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CONS P EC TU S

G raphene has generated great excitement in the last few
years because of its novel properties with potential appli-

cations. Graphene exhibits an ambipolar electric field effect, balli-
stic conduction of charge carriers, and the quantum Hall effect at
room temperature. Some of the other interesting characteristics of
graphene include high transparency toward visible light, high
elasticity and thermal conductivity, unusual magnetic properties,
and charge transfer interactions with molecules.

In this Account, we present the highlights of some of our re-
search on the synthesis of graphene and its properties. Since the
isolation and characterization of graphene by micromechanical
cleavage from graphite, several strategies have been developed
for the synthesis of graphene with either a single or just a few
layers. The most significant contribution from our laboratory is the synthesis of two to four layer graphene by arc-discharge of
graphite in a hydrogen atmosphere. Besides providing clean graphene surfaces, this method allows for doping with boron and
nitrogen. UV and laser irradiation of graphene oxide provides fairly good graphene samples, and laser unzipping of nanotubes
produces graphene nanoribbons. We have exploited Raman spectroscopy to investigate the charge-transfer interactions of
graphene with electron-donor and -acceptor molecules, as well as with nanoparticles of noble metals. Graphene quenches the
fluorescence of aromatics because of electron transfer or energy transfer.

Notable potential applications of the properties of graphene are low turn-on field emission and radiation detection. High-
temperature ferromagnetism is another intriguing feature of graphene. Although incorporation of graphene improves the
mechanical properties of polymers, its incorporation with nanodiamond or carbon nanotubes exhibits extraordinary synergy. The
potential of graphene and its analogues as adsorbents and chemical storage materials for H2 and CO2 is noteworthy.

Introduction
Graphene has generated great excitement in the last few

years owing to its novel properties with potential applica-

tions.1 Graphene exhibits ambipolar electric field effect,

ballistic conduction of charge carriers, and quantum Hall

effect at room temperature.2 Some of the other interesting

aspects of graphene include high transparency toward

visible light, high values of elasticity and thermal conduc-

tivity, unusual magnetic properties, and charge transfer

interaction with molecules.3,4 While graphene research is

of recent origin, synthesis and modification of graphite-

related materials have received the attention of chemistry

for some decades.4 Thus, early theoretical studies predicted

some unusual electronic properties of graphene.5 Proce-

dures employed to generate single-layer graphene (SLG) in

the early years were not successful.6 It is only in 2004

that Novoselov et al.1,2 successfully isolated single- and few-

layergraphenes fromhighlyorientedpyrolyticgraphite (HOPG)

by micromechanical cleavage and reported their unusual

electronic characteristics. This technique has since been ex-

tended to other layered materials such as metal dichalco-

genides.7 In the past few years, several other strategies have

been developed for the synthesis of graphene. A variety

of microscopic and spectroscopic techniques have been
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employed to determine the purity and the number of layers in

graphene samples.8�10 Raman spectroscopy is an invaluable

tool to characterize graphene in terms of both the number of

layers and the electronic structure. We started research on

graphene in 2006 and have since explored the synthesis and

several of its properties. In this Account, we present the high-

lightsof someof the results obtainedbyusonvariousaspectsof

graphene.

Synthesis
SLG has been synthesized by several methods such as

epitaxial growth, chemical vapor deposition (CVD), solution

phase exfoliation of graphite, and reduction of single-layer

graphene oxide (SGO).3 We have carried out CVD using

various hydrocarbons on different metal catalysts11 and

found the growth of graphene films to depend on the

hydrocarbon source and reaction conditions. On a nickel

foil, CVD of methane (60�70 sccm) or ethylene (4�8 sccm)

diluted with hydrogen (500 sccm) at 1000 �C for 5�10 min

yielded SLG. In the case of benzene, vapors diluted with

argonandhydrogenweredecomposedat 1000 �C for 5min.

