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The possible practical limits for the specific surface area and capacitance performance of bulk sp2 carbon materials were inves-
tigated experimentally and theoretically using a variety of carbon materials. We find the limit for the specific surface area to be 
3500–3700 m2 g1, and based on this, the corresponding best capacitance was predicted for various electrolyte systems. A 
model using an effective ionic diameter for the electrolyte ions was proposed and used to calculate the theoretical capacitance. 
A linear dependence of experimental capacitance versus effective specific surface area of various sp2 carbon materials was ob-
tained for all studied ionic liquid, organic and aqueous electrolyte systems. Furthermore, excellent agreement between the the-
oretical and experimental capacitance was observed for all the tested sp2 carbon materials in these electrolyte systems, indicat-
ing that this model can be applied widely in the evaluation of various carbon materials for supercapacitors. 
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1  Introduction 

Due to their high porosity and specific surface area (SSA), 
bulk sp2 carbon materials including the oldest activated 
carbons (ACs) and the newest graphene based materials 
have attracted increasing interest for various applications 
such as for high performance supercapacitors (SCs) [1–6]. 
Various strategies have been sought for increasing the SSA 
and controlling the pore size distribution (PSD) in order to 
enhance SC performance [7–13]. While bulk sp2 carbon 
materials such as ACs have been used for many years in 
scientific community and for industrial applications, and 
various sp2 carbon including carbon nanomaterials have 
been widely studied in the last few decades [14,15], it is still 
unclear what are the limits for the SSA and corresponding 

capacitance performance of bulk sp2 carbon materials in 
practice.  

In this work, a series of bulk sp2 materials were prepared 
and a systematic experimental and theoretical investigation 
was carried out to study the possible practical limits in 
terms of the SSA and its corresponding best capacitance. In 
our approach, an effective ionic diameter (EID) model for 
the electrolyte ions was proposed and the theoretical capac-
itance (Cth) of a series of sp2 carbon materials in different 
electrolyte systems was calculated. The resulting values are 
consistent with the experimental capacitance (Cex). A gen-
eral linear relationship between Cex and the effective SSA 
(E-SSA) of the carbon materials is obtained in all the ionic 
liquid (IL), organic and aqueous electrolyte systems studied. 
Most importantly, both experimental and theoretical results 
suggest that the highest practical SSA for bulk sp2 materials 
is about 3500–3700 m2 g1 and the corresponding best 
capacitance performance was predicted for various 
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electrolyte systems. 

2  Experimental 

2.1  Synthesis of various bulk sp2 carbon materials  

The bulk sp2 carbon materials were prepared by a modified 
procedure in our previous report [16], as detailed in the 
Supporting Information online. Briefly and as an example, a 
given mass of carbon source was first hydrothermally treat-
ed at 180 °C for 12 h to obtain the hydrothermal product, 
followed by a chemical activation step at 900 °C for 1 h 
using KOH as the activation agent and with the weight ratio 
of 4:1. Then the final products were obtained after thorough 
washing and vacuum drying. The series of products were 
denoted as follows. Using the phenol/formaldehyde 
(PF)/graphene oxide (GO) mixture as carbon source, when 
the weight ratio of PF to GO was 8:1, 16:1, 24:1, the prod-
ucts were named P@8GA, P@16GA, P@24GA, respec-
tively. When other mixtures of GO were used as the carbon 
source, PVA/GO with the ratio of 20, sucrose/GO with   
the ration of 24, cellulose/GO with the ratio of 24 and lig-
nin/GO with the ratio of 24, the corresponding products 
were denoted V@20GA, S@24GA, C@24GA and 
L@24GA, respectively. Products GA, BA and PA were 
obtained using GO, bitumen and the phenol/formaldehyde 
mixture as the carbon source respectively following the 
same procedure.  

In order to obtain an as wide as possible distribution of 
SSA and pore size distribution of the products, different 
temperatures and activation parameters were used, with 
different activation agents CaO, H3PO4, ZnCl2, K2CO3, 
NaOH and KOH, activation temperatures from 600 to 
1100 °C, and ratios of activation agent to intermediate hy-
drothermal products from 8:1 to 2:1, as shown in Table S1 
(Supporting Information online). Commercial activated 
carbon materials, RP20, GAC and HXAC were used direct-
ly as purchased without further treatment. 

