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ABSTRACT
The carbon black (CB) is modified successfully by the two-step modifications such as organo-chlorination and
organo-sulfuration using the chemical reagents of thionyl chloride and ethanethiol continuously. The organosulfur
groups of –C–SR and –COSR forming on the CB surface play the main role to improve the electrochemical
performances, which is verified by electrochemical studies. For instance, after carrying out the charge-discharge
100 times, the organosulfur modified CB (MCB) shows the Li+ ion storage capacity at 392mAh/g, which is higher
than CB showing at 176mAh/g. Furthermore, the improvement storage capacity is attributed to the enhanced
capacitive effects which are verified by the detailed measurements of cyclic voltammetry (CV). These results are
able to provide effective way to enhance the storage capacity of general carbon materials such as CB, graphite,
graphene oxide (GO) and so on.
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1. Introduction

Nowadays, the LIBs have been attracted than ever before, for
they can be applied in various fields such as electrical appliances and
electric vehicle (EV).1–5 In particular, countries all over the world
are paying noticeable attention to the popularity of EV, in attempt to
achieve a low carbon emission society. The energy density and cost
of LIBs are, however, becoming the technical hurdle gradually,
which constrains their applications on the EV. Therefore, how to
increase the energy density and decrease the fabrication cost of LIBs
is becoming the besetting problem for great many of researchers.

To increase the Li+ ion storage capacity of carbon materials, the
hybrid concept is widely used. For example, some hybrid materials
were fabricated by carbon with Si, Ge and Sn elements,
respectively.6–8 Although, the storage capacity of these hybrid
materials is improved remarkably, the relatively high cost constricts
their actual application as electrode materials of LIBs. As a
consequence, developing the new methods to improve the storage
capacity of general carbon materials with low cost is becoming a
critical subject gradually.

We attempt to use the hybrid concept to improve the Li+ ion
storage capacity of general carbon materials. Especially, the CB is
widely used as electrode materials because it has the excellent
conductive properties as inexpensive industrial raw materials. In
general, the modification method is a popular way to give CB
the high value-added.9–11 Similarly, in our previous studies, we
successfully introduced the organosilicon groups such as –OSiR
and –COOSiR groups on the surface of CB.12 In this previous report,
with giving the Li+ storage capacity to the organosilicon modified
CB (MCB), the itself inherent conductivity is not lost, which leads us
to consider the organic-inorganic hybrid concept is the one of
effective ways to enhance the Li+ ion storage capacity of CB.

In addition, to increase the Li+ ion storage capacity and the
electrochemical stability of CB further, in this study, we also aim at

the same way to introduce the organosulfur groups on CB surface,
and successfully introduced the –SR and –COSR on the surface of
CB. The organosulfur MCB shows the excellent Li+ ion storage
capacity at 671mAh/g on the first cycle, and 392mAh/g after
cycling the charge-discharg 100 times, which is higher than that of
organosilicon MCB.12 However, in Li+ ion storage mechanism,
differing from the general Li/S batteries,13–15 the capacitive effects
contributed to the noticeable improvement of storage capacity of
organosulfur MCB, which was determined by detailed measure-
ments of FT-IR and CV. These results expand the usage of CB in
application as anode electrode of LIBs not only, but also give the
simple and effective way to improve the electrochemical perform-
ances of general carbon materials.

2. Experimental

2.1 Materials
Carbon black (CB) N330 was purchased from OUJIN Co., Ltd.,

China. Thionyl chloride, anhydrous CH2Cl2, and triethylamine were
purchased from Sinopharm Chemical Reagent Limited Corporation.
Ethanethiol was purchased from Aladdin Industrial Corporation.
The electrolyte of 1M LiPF6 which was obtained by adding the
LiPF6 into the mixture which was fabricated by the ethylene
carbonate/ethyl methyl carbonate/dimethyl carbonate (1:1:1, vol%).
The electrolyte was purchased from Bejing Institute of Chemical
Reagents.

