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In the present work, we report a sonication-assisted exfoliation method of graphene preparation
enhanced by the use of microwave heating and “green” exfoliant - sodium carboxymethyl cellulose
(NaCMC). Introducing microwave heating during sonication of graphite dispersions in aqueous solutions
of NaCMC results in the formation of graphene dispersions with concentration as high as 4.29 mg/ml. It is
found that drying the dispersions results in the formation of graphene/NaCMC composites with graphene
content up to 38.65 wt%. A study of the composite with High Resolution Transmission Electron Microscopy
and Raman Spectroscopy reveals the formation of few-layer graphene approximately below five layers.
The as-prepared graphene/NaCMC composite shows higher capacities than commercial graphite in Li-ion
half cells reaching 397 mAh/g(graphene)- Also, when the composite is used with a nanosilicon (33 wt%) in a
Li-ion half cell high initial reversible capacities of 1611 mAh/gs;, with good cyclability and rate capability

have been reached.

© 2016 Published by Elsevier B.V.

1. Introduction

Graphene has attracted a lot of attention in recent years due
to its outstanding electrical, optical, thermal, and mechanical
properties which makes it an ideal choice for many applications
ranging from electronics and energy conversion and storage [1-3]
to biotechnology and drug delivery [4,5]. In energy storage appli-
cations such as batteries and supercapacitors graphene has been
considered as an electrode material due to the possibility to opti-
mize the physical and chemical properties of its sheets to obtain
high specific surface area, high crystallinity and electronic conduc-
tivity, enhanced interaction with other electrode components and
electrolyte. In Li-ion batteries, graphene either single or multilayer
is able to uptake large amounts of Li ions, even higher than com-
mercial graphite, between the graphene sheets and therefore can
be used as an active anode material by itself[3,6-9] or due toits very
high electronic conductivity and high aspect ratio (i.e. low percola-
tion threshold ~1 wt%) can be used in a composite as a conductive
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additive and reinforcing component (both in anode and cathode
materials)[6,7,10-12]. Graphene is also very promising for use with
Li-ion anode materials undergoing high volume changes during Li
uptake such as transition metal oxides, tin and silicon [7,12].

To make the use of graphene commercially viable in Li-ion
batteries or for any other application, cost-effective, mass produc-
tion methods should be developed. There are two approaches to
graphene fabrication: top-down one such as the mechanical [13]
or chemical graphite exfoliation [14,15], and bottom-up one such
as chemical vapor deposition (CVD) of organic precursors [16] or
silicon carbide thermal decomposition [17].

Even though the bottom-up approach allows synthesis of highly
pure and defect-free graphene, chemical graphite exfoliation is
the most promising approach for energy storage applications since
it can be relatively easily scaled up at low cost. Graphite can be
exfoliated by intercalation [ 18], oxidation (with subsequent reduc-
tion) [15] or sonication in organic solvents or water solutions
of surfactants or polymers [14]. Graphene synthesis by chemical
functionalization of graphite with intercalating compounds or its
oxidation by modified Hummers method is a multistep process
consequently resulting in a contaminated and defected product
particularly when it comes to graphene oxide [19].

In contrary to chemical functionalization of graphite, graphene
produced by sonication in organic solvents (the liquid exfoli-
ation method) is pure and ready-to-use after solvent removal.
Irreversible exfoliation of graphite occurs when the surface energy
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of the solvent is close to the surface energy of graphite which
overcomes Van der Waals forces between graphene sheets [14,20].
Among the best tested solvents are 1-methyl-2-pyrrolidinone
(NMP) [20-22] and halogenated aromatic solvents [23,24]. Even
though NMP is widely used in the preparation of electrodes for
Li-ion batteries which makes it a natural choice, its toxicity and
environmental hazard prompted research toward its replacement
with environmentally friendly solvents [25,26]. Greener approach
for graphite exfoliation was applied by using water solutions of
surfactants [27-29]. Surfactants decrease surface tension of water
allowing exfoliation and stabilization of graphene dispersions by
getting adsorbed at the graphene surface [14]. However, it is almost
impossible to purify graphene from surfactant residues. Lotya et al.
[27] showed that graphene produced in this way contains up to
40 wt¥% of residual surfactant (sodium dodecylbenzene sulfonate).
Unfortunately such a high amount of inactive component impedes
graphene use in battery electrodes.

Acting in a similar way to surfactants, some polymers were
shown to be good graphene exfoliants (e.g. polyvinylpyrrolidone
[30], poly(vinyl acetate) [31], poly(methyl methacrylate) [31], Gum
Arabic [32], ethylcellulose [33], sodium carboxymethylcellulose
(NaCMC) [30]). However, similar to surfactants, the final graphene
product is expected to be contaminated with polymer. Neverthe-
less polymer-assisted exfoliation of graphite can still be of interest
for Li-ion battery production if graphite exfoliant is chosen to be
the same as the polymer binder which is an important component
of the electrode to keep all the components adhered together and
to the current collector during battery cycling. This will make the
whole process of making batteries simpler and more efficient and
the polymer to have a dual functionality: exfoliation of graphite to
graphene and binding the active materials in the electrode.