On a cobalt foil, acetylene (4 sccm) and methane (65 sccm)

diluted with hydrogen (500 sccm) were decomposed at 800

and1000 �C, respectively. Figure 1 shows the Raman spectra

of graphene sheets obtained by CVD on a nickel foil. The

narrow linewidth (30�40 cm�1) and relatively high intensity

of the 2D band (∼2670 cm�1) indicate that these graphene

samples predominantly contain single layers.12

A standard method employed for the synthesis of SLG

involves the exfoliation of graphite oxide, followed by

reduction.13 The product obtained by thismethod is reduced

graphene oxide (RGO), rather than graphene, since the sur-

face of the graphene contains considerable oxygen func-

tionalities. Reduction of SGO is generally carried out by using

hydrazine hydrate as the reducing agent in dimethylforma-

mide medium. We have found that microwave irradiation

during reduction of SGO is effective, and it takes only 10min

for the reduction. RGO formed by this method has fewer

defects as revealed by Raman spectroscopy. Oxygen func-

tionalities in SGO can be minimized by irradiation with

ultraviolet radiation or excimer laser.14,15 In order to do so,

a SGO solution is irradiatedwith amercury lamp (254nm, 25

W, 90 μW/cm2). In the IR spectrum, bands due to carbonyl

stretching and other oxygen-containing functional groups

decrease in intensity markedly after ultraviolet irradiation

for 2 h. Some changes are observed in the FESEM images,

and more graphene edges become visible.14,16 For laser

irradiation, a KrF excimer laser (248 nm, 5 Hz) is generally

employed. Figure 2a shows how the yellow colored solution

of graphene oxide turns black on irradiation with the laser.

Infrared spectra in Figure 2b show similar effects by irradia-

tion with ultraviolet light (for ∼2 h) and by excimer laser

radiation (30�40 min). This technique has been usefully

employed for patterning of graphene oxide (Figure 3a).16

We have also carried out e-beam patterning of graphene

oxide films to obtain patterns of RGO as thin as 250 nm

FIGURE 1. Raman spectra of graphene prepared by the thermal
decomposition of (a) methane (70 sccm) and (b) benzene (argon passed
through benzene with flow rate of 200 sccm) at 1000 �C on a nickel
sheet. From ref 11.

FIGURE2. (a) Photographs of SGO (i) before and (ii) after irradiationwith
an excimer laser (300 mJ, 1000 shots) and (iii) after 18000 shots. (b) IR
spectra of (1) SGO and SGO (2) after ultraviolet light exposure for 2 h and
(3) after excimer laser treatment for 40 min. From ref 14.
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(Figure 3b). Prior to the irradiation, the material is insulating,

and it becomes conducting after irradiation. Another impor-

tant use of laser irradiation is to unzip carbon nanotubes to

obtain graphene nanoribbons (GNRs).17 Figure 4 shows the

process of laser unzipping of carbon nanotubes.

The most common method to produce few-layer gra-

phene is by exfoliation of graphite oxide at high tempera-

tures.18 We designate the few-layer graphene prepared by

this procedure as exfoliated graphene (EG) and show typi-

cal TEM and AFM images in Figure 5a,b, respectively.

Another approach to prepare few-layer graphene (DG) is

thermal conversion of nanodiamond in the temperature

range of 1650�2200 �C in helium atmosphere.11,18,19 We

have developed a method to prepare graphene samples

with 2�4 layers by carrying out arc-evaporation of graphite

in a hydrogen atmosphere (HG).20 The presence of hydro-

gen during the arc-discharge process terminates the

dangling carbon bonds preventing the formation of closed

structures. In a typical experiment, a graphite rod (6 mm in

diameter and 50 mm long) was used as the anode, and

another graphite rod (13 mm in diameter and 60 mm in

length) was used as the cathode. Figure 5c,d shows TEM

and AFM images, respectively, of graphene sheets with two

to three layers.