2.2 Characterization
The FT-IR results were determined by the instrument of Nicolet

Company, USA. The measurements of X-ray diffraction (XRD)
were performed by the X’pert Powder instrument from PANalytical,
Holland. The X-ray photoelectron spectroscopy (XPS) measurement
was carried out by Quantum 2000 of T Physical Electronics, USA.
Electrochemical Workstation CHI660E (CHI instruments, China)
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was used to carry out electrochemical experiments. The evaluations
regarding the charge and discharge performances were carried out
by the LAND battery test system (LAND CT2001A, China). The
scanning electron microscope (SEM) morphologies of materials
were evaluated by instrument (SIGMA 500) of Carl Zeiss AG,
Germany. The Brunauer-Emmett-Teller (BET) measurements were
carried out by Autosorb-iQ, USA. The slurry containing active
materials were coated on the Cu foil by adjustable film applicator
purchased from Pusheng Testing Instrument (Shanghai) Co., Ltd.

2.3 Organo-sulfur modification of CB
Carbon black N330 (15 g) was added respectively into the two

conical flasks (500mL) containing the anhydrous dichloromethane
(CH2Cl2) solvent (200mL). Then the two conical flasks containing
the mixture of CB and CH2Cl2 were placed into the ice-water bath,
the thionyl chloride (0.33mL) was added and the obtained mixture
was stirred for 2 hours under reflux at 45°C. The reacted mixture
was filtered, and the obtained MCB was washed by anhydrous
dichloromethane (CH2Cl2) many times. After adding the MCB into
the two conical flasks (500mL), the anhydrous CH2Cl2 (200mL)
was added immediately. At the same time, the ethanethiol (0.43mL)
and triethylamine (0.60mL) were added into the same flasks
quickly, and the obtained mixture was stirred for 5 hours under
reflux at 45°C. The same modified reaction was also conducted
using the ethanethiol (1.43mL) and triethylamine (0.60mL). Finally,
the reacted mixtures were filtered and washed continuously by
solvents of CH2Cl2 and water. The obtained solids were dried by
vacuum for 12 h at 60°C, in order to remove the remained solvents
on surface of organosulfur MCB.

2.4 Electrochemical experiments
To prepare the electrodes used for the electrochemical measure-

ments, the organosulfur MCB (0.08 g) was mixed with acetylene
black (0.01 g) and polyvinylidine fluoride (PVDF) binder (0.01 g) in
a weight ratio of 80:10:10 in N-methyl-2-pyrrolidone (NMP) to
ensure the homogeneity, respectively. The obtained slurry was
coated on Cu foil and dried in vacuum drying oven at 80°C for 1 h to
remove solution. Subsequently, the Cu foil with the active materials
were dried at 120°C for 12 h in the same vacuum drying oven and
cut into round shape strips of ] 11mm in size. The two-electrode
electrochemical cells were assembled in a glove box filled with
high-purity argon, where the lithium metal foil (] 15.60mm ©
0.45mm) was used as cathode, fiberglass as separator, and 12–
13wt% of LiPF6 in the mixture of EC, DMC, EMC was used as
electrolyte. Charge-discharge test was carried out by LAND battery

test system. The same electrochemical cells were also used to carry
out measurements of CV.

3. Results and Discussion

In order to explore the possibility of organosulfur MCB in actual
applications, the amount of CB was expanded to 15 g, compared
with our previous report.12 As shown in Scheme 1, we carried out
the organo-chlorination of CB by reaction of CB with thionyl
chloride firstly. After C-Cl groups were introduced on the CB
surface, the next modified reaction of CB-Cl with ethanethiol
proceeded continuously. Referring to our previous report (total
number of moles of –COOH and –OH of CB are 2.54 © 10¹4

mol/g),12 the amount of thionyl chloride showing at 3.05 © 10¹4

mol/g was used firstly. Secondly, the amounts of ethanethiol
showing at 3.81 © 10¹4mol/g and 1.27 © 10¹3mol/g were used
respectively. Namely, the number of moles of thionyl chloride and
ethanethiol were against the total number of moles of –OH and
–COOH groups on CB surface at 1.2 and 1.5, 5.0 times,
respectively. To easily describe as follows, the organosulfur MCB
(obtained by the modified reactions using the CB with ethanethiol
having the mole number as 1.5 times and 5 times against the total
mole numbers of –OH and –COOH groups on the CB surface) were
named as MCB(A) and MCB(B), respectively.

