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 Binary and Ternary Atomic Layers Built from Carbon, 
Boron, and Nitrogen  
 Two-dimensional (2D) atomic layers derived from bulk layered materials are 
very interesting from both scientifi c and application viewpoints, as evi-
denced from the story of graphene. Atomic layers of several such materials 
such as hexagonal boron nitride (h-BN) and dichalcogenides are examples 
that complement graphene. The observed unconventional properties of 
graphene has triggered interest in doping the hexagonal honeycomb lattice 
of graphene with atoms such as boron (B) and nitrogen (N) to obtain new 
layered structures. Individual atomic layers containing B, C, and N of various 
compositions conform to several stable phases in the three-component 
phase diagram of B–C–N. Additionally, stacking layers built from C and BN 
allows for the engineering of new van-der-Waals stacked materials with novel 
properties. In this paper, the synthesis, characterization, and properties of 
atomically thin layers, containing B, C, and N, as well as vertically assembled 
graphene/h-BN stacks are reviewed. The electrical, mechanical, and optical 
properties of graphene, h-BN, and their hybrid structure are also discussed 
along with the applications of such materials. 
  1. Introduction 

 It is well known that dimensionality is one of the most defi ning 
parameter for materials, and two dimensional (2D) layered 
materials are of particular interest from both scientifi c and 
application points of views due to their unique planar struc-
tures and properties. [  1,2  ]  Due to their exceptional structural, 
physical, and chemical properties, 2D materials are expected 
to have signifi cant impact on various applications, ranging 
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from electronics to opto-electronics, sen-
sors, catalysis, energy storage, gas sepa-
ration, and protective coatings. Recent 
studies have demonstrated that monolayer 
graphite (so-called graphene (G)), a one-
atom-thick planar sheet of sp 2 -bonded 
carbon atoms densely packed in a honey-
comb crystal lattice, can exist as a stable 
material, and it has distinct properties that 
are not observed in 0D, 1D, or 3D forms of 
carbon. [  3–10  ]  In 2004, Geim and co-workers 
were successful in isolating single-layer 
graphite on an insulating substrate (SiO 2 ) 
by using a micromechanical cleavage 
method. [  7  ]  After the experimental isolation 
was realized, scientists have revealed a rich 
variety of physical phenomenon in this 2D 
atomic carbon monolayer. For examples, 
an anomalous quantum Hall effect was 
reported in graphene, which also serves 
as direct experimental evidence for the 
electrons in graphene behaving as mass-
less Dirac fermions, confi rming theoretical predictions. [  11–14  ]  
Graphene shows remarkably high electron mobility at room 
temperature, and is also characterized as a semi-metal or zero-
gap semiconductor with unique electronic properties. [  15–17  ]  
Further, the fascinating thermal and mechanical properties of 
graphene make it an attractive candidate for electromechanical 
resonators, stretchable and elastic matrices for fl exible elec-
tronic circuitry, ultracapacitors, stable fi eld emitters, and as 
fi llers for electrically conducting fl exible nanocomposites. 

 Prompted by the blossoming research in graphene, people 
started to explore and isolate other layered materials—such 
as nitrides, sulfi des, selenides, tellurides, and oxides—as 2D 
atomic sheets. [  1,2  ,  18–20  ]  Earlier theoretical and experimental work 
have shown that unprecedented physical properties were also 
possible in most of the layered materials by reducing the thick-
ness of their 3D crystal counterparts, [  15,16  ]  such as in hexagonal 
boron nitride ( h -BN) which is starting to become another fasci-
nating material in this area. An important compound family of 
the III-V group, the members of the BN family include amor-
phous BN (a-BN), hexagonal BN (h-BN), cubic BN (c-BN), and 
the relatively rare wurtzite BN (w-BN). Among them h-BN is 
the only member to possess a layered structure, with the boron 
and nitrogen atoms arranged in an sp 2 -honeycomb lattice, sim-
ilar to that of graphene but with complementary properties. [  17  ,  21  ]  
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     Figure  1 .     Phase segregation in BCN ternary phase diagram. In this dia-
gram, layered architectures could be built from graphene (C), h-BN (BN), 
doped graphene (BC and CN), and BCN composite. The C–B and C–N 
binary chemical compound are possibly formed with certain stoichiom-
etry, such as BC 3 , B 2 C, and CN 3 , while BCN, BC 2 N, and BC 4 N are located 
in the ternary phase diagram (dashed line). All these stoichiometries have 
specifi c electronic structure and properties.  
Unlike graphene, h-BN is an insulator, with a bandgap larger 
than 5 eV. The bandgap of single-layered h-BN could be up 
to  ∼ 6 eV. [  22,23  ]  Many of its properties make it a good candidate 
to form heterostructures with graphene for device applica-
tions. [  24,25  ]  Although a series of h-BN based nanostructures have 
been fabricated, such as h-BN nanotubes, [  26–28  ]  nanomesh [  21  ,  29,30  ]  
and nanoribbon, [  31  ]  reports on atomic layers of h-BN are limited 
due to challenges in their synthesis processes. [  17  ,  32,33  ]  

 Combining carbon (C) with boron (B) and nitrogen (N) atoms 
could offer different (B–C–N) layered confi gurations, [  34  ]  as 
illustrated in  Figure    1  . In addition to the planar (B–C–N)-layer-
based materials one could also envision vertical (G/h-BN)-based 
superlattices. For the former, the phase diagram of B–C–N is 
rich in the large number of layered hexagonal phase composi-
tions because B, C, and N can substitute with each other and 
form various new structures due to their similar atomic param-
eters. Starting with graphene, B substitution can form p-type 
graphene, while N doping can form n-type graphene. It is also 
possible to form C–B and C–N binary chemical compounds 
with different stoichiometry, such as BC 3 , BC 2 N, and C 3 N 4 . 
Early theoretical studies have anticipated that the electronic 
structure (and bandgap) of B  x  C y N  z   will depend on the composi-
tion and atomic arrangement of B, C, and N elements in the 
lattice. [  35–38  ]  Figure  1  indicates the possibility of synthesizing 
p-type and n-type semiconducting graphene by substituting C 
atoms with B and N atoms, respectively. [  39–41  ]  Most interest-
ingly, there are several layered phases in the B–C–N ternary 
system, [  26  ,  35–38  ,  42–46  ]  (such as BCN, BC 2 N, BC 4 N, BC 3 , and C 3 N 4 ), 
which can be used for a range of applications due to their tun-
able bandgaps. [  47  ]  Similarities in the crystalline structures of 
graphite and h-BN also point to the possibilities of transforming 
them to their cubic analogues, diamond and cubic-BN. Ternary 
solids of these elements with either superhard cubic structures 
or layered hexagonal structures can be prepared by different 
4879wileyonlinelibrary.com© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Mater. 2012, 24, 4878–4895
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 growth techniques and varied growth parameters. [  45  ,  48–55  ]  Some 

of these structures have complementary electronic structure 
compared to graphene, doped graphene, and h-BN. It has 
been theoretically demonstrated that the chemical and physical 
properties may signifi cantly differ for various B–C–N compo-
sitions and arrangements, thus opening up the possibility of 
tuning electronic properties of these materials. However, it is 
still challenging to create well-defi ned B–C–N phases experi-
mentally. Poorly grown h-BCN hybrid fi lms have been obtained 
using various methods such as thermal chemical vapor deposi-
tion (CVD) and plasma-enhanced CVD (PECVD) by thermally 
decomposing B-, C-, and N-containing precursors. [  56–58  ]  How-
ever, these as-prepared h-BCN fi lms show very poor crystalli-
zation and lack the properties of theoretically predicted h-BCN 
fi lms. We have recently showed the growth of 2D atomically 
hybridized layer consisting of random graphene and h-BN 
domains by a catalytic CVD technique. [  59  ]  Reliable method 
for controlled growth of atomic layers of B–C–N structures 
will play a key role in understanding the largely unexplored 
(B–C–N)-rich phase diagram and exploring the properties of 
various phases.  

