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Abstract
The porous structure of three different, commercially available porous carbonaceous materials is investigated by the αS-plot 
method and by the t-plot method. Subsequently, the electrochemical properties of sulfur-free porous carbon electrodes from 
inspected materials are studied by cyclic voltammetry. The comparison of double-layer capacitances with the correspond-
ing adsorption isotherms of  N2 reveals the role of micropores during the capacitive charging of carbons by  Li+. The studied 
carbons are added to the sulfur cathodes and evaluated. The cyclic voltammograms show no contribution of micropores 
in the carbon structure to the electrochemical processes taking place in the lithium–sulfur coin cell. The highest specific 
capacity of 816 mAh/g is observed for material with the lowest content of micropores in the structure (14%). The partially 
mesoporous and partially microporous (65%) sample and the predominantly microporous one (87%), show specific capaci-
ties of 664 mAh/g and 560 mAh/g, respectively. The galvanostatic cycling of lithium–sulfur coin cells with carbonaceous 
additives reveals that the mesopores and macropores in the carbon structure increase the specific charge capacity of the 
lithium–sulfur batteries and that the micropores improve the cycling stability of these batteries.
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Introduction

The rising demand for energy storage devices with high 
energy density leads to intensive research on new battery 
systems. The lithium–sulfur (Li–S) battery is a promis-
ing system in this field, due to its non-toxicity, low cost, 
theoretical energy density of ca. 2600 Wh/kg, and capac-
ity of 1675 mAh/g, which overcomes the commonly used 

lithium–ion batteries [1–3]. Sulfur is an abundant, inex-
pensive, and environmentally friendly element. There-
fore, Li–S batteries have great potential for applications 
in such devices as drones [4, 5] and electric vehicles [6, 
7]. Despite of undeniable promising properties of the Li–S 
system, some challenges have to be solved to enable the 
spreading of Li–S batteries into practical applications. 
The following limitations remain to impede the success-
ful commercialization of Li–S cells. The Li metal usually 
serves as an anode that represents safety issues [8]. Dur-
ing the discharge process, the sulfur is reduced to lithium 
sulfide  (Li2S) at the cathode side. This process has multi-
ple steps, in which sulfur is initially reduced to long-chain 
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polysulfides  (Li2S6–8), followed by a further reduction to 
form short-chain polysulfides  (Li2S2–4) and final transfor-
mation to insoluble  Li2S. The sulfur reduction to  Li2S is 
connected with the volumetric expansion of the cathode 
and poor conductivity of both the reactant and the prod-
uct [9]. Moreover, the intermediate lithium polysulfides 
are soluble and cause the well-known shuttle effect lead-
ing to a decline in cycle life and capacity [10]. In recent 
years, huge attention has been paid to all above-mentioned 
problematic aspects; however, some questions remain to 
be addressed.

Conductive carbons are widely used in various technolo-
gies and play a significant role in Li–S batteries. The above-
mentioned problem of the electrically insulating nature of 
sulfur in the Li–S system is solved by embedding the active 
material into/on the conductive carbon. Various forms of 
carbon were widely used as cathode materials in Li–S bat-
teries—spheres [11], nanofibers [12], nanotubes [13, 14], 3D 
[15, 16], and porous materials [17, 18]. Besides the improve-
ment of cathode conductivity, the possibility of anchoring 
sulfur and the products of its reduction in carbon structure 
was studied [19, 20]. The characterization of the porous 
structure of carbon is crucial for a given application. Accord-
ing to the International Union of Pure and Applied Chem-
istry (IUPAC) definition, porous materials can be classified 
into three different categories based on pore size: micropo-
rous with pore widths smaller than 2 nm, mesoporous with 
pore widths 2–50 nm and macroporous with pore widths 
larger than 50 nm [21]. The micropores have two subgroups: 
ultramicropores (pore widths < 0.7 nm) and supermicropores 
(pore widths 0.7–2 nm). The commonly used method for 
pore structure characterization of carbonaceous materials is 
the physical adsorption of nitrogen and subsequent analysis 
of adsorption isotherms. Effective textural characteriza-
tion of porous carbons is provided by comparative t-plot 
and αS-plot methods [21–24]. Another useful technique is 
the subtracting pore effect (SPE) method applied to a high-
resolution αS-plot (based on isotherms from relative pressure 
 10–6–1) [25–28].

