of both sublattices
which would be the case in hydrogenated quasi-free standing epitaxial graphene that does not show
a ferromagnetic response [25].

3.2. Room-Temperature Ferromagnetism in Hydrogenated Epitaxial Graphene on SiC(0001)

We performed electronic structure calculations on hydrogenated graphene on SiC based on density
functional theory (DFT) calculations using the SIESTA code. In first instance order the influence of
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hydrogen chemisorption on curved graphene was studied. The curved graphene layer with H adsorbed
system was relaxed, so the initial curvature is not necessarily kept. An effective electron doping of the
graphene layer, as is the case for graphene on SiC, was simulated by a shift of the Dirac point of 0.5 eV
below the Fermi Energy; after adding a hydrogen atom and keeping the same value of the doping,
the state is shifted towards the Fermi energy by ~0.3 eV, as is shown in Figure 4b. This indicates
a possible hydrogen induced p type doping. The role of SiC and the buffer layer will be considered
explicitely in Section 3.3. We considered the graphene layer as a curved layer to retain the induced
rippling with a (6×6)SiC superstructure of the underlying buffer layer. In order to simulate the quasi
− (6×6)SiC pattern, a curved (7×7)G cell containing 98 carbon atoms was applied (the subscript
”G” is used to indicate that the lattice parameter is seven times the lattice parameter of graphene,
i.e., 0.24 nm). This is a reasonable choice for a DFT calculation of the electronic structure since it has
a periodicity close to the quasi − (6×6) SiC periodicity observed in STM images of epitaxial graphene
on SiC (Figure 2d). According to the observations of Ref. [26], hydrogen atoms preferentially bond
to sites where the lattice is maximally convexly curved, which enhances the transition from sp2 to
sp3. Therefore, we added one hydrogen atom to the highest carbon atom in the lattice unit cell of
calculations. The relaxed structure of the curved (7×7)G graphene cell with one H adatom is shown
in Figure 4a.

Figure 4. Pseudo-Landau levels in hydrogenated epitaxial graphene. (a) Relaxed curved (7×7)
graphene cell upon hydrogen adsorption; (b) The total density of states of the structure in (a) (black line)
which exhibit changes compared to the total DOS of curved graphene (red dashed line); (c) Fitting of
the localized state appearing at the Dirac point and other states symmetric to it using the Landau levels
dispersion in grapheme; (d) Spin-polarized DOS showing the pseudo-Landau levels exchanged split.

The adsorbed H atom breaks a π bond and slightly pulls out the carbon atom below due to
a covalent bond interaction. This carbon atom changes its hybridization state from sp2 to sp3 and
the overall structure changes, causing a structural modulation, as was discussed in Reference [4].
The corresponding DOS (black solid line in Figure 4b) exhibits relatively intense peaks compared to
the DOS of the curved (7×7)G (red dot line). The state at the Fermi energy (which is the position of
the Dirac point [ED]) has been obtained and reported by previous work [4] as arising from the carbon
hydrogen bond, but the presence of states symmetrically located around it reflects another nature.
Interestingly, similar as in Ref. [38], the contributing peaks can be fitted to a series of Landau levels in
graphene (Figure 4c), satisfying the relation:

En = ED ±
√

2evF�Bs|n| (1)
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where, ED is Dirac energy, e is elementary charge, νF is Fermi velocity, � is reduced Planck constant
(h/2π) and Bs is a pseudo-magnetic field. This indicates that the observed peaks in the DOS can be
assigned to pseudo-Landau levels (PLLs). It is worth to note that the H-induced PLLs are not only
caused by ”mechanical” strain (as is clear from red dashed line of Figure 4b which belongs to curved
graphene cell) but the redistribution of the hopping integral values is also changed by the chemical
change from sp2 to sp3 in a similar way as for strained graphene with a triangular symmetry [38,39].
As interpreted in Refs. [40,41], structural modulations cause a perturbation in the hopping parameter
such as t→t+δt for a C atom experiencing strain. As a result, the energy eigenvalues of the system

change with the variation of the wave vector
→
k →

→
k + δ

→
k. In analogy to a 2D epitaxial graphene

submitted to a perpendicular magnetic field where the momenta of the electrons are shifted like
→
k →

→
k + (e/h)

→
A (

→
A is the vector potential), the modulation in the hopping parameter t due to the

C-H sp3 hybridization induces an effective vector potential (pseudo-vector potential) and, hence,
a pseudo-magnetic field. Using a Fermi velocity of 1.0 × 106 ms−1, the resulting pseudo-magnetic
field extracted from the fit is ∼250 T and its value increases for higher hydrogen coverage and vice
versa. This is in agreement with previous theoretical results [39].

From the value of the pseudo-magnetic field, it is noteworthy that the magnetic length
(lB ∼= 26/

√
B[T]nm) is comparable to the distance between the hydrogen atoms, i.e., the unit cell

used in the calculations. This is important since it indicates that the entire region between hydrogen
atoms is affected by the magnetic field. Nevertheless, the dependence of the magnetic field magnitude
on the cell leads to an extremely inhomogeneous magnetic field distribution on the surface that
contributes to the localization of graphene quasiparticles [42]. By including exchange interactions
between C atom and H atoms into the calculations, similar as what was shown by Yazyev and Helm [4],
the half-filled localized state at the Fermi level (PLL n = 0) will split into two states; filled state (spin up)
and empty state (spin down) denoted by red and blue lines in Figure 4d, respectively. In this case,
the spin-splitting is ∼200 meV corresponding to the coverage of ∼1%, which is expected to increase
for higher coverage [4]. So, we can concluded that the exchange interaction, which leads to ferromagnetic
behavior, arises from the C–H chemisorption induced pseudo-Landau level states at the Fermi level
in hydrogenated graphene. According to Lieb’s theorem [37], the condition to have magnetic order is
an unequal occupation of A and B sublattices by hydrogen. This statement is clearly illustrated in Figure 5.

Figure 5. Spin density distribution of hydrogenated graphene with two hydrogen attachments on
sublattice A and one hydrogen chemisorption on sublattice B of graphene (reprinted figure from Ref. [4]
with the permission of APS Publishing). Red and blue represents opposite spin directions.

The exchange interaction between localized electron states leads to a texture of magnetic states on
the H site and the odd nearest neighbours of the carbon atom below H, which exhibits a triangular
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symmetry and extends to similar regions around the H atoms. The preference for H adsorption on
certain sites in epitaxial graphene on SiC is due to the existence of Si-dangling bonds underneath,
i.e., the corners of the quasi − (6×6) SiC superstructure. Our calculation results for the isosurface
of the spin density distribution of four hydrogen adsorbed atoms, occupying an A sublattice at the
corners of the quasi – (6×6) SiC superstructure, are shown in Figure 6a.

Figure 6. (a) Isosurface representation of the spin density distribution around four hydrogen adatoms
on sublattice A sites (indicated by arrows); (b) Spin-polarized band structure of hydrogenated (7×7)
graphene cell. Spin-up bands are in red and spin-down bands are in blue.

The attached hydrogen atoms (remarked by arrows in the figure) are separated from each other
by ∼1.7 nm, and, as clearly seen, the localized electron states extend over a few graphene unit cells
around the H atoms. The long-range magnetic coupling is therefore attributed to these connected
regions of spin-polarized quasi-localized states.

Very unexpectedly, experimental results of hydrogenated epitaxial graphene show room-
temperature ferromagnetism [25,43]. However, s-p electron systems can generate ferromagnetism
with relatively high Curie temperatures if a narrow band of localized states is formed in a gap,
or a pseudo-gap, which leads to a high value of magnon stiffness so that the low-lying spin fluctuations
do not reduce the critical ordering temperature in such systems [44]. The (spin-polarized) band
structure of hydrogenated graphene is shown in Figure 6b. It is obvious that the hydrogenation process
leads to the disappearence of the linear dispersion of pristine graphene at the K point and opens a gap.
In addition, the PLL n = 0 gives rise to two exchange split states lying in a band gap which is defined
by the energy difference between the PLLs n = 1 and n = −1. The bandwidth of the filled (spin up)
band is ~0.1 eV and the empty (spin down) band is almost flat. This is in agreement with Ref. [44],
therefore, the Curie temperature can be deduced from the exchange splitting of the PLL n = 0 which is
~200 meV. This value is well above kBT (kB is the Boltzmann constant) at room temperature.