Surface Area and Gas Adsorption
Brunauer�Emmet�Teller (BET) surface areas of few-layer

graphenes are in the range of 270�1550 m2/g, with the

trend EG>DG>RGO>HG.21,22 In Figure 6a, we show theN2

adsorption data of EGwith a surface area of 1250m2/g at 77

K.Uptakeof CO2bygraphene samples varies between5and

45 wt% (at 195 K and 1 atm), with EG exhibiting the highest

uptake. The uptake of CO2 by EG at 298 K and 50 bar is

51 wt %.22 In Figure 6b, we show typical CO2 adsorption data

of an EG sample at 195K, 1 atm. H2 adsorptionmeasurements

show that EG,DG, andHGabsorb1.7, 1.2, and1.0wt%ofH2at

1 atm and 77 K and 3.1, 2.5, and 2.0 wt % at at 100 bar and

300 K. The uptake of CH4 by graphene samples varies

between 0 and 3 wt %, EG showing the highest value.22

Charge-Transfer Interaction with Donor and
Acceptor Molecules
Being an extended π-system, graphene exhibits charge-

transfer interactions with electron-donor and electron-

acceptor molecules. This aspect has been studied in detail

by us by employing Raman spectroscopy and calorimetric

experiments.23�26 On interaction with electron-donor

molecules such as tetrathiafulvalene (TTF), the RamanG-band

softens progressively with the increase in concentration

while the band stiffens with increasing concentration of

electron-withdrawing molecules such as tetracyanoethy-

lene (TCNE) (Figure 7a). The full-width at half-maximum

(fwhm) of the G-band increases (Figure 7b) and the intensity

FIGURE 3. (a) Optical microscope image of the pattern achieved after
excimer laser reduction of graphene oxide and (b) electron-beam
pattern with 250 nm wide lines of RGO on GO films. From ref 16.

FIGURE4. The process of unzippingof carbonnanotubes on irradiation
with laser. From ref 17.

FIGURE 5. TEM images of (a) EG and (c) HG and AFM images of (b) EG
and (d) HG. From ref 22.
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of the 2D-band decreases markedly on interaction with

these molecules. The ratio of intensities of the 2D and G

bands, I2D/IG, is a sensitive probe to examine the effect of the

electron-donor and -acceptormolecules on the electronic struc-

ture of graphene. The I2D/IG ratio decreases markedly with the

concentration of both electron-donor and electron-acceptor

molecules (Figure7c). Electronicabsorptionspectraalsoprovide

the evidence of molecular charge transfer. The shifts in the

G-band caused by molecular charge transfer differ from those

due to electrochemical doping where the G-band increases in

frequency for both the electron and hole doping.27,28 Isother-

mal titration calorimetry (ITC) experiments show that interac-

tion energies of the graphenewith electron-acceptormolecules

are higher than those with electron-donor molecules and

increase progressively with the electron affinities of the

acceptors.26 DFT calculations show that interaction with mole-

cules such as TCNE open a gap in graphene. Themagnitude of

interaction between graphene and donor/acceptor molecules

is dependent on the surface area of the graphene.29 Charge

transfer of graphene with coronene tetracarboxylate (CS) has

been exploited for solubilization and exfoliation (Figure 8).30

Such charge-transfer also provides the basis for sensor proper-

ties of graphene for gases like NO2.
31

Decoration with Metal Nanoparticles
Decoration of graphene with metal nanoparticles causes

changes in the electronic structure of graphene through

Columbic charge transfer. Such hybrid materials may be of

use in catalysis, nanoelectronics, optics, andnanobiotechno-

logy.32�35 We have employed a simple, green approach for

the decoration of noble metal nanoparticles on the graphene

surface, usingethyleneglycolas thesolventandreducingagent

in a domestic microwave oven. On interaction with nanopar-

ticles of metals such as Ag, Au, Pt, and Pd, the Raman G-band

shifts to higher frequencies, accompanied by a variation in the

relative intensities of D and 2D bands.36 Themagnitude of the

G-band shift decreaseswith increase in ionization energy (Au >

Pt>Pd>Ag) of themetal. In addition, nanoparticles of ZnOand

TiO2, aswell asmagnetic nanoparticles of oxides such as Fe3O4

and CoFe2O4, interact with graphene giving rise to changes in

the Raman spectra and magnetic properties.37

Quenching of Fluorescence of Aromatics
Graphene possesses many interesting optical properties.

