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Abstract−Porous carbon materials are of interest in many applications because of their high surface area and phys-
icochemical properties. For particular application, the surface of porous carbon material usually needs to be modified
or functionalized according to a specific requirement. In this review, methods of synthesis of porous carbon material
core shell structure, methods of functionalizing porous carbon material through direct incorporation of heteroatom in
carbon synthesis, halogenation, sulfonation, surface oxidation, grafting are examined. The method of characterizing
the functionalized carbon material (bulk, surface, internal and external) and its application in the field of catalysis and
energy storage (Li-ion batteries, capacitors/supercapacitors), are also subjects of focus.
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INTRODUCTION

Activated carbons are well known as porous solids with a highly
developed apparent surface area. Activated carbon is manufactured
industrially from various raw materials such as pine wood, bitumi-
nous coal and coconut shell. About 190 process patents and vari-
ous applications of activated carbon were summarized by Yehaskel
[1]. A review of these patents shows that a number of processes
and a variety of industrial equipment were used for the production
of activated carbon. However, rotary kilns are most widely employed
for the manufacture of activated carbon. Most of the materials used
to prepare active carbon are mineral carbons and lignocelluloses
from the biomass, wood and some agricultural wastes [2]. Due to
high surface area, porous carbon can be used extensively as a sor-
bent for separation process, catalytic support, filter, electrode mate-
rials for batteries and gas storage. Porous carbon material can be
classified into three types, according to their pore diameters as mi-
croporous with pore size<2 nm, mesoporous with 2 nm<pore size
<50 nm and macroporous with pore size >50 nm. Research regard-
ing the template synthesis of porous carbon material has continued
since the pioneering work of Knox’s group [3]. In 1982 Knox and
his coworkers demonstrated the concept of structuring porous car-
bon by templating. Since then, much porous carbon material with
uniform pore sizes having micropores, mesopores or macropores,
respectively, have been synthesized using various inorganic tem-
plates. The mesopores are filled with carbon precursor, such as su-
crose, phenol, furfuryl alcohol, phenol-formaldehyde, acetonitrile
and polypyrole [4-6], followed by carbonization of precursor and
removal of inorganic template. Direct synthesis of porous carbon
material using soft template (self assembled template) amphiphilic
molecules such as block copolymer and surfactants have been widely
employed [7]. Carbon particles can be synthesized under hydro-
thermal conditions using different biomass such as (glucose, maltose,

sucrose, starch) and biomass derivates (5-hydroxymethyl-furfural-
1-aldehyde (HMF) and furfural) as carbon sources [8].

The application of these porous carbon materials in catalysis, sep-
aration, energy storage, requires surface modification. To increase
the number of surface functional groups on carbon material, car-
bon is usually subjected to post treatment including oxidation, poly-
mer coating and grafting. Specific identification of functional groups
requires an array of spectroscopic and non-spectroscopic techniques.
Later, techniques will be discussed for characterization of carbon-
aceous samples with emphasis on functional group analysis.

SYNTHESIS

1. Core/Shell Structured Porous Carbon
There has been a great deal of interest in producing core shell

composite materials and capsules with modified structural, optical
and surface properties. Unger et al. [9] reported the synthesis of sub-
micrometer size solid core/mesoporous shell (SCMS) silica spheres
from the simultaneous sol-gel polymerization of tetrahydroxysi-
lane (TEOS) and octadecyltrimethoxysilane (C18TMS) followed
by removal of organic group. Yoon et al. [10] synthesized hollow
core/mesoporous shell (HCMS) carbon using solid core/mesopo-
rous shell (SCMC) structured silica as a template. The schematic
representation for synthesis of HCMC is shown in Fig. 1. The se-
lective deposition of phenol or divinylbenzene as a carbon source
into mesopores of SCMS has been done to preserve the spherical
structure of template silica. This gives HCMS carbon, which con-
tains uniform hollow cores and mesoporous shell.

Silicate-1 zeolite core/mesoporous silica shell (ZCMS) structures
were synthesized from sol-gel reaction of TEOS with C18TMS on
the surface of solid pseudo-hexagonal prismatic shaped silicate-1
zeolite particle [11]. The ZCMS particle was used as template to
fabricate a carbon replica structure. ZCMS particles are bimodal
microspores core and mesoporous shell structure, so the pore repli-
cation process took place only through the mesoporous in the shell
resulting in producing hollow core/mesoporous carbon (HCMS),
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with pseudo-hexagonal prismatic shape.
Layer by layer self assembly approach to fabricate many differ-

ent core-shell materials was introduced by Caruso [12]. Hampsey
et al. [13] reported the synthesis of spherical mesoporous carbon
particles from silica templates synthesized from an aerosol assisted
surfactant self-assembly process. They also reported a direct one-
step synthesis of ordered mesoporous carbon via self assembly of
resorcinol-formaldehyde polymer and surfactant in aqueous phase
in the presence of glutamic acids as a catalyst. The process has the
advantage of being a single step self assembly process that only
involves the use of simple organic precursors and water. Hydro-
thermal carbonization of carbohydrates represents a cheap, easy
and green substitute for the production of carbon sphere [14].

Onion-like carbon material was first found by Iijima at the surface
of graphite electrodes [15] and interest developed after 1992. Ugarte
[16] discovered a reproducible technique to synthesize onion-like
carbon material that consists of irradiating carbon soot by an intense
electron beam. Zheng et al. [17] reported the high temperature syn-
thesis of carbon onion with larger quantities of amorphous carbon
by chlorination of TiC powder at 1,173 K. Carbon onions with diam-

eters ranging from 5 to 50 nm have been synthesized on a mass scale
by CVD over a Ni/Al catalyst at 873 K. They are graphitic and have
polycrystalline structures; this work provides a practical and con-
venient route for the future production of carbon onions [18]. TEM
image of the as prepared carbon onions is shown in Fig. 2.
2. Surface Modification

Porous carbon material with a variety of structure requires sur-
face modification when applied in separation, catalysis and energy
storage. Chemical modification of the carbon is difficult, due to low
reactivity of carbon. Hence, the incorporation of functionality in
porous carbon during their synthesis is the efficient way. The suit-
able precursors include nonaromatic compounds and heteromatic
compounds such as the compounds containing the N, S, O (e.g.,
Pyrrole, furan, thiophene, etc.) which are reported [19].