The effect of different pores in the structure of carbon on 
the electrochemical performance of Li–S batteries has been 
widely discussed recently, but the role of carbon micropores 
in the cathode material is not yet fully clarified [2, 29–35]. 
Our current work aims at further elucidation of this issue. 
We report here a detailed study of the porous structure of 
three different, commercially available porous carbonaceous 
materials by subtracting pore effect method applied to a 
high-resolution αS-plot and by the t-plot method. These three 
carbons are used as sulfur-free cathodes and as additives in 
the sulfur cathodes and their electrochemical behavior is 
studied to evaluate the effect of micro-/meso-/macropores 
of carbon material on the electrochemical performance of a 
corresponding cathode.

Results and discussion

Material characterization

The powder materials CFluka, CPenta, and CTOB (see “Experi-
mental” for details) were characterized by Raman spectros-
copy (Fig. 1). Two main Raman features of carbonaceous 
materials are observed in the spectra of all studied sam-
ples. The first one centered at ca. 1325  cm−1 belongs to the 
D-band, which is connected with the breathing mode and 
requires disorder or defect in the sp2 carbon network for its 
activation [33, 36–40]. The D mode is dispersive, i.e. its 
frequency scales linearly with the photon excitation energy. 
The second band, the G-band at ~ 1590  cm−1, arises from 
the symmetrical stretching mode of graphitic domains with 
sp2 hybridization. The decoupled D to G peak intensity ratio 
(denoted as ID/IG) can be considered as a straightforward 
indicator of disorder in sp2 systems, i.e. this ratio can point 
to differences in the graphitization degrees of carbon materi-
als. The calculated intensity ratio ID/IG for the three studied 
carbonaceous materials are 1.23, 1.04, and 1.28 for CFluka, 
CPenta, and CTOB, respectively. The ID/IG ratios of CTOB and 
CFluka are similar and indicate more disordered structures 
and a higher number of defects in these materials compared 
to CPenta. The lower ratio for CPenta shows a possibly higher 
degree of graphitization than for CTOB and CFluka.

All carbon materials were investigated by nitrogen 
adsorption at 77 K for the relative pressures P/P0 from 
 10–6 to 1. Figure  2 shows the adsorption isotherms of 
CFluka, CPenta, and CTOB. The studied powders have different 
porous structures. The adsorption isotherm of CFluka cor-
responds to type I according to the IUPAC classification 
with a sharp knee and high uptakes at relatively low pres-
sures characteristic for microporous materials. The adsorp-
tion isotherm of CPenta shows the features of type I and type 

Fig. 1  Raman spectra of the pristine carbonaceous materials CTOB 
(top, black), CPenta (middle, blue), and CFluka (bottom, red) determined 
at an excitation wavelength of 633 nm. Spectra are offset for clarity 
but the intensity scale is identical (color version available online)
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IV isotherms. It exhibits significant nitrogen adsorption at 
low pressures indicating the presence of narrow micropores 
(pore width < 2 nm) and hysteresis loop at P/P0 higher than 
0.4 indicating the presence of mesopores in the structure. 
The CTOB adsorption isotherm has a shape close to type II 
isotherm, which is normally associated with the external sur-
face of non-porous material or with macroporous powders. 
The  N2 adsorption at low P/P0 can indicate a minor contribu-
tion of micropores in structure. Table 1 shows the calculated 
BET specific surface areas for all our samples. The CFluka 
material has the highest specific surface area 1039  m2/g. The 
CPenta has a BET surface area comparable with CFluka (1028 
 m2/g). On the other hand, the CTOB sample has a five times 
lower specific surface area compared to the former.

