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 Carbide-Derived Carbons – From Porous Networks to 
Nanotubes and Graphene 
  Volker   Presser  ,     Min   Heon  ,     and   Yury   Gogotsi   *   
 Carbide-derived carbons (CDCs) are a large family of carbon materials derived 
from carbide precursors that are transformed into pure carbon via physical 
(e.g., thermal decomposition) or chemical (e.g., halogenation) processes. 
Structurally, CDC ranges from amorphous carbon to graphite, carbon nano-
tubes or graphene. For halogenated carbides, a high level of control over the 
resulting amorphous porous carbon structure is possible by changing the 
synthesis conditions and carbide precursor. The large number of resulting 
carbon structures and their tunability enables a wide range of applications, 
from tribological coatings for ceramics, or selective sorbents, to gas and 
electrical energy storage. In particular, the application of CDC in supercapac-
itors has recently attracted much attention. This review paper summarizes 
key aspects of CDC synthesis, properties, and applications. It is shown that 
the CDC structure and properties are sensitive to changes of the synthesis 
parameters. Understanding of processing–structure–properties relationships  
facilitates tuning of the carbon material to the requirements of a certain 
application. 
  1. Introduction 

 In parallel  with the rise of nanomaterial research and applica-
tions, interest in carbons as multipurpose materials has spiked 
in recent years. [  1,2  ]  One fi eld in particular has attracted atten-
tion: carbon materials for energy-related applications such as 
batteries, supercapacitors, fuel cells, and gas storage. [  1  ]  It is nec-
essary to understand the relationship between carbon structure 
and the resulting properties to be able to tune and optimize 
the carbon material to meet application requirements. With 
carbon materials existing in a variety of forms (amorphous and 
crystalline; sp 2  and sp 3  hybridization; porous and dense; fi lms, 
particles, nanotubes, and fi bers) numerous applications are 
possible, [  2  ]  but selecting the best material for a specifi c applica-
tion may be challenging. 

 Porous carbons, fullerenes, nanotubes and, more recently, 
graphene are among the most widely studied materials. While 
there are numerous methods of synthesizing carbon materials 
from gaseous, solid, and liquid precursors, their synthesis 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com
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from carbides has attracted special atten-
tion lately. [  3,4  ]  Carbide-derived carbons 
(CDCs) encompass a large group of car-
bons ranging from extremely disordered to 
highly ordered structures ( Figure  1  ). The 
carbon structure that results from removal 
of the metal or metalloid atom(s) from the 
carbide depends on the synthesis method 
(halogenation, hydrothermal treatment, 
vacuum decomposition, etc.), applied tem-
perature, pressure, and choice of carbide 
precursor.  

 The growing interest  in this fi eld is 
refl ected  by a rapidly increasing number 
of publications and patents. A signifi cant 
progress in CDC research has been seen in 
several fi elds. Various carbide precursors 
have been systematically studied. Studies 
on binary carbides with different grain 
sizes show the possibility of low-temper-
ature carbon formation for nanopowders. 
Also, a better understanding of graphene 
formation during high-temperature vacuum decomposition of 
silicon carbide has been achieved since SiC single crystals are 
now available in large sizes with extremely low defect concen-
trations and an almost atomically fl at surface fi nish. [  8  ]  

 CDC applications as electrode materials in electric double 
layer capacitors have attracted much attention lately. [  9  ]  The 
unique properties of porous CDC obtained by halogenation, 
such as a high specifi c surface area and tunable pore size with 
a narrow size distribution, make it an ideal material for sorb-
ents or supercapacitor electrodes. CDCs have been derived 
from many precursors (SiC, TiC, Mo 2 C, VC, etc.) using a 
variety of treatment conditions that lead to a broad range of 
useful properties. Furthermore, graphene, [  10  ]  nanotubes, [  11  ]  
and even nanodiamond [  12  ]  can be produced from carbide 
precursors. Their applications naturally differ from those of 
porous CDC. 

 The last comprehensive journal review on this subject was 
published about  fi fteen years ago in Russian; [  13  ]  book chapters 
published later [  3,4  ,  14  ]  are less accessible and  require  updating 
due to  rapid progress in the fi eld over the past few years. 
The most recent review of CDC [  14  ]  covers only energy-related 
applications. Therefore, a comprehensive review on the fi eld is 
long overdue. The goal of this article is to show how a variety 
of carbon structures can be produced from carbides, to explain 
how those structures can be controlled on the nanometer and 
subnanometer scale, and to describe CDC properties that are 
benefi cial for a number of applications. 
Adv. Funct. Mater. 2011, 21, 810–833
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    Figure  1 .      Transmission electron microscopy images of various CDC 
structures as obtained from carbide chlorination [  4 ,   5  ]  (a–g, j) and vacuum 
decomposition of SiC [   6,7   ]  (h–i). Amorphous porous carbon (a), turbos-
tratic carbon (b), fullerene-like carbon (c), nano-diamond (d), onion-like 
carbon (e), carbon nano-barrels (f), mesoporous carbon (g), carbon 
nanotubes (h), epitaxial graphene (i), graphite (j). The scale bar is 5 nm.  
Reproduced with permission. [  4  ]  Copyright 2006, CRC Taylor & Francis. 
Reproduced with permission. [  5–7  ]  Copyright 2008-2010, Elsevier.  
   2. Nomenclature 

 Over the years, different terms were used for CDCs, such as 
“mineral carbons” [  15  ]  or “nanoporous carbons” (NPC). [  13  ]  While 
the former has been  out of use  for a long time, the latter does 
not refl ect the variety of carbon structures present in the CDC 
family and  does not  differentiate between  CDC  and an acti-
vated or template carbon with nanoscale porosity.  In recent  
years, most studies refer to CDC using a nomenclature that 
clearly  indicates the carbide precursor. Silicon carbide-derived 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 810–833
carbon, for example, has been referred to as SiC-CDC, [  16  ]  
SiC-DC, [  17  ]  Si-CDC, [  18  ]  or SiCDC. Since the latter two, however, 
do not  indicate the  different stoichiometries of the precursor 
(e.g., B 4 C, TiC 0.5 , or WC vs. W 2 C) and are not applicable to car-
bons derived from carbonitrides (e.g., SiCN) and other complex 
compounds, they should not be used. We will use the “pre-
cursor-CDC” terminology and recommend  its use in future 
bH & Co. KGaA, Weinheim 811wileyonlinelibrary.com
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publications as the most descriptive term. This nomenclature 
can also be used for a more general description of precursor 
type, such as PDC-CDC (polymer-derived ceramics). For CDC 
derived from ordered mesoporous (OM) carbide precursors, 
the nomenclature OM-CDC was introduced [  19  ]  in analogy to 
OM-SiC. [  20  ]  In this regard, we suggest using a more specifi c 
term, like OM-SiC-CDC, which clearly  indicates the  precursor  
and not just the resulting  structure.   

 3. CDC Synthesis and Structure 

 Several chemical reactions and physical processes can be used 
for CDC synthesis. Halogenation and especially chlorination 
has become one of the key synthetic methods for large-scale 
production of CDC. All CDC synthesis methods have one  
aspect in common: carbon is formed by  selective extraction of 
the metal or metalloid atoms,  transforming  the carbide struc-
ture into pure carbon. In this way, the carbon layer is formed by 
inward growth, usually  with the retention of the original shape 
and volume of the precursor. If the remaining reaction prod-
ucts (e.g., metal chlorides) are trapped in the pores, they can 
be removed by subsequent treatment such as hydrogenation or 
vacuum annealing. While CDC grows into the substrate carbide, 
other carbon-forming processes used for manufacturing carbon 
fi lms (chemical or physical vapor deposition: CVD, PVD) coat  
the fi lm  onto an existing substrate (bottom-up versus top-down 
approach, respectively). 

 CDC can be formed from carbide precursors by many dif-
ferent methods, including acid etching or reactions with inor-
ganic salts;  however, chemical extraction of the metal atom(s) 
via halogenation, hydrothermal treatment,  and vacuum decom-
position are the most common chemical reactions leading to 
carbon formation and they will be discussed in detail in the fol-
lowing sections.  

 3.1. Halogenation 

  3.1.1. Historic Perspective and Carbide Precursors 

 Selective extraction of metal atoms from the carbide lattice was 
reported at elevated temperatures (typically above 200  ° C) and 
ambient pressure for many carbides. Chlorination of silicon car-
bide, originally patented by Otis Hutchins in 1918,  was the fi rst 
reported method  of producing CDC. [  21  ]  By exposing hot silicon 
carbide to dry chlorine gas, the formation of silicon tetrachlo-
ride and residual carbon was observed following  Equation 1 :

 SiC(s) + 2Cl2(g) → SiCl4(g) + C(s)   (1)   

  Slightly modifi ed in 1956, [  22  ]  this process was widely used for 
large-scale synthesis of SiCl 4  before pure silicon became abun-
dantly available as a result of the advent of the modern semi-
conductor industry. Initially regarded as  merely an undesired 
byproduct of SiCl 4  synthesis produced in ton quantities, it was 
later realized that porous CDC was a new class of carbon. [  15  ]  
The novelty and the name “mineral carbon” [  15  ]  were justifi ed 
in terms of structure (chlorination usually produced highly 
disordered porous carbon) and absence of organic residues, 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
unlike that in activated carbon. Remaining residual chlorine or 
metal chlorides can be removed by annealing, for example, in 
hydrogen gas. From the experience of large-scale SiCl 4 synthesis, 
it is clear that CDC synthesis process can be easily  scaled up to 
manufacturing commercial quantities of carbon per year. 

 For many binary carbides (e.g., M  =  Si, Ti, Zr),  Equation 2  
yields both gaseous MCl 4  and solid carbon in the temperature 
range of interest: [  23–25  ]  

MC(s) + 2Cl2(g) → MCl4(g) + C(s)   (2)   

  The carbon formation by selective carbide etching is possible 
for other binary carbides and different halogens [  26–30  ]  leading to 
a more general reaction equation: 

x · MC(s) + y/
2 · A2(g) → MxAy(g) + x · C(s)   (3)   

where A is a gaseous halogen (F 2 , Cl 2 , Br 2 , I 2 , or mixtures 
thereof) or a halogen-containing etchant (e.g., HCl, HF), and 
M  x  A  y   a gaseous reaction product. 

 Fluorination with F 2 , or with a milder agent (e.g., CoF 3 ), was 
shown to etch a large number of carbides (Al 4 C 3 , B 4 C, CaC 2 , 
Cr 3 C 2 , Fe 3 C, SiC, ThC 2 , TiC, UC 2 , WC) and fl uorocarbons were 
identifi ed as a solid reaction product. [  31  ]  Direct fl uorination was 
found to be very aggressive, either producing fl uorocarbons 
from carbides [  31  ]  or leading to the disintegration of SiC thin 
fi lms. [  32  ]  Non-fl uorinated SiC-CDC was described in the case of 
XeF 2  etching, offering a method of low-temperature synthesis 
(120  ° C) [  32  ]  as an alternative to SiC chlorination, which is usu-
ally carried out at much higher temperatures. [  4  ]  

 For ternary carbides, more complex reaction equations 
must be written. For example, when considering Ti 3 SiC 2  
we must be aware that partial chlorination may yield more 
solid reaction products, namely silicon carbide and titanium 
carbide, along with carbon. [  33  ]  The same was discussed for 
Ti 2 AlC. [  34  ]  Some metal chlorides, for example, CaCl 2 , have a 
high melting point ( T  m   =   782  ° C) and may be present as solid 
reaction products. 