2.2  Characterization 

The structures of the samples were investigated by X-ray 
diffraction (XRD) performed on a Rigaku D/Max-2500 dif-
fractometer (Japan) with Cu K radiation. Raman spectra 
were examined with a LabRAM HR Raman spectrometer 
using laser excitation at 514.5 nm. The stack height (Lc) and 
lateral size (La) of the graphene domains were estimated 
from the XRD and Raman results, as detailed in the Sup-
porting Information online. The nitrogen adsorption/     
desorption analysis was done at 77 K on a Micromeritics 
ASAP 2020 apparatus. The SSA was obtained by the 
Brunauer-Emmett-Teller (BET) method based on adsorp-
tion data in the relative pressure (P/P0) range of 0.05 to 0.3. 
The PSD was analyzed using a nonlocal density functional 

theory (NL-DFT) method with a slit pore model from the 
nitrogen adsorption data [17,18].  

2.3  Fabrication of SC and Cex measurement 

The SC cells of all the bulk sp2 carbon materials were fab-
ricated using a symmetrical two-electrode system with dif-
ferent sp2 carbon materials following our previous work 
[19,20] and the recommended best practice for a reliable 
performance evaluation of materials for SC [21–23]. Briefly, 
90 wt% active carbon material and 10 wt% binding agent 
PTFE were homogeneously mixed in an agate mortar. Then 
the mixture was rolled into 100–120 m thickness sheets 
and punched into 13 mm diameter electrodes. After dried at 
120 °C for 6 h under vacuum, the electrodes were weighted 
and hot pressed onto the current collectors (foils with con-
ducting carbon coating or Ni foams) and then dried at 
180 °C for 6 h under high vacuum. The dry electrodes were 
transferred into a glove box filled with Argon to construct 
the two-electrode symmetrical SC which consisted of two 
current collectors, electrolyte, two electrodes with identical 
weight and a porous cellulose separator sandwiched in a test 
fixture consisting of two stainless steel plates. The typical 
active material’s weight is ~10 mg for one device (two elec-
trodes). Different electrolyte systems including IL 
(MMIMBF4, EMIMBF4, BMIMBF4, HMIMBF4, OMIMBF4 

and EMIMNTf2), organic electrolyte (1.0 mol/L TEABF4/AN 
and 1.0 mol/L TEABF4/PC) and aqueous (6 mol/L KOH) 
systems were investigated. The applied voltage windows 
were different depending on different electrolyte systems, 
which was 0–3.5 V for IL, 0–2.7 V for organic and 0–1.0 V 
for aqueous system, respectively.  

For the experimental capacitance performance of the 
materials, Galvanostatic charge-discharge cycle tests were 
carried out using a battery test system (LAND CT2001A 
model, Wuhan LAND Electronics. Ltd., China) at a current 
density of 1.0 A g1. The specific capacitance Cp (F g1) of 
each sp2 carbon materials in the symmetric SC was calcu-
lated according to the following equation: 

 
d dp

4
/

I
C

m V t
  (1) 

where I is the constant current (A), m is the total mass (g) of 
the active materials on the two single electrodes, dV/dt (V/s) 
is the slope obtained by fitting a straight line to the dis-
charge curve over the range from V (the voltage at the be-
ginning of discharge) to V/2. 

2.4  Theoretical modeling and calculation  

All DFT calculations were performed with the Gaussian 09 
program package (Gaussian 09, Revision B.01, Wallingford 
CT: Gaussian, Inc., 2010, see Supporting Information 
online for full citation). 
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2.4.1  Construction of EID model and calculation of 
E-SSA and Cth 
A general model for the EID was used for all the electrolyte 
ion size in different electrolyte systems. In pure IL electro-
lyte systems where there is no solvation, the EID was taken 
as the theoretical diameter of electrolyte ions obtained by 
using DFT calculations (B3LYP/6-31G*) [24,25] and the 
cation sizes of EMIM+, BMIM+ were 0.752 and 1.107 nm, 
respectively. When solvents were used together such as that 
in organic and aqueous electrolyte systems, a solvation shell 
was considered and added to the naked ion size to obtain the 
EID. With this model, the EIDs of 1.0 mol/L TEA+ in or-
ganic solvent AN and 6 mol/L K+ in water were taken as 
1.320 and 0.662 nm, respectively, following the literatures 
[26–28].  

The E-SSA, which is the effective accessible surface area 
for the electrolyte ions, was calculated using the cumulative 
DFT SSA, the PSD of the carbon materials and the electro-
lyte ion size. With the E-SSA, based on the EID of different 
electrolyte ions discussed above, the theoretical capacitance 
Cth was calculated for all the sp2 carbon materials in various 
electrolyte systems. The detailed calculation process is 
shown in Tables S3–S6. 