Subsequently, the adsorption isotherms were analyzed 
by a comparative method of high-resolution αS-plots. Wang 
et al. [25] tested six different non-graphitized carbon blacks 
as non-porous reference adsorbents for the αS-plot analysis 
of porous carbons. Their carbon denoted as CB-1 (Monarch 
280, Cabot Corporation) had the best properties for use as 
a standard in comparative αS-plot analysis [25]. Therefore, 

the reference data from the  N2 (77.4 K) adsorption iso-
therms of Monarch 280 (Table S2 in Ref. [25]) were used 
as a standard αS-curve for the construction of αS-plots of our 
studied samples (CFluka, CPenta, and CTOB). The final high-
resolution αS-plots of CFluka, CPenta, and CTOB are shown in 
Fig. 3. The αS-plots of CFluka and CPenta have two upward 
swings for αS < 1 (below micropore saturation). These 
swings are a consequence of the adsorption in micropores. 
The first swing for αS < 0.5 (P/P0 < 0.007) is called the fill-
ing swing and it is connected with monolayer adsorption in 
micropores enhanced by overlapping adsorption potentials 
of micropore walls [21, 25, 27]. The second upward swing 
at αS between 0.5 and 1 is observed in the case the larger 
micropores (width > 1 nm [26]) are present in the carbon 
structure. This upward adsorption enhancement is the effect 
of continuous micropore filling in the remaining space of the 
micropore after the monolayer adsorption and it is called 
the cooperative swing [26, 27] or sometimes the condensa-
tion swing [28, 41]. There is a plateau of  N2 adsorption for 
CFluka in the region of micropores saturation (αS > 1) (see 
Fig. 3). On the other hand, the plateau for sample CPenta is 
visible at higher αS compared to CFluka and the plot corre-
sponds to the CPenta isotherm in Fig. 2 with obvious capillary 
condensation in mesopores. The αS-plot observed for CTOB 
material evidences a high rate of linearity (see Fig. 3). Gen-
erally, the linearity of the αS-plot corresponds to unrestricted 
monolayer-multilayer adsorption typical for non-porous or 
macroporous solids [21]. Only the slight upward shifts for 
αS < 0.5 and αS > 1 indicate some content of micropores and 
mesopores, respectively, in the CTOB structure. The mate-
rial producer (TOB New Energy) declares the CTOB to be a 

Fig. 2  Nitrogen adsorption isotherms at 77  K measured on carbo-
naceous materials (from top to bottom) CPenta, CFluka, and CTOB. The 
adsorption branch of the isotherm is marked by full circles and the 
desorption branch by crosses (color version available online)

Table 1  Surface areas determined from BET, αS-method and 
t-method using  N2 isotherms (SBET—BET surface area, Stot—total 
surface area from analysis of αS-plot, Sext—external surface area from 
analysis of αS-plot and Sout of mic—surface area out of micropores from 
t-plot analysis)