One of them is the blue emission exhibited by RGO and

other oxidized graphene samples.38 White light has been

FIGURE 6. (a) Nitrogen and (b) carbon dioxide adsorption and desorp-
tion isotherms of EG. From ref 22.

FIGURE 7. Variation in (a) position and (b) fwhm of Raman G-band and
(c) I2D/IG intensity ratio of graphene with the concentrations of TTF and
TCNE. From ref 25.

FIGURE 8. Illustration of the exfoliation of few-layer graphene with CS
to yield monolayer graphene�CS composites. From ref 30.
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produced incombinationwithayellowemitter. Interactionwith

amide-functionalized graphene (EGA) with the electron donors,

pyrene-butanaoic acid succinimidyl ester (PyBS, I) and oligo(p-

phenylene vinylene) methyl ester (OPV-ester, II), causes a

marked decrease in the intensity of the fluorescence bands of

the donors as illustrated in Figure 9a,b.39 Transient absorption

measurements show a broad band in the 450�530 nm range

due to the triplet state andnewbands around 470and 520nm

in the transient absorption spectrumat500ns (Figure9c) due to

the pyrenyl radical cation and the graphene radical anion,

respectively. Thedecayof the radical cation is fast as evidenced

from theappearanceof a short-lived component (900ns) in the

decay profile (Figure 9d). Kamat et al.40 invoke electron transfer

to explain interaction of porphyrin with graphene. Preliminary

results show that electron acceptor molecules are likely to

interact with graphene via energy transfer.

Doping with Nitrogen and Boron
Efforts have been made to dope graphene with boron and

nitrogen.41�43 In order to dope graphene without affecting

its surface, the arc-evaporation technique is useful.43 To

dope with boron, arc discharge of graphite is carried out in

the presence of H2 þ diborane or by using boron-stuffed

carbon electrodes. Doping with nitrogen is accomplished by

carryingoutdischarge inanatmosphereofNH3or pyridineþH2

mixture. The Raman G-band shifts to higher frequencies in

comparison with pristine samples on B and N doping just as

in the case of electrochemical doping.26 In Figure 10, we

show the shifts of the G-band caused by nitrogen and boron

doping. The ratio of intensities of the D and G bands, I(D)/I(G),

increases where as the ratio of intensities of the 2D and G

bands, I(2D)/I(G), decreases in the doped samples. N- and

B-doped graphenes showdifferent photodegradation kinetics

with rhodamine 6G and methylene blue.44

Chemical Storage of Hydrogen and Halogens
Since the uptake of hydrogen by graphene samples by

adsorption does not exceed ∼3 wt %, we have examined

chemical storage of hydrogen through hydrogenation.

Hydrogenation of graphene by cold hydrogen plasma and

FIGURE 9. Fluorescence spectra of (a) PyBS (I, 10�5M in DMF) and (b) OPV ester (II, 10�5M in chloroform) with increasing concentrations of graphene
(EGA). (c) Effect of additionof EGAon the transient absorption spectrumof PyBS, (I, λexc =355nm) after 500ns and (d) lifetimedecayof transient species
of PyBS þ EGA recorded at 470 and 520 nm. Inset shows the decay of pure PyBS at 470 nm. From ref 39.
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by using radio frequency catalytic CVD has been repor-

ted.45,46 We have also carried out the plasma hydrogena-

tion of graphene but only obtained a hydrogen content of

up to 1.8 wt %. We have, therefore, carried out hydro-

genation of various graphene samples by Birch reduc-

tion.47 Infrared (IR) spectra of the hydrogenated samples

(EGH, HGH) show aliphatic C�H stretching bands

(Figure 11a), and elemental analysis revealed the hydro-

gen content to be around 5 wt % (maximum possible

value is ∼7.7 wt %). Birch reduction of graphene nanorib-

bons (GNR) prepared by oxidative unzipping of carbon

nanotubes showed a H2 uptake of 3 wt %. The hydro-

genated samples were stable at room temperature and

get dehydrogenated on annealing at 500 �C (Figure 11b).