 Graphene/h-BN heterostructure confi gurations constitute 
another class of interesting confi gurations of B–C–N ternary 
system shown in  Figure    2  . 2D h-BN is found to be an unique 
layered material building block for producing artifi cially stacked 
van der Waals structures such as G/h-BN (Figure  2 , right top). 
h-BN layers have very low lattice mismatch with graphene 
( ∼ 1.8%), [  60  ]  have extremely smooth surfaces, [  61  ]  and electroni-
cally have a wide bandgap. Recent studies indicate that, h-BN 
atomic layers would be excellent dielectric layers to comple-
ment graphene electronics due to its atomically smooth surface 
( ∼ 1/5 roughness of SiO 2 ) [  61  ]  with minimum dangling bonds 
and charge traps. [  62–64  ]  It is further supported by the local spec-
troscopy measurements that demonstrate that the electron–hole 
charge fl uctuations are reduced by two orders of magnitude as 
compared with those on silicon oxide. [  60  ]  h-BN/G/h-BN layers 
have also been fabricated for electronic devices with cut-off fre-
quency up to 33GHz. [  61  ]  Further calculations indicate a tunable 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

     Figure  2 .     Schematics of possible approaches for artifi cial B–N–C layers. Ex
vapor deposition, and epitaxial growth are three common methods to synth
BN-based atomic layered structures such as graphene and h-BN. The B–N
constructed vertically for G/h-BN stacks/superlattice, or in-plane for G/h
fi nally B–C–N 2D crystals with a controllable stoichiometry.  
and sizable bandgap (up to 0.34 eV) could be realized by 
aligning graphene and h-BN in various ways. [  65  ]  Most recently, a 
G/h-BN/G/h-BN/G superlattice fi eld-effect tunneling transistor 
was fabricated with a high On/Off ratio (50 versus 5, the typical 
value for pristine graphene). [  66  ]   

 In this review, we will discuss the recent progresses on 2D 
atomic layers containing B, C, and N. In particular, the control-
lable synthesis, characterizations, and applications of graphene 
and h-BN atomically layered architectures will be presented 
briefl y, including in-plane G/h-BN hybridization, vertically 
stacked G/h-BN layers, and artifi cially stacked G/h-BN solids. 
Such studies are imperative as 2D atomic layers will have high 
potential for various applications and will inspire new funda-
mental investigations that could reveal their distinct properties 
from their bulk counterparts.   

 2. Atomic Layers Containing Carbon: Graphene 

 Mechanical exfoliation was the fi rst method employed for pre-
paring single-layer graphene from natural graphite samples 
or highly oriented pyrolytic graphite (HOPG), which provided 
graphene fl akes with extremely high quality but limited lateral 
sizes. [  7  ]  Liquid exfoliation is the alternative chemical approach 
to make graphene layers. Weak interlayer van der Waals forces 
in these crystals can be easily overcome by ultrasound waves 
produced in low-surface-tension liquids. The majority of papers 
have described the synthesis of graphene-like sheets, which 
are chemically functionalized with species such as hydroxyls 
and epoxides, by dispersion and exfoliation of graphene oxide 
(GO). However, the chemical modifi cation of graphene sheets 
disrupts the electronic properties due to signifi cant number 
of defects introduced during treatments. Recently, large-scale 
synthesis of defect-free graphene sheets have been achieved by 
exfoliating graphite in organic solvents such as  N -methyl-pyr-
rolidone. [  67  ]  Currently, this liquid exfoliation method has been 
extended to the synthesis of atomic layers from a variety of lay-
ered solids such as MoS 2 , WS 2 , MoSe 2 , MoTe 2 , TaSe 2 , NbSe 2 , 
mbH & Co. KGaA, Wei

foliation, chemical 
esize carbon- and 

–C layers could be 
-BN domains and 
NiTe 2 , BN, and Bi 2 Te 3 . [  68  ]  Epitaxial growth 
method as well as chemical vapor deposi-
tion methods have also been used to produce 
graphene layers from silicon carbide or metal 
substrate such as Cu and Ni foils, respec-
tively. [  69–73  ]  The possibility of large-scale 
electronics based on SiC-epitaxial graphene 
layers has been reported. [  74–76  ]  On the other 
hand, the CVD method is considered as a 
facile way for growing graphene via simple 
thermal decomposition of hydrocarbons on 
the metallic surface or via surface segrega-
tion of carbon. [  41  ,  77–86  ]  A variety of transition 
metals (Ni, Cu, and Co) and a vast number 
of different carbon sources from gaseous 
(CH 4 , C 2 H 2 ), liquid ( n -hexane), and solid 
(poly(methyl methacrylate) (PMMA)) carbon-
containing precursors have been tried for the 
synthesis of graphene. The typical growth 
temperature for CVD is  ∼ 800–1100  ° C. It is 
found that the carbon solubility in the metal 
nheim Adv. Mater. 2012, 24, 4878–4895
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     Figure  3 .     Synthesis and characterizations of graphene and graphene 
nanostructures. a) Photograph of CVD graphene on 285 nm SiO 2 . Size: 
 ∼ 1 cm  ×  1 cm. b) Optical image of high-quality CVD graphene covering 
SiO 2 , uniformly and continually. Inset: Raman spectrum of monolayered 
graphene. c) TEM images of CVD-grown graphene showing 1–4 layers 
(1L–4L, respectively). All scale bars are 5 nm. d) Graphene structures cut 
by Ni nanoparticles. The white arrows mark some nanoribbons. e) TEM 
and f) HRTEM images of GQDs derived from carbon fi bers. g) Schematic 
of the zigzag edge of GQDs. Reprodued with permission. [  92  ,  101  ,  104  ]   Copy-
right 2010 and 2012 American Chemistry Society.  
www.MaterialsViews.com

and the growth conditions determine the deposition mecha-
nism which ultimately also defi nes the morphology and thick-
ness of the graphene fi lms. For examples, the number of layers 
of graphene formed could be controlled well, from a single layer 
to few layers. [  79  ]  The highest electron mobility for as-transferred 
fi lms has been reported to be more than 30 000 cm 2 /(V s) on 
h-BN substrate, but in most cases the mobility values range 
from  ∼ 700–3000 cm 2 /(V s) [  41  ,  81  ,  83  ,  87  ]  due to various defects. [  88–90  ]  
For example, grain boundaries in polycrystalline graphene 
are believed to be an obstacle to electron transport. However, 
careful refi nements in growth techniques have pushed the 
limits to obtain supersized single-crystal domains. [  83  ,  88  ,  91  ]  Cur-
rently, the lateral size of graphene layers grown by CVD can be 
scaled up to 30 inches with a sheet resistance of few hundreds 
 Ω / � . [  84  ]  In our group we have successfully grown single, bi- 
and few graphene layers on copper foils and stainless steel by 
using  n -hexane solvent as carbon source in a CVD system. [  92–95  ]  

 Due to the absence of a substantial bandgap, the on/off ratio 
of graphene fi eld effect transistors is typically around 5, which 
is one hindrance to its use in future electronics. [  65  ]  Several 
ways could open the bandgap in graphene, including doping 
graphene with foreign elements such as nitrogen, [  41  ,  95,96  ]  engi-
neering of graphene to a nanoribbons [  6  ,  39  ,  97,98  ]  or quantum 
dots, [  99–102  ]  and by designing hybridized graphene with other 
layered materials such as h-BN and MoS 2 . [  66  ,  103  ]   

 2.1. Synthesis, Characterization, and Properties of Graphene 
and Graphene Nanostructures 

 Large-scale, high-quality monolayer graphene can be grown 
on Cu foils by CVD method as shown in  Figure    3  . The size of 
the CVD-grown graphene (Figure  3 a) can be large depending 
on the size of the Cu foils. The graphene fi lms are continuous 
and uniform as characterized in the optical image (Figure  3 b). 
The Raman spectrum of single-layer graphene is shown in the 
inset of Figure  3 b. The D peak is nearly invisible, which sug-
gests good quality graphene fi lms; other characteristics include 
the intensity ratio of 2D/G in Raman spectra up to 4.2 and 
the full-width at half maximum (FWHM) of the 2D peak of 
 ∼ 24 cm  − 1 . These values are comparable to mechanically exfoli-
ated monolayer graphene. The number of layers could be well 
controlled from monolayer to a few layers. High-resolution 
TEM (HRTEM) examination confi rms that the fi lms have one, 
two, three, or four layers depending on growth conditions 
(Figure  3 c). The typical sheet resistance of as-grown graphene 
fi lm is  ∼ 2–10 k Ω / � .  