Sample SBET/m2/g αS-plot analysis t-plot analysis

Stot/m2/g Sext/m2/g Sout of mic/m2/g

CFluka 1039 1127 25 140
CPenta 1028 1085 31 358
CTOB 205 206 193 177

Fig. 3  The αS-plots for CPenta (top, blue), CFluka (middle, red), and 
CTOB (bottom, black) materials. Dotted lines: the linear fits passing 
through the origin were used for total surface areas determination. 
Dashed lines: the linear fits for estimation of external surface areas 
(color version available online)
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porous material with a pore diameter of about 130–150 nm 
(i.e. macropores), but their mercury intrusion porosim-
etry tests revealed intrusion peak in the range of pore sizes 
20–200 nm. This agrees with our observed almost linear 
shape of the CTOB αS-plot (see Fig. 3). The SPE method 
was applied to high-resolution αS-plots, and the total surface 
areas of studied powders were determined from the slope 
of the linear fit of αS-plot passing through 0 and αS ≈ 0.5. 
The difference between the BET surface area and the total 
surface area determined from the αS-plot for the CTOB sam-
ple is negligible. On the other hand, the αS-plot total sur-
face areas of CFluka and CPenta are slightly higher (8% and 
6%, respectively) compared to corresponding BET surface 
areas (see Table 1). The reason for this inconsistency is 
that the BET surface area of CFluka and CPenta, even with the 
use of Rouquerol’s criteria [42], is underestimated due to 
insufficient monolayer adsorption of nitrogen on micropo-
res [25, 41]. Kaneko et al. introduced the external surface 
(surface out of micropores and mesopores) estimation from 
the almost plateau region of αS-plot at high values of αS 
[27]. This procedure was used for the determination of the 
external surface of our studied porous carbonaceous mate-
rials. Figure 3 shows the fits of respective αS-plots. The 
fitted region for CTOB was chosen across all the αS values 
outside the micropore region, due to the high linearity of 
CTOB αS-plot, which is typical for non-porous/macroporous 
samples, where most of the surface area is external or in 
macropores. Table 1 summarizes the surface area analysis 
by αS-plot method and the surface areas out of micropores 
(Sout of mic) determined by t-plot analysis. The data show the 
highest percentage of micropores (SBET − Sout of mic; 87%) in 
the structure of the CFluka material. The CPenta has an external 
surface area comparable with CFluka but the contribution of 
micropores to the overall surface area is lower (65%). On the 
other hand, the CTOB sample has low amount of micropores 
in the structure (14%).

Electrochemical performance

Recently, the carbon pores and primarily micropores in the 
cathode material and their effect on the electrochemical 
performance of Li–S batteries have been widely discussed. 
There is still a lack of clarity on their role [2, 29–31, 33, 34] 
and the influence on capacity and stability [2, 29, 30, 32, 
35]. Therefore, we focused on the electrochemical behavior 
of carbonaceous materials CFluka, CPenta, and CTOB in detail.

First, the electrochemical properties of sulfur-free porous 
carbon electrodes CFluka, CPenta, and CTOB were studied by 
cyclic voltammetry, where 40% of carbon C65 was added 
to electrodes for conductivity improvement (for details 
see “Experimental”). The cyclic voltammograms were 
carried out at scan rates 10, 5, 2, and 1 mV/s in potential 
window from 2 to 3 V vs Li/Li+. Figure 4 shows cyclic 

voltammograms of CFluka, CPenta, CTOB and pure C65 at a 
scan rate of 5 mV/s. The cyclic voltammograms of CFluka 
and CTOB have an expected rectangular shape typical for 
capacitive charging. The CPenta exhibited quasi-rectangu-
lar voltammograms for scan rates 2 mV/s and lower. The 
low contribution of C65 to the overall cyclic voltammetry 
response of CFluka, CPenta, and CTOB is evident from Fig. 4. 
The double layer capacitance (CDL) was determined from 
cyclic voltammetry data according to Eq. (1):

where Ia (Ic) is the anodic (cathodic) current at a fixed poten-
tial and ν is the scan rate. Table 2 summarizes the double 
layer capacitances per gram of material calculated for each 
material and each scan rate from current responses at poten-
tial 2.5 V. The CFluka and CPenta have at least two times higher 
CDL compared to CTOB for scan rates of 5 mV/s and slower. 
It agrees with the data of total surface areas Stot in Table 1, 
where the CTOB has the lowest total surface area (206  m2/g) 
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c
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Fig. 4  Double layer capacitance measurement obtained by cyclic vol-
tammetry at scan rate 5 mV/s. For line coding of cyclic voltammo-
grams see the annotation in the chart (color version available online)

Table 2  Double layer capacitances normalized per gram of material 
(CDL) from cyclic voltammetry of our sulfur-free cathodes at different 
scan rates (ν) by Eq. (1)

The current responses at the potential 2.5 V were considered for com-
putations (the capacitance contribution of the C65 additive is not sub-
tracted, because it was negligible and identical for CFluka, CPenta, and 
CTOB electrodes)

