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Organosilicon modified reduced graphene oxide (MrGO) has been fabricated by direct organosilicon modification of graphene
oxide (GO). Interestingly, it is observed that 3D rGO-like structures occurred after directly carrying out the organosilicon
modification on the surface of GO. The obtained organosilicon MrGO displays the more remarkable improvement of electro-
chemical performances than GO, which was verified by electrochemical measurements in detail. For instance, the organosilicon
MrGO shows the cycling performances at 901 mA h g71 after 200 cycles at 0.1 A g71 and 446 mA h g7l after 300 cycles at
2.0A gfl, respectively. These results unveil that organic modification method is an effective way to improve the Li" storage
capacity of general carbon materials.
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1 Introduction

Recently, the graphene as functional carbon material has
been exponentially intrigued than ever before, for it has
special structure and charming properties such as excellent
mechanical strength, high chemical stability, superior con-
ductivity, and thermal conductivity [1-4]. Therefore, the
graphene has been known as next-generation materials in
fabrications of Li" storage materials for lithium ion batteries
(LIBs). However, some defects restrict the graphene in actual
fabrications of LIBs as electrode materials. Thereinto, the
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latest researches expound that Li" ions show the instability
and low diffusion ability in structures of graphene, de-
creasing the Li" storage capacity of graphene.

To expand the actual applicability of graphene as electrode
materials, a lot of methods are unfolded and used to improve
the Li" storage capacity of graphene. For instance, a number
of researchers attempt to introduce the active sites in the
graphene to boost the charge-discharge capacity of Li" ions.
Nevertheless, the problem of overlapping among layers of
graphene cannot be solved well [5]. As a consequence, other
methods such as mixing the nano metallic oxide or making
the graphene to have the 3D structure are used to overcome
the overlapping problem among layers of graphene [6-9].
Especially, fabrication of 3D graphene having the porous
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structures is becoming a hot research topic gradually, for
possessing the relatively low cost and porous structures of
3D graphene is able to improve the Li" transfer effectively
[10-13].

On the other hand, in our previous studies, based on the
inorganic-organic hybrid concept, we embark on introducing
the organosilicon groups on the surface of carbon black (CB)
via the modified reactions of CB with tert-butyldimethylsilyl
chloride [14]. As a result, after introducing the organosilicon
groups on the surface of CB, the electrochemical perfor-
mances of modified CB (MCB) were improved remarkably,
which reveals the organic modification way is an effective
method improving the Li" storage capacity of general carbon
materials.

In these presented studies, we attempt to use the same
method as organosilicon modification to improve the Li"
storage capacity of GO. Interestingly, the 3D reduced GO
(rGO)-like structures appeared after the direct organosilicon
modification of GO, which is verified by measurements of
scanning electron microscope (SEM), transmission electron
microscope (TEM), X-ray diffraction (XRD) and Brunauer-
Emmett-Teller (BET). The organosilicon MrGO shows the
remarkable improvement of Li~ storage performances, which
is verified by electrochemical studies in detail. For example,
the organosilicon MrGO shows the cycling performances at
901 mA h gfl, after carrying out the Li' charge-discharge
200 times. Meanwhile, organosilicon MrGO also exhibits the
stability for the high current, which shows cycling perfor-
mance at 446 mA h g ', after cycling 300 times at 2.0 A g .
In the Li" storage mechanism, we infer that formation of 3D
structure and increased specific surface area of organosilicon
MrGO lead to the amount of Li" intercalation became higher
than the GO. In addition, the introducing of organosilicon
groups can increase the capacitive effect, for the oxygen
element on the -COSiR; and -COOSiR; groups can provide
the surface reaction sites and defects for Li" storage [15].