 A large number of binary and ternary carbides have been 
used for CDC synthesis: Al 4 C 3 , B 4 C, BaC 2 , CaC 2 , Cr 3 C 2 , Fe 3 C, 
Mo 2 C, MoC, Nb 2 C, NbC, SiC, SrC 2 , Ta 2 C, TaC, Ti 2 AlC, Ti 3 AlC 2 , 
Ti 3 SiC 2 , TiC, VC, W 2 C, WC, and ZrC. [  18  ,  23  ,  33–58  ]  Using the same 
technique and temperatures as for carbide chlorination, porous 
CDC nanostructures were also reported for, e.g., carbonitrides, 
carbide-nitride composites, such as ZrC/ZrN  [  15  ]  and SiC/
Si 3 N 4  [  5  ]  or carbon and metal containing substances other than 
carbides such as ferrocene (Fe(C 5 H 5 ) 2 ). [  59–61  ]  

 Many kinds and shapes of CDC materials have been formed 
via halogenation of such precursors: ceramic bodies obtained 
by sintering, [  62  ]  or hot-pressing, [  24  ]  whiskers, [  30  ]  thin fi lms, [  41  ,  63  ]  
and both micro- and nanometer-sized powders, [  29  ,  42  ,  45  ]  as well 
as single crystals. [  61  ]  With large, high quality silicon carbide 
single crystals [  64  ]  and high-quality carbide thin fi lms [  65  ]  widely 
available, a number of fundamental studies have been  carried 
out and have greatly enhanced our understanding of CDC for-
mation. The use of high-purity materials in the form of single 
crystals or thin fi lms eliminates complications caused by the 
presence of sintering aids and high defect or impurity concen-
trations in ceramic materials. 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 810–833
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    Figure  2 .     Thermodynamic calculations for the chlorination of silicon carbide with different 
carbide to chlorine ratios. Chlorine to carbide ratio of 1:1 (a), 5:1 (b), and 20:1 (c).   
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 Chlorination is the most economic and 

scalable method for CDC synthesis. Two com-
panies, Y-Carbon (located near Philadelphia, 
USA) and Skeleton Technologies (located in 
Tartu, Estonia)  produce  CDC as their main 
product and are in the process of scaling up 
the production. A number of other compa-
nies, however, produce CDC as a byproduct 
of metal chloride synthesis. Production costs 
can be further reduced when chlorination is 
performed in a closed-loop system  in which  
the reaction product (e.g., TiCl 4 ) is recycled 
and turned back into metal carbide, such as 
TiC. The costs can also be lowered by uti-
lizing high-purity chlorides (SiCl 4 , TiCl 4 , or 
MoCl 5 ) produced along with CDC. There is 
a high demand for these chlorides,  espe-
cially TiCl 4 , because hydrolysis of titanium 
tetrachloride is the most common commer-
cial route to  the synthesis of  TiO 2 , as either 
nanometer or micrometer-sized particles, [  66  ]  
for photocatalytic and other applications.   

 3.1.2. Thermodynamics of Carbide Reactions 
with Halogens 

 Thermodynamic analysis of chlorination 
of SiC, [  3  ,  67  ]  Ti 3 AlC 2 , [  34  ]  Ti 2 AlC, [  33  ]  TiC, [  3  ]  and 
ZrC  [  51  ]  has been reported and has helped to 
understand what kind of reactions can lead 
to carbon formation, and the effect of  tem-
perature, pressure and concentration on the 
formation of carbon. The two most important 
factors of thermodynamic signifi cance are 
the treatment temperature and the chlorine-
to-carbide ratio,   χ  . From calculations, it is evi-
dent that the halogen species must be present 
at an excess amount to produce carbon 
without residual solids (TiC, SiC, etc.) even at 
temperatures as high as 1200  ° C ( Figure  2  ). 

It was also suggested that carbon formation from binary [  51  ]  and 
ternary carbides [  34  ]  is possible even at room temperatures where 
carbon is not the only solid phase in the reaction (Figure  2 a) 
and a high content of unreacted carbide is present.  

 For CDC formation, we can identify three different tem-
perature ranges. [  51  ]  In the low temperature range I, no CDC 
formation is predicted because of the preferred formation of 
CCl 4 . At moderate temperatures, both CCl 4  and carbon forma-
tion can be observed (range II). In the high temperature range 
III,  solid carbon  is the  only stable carbon-containing reac-
tion product. With an increased chlorine to carbon ratio, the 
onset of carbon formation and maximum carbon yield (range 
III) shifts to higher temperatures. From those calculations, it is 
clear that there is an optimum value for    χ  , corresponding to a 
large range over which a maximum yield of pure carbon as the 
only stable reaction product can be observed. High values for    χ   
shift the onset of range III to high temperatures and low values 
of   χ   result in unreacted carbide or in decreased yield because of 
the presence of CCl 4 . 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 810–833
 While thermodynamic calculations provide valuable infor-
mation on CDC formation under equilibrium conditions in a 
closed system, the typical apparatus for carbide chlorination is 
an open system  in which  gaseous reaction products are con-
tinuously removed  in a steady fl ow of chlorine-containing gas, 
shifting  Equation 3  to the right and favoring carbon forma-
tion. Thus, thermodynamic calculations should be considered 
as a guideline suggesting that maximum yield of carbon can 
be observed at moderate temperatures for moderate chlorine-
to-carbide ratios. 

   3.1.3. Reaction Kinetics 

 CDC growth can usually be described with a linear growth rate 
( k  l ) [  25  ,  68  ]  for porous fi lms up to approximately 50–100  μ m thick-
ness, [  26,27  ,  69,70  ]  indicating a reaction-controlled mechanism 
( Figure  3  a). This is in contrast to oxidation of, for example, silicon 
carbide, [  71  ]  which obeys a parabolic growth law for layers thicker 
than 2 nm after an initial linear growth phase. The linear growth 
bH & Co. KGaA, Weinheim 813wileyonlinelibrary.com
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    Figure  3 .     Growth kinetics of CDC fi lms during chlorination of Tyranno SiC fi bers  [   69   ]  in pure Cl 2  (a) and sintered  α -SiC  [   45   ]  in Ar  +  3.5% Cl 2  (b). As seen, 
for a short time and at low temperatures, linear kinetics  are observed. For thicker CDC fi lms, the parabolic time law is clearly visible. Panel (a) repro-
duced with  permission. [   69   ]  Copyright  2003, John Wiley and Sons. Panel (b) reproduced with permission. [   45   ]  Copyright 2006, Institute of Physics.   
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of CDC fi lms results from  the high porosity of the CDC layer 
(see section 2.1.4). Micropores ( < 2 nm) provide an accessible net-
work for the outward diffusion of the SiCl 4  molecule (0.568 nm). 
In this way, carbide fi bers, [  69  ,  72  ]  fi lms, [  73  ]  plates, [  74  ]  and powders 
 [  51  ]  can be completely transformed into CDC by halogenation.  

 For thicker CDC layers and longer halogenation times, lin-
ear–parabolic Deal-and-Grove-like growth kinetics indicating a 
diffusion-controlled mechanism have been reported. [  49  ,  69  ]  It is 
possible to fi t the CDC fi lm growth data reasonably well with 
a linear regression (Figure  3 b) up to approximately 80  μ m 
for chlorination at 1000  ° C and up to 50  μ m  at 900  ° C (Ar  +  
1.04 wt% Cl 2 ). [  45  ]  With the diffusion kinetics following an Arrhe-
nius temperature dependency, the linear regime of CDC forma-
tion becomes  narrower at lower temperatures. 

 In steady-fl ow chlorination, the gas fl ow rate was shown to have 
a signifi cant infl uence on the halogenation rate. Orekhov et al. [  25  ]  
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
determined the chlorination rate of ZrC and found constant  k  l -
values ( ± 5%) above  ∼  6 mm/s gas fl ow and an abrupt decrease by a 
factor of 2  in the CDC rate  at  values  below that. The rate change 
can be explained by the thermodynamic calculations presented in 
Figure  2 : a decrease in the chlorine gas pressure creates a local 
atmosphere near the carbide surface causing the chlorination rate 
to drop. The chlorination rate also depends on the geometry of the 
chlorination apparatus and the sample type. For example, densely 
packed thick layers of carbide powder may require higher fl ow 
rates and/or longer chlorination times than thin fi lms. This is in 
agreement with a recent study on TiC-CDC formation kinetics 
where the conversion rate was found to be a function of chlorine 
concentration following a Langmuir–Hinshelwood equation. [  68  ]  
The most  important aspect of CDC formation, however, is that 
with a well-calibrated temperature and time dependency, it is pos-
sible to control the CDC fi lm thickness with high accuracy. 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 810–833
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    Figure  4 .     TEM (a–c) and SEM (d) images showing a comparison of 
3C-SiC ( β -SiC) whiskers at various stages of chlorination: as received 
(a), chlorinated at 700  ° C (b) and 1200  ° C (c). Shape and size of the 
initial whisker are largely maintained after silicon carbide halogenation 
(d). The diagonal structures seen in Figure 4b and c originate from the 
TEM grid (lacey carbon). Reproduced with permission. [   30   ]  Copyright 2006, 
The American Ceramic Society.  
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 Changing the halogen concentration in the gas phase will 

also result in a different CDC formation rate. For example, 
adding hydrogen to pure chlorine gas was shown to slow 
down the net reaction rate of SiC chlorination considerably (a 
decrease of 22% for every 1% H 2  addition to Cl 2  at 1000  ° C [  75  ] ). 
Additionally, a direct relation between the fl uorine partial gas 
pressure and the resulting fl uorination rate of ZrC was reported 
by Kuriakose et al. [  27  ]  

 When performing carbide halogenation at different tempera-
tures, the activation energy  E  a  of CDC formation can be calcu-
lated using an Arrhenius equation. For the chlorination of TiC 
(NbC), an activation energy of 50 (38) kJ mol  − 1  was reported by 
Kirillova et al. [  23  ]  in the temperature range between 400–800  ° C. 
Kuriakose et al. calculated an activation energy of 92 kJ mol  − 1  
for fl uorination of ZrC and HfC in the range of 300–900  ° C. 
For ZrC chlorination at higher temperatures, there  is a large 
decrease in the activation energy from 62 kJ/mol (450–650  ° C) 
to a very low value of 10 kJ/mol (650–950  ° C). A similar but less 
drastic decrease in  E  a  is seen in the data presented by Zelikman 
et al. [  49  ]  for WC: 153 kJ mol  − 1  between 600  ° C and 750  ° C, and 
42 kJ mol  − 1  between 750  ° C and 980  ° C. For TiC under the same 
conditions, no such change in the activation energy was reported 
and a constant  E  a  of 23 kJ mol  − 1  (650–900  ° C) was found. This 
could be explained in terms of reaction control: at higher tem-
peratures, the lower activation energy is caused by the predomi-
nance of the reaction itself (corresponding to linear kinetics), 
while at lower temperatures CDC formation is diffusion-
controlled (corresponding to parabolic kinetics). Values above 
100 kJ mol  − 1  are in the range of typical diffusion-related activa-
tion energies (e.g., 113 kJ mol  − 1  for O 2  diffusion in silica glass [  76  ] ). 
This is corroborated by the reported value of  E  a     =   144 kJ mol  − 1  
for the parabolic CDC layer growth on SiC at 900–1000  ° C. [  69  ]  

   3.1.4. Conformal Carbide-to-Carbon Transformation 

 CDC formation by carbide halogenation typically main-
tains the original shape and volume of the carbide precursor 
and is, therefore, referred to as a conformal transformation 
process. [  69,70  ]  This phenomenon was fi rst reported for TiC 
powder where grain size and shape did not change as a result 
of chlorination. [  43  ]  A recent transmission electron microscopy 
(TEM) study on CDC synthesis showed that the net shape of 
even  a complex shaped carbide precursor is maintained after 
chlorination of  β -SiC whiskers. [  30  ]  This conformal transforma-
tion is shown in  Figure  4   where a  β -SiC precursor is gradually 
consumed by the forming CDC layer until the entire whisker 
has been fully transformed.  