3.3. Substrate Effect on the Electronic Properties of Hydrogenated Epitaxial Graphene

In the previous sections, the origin of the room-temperature ferromagnetic property of
hydrogenated graphene on SiC was, for simplicity, discussed excluding the effect of the SiC substrate
and buffer layer in the electronic structure calculations, just to indicate the connection between the role
of local strain and the existence of pseudo-Landau levels. So far, a ferromagnetic behaviour is reported
only for hydrogenated graphene, which is grown on a SiC substrate [25,43]. So it is important to include
the effect of SiC as well as buffer layer, explicitly, in the calculations to find out their specific role. For the
most realistic calculation a (6

√
3×6

√
3)R30◦ unit cell with respect to SiC should be taken into account,

which means a cell of (13×13) graphene units. This is a large cell and a time-consuming calculation,
therefore it is very common in calculations to replace the (6

√
3×6

√
3)R30◦ cell periodicity with

a (
√

3×√
3)R30◦ SiC cell which contains (2×2) graphene units [45,46]. In order to get commensurability

between a (2×2) graphene cell and a (
√

3×√
3) SiC cell rotated by 30 degrees, stretching of the graphene

layer by 8% is needed. Adsorbing a hydrogen atom will overestimate the C-C bond, which will break
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for sp2 to sp3 hybridization. In order to avoid this, we compress the (
√

3×√
3)R30◦ SiC by 7%

instead of stretching it. This leads to a very high coverage of hydrogen (∼12%) atoms in the unit cell
and therefore it was replaced by a (4×4) graphene cell, commensurate with a (2

√
3×2

√
3)R30◦ SiC

substrate, while keeping the 7% compression of the substrate to get the commensurability between
the two lattices. This was also used for epitaxial two-layer graphene on the Si-face of SiC by Gao and
Tosatti [47]. Adding one H atom to this unit cell results in a ∼3% hydrogen coverage. The relaxed
structure in the presence of H adatom is shown in Figure 7. It is worth mentioning that the geometry
relaxation took place in different steps. Firstly, the SiC layers were saturated by hydrogen atoms on
the C-face (bottom face) and were relaxed until forces were less than 0.05 eV/Å. Secondly, the first
graphene layer is added on top and the structure was free to relax except the bottom SiC layer; this led
to the buffer layer formation. The second graphene layer is then added and relaxed and finally the
hydrogen atom is added on top of the highest carbon atom of the graphene layer (which coincides
with the position of the Si atom with a dangling bond in the buffer layer); as previously mentioned,
all the atoms were free to move except the bottom SiC layer and the structure is relaxed until forces
were less than 0.05 eV/Å.

Figure 7. Ball and stick images of hydrogenated Si-face epitaxial graphene with 3% hydrogen coverage.
(a) Side view and (b) top view of hydrogenated epitaxial graphene. The ((2

√
3×2

√
3)R30◦ SiC substrate

(violet for Si atoms and gray for carbon atoms) is saturated by hydrogen atoms (black) and compressed
to host a (4×4) graphene cell to model the buffer layer (orange atoms). The epitaxial graphene layer
(green atoms) is in a Bernal stacking with the buffer layer and has the same dimensions (4×4).

From the side view of the structure in Figure 7a, it is clear that two compressed bilayers of
6H-SiC were used with the dangling bonds on the bottom C-face saturated with the hydrogen
atoms. On top of SiC layers, a (4×4) graphene honeycomb lattice is added to model the buffer
layer, and then a second (4×4) graphene lattice is added in a Bernal stacking with the first one to form
the epitaxial graphene layer. The curving of the graphene layer is not so clear due to the small cell that
we used. Ab-initio calculations were performed based on the density functional theory (DFT) within
the generalized gradient approximation (GGA) as implemented in the SIESTA computational code
within the Perdew–Burke–Ernzerhof (PBE) form.

The spin unrestricted calculated band structure of epitaxial graphene and hydrogenated epitaxial
graphene on SiC are shown in Figure 8a,b, respectively. In Figure 8a, the n-doped characteristic
of epitaxial graphene on SiC is clearly evidenced by the position of Dirac point shifted to ∼0.5 eV
below the Fermi level at the K point, this is consistent with the previous experimental and theoretical
results [34,46]. However, unlike other results [45], our calculations result in a spin-polarized band
structure for epitaxial graphene. This could be interpreted as a side effect of the defined unit cell in the
calculations in which the SiC substrate is compressed.
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Figure 8. Influence of the SiC substrate and the buffer layer on the band structure of epitaxial graphene
and hydrogenated epitaxial graphene. (a) Spin-polarized band structure of epitaxial graphene (red
curve for up-spin, blue curve for down-spin). The Dirac point is situated 0.5 eV below Fermi energy;
(b) Spin-polarized band structure of hydrogenated epitaxial graphene (red curve for up-spin, blue
curve for down-spin). The arrows indicates the spin-splitted pseudo-Landau level n = 0.

However, it is very likely to be attributed to Coulomb interactions between the localized electrons
of the Si-dangling bonds. Looking more closely, while no spin polarization was obtained for the
graphene π-electrons, each localized state attributed to the Si-dangling bonds [45,46] splits into
two spin-polarized states, one filled and one empty. This may explain the paramagnetic response
of the buffer layer ascribed to the presence of the Si-dangling bond localized states in the buffer
layer [25], resulting in a total magnetic moment of ∼4μB per unit cell considered in the calculations.
Comparing the spin-polarized band structure of hydrogenated epitaxial graphene (Figure 8b) with
epitaxial graphene (Figure 8a) shows notable differences. It is shown that the linear dispersion relation
disappears at the Dirac point. Additional narrow spin-polarized bands (indicated by arrows in
Figure 8b) appear besides the remaining intact (or with a small position change) spin-polarized bands
of the Si-dangling bonds. These two extra spin-polarized bands correspond to the split PLL n = 0.
In the geometry we utilized, the hydrogen coverage is ∼3%; this leads to the observation of a filled
(majority spin) pseudo-Level n = 0 at about 0.3 eV below the Fermi energy at the K point. This value
may decrease if the hydrogen coverage is less and vice versa [4]. As stated above, the energy ”gap”
between the PLLs n = 0 and n = −1 decreases when the hydrogen coverage is reduced since it is related
to the pseudo-magnetic field.

In addition, the calculated total magnetic moment without the SiC nor the buffer layer contribution
but with the simulated effective electron doping as discussed in 3.2, is 0.5 μB per H adatom. This value
is smaller than the one obtained when the Si-dangling bonds of the buffer layer are present in 3.3,
which is 0.7 μB per H adatom. This indicates that Coulomb interactions between localized Si-dangling
bond states and the quasi-localized PLL n = 0 could play a role leading to an increase in the exchange
splitting of this latter and hence gives rise to a larger magnetic moment.

4. Conclusion

In conclusion, our electronic structure calculations in combination with published experimental
results provides a coherent picture to understand the observed room-temperature ferromagnetism
in hydrogenated epitaxial graphene on SiC. We have theoretically shown that specific carbon sites,
due to the presence of Si-dangling bonds in the underlying buffer layer, result in a quasi (6×6)SiC
superstructure of epitaxial graphene, favouring one sublattice site hydrogen occupation. The chemical
modification of the graphene layer by H adatoms and strain-like effects generate a pseudo-magnetic
field and consequently localized pseudo-Landau levels in the electron density of states. Extended
spin-polarized electron states from the pseudo-Landau level n = 0 give rise to long-range ferromagnetic
coupling. The relative high Curie temperature is obtained due the narrow bandwidth of these states
formed in a bulk energy gap leading to a high magnon stiffness. Furthermore, Coulomb interactions
between the pseudo-Landau level and the Si-dangling bond states can lead to an increase of the total
magnetic moment. The presence of localized electron states close to the Fermi level is evidenced by
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photoemission spectroscopy measurements, which also indicates the p-doping of epitaxial graphene
due to hydrogenation.
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Abstract: The combination of graphene and a metasurface holds great promise for dynamic
manipulation of the electromagnetic wave from low terahertz to mid-infrared. The optical response
of graphene is significantly enhanced by the highly-localized fields in the meta-atoms, and the
characteristics of meta-atoms can in turn be modulated in a large dynamic range through electrical
doping of graphene. Graphene metasurfaces are initially focused on intensity modulation as
modulators and tunable absorbers. In this paper, we review the recent progress of graphene
metasurfaces for active control of the phase and the polarization. The related applications involve, but
are not limited to lenses with tunable intensity or focal length, dynamic beam scanning, wave plates
with tunable frequency, switchable polarizers, and real-time generation of an arbitrary polarization
state, all by tuning the gate voltage of graphene. The review is concluded with a discussion of the
existing challenges and the personal perspective of future directions.