2.4.2  Calculation of the possible stable and smallest gra-
phene sheet size and theoretical SSA 
To obtain the possible stable and smallest graphene sheet 
(fragment) in theory, first the geometry optimization of all 
the graphene fragments with different sizes (carbon atoms) 
were performed at the B3LYP levels of theory with the 
3-21G basis set [24,25]. The frequency analysis was em-
ployed at the same level of theory to check whether the op-
timized geometrical structures were at stable states and to 
evaluate the zero-point vibration energy (ZPE). With these 
graphene fragments, a thermodynamic calculation was used. 
The stable and smallest graphene fragment was then pre-
dicted under practical experimental conditions. More details 
for this part are in the Section 3 and the Supporting Infor-
mation online. 

With a given graphene sheets size, the theoretical SSA of 
the sp2 carbon materials was calculated from a simple Mon-
te Carlo integration technique where the probe molecule is 
“rolled” over the framework surface, and the probe radius is 
1.82 Å (the kinetic radius of N2) [29,30].  

3  Results and discussion 

3.1  The BET SSA of various bulk sp2 carbon materials 

In order to obtain the possible practical highest and widest 
range of SSA values, in addition to various carbon source 
materials, a wide range of preparation parameters was 
studied (Table S1). With these numerous experimental re-
sults using different carbon sources under different treat-

ments, the best experimental BET SSA was obtained 
as >3500 m2 g1 for bulk sp2 carbon materials. 

The detailed morphology information of these bulk sp2 
carbon materials has also been carried out using XRD and 
Raman (Table S2). The average domain height Lc of the 
optimized activation products is found at 0.7–0.8 nm, and 
the approximate dimensional size is around 5×5–6×6 nm2 
depending on different carbon sources. These results sug-
gest that the basic structure units in the high SSA sp2 carbon 
materials are graphene sheets in the size of a few nanome-
ters and most of which should be wrinkled single-layer 
sheets with likely some fewlayered, as observed before 
[16,31].  

3.2  The E-SSA and theoretical capacitance perfor-
mance in different electrolyte systems 

Based on the various carbon materials prepared, the effec-
tive surface area, E-SSA, the area accessible to the electro-
lyte ions, was obtained from the overall SSA and PSD of 
the material and the electrolyte ion size [31] and Cth was 
then calculated. Note that for solvent free IL ions, Cth could 
be easily obtained as there is no solvation issue. But for 
aqueous and organic electrolyte systems, the ion size de-
pends heavily on the solvation layer. With these in mind, a 
more general model was proposed, where the layers of sol-
vent molecules around the ions were taken into account 
(Figure S1, Supporting Information online). Thus, the actual 
electrolyte ion size (EID), was obtained as the sum of the 
sizes of the naked ion and the shell of solvent molecules, 
following the literature [27,28]. Based on the EID model 
and the method in our previous work [31], the correspond-
ing Cth of the prepared materials in several most widely 
studied electrolyte systems were calculated (details in the 
Supporting Information online and Tables S3–S6) and the 
values for several representative samples are shown in Ta-
ble S7. 

It is noted that while this EID model is likely to be too 
simple and significant errors may be generated, we believe 
that this is workable and the obtained trend should be 
reliable since the solvent molecules around the electrolyte 
ion are believed to be tightly absorbed and should be most 
likely carried by the ions. This approach has also been used 
in the literature for electrolyte ion solvation studies [32–35].  

3.3  Experimental capacitance and its relationship with 
E-SSA 

Now we come to study the experimental capacitance Cex of 
these bulk sp2 carbon materials. The Cex values of SCs for 
various sp2 carbon materials were obtained following the 
recommended method [21,23], as shown in Table S8. In our 
previous studies, it was found that in IL electrolytes 
(EMIMBF4 and BMIMBF4), Cex is linearly dependent on 
E-SSA [31]. It would thus be important to know the 
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generality of this linear dependence in other electrolyte 
systems, such as organic and aqueous systems, which are 
widely used in state-of-the-art industrial SC systems.  

With the numerous experimental data available, it is 
surprising to find that this linear relationship is much more 
general and can be applied to all the studied electrolyte 
systems. Examples of this linear relationship between Cex 
and E-SSA are shown in Figure 1(a–g). First, as shown in 
Figure 1(a–d), for the same electrolyte system, a clear linear 
dependence of Cex on the E-SSA of different carbon 
materials is observed for all systems. In addition, a linear 
relationship was also observed when Cex was plotted against 
E-SSA for the same material but in different electrolyte 
systems, as shown in Figure 1(e–g). The different EIDs of 
the studied electrolyte ions lead to different E-SSAs for the 
same carbon material in different electrolyte systems. Note 
that different capacitances were observed for the same 
E-SSA when the same electrolyte was used but with differ-
ent solvents, such as for RP20 in TEABF4/AN and in  

 
Figure 1  The relationship between Cex and E-SSA for various sp2 carbon 
materials. Materials in the same electrolyte system (a) EMIMBF4, (b) 
BMIMBF4, (c) TEABF4/AN and (d) KOH. The same material in different 
electrolyte systems (e) RP20, (f) PA and (g) P@8GA. (h) General rela-
tionship for all studied sp2 carbon materials in different electrolyte systems. 