Cellulose derivatives are among the most promising polymer
candidates for the production of graphene for Li-ion batter-
ies since they are both known to be good binders (especially
NaCMC [34]) and to successfully exfoliate graphite [14,30,33].
Graphene/cellulosic composites demonstrate superior mechani-
cal [35] and electrical behavior [36] by themselves which even
increases demand for development of cellulose-assisted exfoliation
process. In addition to the abovementioned properties cellu-
lose derivatives are renewable and nontoxic materials. However,
graphene yield from polymer-assisted exfoliation was reported to
be too low to make graphene/polymer composites with reasonable
graphene content. For instance, Liang [33] achieved 0.12 mg/ml
graphene concentration when using 10 mg/ml (1%, w/v) solution
of ethylcellulose. If graphene containing ethylcellulose solution
was dried, the final graphene content in polymer composite would
be less than 1.2 wt% which is extremely low taking into account
that the binder content in electrode formulations usually does not
exceed 5-10wt% and amount of active material should be maxi-
mized (~90wt%). Another drawback of sonication assisted liquid
exfoliation of graphite is time consuming: hundreds of hours of
sonication are required to get reasonable graphene concentration
[21,22,32] which impedes using this method for scalable graphene
composite production.

To make the fast direct preparation of graphene/polymer
composites with high graphene content possible, the process
of polymer-assisted sonication should be improved. From our
point of view an increase in the yield and speed of exfoliation
can be achieved by using microwave (m/w) heating in addition
to ultrasonication since graphene synthesis was reported to be
facilitated by m/w heating [37-40] which was applied either for
exfoliation of graphite directly [37-39] or for graphite oxide [40].
During m/w irradiation delocalized electrons of graphite can leave
the material leading to the ionization of surrounding atmosphere
and formation of microplasma spots where the temperature
is considerably higher than overall temperature of the system

[41] resulting in evaporation of liquid medium. Janowska et al.
[37] suggested that water vapors and decomposition products of
intercalating compounds significantly increase pressure which we
think can give rise to the exfoliation of graphite.

In our work, we used NaCMC as a “green” exfoliating agent for
the fast high-yield, water-based graphene preparation that also
resulted in a graphene/NaCMC composite. Exfoliation was car-
ried out by combining sonication and m/w heating methods. Since
NaCMC is widely used as an electrode binder, graphene/NaCMC
composite synthesized by m/w assisted exfoliation can play dual
role in electrodes: provide electrochemically active and electron-
ically conductive additive (graphene) and binder (NaCMC). We
used synthesized composite as electrochemically active binder to
Si nanoparticles since it has been previously shown that graphene
made by a liquid exfoliation method is able to improve Li storage
capacity of porous single crystalline silicon nanowires [42].

2. Experimental
2.1. Materials

Graphite powder (<45pum, purity >99.99%), sodium car-
boxymethyl cellulose (NaCMC, average Mw ~ 90,000, 0.7 car-
boxymethyl groups per anhydroglucose unit, and average
Mw ~ 250,000, 0.7 carboxymethyl groups per anhydroglucose
unit), ethylene carbonate (anhydrous, 99%), and dimethyl car-
bonate (anhydrous, 99%+) were purchased from Sigma-Aldrich,
monofluoroethylene carbonate - from Solvay, LiPFg - from Oak-
wood Chemical. Double deionized water (MiliQ) was used for
preparation of water solutions and dispersions. Carbon Super P
was purchased from Timcal and stored at 90 °C prior to use. Silicon
nanopowder (99%, 100 nm) was purchased from MTI Corporation.

2.2. Preparation of amorphised silicon nanoparticles

Silicon nanopowder was amorphised by ball milling using a
SPEX8000 ball mill as reported by reference [43]. A 50 mL tungsten
carbide vial (8004, Spex) and two tungsten carbide beads (10.75 g
each, Spex) were used along with a powder/ball weight ratio of 1/2;
the vials were sealed under an argon atmosphere before milling.
The ball milling was performed for 2 h (the time is shorter than
in [43] since we used nanosized Si). In order to remove oxide layer
from surface of amorphised Si nanoparticles the silicon sample was
washed with 50 mL of 1 M HF for 20 min. Sample then was washed
with ethanol for five times and dried in vacuum oven at 80°C
overnight. The dried sample was used for further characterization
and analysis.

2.3. Graphene preparation

NaCMC solutions with concentrations between 2 and 10 mg/ml
were first put into round-neck flasks and to each graphite powder
was added at 100 mg/ml. Graphite dispersion in NaCMC was not
stable and graphite sedimented directly after preparation. Graphite
dispersions were put into an ice-cooled sonicator (VWR, B2500A-
MT) and sonicated at 42 (£2.5)kHz and 85W. After each 1h of
sonication, the flasks were transferred to Microwave Accelerated
Reaction System MARS 5 where they were heated under water-
cooled reflux during 2 min at 600 W (note: boiling stones were put
into the flasks in order to avoid severe dispersion bumping). After
heating, the flask was hermetically sealed and allowed to cool down
to room temperature (22 (1) °C) prior to being transferred back to
the ice-cooled sonicator. The total sonication time was 10-15 h and
samples were m/w heated for 10-15 times (in total 20-30 min).