 The graphene could be grown on various substrates such 
as Cu/Ni/stainless foils, Cu/Ni nanowires, nanoporous Ni, Ni 
foams, Cu/Ni spheres, and some other alloys, enabling several 
unique graphene-based architectures. The graphene nanostruc-
tures can also be made by other approaches, such as by cutting 
metal nanoparticles (Figure  3 d) and by liquid exfoliation. [  104  ]  
Cutting graphene layers can be done via catalytic hydrogena-
tion and the etched structures show preferred crystallographic 
orientations for the edges. This unique approach makes it 
possible to obtain graphene pieces of various shapes with the 
same edge type and sharp edges, for example triangles, and this 
could impact applications such as shape-enhanced magnetism 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 4878–4895
in graphene materials. Work is in progress in several groups 
to obtain graphene structures that have controlled shapes and 
edge structures. 

 Graphene quantum dots (GQDs) constitute another 
graphene nanostructure with fascinating optical and electronic 
properties. [  99,100  ,  102  ,  105–109  ]  We have demonstrated a wet chemi-
cally derived GQDs from acidic treatment of carbon fi bers (CF). 
The results reveals that these GQDs show very low cytotoxicity 
and excellent biocompatibility, which can be used as an eco-
friendly material for bioimaging. [  101  ]  Figure  3 e shows a typical 
TEM image of GQDs synthesized by chemical exfoliation and 
cutting of micrometer-sized pitch-based carbon fi bers (CF). 
It was found that the fi ber derived GQDs exhibit a relatively 
narrow size distribution between 1 and 4 nm with high crys-
tallinity and most of them are terminated with zigzag edges 
(Figure  3 e–g). The UV–visible absorption spectra of GQDs 
4881wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  4 .     Graphene doping and its application in Li-ion batteries. a,b) Schematics of N- and 
S-doped graphene. c) Schematic illustration of Eu-doped graphene and its photoluminescence 
effect. d) Photographs of S-/N-doped graphene. e) TEM image of S-doped graphene grown by 
mixing sulfur powder with ( n -hexane) as the liquid carbon source. Sulfur superlattice (black 
regions) is found to be imbedded in the graphene matrix. A typical sulfur region is shown in 
the inset. f) SEM image of Eu-doped graphene. g) Typical Raman spectrum of S-/N-doped 
graphene. The prominent D and D ′  peaks come from the sample defects which are believed to 
be the results of doping, as compared to the Raman spectrum of pristine graphene shown in 
the inset of Figure  3 b. h,i) XPS spectra of C and N peaks in N-doped graphene. j) Variation in 
discharge capacity versus cycle number for the pristine graphene and N-doped graphene cycled 
at a rate of 5  μ A/cm 2  between 3.2 and 0.02 V vs Li/Li  +   in 1  M  solution of LiPF 6  in 1:1 (volume 
ratio) mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) as the electrolyte. k) 
Rate capability studies of N-doped graphene fi lms: Discharge capacity versus cycle number at 
various current rates. Reproduced with permission. [  94,95  ,  140  ]    Copyright 2010 American Chem-
istry Society and 2011 Wiley-VCH Verlag Gmbh & Co. KGaA.  
reveal a clear blue shift from 330 to 270 nm 
with the reaction temperature increasing 
from 80 to 120  ° C. The GQDs synthesized 
at varying temperatures show blue, green, or 
yellow emission colors under UV light. The 
emission spectra reveal the distribution of 
emission wavelength of the as-synthesized 
GQDs and can be tailored by varying the size 
of the GQDs by changing process param-
eters. We chose the green GQDs to perform 
the cellular imaging because cell’s nucleus 
was stained with 4 ′ ,6-diamidino-2-phenylin-
dole (DAPI), which shows blue color under 
imaging. Our work demonstrated that GQDs 
can be prepared in a scalable manner starting 
from commercial carbon fi bers and used in 
high-contrast bio-imaging and other applica-
tions such as opto-electronics. 

 The high charge-carrier mobility in 
graphene has resulted in strong interest 
in graphene-based high-speed electronic 
devices. Various graphene-based terahertz 
sources and detectors have been proposed as 
the frequency of plasma waves, the bandgap 
of graphene nanoribbons, [  110,111  ]  and the tun-
able bandgap in bilayer graphene lies in the 
terahertz range. [  97  ,  112–120  ]  The channel poten-
tial distribution in a graphene fi eld-effect 
transistor (FET) has been imaged by scan-
ning photocurrent imaging technique, [  121  ]  
which has also revealed potential gradients 
occurring at monolayer–multilayer graphene 
interfaces. [  122  ]  Our collaborators in Germany 
have studied time-resolved picosecond 
photocurrents in freely suspended graphene 
contacted by metal electrodes. [  123  ]  They intro-
duced a pump-probe photocurrent spectros-
copy to graphene-based devices to resolve 
their photo-electric response up to 1 THz. [  124  ]  
In experiments, it was demonstrated that 
terahertz radiation was generated in opti-
cally pumped graphene. In their work, spa-
tially resolved picosecond photocurrents were 
measured in freely suspended graphene con-
tacted by metal strip-lines. It was shown that 
both built-in electric fi elds and the photo-
thermoelectric effect contribute to the photo-

current generation at graphene–metal interfaces. In addition, 
optical pumping of the freely suspended graphene gave rise to 
strong photocurrent oscillations that originate from terahertz 
radiation emitted from an electron–hole plasma in the optically 
pumped graphene. [  123  ]    

 2.2. Substitutional Doping of Graphene 

 Pristine graphene is a zero-bandgap semiconductor, and subse-
quently limiting its applications in electronics and other appli-
cations. Doping graphene lattice substitutionally with guest 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
atoms such as nitrogen, [  85  ,  95  ,  125–132  ]  sulfur, [  125  ,  133  ]  boron, [  134  ]  and 
fl uorine [  135–137  ]  ( Figure    4  a,b) opens up the bandgap of graphene 
and changes its chemical and surface characteristics. In some 
cases (e.g., boron), the dopants remain in the sp 2  hybridized 
confi guration, but in some cases (e.g., fl uorine) sp 3  bonding 
can be introduced, and the latter can change the planar nature 
of graphene. Several approaches can be exploited for doping 
graphene. Growing graphene using a carbon source that con-
tains or mixed with precursors having doping elements is 
one approach; materials such as PMMA, dimethylacetamide 
(DMAc), or  n -hexane, can be used as carbon sources. [  85  ]  We 
have also mixed carbon sources such as  n -hexane with dopants 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4878–4895
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such as DMAc for N-doped graphene and with dimethyl sul-
foxide  (DMSO) for S-doped graphene. Another approach is 
annealing graphene layers with doping agents such as gaseous 
NH 3.  [  126  ]  Yet another approach is the interaction and function-
alization of graphene with metals such as Li, Xe, and Eu. [  138–140  ]  
We have synthesized Eu-doped graphene using reduced 
graphene oxide as a starting material via a solution chemistry 
approach (Figure  4 c). Figure  4 d shows optical images of S- and 
N-doped graphene. Figure  4 e is a representative TEM image 
of S-doped graphene. The sulfur superlattice embedded in 
the graphene matrix is shown in the inset. Figure  4 g–i show 
the typical Raman spectrum and X-ray photoelectron spectros-
copy (XPS) spectra of N-doped graphene. The D and D ′  peaks 
in the Raman spectrum become prominent due to the doping 
effect, and this in conjunction with other techniques such as 
XPS and TEM were used to understand the bonding confi gura-
tions of the dopants in the graphene lattice. Figure  4 f shows 
a typical scanning electron microscopy (SEM) image of Eu-
doped graphene showing luminescence due to the presence of 
Eu. Such a doping strategy offers a new paradigm in the engi-
neering of graphene analogues for tuning optical and electronic 
properties. [  140  ]     

 2.3. Graphene and Doped Graphene for Energy Storage 

 Recent studies have established graphene as a promising 
anode material for Li-ion batteries, supercapacitors, fuel cells, 
solar cells, etc.. Atomically thin nature and high surface area 
of the graphene electrodes grown directly on current collector 
substrates are of special interest in developing high-power thin-
fi lm lithium ion batteries. We have explored Li-ion battery and 
supercapacitor applications for one- to a few-layer pristine and 
doped graphene. [  141,142  ]  Graphene and nitrogen-doped graphene 
layers that are directly grown on current collector substrates (Cu 
and stainless steel) showed enhanced Li-ion storage capacity 
and excellent rate capabilities. 