Nitrogen can be introduced in carbons essentially in two ways,
either by carbonizing nitrogen containing organic compounds or
mixtures of nitrogen containing precursors with nitrogen materials
or high temperature treatment of carbon materials with nitrogen con-
taining gases by which decomposition has taken place and formed
the highly reactive radicals.

Kawabuchi et al. [20] reported the deposition of an aromatic com-
pound like pyridine on the commercially activated pitch-based car-
bon fiber (ACF) with slit-shaped pores. The deposition was per-
formed at 998 K for pyridine and 973 K for pyrrole. Yang et al. [21]
applied a similar hypothesis to introduce the nitrogen-containing
impurities into pore wall of ACF by treatment of pyridine in helium
stream in the temperature range of 973 K to 1,273 K, with the in-
tention to produce the hydrophobic sites. Pyrrole is another suit-
able candidate as a CVD precursor for nitrogen-doped mesoporous
carbons, having a relatively high pressure even at room tempera-
ture [6]. Yang et al. used a mesoporous silica template which is im-

Fig. 1. (a) Schematic illustration for the synthesis of hollow core/
mesoporous shell (HCMS) carbon capsules, (b) SEM image
and low-magnification TEM image (inset) of HCMS car-
bon capsules with core diameters of 500 nm and shell thick-
nesses of 90 nm [10].

Fig. 2. TEM image of the as prepared carbon onions [18].
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pregnated with FeCl3 as the oxidant for formation of polypyrrole.
Because oxidative polymerization is stoichiometric between pyr-
role and FeCl3, the loading of polymer and subsequently, carbon, is
readily controlled [22]. Chemical vapor deposition (CVD) permits
easy penetration of volatile precursors into the pores of a hard tem-
plate, whether they are small micropores like zeolite templates or
larger mesopores like mesoporous silica templates. Haley [23] intro-
duces pyridine groups by cyclotrimerization of diethynylpyridines
with various substitution patterns within mesoporous silica, acting
as a hard template.

Vinu et al. [24] reported nanocasting of mesoporous carbon nitride
samples by polymerizing and pyrolyzing a mixture of ethylenedi-
amine and carbon tetrachloride within the pores of SBA-15 and SBA-
16. The degree of polymerization, and hence textural parameters,
were controlled by varying the ratio of carbon to nitrogen in the
nitrogen source. An alternate nitrogen-doped carbon precursor, mela-
mine-formaldehyde, was used for nanocasting mesoporous carbon
spheres from fumed silica particles [25]. Urea is another source as
a nitrogen precursor. Rideal and Wright got a success for activated
carbon doping by impregnating them with urea solution [26]. The
activation with ammonia and its effect on the pore structure of the
carbon has been described repeatedly [27]. There are some other
techniques for introduction of nitrogen into carbons by heating with
hydrogen cyanide or cyanogens gas [28]. The quantity of nitrogen
introduced is smaller than when NH3 is used but the other results
are similar.
2-1. Sulfonation

Budarin et al. [29] synthesized mesoporous carbon by carbon-
ization of starch, and polysaccharide was sulfonated by suspension
in sulfuric acid at elevated (high) temperature. The resulting prod-
uct content was 0.5 mmol g−1 sulfonate concentration, which can
provide high conversion, selectivity, and reaction rates for several
catalytic reactions. Wang et al. [30] carried out the functionalization
of ordered mesoporous carbons with sulfonic acid groups by reduc-
tion of a diazonium salt, 4-benzene-diazoniumsulfonate, by hydro-
phosphorous acid; this method provided a coverage of 1.93 mmol
g−1 under relatively mild conditions, and the product was success-
fully used as a catalyst for esterification and condensation reactions.
These kinds of sulfonated porous carbon materials offer significant
potential as an environment-friendly solid acid catalysts that may be
a good substitute for homogeneous or liquid acids in certain cata-
lytic reactions, overcoming the disadvantages regarding homoge-
neous catalyst and reused repeatedly after regeneration.

Shin et al. [19] has applied Fridel-Crafts alkylation for the prepa-
ration of sulfur functionalized carbon by nanocasting using linear
polymerization of 2-thiophenemethanol. Toda et al. [31] synthesized

a heterogeneous catalyst for esterification of higher fatty acids by
sulfonating incompletely carbonized natural organic material. Sul-
fonation of this material would be expected to generate a stable solid
with a high density of active sites, enabling a high-performance cata-
lyst to be prepared cheaply from naturally occurring molecules. First,
D-glucose and sucrose are incompletely carbonized at low temper-
ature to induce pyrolysis and the formation of small polycyclic aro-
matic carbon rings, sulfonite groups (-SO3H) are then introduced
by sulfuric acid. The scheme they use to sulfonate incompletely
carbonized saccharides is shown in Fig. 3.
2-2. Halogenations

Halides are introduced into carbon for surface modification to
change the chemical and physical properties of carbon materials.
Fluorination is used to create a hydrophobic carbon surface. Fluori-
nation on the carbon surface has been done by a variety of methods.
Li et al. [32] reported the fluorination on mesoporous carbons by
flowing diluted F2 gas over the sample for four days at different tem-
peratures ranging from RT to 523 K. In this method, fluorine gas
reacts with hydrogen atoms in C-H bonds, and also with unsatur-
ated bonds of the carbon. Fluorine amount can vary in accordance
with the reaction conditions. TEM image of a fluorinated mesopo-
rous carbon material prepared at room temperature is shown in Fig. 4.

Wang et al. [33] synthesized the mesoporous carbons modified
with fluoroalkylsilane by hydrolysis. The functionalized carbon is
super-hydrophobic, exhibiting a very high water contact angle and
low water adsorption. Boehm mentioned in his review that haloge-
nation of carbon blacks with bromine (and also chlorine) is possi-

Fig. 3. Preparation from sucrose and D-glucose of a solid catalyst suitable for biological diesel production [32].