Keywords: graphene; metasurface; phase shift; polarization; wavefront shaping; tunability

1. Introduction

The electromagnetic response of an optical device, from basic lenses and mirrors to advanced
metasurface alternatives, is governed by two factors: material and structure. Beam engineering in
conventional optics relies on separate contributions from the material refractive index n and the
interface profiles d(x, y), leading to bulky size and limited functionality. Driven by the continuous
demand on minimization and the progress of nano-fabrication, metasurfaces offer a promising platform
for beam transformation over a thin layer of meta-atoms [1–3]. Meta-atoms with deep subwavelength
structures couple to the light with strong field localization such that the effective material property
is modified locally as ne f f (x, y), which is quite different from that of the natural material. With such
spatially-designable ne f f (x, y), beam molding is possible over an ultrathin layer of meta-atoms with
fixed thickness d. Metasurfaces significantly reduce the size of optical devices with comparable or
even unavailable novel functionalities, such as a metalens with close-to-unity numerical aperture
and a planar profile [4–6], polarization-multiplexed holography [7–10], the synthesis of multiple
functions [11–13], and coupling of spin-angular momentum [14,15], to name a few.

Actively-tunable or reconfigurable responses are highly desired in practical applications including
dynamic wavefront shaping, adaptive optics, and single-pixel detection, which can be facilitated by
including functional materials in the metasurfaces with dynamic modulation. Graphene, a single layer
of carbon atoms arranged in a honey-comb lattice, is an outstanding candidate with extraordinary
electrical and optical properties [16,17], as its Fermi level and the corresponding charge carrier density
can be drastically modified by DC gate biasing. In graphene metasurfaces, the material and structure
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promote each other such that the resonator strengthens the interaction of light with the atomic thin
layer, and the tunable material property of graphene in turn modulates the response of meta-atoms.
Therefore, the structured graphene or integration of graphene with passive metasurfaces is an effective
solution to enhance the dynamic modulation of beam engineering.

Compared to metasurfaces employing other active materials with different tuning mechanisms,
such as electrically-tuned liquid crystals [18,19], thermally-modulated phase change materials [20],
and mechanically-deformed elastic materials [21–23], graphene metasurfaces have several advantages.
Graphene as the thinnest active material is naturally compatible with planar metasurfaces and silicon
photonics. The electrical tuning speed is very high, from MHz [24,25] to GHz [26], with a large dynamic
tuning range or tuning depth. More importantly, the material property of graphene can be electrically
modulated in an extremely wide spectrum from sub-terahertz (sub-THz) to near-infrared (near-IR).
Interestingly, the conductivity modulation in different sub-bands is quite different, with modulation
focused on the real part at sub-THz and on the imaginary part at higher frequencies, leading to various
adjustable properties in metadevices.

The development of graphene metasurfaces starts from intensity modulation. In 2011, the intensity
modulation of the THz wave in graphene micro-ribbon array was reported [27], followed by several
designs as modulators and switches [24,25,28–31], tunable metasurface absorbers [26,32]. and spatial
light modulators [33]. Besides intensity modulation, increasing attention has focused in recent years
on the phase modulation for dynamic wavefront shaping and tunable polarization control, with
plenty of theoretical designs and several experimental breakthroughs. This paper emphasizes recent
development of graphene metasurfaces for active control of phase and polarization, which has not
been systematically summarized in related review articles [3,34,35].

The paper is organized as follows. Section 2 introduces the distinct material properties of graphene
in different frequency bands with a tunable Fermi level, which lays the physical foundation for
graphene-based active metasurfaces and offers different mechanisms of the tunability. Section 3
summarizes the dynamic graphene phase shifters with the target to achieve a large range of dynamic
phase response for desired wavefront shaping working in transmission, reflection, in-plane, and
out-of-plane manners. Section 4 is focused on the polarization manipulation to achieve tunable
polarization selectivity and polarization conversion. Conclusions and personal remarks on the
challenges and development directions of graphene metasurfaces are given in Section 5.

2. Material Properties of Graphene

The optical response of graphene is governed fundamentally by its surface conductivity. Since
the intuitive optical characterization is usually done through the permittivity or the mode index,
we summarize in this section the conductivity, the effective permittivity, and the mode index of the
surface plasmon (SP) wave supported by graphene, so as to perceive the transformation of optical
response with Fermi level and in different frequency bands.

The surface conductivity of graphene can be modeled by the well-known Kubo formula derived
with the random phase approximation (RPA) theory [36–38].

σ =
−ie2

πh̄2(ω + i/τ)

∫ ∞

0
ε

[
∂ fd(ε)

∂ε
− ∂ fd(−ε)

∂ε

]
dε +

ie2(ω + i/τ)

πh̄2

∫ ∞

0

fd(ε)− fd(−ε)

(ω + i/τ)2 − 4(ε/h̄)2 dε (1)

where e is the electron charge, h̄ is the reduced Planck constant, and ω is the angular frequency. fd(ε)

is the Fermi–Dirac distribution as fd(ε) = (e(ε−EF)/kBT + 1)−1. kB is the Boltzmann constant. T is
the temperature. EF is the Fermi level. τ is the carrier relaxation time defined by τ = μEF/(ev2

f ).

v f = 106 m/s is the Fermi velocity, and μ is the carrier mobility fluctuating in a large range determined
by the fabrication process. μ is around 0.1 m2/Vs in the chemical vapor deposition (CVD) graphene [39],
1 m2/Vs in the mechanically-exfoliated graphene [40], and even 100 m2/Vs in the suspend graphene
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at low temperature [41]. The carrier density n is related to the Fermi level by n = E2
F/(πh̄2v2

f ).
The dynamic modulation of n with EF makes graphene either metallic, semiconductive, or dielectric.

The first term in Equation (1) is the intraband contribution, which can be explicitly expressed
as [38]:

σintra =
2kBTe2

πh̄2 ln(2cosh
EF

2kBT
)

i
ω + i/τ

(2)

When EF � kBT, Equation (2) is simplified as the Drude model σintra = ie2EF
πh̄2(ω+i/τ)

. The second

term in Equation (1) originates from the interband contribution and can be approximated, if EF � kBT,
as [38]:

σinter =
ie2

4πh̄
ln

(
2EF − (ω + i/τ)

2EF + (ω + i/τ)

)
(3)

If the thickness d is considered, the effective permittivity of graphene relative to the vacuum
permittivity is defined as:

εr = εav +
iσ

ε0ωd
(4)

where ε0 is the vacuum permittivity and εav is the average relative permittivity of the surrounding
environment. The mode index of the SP wave supported in the graphene monolayer is derived from
the dispersion equation as [42,43]:

nsp =

√
εav − (

2εav

ση
)2 (5)

with η being the wave impedance.
In Figure 1, the three parameters above are plotted at different frequencies associated with

different types of light–matter interaction. The parameters are specified in the caption. In the sub-THz
region (Figure 1a), the real part of the conductivity σ

′
, corresponding to the imaginary part of the

permittivity ε
′′
r , is dominant, indicating graphene as a lossy film. The loss is weakly dependent on

the frequency, but is very sensitive to the variation of EF. Electric gating of the graphene-loaded
metallic metasurface in this frequency band is mainly embodied in the amplitude modulation of
the local resonances together with a limited range of phase variation due to the transition between
underdamped and overdamped phases. Graphene at this frequency is seldom patterned as it does not
support the SP wave with nsp less than one.

In the THz to mid-IR band (Figure 1b), the most important feature is the SP wave with very large
n
′
sp and very small loss. The variation of EF changes σ

′′
, ε

′
r, and n

′
sp, but only has a small effect on

the loss. The metasurface with patterned graphene shows tunable SP resonance frequency together
with a large dynamic range of phase variation. Even in the hybrid metasurface where the resonance
originates from the metallic antennas, variation of EF shifts the resonance frequency because graphene
modulates the dielectric constant of the environment.

When h̄ω is comparable to 2EF around the step in σ
′

and ε
′′
r (Figure 1c), both intraband and

interband transitions contribute to the optical response, such that the metasurface with graphene still
has tunability by changing the Fermi level. In the near-IR and visible frequencies where h̄ω � 2EF,
the interband contribution dominates. ε

′
r becomes positive with a constant ε

′′
r . Graphene behaves as

a dielectric layer with universal absorption of 2.3% [44].
The variation of key material properties from sub-THz to near-IR is summarized in Figure 1d.

It dictates different modulation mechanisms in the graphene-based metasurfaces, which endows
the design with diverse tunability with EF, such as shifting the operation frequency, modulating the
efficiency of wavefront shaping, switching among multiple functionalities, and dynamic polarization
conversion, as will be detailed in Sections 3 and 4.
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Figure 1. σ (from Equations (2) and (3)), εr (from Equation (4)), and nsp (from Equation (5)) at
sub-THz (a), THz to mid-IR (b), and near-IR frequencies (c). μ = 1 m2/Vs, d = 0.35 nm, εav = 1.
The thick lines are for EF = 0.2 eV, and the thin lines are for EF = 0.25 eV. The solid lines are the
real parts, and the dash lines are the imaginary parts. The key material properties of graphene are
summarized in (d) at different frequencies.