 Galvanostatic charge/discharge measurement were con-
ducted at a constant current of 10  μ A cm  − 2  between 3.2 and 
0.02 V by constructing a Li half-cell using few-layered graphene 
and nitrogen doped graphene electrodes as the working elec-
trodes and Li foil as the counter and reference electrode. [  95  ]  
Figure  4 j and k indicate that the reversible discharge capacity 
of N-doped graphene increases when compared to that of 
pristine graphene, which can be attributed to the topological 
defects present in the N-doped graphene electrode which act 
as additional sites for Li-ion storage. N-doped graphene elec-
trodes have been further tested at different current rates, even 
at very high current rates of operation, such as 100  μ A/cm 2 , 
excellent capacity retention of 60% of the nominal capacity was 
observed (Figure  4 k). The results of high-rate electrochemical 
studies prove that the N-doped graphene electrode could be 
used as a very good high rate Li-ion battery electrode. The direct 
contact between the active materials (N-doped graphene) and 
the current collector (Cu foil) leads to reduced electrical resist-
ance, hence, resulting in a high electrode rate capability. Direct 
growth of graphene or doped graphene on current collector 
substrates makes this a feasible process to be integrated into 
the current thin-fi lm battery manufacture technology. We have 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 4878–4895
also demonstrated a novel concept of in-plane supercapacitor 
using graphene mono/few-layer electrodes. [  141  ]  Typically, graph-
itic carbon-based materials are randomly oriented with respect 
to the current collector in a conventional stacked geometry in 
supercapacitors. In such cases, the electrolyte ions are often 
limited from penetrating far inside the graphitic planes. This 
lowers the complete utilization of the electrochemical surface 
area of graphene layers and consequently limits the extent of 
the electrochemical double layer formed at the interface. In 
devices such as thin-fi lm supercapacitors, modifi cation in the 
architecture can be made to tune performances and graphene 
may play an important role in such design concepts.    

 3. Atomic Layers Containing Boron and Nitride: 
Hexagonal BN (h-BN) 

 Hexagonal boron nitride (so called white graphite due to its 
structural similarity to graphite) comprises alternating boron 
and nitrogen atoms in a 2D honeycomb lattice. Within each 
layer of h-BN, boron and nitrogen atoms are bound by strong 
covalent bonds, whereas the layers are held together by weak 
van der Waals forces. Therefore, monolayer h-BN is structur-
ally similar to graphene, and individual BN layers could be 
isolated from bulk h-BN crystals. [  2  ,  18  ,  143  ]  Similar to graphene, 
few-layered h-BN can be synthesized via CVD, liquid exfolia-
tion, and traditional mechanical exfoliation methods. Due to 
its wide bandgap, h-BN is a good insulator. So it can serve as 
a complementary material and substrate to graphene to build 
high-mobility graphene devices. The strong BN bond makes an 
h-BN atomic layer a mechanically strong material, quite analo-
gous to graphene. Furthermore, due to its electrical insulation 
and high thermal conductivity, layered h-BN could be utilized 
as a fi ller material in many engineering fl uids and composites.  

 3.1. Synthesis and Characterization of h-BN 

 The h-BN atomic layers can also be obtained on Cu/Ni foil by 
CVD at  ∼ 1000  ° C with ammonia borane or borazine source 
as a precursor. In contrast to the synthesis of graphene where 
monolayers can be easily grown over large area, methods for 
preparing uniform single h-BN atomic layers is still a chal-
lenge. [  17  ,  32,33  ,  144,145  ]  Several groups around the world are working 
on this, and these efforts will certainly bring new opportuni-
ties to exploit unique properties and potential applications of 
2D h-BN layers. Recently, our group showed that uniform and 
continuous h-BN layers could be successfully grown using a 
thermal catalytic CVD method. [  23  ]  In our experiment, copper 
foil (Cu) and nickel (Ni) were used as a catalytic substrate, 
and ammonia borane (NH 3 -BH 3 ) was used as the starting 
precursor (more detail can be seen in Refs.  [  23  ]  and  [  146  ] ). 
 Figure    5  a shows typical h-BN fi lms grown on Cu foil and then 
transferred onto silica substrate. The SEM image of as-grown 
h-BN layers shown in Figure  5 b reveals that the fi lm is quite 
uniform and continuous except for some wrinkles that were 
introduced during the transfer process. The white arrow indi-
cates a region where h-BN is peeled off, exposing the SiO 2  sub-
strate. TEM observations showed that the thicknesses of h-BN 
4883wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  5 .     Synthesis and characterizations of h-BN atomic layers. a) Photograph of few-layered 
h-BN on SiO 2  synthesized via the CVD method. Size:  ∼ 12 mm  ×  12 mm. b) SEM image shows 
continuous and uniform h-BN fi lm. The light grey region is SiO 2 , marked by the white arrow. 
c) TEM image of a typical h-BN fi lm with two layers. Inset: selected area electron diffraction 
(SAED) patterns showing six-fold-symmetry. d) An AFM topography image of few-layered h-BN. 
The grey stripe is SiO 2  and the rest is an h-BN atomic layer with a thickness of  ∼ 2.5 nm. 
e) XPS spectrum of B and N 1s core level, located at  ∼ 190 and 398 eV. f) EELS spectrum 
showing the K edges of boron and nitrogen. g) Raman spectrum of an h-BN fi lm using an 
excitation wavelength of 514.5 nm. The signal-to-noise ratio for few-layered h-BN is much lower 
than that of bulk h-BN. h) Schematic illustration of 2D h-BN nanosheets fabricated using the 
liquid exfoliation method. i) HRTEM image of a typical h-BN nanosheet from a liquid exfoliated 
fl ake with  ∼ 5 atomic layers. Partially reproduced with permission. [  23  ,  143  ,  146  ]   Copyright 2010 and 
2012 American Chemistry Society.  
fi lms are around 1 nm, mainly consisting of two to three layers 
(Figure  5 c). The electron diffraction pattern in the inset of 
Figure  5 c clearly indicates the hexagonal structure of h-BN fi lms 
of high quality. [  28  ,  147–149  ]  We have further studied the topography 
of h-BN layers by atomic force microscopy (AFM) (Figure  5 d). 
The thickness of the h-BN fi lm is  ∼ 1–3 nm measured from the 
884 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
line profi le of the AFM topography image as 
indicated in the insert of Figure  5 d. The XPS 
spectra of as-grown h-BN layers (Figure  5 e) 
show the B 1s-core level at 189.9 eV and the 
N 1s-core level at 397.6 eV, which is very 
close to that in bulk h-BN. [  150,151  ]  Both the 
B 1s and the N 1s spectra indicate that the 
bonding for B and N atoms is through 
the direct B-–N bonding (in contrast to B–C 
or C–N), implying that the hexagonal phase 
exists in the CVD-grown materials as h-BN 
layers. Figure  5 f is a typical electron energy 
loss spectroscopy (EELS) sepctrum, clearly 
showing the K-edge of boron and nitrogen 
as the arrows indicate. Figure  5 g shows typ-
ical Raman spectra that were taken from the 
h-BN layers. The E 2g  vibrating mode of h-BN 
atomic layers is found to be at  ∼ 1370 cm  − 1 . 
The B-N vibrational peak for h-BN few-layers 
up-shifts to higher frequencies compared 
with that for the bulk h-BN perhaps due to 
stresses introduced in these atomically thin 
layers. [  27  ,  152,153  ]  Finally, Figure  5 h shows 
schematic illustration of individual h-BN 
layers peeled off from bulk h-BN lattice by 
liquid exfoliation technique, another impor-
tant method to prepare 2D h-BN materials. 
The HRTEM image is shown in Figure  5 i. 
According to the electron diffraction patterns, 
we observed that the crystallinity of exfoli-
ated h-BN layers and the rotational disorder 
associated with the individual layers in the 
stacking.    

