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ABSTRACT
The synthesis of C-rich ceramers from a commercial polycarbosilane has been 
realized through the incorporation of divinylbenzene (DVB) to the polymer SMP-
10. After pyrolysis, the obtained ceramers were dry etched to produce highly 
porous carbide-derived carbons (CDCs). The excess carbon was segregated in 
the form of amorphous carbon out from the ceramer matrix. The resulting CDCs 
possess a carbon nanocrystallite size which turns to be independent on the DVB 
incorporated or the pyrolysis and chlorination temperature. The electrochemical 
characterization reveals that the consolidation of the ceramer or ceramic network 
leads to a reduction of the carbon heterogeneities, thus improving its electric 
conductivity. When the ceramic network is formed, the behavior of the CDC as 
electrode supercapacitor is optimized and turns to be independent on the amount 
of DVB incorporated.
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method with a wide variety of functionalities, edge 
terminations, stacking order, graphitization which can 
be selected by the appropriate choice of the metal atom 
in the primary carbide and the synthesis temperature 
[6–10]. The type of etchant [11, 12] as well as the etch-
ing temperature [13, 14] and post-synthesis treatments 
[15, 16] has been widely studied aiming to stablish the 
most optimal parameters for achieving a tunable mor-
phology. The polymer-derived ceramic (PDC) route 
has been proved to be a feasible strategy to obtain 
ceramics based in SiC which can be further etched to 
obtain highly porous carbonaceous and CDC materi-
als [17]. Typically, silicon-based polymers are used as 
precursors of PDCs being the structure and composi-
tion of the resulting ceramic primarily affected by the 
pyrolysis conditions and the preceramic polymer used 
[10]. The most common preceramic polymers used for 
obtaining SiC are polycarbosilanes (PC), which evolve 
to a ceramic materials through several steps: (i) loss 
of low molecular mass components at temperatures 
below 200–400 °C, (ii) organic to inorganic transition, 
leading to amorphous silicon carbide or ceramers, 
occurring at intermediate pyrolysis temperature, and 
(iii) conversion of amorphous to crystalline silicon car-
bide when the pyrolysis temperature exceeds 1000 °C. 
In addition, it is a common feature of the materials 
processed by the PDC route, the presence of a carbon 
excess that undergoes through phase separation, and 
is identified as “Cfree” [18]. One of the main advan-
tages of this method is the easiness of manufacturing 

Introduction

Self-templating methods are well-developed strategies 
to produce highly porous carbon with diverse porous 
structures with tailored morphology for capacitor 
electrodes [1, 2]. In general, porous carbons with poor 
mesopore arrangement are the less desirable choice 
since they show slow mass transport due to the long 
and tortuous mesopores which may hinder the trans-
fer of electron and ion into the inner pores. Block 
copolymers used together with thermosetting resins 
allow the obtaining of complex carbon nanostructures 
which, after an activation process, contain cylinder 
and gyroid pores [3]. Tunable pore nanoarchitectures 
in terms of pore volume and surface areas are also 
obtained in metalorganic frameworks (MOF)-derived 
carbons [4]. Their almost endless combinations of 
organic and inorganic constituents for producing 
by MOFs simple coordination chemistry make them 
highly attractive for many technological applications 
[4]. Despite the large amount of investigations in 
MOFs, there is still room to design new carbon materi-
als by adjusting the reacting conditions such as solvent 
environments, temperature, pH, and reaction time [5]; 
however, the high cost of precursors, the complex pro-
tocols, and, from the practical point of view, the low 
volumetric energy density are the main difficulties for 
these class of materials to reach the commercial state.

The carbide-derived carbons (CDCs) are a class of 
carbon materials produced from a self-templating 
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since it takes the advantage of starting from a polymer 
precursor to process custom-shaped materials such as 
fibers, coatings, and self-supported films. Polycarbosi-
lanes can be turned into fibers by electrospinning, and 
the CDC fibers can be used as self-supporting fiber 
films electrodes with higher capacitance and high 
power handling ability compared with electrodes with 
binder-added electrodes [19].

The addition of divinylbenzene (DVB) to a poly-
carbosilane (PCS) is known to increase the cross-link-
ing degree of the preceramic network; however, its 
ceramic yield is only limited to a little amount, since 
the increased cross-linking is not compensated with 
the high weight loss occurring during the thermal 
conversion and promoted by the DVB [20]. By tuning 
the amount of DVB incorporated to the preceramic 
network, there can be prepared materials with dif-
ferent crystallinities [21] as well as different porous 
structures because of the modification of the reactions 
involved in the pore formation [22].

Duan et al. explored the PDC route for the obtain-
ing of CDC [23, 24]. They prepared highly crystalline 
SiC from a polysiloxane subjected to a carbothermal 
reduction at 1500 °C and then they proceed to a chlo-
rine etching at temperatures comprised between 600 
and 900 °C. The obtained CDC samples were all micro-
mesoporous with SSA over 2000  m2/g and where the 
carbon ordering decreased as the etching temperature 
was raised [23]. When a ceramer was used instead 
of a crystalline SiC, they observed that the C phase 
was developed by means of the chlorination process 
although no crystalline SiC was previously nucleated. 
In this case, the increase in the etching temperature 
leads to an increase in the carbon ordering [14]. Some 
other methods for obtaining CDC out from SiC materi-
als are based on electrochemical etching, which uses 
molten salts as etching agent and allow obtaining 
SSA as high as 900  m2/g [25] and heat treatment with 
molten alkaline compounds [26].