The FT-IR was used to assign the structures of CB-SR and CB-
COSR whether or not formed on the CB surface. Firstly, as shown in
Fig. 1b, the special peaks of triethylamine hydrochloride did not
observe completely, indicating that organosulfur MCB has high
purity after washing process using the anhydrous dichloromethane
solvent. Compared with the Fig. 1a, the novel characteristic peaks
assigned to the MCB(B) were clearly observed in Fig. 1b. As an
example, the peak of 1113 cm¹1 indicated the –SR groups formed
obviously. Meanwhile, the novel peak about 1739 cm¹1 was

Scheme 1. The organosulfur modified process of CB.
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Figure 1. The FT-IR spectra of CB (a) and MCB(B) (b) which is obtained by the modification of usage of ethanethiol with 5 times against
the total number of moles of –OH and –COOH groups on the CB surface.
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observed evidently, which led us to consider the groups of –COSR
formed on the surface of CB. Especially, the characteristic peak of
alkyl groups showing at 2922 cm¹1 was observed, indicating the
–SR and –COSR groups were introduced on the surface of CB
successfully.

The Raman measurements were used to verify the conversions of
structures of CB, MCB(A) and MCB(B). The broad D-band peak of
CB, MCB(A) and MCB(B) showed at 1359 cm¹1, 1356 cm¹1 and
1362 cm¹1, respectively, and G-band peaks showed at 1593 cm¹1,
1591 cm¹1 and 1591 cm¹1, respectively. Moreover, it is acknowl-
edged that Id/Ig values reflect the disordering of general carbon
materials. To obtain the accurate Id/Ig values, the Id and Ig are
generally used as integral areas values. Therefore, the four signals
were deconvoluted in the overall Raman spectrum by Origin
Software (Fig. 2).16–19 As a result, the Id/Ig values showed at 2.4,
2.6 and 2.8, respectively, indicating the MCB(B) possessed the more
unordered structure than CB and MCB(A). These results are also

indicative of the organosulfur structures were successfully intro-
duced on the surface of CB from another perspective.

On the other hand, according to the reports of Guo et al.,20,21 the
groups on surface of CB were investigated by measurements of
XPS. However, the ideal measurement results were not obtained, for
the substituted S element showed the relatively lower ratio than
other elements on the CB surface (Fig. S1). Meanwhile, the obvious
differences in morphologies of CB, MCB(A) and MCB(B) were also
not clearly observed by measurements of SEM (Fig. S2).

Moreover, the specific surface area of CB, MCB(A) and MCB(B)
were evaluated by measurements of BET (Fig. 3). As a result, the
specific surface area of CB, MCB(A) and MCB(B) showed at
66.5m2/g, 62.9m2/g and 62.4m2/g, respectively. It is obvious that
introducing of organosulfur groups on CB surface slightly decreased
the surface area of CB. Surprisingly, as shown in Fig. 3(b), the pore
volumes of CB, MCB(A) and MCB(B) showed at 1.02 cm3/g,
0.77 cm3/g, and 0.75 cm3/g, respectively. Meanwhile, it is observed
that decreasing pore volumes of MCB(B) mainly occurred at pore
diameter range of 22.8 nm–38.1 nm. These interest results effec-
tively supported that organosulfur modification intensively occurred
in the pore diameter range of 22.8 nm–38.1 nm of CB.

Admittedly, we could not verify how much about the
modification amounts of ethanethiol was appropriate, only by the
analyses of FT-IR measurements. Therefore, associating with the
subsequent electrochemical evaluations, the suitable modification
amounts of ethanethiol were discussed in detail.

Based on the general evaluations concerning anode materials
of LIBs, we carried out the electrochemical measurements.
Figure 4a(1), 4b(1) and 4c(1) illustrated the representative Li+ ions
charge-discharge curves of CB, MCB(A) and MCB(B) as anode
materials at first, second, third, 50th, and 100th cycles, when the
current density was adjusted to the 100mA/g. However, the distinct
plateaus were not observed clearly, similar to the most of carbon
materials. Figure 4a(2), 4b(2) and 4c(2) illustrated the cycling
performances of CB, MCB(A) and MCB(B). It was observed that
CB, MCB(A) and MCB(B) showed the similar tendency that Li+ ion
storage capacity showed at 562mAh/g, 692mAh/g and 671mAh/g
on first cycle, whereas their Li+ ion storage capacity decreased to
322mAh/g, 422mAh/g and 408mAh/g, respectively when the
second cycle finished. These phenomena are naturally attributed to
the general explanation that solid electrolyte interface (SEI) layers
formed during the first cycle. At the same time, the similar tendency
was also reflected on the measurement results of coulombic
efficiency. Namely, the coulombic efficiencies of Fig. 4a(2), 4b(2)
and 4c(2) were at 53%, 54% and 59%, respectively, at first cycle.
However, from the second cycle, they were able to be recovery

D2

D1

D3

G

Raman Shift (cm-1)

In
te

ns
ity

 (a
.u

.)