Fig. 4. TEM image of a fluorinated mesoporous carbon material
prepared at room temperature [33].
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ble by high-temperature treatment with the halogen [34]. Modified
surface by halogenation provides a starting point for subsequent
conversion into other functional groups, such as amines, anilines,
alcohols, or thiols. Pitch-based ordered carbon with fluorine could
be fluorinated at room temperature or moderately elevated temper-
ature, which has great potential applications in electrochemistry or
batteries [32]. When the rayon-activated carbon fiber was modified
by chlorine or bromine, its surface hydrophilic property was increased
and the adsorption capacity of dimethyl sulfide was increased [35].
2-3. Surface Oxidation

The heteroatoms on the surface of activated carbon play signifi-
cant role in its application. Among these heteroatoms, the oxygen-
containing functional groups (also denoted as surface oxides) were
the widely recognized and the most common species formed on
the surface of carbons, which significantly influenced their perfor-
mance in sensors, energy storage and conversion systems, catalytic
reactions and adsorptions. The surface oxygen-containing functional
groups could be introduced by mechanical [36], chemical and elec-
trochemical routes [38]. Oxidative treatment is the most frequently
used method to functionalize the carbon surface. When functional
groups are not included directly during the synthesis of porous carbon
materials, controlled oxidation may be used to introduce oxygen-
containing groups such as esters, carboxylic acids, phenol, lactones,
ether, etc. on the carbon surface. Acidic groups such as carboxylic
acid, phenolic hydroxyl, quinine and lactones are introduced to porous
carbons treated with different oxidizing solution [38]. Those form
a surface complex leading to change of surface chemistry, which is
reflected in improved properties when carbon material is used as
catalyst or adsorbent [39].

Generally, oxidation can be done by dry or wet oxidation, plasma
treatment and electrochemical modification. Wet chemical oxida-
tion involves the use of nitric acid, sulfuric acid, phosphoric acid,
alone or in combination with hydrogen peroxide, sodium hypochlo-
rite, Pradhan et al. [40] functionalized activated carbon with sur-
face oxygen complex through the reaction with different oxidants
like dil. nitric acid, hydrogen peroxides and saturated solution of
(NH4)2S2O8 in 4 M sulfuric acid.

Nitric acid treatment is the most effective in terms of modifying
the surface area and the porosity of activated carbons. Oxidation
with nitric acid is a highly efficient process for the generation of
surface functional groups and is quite controllable, simply by tuning
the temperature, concentration and period; for this reason this oxi-
dation technique has also been applied successfully to the surface
of mesoporous forming carboxylic group [41]. Vinke et al. [42] found
that the nitric acid oxidation was most effective, resulting in the high-
est amount of acidic surface groups, whereas hypochlorite appeared
to be a much weaker oxidants. Recently, Ryoo et al. [43] reported
the surface modification of CMK-5 and CMK-1 by oxidation with
concentrate nitric acid at 383 K. For oxidation by concentrated nitric
acid, even at RT the pore structure of CMK-5 was destroyed [44],
and lower oxidation temperature or lower oxidation concentration
is favorable in terms of maintaining the pore structure.

In case of dry oxidation, gaseous oxidation agents like oxygen,
ozone and carbon dioxide are often used. The type of oxidants influ-
ences the composition of the surface group. For example, in com-
parison with ozone treatment, air oxidation produced more phenol
and fewer lactones/ anhydride groups [45]. Ozone as a strong oxi-

dization agent could oxidize the carbon material surface to intro-
duce oxygen-containing groups. The ozone dose and oxidation time
affected the resultant oxygen-containing groups and the oxygen con-
centration on the carbon surface. Activated carbon on oxidation with
ozone showed that the higher the ozone dose, the higher was the
oxidation of the carbon and the greater was the number of acid groups
present on the carbon surface, especially carboxylic groups, whereas
the pH of the point of zero charge decreased [46].

Abdi et al. [47] reported the preparation of novel carbon material
having fairly uniform bowl shape in nanosize domain with varying
oxygen content by a simple oxidative chopping of carbon nanoballs,
where they have effectively functionalized the inert carbon nano
sphere (CNS) with carboxylate groups. The lower-oxygen-contain-
ing bowls referred to as NBC-1s (O: 4.30%) were as nonclustered
bowls, high oxygen- containing bowls NBC-2s (O: 30.0%) formed
aggregates arranged in a honeycomb-like architecture. SEM and
HRTEM of NBC-1s and NBC-2s are shown in Fig. 5.
2-4. Grafting

Grafting is another method for functionalization of carbon. Graft-
ing of vinyl trimethoxy silane (VTMOS) improves the hydropho-
bicity of carbon and affinity of carbon materials towards non-polar
organic solvent. Activated carbon was functionalized with VTMOS
by soaking the carbon in a dilute aqueous solution of the alkoxide.
This functionalization allowed better wetting of the carbon by pro-
pylene carbonate for use in electric double-layer capacitor applica-
tions [48].

Electrochemical grafting on carbon is possible with diaryliodo-
nium salt, a process which has been demonstrated for glassy carbon
electrode [49]. The approach is based on the reduction of iodonium
salts and allows the co-valent immobilization of aryl groups as well
as alkynyl group. The functional group attached by this method varied
from electron withdrawing to electron donating group and included
carboxylic acid, bromine, chlorine, methyl and metoxy group. Delamar
in 1992 first demonstrated the use of dizonium compounds to mod-
ify the surface of carbon materials including glassy carbon electrode,
carbon fibers, carbon powder [50]. A variety of diazonium salts,
including 4 nitrophenyldiazonium tetrafluoroborate in an acetonitrile
solution, were electrochemically reduced on the surface of the car-

Fig. 5. SEM images of (a) CNSs, (b) NBC-1s, (c) NBC-2s, and (d)
HRTEM image of NBC-2s after calcination at 1,573 K [48].
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bon.
Another grafting approach was based on Prato’s reaction, the 1,3-

dipolar cycloaddition of azomethine ylides [51]. Ordered mesopo-
rous carbon was heated in a solution containing the α-amino acid
N-methylglycine and an aldehyde. This method permits simultaneous
attachment of two different R-groups to the carbon surface; func-
tionalization of highly graphitic mesoporous carbon was unsuccess-
ful by this method.

On the surface of mesoporous carbons like CMK-1 and CMK-
5, carboxyl groups generated by oxidation were reacted with thio-
nyl chloride in order to convert them to acyl chloride groups [52].
The acyl chloride groups could then be used to attach hydroxypro-
pyl amine onto the carbon surface by esterification.

Fig. 6 shows a summary of grafting reactions that permit func-
tionalization of templated nanoporous carbon (TNC) surfaces with
covalent anchors [43,52]. Because the starting surfaces were not

Fig. 6. Summary of grafting reactions that permit functionalization of TNC surfaces with covalent anchors [44,53].
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always fully specified in the original papers, idealized surfaces are
depicted here. The largest variety of surface functional groups on
porous carbons is accessible by grafting techniques (Fig. 6). In some
of these methods, the carbon surface has a preexisting surface func-
tionality, and the surface functionality is changed by an organic reac-
tion.