Oschatz et al. used the traditional sacrificial tem-
plate technique to prepare CDC from a mixture of PCS 
and DVB and obtained significantly higher total pore 
volumes and specific surface areas (SSA) compared 
to the materials synthesized in the absence of DVB 
[27]. Similarly, studies carried out in CDC capacitor 
electrodes containing high surface area nanospheres 
synthesized from PC and DVB show that the energy 
density provided by the tested assemblies was maxi-
mized at low DVB/PCS ratio because of the higher 
pore accessibility and better flow characteristics [28]. 

Perez-Roman et al. [29] varied the amount of DVB 
incorporated to the preceramic network and obtained 
different interconnectivity among the  SiO2 and SiC 
units in the pyrolyzed material and corroborated the 
observations of Sorarù et al. [30] who demonstrated 
that the differences in the network cross-linking lead 
to a differentiated lability of the  SiO2 and SiC species 
toward halogen etching.

In this work, we have prepared SiC materials from a 
preceramic polymer where the amount of DVB incor-
porated varied from 1 to 20% in weight thus obtain-
ing CDC materials with different pore structures and 
connectivity. The structural characterization of the 
obtained CDC revealed that there is major network 
connectivity as the pyrolysis temperature increases 
which is translated in more Si–C mixed bonds. Despite 
of the more amount of C incorporated, there are 
almost no differences in the in-plane correlation length 
of the carbon nanodomain size of the CDC materials 
independently on the chlorination temperature and 
the DVB content as well. It was proved that the excess 
carbon is expelled out from the ceramer matrix as 
amorphous carbon that during the chlorination pro-
cess suffers almost no variation. The main difference 
encountered is the increase in the curvature degree of 
the C surface occurring as the chlorination tempera-
ture and the DVB content were raised. At the highest 
treatment temperature, the ceramer matrix was con-
solidated, thus leading to the obtaining of CDC with 
excellent conductivity and performance characteristics 
suitable for being used as electrodes in EDLCs.

Experimental

The ceramer samples were synthesized from a com-
mercially available liquid polycarbosilane (AHPCS 
SMP-10® Starfire Systems, USA) mixed with different 
amounts of divinylbenzene (DVB, Sigma-Aldrich) in a 
dry box to avoid oxygen and moisture contamination. 
Tetrahydrofurane (THF, Merck) was used as the sol-
vent for the complete dissolution of the components. 
After 1h stirring at RT, the solvent was eliminated 
under vacuum and then the dried mixtures were pyro-
lyzed in an alumina tube furnace under a continuous 
nitrogen flow of 150 ml/min. The heating/cooling rate 
was fixed to 5 °C/min, and the temperatures of the 
treatment were 600—900 °C (2h dwelling after 5 h at 
280 °C). The chlorination treatment was carried out at 
the same temperature as the pyrolysis by maintaining 
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for 2 h the maximum temperature under a continuous 
 Cl2/N2 flow of 80 ml/min in a 90/10 ratio.

The infrared spectra (FTIR-ATR) were obtained 
by an FTIR instrument (PerkinElmer, Spectrum BX) 
working in the ATR (attenuated total reflectance) 
mode. The Raman spectroscopy was performed in a 
Renishaw InVia spectrophotometer by using the 514 
nm  Ar+ ion laser as excitation source in the confocal 
mode. The spectra were the accumulated signal of 10 
collections with an acquisition time of 10 s. X-ray dif-
fraction patterns were obtained by employing a Bruker 
D8 Advance diffractometer using Cu  Kα1 (1.540598 A) 
radiation and operating at 40 kV. Simultaneous ther-
mogravimetric analysis (TGA) and differential ther-
mal analysis (DTA) were performed in a TA Instru-
ments SDT Q600 heating the samples at 1000 °C at 
a constant heating rate of 10 °C/min and 100 ml/min 
air or  N2 flow. The microstructure of the CDC materi-
als was observed by a Scanning Electron Microscope 
(FE-SEM, Hitachi 4700-S) operating at 20keV and by 
High-Resolution Transmission Electron Microscope 
(HR-TEM, JEOL 2100 F, JEOL Ltd., Japan) operating at 
200 kV. Finely grinded particles were dispersed etha-
nol and then dropped onto a lacey carbon supported 
copper grid.  N2 adsorption–desorption isotherms were 
obtained in a Tristar Equipment (Micromeritics, USA) 
after degassing at 120 °C overnight. The chemical com-
position of the CDC materials was obtained by LECO 
elemental analyzers, RC-412 for hydrogen, TC-500 for 
oxygen and CS-200 for carbon.

The electrochemical performance was evaluated by 
impedance spectroscopy (EIS) in a PGSTAT204 poten-
tiostat/galvanostat (Metrohm Autolab, B.V., Sweden) 
using a two electrode setup at room temperature and 
using 6M KOH as aqueous electrolyte. The electrodes 
were fabricated by direct deposition over stainless 
steel current collectors of a slurry containing 10 mg 
active material plus 5 wt.% polyvinylidene fluoride 
(PVDF) separated by a glass fiber membrane. (10% 
n-methyl pyrrolidine was used as dispersion solvent 
for electrode deposition.) The assemblies were dried at 
50 °C overnight and then soaked in 6M KOH for 12 h.