 Due to their extremely high porosity ( > 75 vol%), a partial col-
lapse of the carbon structure and resulting cracks were reported 
for micrometer sized powders of CDC from ternary carbides 
(Ti 3 AlC 2 , Ti 2 AlC) and carbonitrides, (Ti 2 AlC 0.5 N 0.5 ). [  33  ]  Although 
largely conformal, some shrinkage was observed along the 
 a -axis ( Figure  5  a) in which the density of carbon atoms is lower. 
This phenomenon is a limitation for CDC synthesis from thin 
fi lms or for manufacturing thick free-standing CDC plates from 
certain carbides. For refractory bodies or thin fi lms, crack for-
mation or structural collapse may occur for CDC with a porosity 
larger than 68–74 vol%, as  predicted by the structural stability 
criterion of highly porous ceramics  calculated by Pabst et al. [  77  ]   
© 2011 WILEY-VCH Verlag GmbAdv. Funct. Mater. 2011, 21, 810–833
 The conformal carbide-carbon transformation can also be 
observed when using polymer-derived carbides (PDC),  such as  
polycarbosilane-derived silicon carbide [  72  ]  or polymer-derived 
silicon carbonitride, [  5  ]  as precursors. While net shape and size 
changes can be observed when comparing the precursor and 
the material after pyrolysis, only minimal changes result from 
subsequent halogenation. Biomorphic porous carbon is a spe-
cial form of template that can be obtained from carbonized 
paper  and readily reacts with methane and TiCl 4  to form mes-
oporous TiC. [  78  ]  This mesoporous TiC also undergoes conformal 
transformation to CDC upon chlorination. [  78,79  ]  Conformal 
transformation into carbon allows CDC formation to be carried 
out partially, producing metal carbides coated with carbon that 
have catalytic, tribologcial and other applications.   

 3.1.5. Porosity, Pore Size Distribution (PSD) and Specifi c 
Surface Area (SSA) 

 A high bulk porosity ( > 50 vol%) with a high specifi c surface 
area (SSA more than 2000 m 2  g  − 1 ) is characteristic  of CDC 
obtained via halogenation. [  3–5  ,  9  ,  37  ]  The bulk porosity of CDC is 
largely determined by the carbide structure. When metal atoms 
are extracted from the carbide lattice, the remaining  carbon 
forms microporous CDC structures. This is schematically illus-
trated in Figure  5  for Ti 3 SiC 2  and 3C-SiC. Figure  5  shows that 
differences in the distribution of carbon atoms in the carbide 
lattice lead to a major change in the resulting CDC structure. 
H & Co. KGaA, Weinheim 815wileyonlinelibrary.com
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    Figure  5 .     Schematic of the atomic structure of Ti 3 SiC 2  (a) and 3C-SiC (b) and the corresponding CDC structures after halogenation. As seen from the 
pore size distribution, the ternary carbide  shows a broader pore size distribution than the binary carbide at 1200  ° C. The data are from argon sorption 
obtained from NLDFT. [   14   ]  Also, we see that for the same chlorination temperature (1200  ° C) the resulting carbon structure can be very different – while 
SiC CDC still  consists of  predominantly amorphous carbon, Ti 3 SiC 2  CDC shows signifi cant graphitization at the same temperature. [  4  ,  24  ]  Reproduced 
with permission. [  4  ]  Copyright 2006, CRC Taylor & Francis.  
At the same synthesis temperature (e.g., 1200  ° C) there is also 
a large difference in the resulting pore size distribution with 
a narrow distribution of  pore sizes of below 1 nm for 3C-SiC 
and a broader range of pore sizes of between 0.5 and 4 nm 
for Ti 3 SiC 2  based on gas adsorption data (non-local density 
functional theory: NLDFT; Ar-sorption). Furthermore, there is 
a large difference in the ordering of CDC obtained from SiC 
and Ti 3 SiC 2 . 

 It is possible to calculate the total weight-based theoretical 
pore volume  V  total  using  Equation 4 : 

Vtotal = 1

Xcarbon · Dcarbide
− 1

Dcarbon  
 (4)   

with  X  carbon  being the weight fraction of carbon in the car-
bide (e.g., for SiC:  X  carbon   =  0.30),   ρ   carbon  the density of carbon 
(approximated to be 2.2 g cm  − 3 , the density of graphite), and 
  ρ   carbide  the density of carbide precursor (e.g., TiC:   ρ   carbide   =  
4.9 g cm  − 3 ). For silicon carbide,  V  total  is then calculated to be 
0.51 cm 3  g  − 1 , which is in agreement with literature. [  39  ]  For 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
titanium carbide, this yields a net porosity of about 57 vol% 
for  the CDC. Based on the choice of carbide precursor, we can 
expect CDC bulk porosity within the range of approximately 
50–90 vol%. Thus, highly porous carbons with open porosity 
(due to Cl 2 / MCl  x   transport) can be produced with no additional 
activation steps. 

 While the bulk porosity of CDC remains largely unchanged 
over a wide range of halogenation temperatures, the pore 
size distribution (PSD) is a function of the temperature. Early 
studies by Boehm [  37  ]  on CDC formation from TaC and SiC 
between 500 and 1900  ° C showed characteristic type I N 2  gas 
adsorption isotherms, [  80  ]  an indication of microporous carbon. 
This adsorption isotherm type was confi rmed for CDC obtained 
from a large number of carbide precursors and  CDC also  had 
a large total specifi c surface area of up to 2800 m 2  g  − 1 . Mes-
oporous CDC obtained from polymer-derived ceramics with 
poly(methylvinyl)silazane as a  precursor, [  5  ]  ordered mesoporous 
carbon produced using a templating approach, [  81  ]  or ordered 
mesostructured carbide precursors (OM-CDC) [  82,83  ]  show a type 
IV adsorption isotherm with a characteristic hysteresis loop due 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 810–833
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to condensation in the mesopores. For example, Al 4 C 3  chlorin-
ated at a low temperature (300 ° C) was reported to show a type 
I N 2  adsorption isotherm due to microporous carbon whereas 
higher temperatures resulted in mesoporous CDC and type IV 
adsorption. [  46  ]  

 Typically, CDCs pore size and PSD are templated by the 
carbide precursor crystal structure at low temperatures. 
Carbides with the NaCl structure (e.g., TiC, VC, ZrC) or 
würtzite/zinc blend structure (SiC) yield a narrow pore 
size distribution as the first neighbor separation is uniform 
(Figure  5 b). Rhombohedral B 4 C or orthorhombic Mo 2 C, with 
a large and non-uniform nearest neighbor separation, show a 
wider PSD of the CDC after chlorination. [  39  ,  42  ,  57  ,   84   ]  This uni-
form nearest neighbor separation is depicted in Figure  5 b, 
where the PSD obtained from Ti 3 SiC 2  and SiC precursors are 
compared at the same synthesis temperature. We can  clearly 
see the trend and the differentiation between intrinsic broad 
PSD for Ti 3 SiC 2 -CDC and narrow PSD for SiC-CDC. 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 810–833

    Figure  6 .     Average pore sizes for selected binary and ternary carbides (a): Al 4
Ti 3 SiC 2 -CDC [   86   ]  (b) and SiCN PDC-CDC [   5   ]  (c) from nitrogen sorption using N
 At higher temperatures, there is  an increase  in pore size 
due to self-organization and higher carbon mobility along with 
increased crystallinity of the carbon material. [  85  ]  For many car-
bide precursors, we fi nd a direct correlation between the halo-
genation temperature and the resulting pore size with smaller 
pore sizes at lower temperatures ( Figure  6  ). [  33  ,  46  ,  51  ,  53  ,  86,87  ]  Thus, 
additional tuning of the pore size is possible by controlling 
the temperature. Changing the synthesis temperature gives 
a high level of pore size control with sub-Ångstrom accuracy 
as shown in Figure  6 b, demonstrating why CDC is referred to 
as a material with tunable porosity. [  86  ]  The pore size distribu-
tion displayed in Figure  5 b and 6b is even narrower than for 
single-wall carbon nanotubes. [  4  ]  Broad, yet highly temperature-
sensitive pore size distributions can be found for PDC-CDC, as 
seen in Figure  6 c. Yeon et al. [  5  ]  showed that, in PDC SiCN-CDC 
materials, micropores are formed by etching Si atoms from 
the SiC phase and mesopores are a result of the elimination 
of Si-N regions. The resulting hierarchic porosity then strongly 
bH & Co. KGaA, Weinheim 817wileyonlinelibrary.com

 C 3 , [   46   ]  Ti 2 AlC, [   33   ]  VC, [   53   ]  ZrC, [   51   ]  Ti 3 SiC 2 . [   86   ]  Comparison between the PSD of 
LDFT.   
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depends on pyrolysis temperature of the pre-ceramic polymer 
as well as on etching conditions (Figure  6 c).  

 The specifi c surface area (SSA) changes as a function of 
ceramic precursor and temperature. For many materials, the 
SSA  was reported to have  a bell-shaped temperature depend-
ence. [  42  ,  51  ]  Limiting factors  for the  SSA include, at low tem-
peratures,  clogging of pores with halogenide residues and,  
at  high temperatures, graphitization and CDC consolidation. 
This explains why there is  a maximum SSA  at intermediate 
temperatures of 800–1000  ° C. [  42  ,  51  ]  The bell shape is much less 
pronounced for VC when thorough annealing  is performed 
to remove chlorine-containing residue. [  53  ]  Given that, at  low 
temperatures, pores are templated by the carbide lattice (i.e., 
pores smaller than  0.5 nm), the corresponding SSA should not 
decrease but signifi cantly increase. However, such small pores 
are not accessible for most gas species used for gas adsorption 
and the  resulting values of  pore size distribution, total pore 
volumes, and specifi c surface area may be underestimated due 
to the presence of pores smaller than 0.5 nm. 

 With very high values for the SSA of CDC, it is not clear 
what the maximum value for a pore volume without additional 
activation could be. Furthermore, when pore sizes  are below 
1 nm,  smaller than certain molecules, it is better to  fi nd  the  
optimal specifi c surface area for  a particular  application rather 
than assume that the SSA measured (e.g., via N 2 -gas sorption) 
would be the same surface area accessible for the sorption of 
another molecule, e.g., H 2 . 

   3.1.6. Carbon Structure 

 As discussed before, pore size, PSD, and SSA of the CDC 
depend on precursor and on halogenation temperatures. 
The structure of CDC also depends on these parameters.  
 Figure  7   shows the structural evolution of CDC obtained 
from chlorination of TiC at different temperatures as a typical 
example. Starting with highly disordered amorphous carbon, 
there is  a constant increase in structural order with a threshold 
at around 1000  ° C, where the structure becomes dominated by 
non-planar graphitic carbon. At lower temperatures or shorter 
chlorination times, [  30  ]  amorphous carbon is found on the sur-
face of carbide particles. With powders (especially nanopowders) 
we fi nd a higher reactivity due to the higher SSA compared to 
bulk materials. Consequently, powders react more readily to 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com

    Figure  7 .     Simulated structure of TiC-CDC obtained after chlorination at 600
and 1200  ° C; slow quenching (C). [   88   ]  Reproduced with permisssion. [   88   ]  Copyr
form amorphous or disordered porous CDC. [  48  ]  At lower tem-
peratures, such as 600  ° C for SiC chlorination, there is no sig-
nifi cant increase in the crystallinity of the material. At higher 
temperatures, graphene sheets and graphite ribbons [  48  ]  with a 
characteristic d-spacing of  < 3.4 Å are formed.  

 Recently, quenched molecular dynamics (QMD) [  88  ]  and 
reverse Monte Carlo (RMC) simulations [  89  ]  were used to sim-
ulate the structure of disordered carbon and the evolution of 
crystallinity with changing temperature. In agreement with 
neutron scattering experiments, [  88  ]  modeling  showed the same 
trend of higher short-range order at higher temperatures and 
an increase in the coordination number (Figure 7). [  88  ]  QMD 
could be used to reproduce structures that were in morpholog-
ical agreement with HR-TEM studies of the same material. [  88  ]  
At high chlorination temperatures (experimental data; corre-
sponding to slow quench rates for QMD) the structural order 
that evolves reduces the pores and a corresponding drop in the 
surface area can be expected. More advanced models, however, 
are needed to gain a better understanding of disordered porous 
CDC. They must account for surface termination which will 
also increase the accuracy of predicting transport in porous 
carbon networks. 

 Nanostructures found in CDC obtained from carbide chlo-
rination are more varied than generally depicted in the litera-
ture. CDC is often understood and used as a term for amor-
phous (Figure  1 a,b) or highly disordered carbon if produced 
at a low temperature and increasingly crystalline carbon with 
evolving graphite ribbons at higher halogenation temperatures 
(Figure  1 b). While amorphous carbon and graphite-like struc-
tures form during halogenation, there are many other carbon 
nanostructures that have been observed for CDC. In fact, trans-
mission electron microscopy (TEM) studies have revealed that 
different nanostructures such as carbon onions (i.e., concentric 
spherical graphitic shells), nanodiamond, nanotubes, barrel-like 
structures and even fullerene-like structures may be found after 
the chlorination of carbides (Figure  1 ). 