3. Phase Modulation in Graphene Metasurfaces

Metasurfaces have been applied with great success for complicated wavefront shaping because of
their compactness and flexibility when compared to conventional bulky devices. Dynamic wavefront
shaping is a highly-desirable feature towards practical applications including, but not limited to
adaptive optics and satellite communication. Ideally, the phase shifters should cover the complete 2π

phase range with high efficiency or even independent control of the amplitude and phase responses to
implement arbitrary kinds of wavefront shaping. In reality, it is not easily achievable by simply tuning
the optical properties of an atomic layer. The combination of graphene and a metasurface presents
an effective solution to enhancing the interaction with increased phase shifting. The constitutive
phase shifters in the graphene metasurface array are either graphene micro-/nano-structures with
separate biasing or graphene-hybridized metallic/dielectric resonators with a single-location biasing.
The former offers the maximum degree of freedom for dynamic wavefront shaping, and the latter is
more practical in implementation.

3.1. Wavefront Shaping in Transmission

In 2012, Min’s group experimentally demonstrated terahertz switching [28] by attaching graphene
to a layer of hexagonal metallic meta-atoms with top and bottom electrodes for static biasing (inset
of Figure 2a). Working in the low THz range similar to the case of Figure 1a, the graphene layer
acts as the surrounding medium with tunable loss in close proximity to the meta-atoms. The charge
carriers accumulated at the edges of the hexagon increasingly leak into the neighboring element
through the graphene layer with increased conductivity. Therefore, the resonance becomes weaker and
slightly shifted as the biasing voltage is applied from the charge neutral point (CNP). The measured
phase response in Figure 2a based on the THz time-domain spectroscopy (THz-TDS) system shows
a dynamic phase shift of 32◦ at 0.65 THz through 850-V voltage variation from the CNP. However,
the limited phase coverage is not enough for wavefront shaping. In 2018, more than 90◦ phase
modulation together with the 50-dB amplitude modulation was experimentally demonstrated [45] in a
bilayer-graphene-loaded split ring resonator array, as shown in Figure 2b,c.
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When graphene itself is patterned as a phase shifter, such as a graphene ribbon or a graphene
patch, it only provides a dynamic phase range of 180◦ around the plasmonic resonance by tuning the
Fermi level or the dimension due to the intrinsic Lorentz-shape electric dipole resonance (Figure 2d). In
fact, the effect of the material loss and the environment leads to an even smaller phase range [46,47].
Additionally the transmission intensity is very small away from the resonance. To improve the efficiency
of such a phase shifter, two graphene nanoribbons are combined in parallel in a unit cell [46]. By
individually tuning the Fermi level of each nanoribbon, phase delay varies from 0 to 180◦ with
comparable transmission intensity. Numerical simulations validate an anomalous deflector at IR
composed of such elements with tunable beam direction and a flat lens with tunable focal length
in Figure 2e. In order to cover the full 360◦ phase range, a stack of three graphene ribbons with
proper dielectric separation was proposed as the metasurface unit cell for efficient beam focusing [48].
The phase shifters achieve a high transmission amplitude above 0.7 with full control over the phase of
the transmitted wave when the outer and inner graphene ribbons are independently biased. However,
separate gate biasing among elements in three layers is too complicated to implement at the studied
mid-IR frequencies.

Figure 2. Transmissive graphene phase shifters for dynamic wavefront shaping. (a) Transmission phase
variation with biasing voltage and frequency in the hexagonal metallic metasurface integrated with
graphene. The inset is a schematic of the structure. The dashed line at 350 V corresponds to the charge
neutral point. At a fixed frequency 0.65 THz, dynamic phase shift of 32◦ is observed by tuning the
loss of graphene when Vg is from 350 V to −500 V. Reproduced with permission from [28], Copyright
Springer Nature, 2012. (b) Unit cell of the hybrid metasurface consisting of a split-ring resonator and
double-layer graphene capacitor. (c) Transmission magnitude and phase spectra at various biasing
voltages. The dynamic phase shift is due to the tunable material loss of graphene. Reproduced with
permission from [45], Copyright The authors, 2018. (d) Phase coverage and scattered magnetic field
of uniform graphene ribbons by tuning the Fermi level. The phase coverage is limited to 180◦. (e)
Two parallel graphene ribbons are grouped in a unit cell to achieve nearly constant transmission
intensity for different phase shifters. An array of such unit cells with individual biasing is simulated
for anomalous refraction (top) and focusing with tunable focal length (bottom). Reproduced with
permission from [46], Copyright WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 2014.

Recently, the geometric phase has been utilized widely in metasurfaces for wavefront shaping
by rotating the asymmetric inclusions [49,50]. In Figure 3a, through an array of graphene nanocross
resonators with different orientations [51], the transmitted circularly-polarized beam with the opposite
handedness of the excitation gains the geometric phase as twice the rotation angle while keeping the
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transmission amplitude of 0.4 at the optimum frequency. The phase profile for anomalous refraction is
solely determined by the orientation of the graphene inclusions irrelevant to the conductivity. Therefore,
highly efficient anomalous refraction is maintained over a wide bandwidth from 14.5 THz to 17 THz
when the conductivity is dynamically adjusted, as shown in Figure 3b. The increased carrier density
of graphene blue shifts the optimum frequency together with a dynamic scan of the beam direction.
Although all the graphene elements experience the same voltage, the biasing is complicated due to the
separate arrangement. The related study stops at the numerical validation. Until 2018, a similar idea was
experimentally demonstrated by Min and Zhang [52] around 1.15 THz with a more feasible structure in
Figure 3c. The geometric phase profile is provided by the metallic resonators with proper orientation,
on top of which is a graphene monolayer biased at the periphery. For anomalous refraction and focusing,
the phase profile does not change with gate voltage, while the intensity does (Figure 3d). Gate-induced
increase in the carrier density of graphene results in a stronger absorption of THz waves through the
intraband transitions. Therefore, the bending and focusing are most efficient at the CNP and experience
an intensity decrease with further biasing (Figure 3e,f). Comparison of Figure 3a,c shows that graphene
is a frequency-tunable resonator in the former and loss-tunable medium close to the metallic resonator in
the latter, corresponding to the material properties of Figure 1a,b, respectively. Therefore, the optimum
working frequency varies with the Fermi level in Figure 3b and stays the same in Figure 3d.

Figure 3. Transmissive active metasurfaces for dynamic wavefront shaping based on the geometric
phase. (a) Graphene nanocross metasurface with space-variant orientation for deflection of the
circularly-polarized beam. (b) The transmitted circularly-polarized beam with the opposite handedness
of the excitation gains the geometric phase as twice the rotation angle while keeping the transmission
amplitude of 0.4 at the optimum frequency. (c) Deflection efficiency spectrum when the graphene
nanocrosses have different Fermi levels. The large deflection efficiency is well maintained over a wide
bandwidth and a large range of the Fermi level. Reproduced with permission from [51], Copyright
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 2015. (d) Schematic of the active metasurface
composed of a single layer of graphene deposited on a U-shaped metallic aperture where the spatial
phase function is defined by the orientation of the U-shaped aperture. (e) Variation of the efficiency of
anomalous refraction with biasing voltage and frequency. (f) Electric field distribution at two different
gate voltages when the metasurface is designed for anomalous refraction. The metasurface works best
at the CNP and shows reduced intensity with additional biasing due to increased loss in graphene.
Reproduced with permission from [52], Copyright WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim,
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2017. (g) Monolayer graphene attached to gold aperture antennas with different orientations for
geometric phase response and different lengths for resonance phase response. The resonance phase is
tunable by voltage to carefully compensate the variation of the phase function at different frequencies.
(h,i) The phase profile is dynamically tuned to satisfy two parabolic functions at two Fermi levels,
leading to different focal lengths with comparable focusing efficiency. Reproduced with permission
from [53], Copyright Chinese Laser Press, 2018.

As the geometric phase does not change with the Fermi level, the active tunability of the device is
limited to intensity modulation at a fixed frequency. In more scenarios, one wants to tune the focal
point or the steering angle dynamically with the maximum possible intensity. For this purpose, Wang’s
group proposed a strategy in 2017 to achieve a transmissive metalens with a dynamically-tunable
focal length [54]. The experimental demonstration was done very recently [53]. The structure consists
of monolayer graphene on top of gold aperture antennas with different orientations and lengths
(Figure 3g). The phase profile is determined by both the geometric phase and resonance phase,
the latter of which is adjustable by the Fermi level of graphene. With a careful design, the phase
profile can be dynamically tuned to satisfy two parabolic functions at two Fermi levels, leading to an
electrically-tunable focal length in a large range of 4.45λ in experiments with comparable efficiency, as
shown in Figure 3h,i.