Results

Characterization of the polymer‑derived 
ceramers

Prior to the obtaining of the ceramer-derived carbons 
(CDCs), the ceramer precursors (which at the same 
time were obtained from preceramic materials) have 
been characterized. The FTIR-ATR analyses of these 
polymer-derived ceramers reveal a significant modi-
fication of the structural parameters as a function of 
the pyrolysis temperature and the amount of DVB 
incorporated into the preceramic precursors (Fig. 1). 
The first evidences of the ceramic conversion are well 
observed in the small peaks located at 1350 and 1246 
 cm−1 which are attributed to Si-CH2-Si and Si-CH3 
bonds, respectively [31], that progressively disap-
pear when rising the pyrolysis temperature due to 
the polymer-to-ceramic transformation (Fig. 1a). At 
600 °C (Fig. 1b), the peak attributed to the TO mode of 
the SiC stretching shows a downshift from 798 to 789 
 cm−1 as the DVB content is raised which is attributed 
to an increased number of dangling bonds in the SiC 
structure [32]. At this pyrolysis temperature, it is also 
observed that the relative intensity of the LO mode of 
the SiC bond (centered at about 970  cm−1) experiments 
a slight decrease in its relative intensity when the DVB 
content has increased. The inset in Fig. 1b shows the 
expected decrease in the band corresponding to the 
Si–H bond in the AHPCS as the DVB content is raised 
indicating either hydrosilylation cross-linking between 
the vinyl group of DVB and the AHPCS Si–H groups 
or dehydrogenative silylation [20]. No significant dif-
ferences in the allyl and alkyl bands were appreciated.

When the pyrolysis temperature is increased to 
900 °C (Fig. 1c), the SiC structure is more consoli-
dated and now, and the band corresponding to the 
TO Si–C stretching is shifted to higher wavenumbers 
as the DVB amount is increased due to the higher C–Si 
coordination [33]. The observed redshift of the band 
located at about 800  cm−1 is accompanied with an 
increase in its intensity with the pyrolysis tempera-
ture for all the DVB contents (Fig. 1d) as a result of the 
increased crystallinity of the materials and the forma-
tion of a larger amount of mixed Si–C bonds.

The Raman spectra shown in Fig. 2 confirm that at 
600 °C, the preceramic structure is not yet transformed 
to an inorganic material at 600 °C, but by increasing 
the pyrolysis temperature, the D and G bands char-
acteristic of the carbon-containing materials becomes 
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more visible due to the ceramization process and 
the segregation of the free carbon phase (Fig. 2a). At 
600 °C, the most prominent signatures of the spectra 
correspond to the bending vibrations of the –CH2 and 
–CH3 moieties of the preceramic polymer and they are 
revealed as a broad an intense band located around 
2870  cm−1. The confocal Raman analysis also evidences 
the presence of segregated carbon in the form of gra-
phene layers (see inset in Fig. 2a). These graphene lay-
ers can be also observed in the samples pyrolyzed at 
700 °C, but they were no longer detected in the sam-
ples pyrolyzed at higher temperatures.

As shown in Fig. 2a, the characteristic D and G 
bands located at around 1350 and 1560  cm−1 are the 

common feature in all the spectra of the materials heat 
treated beyond 700 °C, thus allowing the calculation 
of the ID/IG ratio, that provides information about the 
ordering degree of the free carbon phase. The evolu-
tion of this ID/IG ratio with the DVB content at the dif-
ferent pyrolysis temperatures (Fig. 2b) suggests that at 
the highest temperature, the amount of DVB incorpo-
rated into the preceramic material strongly influences 
the carbon nanodomain size, which in turn depend 
upon the ID/IG ratio, but at intermediate temperatures 
(i.e. 700 and 800 °C), there is only observed a slight 
increase if the mentioned ratio.

The differential thermal analyses provide signifi-
cant information about the evolution of the ceramic 

Figure 1  FTIR-ATR spectra of the ceramer samples a contain-
ing the same amount of DVB and pyrolyzed at different tem-
peratures, b pyrolyzed at 600  °C, c pyrolyzed at 900  °C, and d 

evolution of the relative intensity of the TO mode of the Si–C 
stretching as a function of the pyrolysis temperature.
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conversion and the segregation of the carbon phase 
(Fig. 3). These analyses have been carried out in inert 
(Fig. 3a, b) and oxidant (Fig. 3 c, d) atmospheres. 
The endothermic peaks shown in Fig. 3a, b decrease 
in intensity and shift to higher temperature as the 
temperature of the treatment is increased and, in the 
samples subjected to the thermal treatment at the 
same temperature, as the DVB content is increased, 
the peak is also slightly shifted to higher tempera-
ture values, suggesting that the ceramer network is 
more thermally stable due to the increased cross-
linking promoted by the DVB.

When the analyses were carried out in air atmos-
phere, the observed exothermic peaks correspond to 
the oxidation of the carbon phase as well as the  SiO2 
 formation. By comparing the samples containing 1 
and 20%, it is clearly observed that at low DVB con-
tents (Fig. 3c), the oxidation of the materials occurs in 
less extent than after the incorporation of 20% DVB 
(Fig. 3c). In addition, as occurred in the analyses car-
ried out in inert atmosphere, for the same amount of 
DVB, the exothermic peaks shift to higher temperature 
as the temperature of the thermal treatment is raised 
and the oxidation is also less likely to occur due to the 
higher network stability.