After exfoliation, the as-prepared graphite/graphene/NaCMC
dispersions were left for 3 days in order to sediment large particles
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then they were transferred to plastic centrifugal tubes and cen-
trifuged at Eppendorf Centrifuge 5702 at 2000-2700 rpm (relative
centrifugal force 600-1100 G) during 90 min. Upper 2/3 of super-
natant was drawn from test tube and poured into a polypropylene
container and left to dry in a convection oven at 80°C overnight
resulting in graphene/NaCMC composite films. The sediment which
was mainly made of unexfoliated graphite and some unstabilized
graphene and NaCMC residues was neither collected nor further
analyzed.

2.4. Examination of graphene with Transmission Electron
Microscopy (TEM) and Raman Spectroscopy

High resolution TEM (HRTEM) cannot be performed in the pres-
ence of NaCMC because of the degradation of polymer by electron
beam.

To prepare samples for TEM and Raman spectroscopy, dried
graphene/NaCMC composites were heated under nitrogen flow up
to 800°C (5°C/min heating rate) and kept at the highest temper-
ature for 1 h. As a result, NaCMC carbonized to amorphous carbon
while graphene morphology stayed intact. Carbonized samples
were further dispersed in acetone.

Transmission Electron Microscopy (TEM) of dispersions casted
on copper grids covered with holey carbon film was performed with
FEI Titan 3 80-300 at 300 kV acceleration voltage.

To obtain Raman spectra, samples dispersed in acetone were
casted onto Si wafer. The measurements were taken with Renishaw
inVia micro-Raman spectrometer at 514 nm. A 50x objective was
used. Incident power was 2.5 mW.

2.5. Determination of graphene content in graphene/NaCMC
composites by thermogravimetric analysis (TGA)

To determine graphene content in the graphene/NaCMC com-
posite we have made use of the fact that ashing of pure NaCMC in air
results in the formation of Na,CO5 (Figure S1). Assuming that the
weight of ash is proportional to the content of NaCMC in composite
- more ash is a result of more NaCMC and less graphene content.

Ashing of samples was performed by TGA (Q 5000-0216, TA
instruments) under air flow. Samples were first kept at 110°C for
1 hinorder to remove adsorbed water, then they were equilibrated
at 100°C and heated to 800°C at 2 °C/min heating rate, then sam-
ples were kept for 1h at this temperature (typical TGA curve for
ashing of graphene/NaCMC composite is shown in Figure S2).

2.6. Determination of graphene concentration in dispersion by
spectrophotometry

To measure the optical absorbance of graphite/graphene dis-
persions in NaCMC aliquots were drawn at room temperature
(22 (£1)°C) and were diluted 10 times with NaCMC solutions. In
order to keep the viscosity of dispersions constant, NaCMC solu-
tions used for dilution were first sonicated and m/w heated for
the same time as corresponding graphite dispersions. Diluted dis-
persions were centrifuged using the Eppendorf Centrifuge 5702
at 2000-2700 rpm (relative centrifugal force 600-1100G) during
90 min. Centrifuged dispersions were left overnight prior to further
measurements. When aliquots were too concentrated for analysis
(absorbance coefficient >2.0), they were further diluted to achieve
1/4-1/100 concentration of starting dispersion.

Measurement of optical absorbance was performed in
Cole Parmer 1200 spectrophotometer at 660 nm in disposable
polystyrene cuvettes (1cm optical pathlength). A corresponding
solution of NaCMC was used as reference solution.

Optical absorption coefficient («) was measured based on the
optical absorbance of graphene dispersions that were further dried

and their graphene content was determined by TGA. Concentration
(C) was measured as [20]:

_dA

C_H,

where d is dilution (4-100), A is optical absorbance, [ is optical
pathlength [m], and Cis concentration of graphene dispersion [g/]].

2.7. Infrared spectroscopy

Fourier transform infrared (FTIR) spectra of graphene/NaCMC
composites were recorded with Nicolet 6700 FT-IR in the range
4000-800cm~! (4cm~! resolution) in attenuated total reflec-
tion (ATR) mode using single bounce diamond crystal; averaging
of 32 spectra was applied. The spectrum region of around
1800-2300cm~! was not used for sample evaluation because of
the intrinsic adsorption of diamond in this region. Films of as-
prepared composites were investigated without any preparation.
Graphs were drawn using logarithmic scale for the wavenumber.