CHARACTERIZATION

Elemental analysis is a process in which materials or compounds
are analyzed for their elemental and sometimes isotopic composi-
tion. Elemental analysis can be qualitative (to identify elements)
and it can be quantitative. The most common form of elemental
analysis, CHSN analysis, is accomplished by combustion analysis.
Considering the application aspects, it is important and necessary
to determine the surface functional groups of carbon materials. The
technique of characterization of bulk, external and internal surface
of surface functional groups will be discussed in this review.
1. Bulk Characterization
1-1. Solid State NMR

High resolution solid-state 13C NMR spectroscopy is well known
for analyses of coals and activated carbons [53]. The 13C NMR spec-
tra could determine the chemical functionalities of porous carbons.
From the literature, peaks near 30 ppm, 80 ppm and 127 ppm in
the 13C NMR spectra could be assigned to the sp3- hybridized car-
bon [54], sp-hybridized carbon and sp2-hybridized carbon in graph-
ite or graphite-like domains, respectively [55]. The peak near to 175
ppm in NMR spectra is due to alkoxy and OH substituted carbon
and peak at 40 ppm could be attributed to the presence of -CH and
-CH2 groups and the signal at 39 ppm can be assigned as the cross-
linked methylene groups [56]. The olefinic carbon atoms with a
broad signal between 120 and 140 ppm were clearly detectable in
the solid-state 13C NMR spectrum [57]. Characterizations of com-
plex carbonaceous structures could be done by combining data from
multiple solid state NMR techniques [58]. 13C cross polarization
magic-angle-spinning (CP-MAS) NMR experiments provide qual-
itative information about the structure of carbonaceous solids, reveal-
ing, for example, aromatic and aliphatic resonances [59]. Dipolar
dephasing experiments and 13C CP-MAS spectral editing techniques
provide accurate information about ratios of protonated and non-
protonated aromatic and aliphatic carbons, respectively. 19F solid-
state NMR has been applied to follow fluorination processes in por-
ous carbon material [60]. 1H solid-state NMR of carbonaceous solids
is complicated by the high abundance of protons in many of these
materials. It is necessary to use 1H NMR techniques that eliminate
the effects of 1H-1H dipolar interactions that lead to strong line broad-
ening, for example combined rotation and multiple-pulse spectros-
copy (CRAMPS) [61].
1-2. FT-IR (Fourier Transform Infrared) Spectroscopy

The FT-IR has been widely used to characterize the surface groups
of different oxides and also applied to various types of carbon and
carbonaceous materials like coals, carbon blacks, chars and activated
carbon structures [62]. Since IR transmission spectra had peaked
shapes where the specific chemical bonds existed, it was possible
to know which functionalities were created on the surface of acti-
vated carbon by comparing locations and depths of the peak. FT-
IR was mainly used as a qualitative technique for the evaluation of

the chemical structure of carbon materials. It was not easy to get
good spectra because carbons are black materials that absorb almost
all of the radiation in the visible spectrum, and the peaks obtained
were usually a sum of the interactions of different types of groups
[63]. To analyze carbon surface functionalization, it is useful to com-
pare spectra of nonfunctionalized and functionalized materials and
follow the appearance and disappearance of absorption bands. Photo-
acoustic spectroscopy is a technique which has been used with car-
bon samples, but it is not commonly used [64]. In situ DRIFTS meas-
urements have been used to study the formation of surface groups
on carbon by oxidation. Some FT-IR assignments of chemical func-
tional groups are listed in Table 1 [65-67].
1-3. Raman Spectroscopy

Raman spectroscopy has been used to study a number of car-
bon-containing particles such as commercial graphite of various
compositions, candle soot and diesel soot, and ambient particles.
The spectra show the known D, G, D' and 2D bands with varying
characteristics. An analysis of the spectra allows the inference of
internal physical characteristics of the samples such as the size or
degree of disorder of the carbon microcrystalline domains on a nan-
ometer scale [68]. Raman spectra of activated carbon materials have
been investigated by a peak-deconvolution technique [69]. FT-IR
and FT-Raman spectroscopy are important complementary tools for
the characterization of activated carbon, because some IR-inactive
vibrations can be active in Raman spectra of carbonaceous materi-
als. Although the Raman spectrum of carbonaceous materials con-
sists of only a small number of lines, the variations in the intensity,
width and peak position of these lines are very large and their full
theoretical interpretation is still a challenge.

The absorption at about 1,580 cm−1 (also known as G band) has
been ascribed to the Raman-active optical mode E2g of 2-dimen-
sional graphite arising out of vibrations of carbon atoms in a hexag-
onal carbon lattice, such as a graphene layer. Another signal at about
1,340 cm−1 (also known as D band) is usually assigned to the vibra-
tions of carbon atoms with dangling bonds at the end of disordered

Table 1. IR assignments of functional groups on carbon surfaces
[66-68]

Group or functionality Assignment regions (cm−1)
Carbonates; carboxyl-carbonates 1100-1500, 1590-1600
Alcohols 1049-1276, 3200-3640
-C-OH (stretching) 1000-1220
Lactones 1160-1370, 1675-1790
-OH 1160-1200, 2500-3620
-C-C aromatic (stretching) 1585-1600
C-O in ethers (stretching) 1000-1300
Quinones 1550-1680
Carboxylic anhydrides 980-1300, 1740-1880
C-H (stretching) 2600-3000
C-N 1190
Cyclic amides 646,1461,1546,1685
C=C=N 2070-2040
N-O- 1300-1000
C-N aromatic ring 1000, 1250, 1355
N-H, C=N 1560-1570
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graphitic carbon. The relative intensity of the two bands with stron-
ger G band is a reflection of the good quality of graphite-like struc-
ture while its shifting to higher positions with higher D band inten-
sity indicates a more disordered structure. In the Raman spectra of
CNSs (a) and NBC-2s (c), both the carbons gave a G band at about
1,590 cm−1, indicating the presence of graphitic carbon in them. How-
ever, a strong D band at about 1,350 cm−1 reveals that there are con-
siderable structural defects in both the materials [47] as shown in
Fig. 7.