Characterization of CDC

After the chlorination treatment carried out to obtain 
the CDC, the materials were subjected to their corre-
sponding characterization. According to their chemi-
cal composition given in Table 1, there are still some 
silicon remainders in the CDC after chlorination and 
its content decreases with the temperature of the treat-
ment. The large amount of O and H present in all the 
materials indicates that the carbon atoms are highly 
oxidized and contain distinct amounts of functional 
groups.

All the Raman spectra present the characteristic 
features of carbonaceous materials (Fig. 4). The spec-
tra have been analyzed and deconvoluted by using 
a Voigt-shaped function allowing distinguishing the 
typical bands of the CDC samples named the D* band, 
appearing between 1150 and 1200  cm−1, the vibration 
of the  A1g mode of the boundaries of graphite or D 
band which appears at about 1350  cm−1; at 1520  cm−1 it 
is also observed so-called the D’’ band which is attrib-
uted to amorphous carbon and also to the presence 
of five- and seven-membered rings linking the aro-
matic regions. At 1580 and beyond 1600  cm−1, there 
is also observed the G band, related to the in-plane 
bond stretching of sp2 bonds  (E2g mode) in carbon 
clusters and the band commonly labeled D’ which is 
attributed to interactions between the localized vibra-
tional modes of defects in the graphene layers with the 
extended phonon modes of pure sp2 carbon [34, 35]. In 
the second-order Raman spectrum, the G′ band near 
2650–2710  cm−1 (also called the 2D band, since it is the 
overtone of the D band) arises from a double reso-
nance Raman scattering process mechanism [36] which 
increases in intensity as the number of graphene lay-
ers in the nanocrystallites increases. The D + G band 

Figure  2  Raman spectra of the ceramer samples a containing 
the same amount of DVB and pyrolyzed at different tempera-
tures (the inset shows a detailed Raman spectra of the samples 
pyrolyzed at 600  °C where the characteristic Raman peaks of 
graphene are identified) and b evolution of the ID/IG ratio as a 
function of the DVB content.
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appearing near 2900  cm−1 is associated with the pres-
ence of defects in the carbon layer [37].

The broadness and position of the bands are indic-
ative of mainly amorphous sp2 + sp3 carbon, and thus, 
the ID/IG is proportional to La

2 (being  La the average 
graphene layer extent or the carbon nanodomain 

size) [38, 39]. There are almost no differences in the 
 La values among the samples treated at different tem-
peratures, being the La values comprised between 
1.8 and 2.4 nm (Fig. 4b). Notice that 2 nm is the limit 
of application of the formula used for calculating 
the  La. Indeed the most significant differences are 

Figure 3  Differential thermal analysis in  N2 atmosphere of the preceramic materials containing a 1% DVB and b 20% DVB and differ-
ential thermal analysis in air atmosphere of the preceramic materials containing, c 1% DVB and d 20% DVB.

Table 1  Chemical 
composition of the CDC 
materials

% DVB Temperature (oC)

600 700 800 900

1 CO0.65H0.35Si0.60 CO0.21H0.30Si0.22 CO0.20H0.19Si0.07 CO0.20H0.18Si0.02

2 CO0.57H0.32Si0.52 CO0.25H0.37Si0.16 CO0.21H0.17Si0.09 CO0.26H0.30Si0.12

5 CO0.30H0.25Si0.27 CO0.23H0.25Si0.18 CO0.20H0.18Si0.13 CO0.24H0.17Si0.08

10 CO0.28H0.09Si0.22 CO0.22H0.05Si0.13 CO0.26H0.27Si0.15 CO0.44H0.42Si0.07

20 CO0.25H0.07Si0.18 CO0.22H0.04Si0.10 CO0.23H0.23Si0.05 CO0.23H0.29Si0.05
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found in the second-order Raman spectrum, which 
becomes more resolved as the chlorination tempera-
ture increases. The 2D band at about 2650–2710  cm−1 
is the overtone of the D band, and it is active because 
of the momentum conservation of two phonons 
generated at the K symmetry point in the Brillouin 
zone having equal and opposite wavevectors. In 
graphitized samples, it is generally accepted that 
the second-order spectrum serves as an estimation 
of their degree of graphitization. High 2D/G ratios 
are characteristic of high-quality graphene with low 
amount of defects. Figure 4 shows an increase in the 
2D/G ratio as the chlorination temperature increases 
except for the samples containing the lowest amount 
of DVB indicating more stacking order in the CDC 
materials obtained at higher temperature and with 
more DVB added.

The XRD diffractograms (Fig. 5) are characteris-
tic of amorphous materials with two broad features 
appearing at 2θ angles about 20 and 42. Notice that 
at low chlorination temperature, the most prominent 
broad band appears even broader than by increasing 
the temperature of the thermal treatment and shifted 
to 2θ ≈ 22. In the diffractograms, it is also observed a 
sharp signal located at 2θ = 23.8 which was attributed 
to the (002) reflection carbon crystallites sized below 
3 nm [40], whereas the second band is attributed 
to the (004) plane of the disordered carbon struc-
ture. The application of the Scherrer [41] equation 
to the (002) reflection leads to increased Lc values 

Figure 4  a Raman spectra of the CDC materials containing 5% 
DVB at different chlorination temperatures, b La carbon nanodo-
main size as a function of the DVB amount in the CDC material 
and c evolution of the 2D/G intensity ratio with the chlorination 
temperature.