Dehydrogenation could also be carried out by UV or

excimer laser irradiation. This transformation can be

exploited for patterning.16

Chlorination of graphene by irradiation with UV light in

liquid chlorine yields up to 56wt% chlorine in the sample.48

Interestingly, chlorination too is reversible. Reversible bro-

mination of graphene up to 25wt%has also been achieved.

Magnetic Properties
Room-temperature ferromagnetism ingrapheneandgraphite-

based materials has attracted considerable interest.

Yazyev and Helm49 showed that magnetism in graphene

can be induced by defects. Zig-zag edges have been con-

sidered to be responsible for the magnetism of graphene by

many workers.50 Wang et al.51 reported room-temperature

ferromagnetism in a graphene sample prepared by reduc-

tion of graphene oxide. We have measured the magnetic

properties of a variety of graphene samples.52,53 All

the samples show divergence between the field-cooled

(FC) and zero-field-cooled (ZFC) data, starting around 300 K

(Figure 12a). The divergence nearly disappears on applica-

tion of 1 T. Temperature-dependent magnetization data of

graphenes are comparable to those of magnetically fru-

strated systems, wherein different types of magnetic states

coexist. The graphene samples showmagnetic hysteresis at

room temperature (Figure 12b) and the saturation magneti-

zation (Ms) increaseswith decrease in temperature, the value

being highest in the case of HG. EPR measurements in the

FIGURE 10. (a) Raman Spectra of undoped (HG) and doped (BG andNG)
graphene samples. (b) Shifts of theG-band caused by electron (N) doping
and hole (B) doping. From ref 43.

FIGURE 11. (a) IR spectra of (1) EG, (2) EGH, and EGH heated for 4 h (3) at
200 �C and (4) at 500 �C. (b) Change in hydrogen content of EGH and
HGH with temperature. From ref 47.
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2.5�300 K range show a signal with a line width of 0.7�2.9

mT and a g-value in the 2.006�2.013 range, suggesting that

spins do not originate from transition-metal impurities but

from the spin species in the graphenes.

Adsorption of the benzene solutions of tetrathiafulvalane

(TTF) and tetracyanoethylene (TCNE) on graphene decreases

the magnetization value while still showing room-tempera-

ture hysteresis.52,53 Hydrogenated graphenes show an in-

crease in the magnetic moment with increase in the

hydrogen content. On dehydrogenation at 500 �C for 4 h,

the samples exhibit a decrease in the magnetic moment.53

Field-Emission Properties
Graphene filmsprepared byelectrophoretic deposition have

been demonstrated to show good field-emission properties

witha lowturn-onelectric field (Eto=2.3Vμm�1at10μAcm�2),

a large field-enhancement factor (3000), and good emission

stability, better than those of CNTs.54 In Figure 13a, we show

the variation in current density (J) of the HG, as well as

boron and nitrogen doped HG, samples (BG and NG,

respectively) with electric field (E).55 The turn-on electric field

(at 10 μA cm�2) is 0.7, 0.8, and 0.6 V μm�1 for HG, BG, and

NG, respectively. The low turn-on electric field56 for NG

FIGURE 12. (a) Temperature variation of magnetization of EG, DG, and
HGat 500Oe. (Inset showsdata at 1 T). (b)Magnetic hysteresis in EG, DG,
and HG at 300 K. Reproduced from ref 52. Copyright 2009 American
Chemical Society.