2.8. X-ray diffraction

The X-ray diffraction (XRD) patterns were recorded by Bruker
D8 Advance diffractometer. Radiation was generated with an X-
ray tube with a Cu anode (Ko radiation, A=1.54184A) at 40kV
and 40 mA. The 26 range was 10-60°, and the resolution was 0.05°
with 10s averaging time per step. Phase analysis was performed
using ICDD PDF-2 databases (release 2008). Measurement of full
width at half maximum (FWHM) was performed after subtracting
instrumental broadening using external standard (Si).

2.9. Scanning electron microscopy (SEM)

The morphology of the as-prepared composites was investi-
gated using a JEOL JSM-840A in the secondary electron mode. The
samples were sputtered with a gold layer. The acceleration voltage
was chosen to be 20 kV.

2.10. Electrochemical testing

Electrochemical performance was studied in half cells versus
metallicLi. The electrode was prepared by mixing graphene/NaCMC
composite and Carbon Super P in 1:1 weight ratio, or by mixing
Si, graphene/NaCMC composite and Carbon Super P in 1:1:1 ratio.
When CSP was used as the only active material amount of CSP was
90 wt% and binder amount (NaCMC) was 10 wt%. Double deionized
water was used as a dispersion medium. Homogeneous slurry was
prepared in planetary centrifugal mixer THINKY ARE-310 operat-
ing at 2000 rpm. The slurry was casted onto a copper foil current
collector (cleaned with 2.5 wt% HCI solution) using an automated
doctor-blade spreader (thickness 150 wm). The cast was dried in air
for 2-3 h and then discs (d =12.5 mm) were punched out and kept
at least 24 h in the vacuum oven at 80°C prior to cell assembling
and stored there further in order to prevent oxidation of Si. The
final active material load was 0.5-07 mg/cm?.

2325-type coin cells, purchased from NRC Canada, were assem-
bled under argon in the glove box. A lithium disk (d = 16.5 mm) was
used as a negative electrode (counter electrode and reference elec-
trode); 80 .l of 1 M LiPFg solution in ethylene carbonate: dimethyl
carbonate: monofluoroethylene carbonate (45:45:10 volume ratio)
was used as an electrolyte. A double layer of the microporous 30 um
thick polypropylene film (Celgard 3501) was used as a separator.
Capacity measurements were performed by galvanostatic experi-
ments at multichannel Arbin battery cycler (BT2000). The working
electrode was first discharged (lithiated) down to 0.005V and then
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Fig. 1. Schematic of microwave-assisted graphite exfoliation and preparation of graphene/NaCMC composite.

charged (delithiated) to 1.500V galvanostatically at rates corre-
sponding to currents varying from 17.4 to 348 mA/g per active
material (CSP, graphene and/or Si).

3. Results and discussion
3.1. Exfoliation of graphite to graphene

Fig. 1 depicts a schematic of the process used in this work for
graphene preparation. Sonication of graphite powder in aqueous
solutions of NaCMC leads to the formation of stable black disper-
sions even at a short period of time of 1h. The dispersions were
found to be stable for a long period of time (for at least 6 months).
Drying of dispersions in air resulted in black, glossy free-standing
polymer films. The films were brittle and could be easily shattered
with little bending, compression or elongation.

TEM image of carbonized polymer films (Fig. 2a) showed
that they contain graphene flakes with lateral size in range of
~100-500 nm. The size of flakes correlates well with the values
reported elsewhere using a sonication-assisted liquid exfoliation
[14,20,23,44]. The thickness of the flakes was assessed with high
resolution TEM (HRTEM) of flakes edges. HRTEM reveals folded sin-
gle layer (Fig. 2b) or few layer (n=2-5) graphene flakes (Fig. 2b,c).

Raman spectra of graphene and graphite (Fig. 2d) show
major peaks around 1360 cm~! (D-band), 1570 cm~! (G-band) and
2700cm~! (G’-band) [45,46]. The G'-band of the graphene spec-
trum compared to G-band is much more intense than in graphite
which is characteristic for graphene. The shape of G’-band could be
assigned to multilayered graphene with less than 5 layers on aver-
age (few-layer graphene) [45,46] which agrees with the HRTEM
results.

Optical absorbance spectra of graphene dispersions are feature-
less at the 300-1000 nm range and known to follow Lambert-Beer
law at 660 nm [20]. Using TGA of dried graphene/NaCMC compos-
ite absorbance coefficients of graphene dispersions in NaCMC90k
and NaCMC-250k solutions were calculated to be 2333Lg~ ! m™!
and 3155Lg~1m~! correspondingly. Obtained values are higher
than those received by others for water dispersions of graphene
either in the presence of surfactants (e.g. sodium dodecylbenzene
sulfonate (1390Lg~' m~1)[27]) or polymers (e.g. poly(vinyl pyrrol-
lidone) (1293Lg=1m~1) [47]). Such difference is most probably
caused by influence of stabilizing agents on the optical properties
of dispersion (e.g. turbidity). Experimentally obtained absorbance
coefficients were used to calculate the concentration of graphene
in the dispersion. Fig. 3 shows the concentration of graphene as
a function of sonication time and m/w treatment. It is clear that
longer sonication time and introduction of m/w heating results in