 3.2. Properties of h-BN 

 Previous investigations have shown that 
bulk h-BN is a wide bandgap material. The 
UV–visible absorption spectrum was used to 
investigate the optical energy bandgap of our 
CVD-grown h-BN fi lms based on its optically 
induced transitions. Large h-BN fi lms were 
fi rst transferred onto an optical quartz plate, 
and the quartz background was subtracted 
using a blank quartz plate as the reference 
substrate. The nanometer-thick h-BN fi lm 
is highly transparent and can transmit over 
99% of the light within a spectrum range of 
200–900 nm. A typical absorption spectrum 
is shown in  Figure    6  a. The absorption spec-
trum displays one sharp absorption peak at 
203 nm. Based on Tauc’s formulation, [  152  ]  
the calculated bandgap wavelength is about 223 nm, which 
corresponds to an optical bandgap of 5.56 eV. Previous theo-
retical calculations of band structures for a single layer of h-BN 
anticipated that equivalent bands did not cross each other and 
a 6 eV bandgap was predicted, [  22  ]  which is in good agreement 
with our UV–visible absorption results. Considering two to fi ve 
nheim Adv. Mater. 2012, 24, 4878–4895
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     Figure  6 .     Optical, electrical, and mechanical properties of CVD-grown h-BN atomic layers. 
a) UV–vis spectra of few-layered h-BN. Top panel shows the plot of absorption versus wave-
length, and bottom panel is the plot of   ε   1/2 /  λ   versus 1/  λ  . Here   ε   is the optical absorbance and 
  λ   is the wavelength. The optical bandgap is estimated to be  ∼ 5.6 eV via the linear fi tting in 
the bottom panel. b) Current–voltage characteristic of h-BN fi lms, indicating h-BN is a good 
insulator. Inset is the device fabricated by photolithography. c) SEM image of a large h-BN 
fi lm spanning an array of circular holes with 1  μ m diameter. Inset is a schematic illustration of 
the AFM-assisted nanoindentation experiments performed on a suspended h-BN membrane. 
d) Measured representative force versus displacement curve. Reproduced with permission. [  23  ]  
Copyright 2010 American Chemistry Society.  
layers of our h-BN fi lms, the measured bandgap is expected to 
be smaller than the theoretically calculated bandgap for a single 
layer as the layer–layer interaction increases the dispersion of 
the electronic bands and tends to reduce the bandgap. [  22  ]  How-
ever, it is larger than that of bulk h-BN (5.2–5.4 eV). [  22  ,  154  ]  We 
performed electrical measurements on devices based on h-BN 
fi lms, fabricated by standard lithography technique (Figure  6 b 
inset: the optical image of the h-BN device) and found that the 
h-BN fi lms are very good insulators.  

 Earlier studies have demonstrated the unique mechanical 
properties of 2D atomic layers. [  98–103  ,  105  ]  The bending stiffness 
of the monolayer graphene is critical in attaining the structural 
stability for both suspended and supported graphene sheets, 
which in turn could have an impact on the electronic proper-
ties. The in-plane mechanical properties (elastic modulus and 
strength) of monolayer graphene have been deduced from 
experiments. [  106–109  ]  Measurements conducted on few-layer 
graphene yielded spring constants of 1 to 5 N m  − 1 . A Young’s 
modulus of 0.5 TPa was extracted and a breaking strength was 
found to be 42 N m  − 1  suggesting graphene as a promising 
material for mechanical resonator applications. [  110–112  ]  

 We also studied the mechanical properties of CVD-grown 
h-BN atomic layers using AFM-assisted nanoindentation 
measurements. [  23  ]  h-BN fi lms were fi rst transferred onto a pre-
patterned holey substrate. The transferred membranes were 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Mater. 2012, 24, 4878–4895
observed to be freestanding over many circular 
wells, as shown in Figure  6 c. The mechanical 
properties of the suspended h-BN fi lms were 
probed by indenting the center of each free-
standing membrane using a diamond tip. 
The mechanical properties of were calculated 
using equations reported in the literature for 
similar confi gurations. [  155  ]  A representative 
force versus displacement curve is shown in 
Figure  6 d. The obtained values of the elastic 
constant range from 220 to 510 N m  − 1  for the 
h-BN fi lms with thicknesses of 1–2 nm. The 
measured 2D modulus of h-BN in our case is 
lower than the theoretically predicted values 
(270 N m  − 1  for a single BN layer). [  155,156  ]  This 
could be caused by the layer distribution of 
stacking faults in the CVD-grown fi lms, [  157  ]  
or errors in estimating the exact diameter 
of the holes and the boundary condition of 
the membrane in contact with the substrate. 
The breaking strength of h-BN fi lms was 
measured by loading the membranes to the 
breaking point. A typical fracture test curve 
suggested that the fi lm broke at defl ections of 
about 70 nm and forces of about 221 nN. A 
continuum model was used to determine the 
maximum stress of a clamped circular mem-
brane [  155  ]  and the calculated breaking strength 
was found to be  ∼ 8.8 N m  − 1  for  ∼ 1 nm 
thick h-BN fi lm. The lower breaking stress 
we obtained for the h-BN fi lm compared 
with monolayer graphene could be due 
to possible defects in our freestanding 
as-grown membranes. [  156,157  ]  Somewhat 
reduced stiffness of the h-BN layers can be due to either com-
pliance at the edges (hole perimeter), or due to presence of 
defects. Possible defects distribution in the fi lms could also 
contribute to the relatively lower values in our AFM-assisted 
nanoindentation experiments. In summary, it can be seen that 
the mechanical properties of h-BN layers are in the same range 
as that of graphene, suggesting that h-BN atomic layers could 
feature an ideal structure to support graphene-based electronics 
and devices, in addition to its own interesting properties and 
applications.   

 3.3. Exfoliated h-BN for Thermal Management 

 Development of nanomaterials for energy management is 
another thrust area of our present research. 2D layered-mate-
rial-based nanofl uids can be developed, and they can either be 
used to reduce energy loss due to friction and wear in mechan-
ical parts or to dissipate energy from high-power thermal or 
electrical systems. [  158  ]  One pioneering research in this area 
is to use 2D layer materials as nanofi llers in heat transfer 
fl uids. [  159–165  ]  As an insulating material with very high thermal 
conductivity, h-BN layers surpass other nanofi llers and are an 
attractive material for high thermal conductivity and electrically 
insulating composites. Recently, we have studied the synthesis 
4885wileyonlinelibrary.comheim
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     Figure  7 .     Electrically insulating thermal nanofl uids containing few-layered h-BN fi llers. a) Typ-
ical TEM image of h-BN few-layered fl akes prepared by liquid exfoliation. Inset is optical image 
of liquids of pristine MO, MO/h-BN, and MO/G showing different colors. b) Temperature-
dependent effective thermal conductivity enhancement of various nanofl uids. c) Electrical resis-
tivity variation of the nanofl uids. Reproduced with permission. [  143  ]  Copyright 2012 American 
Chemistry Society.  
and characterization of novel nanofl uids containing exfoliated 
h-BN and graphene layers in mineral oils (MO). [  143  ]  