3.2. Wavefront Shaping in Reflection

When a metallic mirror is introduced to the active phase shifter with a dielectric spacer,
the phase modulation range can be significantly enlarged. The whole structure can be considered
as an asymmetric Fabry–Perot resonator, where the large phase range is gained from the multi-path
propagation between the top and bottom layers. In other words, the electric current circulating between
the top metasurface and the bottom plate forms a magnetic resonance with 360◦ phase variation across
the resonance frequency.

In order to access the 360◦ phase range dynamically at a fixed working frequency, a loss tuning
mechanism is required in the top layer to tune the structure through the underdamped-critical
coupling-overdamped transition. Tuning the resistive loss of the top layer dictates how far the energy
goes through the dielectric spacer and how strong the coupling is with the bottom plate, and is therefore
an effective way to tune the phase response. The resistive loss changes the reflection intensity and
phase, but does not shift the resonance frequency. One can only access half of the 360◦ phase range at
a fixed frequency with the structure in Figure 4a, where the metallic patches are covered by graphene.
The 360◦ phase range can be covered by two types of metallic patches with shifted resonance frequencies.
The working frequency is chosen in the shaded area in Figure 4b between the two resonances [55].
The THz-TDS measurement has demonstrated a maximum phase modulation range of 243◦ at 0.48 THz,
which can be further increased if the carrier scattering loss is reduced in graphene.

The above design works at sub-THz, where graphene is a lossy surrounding medium, as analyzed
in Figure 1a. The necessity of two types of unit cells to access 360◦ phase response originates from the
inability of graphene to tune the resonance frequency. Another approach to accessing the full phase
range is to work at higher frequencies where graphene directly modulates the resonance frequency
with different biasing. In 2017, Atwater’s group demonstrated more than 230◦ phase modulation
using the structure in Figure 4c in mid-IR frequencies [56]. Here, graphene is attached to a uniform
array of gold antennas with very small gaps. In mid-IR, graphene shows low loss and a tunable
dielectric constant with the carrier density, as discussed in Figure 1b. The resonance frequency shifts
with the environmental dielectric constant, resulting in a widely-tunable phase range of more than
200◦ from 8.5 μm to 8.7 μm, as shown in Figure 4d,e. Although the measured reflectivity is quite
low due to absorption of the SiNx substrate and the low mobility of graphene charge carriers, the
proposed design is one of the most promising designs for dynamic beam steering. Despite the similar
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configurations in Figure 4a,c, graphene plays different roles in the dynamic adjustment depending on
the working frequencies.

Alternatively, graphene resonators can replace the graphene–metallic resonator structure in the
top layer for reflective phase modulation, as summarized in Figure 5. All of them are targeted at
mid-IR beam shaping, where the graphene pattern is a plasmonic resonator with tunable resonance
frequency. Among various shapes, the graphene ribbons are the most extensively-studied ones, due to
their simplicity and ease of biasing at one end of the structure. Specifically, Figure 5a utilizes the
spatially-variant graphene ribbons to achieve desired phase profile at the center frequency and to
change the Fermi level for dynamic modulation [47,57]. Figure 5b shows the phase variation with
the ribbon width, which serves as the guidance for designing the metasurface array for focusing and
steering applications.

Figure 4. Reflective phase shifters with monolayer graphene for dynamic phase modulation.
(a) Monolayer graphene is attached to the array of Al patches separated with the bottom Al film
with an SU-8 spacer. (b) Gate-dependent reflection phase spectra of the combined structure when the
Al patches have two sizes. Here, graphene as a lossy surrounding medium in sub-THz frequencies
tunes the resonance intensity and phase. In each unit cell, the maximum phase change is 180◦

around the resonance frequency by tuning the biasing voltage. By utilizing two types of unit cells
with different resonance frequencies and working in the shaded frequencies, a 360◦ phase change is
accessible by tuning the biasing voltage. Reproduced with permission from [55], Copyright American
Physical Society, 2015. (c) Graphene-tuned gold antenna array with back mirror. The zoom-in plot is
the SEM image of the gold antennas with nanometer gaps. (d,e) Tunable absorption (d) and tunable
reflection phase (e) for different graphene Fermi levels. The dielectric constant of graphene is sensitively
modulated in the mid-IR, leading to a widely-tunable phase range of more than 200◦ from 8.5 μm to
8.7 μm. Reproduced with permission from [56], Copyright American Chemical Society, 2017.

When the graphene ribbons are separately biased, more degrees of freedom are gained for
controlling the functionality temporally and spatially [58,59]. Figure 5c shows that the smooth 360◦

phase variation is covered by tuning the Fermi level, and it is well maintained from 4 THz to 6 THz.
Beyond this frequency range, the phase variation is either too sharp or too weak to use (Figure 5d).
It leads to switching of the functionality by frequency, for example, from an anomalous reflector at
5 THz to a normal reflector at 3.5 THz. With the Fermi level of the graphene ribbon tuned spatially
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and temporally, a metalens of a large numerical aperture is numerically demonstrated with either a
fixed or variable focal point over a wide bandwidth [58]. Completely different functionalities, such as
cloaking, illusion, and focusing, can be implemented in one metasurface [60]. In such kinds of active
designs, the efficiency is mainly governed by the mobility of graphene carriers. The study shows
that the carrier relaxation time τ seldom affects the reflection phase, but mainly controls the local
reflectivity. τ is around 1 ps in the designs of Figure 5, leading to an overall efficiency of around 60 to
70%. The efficiency can be improved to 90% if the relaxation time is increased to 5 ps [59].

Figure 5. Graphene nanoribbons for reflective wavefront shaping. (a) Graphene ribbon element on
top of the dielectric/metal substrate. (b) Variation of reflectivity and phase with the ribbon width.
Reproduced with permission from [47], Copyright The authors, 2015. (c) Smooth 360◦ phase variation
is covered by tuning the Fermi level of graphene , and it is shifted with a well-maintained shape
from 4 THz to 6 THz. Adapted from [58], Copyright IOP Publishing Ltd., 2017. (d) Far away from
the optimum frequency, the phase variation is either too sharp or too weak to use. Reproduced with
permission from [59], Copyright IEEE, 2018. Wavefront shaping is possible by properly selecting the
ribbon width at the fixed Fermi level from (b), or by individual gate control over an uniform graphene
nanoribbon array following (c,d).

Similar to the transmission cases, uniform biasing of either monolayer graphene or graphene
ribbons is promising for fabrication, but limited to efficiency modulation or on-off switching of a
specific function. In contrast, individual biasing of each ribbon is extremely difficult to implement
in device integration, although at-will wavefront shaping is theoretically possible in real time with
satisfactory efficiency. A compromise solution utilizes both the geometric phase and resonance phase
with a similar configuration as Figure 3g, but working in the reflection side with a back mirror [61].
The geometric phase governs the general phase profile, and the resonance phase is tuned by the
Fermi level to compensate minor phase variations needed for different focal lengths. However, in
both transmission and reflection designs, the lens aperture is limited by the small tuning range of the
resonance phase with the Fermi level, leading to an inaccurate focal point as compared to the design.

In addition, the metasurface is endowed with increased power when more complicated graphene
elements and the corresponding gate configuration are considered. For example, when two graphene
patches are combined in a unit cell in-plane [62] or stacked on top of the substrate with individual
gate control [63], the wavefront engineering has been studied with an increased bandwidth. Taking
advantage of the highly-confined surface plasmon in graphene, a dual-band focusing lens is proposed
by stacking two layers of graphene nanoribbons above the gold reflector with negligible crosstalk [64].
The wavefront can be independently engineered in two distinct frequencies with each layer being
responsible for one frequency.