an increase in graphene concentration. For example, sonication of
graphite in NaCMC solution (C=10mg/ml) for 10 h without m/w
heating resulted in a graphene concentration of 1.36 mg/ml. When
am/w heating step for 2 min was introduced after each hour of son-
ication an increase of graphene concentration to 1.82 mg/ml was
obtained corresponding to a 34% increase. Results obtained can be
explained by two processes that most probably take place during
m/w heating. First one is the formation of local microplasma spots
on graphite during irradiation that may result in the evaporation
of liquid medium which assist in graphite exfoliation [37,41]. Sec-
ond one is the exfoliation of graphite by m/w induced oscillation of
polar groups of NaCMC which partially intercalate between sheets
of graphite during sonication [48]. In addition, the chains of NaCMC
stabilize the exfoliated graphene sheets and during further sonica-
tion steps move more deeply between graphene sheets which allow
more efficient exfoliation during subsequent m/w heat treatment.

The presence of NaCMC is obviously required for the successful
graphene preparation since water alone is not expected to exfoli-
ate hydrophobic graphite during ultrasonic treatment [ 14]. NaCMC
stabilizes graphene sterically by getting adsorbed on the graphene
sheets thus preventing their re-assembly [31].

In order to maximize graphene/NaCMC ratio in the final com-
posite, the graphene concentration after exfoliation should be as
high as possible and at the same time NaCMC concentration should
be as low as possible. To improve graphene yield of the liquid
exfoliation process we investigated the effect of using NaCMC
with higher molecular weight since it is supposed to have bet-
ter colloid stabilization ability as it was pointed out previously in
reference [49]. In this experiment we have also reduced the poly-
mer solution concentration to half from 10 to 5 mg/ml in order to
increase the graphene/NaCMC ratio in the final composite which
is desirable for battery application. Decreasing the concentration
of polymer allowed us to decrease the centrifugation rate from
2700rpm (1100 G) to 2000 rpm (600 G) due to the lower initial vis-
cosity of the dispersion. As shown in Fig. 4, it is clear that using
the higher molecular weight NaCMC-250k results in a significant
increase in graphene concentration throughout sonication time. It
gave 59% more graphene in solution than when NaCMC-90k was
used: 3.7 mg/ml versus 2.2 mg/ml after 9 h of sonication and m/w
heating (Fig. 4). 10 h of sonication and m/w heating of graphite in
NaCMC-250k resulted in 4.3 mg/ml graphene dispersion. Improve-
ment in the graphene yield may be explained by better stabilizing
effect of the longer NaCMC polymer chains - that show better cov-
erage of the graphene sheets leading to stronger repulsive forces
[49]. When we compare graphene concentration achieved in solu-
tion of NaCMC-90k at 10 mg/ml (Fig. 3) and 5mg/ml (Fig. 4) it
could be seen that a decrease in polymer concentration did not
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Fig. 5. XRD pattern of graphene/NaCMC composite, NaCMC and graphite.

decrease the final graphene concentration in contrary to what was
shown previously with polymers [47] or conventional surfactants
[28]. We can even see that graphene concentration after 9 h of son-
ication in 5 mg/ml solution of NaCMC-90k is 2.36 mg/ml which is
higher than the concentration of graphene achieved after 10 h of
sonication in 10 mg/ml solution of NaCMC-90k (1.82 mg/ml) (see
Table 1 composite 1 and 2). However, the increase in graphene con-
centration could also be caused by the drop in the centrifugation
speed from 2700 (1100 G) rpm to 2000 rpm (600 G). For example,
the graphene concentration increased when graphene dispersion
in 5mg/ml solution of NaCMC-250k was centrifuged at 2000 rpm
instead of 2700 rpm (Table 1, composite 4 and 5).

In order to optimize graphene/NaCMC ratio the concentration
of NaCMC solution was further reduced to 2 mg/ml. However, as
it was expected the final graphene concentration was decreased
2.3 times (Fig. 4) which is almost equivalent to the decrease of the
NaCMC concentration (2.5 times). The results are consistent with
observations made in [47] where concentration of graphene corre-
lated with the concentration of exfoliating polymer. So the highest
achieved graphene concentration was 4.3 mg/ml after 10 h of son-
ication time as shown in Fig. 4. This value is among the highest
reported graphene concentrations for a liquid exfoliation process
that was obtained in only after 10 h of sonication which is very
short time compared to tens and even hundreds of hours reported
previously [21,22,32]. Moreover, the yield and concentration of
graphene can further be improved by increasing time of sonication
and recycling of sediment.

3.2. Graphene/NaCMC composites

Drying of centrifuged dispersions resulted in glossy black films
(Fig. 1). XRD patterns of dried dispersions showed the presence of
a typical, sharp 002 peak (26.52°, dggz = 3.36, FWHM =0.15) corre-
sponding to a crystalline graphite which is broadened and shifted
toward lower 26 angles (26.44°, dygy =3.37, FWHM =0.47) com-
pared to starting graphite indicating a decrease in flake thickness
(Fig. 5).