 The TEM image of exfoliated few-layered h-BN fl akes are 
shown in  Figure    7  a. Inset is the optical image of pure MO, 
MO/0.01% h-BN, MO/0.1% h-BN and MO/0.01% graphene 
(wt%) liquid. Figure  7 b shows the enhancement in thermal 
conductivity with the increase in weight fraction of h-BN or 
graphene and increase in measurement temperatures. For 
instance, 0.1%wt addition of h-BN in MO shows an enhanced 
thermal conductivity of around 76%. This large enhancement in 
thermal conductivity even with low fractions of nanomaterials 
is made possible by the large surface area provided by the exfo-
liated layers. The variations of thermal conductivity were meas-
ured at 323 K for different h-BN/MO fl uids with varying h-BN 
concentration. The thermal conductivity of h-BN/MO fl uids is 
found to have gradually increased with h-BN fi ller concentra-
tion. h-BN/MO fl uids exhibited an enhancement in thermal 
conductivity with increase in both temperature and fi ller frac-
tion, indicating Brownian motion and percolation mechanism 
are contributing to the thermal conductivity. The h-BN/MO 
exhibits the lowest dissipation factor (DF), while graphene/
MO possesses an enhanced value compared to MO at all meas-
ured temperatures. Since DF represents the ratio of equivalent 
series resistance (ESR) to capacitive reactance, the decrease in 
DF indicates the decrease in dielectric losses in the material. 
The electrical resistivity of the nanofl uids is also found to be 
886 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
affected by various nanofi llers (Figure  7 c). 
The h-BN/MO exhibited higher resistivity, 
while graphene/MO showed lower resistivity 
compared to pristine MO. To further under-
stand the stability of the nanofl uids, shear 
viscosity studies were also conducted. Tem-
perature-dependent shear viscosity data for 
different concentrations of h-BN/MO indi-
cates that h-BN/MO nanofl uids are relatively 
stable colloidal systems. It was found that the 
pour point, which is the lowest temperature 
at which the fl uid can fl ow (pumpable tem-
perature), seems to be affected by the nano-
fi llers of h-BN and graphene. The lowering of 
the pour point can be attributed to the nano-
scale dimensions of the fi llers (here h-BN) 
and high intermolecular interactions and 
liquid layering (MO) with the h-BN. [  166,167  ]  
The results also indicate that the stable New-
tonian nanofl uid with 2D fi llers of h-BN in 
MO is electrically insulating fl uid and has a 
lower freezing point than that of pure MO. 
These unique h-BN/MO nanofl uids may be 
the next-generation thermal nano-oils for var-
ious energy management systems. The con-
ducting graphene nanofl uids can be utilized 
for static energy dissipation in oil tanks and 
other systems, where the nanofi ller needs 
to be conducting and at the same time low 
fi ller loadings are desired to produce higher 
electrical conductivity. Our recent studies 
also show that they can easily form stable 
suspensions in water. These results suggest 
that these nanofl uids with exfoliated atomic layers containing 
carbon, boron, and nitrogen atoms can be very promising can-
didates for various types of energy and thermal management 
platforms.     

 4. Atomic Layers Containing B, C, and N: Hybrid 
Hexagonal BCN (h-BCN) 

 Earlier theoretical studies predicted that inorganic BCN layer-
based nanostructures could be formed, and such predictions 
were confi rmed almost immediately, thereby initiating the 
emergence of the fi eld of BCN materials. [  26  ,  34–40  ,  42–46  ,  56–59  ,  168,169  ]  
There have been experimental demonstrations of doping B and 
N in carbon systems, including BCN-based nanotubes [  170–173  ]  
and BCN-based nanostructures, [  174–176  ]  although fully homog-
enized BCN phases of controlled compositions have not been 
experimentally reported. [  26  ,  39,40  ,  43  ,  168  ]  In almost all experimental 
studies, it has been observed that there is a strong tendency in 
these systems to form segregated C and BN domains making 
the formation of true alloy phases diffi cult.  

 4.1. Synthesis and Characterization of h-BCN Atomic Layers 

 Our group has recently reported a systematic route to synthesize 
2D hexagonal BCN hybrid structures consisting of a patchwork 
heim Adv. Mater. 2012, 24, 4878–4895
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     Figure  8 .     Synthesis and characterizations of h-BCN atomic layers. a) Atomic model of hybrid 
h-BCN layer consisting of hybridized h-BN and graphene domains. b) Optical microscopy 
image of hybrid h-BCN fi lm. c) High-resolution and d) atomistic TEM images of two hybrid 
h-BCN layers. The inset in (d) is the FFT patterns of the two-layer region. e) EELS spectra taken 
from as-grown samples showing K-shell excitations of B, N, and C. The bottom GIF (energy 
fi ltered imaging technique) images show uniform elemental distribution of B, C, and N. Repro-
duced with permission. [  59  ]   Copyright 2010 Nature Publishing Group.  
of h-BN and C nanodomains (illustrated in  Figure    8  a). [  59  ]  To 
synthesize h-BCN, methane and ammonia borane were intro-
duced at the same time to act as precursors for carbon and BN, 
respectively. The atomic ratio of B, C, and N can be tuned by 
controlling the experimental parameters, although the B/N ratio 
remains almost always close to unity, suggesting a strong ten-
dency for the formation of BN composition. Figure  8 b shows 
an optical microscopy image of hybrid h-BCN fi lm transferred 
onto a silicon substrate, revealing that the fi lm is quite uniform 
over large area.  

 High-resolution TEM observations in Figure  8 c indicate 
these h-BCN fi lms are about 1 nm thick, consisting of mainly 
2–3 layers. The typical atomic structure of h-BCN fi lm was 
shown in Figure  8 d. The inset is the fast Fourier transform 
(FFT) from the image revealing two sets of hexagonal spots 
with a very small rotational angle about 7.4 ° , indicating that the 
fi lm mainly consists of double layers with a hexagonal atomic 
arrangement in the lattice. Different Moiré patterns can be 
also seen in Figure  8 d due to the lack of AB stacking registry 
between the two graphene layers. [  177  ]  Most of our TEM obser-
vations reveal that the majority of the multilayer structures of 
as-grown h-BCN fi lms are inturbostratic stacking, and only a 
very small area show well graphitized AB Bernal stacking. The 
EELS results shown in Figure  8 e shows three visible edges 
starting at 185, 276, and 393 eV, corresponding to the character-
istic K-shell ionization edges of B, C, and N, respectively. [  150,151  ]  
The EELS edge structure proves that all three elements are sp 2  
hybridized, indicating that the atomic fi lms grown on Cu pos-
sess a hexagonal structure consisting of B, C, and N. The inset 
GIF (energy fi ltered imaging technique) images in Figure  8 e 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Mater. 2012, 24, 4878–4895
reveal that all three elements are uniformly 
distributed in the detected area. However, it 
has been a challenge to resolve the individual 
h-BN domains and graphene domains which 
overlap in projection from the multiple layers 
of BCN present in the fi lms. 

 The UV–visible absorption spectrum was 
carried out for investigating optical energy 
bandgap of the h-BCN fi lm. Compared to 
pristine graphene and h-BN atomic layers, 
h-BCN fi lms show high transparency at long 
wavelengths with two absorption peaks. The 
absorption edges have been studied in h-BCN 
with 65 at.% C. [  22  ,  178  ]  The optical bandgap 
was estimated to be of 4.48 eV, which comes 
from the h-BN domains in the fi lm. However, 
it is smaller than that of pure h-BN sample, 
indicating the effect of C doping on BN 
domains. We found that increasing C con-
tent to 85 at.% lowers this values to 3.85 eV. 
The optical bands of 1.62 and 1.51 eV were 
obtained from the samples with 65 and 
85 at.% C, respectively. This absorption edge 
is thought to be from h-BN-doped graphene 
domains. [  59  ]  