 The choice of reaction gas mixture strongly infl uences CDC 
formation. Studies on Ar-Cl 2  mixtures revealed that the addition 
of H 2  to the gas mixture reduced the reaction rate, but at the 
same time nanodiamond was observed  from Raman spec-
troscopy and electron energy loss (EEL) spectra. [  70  ,  90  ]  In addi-
tion to spectroscopy evidence, TEM images [  18  ,  91  ]  of CDC fi lms  
showed diamond-related lattice fringes, and nanoindentation  
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 810–833

  ° C, which corresponds to  fast quenching (A), 800  ° C; medium rate (B), 
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studies  showed  a very high elastic modulus (up to 600 GPa) 
and high hardness (up to 50 GPa), as expected from diamond-
like fi lms. [  90  ]  When a  2.6% Cl 2  : 1.3% H 2  : 96.1% Ar mixture 
was  used at 950 ° C, [  70  ]  the hydrogen in the gas mixture favored 
sp 3  bonding by stabilizing dangling bonds formed after the 
selective halogen removal of silicon from cubic SiC crystals. 
Local epitaxial nanodiamond growth at the SiC-CDC interface 
was reported for 1%–3.5% Cl 2  and 0%–2% H 2 -Ar at 1000  ° C. [  92  ]  
CDC coatings obtained from Cl 2 :H 2   (2:1) mixtures  consisted 
of  a loosely attached, powdery top carbon layer with a dense, 
highly disordered, adherent, amorphous or nanocrystalline layer 
below it. The adherent layers were shown to be composed of a 
mixture of graphitic and diamond-structured carbon [  4  ]  or highly 
disordered sp 2  carbon. [  70  ]  The presence of boron and other addi-
tives in sintered SiC ceramics may favor diamond formation. 
It is still not known if sp-bonded carbon can be produced from 
chlorination of carbide precursors, but modeling suggests the 
presence of  some percentage of 180 °  bond angles in CDC. [  89  ]  

 Nanodiamond formation can also be observed for atmos-
pheres without hydrogen. [  92  ]  In the absence of hydrogen, dia-
mond nanocrystals readily transform to graphitic carbon in the 
form of curved graphitic structures such as ribbons or onion-
like carbon.  At low temperatures and limited carbon mobility, 
nanodiamond formation may be  kinetically favored and was 
observed for various carbides such as SiC, TiC, and ZrC. [  93  ]  
Annealing of amorphous CDC after synthesis at moderate 
temperatures may also lead to the formation of presumably 
sp 3  bonded carbon with a pycnometric density close to that of 
diamond. [  18  ]  However, the exact mechanism of diamond forma-
tion is still unknown and the question remains as to whether 
nanodiamond can be synthesized as the main component of 
CDC. The carbon onions in carbide-derived carbon have been 
reported after chlorination of TiC at 900  ° C. [  94  ]  For SiC chlo-
rinated at 1000  ° C, both amorphous CDC [  94  ]  and onion-like 
carbon [  48  ]  were reported in the literature. 

 Carbon nanotubes were observed in SiC-CDC in 1972. [  95  ]  This  
may be one of the fi rst observations of nanotubes. CNTs were 
also later reported for CDC obtained from SiC [  24  ,  34  ,  46  ,  48  ,  90  ,  92  ,  96  ]   
 Till now, the mechanisms governing the growth of various 
nanostructures during chlorination of carbides are not yet  fully 
understood. It is clear that the catalytic effect of impurities, 
additives or the metal of the carbide [  46  ,  97  ]  may play a signifi cant 
role in nanostructure formation although  the low-temperature 
limit for CDC synthesis and the properties of low-temperature 
CDC are yet to be determined. 

 While chlorination temperature and choice of initial carbide 
are the dominant factors in determining CDC porosity and 
microstructure, there are also  reports on the structural infl u-
ence of the choice of halogen on the resulting carbon mate-
rial. CDC obtained from ZrC halogenation in Cl 2 , Br 2  and I 2  
was studied by Babkin et al. [  28  ]  While similar SSA values were 
reported for the three different halogens, it was found that ZrC 
treated by I 2  or Br 2  had the highest sorption capacity for iodine 
or bromine respectively. This was explained in terms of sur-
face termination and possible effects of the size of the halogen 
and produced zirconium halogenide molecules. It is important 
to note that not only porous disordered carbon, but also well-
ordered graphite and graphene can be produced by the chlo-
rination of Fe 3 C. [  98  ]    
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 810–833
 3.1.7. Post-Synthesis Treatment 

 Another important parameter  in tuning the CDC nanostructure 
is post-synthesis annealing. Usually, a post-synthesis treatment 
like hydrogenation is carried out after chlorination, at a tem-
perature equal to or lower than the CDC synthesis temperature, 
to remove residual chlorine or chlorine containing compounds. 
Considering that up to 40 wt% residual chlorine was captured 
in the pores after Ti 3 SiC 2  chlorination and cooling in chlorine 
fl ow, it is obvious that chlorine removal via post-synthesis 
treatment is important for CDC. [  24  ]  Post-synthesis annealing 
opens up clogged pores and results in larger measured spe-
cifi c surface areas. [  44  ]  It is important to choose post-synthesis 
annealing conditions in such a way that benefi cial properties 
like the high SSA are not compromised. Compared to treat-
ment with ammonia or hydrogen, argon annealing shows lim-
ited potential in chlorine removal. [  36  ]  In particular, ammonia 
treatment yielded the lowest residual chlorine concentration 
especially for CDC obtained at temperatures below 1000  ° C. 
The high reactivity of CDC with ammonia was corroborated  in 
a recent study by Adu et al. [  99  ]  

 The importance of annealing conditions is also refl ected 
in the carbon structure, where an initially disordered CDC 
structure is largely maintained during argon annealing while 
a  higher degree of structural order can be observed after NH 3  
or H 2  annealing at the same temperature. [  36  ]  It is important to 
note that the resulting properties such as excess uptake of gas 
for gas storage may be affected by post-treatment procedures. 
H 2  annealing, for instance, was reported to improve hydrogen 
storage capacity. [  100  ]  Both gases, H 2  and NH 3 , can chemically 
react with chlorine leading to HCl formation. The latter can be  
easily removed from  pores because of its smaller  molecular 
diameter. 

 Apart from treatment in H 2  or NH 3 , other reactive pro-
cedures have been reported to improve the properties of 
CDC. Mixtures of 90 wt% TiC with 10 wt% TiO 2  were used 
for chlorination instead of pure TiC. [  101  ]  TiO 2  in the chlorine 
atmosphere was used to controllably oxidize some of the cre-
ated CDC and additional modifi cation of the pore structure 
was obtained by adjusting the temperature or by control-
ling the CO–CO 2  equilibrium. As a result, pore coarsening 
was observed (0.8 nm compared to 0.6-0.7 nm for pure TiC). 
Similarly, a water/argon mixture annealing at 900  ° C [  102,103  ]  
or water vapor etching [  104  ]  resulted in larger surface area, and 
pore coarsening.    

 3.2. Hydrothermal Treatment 

  3.2.1. Basics of the Hydrothermal Decomposition of Carbides 

 Hydrothermal treatment is another way for reactive chemical 
removal of metal or metalloid atom(s) from the carbide network 
to produce CDC. Carbon formation by hydrothermal treatment 
was fi rst reported in the early 1990s for amorphous Si-Ti-C-O 
(Tyranno) fi bers. [  105,106  ]  The term hydrothermal refers to hot, 
high-pressure (usually supercritical) water at typical  tem-
peratures in the range of 200–1000  ° C and pressures of up to 
hundreds of MPa. Studies were later expanded to pure silicon 
carbide fi bers  [  12  ,  107,108  ]  and bulk materials. [  109  ]  
bH & Co. KGaA, Weinheim 819wileyonlinelibrary.com
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 Thermodynamic calculations for a number of metal carbides
under hydrothermal conditions were carried out using Gibbs
energy minimization algorithms. Jacobson studied a wide tem-
perature (300–1000  ° C) and pressure range (2–200 MPa) for
M  x  C–H 2 O with M  =  Si, Ti, Ta, Nb, W or B. [  110  ]  The thermody-
namic analysis indicated that carbon, MO  x  , CH 4 , CO 2 , CO, and
H 2  are the main products of hydrothermal reactions in the tem-
perature range of the study, and the principal reactions were
written as follows:

 
x/2MC + xH2O → Mx /2Ox + x /2 CH4   (5)

 MC + (x+ 1)H2O → MOx + CO + (x + 1)H2   (6)

 MC + (x+ 2)H2O → MOx + CO2 + (x+ 2)H2   (7)

 MC + xH2O → MOx + C + xH2  
 (8)

 MOx + nH2O → MOx · nH2O   (9)

  Thermodynamically speaking, the formation of an oxide
phase indicates the formation of both carbon and metal oxide,
and from kinetic considerations, supercritical  water can be a
potent solvent, especially for silica. Data on the solubility of
SiO 2  strongly depends on the chosen pressure, temperature
and pH conditions, and values are as low as several nm per
year  at temperatures below  100  ° C and at a  pH of 7. [  71  ]  At
285  ° C and 100 MPa, a silica solubility rate of 2.5 · 10  − 8   μ m s  − 1

can be expected in distilled water [  111  ]  and by increasing the
temperature to 500  ° C, solubility rate increases to  several
 μ m s  − 1 . [  112  ]  For other metal oxides, we do not expect such
high dissolution rates, but rather the formation of oxides and
hydroxides that  are mixed with carbon in the fi nal reaction
product. 

 Experimental studies on SiC clearly demonstrated that carbon
formation is sensitive to the water-to-carbide ratio, and three
different stoichiometry-governed regimes were identifi ed. [  113,114  ]

At low H 2 O:SiC ratios, both carbon and silica are deposited on
the surface. At intermediate H 2 O:SiC ratios, carbon and silica
are formed but the large surplus of water ensures that any
formed silica is immediately dissolved into the fl uid and carbon
remains the only stable solid reaction product. Finally, at higher
H 2 O:SiC ratios, neither carbon nor silica is formed and only
active oxidation of silicon carbide is observed. 

 A critical factor  for the  carbon yield is the amount of carbon-
containing gas species formed during hydrothermal decomposi-
tion of the carbide precursor. As a temperature-sensitive factor,
the yield of CH 4  decreases with increasing temperature as
CH 4  is unstable at high temperatures, resulting in an increase
in the amount of  carbon produced. [  113  ]  Higher pressures, on
the other hand, increase the stability of methane leading to a
lower carbon yield. From calculations, we expect that TaC, TiC,
and NbC should show a behavior very similar to that of SiC
although we must account for a lower metal oxide solubility
in hydrothermal fl uids for most oxides. Boron carbide, how-
ever, was predicted not to yield any carbon under hydrothermal
conditions. [  113  ]    
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
 3.2.2. Carbon Structure 

 Raman spectra of CDC produced  by hydrothermal treatment 
on Tyranno fi bers (amorphous SiO  x  C  y   with nanometer-sized 
 β -SiC) showed a band of graphite (G) and a disorder-induced 
band (D), confi rming the formation of amorphous/disordered 
graphitic carbon. [  115  ]  However, the carbon fi lm was porous and 
provided no protection against further reaction, exactly as in the 
case of chlorination. [  116  ]  

 Formation of amorphous carbon after hydrothermal treat-
ment was reported on the surface of Tyranno fi bers at 300–
400  ° C and 100 MPa [  107,108  ]  CVD-SiC fi bers after treatment 
at 400–700  ° C and 200 MPa, [  117  ]  and  α - and  β -SiC platelets, 
whiskers, and powders at 600–800  ° C. [  110  ,  118,119  ]  Diamond-
structured carbon, graphite, and amorphous carbon were 
found on the surface of  α - and  β -SiC powder and single crys-
tals after treatment at 300–800  ° C and 100–500 MPa. [  120,121  ]  
Experimental data confi rms carbon formation via hydrothermal 
treatment for WC, TaC, NbC, and TiC at 500–750  ° C and 
100–170 MPa. [  120  ]  With ternary carbides, one  must consider 
the formation and possible dissolution kinetics  of at least two 
metal oxide species. In the case of Ti 3 SiC 2 , rutile/anatase along 
with highly disordered carbon was reported after hydrothermal 
treatment at 35 MPa for temperatures ranging between 500 
and 700  ° C. [  122  ]  The presence of sp 2  and sp 3  hybridized carbon 
was confi rmed via X-ray photoelectron spectroscopy (XPS), and 
Raman data suggests that at higher temperatures a smaller 
domain size can be found, as indicated by an increased I D /
I G ratio. [  122  ]  