SEM images of films revealed the presence of flaky inclusions
(Fig. 6a,b, Figure S3) which were absent in pure NaCMC films
(Fig. 6¢,d). The lateral size of flakes was ~0.1-1.0 wm which agrees
with the data obtained by TEM.

Fig. 7 shows the ATR-FTIR spectra of pure NaCMC-250k and exfo-
liated graphene composite by sonication with and without m/w
heating. The NaCMC main bands are assigned to C—H stretch of
—CH, groups (2915cm~1) COO~ stretch (1587 and 1411cm™1),

Table 1

Graphene concentration in solutions and graphene content in graphene/NaCMC composite achieved by sonication and microwave heating of graphite in solutions of NaCMC.

Final graphene

content in

Graphene recovery

from whole

Final graphene

Calculated graphene

content in

Nominal achieved

graphene

Total

Absorbance
coefficient

Centrifugation
rate (rpm)

NaCMC

Mwnacmc

Composite #

concentration after

sonication
time (h)

concentration
(mg/ml)

dispersion (%) composite (wt%)

centrifugation of whole
dispersion (mg/ml)

1.18

graphene/NaCMC
composite (Wt%)

13.41

concentration
(mg/ml)
1.36

(lg” m)

10.55
12.36
28.57

86.76

2700 2333 10
2700
2000
2000

90,000

Control (no m/w)

34.42
38.65
25.82

7747

84.75
73.43

56.63
69.32

1.41
2.00
1.05
3.15
1.74

15.40
32.07

48.05
33.42

46.18

1.82
2.36
1.85
4.29
2.51

10

9
10
10
15

3155

2000
2700

250,000

— AN TN
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Electron Image 1

2pm " Electron Image 1

Fig. 6. Graphene/NaCMC composite obtained from sonication of graphite in 5 mg/ml solution of NaCMC (Mw =250,000) (a,b) and NaCMC film casted from solution of NaCMC

(Mw =250,000) sonicated for 10h (c, d).

—CCH and —OCH bend (1450 and 1320cm~!), —CH and —OH
coupled bend (1375 cm™1), stretching and bending modes of the
bonds within the cellulose backbone (1154,1105,1055,1017 cm~1)
[50,51]. A broad band with peak around 3250cm~! is due to OH-
groups and H, 0 presence [52]. Graphene/NaCMC composites show
less pronounced bands than pure NaCMC which is caused by pres-
ence of large amount of graphene. Graphene/NaCMC composites
(both prepared by sonication only and by sonication accompanied
with m/w heating) show the presence of all bands characteristic to

3250 2915

starting NaCMC

sonication

reflectance (%)

sonication+m/w heating

40003500 3000 2500 2000 1500, 1000
wavenumber (cm™)

Fig. 7. ATR-FTIR spectra of graphene/NaCMC composites (Mw =250,000).

intact NaCMC which suggest that little or no degradation of NaCMC
occurred during sonication and m/w heating. FTIR spectroscopy
of pure graphene or NaCMC separated from graphene/NaCMC
composite is not possible since graphene can not be effectively
separated neither by wet chemical method nor by heat treat-
ment because of peculiarities of composite. NaCMC molecules are
adsorbed strongly on graphene sheets and cannot be removed from
graphene/NaCMC dispersion by precipitation since graphene will
be precipitated together with NaCMC; heat treatment of NacMC
(carbonization) would lead to formation of amorphous carbon with
alotof functional groups (which would interfere with identification
of graphene own functional groups) and change in the structure of
graphene.

The results presented in the previous section deals with the
nominal graphene concentration, the concentration measured by
spectrophotometry after dilution of the graphene/graphite disper-
sion with fresh NaCMC solution which was in the range between
1.82 and 4.29 mg/ml. The graphene content in the graphene/NaCMC
composites was calculated based on the nominal graphene con-
centration and the values were in the range between 13.41 and
48.05 wt% that is higher than the actual graphene concentrations
measured to be between 10.55 and 38.65 wt% as shown in Table 1.
It can be seen that graphene recovery, the ratio of calculated to
measured values, lies in the range of 56.63-84.75%. The low recov-
ery could be attributed to weight losses of graphene into the
graphite/graphene sediment (pitch) after centrifugation.

Incomplete graphene recovery results in lower graphene con-
tent in the composite than it was expected from nominal
graphene concentration in dispersion. However, we still obtained

Please cite this article in press as: O. Naboka, et al., Mater. Sci. Eng. B (2016), http://dx.doi.org/10.1016/j.mseb.2016.04.003
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plots for CSP and graphene/CSP composite.

graphene/NaCMC composite with a high graphene content of
38.65 wt% using NaCMC-250k at 5 mg/ml concentration that will
be used as an active material for a Li-ion battery anode. However,
even though lower concentration of NaCMC-250k (2 mg/ml) gave
similar graphene content (34.42 wt%) and might be another choice,
the final amount of its composite is 2.5 times less than in the case
of NaCMC-250k at 5 mg/ml concentration and is too low to be used
as an anode in a Li-ion battery.