2 Experiments

2.1 Materials

Trimethylsilyl chloride (TMCS, purity > 98.5%) was pur-
chased from SIYU chemical technology industrial (China)
Ltd. Tetrahydrofuran (THF, purity > 99.0%), triethylamine
(purity > 99.0%), natural graphite (325 mesh, purity
>99.85%), and phosphorus pentoxide (purity > 98.0%) were
purchased from Sinopharm Chemical Reagent, Co., Ltd,
China. Potassium permanganate (purity > 99.5%) and 30%
hydrogen peroxide were purchased from Beijing organic
chemical plant, China. The electrolyte of 1 mol L' LiPF¢
was obtained by dissolving the LiPF4 in the mixture con-
structed by the ethylene carbonate/ethyl methyl carbonate/
dimethyl carbonate (1:1:1, vol%). The electrolyte was pur-
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chased 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 XRD were
carried out by X’pert Powder instrument with Cu-Ka ra-
diation source (4=1.5418 A) from PANalytical, Holland.
SEM morphologies were evaluated by ZEISS IGMA/HD
instrument of Carl Zeiss AG, Germany. TEM measurement
was carried out by the HF-3300 Hitachi, Ltd., Japan. The X-
ray photoelectron spectroscopy (XPS) measurement was
carried out by Quantum 2000 instrument of Physical Elec-
tronics, USA. Nitrogen adsorption and desorption isotherms
were measured by QuadrasorbSI-MP which was purchased
from Quantachrome Instruments, USA. Specific surface
areas were determined by the BET method. The pore size
distribution was calculated by the density functional theory
(DFT) method. Electrochemical measurements were per-
formed by the electrochemical system (CHI660E) of Chen-
Hua, Shanghai, China. Table type high speed centrifuge was
purchased from Shanghai Fichal Analytical Instrument Co.,
Ltd., China.

2.3 Silicone-modified reactions

Then GO (100 mg) was added into the THF solvent (30 mL),
and dispersed by ultrasonic shaking process for 1h, the
TMCS (0.34 mL) and triethylamine (0.37 mL) were added
and organosilicon modification was carried out for 24 h.
Similarly, the analogous modification was carried out using
the TMCS (0.61 mL) and triethylamine (0.67 mL). After
filtering, the obtained solids were placed in vacuum drying
oven to remove THF solution at room temperature. Finally,
the obtained solids were carried out sublimation process to
directly remove the triethylamine hydrochloride at 120°C for
12 h in a vacuum oven.

2.4 Electrochemical measurements

The electrochemical cells were prepared using the GO and
organosilicon MrGO. Firstly, GO (0.08 g) or organosilicon
MrGO (0.08 g) were respectively 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-pyrro-
lidone (NMP) solution. The obtained slurry was coated on
the 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 ¢ 11 mm in
size. The mass loading of the active materials was controlled
at 0.70 mg cm °. The two-electrode electrochemical cells
(CR2032 coin-type) were assembled in a glove box filled
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with high-purity argon, in which cells were assembled using
the lithium metal foil (¢ 15.60 mm % 0.45 mm) as reference
electrode, Celgard 2400 microporous membrane as se-
parator, and 12—13 wt% of LiPF, in the mixture of EC, DMC,
EMC as electrolyte. Galvanostatic charge-discharge test was
carried out by LAND (CT 2001A) battery test system in the
voltage range of 0.05—3.0 V. The same electrochemical cells
were also used to carry out measurements of CV. Cyclic
voltammetry (CV) and electrochemical impedance spectro-
scopy (EIS) measurements were carried out by the CHI
660E. The cyclic voltammetry curves were recorded in the
voltage region of 0.05-3.0 V at different scan rates. The
impedance spectra were recorded in a frequency range of
100 kHz—0.01 Hz.

3 Results and discussion

First of all, the GO was fabricated by hummer method and
dried at 120°C for 12 h before organosilicon modification
[16]. The total mole number of —COOH and —OH on the
surface of GO was investigated by the Boehm method [17].
Considering the complexity of modified reactions on the
surface of GO, we intentionally used the excess TMCS to
perform the organosilicon modifications. As an example, the
TMCS was used as 5 and 9 times against the total mole
number of -COOH and —OH on surface of GO to carry out
modifications. In order to describe easily as following, the
organosilicon modified materials were named as 5Si-rGO
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and 9Si-rGO respectively. After carrying out the organosi-
licon modification, the yellow colour of GO was changed to
the gray (Figure S1). It is different from the general pur-
ification methods using the solvent to wash the organosilicon
MrGO. We adopt the sublimation method to directly eva-
porate the residual product of triethylamine hydrochloride.
After the sublimation, the gray colour of solid changed to the
black colour. In addition, after collecting, the structure of
evaporated white solid was triethylamine hydrochloride,
which was verified by FT-IR measurements (Figure S2).