 It has been anticipated that the electronic 
structure and properties of B–C–N will be 
quite different depending on the composition 
and atomic arrangement of B, C, and N ele-
ments in the lattice. [  35,36  ,  38  ]  We have investigated the electrical 
properties of the CVD-grown h-BCN fi lms. [  59  ]   Figure    9  a shows 
a typical h-BCN based device connected to four electrodes. It is 
found that the electrical conductivity of h-BCN increases with 
increasing percentage of carbon (Figure  9 b). The pure h-BN is 
an insulator, while the BCN ribbon with 94% carbon has a very 
low resistivity of around 10  − 3   Ω  cm. Our results suggest that we 
can easily control the electrical properties of the h-BCN fi lms 
from insulating to highly conducting by tuning the carbon con-
centration. Figure  9 c shows the back-gate-dependent electrical 
response of h-BCN ribbons (40 at% C) at room temperature. 
The h-BCN fi eld-effect transistor exhibits ambipolar semicon-
ducting behavior, and the results indicate that the h-BCN fi lms 
have an atomic structure consisting of hybridized h-BN and 
graphene domains, since theoretical and experimental investi-
gations have indicated that B–C–N mixed phases are typically 
p-type semiconductors. We want to point out here that the above 
electrical transport data do not support C/BN stacked struc-
ture; otherwise, the conductivity should be dominated by the 
highly conducting graphene layer. Figure  9 d shows typical tem-
perature dependence of the resistance for a pristine graphene 
sample and h-BCN ribbon with 90 at% carbon in zero magnetic 
fi eld. As is clearly seen, the resistance increases monotonically 
as the temperature decreases, which indicates that pristine 
graphene acts as a semiconductor with zero bandgap in agree-
ment with previous reports. In contrast to pristine graphene, 
h-BCN shows a clear insulator-to-metal transition with a peak 
at around 10 K, where a negative derivative of the resistance as 
a function of temperature (d R /d T ) corresponds to insulating 
behavior, and the positive sign is empirically associated with 
4887wileyonlinelibrary.comheim
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     Figure  9 .     Electrical properties of h-BCN atomic layers. a) Optical image of h-BCN-ribbon-based 
FET device with four electrodes. b) Electrical properties of h-BCN with different carbon percent-
ages tested at room temperature. c)The drain current as a function of the back gate voltage for 
an FET device based on a h-BCN ribbon (with 40 at.% carbon). The drain source voltage is fi xed 
at 1 V. d) Temperature dependence of the resistance for pristine graphene and h-BCN ribbon 
with 90 at.% carbon, demonstrating an interesting insulator-to-metal transition in the h-BCN 
atomic layer. Reproduced with permission. [  59  ,  181  ]  Copyright 2010 Nature Publishing Group.  
metallic behavior. Experimentally, on the insulating side of the 
transition, the two terminal resistance of h-BCN monotonically 
increases to reach a maximum as the temperature decreases 
from room temperature to around 10 K. On the metallic side 
of the transition, the resistance drops drastically by more than 
one order of magnitude as the temperature decreases from 10 
K to the lowest achieved value of 500 mK. As discussed above, 
the h-BCN samples consist of a percolating graphene network 
embedded within h-BN domains. Since the BN domains have 
a very large bandgap ( ∼ 5 eV) acting like an “infi nite” barrier, 
the electronic and transport properties of the graphene net-
work will be similar to those of the graphene nanohole super-
lattices. [  179  ]  Small bandgaps can be opened in graphene as a 
result of quantum confi nement and/or spin-polarization at a 
specifi c C–BN boundary. [  30  ,  179,180  ]  We suggest that the observed 
insulator-to-metal transition in h-BCN is the result of the coex-
istence between two distinct mechanisms, namely, percolation 
through metallic graphene networks and hopping conduction 
between edge states on randomly distributed insulating h-BN 
domains. Such h-BCN structures and phases provide a unique 
opportunity to study disordered 2D systems and the ability to 
tune electronic properties with and without the presence of a 
magnetic fi eld.    

 4.2. Direct Deposition of h-BN on Graphene 

 There is a strong interest to create stacks of graphene and h-BN 
layers for electronic applications, and this has been achieved by 
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transferring the respective layers produced by 
mechanical exfoliation. [  64  ]  Interesting devices 
can be built from the stacking of graphene 
and h-BN atomic layers, for example a capac-
itor (G/h-BN/G) with the thinnest dielec-
tric layer possible. These devices are being 
investigated by several groups around the 
world. However, a facile and scalable syn-
thesis approach to make G and h-BN stacked 
structures could enable a lot of fascinating 
research in this area. Recently, it has been 
reported that the on/off ratio of graphene 
devices could reach 50 by vertically and alter-
natively stacking graphene and h-BN atomic 
layers. [  66  ]  Our group has demonstrated the 
direct CVD growth of G and h-BN stacks via 
a two-step process, [  146  ]  which could pave the 
way for scale-up synthesis of G/h-BN stacks 
over large areas. 

 The stacked G/h-BN structure consists 
of alternatively stacked graphene and h-BN 
atomic layers, as illustrated in  Figure    10  a. 
Figure  10 b shows an optical image of as-
grown G/h-BN stacked structure transferred 
on a silica substrate. In the optical micros-
copy image, the striped area is graphene 
region, and the rest of the area is G/h-BN. 
Some exposed SiO 2  regions in light purple 
can also be seen. Figure  10 c shows a SEM 
image of G/h-BN stacks. The left region 
is pure graphene and the right one is G/h-BN stack. Figure 
 10 d shows the TEM morphology of the G/h-BN stacked fi lm. 
The inset of d is the corresponding diffraction patterns con-
sisting of two groups of six-fold symmetry spots, indicating a 
possible G/h-BN stacked structure. High-resolution TEM in 
Figure  10 e reveals that the stacked structure consists of two to 
few layers. Figure  10 f is the TEM image corresponding to the 
zero energy loss maps, and Figure  10 g–i are elemental map-
ping showing the elemental distribution of carbon, nitrogen, 
and boron.  

 Raman spectra with 514.5 nm laser excitation was done on 
the G/BN stacked fi lms and compared with that from pure 
graphene layers. Figure  10 j shows that the G and 2D peaks of 
pure graphene are located at 1597 and 2695 cm  − 1 , and the inten-
sity of the 2D peak is much higher than that of the G peak. The 
disorder-induced Raman D-peak at 1350 cm  − 1  is quite small, 
indicating the high quality of the graphene. For the pure h-BN, 
a strong peak at 1369 cm  − 1  is observed which is ascribed to the 
E 2g  model of B–N vibration. [  22  ,  152  ,  178  ]  The spectrum of the G/
BN stacked fi lm is shown in Figure  10 k, in which four peaks 
are seen at 1356, 1595, 1622, and 2710 cm  − 1 . Here, the peak 
at 1356 cm  − 1  can be from the B–N vibration and D mode of 
graphene with the rest of the peaks coming from pure graphene 
layers. These results are distinct from our previous report on 
hybridized boron nitride and graphene domains (h-BCN) and 
pristine h-BN. In the work of h-BCN fi lms, it was found that 
the Raman peaks were induced by hybridized graphene and 
h-BN domains together, showing up as a mixed broad D band 
at 1360 cm  − 1  and a mixed suppressed 2D band at 2700 cm  − 1 . 
eim Adv. Mater. 2012, 24, 4878–4895



www.advmat.de
www.MaterialsViews.com

R
EV

IEW

     Figure  10 .     Synthesis and characterizations of graphene/h-BN stacks. a) Atomic model of a graphene and h-BN stack. b) Optical microscopy image 
of graphene/h-BN stacked atomic layers supported by the SiO 2  substrate. The wide-stripe is graphene, located at the center. Some tiny SiO 2  regions 
are noted. The rest of the area is covered by G/h-BN stacked layers. c) SEM image of G/h-BN landscape. The right region is pure graphene while the 
rest is G/h-BN stack in dark black. d) TEM images of G/h-BN stacked atomic layers showing its top morphology. Inset is the corresponding diffraction 
patterns. e) TEM image of edges of G/h-BN atomic layers showing a few-layered graphene and h-BN. f-i) TEM images of original G/h-BN atomic layers 
(f) and the GIF mapping of C (g), N (h), and B (i),  showing an uniform distribution for all elements. j,k) Raman spectra obtained from pure graphene 
and G/h-BN stacked fi lm, with 514 nm excitation laser. The insets correspond to optical images of the regions where Raman data were collected from. 
Reproduced with permission. [  146  ]  Copyright 2011 American Chemistry Society.  
For the G/h-BN stacked structure, its Raman peaks originate 
from the vibration modes corresponding to h-BN and graphene 
independently. Therefore, one can clearly see the photolumi-
nescence in the whole spectrum background induced by the 
top h-BN layers and the intrinsic characteristic G and 2D peaks 
originating from the bottom graphene layers. The Raman map-
pings clearly suggest the uniform and continuous coverage of 
graphene and h-BN atomic layers grown on the surface of the 
copper foil. 

 The XPS spectra from the stacked G/h-BN structure are pre-
sented in  Figure    11  a and a depth profi le test was used to con-
fi rm the stacked layer structure. A high-energy argon ion-beam 
was used to sputter the fi lm layer by layer from its top surface, 
and the spectra were analyzed (Figure  11 a) for B, N, and C. The 
analysis showed that the B and N core level peaks correspond 
to those from h-BN, and the C peak corresponds to graphene, 
once again proving the stacked geometry. [  150,151  ]  Figure  11 b 
is a schematic illustration of how the argon ion-beam sput-
ters G/h-BN layers sequentially. The atomic concentration 
and intensity decrease for both B and N as Ar ion etching 
continues, suggesting h-BN as the top layer being removed 
from the as-grown stacks during sputtering. Figure  11 c 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 4878–4895
shows the evolution of atomic concentration and intensity for 
elements B, N, and C. In addition, also we have demonstrated 
that h-BN we grew h-BN using HOPG as a substrate. This 
h-BN fi lm is found to be extremely uniform and continuous; 
no defects or holes that would expose the HOPG underneath 
are observed.    