FIGURE 13. (a) Current density (J) of HG, BG, and NG as a function of
electric field. (b) Current stability of HG, BG, and NG (Inset shows field
emission pattern corresponding to HG, BG, and NG). From ref 55.

FIGURE 14. (a) Typical I�V characteristics of RGO in the dark and under
illumination at 1550 nm at 80 mW cm�2. The inset shows metal�
RGO�metal contact. (b) Photocurrent as a function of timewith different
IR intensities at 2 V for RGO. From ref 59.
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might be due to the upshift of Fermi level of graphene. The

emission currents are stable over a period of more than

3 h (Figure 13b), revealing that the field-emission char-

acteristics of the graphene samples are superior to many

other nanomaterials.

Photodetectors
Graphene FETs have been studied widely. Our own studies

have shown that FETs fabricated fromRGOexhibit ambipolar

characteristics.57 N- and B-doped graphenes shown-type and

p-type transfer characteristics, respectively. Graphene also

exhibits good infrared (IR) detection properties.58 We have

fabricated IR detectors of graphene prepared by chemical

methods.59 Electrical conductivities of RGO and graphene

nanoribbons (GNRs) increase with IR laser radiation and can

even sense the IR radiation emitted from a human body. In

Figure 14, we show the change in I�V characteristics of RGO

with the illuminationof IR radiation (1550nmat 80mWcm�2)

and the effect of intensity of IR radiation. The inset in the

Figure 14a shows metal�RGO�metal contact. The current

responsivity (Rλ) and the external quantum efficiency (EQE)

for RGO is 4 mA/W and 0.3%, respectively, while for GNR

these values are higher, being 1 A/Wand 80%, respectively,

for an incident wavelength of 1550 nm at 2 V. Graphene is

also a good UV absorber.60 UV-detectors based on RGO

show a responsivity of 0.12 A/W with an EQE of 40%.61

Mechanical Properties
Ramanathan et al.62 reported that incorporation of∼1wt%

of functionalized graphene in a poly(methyl methacrylate)

FIGURE 15. (a) Normalized elastic modulus plotted with graphene
content for PVA and PMMA composites. (b) Percentage synergy in
hardness and elastic modulus for different binary composites. From
ref 63.

FIGURE 16. (a) XRD patterns of bulk MoS2 and few-layered MoS2. (b)
High-resolution TEM image of MoSe2. From refs 66 and 67.

FIGURE 17. Magnetic hysteresis exhibited by graphene-like (a) MoS2
and (b) BN at 300 K. (c) shows layer dependence ofmagnetism of BN. (d)
High-resolution TEM image showing zigzag edges in graphene-like
MoS2. From ref 53.
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(PMMA) matrix causes an increase of 80% in elastic mod-

ulus and 20% in ultimate tensile strength. We have in-

vestigated the performance of functionalized EG as a filler

material in poly(vinyl alcohol) (PVA) and PMMA matrices

by employing the nanoindentation technique. The addi-

tion of 0.6 wt % of EG results a significant increase in both

the elastic modulus and hardness (Figure 15a). The ob-

served improvement in the mechanical properties of the

polymers is attributed to the interaction between the

polymer and graphene, which in turn provides better

load-transfer between the matrix and the fiber. We have

studied the effect of binary combinations of nanodiamond

(ND), few-layer graphene (EG), and single-walled nano-

tubes (SWNT) as fillers in PVA matrices.63 There is an

extraordinary synergy with improvement by as much as

400% in stiffness and hardness compared with those

obtained with single nanocarbon reinforcements. The

synergistic effect was dramatic in the case of ND�EG

compositewith 4- and 1.5-fold increases in elasticmodulus

and hardness, respectively (Figure 15b).