 In the presence of organic acids such as malonic acids or 
sucrose, SiC was reported to decompose, producing silica and 
either glassy carbon or carbon nanospheres. [  123  ]  Spherical and 
fi lamentous carbon were also reported for these acidic organic 
materials  in the hydrothermal decomposition of chromium 
carbide (Cr 3 C 2 ). [  124  ]  When exposed to a hydrothermal envi-
ronment alone, Cr 3 C 2  showed either no reaction at low tem-
peratures ( < 300  ° C) or only the formation of chromium oxide 
at higher temperatures ( > 350  ° C). [  124  ]  It should be noted that 
hydrothermal decomposition of organic compounds like poly-
ethylene yields various carbon nanostructures, such as carbon 
nanotubes. [  125  ]     

 3.3. Thermal Decomposition of Carbides 

  3.3.1. General Aspects of Thermal Decomposition 

 Thermal decomposition in a vacuum or in high-temperature 
inert atmospheres is another route to transform carbides into 
carbon due to incongruent melting of carbide and evaporation 
of the carbide-forming elements, as the melting point of carbon 
exceeds that of most metals. [  126  ]  Most studies have concen-
trated on the thermal decomposition of silicon carbide in var-
ious forms (powder, fi bers, single crystals, wafers etc.) mainly 
because silicon carbide is not only the most common carbide 
but is currently the only carbide for which large single crystals 
are commercially available. The potential of vacuum decompo-
sition to synthesize high-purity epitaxial graphitic carbon was 
also demonstrated for Al 4 C 3  by Foster et al. [  127  ]  
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 810–833
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 Similarly to the discussion in Section 2.1.3, one should con-
sider that once formed, silicon must be transported outward 
through the inward growing carbon layer. [  47  ]  For short diffu-
sion path lengths, we observe effectively linear decomposition 
kinetics. As the porous carbon fi lm forms, a gradient in the Si 
vapor pressure builds up within that layer through which all fur-
ther decomposed silicon must diffuse through. Once Si vapor 
reaches the surface of the carbon layer, it effuses away from the 
material into the environment since effusion is faster than the 
diffusion of Si through carbon. Si transport is presumably 
the rate controlling step. There is indirect evidence of silicon 
surface migration during the silicon carbide decomposition in 
studies by Voronin et al. [  128,129  ]  

 First studies of SiC decomposition were carried out in the 
late 1940s  [  130,131  ]  where dense graphitic carbon was found after 
heating to 2000  ° C. [  132  ]  Early experiments by Badami showed 
that heating 6H-SiC single crystals to 2050–2150  ° C at 10  − 5  Torr, 
yields turbostratic carbon and graphitic carbon that  exhibits 
epitaxial features with respect to the underlying SiC lattice. In 
fact, it was observed that carbon layers are ordered either par-
allel or perpendicular to the SiC stacking direction (i.e.,  c -axis). 
Within the turbostratic carbon matrix, graphite crystals with 
a common  c -axis to the SiC substrate were identifi ed with an 
outer layer dominated by turbostratic carbon and the graphite 
domains close to the SiC-C interface. [  133  ]  Electron beam induced 
carbon formation on 6H-SiC also strongly indicated topotaxial 
CDC with graphite layers parallel to the basal plane of silicon 
carbide. [  134  ]  Interestingly, studies on  β -SiC whiskers ther-
mally decomposed at 2400  ° C and 10  − 6  Torr yielded graphite 
nanocrystallites with no epitaxial relation to the carbide pre-
cursor lattice. [  135  ]  This was attributed to the size effect and 
lack of exposed basal planes. Additionally, it was observed that 
the basal planes of the graphite domains were tangent to the 
whisker surface. [  135  ]  

 A critical aspect to carbon formation from SiC was addressed 
by Badami: the number of carbon atoms in a layer of SiC is 
smaller than required for forming a dense graphite layer. In 
fact, one graphene layer consumes 2–3 SiC bilayers. [  136  ]  Struc-
tural reorganization is, therefore, a key parameter of carbide 
decomposition and it is facilitated by higher carbon mobility at 
elevated temperatures. [  137  ]  Structural reorganization especially 
applies to the complexity of initial carbon formation and  its  
interplay with surface reconstruction of silicon carbide. Pres-
ently, 800  ° C marks the lower temperature limit for carbon 
formation via thermal decomposition, [  137  ]  but it may depend on 
SiC surface conditions as temperatures higher than 1100  ° C are 
typically reported. [  135  ]  

 With silicon carbide  itself being extremely complex with 
more than 280 different polytypes, [  138  ]  surface reconstruction 
of SiC [  71  ,  138  ]  is beyond the scope of this paper. It is, however, 
essential to consider the SiC polytype when  discussing the  
initial stages of carbon formation and especially the  forming 
of single-layer graphene, where the interaction between the 
carbon layer and the underlying SiC layer is important. Another 
key aspect of carbon formation from SiC is the well-known 
anisotropy which is refl ected in almost all physical and chem-
ical properties of silicon carbide. As a result; we see different 
carbon nanostructures and growth rates for the different SiC 
surfaces as refl ected by the large difference in surface energy of 
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 810–833
2.2 J m  − 2  for the Si-face and 0.3 J m  − 2  for the C-face. [  139  ]  Carbon 
growth on the C-face was reported to be as much as fi ve times 
faster than on the opposing Si-face. [  140  ]  

 Surface inhomogeneities such as scratches also play a vital 
role in what and where carbon nanostructures of different types 
are formed. Cambaz et al. [  6  ]  reported enhanced carbon forma-
tion around scratches on the carbide surface as defects and 
strained Si-C bonds accelerate thermal decomposition. Impuri-
ties, such as sodium, were also reported to give rise to the for-
mation of non-planar graphitic carbon on the surface of silicon 
carbide single crystals. Both scratches and impurities weaken 
the infl uence of the protective oxide layer on silicon carbide, 
which shields the substrate from vacuum decomposition. The 
role of the initial oxide layer, with thicker scales on the Si-face 
and thinner layers on the C-face, should always be taken into 
account. [  141  ]    

 3.3.2. Conservation of Shape 

 In 1962, Badami pointed out that vacuum decomposition of 
SiC conserves the original carbide shape  so that  even nano-
scopic features such as growth steps are visible in the resulting 
CDC. [  136  ]  In similarity with the shape conservation of SiC fi bers 
transformed into CDC by chlorination shown in Figure  4 , 
we observed a conservation of the shape of  β -SiC whiskers 
annealed in vacuum (10  − 5  Torr) at 1700–2000  ° C. [  30  ]  However,  
some sharp edges were smoothened after vacuum decompo-
sition at higher temperatures as a result of the higher carbon 
mobility and graphite formation. Iijima [  134  ]  observed a minor 
loss of the original particle shape after electron-beam assisted 
vacuum decomposition of SiC while the SiC-C interface was 
still topotaxial. Cambaz et al. [  6  ]  showed that scratches on the 
SiC surface remaining after polishing were still visible on 
the CDC surface after vacuum decomposition,  demonstrating 
the shape conservation during carbon formation ( Figure  8  a).   

 3.3.3. Carbon Nanotubes Produced by SiC Decomposition 

 In 1997, Kusunoki et al. demonstrated that vacuum decomposi-
tion of silicon carbide can be used to epitaxially produce self-
organized carpets of carbon nanotubes. [  11  ]  A typical CNT fi lm 
on SiC is shown in  Figure 8   a. [  6  ]  One important feature of CNT 
grown via SiC decomposition is that no metal catalyst is involved 
in any step of nucleation or growth of the fi lms. [  11  ,  142–145  ]  The 
resulting CNT fi lms are reported to consist of carbon nano-
tubes of the same chirality [  142,143  ]  while other methods, such as 
laser evaporation or CVD, usually result in zigzag, armchair, 
and chiral tubes coexisting in the products. [  2  ]  

 First experiments reported by Kusunoki et al. [  11  ]  were per-
formed on  β -SiC single crystals that were rapidly heated to 
1700  ° C at 10  − 9  Torr using in situ laser heating in a TEM. [  146  ]  
Overlapped CNTs with caps of 2–5 nm oriented along the [111] 
direction on (111)- β -SiC single crystal were observed after heat 
treatment. Similar results were obtained from heating SiC in 
a vacuum furnace, giving rise to continuous CNT fi lms. [  144  ]  
Kusunoki et al. [  11  ]  and Shimizu et al.  [  147  ]  reported that  β -SiC 
(111) CVD fi lms on Si were transformed into freestanding CNT 
fi lms by SiC decomposition and subsequent removal of the 
SiO 2 /Si substrate. 
bH & Co. KGaA, Weinheim 821wileyonlinelibrary.com
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Figure 8. SEM images of different carbon nanostructures obtained from vacuum decomposition of 6H-SiC for the C-face in high vacuum (a) and Si-face 
in low vacuum (b), respectively.[6] The SEM image shows an example of the carbon fi lm with conformal transition where the initial scratches from sample 
polishing are still evident and dense CNT brushes as obtained. Outward growth of CNT is facilitated by the Bouduard reaction. Surface modifi cation (c) 
is capable of triggering or surpressing CNT growth, thus enabling surface patterning. Reproduced with permission.[6] Copyright 2008, Elsevier.
 Critical factors to consider when forming CNT fi lms are the 
crystallographic orientation of the free SiC surface, surface 
quality (defects, impurities), crystal morphology and the decom-
position conditions (vacuum, temperature). The spectrum 
of obtained tubes ranges from MWCNT (multi-wall carbon 
nanotubes) for SiC powder [  148  ]  to double/triple wall CNT for 
SiC wafers [  11  ,  142–146  ]  and defect-rich SWCNT (single-wall carbon 
nanotubes) for SiC nanopowders. [  149  ]  

 A model for CNT formation from SiC was proposed by 
Kusunoki et al [  8  ,  11  ,  142–145  ]  The model suggests residual oxygen 
as the driving force of CNT formation. At temperatures at or 
below 1000  ° C, graphite sheets are formed on free-standing 
silicon carbide surfaces by oxidative extraction of silicon from 
the SiC crystal lattice, and no CNTs are observed in this regime. 
Temperatures near 1300  ° C are accompanied by bubble for-
mation due to emerging SiO gas that can no longer diffuse 
through the formed carbon fi lm fast enough to avoid uplifting 
the carbon fi lm. As a result, so called carbon nanocaps formed 
which continued to grow as carbon nanotubes for longer times 
and/or higher decomposition temperatures. 

 Carbon nanocap formation was observed for 3C-SiC in an in 
situ study and an onset of nanocap formation of 1360  ° C was 
observed at 3  ×  10  − 7  Torr. [  150  ]  In the same study, it was shown 
that amorphous carbon is formed at the initial stage which 
then transforms epitaxially into graphene sheets. In a fi nal 
stage at temperatures above 1500  ° C, enhanced CNT growth 
was observed. [  144  ]  A higher temperature limit for CNT growth 
seems to be around 1900  ° C. As found by Cambaz et al., [  6  ]  the 
C-face of 6H-SiC vacuum decomposed at 10  − 6  Torr at 1800  ° C 
showed predominantly curved and planar graphite walls with 
individual nanotubes normal to the surface. 

 Signifi cant differences  in the carbon structures were identi-
fi ed when comparing the Si- and the C-face of 6H-SiC. [  142  ,  145  ]  
While CNT growth was observed under various experimental 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
onditions on the C-face,    mainly  fl at graphite sheets parallel 
o the surface alone  were found on the Si-face. 