Figure 5  XRD patterns of the CDC containing 5% DVB at dif-
ferent chlorination temperatures.
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(crystallite size in the prismatic direction) with the 
increase in the chlorination temperature ranging 
from 0.3 to 2 nm for the CDC samples obtained at 
600 and 900 °C, respectively.

The  N2 adsorption isotherms are all of type Ib (Fig. 6a 
presents the isotherms of the CDC materials contain-
ing 5% DVB, and similar isotherms were obtained for 
the remainder materials), characteristic of a broader 
range of micropores (< 2 nm) and narrow mesopores 
(< 2.5 nm). The SSA values were determined by fitting 
the experimental isotherm to Eq. 1
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m
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BET
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P
0

)

(

1 −
(

P

P
0

))[

1 +
(

C
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− 1

)

(

P

P
0

)] + V
mic

being in this equation Vads the adsorbed volume of  N2 
on the sample, Vm the adsorbed volume of a  N2 mon-
olayer, and Vmic the adsorbed volume in micropores. 
Equation (1) allows calculating the  CBET constant at 
very low P/P0 values thus avoiding obtaining the nega-
tive  CBET values that sometimes throws the traditional 
BET formula when it is applied to highly microporous 
samples [42]. The calculated SSA values as well as the 
micropore volume are collected in Table 2.

The t-plot method has been also applied to the iso-
therms to determine the external surface, SExt [43]. The 
statistical thickness, t (in Å), has been calculated from 
Eq. (2) by plotting the volume adsorbed versus t, being 
the SExt the slope of the line at t ≈ 3.5 Å [44].

The micropore area is then calculated from the dif-
ference between SSA and SExt, thus allowing calculating 
the percentage area corresponding to mesopores, % mic, 
which is also collected in Table 2.

From Table 2, there can be extracted two different 
behaviors in the CDC materials. The SSA of the materi-
als chlorinated up to 800 °C decreases with the introduc-
tion of DVB in the preceramic hybrid, whereas in the 
case of the samples obtained at 900 °C, there is a maxi-
mum in the SSA in the samples containing intermediate 
amounts of DVB. The Vmic, on contrary, decreases as 
the DVB content increases in the materials obtained at 
600 and 700 °C but by increasing the chlorination tem-
perature, this trend is inverted and the Vmic increases 
with the DVB content. This result is also related to the 
percentage area containing micropores, which increases 
substantially in the materials obtained at higher tem-
peratures as the DVB content does, but the inverse situ-
ation is found in the samples obtained at the lowest 
temperatures.

The model proposed by Pomonis [45] to calculate the 
pore anisotropy used the mesoporous region of the  N2 
adsorption isotherms to calculate the pore anisotropy, 
bi. Plotting log(Si

3/Vi
2) where Si and Vi are the surface 

and volume of pores of radius ri, as calculated by the 
application of the BJH method vs log(ri) will provide 
lines with a slope of (αi − 1) that are used to obtain the 
pore anisotropies through the application of Eq. (3)
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iFigure 6  a  N2 adsorption isotherms of the CDC materials con-
taining 5% DVB and b anisotropic bi value as a function of the 
chlorination temperature.
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being  Li and Di the pore length and pore diameter of 
pore i, respectively. The obtained bi values are plotted 
in Fig. 6b. The small bi values presented in the materi-
als obtained at 600 and 700 °C must be attributed to 
surface roughness, i.e., the length of the pores is quite 
low with respect of its radius. However, by increasing 
the temperature, the bi increases significantly, a result 
that indicates that the mesoporous structure resem-
bles to cylinders. It must be also noticed that at low 
pyrolysis temperatures, the bi values present minimal 
variation with the DVB content. At 800 and 900 °C, the 
dependence of the bi value with the DVB amount is 
more noticeable, especially in the samples chlorinated 
at 800 °C, where the bi decreases as the DVB amount 
is raised. The opposite behavior is encountered in the 
samples treated at 900 °C, where the pore anisotropy 
increases with the DVB amount introduced in the 
preceramic network.

The microstructural characteristics of the obtained 
materials were also studied by SEM and TEM analy-
ses. The SEM images of the samples containing 5% 
DVB and heat treated at different temperatures can be 
observed in Fig. 7a–d. Similar images were obtained 
for the remainder materials. There, it is appreciated 
the rough surface of the material and the presence 
of some large pores as well as some voids between 
micron-sized particles. In the materials heat treated 
at 800 and 900 °C the microstructure is better revealed 
as nanoagglomerates, thus enhancing the roughness 
of the surface.

The TEM images shown in Fig. 7e, f correspond to 
the CDC sample obtained at 600 °C and containing 
5% DVB and reveal the amorphous character of the 
material, which is also evidenced in the dispersed dif-
fraction rings of the selected area electron diffraction 
pattern (Fig. 7f). On contrary, by increasing the tem-
perature at 900 °C (Fig. 7g, h), there can be observed 
some small and poorly crystalized graphitic domains.

Electrochemical characteristics of CDC

Impedance spectroscopy (EIS) data are obtained by 
applying an AC potential to the electrochemical cell 
and measuring the current through the cell. The cur-
rent signal allows determining the impedance of the 
assembly, and it is usually represented as a Nyquist 
plot in where is presented the dependence of imagi-
nary vs. real component of impedance, Z’’ vs. Z’ at 
different frequencies. The Nyquist plots of the CDC Ta
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materials containing 5% DVB and obtained at differ-
ent temperatures are collected in Fig. 8a. Similar plots 
were obtained for the remainder materials. There, it 
can be appreciated that the increase in the chlorination 
temperature produces materials with less ohmic resist-
ance (crossing point of the semicircle on the axis of the 
real impedance). By fitting the high-frequency region 
to a circuit where a resistor is connected in series to a 
second parallel circuit, the ohmic resistance, Rs, was 
determined and is collected in Table 3. In all the cases, 
the increase in the DVB content leads to a decrease in 
the  Rs.