(a)

(b)

(c)

Figure 2. Raman spectra and fitting results of samples, (a) is the
result of CB, (b) is the result of MCB(A) and (c) is the result of
MCB(B). Thereinto, D1 peak commonly refers to a breakdown of
symmetry of carbon atoms at the edge of graphene layers, D2 peak is
assigned to carbon atoms placing on the outside of planar of
graphene network, D3 peak can be attributed to distortions of the
inner symmetry in aromatic rings.

Figure 3. The results of BET are illustrated. (a) illustrates the N2 adsorption-desorption isotherms and (b) shows the pore size distribution
curves.
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quickly. As a result, the coulombic efficiencies maintain the high
level at 99.3%, 99.2% and 97.4%, respectively, after cycling 100
times. The relatively low coulombic efficiency of MCB(B) was
possibly attributed to the fact that SEI membranes probably became
unstable when the introduced quantity of organosulfur group was
increased.

On the other hand, compared with the Li+ ion storage capacity
such as Fig. 4a(2) showing at 176mAh/g and Fig. 4b(2) showing
at 215mAh/g, Fig. 4c(2) possessed relative high capacity at
392mAh/g, after being carried out the charge-discharge 100 cycles.
These results about cycling performances supported that the
MCB(B) possesses the higher Li+ ion storage capacity and
electrochemical performances than CB and MCB(A). Moreover,
compared with the general carbon materials, the MCB(B) also shows
the relatively excellent Li+ ion storage capacity.22,23

According to the general evaluations about rate perform-
ances,24,25 we carried out the charge-discharge cycles 10 times at
different current densities such as 100mA/g, 200mA/g, 500mA/g,
1000mA/g, 2000mA/g and 5000mA/g, respectively (Fig. 4a(3),
4b(3) and 4c(3)). As a consequence, the tree cells showed the similar
tendency that charge and discharge capacity decreased, with
increasing the current density. It was attributed to the general
reasons that polarization increases with increasing the current
density.

Nevertheless, the MCB(B) showed the relatively stronger
capability against the polarization than the MCB(A) and CB. As
an example, when the current densities were adjusted to 100mA/g,
500mA/g and 5000mA/g, respectively, the Li+ ion storage

capacity of MCB(B) showed at 661mAh/g, 283mAh/g and
80mAh/g on the first cycle, which was higher than MCB(A)
showing at 651mAh/g, 196mAh/g and 13mAh/g, and CB
showing at 562mAh/g, 233mAh/g and 71mAh/g, respectively.

Furthermore, the Li+ ion storage capacity of MCB(B) still stayed
at 374mAh/g when adjusted the current density to the 100mA/g
again, after being carried out the charge-discharge cycles 10 times
at different current densities, such as 100mA/g, 200mA/g,
500mA/g, 1000mA/g, 2000mA/g and 5000mA/g, respectively
(Fig. 4c(3)). In contrast, after carrying out the same operations with
the MCB(B), the storage capacity of MCB(A) and CB only showed
at 296mA/g and 223mAh/g which were remarkably smaller than
the MCB(B) of 374mAh/g. Consequently, we considered the
MCB(B) showed the noticeable improvement capability against the
polarization, compared to the MCB(A) and CB.

As shown in Fig. 5a, the oxidation potentials relating to the
lithium deintercalation of MCB(A) and MCB(B) were clearly
observed at 0.51V and 0.48V, respectively (Fig. 5a). Moreover,
the MCB(B) also demonstrated the high reductive current relating to
the lithium intercalation than the MCB(A) and CB in Fig. 5a. Thus,
the CV measurement results also suggest that Li ion charge-
discharge capacity was improved remarkably by enough introducing
the organosulfur compounds on the CB surface.