CDL/F/g

ν/mV/s CTOB CPenta CFluka C65

10 15.5 22.5 42.1 2.4
5 15.5 35.8 43.0 2.5
2 14.2 54.3 42.2 2.2
1 12.2 71.1 39.3 1.9
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and CFluka has the highest one (1127  m2/g), but close to Stot 
of CPenta (1085  m2/g). However, the Stot of CFluka and CPenta 
contains a high contribution of surface area in micropores 
(87% and 65%, respectively) compared to CTOB (14%, see 
Table 1). Therefore, the data of CDL in Table 2 indicate, 
that the micropores play a role in carbon capacitive charg-
ing by  Li+. Almost negligible changes of CDL for CTOB and 
CFluka at different scan rates are evident from Table 2. These 
data indicate solely capacitive current’s contribution to the 
overall current response of these carbonaceous materials. 
The CDL increase is observed for slower scan rates of CPenta 
carbon. This can be caused by the more complex porous 
structure of the material, which is the mixture of a high per-
centage of micropores and mesopores.

Second, the CFluka, CPenta, and CTOB were studied as addi-
tives in the sulfur composite cathode in the 2032-coin cells 
containing Li anode, and a glass microfiber separator. The 
coin cells were investigated by cyclic voltammetry and by 
galvanostatic chronopotentiometry. Cyclic voltammetry 
represents an analytic tool providing information about the 
charge capacity and the processes taking place during the 
electrochemical reaction. Figure 5 shows the cyclic voltam-
mograms (2nd scan) of the CFluka, CPenta, and CTOB com-
posite cathodes in a Li–sulfur cell measured at the scan 
rate of 0.1 mV/s. The cyclic voltammograms exhibit two 
reduction peaks at the potentials near 2.34 V and 2.02 V, 
and one oxidation peak at ca. 2.40 V. The first cathodic 
peak at 2.34 V is assigned to the reduction of  S8 to poly-
sulfides  Li2Sx (3 ≤ x ≤ 8), and the second cathodic peak near 
2.02 V is assigned to subsequent reductions up to  Li2S2 and 
 Li2S. A single oxidation peak at 2.4 V for CFluka and CPenta 
is observed due to the sluggish kinetics of the solid–liq-
uid two-phase oxidation from the insoluble  L2S or  Li2S2 
to short-/long-chain polysulfides, which causes an overlap 

of the corresponding peak in the oxidation branch of the 
cyclic voltammogram with that corresponding to oxidation 
of long-chain polysulfides to sulfur. The doublet of anodic 
peaks is distinguishable for CTOB only. The specific charge 
capacities of CFluka, CPenta, and CTOB composite cathodes 
calculated from the oxidation (charge) branch of the cyclic 
voltammogram are 560 mAh/g, 664 mAh/g, and 816 mAh/g, 
respectively. The CTOB, consisting mainly of wide pores, 
evinces the highest specific capacity. Conversely, both CFluka 
and CPenta with high contribution of micropores in the struc-
tures have lower specific capacities than CTOB. This trend is 
inverse as compared to the case of double-layer capacities 
from cyclic voltammograms of CFluka, CPenta, and CTOB in 
sulfur-free electrochemical cells discussed above (see Fig. 4 
and Table 2).

The corresponding coin cells were subsequently stud-
ied by galvanostatic cycling. The electrochemical perfor-
mance of the sulfur composite cathodes with CFluka, CPenta, 
or CTOB was studied by galvanostatic chronopotentiometry 
at the charging/discharging rate of 0.1 C. Figure 6 shows 
the galvanostatic curves of the CFluka, CPenta, or CTOB sul-
fur cathode during 60 charge/discharge cycles. The CTOB 
sulfur cathode exhibits the largest capacities but also the 
largest decrease in capacity during 60 cycles. The par-
tially mesoporous and partially microporous CPenta (see 
Table 1) exhibits lower capacities than CTOB and good sta-
bility over 60 cycles. There is an evident trend of specific 
charge capacity increase with an increasing percentage of 
mesopores/macropores in the carbon structure in Fig. 6, 
which is caused by the conservation of polysulfides in the 
meso/macropores during the charging/discharging pro-
cess and suppressing their shuttle effect. On the contrary, 