Although the cyclic voltammetry (CV) and galva-
nostatic charge and discharge (GCD) experiments are 
commonly reported in the literature for calculating 
the capacitance of the CDC materials [46–48], in the 
case of highly porous carbons, only the low-frequency 
range of the current (of voltage) can penetrate the nar-
row and deep pores. At high frequencies, it is then 
possible to evaluate the non-fractal specific capaci-
tance which avoids the influence of the pores in the 
electrochemical characteristics of the material. This 
true capacitance (CEDL) can be extracted from the lin-
earization of the CPE (constant phase element) formula 
ln

(

Z
CPE

)

= ln

(

Z
��
)

= Y
0
− n ln

(

2�f

)

 by using the 
Brug–Sluyters’ formula [49]:

As it can be observed in Table 3, the CEDL are main-
tained within a short interval independently on the 
amount of DVB used to synthesize the ceramer in the 

(4)C
EDL

= Y
1∕n

0

(

1

R
s

)

1−1∕n

CDC materials obtained at 600 and 700 °C, whereas at 
the highest chlorination temperatures it is observed 
a significant decrease in the CEDL values as the DVB 
content was raised. These capacitance values were 
further confirmed by GCD experiments (Fig. 8b) from 
the discharge curves and by using the equation Cs = I 
td/m ∆V (where I is the current density,  td is the dis-
charge time in s, m is the mass of the averaged mass 
of the electrodes, and ∆V is the voltage window, 0.8 V 
in this case). As predicted there is an increase in the 
capacitance as increasing the chlorination temperature 
(Fig. 8c) and the DVB content. Indeed, the most dra-
matic change occurs in the CDC obtained at 900 °C, 
where the capacitance increases from 76 to 232 F/g 
when the DVB content is raised from 1 to 5%. Notice 
that this increase in the capacitance with the amount 
of DVB, as determined by GCD measurements, shows 
the opposite behavior as the capacitances estimated 
by EIS (Table 3). These discrepancies are attributed to 
the high microporous character of the materials heat 
treated at the maximum temperatures (Table 2).

The Ragone plot shown in Fig. 8d represents the 
energy (E = Cs ∆V2/2 × 1000/3600) and power densities 
(P = Ed/td x 3600 of the electrochemical assemblies). 
Except for the sample obtained at 700 °C and contain-
ing 2% DVB, all the remainder materials fall on the 
same energy and power range. For the sake of clarity, 
we have extracted from this plot the values of those 
CDC obtained from ceramers containing 5% DVB and 
presented separately in Fig. 9. There, it is appreciated 
that the behavior as potential capacitor electrode is 
enhanced as the chlorination temperature increases 

Figure 7  SEM images of the CDC materials containing 5% DVB and chlorinated at a 600, b 700, c 800 and d 900 °C. TEM images of 
CDC materials containing 5% DVB and the corresponding SAED patterns and chlorinated at 600 °C (e, f) and chlorinated at 900 °C.

887



 J Mater Sci (2024) 59:877–895

(high power and high energy). It is also noticed that 
the energy span is highly reduced and seem to be 
independent on the DVB content, whereas the power 
density can be substantially modified with the DVB 
amount reaching  102 span values, especially in the 
case of the CDCs obtained at intermediate chlorina-
tion temperatures.

Discussion

The carbon enrichment of ceramer materials 
obtained from AHPCS and DVB has been described 
since long in many different works [20, 50]. The for-
mation of the carbon during the polymer-to-ceramic 

conversion occurs in several stages starting by the 
precipitation of the excess of hydrogenated car-
bon, and then, the nucleation of the basic structural 
units takes place followed by the growth of the free 
carbon clusters via edge-to-edge linkages between 
adjacent basic structural units. When the tempera-
ture is increased, the graphitization of the carbon 
takes place as well [51]. Some authors demonstrated 
that increasing the carbon content of the preceramic 
precursor does not necessarily lead to C-rich ceram-
ics but instead it is the stability of the hydrocarbon 
linkages whose determine the retaining of the car-
bon phase [52]. As observed in the FTIR-ATR spectra 
(Fig. 1b), at low pyrolysis temperature, there is an 
increase in the number of the less stable dangling 

Figure  8  a Nyquist plots of the CDC materials containing 5% 
DVB, b galvanostatic charge and discharge curves of the CDCs 
containing 5% DVB and obtained at different current densities, 
c capacitance of the same CDC samples at the different current 

densities, and d Ragone plot including the CDC samples pre-
pared at different temperatures and containing different DVB 
amounts.
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bonds in the SiC structure when the DVB content 
in the preceramic material is increased. This fact 
leads to a small amount of free carbon domains (as 
deduced from the Raman spectrum in Fig. 2). In this 
first stage of carbon formation, there are formed 
some basic structural units in the form of graphene 
layers due to the nucleation of some aromatic rings 
from the DVB molecules.