 4.3. Direct Growth of Graphene on h-BN 

 Compared to the direct growth of h-BN on graphene, the reverse 
growth of graphene on h-BN was demonstrated via a general 
transfer-free method. The growth was demonstrated for large 
areas of uniform bilayer graphene on h-BN and other insulating 
substrates, from solid carbon sources such as fi lms of poly(2-
phenylpropyl)methysiloxane (PPMS), PMMA, polystyrene (PS), 
and poly(acrylonitrile- co -butadiene- co -styrene) (ABS). [  93  ]  The 
carbon feedstock were deposited on the insulating substrates 
and then capped with a layer of nickel. At 1000  ° C, under low 
pressure and a reducing atmosphere, the carbon source could be 
transformed into a bilayer graphene fi lm on the insulating sub-
strates. The Ni layer was then removed by dissolution, making 
4889wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  11 .     Determine the stacking order of graphene and h-BN layers by XPS depth-profi ling. a) Evolution of count/second for B, N, and C 1s core 
levels during alternative etching of Argon ion. It indicates that the signal from B and N become weaker during etching (from 1 to 4), while the strongest 
signal from C is obtained after etching for 1 min. b) Schematic illustration of how the argon ion-beam sputters G/h-BN layers. c) The relative atomic 
concentration with increasing etching time. Reproduced with permission. [  146  ]  Copyright: 2011 American Chemistry Society.  
it possible for the bilayer graphene to directly sit on the insu-
lator such as h-BN with no traces of polymer left from a typical 
transfer step. More details of the growth process were described 
the literature. [  146  ]  The sheet resistances of the graphene fi lms on 
the h-BN substrates were found to be  ∼ 2000  Ω / � .   

 4.4. Artifi cially Stacked G-BN van-der-Waals Solids 

 For large-scale synthesis of atomic layers, liquid exfoliation has 
been generally employed. Solids containing G and h-BN ran-
domly stacked together can be obtained by taking the exfoliated 
layers and mixing them together. The chemical exfoliation of 
bulk h-BN and graphite powders in organic solvents with soni-
cation and centrifugation allows good dispersion of individual 
layers. The approach of mixing exfoliated atomic layers of var-
ious compositions to obtain randomly layer stacked solids is 
new and could lead to enormous possibilities of new types of 
van der Waals stacked materials. 

 We have demonstrated the above concept with layers of 
graphene and h-BN. The h-BN dispersion in isopropanol 
890 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
solvent was fi rst prepared and then mixed with graphene 
dispersions. The G/h-BN hybrid dispersion was found to be 
stable and remain dispersed even after several months. These 
dispersions when fi ltered produce fi lms that contain layers of 
both graphene and h-BN. The overall composition of these 
solids can be controlled by varying the initial concentration 
of the mixture.  Figure    12  b shows a typical TEM image of the 
chemically exfoliated and artifi cially stacked solids consisting 
of randomly stacked layers of graphene and h-BN. EELS 
spectra in Figure  12 a and c identify the atomic composition 
of the G/h-BN hybrid; K-shell ionization edges of B, C, and N 
are visible at 189, 289, and 407eV, respectively. They indicate 
that isolated graphene and h-BN layers have been alternately 
stacked together to form a random artifi cial structure bound 
by van der Waals force. The chemical exfoliation approach 
could be used to create artifi cial materials, made from the 
van der Waals stacking of robust atomic layers of different 
layered solids with vastly different properties. Figure  12 d–f 
show Raman spectra and mappings that have been used to 
study the distributions and possible stacking orders of these 
hybrid solids.     
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4878–4895
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     Figure  12 .     Synthesis and characterizations of graphene/h-BN artifi cial solid. a-c) TEM image 
and elemental analysis of G/h-BN artifi cial stacks prepared by the chemical exfoliation method. 
b) TEM image of G/h-BN stacks. a,c) Corresponding EELS spectra from the regions marked in 
(b). Inset in a: Dispersions of h-BN (isopropanol, IPA), graphene (dimethylformamide, DMF) 
and hybrid of h-BN and graphene. d) Typical Raman spectrum of G/h-BN stacks. The peak 
located at  ∼ 1366 cm  − 1  is from the E 2g  vibration of h-BN. This asymmetry peak indicates a pos-
sible D peak from graphene. Peaks located at  ∼ 1583 and 2724 cm  − 1  are the G and 2D peaks 
of graphene, respectively. Inset: optical image for G/h-BN solid where the Raman spectrum is 
collected. e,f) Raman mappings of the region marked in a white square in the inset of (d) at a 
Raman shift of 1580 (e) and 1370 (f) cm  − 1 . Reproduced with permission. [  182  ]  Copyright 2012 
American Chemical Society.  
 5. Conclusion and Future Outlook 

 In this article, we have briefl y reviewed the recent progress 
of our group at Rice University on the synthesis, charac-
terization, property measurements, and applications of 2D 
atomic layers containing B, C, and N. The BCN phase dia-
gram is rich with various to-be explored phases with proper-
ties ranging from metallic to semiconducting to insulating. 
Two major phases that have received tremendous attention 
recently are graphene (pure C) and h-BN. These have been 
isolated or grown as uniform atomic layers, and related prop-
erties are unveiled to a large degree. There are still possi-
bilities for creating hybrid structures with these components 
because graphene and h-BN are structurally similar. Since 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Mater. 2012, 24, 4878–4895
they are meanwhile electrically dissimilar, 
various interesting devices could arise from 
the controlled engineering of these phases, 
both in two dimensions as well as in three-
dimensional stacking. 

 BCN nanostructures were theoretically 
expected to show a rich variety of physical 
properties and to enable numerous possible 
technological applications in the fields of 
nano-electronics, optical devices, field emis-
sion, catalysis, lubrication, and gas storage. 
Much effort from the experimental side as 
mentioned before have been performed to 
synthesize BCN-based nanostructures with 
various geometries. The hunt for 2D BCN 
atomic layers beyond graphene and h-BN 
has recently started. However, the research 
of B/C/N systems is still very much in its 
early stages. Many challenges related to the 
controllable synthesis and detailed charac-
terizations need to be addressed before a 
comprehensive exploration of the under-
explored regions of the BCN phase diagram. 
These challenges include how to prepare 
atomic layer phases with controlled com-
positions, how to determine the location 
of various atoms using techniques such as 
scanning tunneling microscope (STM) and 
scanning tunneling spectroscopy (STS), 
and how to correlate experimental results 
on electronic and magnetic properties to 
the determined structure and theoretical 
predictions. 

 The synthesis of several BCN layered 
phases (e.g., BCN, BC 2 N, BC 3 ) could follow 
recent successes in the synthesis of graphene 
and h-BN over metal substrates using CVD 
or other techniques. The methods used for 
co-doing B and N into nanocarbons could be 
another possible way for realizing uniform 
BCN layers. Several theoretical predictions 
exist showing the wide range of properties 
of the BCN phases, and it is for the experi-
mentalists to explore this phase diagram and 
attempt to synthesize atomic layers of dif-
ferent compositions of B, N, and C. In addition to the full-
fl edged phases with specifi c compositions, there also exists 
interest in doping graphene with B and N with small amounts. 
The same holds for doping of h-BN with carbon. These doped 
structures should exhibit interesting electronic properties. 
The trick is, as we have shown in the review, to keep the 
dopants well distributed in the lattice of graphene or h-BN as 
they have strong tendencies to segregate and form domains 
of pure carbon and BN. Experimentalists will have to fi nd the 
right processing windows via systematic trial and error to pin 
down novel BCN phases as well as uniformly doped graphene 
and BN lattices, and this will be no small challenge. While 
new applications of well-known phases such as graphene 
and h-BN keep emerging, we believe that the search for BCN 
4891wileyonlinelibrary.comeim
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