3.3. Graphene/NaCMC composites as negative electrodes for
Li-ion half-cells

When pure graphene/NaCMC composites casted directly onto a
copper current collector and was used as an electrode in a Li-ion
half cell (current density 31 mAh/g), it did not show any significant
capacity but large polarization (Figure S4). This was most probably
caused by the insulating effect of NaCMC due to its coverage and
blocking of ion and electron transport from and to the graphene
sheets. In order to overcome this insulating action of NaCMC, con-
ductive carbon black (CSP) was used as an additive. Because of
high polymer content in our synthesized graphene/NaCMC com-
posite the amount of CSP was maximized. High amount of CSP also
helped us to improve mechanical properties of electrode material
(NaCMC is a brittle polymer) and prevent it from peeling off from
the Cu current collector. CSP is a common carbon additive in battery
electrodes and typically used in very low quantities (~5-10 wt%)
and therefore its contribution to the bulk capacity is often ignored.
Since we used it in large quantities and it is known that it can show
electrochemical activity [53,54], it was tested in a half cell as the
main active material and using NaCMC as a binder (current density
31 mA/g). It demonstrated a high irreversible capacity (560 mAh/g)
and a stable discharge capacity of 221 mAh/g after 100 cycles with
3.5% capacity loss from the second cycle (Fig. 8a, Figure S5) which
is similar to results obtained in [53,54].

We then made an electrode with graphene/NaCMC compos-
ite (composite 5, see Table 1) and CSP at 1:1 weight ratio. The
final content of active materials (graphene and CSP) is 61.25 wt%
(13.75 wt% graphene and 47.50 wt% CSP). Prepared electrode was
tested in a half cell (current density 31 mA/g). Graphene/CSP
composite showed high irreversible capacity (604 mAh/g), fol-
lowed by stable capacity of 260 mAh/g after 100 cycles (Fig. 8a,
Figure S5). We have then subtracted CSP capacity contribu-
tion from that of graphene/CSP composite capacity and the
results are also shown in Fig. 8a. This demonstrates that in the

presence of Carbon Super P graphene shows much more improved
discharge capacity of 397 mAh/g after 100 cycles and beyond the
first cycle irreversible capacity of 740 mAh/g that is significantly
higher than what was previously obtained in our group for com-
mercially available graphene (312 mAh/g) and reduced graphene
oxide (217 mAh/g) [55].

Differential capacity (dQ/dV vs. potential) plots of CSP (Fig. 8b,
top) show no sharp peaks during the first cycle but gradual increase
in current with potential which indicates a gradual formation of
solid electrolyte interface. Li-intercalation is completely reversible
- it enters and leaves electrode at the same potential on discharge
and charge, which is similar to other carbon black studied in [56].
Differential capacity curve for graphene/NaCMC/CSP (Fig. 8b, bot-
tom) shows in addition to features inherent to CSP alone few
peaks at low voltages (0.02-0.11 V) both related to the lithium ions
intercalation and de-intercalation within the graphitic structure of
graphene.

The increase of graphene capacity in the presence of big amount
of conductive carbon black supports our assumption that while
being efficient exfoliant NaCMC molecules insulate freshly formed
graphene sheets from each other and carbon black is required to
create conductive paths throughout the graphene/NaCMC compos-
ite.

Even though graphene synthesized in our work showed by itself
good electrochemical activity, direct use of graphene/NaCMC com-
posite as ready-to-use active electrode material is not practical
since it requires high amount of conductive carbon additives.

To test the graphene/NaCMC composite synthesized in our work
(sample 4, Table 1) as an electrochemically active binder, it was
mixed with Si nanoparticles and CSP in 1:1:1 weight ratio. This
ratio was suggested to be optimal by Beattie et al. in [57] in terms
of increasing cyclability of Si which can be compromised due to
its high volume expansion/contraction as a result of alloying/de-
alloying reactions during cycling. The final graphene content was
8.78 wt% and Si content was 33.3 wt%. The electrode was tested in a
half cell at different currents ranging between 17.4 and 348.0 mA/g
and a voltage range between 0.005 and 1.500V.

Fig. 9a shows cycling performance of Si in the presence of
graphene/NaCMC composite and NaCMC only. Since NaCMC role as
a binder may be altered by sonication and m/w heating and might
affect the overall capacity of the composite, electrodes containing
NaCMC sonicated for 10 h and m/w heated were tested as a control.
Charge-discharge curves of composites are presented at Figure S5.
To calculate Si specific capacity at various rates, specific capacity
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dx.doi.org/10.1016/j.mseb.2016.04.003

G Model
MSB-13860; No.of Pages 10

0. Naboka et al. / Materials Science and Engineering B xxx (2016) XxX—XXX 9

d
3000 = Si+graphene/NaCWMC discharge
o Si+graphene/NaCMC charge
o & SiNaCMC (sonicated, m'w) discharge

2500 & Si/NaCMC (sonicated, niw) charge
@ 17.4mA/g 52mA/ 348mA/g
%2000 la ’ 70ma/g TAMNG 47 amard

i 1 I

1500

capacity (

1000 !