Since the pioneering work of Nemanich and Solin [70], much
has been published on the Raman spectra of graphite and graphitic
particles. The literature on the subject continues to increase, because
of the wide variety of applications of these materials. The article by
Wang et al. [71] provides important evidence for the understanding
of the D peak and its relation to edge carbon vibrations. McCul-
loch et al. [72] provide a description of the shape of the G band in
terms of the Breit-Wigner-Fano (BWF) function. Fig. 8 gives a de-
tailed analysis of Raman spectra of glassy carbon (GC) and acti-
vated carbon (AC) [68].
2. External Surface
2-1. X-ray Photoelectron Spectroscopy (XPS)

XPS is a technique for investigation of the surface functionalities
of carbon materials as reported by a number of studies [73,74]. XPS
can provide valuable information about the presence and amount

of nitrogen groups, carbon groups, oxygen, fluorine, sodium and
other components in the template carbon. The XPS spectra of C1S

and O1S indicated that carbonyl groups were introduced to the sur-
face at low oxidation potentials and the concentration of alcohol-
ether groups increased at high oxidation potentials [75]. However,
the OH and C-O oxygen atoms in the carboxyl groups could not
be easily distinguished if the XPS experiments were carried out at
room temperature [76]. XPS applied to characterize the composi-
tion of designed porous materials provides a compositional estimate
of only the outermost layers, with a penetration depth of ca. 5-15
nm [77]. This spectroscopic method has been extensively employed
to study the surface carbon-oxygen complexes and elemental com-
position before and after surface treatments. XPS applied to the por-
ous carbons for the determination of the oxygen surface groups has
some limitations, like the analysis was made in high-vacuum, that

Fig. 7. (a) Raman spectra of (a) CNSs, (b) CNSs calcined at 1,573
K, (c) NBC-2s and (d) NBC-2s calcined at 1,573 K [48].

Table 2. The C1S, O1S, N1S from XPS spectra for modified norit ROW 0.8 [74,79]

C1S O1S N1S

Assignment B.E. (eV) Assignment B.E. (eV) Assignment B.E. (eV)
-C=C-,non-functionalisedsp2C 284.5+0.1 H2Oads, O2ads 536.3+0.4 NOx, oxidized, N-O-C 404.5+0.4

-COOH (carboxyl acid) 289.3+0.1 COH, COOH, N-OC 534.3+0.2 N, quaternary 401.3+0.2
-C=N, -N=C-O-, COOC 288.7+0.2 C=O (ester, amides) 532.3+0.3 -O-C=N, pyridine

pyrrole 400.2+0.1

-C-N, C=O 287.4+0.2 C=O (carboxyl) 530.6+0.2 -N-H
Pyrrolic nitrogen
Pyridine nitrogen

399.4+0.3

– C-OH, .C-O-C=, C-O-R 286.1+0.1 C-O-C (ester oxygen) 533.5+0.2 Pyridinic nitrogen, Ar-N-Ar 398.6+0.3
Plasmon 292.0+0.4 Pyridine-N-oxide 402.5-403.8

Fig. 8. Detail of analysis of Raman spectra of glassy carbon (GC)
and activated carbon (AC) [87].
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is, under conditions quite different from those usually used in the
applications of the carbon catalyst, rearrangement of the surface
can occur and deconvolution of the O1S and C1S peaks is not straight-
forward, the external surface area is only a small fraction of the total
surface area and it is not representative of all of the material.

The binding energy and their assignment of C1S, O1S, and N1S de-
duced from XPS spectra for modified Norit ROW 0.8 are summa-
rized in Table 2 [73,78].
3. Internal Surfaces
3-1. Temperature-programmed Desorption (TPD)

TPD is a thermal analysis method that is widely used for the char-
acterization of the oxygen-containing groups of activated carbons
[77,79]. Oxide-containing functional groups decompose in specific
temperature ranges to produce CO, CO2, or H2O as decomposition
products. The nature of the groups could be estimated by the de-
composition temperature and type of gas desorbed and their respec-
tive amounts by the areas of the peaks. The major problem is the
difficulty in identifying each surface group individually because TPD
spectra showed composite CO and CO2 peaks. A differential scan-
ning calorimeter and a thermogravimetric analyzer (DSC-TGA)
coupled to a mass spectrometer [40] were used for the analysis of
surface group on carbon materials. Surface oxygen-containing groups
on carbon and their decomposition by TPD are illustrated in Fig. 9
[77,79].

Temperature-programmed reduction (TPR) is a similar technique
to study the reactivity of surface functional groups upon sample
heating in a reductive atmosphere [80].
3-2. Chemical Titration

The surface acidity of several activated carbons was evaluated

using the Boehm and potentiometric titration methods. The chemi-
cal titration method proposed by Boehm [81] were especially useful
when it was used in combination with other techniques [82]. Oxy-
gen-containing groups, like ketones, phenols, lactones, lactol, car-
boxylic acids, and carboxylic anhydrides can be categorized by ad-
sorption neutralization with NaHCO3, Na2CO3 and NaOH solutions,
respectively [83]. The acid dissociation constants of carboxyl groups,
lactones, or phenols differ by several orders of magnitude. pH meas-
urements show the carbon to be highly acidic, with Boehm titra-
tion and XPS suggesting a high proportion of carboxylic and lac-
tonic surface groups. The basic group (such as, C-H, C=N groups,
amino, cyclic amides, nitrile groups) contents of the activated car-
bons were determined with 0.05 M HCl [84]. Redox titrations (e.g.,
with Ce (IV) solutions) allow detection of reducing groups that may
have been introduced into the porous carbon during thermal treat-
ment under reducing conditions [85].