3.3. In-Plane Plasmonic Wavefront Shaping and Coupling with Out-of-Plane Propagation

Apart from wavefront shaping in free space, control of the SP waves propagating along the
graphene surface holds significant promises towards minimization of the photonic integrated circuits.
Compared to the noble metal counterparts, graphene plasmonics show low loss and strong confinement
together with the tunability via electrical or chemical doping. As will be shown in the following
literature, in-plane and out-of-plane beam shaping focus on applications in the THz to mid-IR
frequencies taking advantage of the spatially- and temporally-tunable nsp of the SP wave with the
Fermi level following the discussion in Figure 1b.
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Fundamentally, the plasmonic wavefront is manipulated via a nonuniform conductivity pattern
along graphene. Several ways are proposed to achieve such a conductivity pattern [65]. Figure 6a uses the
uneven ground plane to create different distances between the flat graphene layer and the highly-doped
silicon ground plane [66]. When a fixed biasing voltage is applied, the electric fields experienced by
the graphene inside and outside of the double-convex region are different, which in turn produces an
inhomogeneous conductivity pattern for spatial Fourier transformation in Figure 6b. With a proper design
of the uneven ground plane, the focal length is even variable with the voltage [67]. Chemical doping,
though without dynamic control, is another popular way to change the optical properties of graphene.
Figure 6c shows that the adsorption of proper molecules on graphene leads to chemical doping through
charge transfer. By patterning two types of organic molecules on graphene, a plasmonic metasurface
can be realized with any gradient effective refractive index profile to manipulate SP beams as desired
[43]. A multiscale theoretical approach combining the first-principles electronic structure calculations and
finite-difference time-domain simulations is developed to reconcile the band structure modification by the
molecules and the mesoscopic effect on the SP wave propagation. The designed plasmonic Luneburg lens
and SELFOC lens are in a notably subwavelength size of around one tenth of the free space wavelength.
By creating vacancies with the designed shape in the graphene layer (Figure 6d), this enables excitation
of the SP wave from free-space illumination and manipulation of the SP wavefront [68]. Figure 6e,f
shows the plasmonic superfocusing and plasmonic vortex beam generation with a well-designed vacancy
geometry. The size of the focusing hotspot is far below the diffraction limit considering the strong
plasmonic localization in graphene.

Figure 6. In-plane plasmonic wavefront engineering. (a) Monolayer graphene on top of the uneven
ground plane made of highly-doped silicon. Different distances between the graphene layer and the
ground plane lead to two conductivities and two refractive indices of the SP wave in and out of the
lentil area. (b) Simulated electric field of the SP wave through the graphene Fourier lens with point
source excitation. Reproduce with permission from [66], Copyright Aptara Inc., 2012. (c) Schematic
representation of the graphene layer patterned with two types of organic molecules (TCNQ +
TTF and F4 - TCNQ) to achieve an inhomogeneous conductivity profile through charge transfer.
Reproduced with permission from [43], Copyright American Chemical Society, 2014. (d) Schematic of
the spiral-shaped graphene vacancy for excitation and focusing of the SP wave. (e) Superfocusing using
a spiral-shaped graphene vacancy together with a circularly-polarized incident beam. (f) Generation of
plasmonic vortex beam with five segmented graphene vacancies. All the in-plane wavefront shaping is
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achieved in a notable subwavelength area and beyond the diffraction limit considering the strong
localization of the graphene plasmon. Reproduced with permission from [68], Copyright Optical
Society of America, 2014.

On the other hand, the strong mismatch of the wave vectors in the plasmonic wave and free
space wave causes a great obstacle in exciting and leaking the SP waves in graphene. Different
mechanisms have been reported to excite the strongly-localized SP waves in graphene through
diffraction gratings [69], sharp tips [70,71], and vacancies [68]. Similarly, the coupling from the SP
wave to the propagation wave is the reverse process, which can be done in the same structure. To
further increase the flexibility, coupling the SP wave to the free space beam with steerable directions is a
highly-desired feature in many applications including communications, remote sensing, and image
scanning, which is not easily available especially in the THz region. In the design of Figure 7a, by densely
distributing gate pads underneath the monolayer graphene, the surface reactance can be sinusoidally
modulated with adequate biasing voltage to each pad [72]. The surface wave interacts with the
sinusoidal modulation to produce the leaky wave radiation. Since the radiation direction is determined
by the modulation periodicity, which can be dynamically varied by grouping different numbers of pads
in one period, the radiation direction can be steered in real time at a fixed frequency, as calculated in
Figure 7b. Alternatively, Figure 7c utilizes the periodic metal–dielectric–graphene plasmonic grating to
achieve electrically-controllable THz beam scanning [73]. The graphene gratings are biased with the
same voltage, which modulates the effective refractive index of the SP wave supported in graphene,
leading to varied radiation directions based on the grating equation. Figure 7d shows the radiated
near-field from 13◦ to −18◦ when the biasing voltage is 256.5 mV (left) and 53.2 mV (right).

The above leaky wave scanning is limited to one plane. Scanning in arbitrary directions in the full
space is more difficult, as pixel-by-pixel biasing makes the configuration a huge challenge for device
integration. Figure 7e is a simplified design to achieve such functionality. The dynamic bean scanning
in both elevation and azimuth planes is achieved by applying two groups of one-dimensional biasing
pads underneath the graphene sheet [74]. They are orthogonal and decoupled. One group offering
monotonic impedance variation along the y direction mainly determines the radiation in the azimuthal
plane, while the other provides sinusoidal impedance modulation along the x direction to decide the
elevation angle of the radiation. Figure 7f shows examples of the two-dimensional radiation pattern
towards different directions with the adequate choice of the voltages in the two groups of gating pads.
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Figure 7. Leaky waves from graphene plasmonic structures with a dynamically-steerable direction.
(a) A graphene sheet on the back-metalized substrate with the isolated poly-silicon gating pads for
space-dependent DC biasing. The surface reactance is sinusoidally modulated with adequate biasing
voltage to each pad. The periodic modulation offers effective momentum to transfer the surface
wave into free-space radiation. (b) The radiation direction of the leaky wave is dynamically shifted
when different numbers of pads are contained in a modulation period. Reproduced with permission
from [72], Copyright IEEE, 2014. (c) The silica-graphene grating with the silver substrate and a slit
for THz beam scanning. All the graphene ribbons are biased with the same voltage. The leaky beam
direction is determined and tuned by the effective refractive index of the SP wave in graphene. (d) The
near-field plot of the radiation with different biasing voltages applied. Biasing voltage is 256.5 mV (left)
and 53.2 mV (right). The refractive index of the SP wave is 1.27 and 2.60, resulting in the radiation
towards 13◦ and −18◦, respectively. Reproduced with permission from [73], Copyright Elsevier B.V.,
2015. (e) Graphene leaky wave antenna for two-dimensional beam scanning with the simplified two
groups of gating pads. One group on the left offering monotonic impedance variation along the y
direction mainly determines the radiation in the azimuthal plane, and the other provides sinusoidal
impedance modulation along the x direction to decide the elevation angle of the radiation. (f) Radiation
pattern in different directions via simulation by simply changing the two groups of biasing voltages.
Reproduced with permission from [74], Copyright Optical Society of America, 2016.

4. Polarization Modulation in Graphene Metasurfaces

Polarization manipulation, usually achieved by birefringence materials, total internal reflection,
optical gratings, and the Faraday effect, is instrumental in a wide range of optical applications,
such as telecommunications [75], imaging [76], sensing [77], polarimetry [78], and spectroscopy [79].
As compared to those conventional methods, metasurfaces have shown exceptional capabilities for
flexible polarization control in a planar, ultrathin, and integrable manner. Introduction of graphene
into the metasurfaces opens an exciting route to dynamically and actively taming the polarization
in a desired manner. The basic idea is an anisotropic subwavelength pattern made of graphene or
hybrid graphene/metal that supports two plasmonic eigenmodes along two orthogonal polarization
directions. Therefore, the polarization control generally utilizes the plasmonic property of graphene
in Figure 1b. By altering the relative magnitude and phase delay between the two eigenmodes via
geometric design and dynamical modulation of graphene conductivity, several outstanding features
are proposed, such as wave plates with tunable working frequency, switching between two polarization
states, or variation of the polarization along a continuous path in the Poincare sphere, all without
readjusting the geometry of the metasurface. The review of this part is classified by the functionality
as quarter-wave plates, half-wave plates, polarizers, and general polarization control.

4.1. Graphene-Based Quarter-Wave Plate

The quarter-wave plate (QWP) converts a linear polarization into a circular one, by engineering
the two orthogonal eigenmodes with equal amplitude and 90◦ phase delay. Figure 8a is an
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asymmetric graphene nanocross with distinct plasmon resonances along the two arms [80]. The 45◦

linearly-polarized (LP) beam is changed into a circularly-polarized (CP) beam at 7.92 μm when the
graphene Fermi level is 0.75 eV. The working wavelength is blue-shifted with the further increase of the
graphene Fermi level. However, the conversion efficiency is low, and the quarter-wave plate is strictly
satisfied at a single frequency. Thus, the bandwidth is very narrow (estimated as 1% from [80]) once a
certain biasing voltage is applied. Figure 8b enlarges the bandwidth to 40% due to the interaction of
the top graphene grating and the bottom gold grating with opposite phase retardation dispersion [81].
Variation of the carrier density changes the graphene from transparent to conductive, leading to a
polarization switch from co-polarized LP to CP with EF = 0 and 0.5 eV.