Fig. 5  Cyclic voltammograms (2nd scans) measured on the coin cell 
with sulfur composite cathode with CFluka (dotted line, red), CPenta 
(dashed line, blue), and CTOB (full line, black). Scan rate 0.1 mV/s. 
Currents are normalized to the mass of sulfur (color version available 
online)

Fig. 6  Galvanostatic chronopotentiometry curves measured at 0.1 C 
of Li–S cells containing sulfur composite cathodes with CTOB (top, 
black circles), CPenta (middle, blue circles), and CFluka (bottom, red 
circles). Charging curves are denoted by full circles, and discharg-
ing curves by open circles. The coulombic efficiencies are depicted 
by empty diamonds (CTOB, black), empty squares (CPenta, blue), and 
crosses (CFluka, red) (color version available online)



358 B. Pitňa Lásková et al.

the cathode with microporous CFluka exhibited the lowest 
capacities after the first 10 cycles, but stable electrochemi-
cal performance during further cycling. Interestingly, the 
CFluka and CTOB with similar content of defects in the struc-
ture (see Fig. 1) have very different trends in stability dur-
ing cycling. Electrochemical data indicate that carbona-
ceous additives with wider pores (mesopores/macropores) 
and a more opened surface provide higher specific charge 
capacities in a sulfur composite cathode than microporous 
ones. Hence, mesoporous/microporous carbons represent 
the optimum additive for sulfur composite cathode in Li–S 
batteries. However, the more complex structure of CTOB 
exhibiting wide pore size distribution (including 14% of 
micropores) manifests itself by structural instability during 
60 days charging/discharging due to its inability to buffer 
the volume changes during the formation of soluble poly-
sulfides (discharging) and backward deposition of sulfur 
(charging). The structural changes result in a pronounced 
capacity drop during cycling. On the other side, the struc-
ture of microporous CFluka is stable during 60 cycles, but 
exhibits lower specific capacity despite its high specific 
surface area. The observed low capacity and the fact that 
most of the specific surface area of CFluka is located inside 
the micropores (see Table 1) prove the low participation 
of micropores in the electrochemical reduction of sulfur 
and polysulfides oxidation, which is opposite to sulfur-
free electrochemical cells discussed above (see Fig. 4 
and Table 2). This conclusion agrees with the observed 
cyclic voltammogram of CFluka in Fig. 5. The low size 
of micropores (pore widths < 2 nm) represents a spatial 
constraint on sulfur accommodation. Li et al. observed 
the current peak with a maximum at 1.7 V for specially 
prepared sulfur-microporous carbon composite material 
and this peak was assigned to the solid–solid process, the 
reduction of smaller sulfur molecules confined within the 
micropores [43]. However, there is no additional current 
increase observed at potentials near 1.7 V for the cyclic 
voltammogram of CFluka in Fig. 5. This can also explain 
the good stability of CFluka and CPenta during cycling. The 
sulfur composite cathode employing materials with a high 
percentage of micropores in the structure (CFluka/CPenta) 
does not stress the micropores during charging/discharg-
ing by volumetric changes. This represents a significant 
stabilization factor. Indeed, the CPenta exhibits nearly no 
capacity decay over 60 cycles in contrast to CTOB. The 
majority of its surface area in micropores seems to com-
pensate for the effect of disintegration during cycling. 
In summary, mesopores and particularly macropores in 
the carbon structure increase the specific charge capac-
ity of the cathodes in the coin cell due to a spatial con-
straint of polysulfides near the sulfur composite cathode. 
On the other hand, micropores suppress carbon structure 

disintegration during cycling and thus improve the stabil-
ity of the sulfur composite cathode.