Achieving a good cross-linked ratio is feasible 
by adjusting the amount of DVB with respect to 
the polycarbosilane, since the steric hindrance pro-
duced by the high benzyl group in the DVB leads to 
a reduction in the evolution of the hydrosilylation 
reaction [20]. In addition, DVB molecules also react 
with each other and not only with the AHPCS dur-
ing the cross-linking process [22]. In the FTIR-ATR 
spectra, there was observed the expected decrease 
in the Si–H bond as the DVB content was increased 
(Fig. 1) which accordingly to Bouillon et al. [52] an 
increase in the carbon content should be expected. 
Large amounts of amorphous carbon in C-rich PDC 
were encountered by Dalcanale et al. who demon-
strated that, after the incorporation of DVB to a PCS 
matrix, there exists a considerable increase in the free 
carbon content, but mainly in the form of amorphous 
carbon [50].

Indeed, in the thermal analysis (Fig. 3), there is 
observed that the extent of the exothermic reaction 
due to the oxidation of the carbon increases with 
the DVB content but the temperature at which this 
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Figure 9  Ragone plot of the CDC materials obtained from cer-
amers containing 5% DVB and chlorinated at different tempera-
tures.
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reaction takes place is not modified thus suggest-
ing that the structural features of this carbon phase 
remain at this temperature independently of the ini-
tial carbon content. On contrary, by increasing the 
pyrolysis temperature, it is observed that the oxi-
dative carbon reaction is shifted to higher tempera-
ture (Fig. 3) and even at the highest amount of DVB 
and temperatures, the decomposition takes place 
in several stages indicating different forms of car-
bon. The same conclusion arises when analyzing the 
thermal decomposition in inert atmosphere. At low 
DVB contents, the carbon domains possess similar 
thermal (structural) characteristics independently 
on the pyrolysis temperature, but the increase in the 
DVB content leads to more thermically stable struc-
tures but with major predisposition to subsequent 
rearrangements.

The decreased amount of Si remaining in the CDC 
as both the DVB content and the pyrolysis tempera-
ture increase (Table 1) is in perfect agreement with the 
exothermic peaks observed in the thermal analysis car-
ried out in oxidant atmosphere in the sense that the Si 
that is more susceptible to be etched away by the  Cl2 
is the inorganic Si, either in the form of Si or  SiO2. In 
the formation of the CDC not only the chlorination 
temperature determines the morphology and crystal-
linity of the carbon domains but also the hydrogen 
content. As Choi et al. [53] reported, the presence of 
H decreases the growth rate of the carbon because of 
the reaction of the chlorine atoms with H to form HCl. 
This fact should be the responsible of the decrease in 
the calculated  La value of the samples obtained at 
600 °C as the DVB content increases whereas at the 
remainder chlorination temperatures, the size of the 
graphene layers (La) in the CDC increases as the syn-
thesis temperature does. Notice that the formula used 
to calculate the La value is assumed to valid for La < 2 
nm, however, as observed in Fig. 4b, the calculated 
La values are slightly higher than 2 nm. Some stud-
ies point out that the sp3 carbon atoms act as linkers 
between small graphene platelets which dominate the 
structure of the carbide-derived carbons which evolve 
to large graphitic domains as the chlorination temper-
ature increases [54]. In the XRD patterns (Fig. 5), there 
were observed two broad bands and a sharp peak 
attributed to the small carbon crystallites. Coinciding 
with the Raman results, there were observed a slight 
increase in the Lc value as the chlorination temperature 
increases but in any case, this lateral crystallite size 
exceeds 2 nm.

Below 1000 °C, the CDC obtained from SiC is not 
sufficiently graphitized, thus producing an amor-
phous and disordered structure composed of non-
planar carbon structures including pentagonal and 
heptagonal rings [55]. Indeed, chlorination studies of 
binary and ternary carbides at low temperature sug-
gest that at such temperatures, there might exist some 
carbon rings with orders different than six [54, 56]. In 
the Raman spectrum, it should be taken into account 
that the G mode exclusively accounts on the in-plane 
bond-stretching motion of pairs of C sp2 bonded 
atoms, whereas the D-peak is associated with the dis-
tribution of sp2 bonded clusters with different ring 
sizes. The presence of different order in rings tends 
to decrease the peak height and increase the width. 
Based on these considerations, the authors highlight 
that these La values should be taken with extreme care.

There exist significant differences in the graphiti-
zation degree of the CDC obtained from different 
SiC allotropes. Graphene stacking is more favora-
ble when the CDC is obtained from β-SiC leading to 
higher crystalline graphite than when the CDCs are 
obtained from α-SiC which produce very short-range-
ordered structures enriched in sp3-bonded carbon 
and nanoscale graphitic domains [57]. In fact, Urbo-
naite et al. [58] reported that the average in-plane cor-
relation length (La) of CDC obtained from different 
carbides is independent on the chlorination tempera-
ture but strongly depends on the carbide precursor. In 
our materials, the absence of any correlation between 
the I2D/IG ratio (Fig. 4c) and the La values therefore 
confirm that the stacks of graphene layers in the CDC 
materials must be significantly curved [59]. The high 
curvature of these graphene layers was perfectly 
appreciated in the TEM images (Fig. 7). These curved 
structures are highly avid for chlorine so, in addition 
to the chemical etching of the ceramer structure, the 
precipitated amorphous carbon must also react with 
the adsorbed chlorine forming graphitic-like nanorib-
bons, as previously reported [29].