TEABF4/PC (Figure 1(e)). This is due to the different die-
lectric constants and the thicknesses of the electric double 
layer (d) of the two electrolyte systems. A linear relation-
ship between Cex and E-SSA also exists for the carbon ma-
terials in all the electrolyte systems studied. Furthermore, 
the numerical values of all the slopes in Figure 1(a–g) are 
very similar. So if the above data are all plotted together, 
there is a general linear relationship between Cex and E-SSA 
described by the linear equation Y=0.126X–3.62 for all the 
materials in all the electrolyte systems, as shown in Figure 
1(h). While the reason and its implication for this general 
linear relationship is yet to be understood, it implies that 
with a given carbon material and electrolyte system, the 
capacitance can be estimated directly and reliably without 
fabricating the devices. 

3.4  Direct comparison of experimental and theoretical 
capacitance 

Using the EID model, the calculated theoretical specific 
capacitances and the experimental values, as shown in Fig-
ures 2 and S2, give a surprisingly good agreement for all the 
carbon materials in different electrolyte systems studied. 
For example, in the EMIMBF4 system, the Cth values for 
P@16GA, S@24GA, GAC, P@8GA and RP20 are 216, 
209, 139, 129 and 96 F g1 respectively and these are gener-
ally consistent with the respective Cex values of 231, 216, 
139, 136 and 91 F g1. For S@24GA, the Cth values are 209, 
198 and 278 F g1 in EMIMBF4, TEABF4/AN and KOH 
systems, respectively, corresponding to Cex values of 216, 
197 and 281 F g1. The highest theoretical Cth of 290 F g1 
was obtained for P@16GA in KOH, which is consistent 
with the experimental value of 296 F g1.  

 

Figure 2  The relationship between Cex and Cth of several representative 
carbon materials in EMIMBF4, TEABF4/AN and KOH electrolyte systems. 
In each pair of the columns, the one with bolder black border is Cth and the 
other is Cex. 
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The consistency between the experimental and theoreti-
cal values indicates that the EID model for the calculation 
of theoretical specific capacitance is appropriate for SCs for 
all the systems studied. 

3.5  Theoretical investigation for possible highest SSA 
of bulk sp2 carbon materials in practice 

While various experimental approaches have been tried to 
obtain the material with the highest possible SSA, our best 
experimental result obtained is about 3500 m2 g1, as 
discussed above. The remaining important question is what 
is the theoretical limit for the best SSA. Note that the best 
reported experimental SSA may not be the best in practice, 
since it is possible the optimum processing parameters to 
make such a material were not achieved in our experiments. 
The theoretical approach was therefore used to search for 
such a limit. 

Our approach is based on the following assumptions: (1) 
all the bulk sp2 carbon materials have graphene sheets as the 
basic building block [36,37], though there may be 
differences in terms of sheet size, stacking, defects and so 
on; (2) the extra surface area above the theoretical limit of 
2630 m2 g1 of graphene comes mainly from the edge 
contribution of the graphene sheets [16,38,39]. So under 
similar conditions, materials consisting of smaller graphene 
sheets should have higher edge contribution and SSA values. 
It is also important to note that to have the possible highest 
surface area, the graphene sheets need to be single-layer 
[16,40]. 

With these assumptions, the key to answer the proposed 
question about the best SSA of bulk sp2 carbon material is 
what is the smallest (average) size of graphene sheets in the 
bulk after undergoing harsh chemical treatment such as 
KOH treatment at 900 °C. It is important to note that in 
theory there is a limit for the smallest sheet that can be 
obtained (thermodynamically stable) during the process. 
This is because when the sheet size gets too small, the 
graphene sheets (behaving as a large fused polyaromatic 
compound) tend to be less stable and will react with each 
other to form a large graphene sheet (larger polyaromatic 
compound) [41].  