Graphene Mimics
Inorganic analogues of zero-dimensional fullerenes and

one-dimensional carbon nanotubes formed by various

layered materials have been prepared and characterized.64

There have been efforts to prepare graphene-like MoS2, BN,

and other layered materials. Single- and few-layer materials

of these have been prepared by micromechanical cleavage

or ultrasonication of dispersions in liquids.65 Chemicalmeth-

ods have been successfully applied for generating these

graphene analogues. In the case of MoS2, WS2, MoSe2,

and WSe2, intercalation of the bulk material with lithium

followed by sonication in water, reaction of molybdic

or tungstic acid with excess thiourea or selenourea at 773 K

in a nitrogen atmosphere, or reaction of KSCN or Se with

H2MoO4 under hydrothermal conditions have been em-

ployed.66,67 The XRD patterns provide evidence for the for-

mation of the graphene analogues, through the absence of

the (002) reflection (Figure16a)while theRamanspectra show

shifts and broadening of the bands due to the A1g and E2g
modes. In Figure 16b, we show a high-resolution TEM image

of MoSe2. We have prepared BN sheets by the reaction of

boric acid and urea at high temperatures.68

Graphene analogues ofMoS2,WS2,MoSe2,WSe2, and BN

exhibit room-temperature ferromagnetism due to edge

FIGURE 18. Photocurrent as a function of time with different IR inten-
sities at 0.1 V for few-layer MoSe2. From ref 69.

FIGURE 19. Variation of (a) hardness and (b) elastic modulus of
BN�PMMA composites prepared in chloroform and dimethylforma-
mide (DMF) as a function of number of BN layers. From ref 70.

FIGURE20. (a) CH4 uptake curves of BCN at 298K and 50 bar. (b) Plot of
the BET surface area and the weight percentage of methane uptake
(at 50 bar of pressure, 273 and 298 K) and carbon dioxide uptake
(at 1 bar and 195 K) of BCN. From ref 22.
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effects (Figure 17a,b). There is an increase in the magnetic

moment with the decreasing number of layers (see

Figure 17c). We show the presence of edges in graphene-

like MoS2 in Figure 17d. Few-layer MoS2 and MoSe2 exhibit

good IR radiation detection properties. The responsivity and

EQE of the MoSe2 device are specially good (Figure 18), the

values being 50 mA/W and 6%, respectively, at an incident

wavelength of 1064 nm.69Mechanical properties of PMMA�
BN compositeswith different numbers of BN layers show that

the composite with the least number of BN layers has the

highest hardness and elastic modulus (Figure 19).70

Besides graphene analogues of known materials, it is of

value to generate new graphene-likematerials. One success in

this direction is the synthesis of high-surface area BxCyNz

containing a few layers, with an average composition between

BCN and BC2N, prepared by the reaction of activated charcoal,

boric acid, and urea.22 They exhibit high uptake of both CO2

and CH4, the highest value of CO2 uptake being 128 wt % at

195 K and 1 atm and 64% at room temperature and 50 bar

pressure. The CH4 uptake value varies from 7.5 to 17 wt % at

273 K. At 298 K, the highest uptake is 15 wt % (see Figure 20).

Conclusions
Our research on graphene has been exciting and rewarding.

Some of the properties such as the synergy in mechanical

properties of polymer composites found when graphene is

incorporated along with another nanocarbon and the radia-

tion detection characteristics are impressive. It is possible

that graphene can be employed in flatbed displays due to

the favorable field-emission characteristics. Possible use of

graphene in organic photovoltaics is suggested by its ex-

cited-state interactions with fluorescent molecules. An early

study in this laboratory indicated the possible use of gra-

phene in supercapacitors.71 Recent studies have indeed

shown this to be a potential application. Graphene has also

been used in lithium ion batteries and other energy related

devices. While the 5 wt % reversible storage of hydrogen in

graphene could possibly be useful in energy-related applica-

tions, the remarkable adsorptive properties of graphene-like

BCN for CO2 and CH4 should certainly be explored for further

use. Properties and applications of inorganic graphene

mimics are worthy of exploration.
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