On the other hand, the structures of organosilicon groups
on the surface of GO and 9Si-rGO were verified by FT-IR
measurements (Figure S3). Compared to the Figure S3(a),
the new peak of 2920 cm’ attributing to the alkyl groups on
the Si element was observed clearly, which revealed that the
—COSiR; and —COOSIiR; groups were introduced on the
surface of GO successfully (Figure S3(b)). Meanwhile, the
characteristic peak belonging to the -C-O-Si group was also
observed at 1165-1212 cmfl, which also indicated the or-
ganosilicon modification performed successfully (Figure S3
(b))

The XPS measurements were also used to validate the
surface conversions of organosilicon modified GO from
another perspective (Figure 1(a)—(c)). Compared to the GO,
the novel peaks of ~101.3 eV (Si 2p) and ~152.7 eV (Si 2s)
attributing to the organosilicon groups were observed
markedly, which also was indicative of that organosilicon
modification was carried out successfully [18]. In addition,
the -C-C, -C-0, -C=0, -COO groups on GO surface showed
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(Color online) XPS results (a)—(c) and Raman spectra (d) of samples.
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the binding energy peaks at 284.7, 286.6, 287.3 and
288.6 eV, respectively, which was observed clearly. Mean-
while, with the decreasing of these peaks, the new peak at
285.7 ¢V attributing to the peaks of -C-OSiR groups ap-
peared noticeably (Figure 1(b) and (c)) [19]. The XPS results
also provided the strong evidence for that organosilicon
groups were successfully introduced on the surface of or-
ganosilicon MrGO.

Based on aforementioned FT-IR and XPS analyses, the
—OH and —COOH groups existing on the surface of GO were
modified to the —COSiR; and —COOSiR; groups (Scheme
S1). It is undeniable that epoxy groups existing on the sur-
face of GO are also able to react with TMCS when the excess
triethylamine existed, therefore, the epoxy groups could be
reduced to the —COSiR; groups. As a result, the —COSiR;
groups were also produced. At present stage, we take the
attitude that Scheme S1 is rational to some extent.

The structures of GO and organosilicon MrGO were ver-
ified by XRD measurements. As shown in Figure 2, the
characteristic peak at 11° attributing to the GO was expressly
observed, indicating the GO was prepared successfully [20].
Interestingly, in the organosilicon MrGO, the new broad
peak attributing to the (002) at around 23° was observed in
5Si-rGO, indicating the part of GO was reduced to the rGO
after organosilicon modification [21-24].

Furthermore, to increase the ratio of rGO structure, the
modified amount of TMCS was increased, and the 9Si-rGO
was obtained. As a result, the characteristic peak at 11°
disappeared completely and broad peak was observed clearly
(Figure 2). The (002) peak can be fitted into one fitting peak
at 26=23°, which indicated the 9Si-rGO possesses the rGO-
like structure (Figure S4). Compared with the general rGO
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Figure 2 (Color online) XRD results of GO and organosilicon MrGO.

[25], the broad 002 peak of 9Si-rGO reveals that the graphitic
layer of 9Si-rGO is not aligned. It was naturally attributed to
the influence of introduced organosilicon groups on the
surface of 9Si-rGO.

Compared to the GO, the distinct change of structure of
GO was not observed (Figure 3(a)), after the heating process
at 120°C for 12 h (Figure S5). In contrast, the porous
structures clearly appeared in the 5Si-rGO and 9Si-rGO
(Figure 3(b) and (c)). In accordance with the reports of Liu et
al. [26,27], and based on the SEM and TEM measurement
results, it is indicative of that 9Si-rGO simultaneously pos-
sessed the graphene sheets and macroporous structures
(Figures 3(c) and S6). Morphology images of 9Si-rGO
(Figure S6(b)) manifest the disordered graphene layers,
which corresponds to the results of XRD, implying the ex-
istence of defects and organosilicon groups exist on the
graphene sheets. It is worth mentioning that such structural
damages are beneficial for electrochemical reactions [10].