Conclusion

Three commercially available porous carbon materials 
(CFluka, CPenta, and CTOB) were studied in detail by subtract-
ing pore effect method applied to a high-resolution αS-plot 
and by t-plot method to characterize their porous structures. 
The CFluka has the highest specific surface area 1039  m2/g 
and is found to be a primarily microporous material with 
the highest ratio of micropores (87%) in the structure as 
compared to CPenta and CTOB. The CPenta is a mesoporous/
microporous material with a specific surface area compara-
ble with CFluka (1028  m2/g). The contribution of micropores 
to the overall surface area is lower (65%). On the other hand, 
the CTOB sample contains a minority of micropores in the 
structure (14%) and exhibited  N2 adsorption isotherm typical 
for non-porous or macroporous materials. Raman spectros-
copy proved highly defective structures of all carbonaceous 
samples.

The electrochemical behavior of carbonaceous materials 
CFluka, CPenta, and CTOB was studied in detail to evaluate the 
effect of micro-/meso-/macroporosity of the carbonaceous 
material on the electrochemical performance of correspond-
ing cathodes. The electrochemical properties of sulfur-free 
porous carbon electrodes CFluka, CPenta, and CTOB were stud-
ied by cyclic voltammetry. The double-layer capacities of 
CTOB and CFluka for different scan rates indicate solely capac-
itive charging of these carbonaceous materials. The CDL 
increase was observed for slower scan rates of CPenta carbon, 
which can be caused by the more complex porous structure 
of the material, which is the mixture of a high percentage 
of micropores and mesopores. Moreover, the comparison 
of CDL data with corresponding total surface areas of CFluka, 
CPenta, and CTOB reveals the appreciable role of micropores 
during capacitive charging of carbons by  Li+. To study the 
effect of carbonaceous additives on the electrochemical per-
formance of a corresponding sulfur composite cathode, the 
CFluka, CPenta, and CTOB were added to the sulfur cathodes 
and evaluated by cyclic voltammetry and galvanostatic chro-
nopotentiometry. The cyclic voltammograms reveal a stand-
ard electrochemical behavior of these cathodes with no con-
tribution of micropores in electrochemical processes. The 
highest specific capacity of 816 mAh/g is observed for CTOB. 
The partially mesoporous CPenta shows a specific capac-
ity of 664 mAh/g and the microporous CFluka 560 mAh/g. 
The cycling by galvanostatic chronopotentiometry reveals 
excellent stability for both micropores-containing materials: 
CFluka and CPenta. The mesopores and mainly macropores in 
the carbon structure increase the specific charge capacity of 
the Li–S batteries based on electrolyte 1 M LiTFSI DOL/
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DME (1:1 v/v) by spatial constraint of polysulfides near 
the sulfur composite cathode. On the contrary, micropores 
improve the stability of the Li–sulfur battery by hindering 
the carbon structure disintegration during cycling.

Experimental

The cathodes for sulfur-free electrochemical tests were pre-
pared as follows: The carbon (Fluka—Activated Charcoal 
(CFluka), Penta—Activated Carbon (CPenta), or TOB New 
Energy—TOB-HPC (CTOB)) was mixed in an agate mor-
tar with the conductive carbon black C65 (Timcal) and 2% 
aqueous solution of carboxymethylcellulose (Sigma) added 
and mortared again. The final mass ratio of the carbon to 
C65 and carboxymethylcellulose was 5:4:1. Subsequently, 
the viscous paste was created by adding deionized water 
into the mixture and deposited on the aluminum mesh by 
dip coating. The final Al mesh was dried at 50 °C under a 
vacuum overnight and the electrodes were stored under an 
Ar atmosphere in a glove box.