 Nagano et al. [  151  ]  observed CNTs growing perpendicular to 
he Si-face after HF etching. These CNT were less than half the 
ength and larger in diameter than the CNT on the C-face. The 
ffect of HF etching leading to surface reconstruction was dis-
ussed as the reason for Si-face CNT growth by Wang et al. [  152  ]  
n initial oxide layer on any SiC surface prevents CNT growth as 
i–O bonds need to be broken and oxygen needs to be removed 
rom the surface before carbon nanotubes can be formed. [  151  ]  

 Recent quantum chemical molecular dynamics simulations 
how that nanocap formation on the C-face can be explained as 
he result of the two opposing forces of C–C  σ -bond formation 
nd persistence of   π  conjugated graphene sheets [  140  ,  152  ]  inde-
endent  of SiO-related formation mechanisms. This results 

n repulsion between carbon atoms at the center of nanocaps 
hich later grow to become CNTs. Removal of Si from the Si-

ace leads to the growth of a fl at graphene layer underneath 
he evaporating Si-layer which continues to grow as a stack of 
lanar graphitic sheets. [  152  ]  These simulations also  provided 
n explanation for the zigzag-like chirality of the C-face grown 
NTs, as a consequence of a 90 °  angle between the silicon car-
ide surface and unsaturated sp 3  bonds. [  140  ]  

 While lower temperatures ( < 1500  ° C) yield graphitic carbon 
ayers, higher temperatures show CNT formation on the 
-face. [  144  ]  It should be noted that CNT fi lms were reported 

or lower temperatures  starting around 1250–1300  ° C by 
usunoki. [  144  ]  It was also shown that it is possible to obtain both 
NT formation on the Si-face and enhance CNT growth on 

he C-face by addition of CO 2 . [  6  ]  This illustrates that gas trans-
ort plays an important role in CNT formation and growth. 
herefore, tubes grown in presence of CO (CO 2  reaction with 
arbon) are longer and protrude from the source (Figure  8 b), 
ince additional carbon is supplied through the gas phase. 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 810–833
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 The Kusunoki model [  144  ]  does not explain the differences in 
C- and Si-face but only the transition from graphite to CNT. 
Explanations for SiC anisotropy mainly consider the thickness 
and composition of the initial oxide layer and the quality of the 
polished surface, but do not consider different bonding con-
fi gurations [  153,154  ]  and different growth kinetics. [  3  ]  It has been 
shown that, by surface modifi cation, both CNT and graphite 
can be grown on both C- and Si-faces of SiC enabling surface 
patterning (Figure  8 c). [  6  ]  

 Similarly, different carbon nanostructures were observed on 
the C-face of SiC. [  144  ]  While most graphite (0002) planes are 
perpendicular towards (0001)-6H-SiC ( Figure  9  a), it  can be 
© 2011 WILEY-VCH Verlag GmbAdv. Funct. Mater. 2011, 21, 810–833

    Figure  9 .     Infl uence of surface morphology on topotaxial carbon formation (a
(b, Ref.  [  156  ] ). After forming a buffer layer (layer 0) graphene layers emerg
the characteristic, well-ordered honeycomb arrangement of carbon atoms in 
distance between the fi rst graphene layer and the topmost SiC layer is signifi c
bilayer distance. [   7   ]  A different number of graphene layers (e) can be seen on 
1999, Taylor & Francis. Reproduced with permission. [   156   ]  Copyright 2010, Ma
Elsevier.  
seen that, along a step,  the graphite basal planes remain per-
pendicular to the original carbide surface topotaxially instead 
of epitaxially. The lower part left of the step now shows (0002) 
graphite that is oriented parallel to (0001)-6H-SiC. Amorphous 
carbon forms on amorphized SiC surfaces (Si- and C-faces 
alike) instead of graphitic carbon/CNT. [  155  ]   

 CNT layers as obtained from thermal decomposition of 
6H-SiC wafers at 1700  ° C were reported to show high elastic 
modulus (17–20 GPa) viscoelastic behavior and a very high resist-
ance to buckling. [  158  ]  The latter is a direct consequence of the 
high packing density of vertically standing MWCNTs (2–4 walls) 
giving raise to pronounced viscoelastic behavior due to Van der 
H & Co. KGaA, Weinheim 823wileyonlinelibrary.com

). [   144   ]  Schematic illustration of graphene growth on the Si-face of 6H-SiC 
e with characteristic nanostructure. Scanning tunnel microscopy shows 
layer 2 (c). [   156   ]  From the HR-TEM image (d) we can see that the bonding 
antly smaller than the graphene–graphene spacing yet larger than the SiC 
a 30 °  terrace step (110 n ). [   157   ]  Reproduced with permission. [   144   ]  Copyright 
terials Research Society. Reproduced with permission. [  7  ]  Copyright 2009, 



FE
A
TU

R
E 

A
R
TI

C
LE

www.afm-journal.de
www.MaterialsViews.com

824
Waals interactions between the tubes. These CNTs  could be used 
for applications where mechanical energy must be absorbed. 
CNT fi lms obtained from catalytic synthesis have already dem-
onstrated their potential as electrical brush contacts. [  159  ]  

 However, it is still unclear how to grow SWCNT arrays via 
extraction of silicon from the SiC precursor. Also, systematic 
studies of CNT growth on carbides other than SiC are missing 
and may provide new insights into the CNT growth mechanism.   

 3.3.4. Graphene Formation by SiC Decomposition 

 Graphene is the product of SiC vacuum decomposition [  160,161  ]  
or heating in inert gas atmospheres. [  8  ,  162  ]  Described by van 
Bommel in 1975, [  160  ]  it was referred to as a  monocrystalline 
or thin graphite layer before the term graphene was introduced 
in 1987. [  163  ]  From the CNT growth model, it is assumed that 
a thin graphene layer forms prior to CNT uplift. To avoid any 
bubble formation, graphene formation from SiC requires stable 
vacuum conditions (e.g., 10  − 5 –10  − 10  Torr, [  157  ,  164  ] ), inert atmos-
pheres at ambient pressure, or extremely low oxygen partial 
pressures [  5  ,  8  ,  162  ]  With the limitations of exfoliation, epitaxial 
graphene on SiC is a promising way to obtain homogenous 
fi lms on a large scale. [  156  ,  165  ]  On an atomic level, however, SiC 
is not perfectly fl at but characterized by steps and terraces that 
play an important role in graphene growth. 

 A detailed description of the graphene formation model can 
be found in References 165 and 166. Nucleation was reported to 
start at the terrace steps that equal the (110 n ) face of SiC. [  7  ,  157  ]  
The initial stage of graphene layer formation at terrace steps is 
characterized by step bunching of two SiC bilayers as a result of 
preferential decomposition on edges. Hupalo reported that three 
terrace steps can recede to give rise to one graphene layer. [  166  ]  
Step erosion was linked to the differences in the surface energy 
of (0001) vs. (110 n ) SiC and the high number of dangling bonds 
at (110 n ) SiC. [  8  ,  166,167  ]  As step erosion continues, continuous 
graphene fi lms form, promoted by enhanced carbon mobility 
at high temperatures. Pit formation is commonly observed 
during SiC decomposition at temperatures below 1200  ° C  [  168  ]  
and is associated with point defects rather than dislocations. [  169  ]  
It must be considered as a detrimental effect as it locally dis-
torts the uniformity of the graphene layer. [  156  ,  170,171  ]  Terraces 
also show a different number of graphene layers as in the basal 
plane depicted in Figure  9 e. [  157  ]  

 From a structural point of view, one should consider epitaxial 
aspects of graphene growth (Figure  9 ) as well as topotaxial effects. 
For the Si-face, SiC fi rst reconstructs [  156  ]  to form a  (

√
3 6

√
3)×6

 R30 ° so called “buffer” layer (layer 0 in Figure  9 ) [  172,173  ]  
with a carbon density close to that of monolayer graphene [  170  ]  
and close interactions with the SiC substrate as  shown by a 
band gap. [  174  ]  Layer 1 will then be formed on top of the buffer 
layer. The buffer layer provides some isolation from the sub-
strate by saturating dangling bonds, giving rise to the well-
known honeycomb-like structure and electric conductivity 
found in layer 1. This is seen from the scanning tunnel micro-
scopy (STM) images presented in Figure  9 c. Also, layer 0 is 
much closer to the SiC surface (2.9 Å) in comparison to the 
graphene-graphene interlayer distance ( ∼ 3.5 Å). Subsequent 
graphene layers, like layer 2 in Figure  9 d, will then be formed 
as the SiC decomposition progresses. 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
 Control of graphene growth is important because graphene 
multilayers show a decay of performance, [  175  ]  such as reduced 
electron mobility, with an increasing number of layers, 
approaching the properties of bulk graphite at a threshold of 
circa 10 layers, as known from ab initio calculations. [  176  ]  Thus, 
one should adjust the heating rate or time/temperature to min-
imize excess  carbon formation during heating and choose suit-
able annealing conditions. 

 The C-face of SiC shows graphene that is, however, often 
distorted by nanocaps, the onset of nanotube formation, or 
rotational carbon domains. [  140  ]  Therefore, the Si-face that has a 
slower growth rate and allows a better control over the number 
of layers is usually used for graphene growth. [  157  ]  Thicker 
carbon layers  are  also likely to show wrinkles. [  6  ,  168  ,  177  ]  

 In reported studies on graphene formation from SiC vacuum 
decomposition,  condtions vary from no sample polishing, [  166  ]  
to Si-deposited SiC surfaces [  178,179  ]  and hydrogen etched silicon 
carbide. [  164  ,  173  ]  The topmost layer of SiC must be  critically 
considered when looking at the formation of graphene single 
layers. Optimal graphene growth will only be observed for 
atomically fl at and defect free surfaces. The latter may only be 
possible to a certain degree but it is clear that regular chemical 
mechanical polishing (CMP) may not be suffi cient. There are 
several reports on different procedures for SiC surface treat-
ment. [  180–185  ]  Etching SiC wafers prior to synthesis is a possible 
route to remove surface defects. [  169  ,  184  ]  Hydrogen etching at 
1500  ° C yielded step heights of approximately 15 Å, [  184  ]  which is 
equal to the unit cell length of 6H-SiC. [  186  ]  

 Also, substrate orientation is important; it was reported  [  187  ]  
that reducing the off-axis deviation for the (0001) plane from 
the  c -axis from 0.25 °  to 0.03 °  signifi cantly reduces terraces on 
the polished SiC. Instead of a 2  μ m terrace width and 40–50 Å 
step height, improved characteristics (width: 6  μ m; height: 
10–15 Å) are a result of better control of the crystal orientation 
of the carbide surface. Below that threshold of  approximately 
10–15 Å, there seem to be fundamental limitations to obtain 
atomically fl at surfaces. 

 Graphene formation was described for doped (n- and p-type) 
and semi-insulating silicon carbide. [  6  ,  174  ,  188  ]  In a recent study 
by Yang et al., [  189  ]  different nitrogen doping levels were investi-
gated and it was shown that the charge carrier type and concen-
tration of epitaxial graphene can be controlled by the substrate. 
Graphene growth from other carbide precursors, possibly even 
at temperatures below the  graphene growth onset  level  for sil-
icon carbide, has not been studied in detail yet. Work in this area 
is  necessary to improve our basic understanding of graphene 
formation and its relation to the carbide substrate it originates 
from. Formation of well-ordered graphite/graphene by chlo-
rination of Fe 3 C has been shown, [  98  ]  suggesting that graphene 
growth on carbides may be achieved in various environments.     

 4. Examples of Applications of CDC 

 Given the variety of CDC nanostructures, it is obvious that 
there are numerous potential applications. CDC, in particular, 
is a powerful selective sorbent for various molecules [  3  ]  and is 
suitable for applications such as purifi cation of noble gases  [  190  ]  
or removal of toxins and cytokines from human blood. [  55  ]  The  
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 810–833
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removal of toxic compounds from water or capacitive water 
desalination are other fi elds of possible application  for carbide-
derived carbon. There is a large variety of further applications 
for CDC such as; as  catalyst supports for fuel cells, [  191  ]  as 
supercapacitor electrodes, [  9  ]  as electrodes for Li-air and Li-ion 
batteries, or for hydrogen and methane storage. [  74  ]  Electrical 
energy storage and gas storage are only two of many examples, 
although they are currently the most extensively studied ones. 
In the next sections, a few selected applications are highlighted 
in more detail. 