On the other side, Fig. 5b manifested the electrochemical
research-impedance results of CB, MCB(A) and MCB(B). As a
result, the diameter of the semicircle of anode electrodes of MCB(B)
was much smaller than that of CB, and MCB(A), which has been
considerable that MCB(B) electrode possesses lower charge-transfer
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Figure 4. The electrochemical performances of CB (a), MCB(A) (b) and MCB(B) (c) are illustrated. (1) illustrates the Li+ ion charge and
discharge properties of CB, MCB(A) and MCB(B). (2) illustrates the cycling performances of CB, MCB(A) and MCB(B). (3) illustrates the
rate performances of CB, MCB(A) and MCB(B).
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impedances. In addition, according to the reports of Guo et al.,26 the
equivalent circuit fitting to the plots was also described, and the R1

values of CB, MCB(A) and MCB(B) were calculated to the 691³,
470³ and 310³, respectively. Meanwhile, the R2 values were
calculated to the 223³, 75³ and 45³, respectively (Table S1).
These results concerning resistance indicated that MCB(B) owned
the more excellent electrochemical performances than the CB and
MCB(A).

In order to verify that organosulfur groups has been remained or
not on the CB surface after carrying out the charge-discharge 100
times, we disassembled the cell. Then the disassembled cell was
washed by the CHCl3 solution for 10 minutes, and it was placed in
the CHCl3 solution for 1 hour. The enough washed cell was placed
in the vacuum drying oven to remove the CHCl3 solution. The FT-
IR measurement was performed to verify the conversions of the
structures of MCB(B) before and after charge-discharge cycling of
100 times.

As shown in Fig. 6, the FT-IR result of solid obtained by
removing the solvent of electrolyte (Fig. 6b) was exceedingly
different from the Fig. 6a, which revealed that electrolyte was
removed completely after washing process. Besides, compared with
the Fig. 1a, the peak around 1119 cm¹1 attributing to the –SR groups
was still observed. However, the peak about 1739 cm¹1 assigned to
the –COSR groups existing in Fig. 1b has disappeared in the

Fig. 6a. At the same time, compared with the peak intensity of
aromatic groups at 1630 cm¹1, the peak intensity of 2924 cm¹1

decreased remarkably in Fig. 6a, comparing with that in the Fig. 1b.
These results probably revealed the –COSR groups on the CB
surface break approximately after cycling of 100 times, which led us
to consider the electrochemical stabilities of –COSR groups were
lower than the –SR groups in our studies. Therefore, the remaining
organosulfur groups of –SR group on the CB surface were able to
provide improvement effect for Li+ ion storage. In view of above
analyses, in order to better improve the electrochemical stability of
organosulfur MCB, the improvement of electrochemical stability of
–COSR groups on CB surface should be considered firstly in our
next research steps.

Finally, considering the interface effect, it led us naturally to
consider the storage improvements by surface modifications are
whether or not capacitive effects. Thus, we performed the
investigations regarding capacitances of CB and organosulfur
MCB, based on the reports of Dunn et al.27,28 As shown in Fig. 7,
CB mainly showed the diffusion effect even through increased the
scan rate from 0.2mV/s to 3.0mV/s. By contrast, the capacitive
effect of the MCB(A) is stronger than the diffusion effect when
increasing the scan rate from 0.2mV/s to 3.0mV/s. Furthermore,
the MCB(B) manifested the noticeable capacitive effect in the same
scan rate range. Thus, these results effectively support that
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introducing the organic groups on the surface of general carbon
materials is able to increase their storage capacity of Li+ ions.
Finally, associating with the aforementioned BET results, we take
the attitude that capacitive effects mainly appeared in the pore
diameter range 22.8 nm–38.1 nm, for the organosulfur modification
mainly occurred in this area (Fig. 3b).

4. Conclusions

The –SR and –OSR groups were successfully introduced on the
surface of CB via the two-step modification reactions that CB
reacted with thionyl chloride firstly and ethanethiol continuously.
The introduced organosulfur groups on the surface of CB play the
main role to improve the Li+ ion storage capacity of organosulfur
MCB. The mechanism about the improvement of Li+ ions storage
capacity is ascribed to the capacitive effects, which is verified
by detailed CV measurements. Considering the fact that CB is
generally used as conductive materials in fabrication of electrode
materials, in our next stages, we will mix the organosulfur MCB
with other general carbon materials such as graphite and graphene
oxide to fabricate anodes, and their electrochemical performances
will be investigated in detail. Finally, from perspective with costs
being the main factor, we firmly believe that this simple improve-
ment method can provide the useful route to widen the application
of CB in the field of fabrication of anode materials for LIBs.
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Figure 7. The capacitive contributions in storage capacity of CB, MCB(A) and MCB(B) are illustrated. Thereinto, a) is the CV curves with
capacitive fraction demonstrated by the shaded area at a scan rate of 3mV/s. b) illustrates the bar charts showing the percent of capacitive
contribution at different scan rates.
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