When dealing with small amounts of sample, problems of repro-
ducibility occur due to very long equilibrium times for porous car-
bon material and the Boehm titration method only can determine
about 50% of the total oxygen available in activated carbons; these
are the limitations of the traditional Boehm titration method [86].
3-3. X-Ray Diffraction and Small-angle X-ray Scattering

X-ray diffraction technique is used by solid state chemists to exam-
ine the physico-chemical make-up of unknown solids. In the porous
carbon material mesostructural periodicity, pore structure and unit
cell parameters of mesoporous carbon can be determined. Use of
2D transmission X-ray diffraction, grazing angle X-ray diffraction
are more appropriate to characterize the channel orientation in meso-
porous films [87]. Bulk nanoporous carbon materials are produced

Fig. 9. Surface oxygen-containing groups on carbon and their decomposition by TPD [78,80].
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from a number of carbides by selective etching reaction with chlo-
rine, and these studies were carried out by the techniques of small
angle X-ray scattering [88]. The porous structure of carbon-graph-
ite materials styrene-divinylbenzene copolymer and fruit stones has
been studied by means of X-ray small angle scattering method. The
main parameters of porous structure like inertia radius, pore size
distribution functions, and specific surface area have been deter-
mined [89]. Information regarding successful filling of pores with
functional groups can also be derived from X-ray diffraction data,
by analyzing relative peak intensities before and after surface func-
tionalization [90]. Hollow porous carbon nanospheres with large sur-
face area and stability were self-assembled using gentle oxidization
of fullerenes. The C60 framework, functional groups, composition,
structure of the nanospheres were investigated [91].
3-4. Gas Sorption Isotherms

Gas adsorption is a prominent method for obtaining a compre-
hensive characterization of porous materials with respect to the spe-
cific surface area, pore size distribution and porosity [92]. Amor-
phous materials are typically characterized using nitrogen adsorp-
tion isotherms at 77 K to obtain pore size distributions. However,
higher temperatures and different adsorbates could also be used. In
mesoporous carbons, specific surface areas are calculated from the
isotherms by means of the BET method and the new αs-method
[93]. Total pore volumes may be calculated by a single-point meas-
urement at a high relative gas pressure (p/p0=0.98), micropore vol-
umes by applying the Dubinin-Radushkevich analysis on the iso-
therm in a low relative pressure range (10−4 to 10−2) and volumes
of pores <1 nm by the Horvath-Kawazoe (HK) method applied to
the relative pressure range from 10−6 to 10−4. Adsorption of CO2 at
295 K on a variety of microporous carbons was analyzed using the
Dubinin Radushkevich (D-R) equation [94].

Recently, Jaroniec [95] has extended to nitrogen and argon-sorp-
tion isotherms of carbonaceous materials with cylindrical mesopo-
res in the pore-size range from 1 to 12 nm. Neimark et al. [96] present
a unified approach to pore size characterization of microporous car-
bonaceous materials such as activated carbon and carbon fibers by
nitrogen, argon and carbon dioxide adsorption at standard tempera-
tures, 77 K for N2 and Ar and 273 K for CO2. Reference isotherms
of N2, Ar and CO2 in a series of model slit-shaped carbon pores have
been calculated from the nonlocal density functional theory.

APPLICATIONS

Carbon materials are used in many applications such as catalyst,
Li-ion batteries, energy storage, sensing and sorption due to their
chemical stability, electronic conductivity, ability to intercalate elec-
trochemically active species, and sorption capabilities. Generally,
glassy carbon and graphitic carbon are used for electrodes and acti-
vated carbons are used for catalysis and sorption. In this section we
will highlight applications of porous carbons with a particular em-
phasis on the effects of carbon functionalization on each application.
1. Catalysis

Commercially available carbon-supported materials are well known
as heterogeneous catalysts, for a variety of reactions such as hydro-
genation, dehydrogenation, oxidation, hydrodesulfurization, hydro-
denitrogenation, hydrodeoxygenation, electrocatalytic reactions and
NO reduction [90]. This is due to their desirable properties such as

chemical inertness, stability in the absence of molecular oxygen at
high or low pH values, mechanical resistance and high surface area.
Surface areas and pore size distribution are most important major
factors in catalytic reactions involving large molecules, where ac-
cessible mesopores are preferred over micropores [39]. Ion exchange,
impregnation, colloid dispersion, electroless plating, or vapor-deposi-
tion methods, are the typical preparation methods for metal loaded
functionalized carbon. The control of the carbon surface chemistry
(surface oxygen and other heteroatoms, amphoteric character and
hydrophobicity) is very important for control over the pore struc-
ture of carbon supports [41].

In the last few years, a few studies have been reported for func-
tionalized carbon. Mesoporous carbon accounted more advantages
like good dispersion, adsorption of reagent and desorption of prod-
uct. But the activity and selectivity depend on how well the place-
ment of catalyst particles and their size distribution can be controlled.
Lee et al. studied the bifunctional Co-Mo catalyst loaded nonpo-
rous resorcinol-formaldehyde-based carbon catalyst and activated
carbon catalyst for hydrosulfurization reaction; the turn-over fre-
quency was lower in case of activated carbon due to blocking of
pores by metal particles. These things should not be happening in
case of nonporous carbon because of lesser diffusion limitation for
reagent and the catalyst particle not obstructing the pore opening
[97].

Zhou et al. [98] synthesized the Pt loaded on modified mesopo-
rous carbon with cationic surface (cetyltrimethylammonium bromide)
by microwave-assisted synthesis for hydrogen electro-oxidation
study. For results, the wettability of the carbon was enhanced, the Pt
loading increased and Pt nanoparticles were well dispersed through-
out the mesopore system, which has been shown as effective dur-
ing reactions. Ryoo et al. [99] reported the need of lower Pt loading
on mesoporous carbon than activated carbon support for selectively
biphasic conversion of nitrobenzene to p-aminophenol. The result
was attributed to the higher catalyst dispersion on the mesoporous
supports and the lower pore diffusion resistance in these structured
materials.

Harada et al. [100] compared the activity of Pd-loaded ordered
mesoporous carbon (Pd-CMK-3), Pd-loaded activated carbon and
Pd-loaded carbon black for oxidation of benzyl alcohol; the con-
version and selectivity towards oxidation of benzylalcohol into ben-
zaldehyde do not necessarily benefit from the ordered mesostructure.
The conversion was seen highest with Pd-carbon-black, and selec-
tivity was in fact the lowest for Pd-CMK-3. Instead of the pore archi-
tecture, the size and dispersion of Pd particles had a greater effect
on the catalytic functions. The conclusion is that Pd particles were
located on the external surface of CMK-3 and the reactions were
therefore not significantly influenced by the mesopore structure,
and if Pd is dispersed on a molecular level within the mesopore walls,
very high selectivities and conversions can be obtained. It should
be noted that good metal dispersion does not always lead to the ex-
pected performance advantages. In some cases the catalyst with lower
metal loading should give the benefits; for example, when a meso-
porous carbon xerogel prepared from resorcinol-formaldehyde pre-
cursors was activated in oxygen, impregnated with a Pd salt, reduced
using sodium formate or hydrogen and then tested as a catalyst for
enantioselective hydrogenation of isophorone and of (E)-2-ben-
zylidene-1-benzosuberone [101]. Pd particle size and dispersion
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were strongly influenced by the choice of reducing agent.
Synthetic carbon is a useful support for acid catalysis. Wang et al.