I

1 1
1 1

1 1

500 1 1
1 I

1 I

1 1

I

I

1

1

I

I

I

I
o T L T T T
40 80 8
cycle number

(o

_:; 4000 - Si+ graphene/NaCMC
o 20004
g
0 —
£ —
= -2000 - —
~ —10
S -a000 ]
000 025 050 075 100 125 150
-; 5000 4 SiNaCMC (sonicated, miv)
'
T ]
— 1

= —s
2 5000 —10
=
g
=

10000 1 — . T T T T 7

0.00 0.25 0.50 0.75 1.00 125 1.50
voltage (V)

Fig. 9. (a) Cycling performance of Si containing electrodes (graphene and CSP contribution to capacity subtracted). (b) Differential capacity plots for Si containing electrodes.

of CSP and graphene cycled at current density of 31 mA/g was used
for subtraction (221 mAh/g and 397 mAh/g correspondingly). Such
current density was considered to be small enough to show the spe-
cific capacity closest to theoretical. Since contribution of capacity
of CSP and graphene to capacity of composite much smaller than
capacity of Si, decrease of capacity of CSP and graphene at high
currents was neglected.

It can be seen that Si shows the typical high irreversible capac-
ity at the first cycle in the presence of both binders [42,57].
The highest capacity was reached with graphene/NaCMC com-
posite at 1611 mAh/g after 10 cycles, which is almost 30% higher
than the capacity of Si electrode in the presence of NaCMC alone
(1246 mAh/g) and without graphene. After 100 cycles the Si elec-
trode in the presence of graphene/NaCMC retains 90% of its highest
capacity (1439 mAh/g) and still 25% higher than the electrode with-
out graphene.

The differential capacity (dQ/dV) curves of the two Si electrodes
(Fig. 9b) are similar and show the two typical lithiation peaks
of amorphous silicon in the first cycle around 0.03V and 0.11V
(shifting to 0.08 and 0.22 Vin the second cycle) [58] and two delithi-
ation peaks at 0.42V and 0.3V [58]. An increase in the intensity of
delithiation peaks with cycling can be observed which points to an
improvement in Li ion kinetics [59]. Peaks corresponding to lithi-
ation/delitiation of graphene/CSP composites are obscured by the
large capacity of Si.

Si electrode with pure NaCMC binder clearly shows a condition-
ing effect - increase of capacity with cycling which can be caused
by poor compatibility within the electrode as suggested in [43].
Graphene/NaCMC composite conditioning effect is much less pro-
nounced which indicates an improvement of binding properties of
NaCMC in the presence of graphene.

The better capacity of the Si electrode in presence of graphene
indicates a positive role for graphene in the composite. This can be
envisioned by the ability of graphene to mitigate the detrimental
effect of volume expansion/shrinking due to its high mechanical
strength along with ability to provide a network of conduction
pathways [7]. The use of graphene as a conductive additive for
battery electrodes has been demonstrated previously and it was
shown that due to its high aspect ratio, little amount around 1 wt%
is required as a percolation threshold compared to higher amounts
for carbon black or even carbon nanotubes [11]. However, in our
work the amount of graphene is much higher which means that
its role in improving the conductivity could be offset by its ability
to uptake lithium ions and contribute to the total capacity. This is

corroborated by the fact that the two electrodes showed similar
good rate capability as shown also in Fig. 9a. The rate capability
of the electrodes was also measured by cycling at higher currents
(52,70, 87,174, 348 mA/g) and recover at 17.4 mA/g. The capacity
retention was excellent and significant decrease was only observed
when the rate was ten times the initial current. Even at very high
currents (348 mA/g) the reversible capacity for both electrodes was
still high and just above 1000 mAh/g, three times more than the
capacity of the commercial graphite electrode.

4. Conclusions

In the present work, we prepared graphene/NaCMC composites
as anodes for Li-ion battery using a liquid exfoliation method that
involves sonication enhanced with microwave heating of graphite
dispersions using NaCMC as a water soluble “green” exfoliating
agent. It was found that the use of microwave heating along
with sonication of graphite dispersions resulted in 34% increase of
graphene concentration compared to sonication alone. The exfoli-
ation method was optimized by using NaCMC with high molecular
weight (250,000) which resulted in very high yield of graphene
in dispersions (4.29 mg/ml) and in graphene/NaCMC composites
(38.65wt%) after only 10h of sonication. The as-prepared com-
posites were tested as anodes in Li-ion half cells with the help
of conductive carbon additive (Carbon Super P) and showed a
reversible discharge capacity of 397 mAh/g over 100 cycles. The
graphene/NaCMC composite was combined with silicon nanopar-
ticles and gave initial capacities of 1611 mAh/g that decreased to
only 1439 mAh/g over 100 cycles.
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