10 15 20 25 30 35
Pore diameter (nm)

Figure 3 (Color online) SEM morphologies (a)—(c) and pore size distribution curves (d).
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To investigate the conversions of structures of organosi-
licon MrGO before and after organosilicon modification, the
nitrogen adsorption and desorption measurements were
carried out in detail. As shown in Figure 3(d), in the range of
10-33 nm, the porous structures of 9Si-rGO became more
complex than the GO and 5Si-rGO obviously. Meanwhile, a
lot of pores having the pore size around 4.4 nm appeared in
9Si-rGO. Concurrently, as shown in Table S1, the surface
area (mz/g) and total pore volume (cms/g) of organosilicon
MrGO were smaller than GO, for the heating treatment at
120°C decreased the surface area and pore volume. How-
ever, the surface area and total pore volume increased with
increasing the modification amounts of TMCS (Table S1).
These results revealed that structure of 9Si-rGO became
more complex than GO and 5Si-rGO, with increasing the
quantity of introduced organosilicon groups on the surface of
modified GO. It leads us to consider that organosilicon
modification occurred on the surface of GO plays the main
role to change the characteristic structures from GO to or-
ganosilicon MrGO.

The differences of structures of GO, 5Si-rGO and 9Si-rGO
were also investigated by the Raman measurements (Figure
1(d)). The characteristic peaks of D and G of graphite were
observed at 1355 and 1600 cm ' respectively [28]. More-
over, it is acknowledged that I/I; values reflected the dis-
ordering of general carbon materials. In addition, to obtain
the accurate I/ values, the D peak was fitted to the 3 peaks
by origin software [29-32]. The fitting results of I, and I
from the Raman spectra were shown in Figure S7. As a
result, the Ip/I; values GO, 5Si-rGO, 9Si-rGO showed at
1.45, 1.68 and 1.74, respectively, indicating the 9Si-rGO
possessed the more unordered structure than GO and 5Si-
rGO. Compared to the GO, although the I,/I; value of GO
decreased obviously (after carrying out the heating process at
120°C for 12 h), the increasing of I/ values of organosi-
licon MrGO reflected the distinct effect of introducing the
organosilicon groups on the surface of organosilicon MrGO
(Table S2).

In order to investigate the conversions of surface of or-
ganosilicon MrGO, the hydrophobicity was evaluated by the
measurements of contact angle. As shown in Figure 4, the
hydrophobicity of surface of 9Si-rGO became really stronger
than GO and 5Si-rGO, which effectively revealed that or-
ganosilicon modification of 9Si-rGO performed completely.
Similar to the report [33], the hydrophobicity improved by
introducing the organosilicon groups is also able to facilitate
the infiltration of electrolyte into interface of 9Si-rGO.

As shown in Figure 5(a), the rate performances were
evaluated by continuously carrying out the charge-discharge
cycles 10 times at different current density such as 0.1, 0.2,
0.5, 1.0 and 2.0 A g_l. After the above evaluated measure-
ments had been performed, the 9Si-rGO still showed the Li~
storage capacity at 896 mA h gf1 when the current density
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Figure 4 Contact angle results of GO and organosilicon MrGO.

was adjusted to the 0.1 A g_1 again, which was higher than
the GO (223 mA h g ') and 5Si-rGO (296 mA h g ). These
results revealed that 9Si-rGO possessed remarkable im-
provement of rate performances, compared with the GO and
5Si-rGO.

Similar to the general carbon materials, the obvious
charge-discharge plateau was not observed in charge-dis-
charge curves of GO, 5Si-rGO and 9Si-rGO (Figure 5(b) and
S8). According to the charge-discharge measurements, the
9Si-rGO showed first Coulomb efficiency at 62.2%, which
was higher than the GO (37.6%) and 5Si-rGO (50.3%), re-
spectively. The high first coulomb efficiency of 9Si-rGO was
attributed to the -OH and —COOH groups on the surface of
GO were modified completely by organosilicon modifica-
tions, for the —OH and —COOH groups diminished the cou-
lomb efficiency. The coulomb efficiencies of GO, 5Si-rGO
and 9Si-rGO recovered to the 85.3%, 93.4% and 98.3%,
respectively, on the second cycle. In addition, the GO, 5Si-
rGO and 9Si-rGO exhibited the similar tendencies that
Coulomb efficiencies showed at 100%, after cycling the
charge-discharge 100 times (Figure 5(b)).