[30] synthesized the hexagonally ordered mesoporous carbon CMK-
5 functionalized with sulfonic acid groups by covalent attachment
of sulfonic-acid-containing aryl radicals and examined as an acid
catalyst for the formation of bisphenol-A and for esterification of
acetic acid with ethanol.

The superior catalytic performance was ascribed in part to the
hydrophobic nature of the support, which may synergistically influ-
ence the catalytic activity of the hydrophilic surface groups. Star-
bonR materials (a new family of mesoporous carbonaceous materials
derived from renewable bioresources denoted as StarbonR) with
sulfuric acid, the products become highly active catalysts for esteri-
fication of diacids, liquid phase acylation of alcohols and alkylation
of aromatic substrates which can be derived by low-temperature
carbonization of starch [29].

There are many reports in literature for esterification of high mo-
lecular weight carboxylic acids like oleic acid, stearic acid etc. by
using sulfuric acid and solid acid catalyst. One might anticipate that
the addition of uniform mesopores to such a material could bring
additional performance advantages. Hara et al. [103] synthesized
the sulfonated carbon by incomplete carbonization of sulfonated
aromatic compounds, such as naphthalene. Even though the product
obtained in a study using this approach was amorphous and had a
relatively low surface area, it presented a high density of sulfonic
acid groups and rivaled the performance of sulfuric acid as a catalyst
for esterification of acetic acid.
2. Li-ion Batteries

A variety of advanced techniques demand rechargeable lithium-
ion batteries with high energy and high power density. Generally,
carbon materials, especially graphite, have been investigated for
lithium-ion battery anode materials for quite some time, due to their
ability to intercalate lithium ions. Commercial lithium ion batteries
often employ graphitic carbon anodes which provide a theoretical
capacity of 372 mA h g−1 [103,104]. However, new compact and
modern portable electronic devices as well as hybrid electric devices
require higher energy density power sources with improved cycla-
bility and rate capability.

Ng et al. [105] recently reported that amorphous carbon-coated
Si nanocomposites prepared by a low-temperature spray pyrolysis
technique were used as high capacity anode material for recharge-
able Li-ion batteries. In these cases, carbon-based materials have
exhibited advantages as a host matrix. During Li insertion and ex-
traction, carbon materials can buffer the volume changes of silicon
particles and guarantee good electrical contact. Cakan et al. [106]
synthesized carbon/silicon nanocomposites for lithium storage per-
formance using hydrothermal carbonization of glucose in the pres-
ence of preformed silicon nanoparticles with particle size of 20-
50 nm. To improve the stability and electrical conductivity of the
nanocomposite, after hydrothermal carbonization, the particles were
further carbonized at 1,173 K for 2 h in an N2 atmosphere. They
carried out galvanostatic charge-discharge experiments to evaluate
the electrochemical performance of the C/Si nanocomposite. For
comparison, a commercially available nanometer-sized Si was also
tested. The discharge (Li insertion)/charge (Li extraction) curves of
the C/Si nanocomposite electrode were obtained in 1 M LiPF6 EC-
DMC electrolyte solution containing 2 wt% vinylene carbonate at

a current density of 300 mA g−1. The C/Si nanocomposite showed
Vs Li/Li+ highly stable reversible capacity (~460 mA h g−1) at a high
current rate of 300 mA g−1 in the voltage range of 0.05 to 1.2 V, which
is remarkably higher than that of pure hydrothermal carbon under
the same electrochemical conditions.

Tin-based materials have attracted particular interest as negative
electrodes because they can, in principle, deliver much higher spe-
cific lithium storage capacities (790 mA h g−1 for SnO2; 990 mA h
g−1) than the currently used graphite materials (372 mA h g−1) [104,
105]. However, the practical use of tin-based anodes is significantly
hampered by the poor capacity retention over long-term charge-
discharge cycling [107]. This is one of the well-known problems
for anode materials based on the Li-metal alloying/dealloying mech-
anism that has been due to the large volume change of electrode
materials accompanying Li insertion and extraction (e.g., the vol-
ume change is more than 200% when Sn alloys with Li to form
Li4.4Sn).

Han et al. [108] reported hierarchical anode nanostructure SnO2/
carbon composite hollow spheres. In these structures, the mesopo-
rous SnO2 hollow spheres are embedded in 3D carbon networks.
Carbon hollow spheres are able to deliver a reversible Li storage
capacity of 473 mA h g−1 after 50 cycles, which is about 27% higher
than the theoretical capacity of graphite 372 mA h g−1. From the
literature, the capacity of the pure SnO2 anode tends to fade quickly
after 30 cycles to a value below 372 mA h g−1. It should also be noted
that the capacity of the SnO2/carbon composite anode is compara-
ble to that of SnO2 in the course of the first 30 cycles, despite the
fact that one-third of its mass is composed of low-activity amor-
phous carbon.

Wang et al. [109] synthesized hollow carbon spheres by CVD
deposition of carbon onto silica spheres followed by silica removal.
The crystalline hollow carbon spheres were subsequently decorated
with SnO2 and upon carbon removal, hollow SnO2 spheres were
produced. They compared the capacity and cyclability of electrodes
of SnO2-modified carbon spheres with electrodes of carbon spheres
and SnO2 spheres. The hollow carbon spheres showed good rate
capability and cyclability. The SnO2-modified carbon sphere parti-
cles showed a higher specific capacity and did not have the loss of
cyclability often seen for SnO2 materials. These results are due to
the crystallinity of the carbon spheres and to their hollow structure,
which allows for high surface area, short diffusion path lengths and
recapture of SnO2 particles that detach from the inside of the spheres.
And also SnO2 spheres had a specific capacity higher than the theoret-
ical value of SnO2, probably due to lithium storage within micropores
between spheres or in the cavities of the hollow spheres.