  4.1. Electrode Material for Supercapacitors and Li-ion Batteries 

 Capacitative energy storage has recently attracted much atten-
tion because of fast  energy uptake (in seconds)  and delivery 
with an effi ciency of more than 95%. [  9  ,  192  ]  Unlike batteries, 
where energy is stored chemically, supercapacitors or electric 
double-layer capacitors (EDLC) use physical charge separation 
on high surface area electrodes, making the process of charging 
and discharging fast and completely reversible. In fact, more 
than a million recharge cycles and an expected service life-
time of more than 10 years have been reported for commercial 
supercapacitors. Even after 20 years, a capacity degradation of 
only 50%  was reported for commercially available supercapac-
itors. [  9  ,  193  ]  Typical applications can be found in the fi eld of per-
sonal electronics, mobile telecommunications, back-up power 
storage and boosters for vehicles. [  194  ]  As a more recent example, 
the Airbus A380 employs supercapacitors for its 16-door emer-
gency door opening system. [  9  ]  

 CDC with controllable nanostructure and pore character-
istics, obtained by chlorination of various ceramic precur-
sors such as TiC, [  41  ,  56  ,  195–198  ]  SiC, [  56  ,  199  ]  Ti 2 AlC, [  54  ,  56  ]  B 4 C, [  29  ,  54  ]  
Al 4 C 3 , [  56  ,  58  ]  Mo 2 C, [  56  ,  84  ]  or VC, [  200  ]  have been studied as super-
capacitor electrode materials. Differences in total pore volume, 
pore size distribution and carbon structure of CDC prepared 
from various carbide materials are also refl ected in the capaci-
tance. [  201  ]  Gravimetric capacitance of 190 and 150 F/g was 
found for ZrC-CDC and TiC-CDC, respectively, in H 2 SO 4 . [  50  ]  In 
KOH electrolyte, Al 4 C 3 -derived carbon showed a higher gravi-
metric capacitance (260 F/g) than SiC-CDC (200 F/g) and TiC-
CDC performs better in organic electrolytes such as TEA-BF 4 -
ACN (tetraethylammonium-tetrafl uoroborate in acetonitrile; 
140 F/g) [  202  ]  than CDC from B 4 C (75 F/g) or SiC (110–120 F/g). [  61  ]  
It has also been shown that capacitance of CDC decreases with 
increasing    particle size. [  78  ,  81  ,  199  ]  

 Mesoporous Mo 2 C-derived CDC also yielded a high gravi-
metric capacitance of 143 F g  − 1 in1  M  (C 2 H 5 ) 3 CH 3 NBF 4  electro-
lyte in acetonitrile, [  84  ]  while VC-CDC showed a capacitance of 
133 F g  − 1  in the same organic electrolyte. [  200  ]  Up to 180 F g  − 1  
capacitance in organic electrolyte has been reported for KOH 
activated TiC-CDC by Portet et al. and explained by a signifi -
cantly increased specifi c surface area. [  198  ]  

 While the carbide precursor, particle size and other para-
meters affect CDC capacitance, the synthesis temperature has 
the most signifi cant impact on the capacitance of CDC, because 
it affects the pore size (Figure  6 a). Tunability of pore size in 
CDC  facilitated a major breakthrough in understanding capaci-
tive charge storage in porous carbon. Chmiola et al. reported 
© 2011 WILEY-VCH Verlag GmbAdv. Funct. Mater. 2011, 21, 810–833
n increase  in the gravimetric and volumetric capacitance at 
ower chlorination temperatures, although the specifi c sur-
ace area and pore size of CDC decreased. [  202  ]  Traditionally, a 
ecrease in capacitance was expected for submicrometer pores 
hat are inaccessible to the electrolyte. [  203  ]  Studies performed on 
DC with 0.7 to 1.1 nm pores [  202  ]  have shown that for small 
ores, the solvation shell of the electrolyte ions is completely 
r partially removed leading to an increase in the capacitance. 
 later study on the correlation between pore size and capaci-

ance corroborated  an increase in capacitance when the pore 
ize approaches that of the desolvated ion and  a decrease once 
he pore size is smaller than the ion size. [  204  ]  The importance 
f pore size tuning with sub-Angström accuracy was shown on 
n example of an ionic liquid electrolyte ( Figure  10  ). [  205  ]  A sim-
lar bell-shaped curve was described by Thomberg et al. [  200  ]  for 
 1 M (C 2 H 5 ) 3 CH 3 NBF 4  acetonitrile solution, where VC-CDC 
btained by chlorination at 900 ° C,  and with pores of an 
verage diameter of 1.18 nm, gave the highest capacitance value 
f 133 F/g. Thus, the tunability of CDC pore size (Figure  6 a) 
nd controlled PSD allows optimization of electrodes for a 
ariety of electrolytes which is diffi cult to achieve using other 
arbons.  

 Templated mesoporous carbon is another material exhibiting 
igh capacitance. Korenblit et al. showed that nanostructured 
ilicon carbide obtained from a mesoporous silica template 
ields CDC with a capacitance of up to 170 F g  − 1  for 1  M  TEA-
F 4  solution in acetonitrile. [  81  ]  A high total surface area, pore 
izes tuned to the electrolyte ion size, and ensuring that all pore 
olume is accessible to ions without transport limitations is the 
ey for achieving high capacitance. 

 Different approaches for the manufacturing of CDC elec-
rodes have been proposed. Usually, CDC powder is mixed 
ith a binder material such as polytetrafl uorethylene (PTFE) 
r polyvinylidenefl uoride (PVDF) and then formed into a 
00–200 micrometer thick fi lm in the same way as acti-
ated carbon. [  50  ,  53  ,  56  ,  84  ,  200  ,  206,207  ]  The use of materials without 
olymer binders may increase electrical conductivity and CDC/
yrolytic carbon composites offered an increased mechanical 
trength,  [  208,209  ]  but only up to 39 F/cm 3  capacitance, as reported 
n aqueous electrolytes for these materials. [  210  ]  

 It should be noted that in a binder/CDC mixture or any 
ther powder-based electrode, there will be a signifi cant inter-
article macropore volume fi lled with electrolyte that cannot 
e used for capacitive energy storage. Thus, monolithic 
icroporous bodies are another approach to improve device 

erformance. [  41  ]  As illustrated in  Figure  11  , and compared 
ith other carbon materials, the volumetric capacitance 

an be signifi cantly increased for monolithic CDC fi lms. A 
aximum value of 180 F/cm 3  for TiC-CDC was reported in 

 recent study for 2  μ m thick thin fi lms  in 1.5    M  TEA-BF 4 -
CN, and of  160 F cm  − 3  in aqueous electrolyte. [  41  ]  Lower 
alues  of below  ∼ 30 F cm  − 3  were found in organic electro-
yte for thick fi lms of over 100  μ m  due to  limitations in ion 
ransport. [  41  ]  CDC fi lms can be created on a large number 
f different substrate materials. [  63  ]  This enables the direct 
anufacturing of supercapacitors with high volumetric 

apacitance on a silicon chip. [  41  ,  63  ]  An example  of a TiC-CDC 
hin fi lm with enhanced volumetric capacitance is shown in 
igure  11 b.  
H & Co. KGaA, Weinheim 825wileyonlinelibrary.com
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    Figure  10 .     Correlation between capacitance in EMI-TFSI ionic liquid electrolyte (normalized by SSA) and TiC-CDC pore size. [   205   ]  Reproduced with 
permission. [   205   ]  Copyright 2008, American Chemical Society.   
 The use of CDC as electrode material in anodes of lith-
ium-ion batteries has also been explored. When SiC-, TiC- 
and Mo 2 C-derived CDCs  [  211  ]  were lithiated  between 30  ° C 
and 200  ° C, LiC 12  and LiC 24  were identified via XRD  in addi-
tion to LiC 6 . [  212,213  ]  Li 2 CO 3  and Li 2 C 2 , which are detrimental 
to capacitance, were present to a lesser amount. Based on 
diffusion data, [  213  ]  lithium ion diffusion occurs mainly along 
pore walls and Li accumulates in the pores forming metal 
clusters. Disordered carbons in general and CDC in partic-
ular may offer a longer life cycle and faster charge/discharge 
rates in comparison to graphite, which requires Li ions to 
intercalate between the closely-spaced graphene layers, 
leading to slower charge-discharge rates and faster material 
degradation. This material degradation, for example, has 
been seen in a recent patent on the use of CDC materials 
from a variety of carbide precursors for lithium battery elec-
trode materials. [  214  ]    

 4.2. Graphene-based Electronic Devices 

 Because of extraordinary properties like the 100-fold 
increase in the intrinsic carrier mobility (both electron and 
hole mobility) at room temperature  in comparison with 
silicon, graphene transistors have attracted much attention 
lately. [  215–218  ]  

 It was demonstrated that working graphene microdevices 
can be built using exfoliated graphene. [  219,220  ]  Novoselov et al. [  219  ]  
reported on device sizes up to 10  μ m. However, the reproducible 
manufacturing of devices for real-world applications requires a 
well-controlled process. Vacuum decomposition of SiC wafers 
yields uniform graphene layers which are convenient for 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
micropatterning [  164  ]  using electron beam lithography or conven-
tional etching. [  217,218  ]  Li et al. [  221  ]  showed that milimeter-sized 
top- and side-gated graphene fi eld effect transistors can be 
made from graphene epitaxially grown by vacuum decomposi-
tion of silicon carbide. Both Si and C-face 6H-SiC were studied 
for graphene transistors, and graphene on the Si-face of 6H-SiC 
was reported to have a higher off-to-on resistance ratio but a 
much smaller carrier density compared to the C-face. [  221  ]  Aniso-
tropic transport properties of epitaxial graphene fi eld-emission 
transistors (FETs) are associated with faceting of SiC and can be 
observed for (110 n ) steps. [  222  ]  This is associated with different 
properties of graphene on basal plane and (110 n ) SiC. 

 As long as graphene is attached to SiC, it will not neces-
sarily show the same properties as exfoliated and suspended 
graphene. It was found, for example, that the electron mobility 
in graphene on SiC is lower by an order of magnitude than that 
of  exfoliated graphene, as a consequence on the  interaction  
between graphene  and the carbide substrate. There is a similar 
decrease for supported exfoliated graphene due to long-range 
scattering. [  165  ,  223  ]  Epitaxial graphene on SiC can be removed 
from the substrate via the so called Scotch tape method. 

 Another application of graphene is in electrodes of super-
capacitors. [  224  ]  It has been shown by Stoller et al. [  224  ]  that a 
suffi ciently high gravimetric capacitance can be achieved 
from agglomerated graphene produced from graphite oxide 
in aqueous (99 F/g) and organic (135 F/g) electrolytes. Simi-
larly to CDC [  41  ,  63  ]  or carbon onions, [  225  ]  graphene nanosheets 
can be used in micro-supercapacitors, providing a very short 
response time. [  226  ]  Future research will explore CDC-based 
graphene in current collectors and in the electrodes of high 
power micro-supercapacitors with high charge/discharge 
rates.   
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 810–833
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    Figure  11 .     Volumetric capacitance vs. average pore size in 1.5   M  TAE-
BF 4 -ACN (after Fernandez et al.; [  201  ]  Shi, [  203  ]  Korenblit, [   81   ]  Chmiola 2010, [   41   ]  
Chmiola 2006, [   202   ]  Thomberg 2010, [   84   ]  Thomberg 2009 [  200  ] ) for CDC pow-
ders and fi lms of different thickness (a). Example of a CDC fi lm with 
enhanced volumetric capacitance (TiC-CDC thin fi lm on a Si wafer with 
thermally grown SiO 2  layer) (b).Reproduced with permission. [   63   ]  Copy-
right 2010, RSC Publishing.  
 4.3. Gas Storage (Hydrogen, Methane) 

 Reversible gas storage is of critical importance  in fuel cells 
and other technologies. Storage of liquid hydrogen requires 
cryogenic cooling,  and compressed hydrogen storage is less 
effi cient in terms of required storage container volumes when 
compared to hydrocarbon storage. Therefore, materials which 
show a high physisorption capacity at moderate temperatures 
are essential for a more effi cient storage of gases such as 
hydrogen or methane. 