The form birefringence of the graphene grating is further enhanced in Figure 8c by introducing
a periodic gradient instead of the binary pattern [82]. The increased birefringence shifts the working
frequency to a lower value. The bandwidth of the quarter-wave plate relative to the center frequency
is therefore increased as compared to the binary design. In order to dynamically move the working
frequency in a wide bandwidth, liquid crystal (LC) is integrated into the graphene grating with
additional electrical modulation of the birefringence. The theoretical study indicates by electrically
controlling the liquid crystal director angle that the dynamic bandwidth of such hybrid quarter-wave
plate achieves 78% centered at 1.15 THz. The design in Figure 8d has shown similar dynamic bandwidth
by independently biasing the top graphene pattern and the bottom graphene film [83]. The bottom
layer composed of seven layers of graphene acts as a reflector with a tunable reflection phase, which
is used to compensate the difference of phase delay due to the frequency shift. Furthermore, the
efficiency is very high (∼70%) by working in reflection mode.

Figure 8. Graphene metasurfaces as active quarter-wave plates. (a) Graphene asymmetric nanocross for
LP to CP conversion. The 45◦ LP beam is converted into a CP beam at 7.92 μm when the graphene Fermi
level is 0.75 eV. The operation frequency blue shifts with the increase of the Fermi level. Reproduced
with permission from [80], Copyright Optical Society of America, 2013. (b) Hybrid metasurface
composed of graphene sandwich grating and gold grating separated by a polymer spacer. The form
birefringence in graphene grating and gold grating adds up to offer a constant phase delay of 90◦

between two eigenmodes over a wide bandwidth. Reproduced with permission from [81], Copyright
The authors, 2015. (c) Graphene grating sandwich with well-designed distance and in-plane gradient
on top of the LC layer. The spatial gradient of the graphene grating increases the form birefringence,
and the electrical control of the LC molecule direction leads the QWP to have a dynamic bandwidth
of 78%. Reproduced with permission from [82], Copyright The authors, 2018. (d) A graphene sheet
patterned with butterfly holes and backed by seven layers of graphene with separate biasing for
wideband LP to CP conversion. The bottom seven layers of graphene show a tunable reflection phase in
order to compensate the difference of the phase delay due to the frequency shift over a wide bandwidth.
Reproduced with permission from [83], Copyright The authors, 2017.

4.2. Graphene-Based Half-Wave Plate

Half-wave plates (HWPs) as the cross-polarization converter require 180◦ phase retardation and a
comparable intensity of the two eigenmodes. Different from the QWP, the HWP is a real challenge
through a single layer of anisotropic graphene pattern. As mentioned in Section 3.1, each eigenmode is
an electric dipole with 180◦ or less phase shift across the resonance. Spectral shifting of two dipole
resonances from the orthogonal directions of the anisotropic element leads to a phase difference of
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less than 180◦. Therefore, the monolayer design working in the transmission mode only rotates the
LP wave by a few degrees [84], and almost all the graphene HWPs work in the reflection mode with
the anisotropic pattern backed with a metallic mirror at a proper distance. Table 1 summarizes the
key features of these HWPs working in THz and mid-IR (all theoretical designs), from which we can
generalize the rule of designing graphene HWP to meet the needs of different applications.

The first three designs [85–87] in Table 1 share the same L-shaped graphene pattern (G pattern)
or the complementary slot. We found that by properly selecting the arm length and width,
the performance of the HWP can be narrowband [85], dual-frequency [86], or broadband [87],
depending on the spectral separation of the two eigenmodes and their quality factors. Besides
the L-shaped design, the graphene layer is patterned into various anisotropic shapes, from which the
sinusoidal [88] and φ-shaped designs [89] also gain very wide bandwidth. Here, the bandwidth is
specific to the static bandwidth when a fixed Fermi level is given to graphene. It is estimated with the
polarization conversion ratio (PCR) above 0.5, where PCR is defined as |Rcross|2/(|Rcross|2 + |Rco|2).
Rcross and Rco are the reflection coefficients of the cross- and co-polarized beams. The maximum PCR
in all cases is close to one, indicating a complete polarization conversion. The carrier relaxation time τ

used in the modelings varies from 0.5 ps to 1 ps, and it should be at least larger than 0.02 ps to maintain
the polarization conversion effect [90]. The Fermi level is relatively high, close to 1 eV in most cases.
An exception is [91], where the graphene Fermi level is 0 eV. The birefringence in this study originates
from two layers: the I-shaped metallic resonator and the graphene ribbon with orthogonal orientations,
leading to a broad operation bandwidth of around 96%. Although all the designs show very high
PCR above 90%, this does not account for the absorption. The peak efficiency listed in Table 1 is the
maximum value of |Rcross|2, which indicates the net power into the cross-polarization. Due to the
different relaxation times and different intensities of the field localization, the net efficiency varies from
50 to 90%. Still, these HWPs are efficient due to the blocking of the transmission channel.
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The lattice size is apparently one or two orders of magnitude smaller than the vacuum wavelength
taking advantage of the strong localization of graphene plasmons. As the localization increases with
frequency, the lattice size is smaller in higher frequency designs. Due to such a small feature size, all the
proposed designs are very robust to the variation of the incidence angle up to 40◦ or more [88,90,93,94].
This is the merit of the graphene HWP compared to the metallic counterpart besides electrical tunability.
Interestingly, the thickness of the dielectric spacer layer separating the graphene pattern and the back
mirror is always around 0.25λ if the thickness means the single optical path taking the refractive index
of the dielectric into account. The round trip through the dielectric with the 180◦ phase delay upon
back reflection enables the enhancement of interference in the reflection side.

Finally, the dynamic tunability of the graphene-based HWP through the electrical control of the
Fermi level is discussed in the last column of Table 1. Generally, an increase of EF leads to reduced loss
and stronger plasmonic resonance with blue-shifted resonance frequency and thus helps increase the
PCR. Accordingly, a decrease of EF causes lower PCR and narrower static bandwidth. The lower limit
of the dynamic bandwidth is set by PCR > 0.5. In addition, EF above 1 eV is avoided considering the
breakdown of the capacitor and the extraordinarily high biasing voltage, which sets the upper limit of
the dynamic bandwidth. The designs in [87,89,94] show a broad dynamic bandwidth around 70∼90%.
Table 1 indicates that the design with a wide static bandwidth is more likely to have a wide dynamic
bandwidth. Please note that all the data with the ∼ sign are estimated from the plots and without the
∼ sign are the exact ones mentioned in the literature.

4.3. Graphene-Based Polarizer

In addition to engineering the phase retardation of the two eigenmodes, graphene metasurfaces
can be tailored to filter selectively one eigenmode while eliminating the orthogonal one so as to
be a polarizer, or in other words a polarization-selective surface. A straightforward example is an
anisotropic graphene resonator such as Figure 9a supporting two spectrally-separated resonances
along orthogonal directions [95]. By working at a frequency where one polarization is on resonance
and the other is off resonance, the on-resonance state is strongly reflected, while reflection of the
off-resonance state is fairly weak (Figure 9b). Such polarization selectivity is switched on only when
the graphene is doped to support the plasmonic resonance.

Besides the switchable function, graphene endows the polarizer with frequency tunability and the
active controllable isolation depth of the polarization states with the elaborate designs in Figure 9c,e,
respectively. In Figure 9c, the L-shaped trace is inserted into orthogonal-oriented graphene strips to
couple the resonances in the two directions such that the whole structure exhibits the CP selectivity [96].
Left circular polarization (LCP) and right circular polarization (RCP) excitation causes different current
distributions in the sandwich element with different resonance frequencies, such that one polarization
is blocked by strong resonances and the other goes through with small insertion loss. Figure 9d shows
that the operation frequency can be dynamically shifted with the variation of the graphene Fermi level.