The equivalent series resistances of the CDC as cal-
culated from EIS experiments decrease as the DVB 
content increases in the material, and the highest val-
ues were encountered in the materials heat treated 
at 600 °C. Considering the total area of the electrode, 
these values range from 0.87 to 0.32 Ωcm2 in the 
samples chlorinated at the lowest temperatures and 
reach values as low as 0.18 Ωcm2 when the CDC was 
obtained at 900 °C. This intrinsic resistance (ESR) is 
even lower than the most common values encountered 
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in the literature, being in the range of 0.25–0.3 Ωcm2 
for ordered mesoporous SiC-derived carbons and TiC-
derived carbons [60, 61]. When the CDC materials 
were obtained from an oxygenated carbide source, the 
ESR increases significantly which in turn lowers the 
energy density and power density values, as occurs in 
the CDC materials obtained at the lowest temperatures 
(Fig. 7) [62, 63].

The intrinsic areal capacitance as calculated from 
the EIS measurements acquired the maximum values 
in the sample heat treated at 800 °C and containing 
the lowest amount of DVB but then, this value drops 
significantly when the DVB content was raised. These 
values are quite high compared to the literature for 
aqueous electrolytes [60, 64]. However, the gravimet-
ric capacitance for this sample is maintained in a range 
between 70 and 50 F/g (Fig. 6), which is a typical value 
of CDCs obtained at low temperature [65]. These dif-
ferences in the areal and gravimetric capacitances are 
attributed to the high anisotropy of the pores and the 
micropore content (Fig. 5; Table 2). As Zheng et al.[66] 
proposed, the presence of micropores improves the 
material capacity; however, in the occurrence of adja-
cent ion layers, there might be a reduction of the acces-
sible surface area, and thus, the micropores are not 
fully utilized, then leading to an overall decrease in 
the gravimetric capacitance (Figs. 8, 9).

By increasing the temperature, the gravimetric 
capacitance increases as well as the energy of the 
device. In the material heat treated at 900 °C, it is 
found a high amount of micropores as well as high 
pore anisotropy; however, the differences in the gravi-
metric and specific capacitances are reduced in a sig-
nificant amount. The gravimetric capacitance of the 
CDC chlorinated at 900 °C reaches values as high as 
232 F/g at 100 mA/g as in carbon-enriched nano-CDC 
[67]. These values are similar to the ones encountered 
by Mazo et al. in fluorine-doped CDC obtained from 
silicon oxycarbide materials [68]. These authors dem-
onstrated that during the etching process, fluorine 
atoms were incorporated into the silicon oxycarbide 
network forming both SiO -F bonds and both C–F 
semi-ionic and C–F covalent bonds, thus increasing 
the wettability of the electrodes and promoting Fara-
daic processes [68]. The presence of F − Si bond and 
no C − F bond were also reported by Xia et al. [69] in 
N-doped silicon oxycarbide-derived carbons with 
capacitance values of 272 F/g at the current density 
of 0.2 A/g in 6 M KOH aqueous electrolyte [69]. In 
both cases, the temperatures of the treatments are 

comprised between 1000 and 1400 °C, significantly 
higher than in our material samples, with the concur-
rent cost increase.

Contrary to what occurs in the samples obtained at 
600–800 °C, the Ragone plot of the optimized materi-
als (those obtained at 900 °C) shows also no variations 
in the energy and power provided by the device with 
the different DVB amounts despite of the different 
capacitance values. In these materials, the double layer 
should be highly accessible to the electrolyte although 
the pore anisotropy is quite high and the micropore 
content also reaches percentage values over 90%. This 
conclusion is extracted from the ESR values calculated 
from the EIS experiments, which are, by far, lower 
than in other CDCs [60–63]. The reported power den-
sity for CDCs obtained from AHPCS doped with Co 
atoms and heat treated within the studied temperature 
range is 160–285 W/kg and the energy density vales 
were 0.6–1 W h/kg, depending upon the temperature 
of the treatment [70]. In this work, the power density 
values fall around 600–1000 W/kg, slightly higher than 
the values reported for mesoporous carbons 98–782 
W/kg [71]. The energy values, on contrary, are about 
20 W h/kg, which is still higher compared to the 0.6–1 
W h/kg encountered for the referred carbon materials 
[71]. Thus, by treating the PDC at 900 °C it has been 
reached an optimized surface where the capacitance 
depends on the amount of extra C incorporated, thus 
allowing designing an electrochemical device throw-
ing the maximum power at the lowest energy demand.

Conclusions

Polymer-derived ceramics are an excellent strategy 
solution to obtain carbide-derived carbons with tun-
able morphologies and structures. In this work, it has 
been demonstrated that not only incorporating carbon 
into the preceramic structure is a necessary condition 
to achieve good capacitance values but also, this car-
bon should be somehow incorporated into the ceramic 
structure by forming carbidic-like environments. At 
low temperatures, the excess carbon precipitates as 
amorphous carbon which during chlorination suffers 
minimal variations thus not enhancing the capacitive 
properties of the resulting material. By increasing the 
pyrolysis temperature, there are more Si–C bindings 
which in turn results in a better performance as capaci-
tor electrodes. Despite that the capacitance increases 
significantly with the amount of DVB incorporated, 
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the power/energy ratio is independent on the amount 
of DVB incorporated, a result which is attributed to 
the highly microporous character of the sample and 
the large pore anisotropy as well.
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