Moreover, the 9Si-rGO showed cycling performance at
901 mA h gf1 after cycling 200 times, which was higher than
the GO showing at 159 mA h g71 and 5Si-rGO showing at
260 mA h gfl, respectively (Figure 5(c)). The 9Si-rGO ex-
hibited the relatively excellent Li’ storage at 446 mA h gfl
under 2.0 A/g and maintained the high capacity retention rate
at 97%, after cycling the charge-discharge 300 times (Figure
6). The reasons about the decrease of Li" storage at current
density of 2.0 A/g are explained by Zhao et al. [34]. In spite
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Figure 5 (Color online) Electrochemical performances of GO and organosilicon MrGO. Rate performances (a), charge-discharge capacity (b), cycling
performances (c) and nyquist plot results (d). The Ry, R, CPE,, CPE, and Zy, belonging to the equivalent circuit fitting to the plots represent the contact
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Figure 6 (Color online) Cycling performance of 9Si-rGO electrode at a
current of 2.0 A ,(571 (up to 5 cycles at a current density of 0.1 A gfl).

of fact that storage capacity of 9Si-rGO is not very high, it
shows the improved storage capacity, compared with other
prepared graphene materials (Table S3).

Figure 5(d) revealed the electrochemical research-im-
pedance results of GO, 5Si-rGO and 9Si-rGO. As a result,
the diameter of the semicircle of anode electrodes using 9Si-
rGO was much smaller than that of anode electrodes fabri-
cated by GO, and 5Si-rGO, leading us to consider that 9Si-
rGO electrode owns lower charge-transfer impedances. On
the other hand, based on the reports of Lou et al. [35-36], R,
values were simulated to the 460.2, 185.7 and 91.2 Q, respec-
tively, referring to the equivalent circuit fitting to the plots
(Table S4). These results also reveal the 9Si-rGO owns more
excellent conductivity than the GO and 5Si-rGO, respectively.
As a consequent, the increased conductivity contributed to
the improvement of rate performances of 9Si-rGO.

The kinetic differences between GO, 5Si-rGO and 9Si-
rGO were further confirmed by o value of Warburg coeffi-
cient in Figure 7. The ¢ value could be obtained by mea-
surement of the Randles plot which is plotting of Z' with w
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Figure 7 (Color online) Illustrations of relationships between Z’ and w '’

in the low-frequency region.

(e = 2=f) for a low-frequency [37]. The larger value of o is
able to reflect the poor ion diffusion performance. As a re-
sult, the o corresponding values of GO, 5Si-rGO and 9Si-
rGO were calculated as 298.9, 178.5 and 146.0 Qs ", re-
spectively, indicating the 9Si-rGO possessed the remarkably
higher Li" transfer than GO and 5Si-rGO. These above re-
sults from impedance measurements are suggestive of that
9Si-rGO owned the extremely more excellent electron/ionic
conductivity than the GO and 5Si-rGO, which also causes
that 9Si-rGO has more excellent rate performance than GO
and 5Si-rGO [38].

Finally, to understand the Li' storage mechanism, we
performed the dynamic analysis by the CV curves at scan
rate from 0.2 t0 3.0 mV s, based on the reports of Wang et al.
[39]. According to the dynamic analysis using CV mea-
surement results at sweep rate of 3 mV s, the 9Si-rtGO
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Figure 8 (Color online) The capacitive contributions in storage capacity of GO, 5Si-rGO and 9Si-rGO are illustrated. Thereinto, (a) the CV measurement
results at different scan rates; (b) the CV curves with capacitive fraction demonstrated by the shaded area at a scan rate of 3 mV s (c) the bar charts showing

the percent of capacitive contribution at different scan rates.

shows the relatively higher capacitive contribution at (65%)
than GO (49%) and 5Si-rGO (53%) (Figure 8). Furthermore,
the 9Si-rGO shows the relatively higher Li~ storage capacity
than the 5Si-rGO and GO at different scan rates (Table S5). It
is considerable that introducing of organosilicon groups is
able to increase the capacitive effect, for the oxygen element
on the —COSiR; and —COOSIiR; groups can provide the
surface reaction sites and defects for Li" storage [40—41].

4 Conclusion

In summary, the organosilicon groups were successfully in-
troduced on the surface of GO, causing that organosilicon
MrGO possesses the 3D rGO-like structure. The Li" storage
capacity of organosilicon MrGO is improved obviously,
compared to the GO. The introducing of organosilicon
groups increased the capacitive effect, for organosilicon
groups on the surface of MrGO can provide the surface re-
action sites and defects for Li" storage. Our studies unveil the
organic-inorganic hybrid concept is the effective way to give
the improvement of Li~ storage to the general carbon mate-
rials such as GO.
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