The cathodes for Li–S coin cells were prepared by a pro-
cedure reported previously by Zlamalova et al. [44] Briefly, 
carbon CFluka, CPenta, or CTOB was mixed with sulfur (Sigma-
Aldrich) in a mass ratio of 1:4 and mortared in an agate 
mortar for 20 min. Subsequently, the mixture was heated 
at 155 °C for 15 h under an Ar atmosphere in a Teflon con-
tainer and mortared again. The conductive carbon black 
C65 (Timcal) and 2% aqueous solution of carboxymethyl-
cellulose (Sigma) were added and mortared. The final mass 
ratio of the carbon/sulfur composite to C65 and carboxy-
methylcellulose was 7:2:1. The as-prepared cathode mate-
rial contained 56 wt% of sulfur. The concentration of sul-
fur was verified by X-ray fluorescence spectroscopy (XRF) 
analysis reported previously [45]. Subsequently, the viscous 
paste was created by adding deionized water to the mixture. 
The resulting slurry was stirred at 400 RPM overnight and 
deposited on aluminum foil by doctor-blading. The coated 
Al foil was dried at 50 °C under a vacuum overnight and cut 
into disc electrodes of 15 mm in diameter. The areal sul-
fur loading was adjusted to 0.5–0.6 mg/cm2. The electrodes 
were stored under an Ar atmosphere in a glove box. The 
electrodes were assembled in 2032 coin-type test cells with 
Li-foil anode (14 mm in diameter), glass microfiber separa-
tor (Whatman), and 20  mm3 of electrolyte.

The electrolyte for sulfur-free electrochemical tests and 
Li–S coin cells tests was identical. It consisted of 1.0 M 
lithium bis-(trifluoromethanesulfonyl) imide (LiTFSI, 
Aldrich) dissolved in a mixture of 1,3-dioxolane (DOL) 
and 1,2-dimethoxyethane (DME) (1:1 by volume) with 1.0 
wt%  LiNO3 (Aldrich) as an electrolyte-additive. LiTFSI was 
dried in a vacuum at 130 °C overnight,  LiNO3 at 50 °C in a 
vacuum overnight, and the mixture of organic solvents was 

dried over a molecular sieve 4 Å (Aldrich). Electrolytes, 
solvents, and redox-active molecules were of standard qual-
ity (p.a. or electrochemical grade) purchased from Aldrich 
or Merck.

Raman spectra were measured on the MicroRaman sys-
tem (LabRAM HR spectrometer, Horiba Jobin–Yvon) with 
an Olympus BX microscope. The spectra were excited by a 
He–Ne laser (633 nm). The Raman spectrometer was cali-
brated using the F1g line of Si at 520.5  cm−1. The intensities 
of the D and G-band were determined by fitting the spec-
tra with a Lorentzian function. The adsorption isotherms 
of nitrogen were measured with ASAP 2020 apparatus 
(Micromeritics) at 77 K. Before the adsorption measure-
ment, each sample was degassed at 300 °C for at least 3 h 
under a pressure less than 0.7 Pa. After the free space was 
determined at 77 K with helium the samples were evacu-
ated for an additional 3 h at 250 °C. The surface area was 
determined by the BET (Brunauer, Emmett, Teller) equa-
tion. The BET surface areas of carbonaceous materials 
containing micropores in the structure have been calcu-
lated using Rouquerol’s criteria [42]. The surface area out 
of micropores was determined by t-plot analysis (thickness 
equation—Carbon Black STSA). Sulfur-free electrochemi-
cal measurements were carried out in a one-compartment 
cell using Autolab 302N apparatus (Metrohm) controlled 
by Nova software in the potential window from 2 to 3 V vs 
Li/Li+. The reference and counter electrodes were from Li 
metal; hence, all potentials were quoted against the refer-
ence electrode in this medium. The electrochemical meas-
urements were carried out under an argon atmosphere in a 
glove box. The Li–S coin cell tests were carried out with 
Autolab 302N apparatus (Metrohm) controlled by Nova and 
Nova Battery SW in 2032 coin-type test cells at a potential 
window of 1.7–2.9 V vs.  Li+/Li. Galvanostatic chronopoten-
tiometry was measured in the 2032 coin-type test cells by the 
Neware Battery Testing System controlled by BTS 7.6 SW.
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