Fan et al. [110] synthesized ONTC (mesoporous carbon ordered
nanostructured tin-oxide-carbon composite) in which tin-based oxides
were deposited into the pores of the carbon. They examined the
charge and discharged capacity of ONTC with nano-SnO2 (tem-
plated with the surfactant P123) and nano-MTBO (mixed tin oxides
templated with P123). They found that the discharge capacity of
ONTC was higher, and the irreversible capacity loss was high for
both. The capacity fade for ONTC was smaller than either of the
other two materials, with capacity retention of 42.8%. The authors
concluded that the higher reversible capacity was probably due to
the carbon template, which helped prevent large volume changes
of the tin oxides and aggregation of the Li-Sn alloys, and provided
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an electrical contact between the tin composites.
Three-dimensionally ordered macroporous carbon (3DOM) was

used as the basis for an interpenetrating electrochemical cell. Ergang
et al. [111] prepared 3DOM carbon anode by use of thin, confor-
mal polymer separator and remaining pore volume was then filled
with a xerogel or ambigel vanadia cathode, before or after electro-
chemical lithiation, respectively. They studied the charge discharge
capacities of these systems. This resulted in a xerogel system which
cycled at 1 mA, showing an initial discharge capacity of 70 mAh
g−1, which decreased to 0.7 mAh g−1 by the 100th cycle. The revers-
ible capacity of the system was greatly improved with ambigel cath-
ode, to 350 mAh g−1, even at ten times greater current. Pan et al.
[112] functionalized the carbon surface with multilayers of nitro-
phenyl groups or 4-aminobenzoic acid groups and it helped to sup-
press the decomposition of solvent at the electrode surface without
imposing a negative effect on the lithium transfer.
3. Capacitor/Supercapacitor

Supercapacitors, as energy storage devices with a high energy
density, great power density and long cycle life, are of great interest
in hybrid electrical vehicles, digital telecommunication systems, com-
puters and pulsed laser system, etc. Nowadays, the use of porous
carbon-based capacitors has seen a huge demand for electrochemi-
cal capacitors and supercapacitors, in which charge is stored within
the double layers at the interfaces between the carbon electrodes
and the electrolyte. Supercapacitors fall into two categories: elec-
tric double-layer capacitors (EDLCs) and redox pseudocapacitors.
The energy stored in carbon-based supercapacitors involves charge
separation at the carbon/electrolyte interface, which leads to an elec-
tric double layer capacitance, and the presence of functional groups
at the surface of carbons leads to a pseudo-capacitance. The com-
mon methods for increasing capacitance of the carbon electrode
materials focus on the preparation of high-surface-area carbons with
appropriate pore size and surface modification of carbons. The double
layer capacitance is directly co-related with the surface area of the
carbon, while the pseudocapacitance arises from sites containing
redox active surface functional groups, such as quinone and hydro-
quinone, which are rapidly oxidized and then reduced, as the poten-
tial is changed [113]. For pseudocapacitors, metal oxide [114] and
conjugated conducting polymers, such as polyaniline, polypyrrole
and polythiophene have been investigated for use as electrode mate-
rials. The most beneficial metal oxide known to give very high cap-
acitance is RuO2. Some of the oxides which have been studied as
super capacitor electrode material are NiO, Ni(OH)2, MnO2, Co2O3,
FeO, TiO2, V2O5 and MoOx. None of these oxides are used in com-
mercial production of EDLCs and they are still in lab-scale research.
Manganese oxides are seen to be potentially useful materials for
pseudocapacitors not only due to their low cost but also to their en-
vironmental friendliness [115].

Due to the existence of several different oxidation-state structures
of these redox-active species over a potential range, high faradaic
pseudocapacitance can be obtained. An important parameter in char-
acterizing potential capacitor materials is the specific capacitance
(F/m2), which depends on the surface density of redox active func-
tional groups and is independent of surface area. Gravimetric capac-
itance (F/g) takes into account both double layer capacitance (sur-
face area) and pseudocapacitance (functional groups) [116]. Elec-
tronically conducting polypyrrole has attracted much attention as

an electrochemical capacitor electrode material due to its unique
characteristics like facile synthesis, thermal and chemical stability
and environmentally friendly features [117].

EDLCs are being studied extensively due to the increasing demand
for new energy-storage media with high specific power and im-
proved durability [118]. As compared to conventional capacitors,
EDLC has high power densities and relatively high energy densi-
ties, and also because of high surface area material, helps for charge
accumulation and an interconnected porous network with sufficient
pore windows for electrolyte wetting and rapid ionic transport. With
the above concerns, mesoporous carbon electrodes, with their more
accessible porous infrastructure, are promising materials for EDLC
applications. EDLCs are of great interest for hybrid power sources
for electrical vehicles, digital telecommunications systems (e.g., cell
phones, personal digital assistants (PDAs), uninterruptible power
supplies for computers and pulse-laser generators.

CONCLUSION

The discovery of nanostructured carbon materials has led to a
big effort in their synthesis, preparation/purification. While tremen-
dous progress has been made in syntheses of porous carbons with
different structure, challenging opportunities remain for functional-
izing such materials to optimize their properties for specific appli-
cations. In this review, an overview was provided of various methods
of synthesis of core shell structure via template synthesis method
and its modification. Modification of porous carbon via acidic, ther-
mal treatment was not by far, the most studied technique, which
might be attributed to its simplicity and availability of oxidization
process. Generally, oxidization treatment of porous carbon was fa-
vorable for enhancing its adsorption for polar molecules, while ther-
mal treatment was desired for adsorption for non-polar molecules.
The nitrogen functional groups could improve adsorption for odor
gases and acidic molecules. These methods could change the pore
structure of porous carbon in little or large degree. Surface polarity
is a critical consideration not only for host-guest applications but it
also influences the propensity of the material for further functional-
ization. Super hydrophobic properties can be achieved through fluo-
rination. Creating functionalities on carbon surfaces through oxidation
requires extremely harsh chemical treatments, which can damage
the integrity of both chemical and porous structures. The function-
alization of carbon surfaces by either chemical or electrochemical
reduction of adsorbed diazonium salts presents an alternative ap-
proach. This approach confers a high coverage of functional groups
on carbon surfaces.

With respect to applications, functionalized porous carbons prom-
ise tremendous benefits over traditional carbon systems, particularly
for high-value applications. For catalysis, the new carbon systems
provide ways to improve the selectivity of a catalyst, enhance metal
dispersion or coverage of other active groups and increase the over-
all activity of the catalyst. Porous carbon materials have been inves-
tigated for lithium-ion battery anode materials. Many novel and sim-
pler technologies are still developing to meet new application de-
mands. We may also see further incorporation of designed porous
carbons into biosystems. The quantity of surface chemical func-
tional group control and certain group introducing is still a challenge
for porous carbon surface.
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