The chiral metamaterials have been studied with enhanced circular dichroism (CD) [97] and
optical activity (OA) [98]. When the graphene layer is incorporated as a loss-controllable medium into
the chiral resonators in Figure 9e, the radiation loss of the resonator is controlled by the voltage [99].
Underdamped to overdamped phase transition for the RCP wave is clearly observed in the experiment,
while the off-resonance LCP wave experiences negligible modulation (Figure 9f). Therefore, at the
critical coupling condition, a giant CD with a 45-dB isolation is experimentally achieved. Different from
the plasmonic feature of patterned graphene in most of the polarization controllers, here the tunable
loss of the monolayer graphene is the key to tune the CD originating from the chiral meta-atoms.
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Figure 9. Graphene metasurfaces as active polarizers. (a) Rectangular slots in the graphene layer with
artificial birefringence and its biasing configuration. (b) Different lengths along the x and y directions
lead to different resonance frequencies. At the frequency of 12.7 THz, x polarization is on resonance
and strongly reflected, while y polarization is off resonance and weakly reflected. The x polarization is
filtered upon reflection. Reproduced with permission from [95], Copyright American Physical Society,
2012. (c) Two layers of orthogonally-orientated graphene strips sandwiching an L-shaped metallic
resonator. The asymmetric L resonator couples to the orthogonal graphene strips, leading the LCP
and RCP beams to different resonance frequencies, such that one polarization is blocked by strong
resonances and the other goes through with small insertion loss. (d) Variation of the LCP transmission
with the graphene Fermi level leads to a frequency-tunable polarizer. Reproduced with permisson
from [96], Copyright Optical Society of America, 2015. (e) Graphene as a loss-tunable material attached
to the bilayer of a conjugated double-Z chiral metamaterial for active control of the radiation loss.
(f) Measured transmission spectra for LCP and RCP waves with different gate voltages. The RCP
wave experiences underdamped to overdamped phase transition, while the off-resonance LCP wave
experiences negligible modulation. The isolation depth is 45 dB at the critical coupling condition
and can be actively controlled via biasing. Reproduced with permission from [99], Copyright The
authors, 2017.

4.4. General Polarization Control in Graphene Metasurfaces

In general, the output beam through graphene metasurfaces may exhibit elliptical polarization,
where the tilt angle and/or the ellipticity can be actively engineered with the variation of the graphene
Fermi level. Multiple polarization states are flexibly switchable with proper biasing voltage at high
modulation speed in a single structure, which is highly demanding for polarization encoding and
multiplexing.

In 2017, Shvets’ group experimentally demonstrated an active graphene metasurface that
converts a linear polarization into an elliptical one with controllable tilt angle and ellipticity [100].
The configuration is a C-bar-shaped anisotropic metallic metasurface integrated with a graphene
layer (Figure 10a), which induces a strong Fano resonance only when the polarization is along the bar
direction (y direction). Therefore, the reflection spectra of the y-polarized beam were well controlled
by the voltage due to the intense interaction of the in-plane electric field with graphene, while
the x polarization is unaffected, as shown by the measurement results in Figure 10b. At a specific
wavelength of 7.72 μm, the tilt angle can be modulated with constant ellipticity when the biasing
voltages are −200 V, 0 V, and 250 V in Figure 10c.
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Figure 10. Continuous or multi-state active polarization engineering. (a) Graphene integrated with an
anisotropic metasurface for linear to elliptical polarization conversion upon reflection. (b) Reflection
spectra of x- and y-polarized beams with different gate biasing voltages. The design induces a strong
Fano resonance only when the polarization is along the bar direction, i.e., the y direction. The Fano
resonance dip in y polarization shifts with the voltage, and the x polarization is unaffected. (c) The tilt
angle is adjustable with constant ellipticity by changing the biasing voltage as −200 V, 0 V, and 250 V at
7.72 μm. Reproduced with permission from [100], Copyright The authors, 2017. (d) Graphene-loaded
slot-shaped metasurface for polarization conversion due to strong resonance along the short edge and
weak interaction along the long edge. (e) Reflection phase difference between x and y polarization
states under different voltages. The phase differences of 90◦, 180◦, and 270◦ are obtained at 7.1 μm with
proper voltage applied. (f) The 61◦ linear polarized light is changed to LCP, cross-LP, and RCP when the
voltage is 34 V, 89 V, and 170 V relative to the charge neutral point (CNP) for encoding and multiplexing
applications. Reproduced with permission from [101], Copyright WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim, 2015. (g) Unit cell of a tunable polarization rotator composed of 45◦-rotated bi-layer
metallic gratings and orthogonal bi-layer graphene gratings. The polarization rotation is enhanced
by the Fabry–Perot interference between the top and bottom gratings and dynamically changed via
modification of the graphene conductivity (h) The polarization rotation angle varies continuously from
20◦ to 45◦ and 45◦ to 70◦ by sequentially tuning the Fermi level of the orthogonal graphene gratings
with a high transmission efficiency of above 75% in a wide band between 0.83 and 1.2 THz. Reproduced
with permission from [102], Copyright Elsevier Ltd., 2018.

Similarly, by utilizing another anisotropic metasurface, namely the rectangle slot array in
Figure 10d, the polarization conversion comes from strong resonance along the short edge and weak
interaction along the long edge [101]. The voltage variation shifts the resonance frequency, as well as
the phase difference between the orthogonal LP modes. Figure 10e shows that the phase differences of
90◦, 180◦, and 270◦ are obtained at 7.1 μm with the corresponding voltage applied, which are used to
convert an LP mode into LCP, cross-LP, and RCP, respectively (Figure 10f). The three polarization states
can be used for encoding binary data and polarization multiplexing with any desired time-domain
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sequence. In addition, graphene gratings and metallic gratings are stacked with proper orientation in
Figure 10g to rotate the polarization direction of LP beam dynamically from 20◦ to 70◦ with a high
transmission efficiency of above 75% in a wide band between 0.83 and 1.2 THz [102], taking advantage
of the Fabry-Perot interference and the dynamic graphene conductivity. Such controllable optical
activity without chiral material holds good prospects in biology and spectroscopy.

5. Discussion and Conclusions

If the metasurfaces are classified as two categories: graphene-integrated metallic resonator array
and patterned graphene resonator array, most of the experimental validations until now fall into
the first case. This is not only because of the relatively mature transfer technique [103] of graphene
without further patterning steps, but also due to the simple biasing at a single location. A recent
study [104] concluded that the graphene/metal hybrid structure, as compared to the graphene-only
structure, has a higher quality factor and extinction ratio, with the performance maintained better
during the dynamic modulation. In contrast, patterning and independent biasing of the isolated
graphene inclusion remains a big challenge, especially at mid-IR, where the feature size is in the
nanometer scale.

The relaxation time of carriers in most of the CVD-grown graphene layer is around 10∼30 fs
when transferred to different substrates [28,52,56,100]. We notice that this value is one or two orders
higher in most of the theoretical designs, though high mobility of 104 cm2/Vs has been reported
before [40]. It is predicted that the small scattering time of tens of femtoseconds will introduce strong
absorption and significantly reduced the range of phase response [88–90]. Therefore, improving the
quality of graphene remains a key step to boosting the efficiency of active metasurfaces. The designs
robust to the graphene loss or utilizing the lossy feature are more favorable in practice. Other practical
considerations include ways to increase the carrier density at low gate voltage by using the ion-gel top
gate [105] or the bi-layer graphene capacitor [45].

The development of graphene metasurfaces is generally following the track of metallic metasurfaces.
The initially-proposed monolayer metallic metasurfaces usually suffer from poor efficiency and limited
phase response range. The introduction of the back mirror enhances the interaction of light with the
metallic resonators for efficient wavefront shaping in reflection mode. The geometric phase is then
successfully used for wideband phase manipulation, and the layered configuration is helpful to improve
the efficiency in transmission mode. All of these progresses have been witnessed in the development of
graphene metasurfaces. However, most of the graphene configurations stay at the stage of dynamic phase
shifters. To continue following the track of metallic metasurfaces, we envision graphene designs with
spatially- and temporally-variant phase profiles for complicated wavefront shaping beyond focusing
and bending, such as dynamic hologram imaging and reconfigurable structured beam generation, where
the static metallic counterparts have been widely studied.

With the recent trend from plasmonic to dielectric metasurfaces due to programmable electric
and magnetic responses, graphene-dielectric hybrid design has become one of the most promising
directions for active wave engineering with improved efficiency and increased flexibility. Initial
studies include enhanced transmission modulation [106,107], tunable electromagnetically-induced
transparency [108], quarter-wave plates [109], and very recently, experimentally-demonstrated tunable
absorbers [110].

In summary, the recent progress of graphene metasurfaces is overviewed with emphasis on the
active phase and polarization control by relating the basic material property to the tunable device
functionality. With the introduction of graphene, the metasurface is vested with tunable operation
frequency, controllable efficiency, or switchable multiple functionalities. Additionally, graphene also
extends the operation frequency of metallic metasurfaces into the sub-THz regime where metals as
perfect electric conductors do not interact much with light, and even the near-IR and visible region
where the interband transition dominates the conductivity [111]. Although most of the reviewed
studies stay in the theoretical designs and numerical validations, we have noticed that active wavefront
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shaping, such as anomalous reflection [52] and focusing [53], and electrical tuning of the polarization
states [99,100] have been proven by experiments in the past two years. We believe more and more
active devices based on graphene will become feasible with the advances of the fabrication technique
in the near future, to enrich the optical components and to address technical challenges for the THz
and mid-IR technology.
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