So if the size of the smallest stable graphene sheet under 
practical conditions, such as at 900 °C, is obtained, the 
highest SSA of sp2 carbon materials would be obtained by 
assuming all the graphene sheets are single-layer. To 
achieve this goal, a series of thermodynamic calculations 
were carried out using DFT calculation. We hypothesize 
that the easiest reaction, due to the instability of a small 
graphene sheet (fragment) to reduce the corresponding sur-
face area, is its dimerization, as defined in Eq. (2):  

 Ar–H (s)+Ar–H (s) → Ar–Ar (s)+H2(g) (2)  

where Ar represents benzene, naphathlene, phenanthrene, 
anthracene, pyrene, coronene and different sized graphene 

fragments, where the graphene fragments have lateral sizes 
of 0.5 nm×0.5 nm, 1.0 nm×1.0 nm, 1.5 nm×1.5 nm, 2.0 nm× 
2.0 nm and 2.5 nm×2.5 nm, respectively, which are respec-
tively denoted graphene 0505, graphene 1010, graphene 
1515, graphene 2020 and graphene 2525. 

According to the laws of thermodynamics, if the Gibbs 
free energy change rG of this reaction is negative at a giv-
en temperature, the reaction should happen spontaneously 
so that the graphene fragment is unstable and larger gra-
phene sheets should be formed. Therefore rG of this reac-
tion for a series of graphene sheets (fragments) with differ-
ent sizes from the smallest benzene to a graphene sheet with 
the lateral size of 2.5 nm×2.5 nm (~252 carbon atoms) was 
calculated for 900 °C, which is the most widely used tem-
perature in the activation step for the production of ACs in 
both academic laboratories and industry. Note that the geo-
metric optimization of larger graphene sheets was limited 
by our computing power, so an extrapolation was used. The 
details of the DFT modeling and the thermodynamic calcu-
lations are given in the Supporting Information online. 

Obviously, it is more reasonable to use Gibbs free energy 
change of the reaction per carbon atom, rG/n, to represent 
the spontaneous driving force to avoid the size effect. As 
can be seen from the rG/n results (Table S9), the smallest 
fragment (benzene unit) has the most negative rG, indicat-
ing it would have a rather high spontaneous driving force to 
form a larger fragment, as expected. As the size gets larger, 
the driving force gets smaller, which is consistent with the 
less negative rG/n shown in Table S9. By plotting rG/n 
values against the size (number of carbon atoms) of the 
graphene sheets, as shown in Figure 3(a), we can see that 
with increasing number of carbon atoms, rG/n has a rather 
large initial negative value and becomes less negative and 
approaches zero, consistent with the intuitive understanding 
of chemistry [42]. To mathematically predict where rG/n 
actually reaches zero, a plot of rG/n versus 1/n is shown in 
Figure 3(b) and this plot gives a linear relationship with a 
correlation coefficient R2=0.995. The extrapolation of this 
linear fit shows that when the carbon atom number reaches 
~1322, rG/n is zero. If we simply use the simplest square 
shape for the smallest graphene obtained above, the size 
would be about 5×5–6×6 nm2, corresponding to a theoretical 
SSA of ~3500–3700 m2 g1 based on a calculation model 

 

Figure 3  rG/n at 900 °C with (a) the number of carbon atoms and (b) 
the reciprocal of the number of carbon atoms. 
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(Supporting Information online). 
We can now estimate the best practical capacitance for 

the highest possible SSA. If we assume all the SSA is used 
(E-SSA=100% SSA), the possible Cth for different elec- 
trolyte systems can be estimated, as summarized in Table 
S10. For example, the best Cth obtained was 485–514 F g1 
for the EMIMBF4 system which has the largest dielectric 
constant of the four widely used electrolyte systems. These 
results indicate that these is still some room for improve-                                
ment in the capacitance performance obtained in practice. 
This probably requires optimization of the pore size control 
which could be different for different electrolyte systems.  

4  Conclusions  

In summary, a systematic investigation has been carried out 
both experimentally and theoretically to obtain the highest 
specific surface area and the best capacitance performance 
of the bulk sp2 carbon materials for SC applications. It is 
found that the possible limit for such surface area is around 
3500–3700 m2 g1. This corresponds to a best capacitance 
performance in the range of 485–514 F g1 for one of the 
most widely used electrolytes, EMIMBF4, due to its high 
dielectric constant. If control/optimization of the morphol-
ogy of bulk sp2 carbon materials could be achieved, a higher 
capacitance performance for SC should be obtained. Also, 
the general linear relationship between experimental capac-
itance and the E-SSA of different sp2 carbon materials in 
different electrolyte systems could be used to easily and 
reliably evaluate the capacitance performance of sp2 carbon 
materials without tedious and sometimes inaccessible de-
vice fabrication. This should speed up the material design 
and screening. 
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