 CDC can be optimized to adsorb a large quantity of methane. 
Gogotsi [  227  ]  reported a sorption capacity of 40 cm 3 /g at ambient 
pressure and temperature for SiC-CDC chlorinated at 1200  ° C, 
whereas B 4 C-derived CDC only shows 10 cm 3  g  − 1  under the 
same conditions. CDC outperforms commercially available acti-
vated carbons, offering 2.8 wt% methane storage at ambient tem-
perature and pressure. Post-synthesis activation in CO 2  or KOH 
signifi cantly improves the gravimetric methane uptake from 
TiC-CDC as shown by Yeon et al. [  228  ]  The best excess gravimetric 
methane uptake of 18.5 wt% at 25 ° C and 60 bar (16 wt% at 35 bar) 
was obtained with a TiC-CDC activated with CO 2  at 975  ° C for 
2 h, yielding material with a surface area of 3360 m 2  g  − 1 . [  228,229  ]  
© 2011 WILEY-VCH Verlag GmbAdv. Funct. Mater. 2011, 21, 810–833
ithout activation,  TiC-CDC shows values of  ∼ 14 wt% excess 
ethane uptake at 35 bar and 25 ° C ( Figure  12  a). [  74  ]  Bulk TiC-
DC plates showing an excess uptake of 21 wt% were reported. 
owever, since bulk CDC has no macroporosity, this translates 

o a very high volumetric uptake compared to CDC powder. [  74  ]   
 The hydrogen storage capacity of CDC has also been 

tudied. [  227  ]  Early studies by Gordeev et al. showed that 
ydrogen can be chemisorbed on SiC-CDC at 300–600  ° C with 
ffi cient desorption at 400–1200  ° C. [  208,209  ]  A later study charac-
erized the hydrogen uptake for SiC- and Al 4 C 3 -CDC. [  190  ]  A total 
ydrogen uptake at 1 MPa at 27  ° C of 0.5 wt%, 1 wt% at –78  ° C 
nd 2 wt% at –196  ° C was reported. 

 Yushin et al. [  100  ]  studied the pore size effect on hydrogen 
ptake at cryogenic temperatures by using CDC from various 
arbide precursors (TiC, ZrC, B 4 C and SiC). The best results 
ere obtained for hydrogen-annealed TiC-CDC; a gravimetric 
 2  uptake of up to 3 wt% and volumetric density of 24 kg m  − 3  
as identifi ed at 1 atm and –196  ° C. Direct comparison of the 
 2  uptake between TiC-CDC with and without subsequent 

ydrogen annealing showed that post-synthesis H 2  annealing 
ncreases the sorption capacity of CDC by 75%. When average 
ore diametre is below 1 nm, there is a linear correlation 
etween the pore volume and the H 2  uptake. [  100  ]  KOH activa-
ion is also a suitable method to obtain a larger gravimetric H 2  
torage; at –196  ° C and 20 bar, an increase of H 2  uptake  of 63% 
ompared to as-synthesized ZrC-CDC was demonstrated. [  52  ]  
t –196  ° C and 1 atm, KOH-activated ZrC-CDC shows less 
 2  uptake than as-produced TiC-CDC. Monolithic TiC-CDC 
as reported to show improved gravimetric hydrogen storage 

apacity compared to powders (Figure  12 c, d). [  74  ]    

.4. Tribological Coatings 

any carbide materials are used in sliding contact applications 
ecause of their high wear resistance, strength and chemical 
tability. To decrease their friction coeffi cient, especially during 
ry friction, a carbon coating can be used on SiC. The SiC 
urface is transformed into carbon by inward growth of the 
dherent CDC layer giving rise to a tight, well defi ned SiC/C 
nterface. [  38  ,  62  ,  75  ]  Chlorination  at 700–1000  ° C was used to form 
 CDC layer on sintered SiC ceramics and was shown to effec-
ively reduce the friction coeffi cient from  > 0.7 for SiC to  < 0.2 
nder dry running conditions [  230  ]  as shown in  Figure  13  . [  231  ]   

 Even lower friction coeffi cients of  < 0.1 in dry nitrogen were 
bserved after annealing CDC in Ar  +  5% H 2  at 800 ° C. [  230  ]  This 
ehavior is unlike that of graphite and other sp 2  carbons, where 
he presence of water vapors is required for lubricity and dura-
ility. The tribological properties  of CDC in both wet atmos-
heres and dry environments were explained by the presence 
f carbon onions, water adsorption in CDC micropores, and 
ermination of dangling carbon bonds with hydrogen. [  230  ]  The 
-dimensional carbon network of CDC (Figure  7 ) provided suf-
 cient mechanical strength and a kind of “ductility” (inset in 
igure  13 ) that prevents brittle fracture and  allows “smoothing” 
f the CDC fi lm surface during friction. 

 CDC coatings were also used to enable pull-out and increase 
amage tolerance in composite materials applied on SiC 
 bers. [  69  ]  They could also function as a sacrifi cial layer for the 
H & Co. KGaA, Weinheim 827wileyonlinelibrary.com
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    Figure  12 .     Excess methane (26  ° C) (a) and hydrogen (–196  ° C) (b) adsorption isotherms along with volumetric excess methane (c) and hydrogen 
(d) uptake. [  74  ]  It is evident that bulk TiC-CDC shows a much higher volumetric gas storage capacity than powder. Reproduced with permission. [  74  ]  
Copyright 2010,  Elsevier.   

    Figure  13 .     Impact of CDC coating on the dry friction coeffi cient of SiC. As seen, a decrease of 
factor 4 for the friction coeffi cient was observed. The inset shows a SEM image of the worn 
surface and plastic extrusion of the carbon coating into a pore. [  231  ]  Reproduced with permis-
sion. [  231  ]  Copyright 2000, Taylor & Francis.  
ormation of BN or Al-O-N coatings, as both 
re known to show superior oxidation resist-
nce. [  232–233  ]  Synthesis of a sacrifi cial layer 
omprises several steps. First, CDC is formed 
ia chlorination gas treatment at ambient 
ressure and elevated temperatures. As a 
econd step, B 2 O 3  (for BN) or 0.15 M ethyl 
ther solution of AlCl 3  (for Al–O–N) is infi l-
rated in the porous CDC at room tempera-
ure and subsequently annealed in NH 3  to 
orm a nitride coating. Due to the conformal 
arbide–CDC transition, this process is suit-
ble  for producing BN or Al–O–N based 
oatings with a smooth surface and excellent 
onding to the residual SiC fi ber core. [  234  ]  
s a result,  > 65% higher tensile strength 
alues and a threefold increase in the Weibull 
odulus was reported for CDC coated fi bers 

ompared to uncoated SiC fi bers. [  233  ]    

.5. Pt Catalyst on CDC Support 

t/C catalysts supported on SiC-CDC were 
eported in several studies [  234  ]  and were 
im Adv. Funct. Mater. 2011, 21, 810–833
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introduced either by a conventional wet chemical route with 
subsequent annealing to control the Pt particle in the nanom-
eters range size, or directly during CDC synthesis. During 
SiC chlorination, metallic platinum was introduced into the 
reaction zone and effectively dispersed in the produced mate-
rial by transport toward the SiC/C interface as gaseous Pt 3 Cl 3  
that reacts with SiC to form Pt and SiCl 4 ,  forming layers of 
platinum particles. [  234  ]  As the carbon nanostructure is barely 
affected by the additional presence of platinum, only small 
molecules can penetrate into the fi lm and reach Pt particles 
embedded in the CDC structure. An example for such a Pt/C 
composite is displayed in  Figure  14  . [  234  ]  It can be clearly seen 
that the resulting material shows Pt layers which is an inter-
esting structure of potential interest for catalyst applications. 
Besides Pt, other well-dispersed metal nanopartices can be 
introduced into CDC. [  235  ]     

 4.6. Protein Sorption 

 CDC shows pore-size dependent sorption of ions and mol-
ecules and this property can be used for the purifi cation of bio-
fl uids, especially given that CDC, as with  most other carbons, 
has good biocompatibility. [  55  ,  236  ]  While micropores are needed 
for supercapacitors and gas storage, sorption of biomolecules, 
which have sizes of several nanometers, requires mesoporous 
materials with a high surface area. Mesoporosity is expected 
to yield a much higher sorption capacity compared to micro-
porosity because of the larger surface area accessible to protein 
molecules. [  55  ]  CDC derived from Ti 2 AlC and Ti 3 AlC 2  by chlo-
rination at 600–1200  ° C was subjected to annealing in argon, 
ammonia, hydrogen, chlorine and vacuum. [  236  ]  Fast removal of 
infl ammatory cytokines such as TNF- α , IL-6, and IL-1 β , which 
is necessary to stop the progression of sepsis, was demon-
strated. It was most effi cient for NH 3  annealed ternary carbide 
CDC, because the positively charged aminated surface attracts 
negatively charged protein molecules. In particular, mesoporous 
Ti 2 AlC-derived carbon obtained by chlorination and annealing 
© 2011 WILEY-VCH Verlag GmbAdv. Funct. Mater. 2011, 21, 810–833
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    Figure  14 .     SEM image of a layered Pt-carbon fi lm produced by chlorina-
tion of SiC in presence of platinum. [  234  ]  Reproduced with permission. [  234  ]  
Copyright 2001, The Electrochemical Society.  
n NH 3  at 800  ° C yielded complete removal of the large cytokine 
NF- α  from blood plasma in less than an hour, with  > 85% and 
 95% TNF- α  removal in 5 and 30 min, respectively. Compared 
o activated carbons, [  55  ]  this is a signifi cant improvement and 
hows that  CDC  offers promise as a sorbent for a variety of 
iomolecules.    

. Conclusions 

arbide-derived carbons include a large group of materials 
anging from fully amorphous to highly ordered structures 
hat can be produced by extracting metals or metalloids from 
arbides using halogens, supercritical water, selective oxida-
ion, vacuum decomposition and other chemistries. Starting as 
n undesired by-product of SiCl 4  synthesis, [  21  ]  CDC has evolved 
rom a novel amorphous carbon [  15  ]  to a designer carbon mate-
ial. [  4  ]  Virtually any known carbon structure—graphene, 
anotubes, diamond, or porous amorphous networks—can 
e synthesized by this method. The important milestones in 
DC development were the observation of CNT formation [  11  ]  
nd graphene growth [  160  ]  during thermal decomposition of sil-
con carbide, as well as discovery of the tunability of the pore 
ize. [  86  ]  The ability to control the pore size and pore size dis-
ribution by varying chlorination temperature [  86  ]  and choice 
f carbide precursors led to development of a large family of 
orous carbons. [  237  ]  

 With  a large number of different structures and a wide 
ange of properties, CDC is being evaluated for a variety of 
pplications. CDC is now one of the most researched mate-
ials for supercapacitor electrodes [  1  ,  9  ]  because its tunable 
ore size allows optimization of porosity for any electrolyte. 
he tunability of pore size of CDC can be used  to opti-
ize the carbon for selective molecule sorption and water 

urifi cation. Much potential also lies in gas storage where 
DC shows high volumetric sorption capacity for hydrogen 
nd methane  and also for CO 2 , Cl 2 , and many other gases 
sed in energy or chemical technology. The excellent tribo-

ogical properties of CDC coatings have found applications 
n dynamic seals. Applications of CDC in Li-batteries sen-
ors, electronic devices and on-chip power sources are being 
xplored. Mesoporous CDC with the pore size templated by 
he carbide precursor and well-determined surface chemistry 
as demonstrated its potential in adsorbing cytokines from 
lood plasma. 

 The cornerstone of all current and future applications of 
DC will always be a comprehensive understanding of the 

elationship between carbide structure, carbon synthesis condi-
ions, post-synthesis treatment and the resulting CDC structure 
nd properties. This explains why current research focuses on 
ontrolling the nature of  the carbide precursors – either by 
sing polymer-derived ceramics (PDC-CDC) or by creating 
rdered mesoporous carbide as a starting material for CDC 
ynthesis (OM-CDC). For the  latter, processes such as electro-
pinning can be applied. [  72  ]  Also, templates such  as biomor-
hic TiC obtained by chemical treatment of carbonized paper, 
ave been investigated. [  79  ]  The latter processes produce CDC 
abric or fi bers that can be used for advanced engineering 
pplications.  
H & Co. KGaA, Weinheim 829wileyonlinelibrary.com
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