Journal of Power Sources 196 (2011) 2128-2134

Contents lists available at ScienceDirect

Journal of Power Sources

journal homepage: www.elsevier.com/locate/jpowsour

Water-soluble binders for MCMB carbon anodes for lithium-ion batteries

Fabrice M. Courtel, Svetlana Niketic, Dominique Duguay, Yaser Abu-Lebdeh*, Isobel ]J. Davidson

National Research Council Canada, 1200 Montreal Road, Ottawa, Ontario, K1A OR6 Canada

ARTICLE INFO ABSTRACT

Article history:

Received 16 July 2010

Received in revised form 5 October 2010
Accepted 6 October 2010

Available online 16 October 2010

We have investigated the suitability of four different binders for the conventional mesocarbon microbeads
(MCMBs) anode material in Li-ion batteries. Unlike the conventional polyvinylidene fluoride (PVDF),
the binders were water soluble and were either cellulose based, such as the lithium and sodium salts
of carboxymethyl cellulose (NaCMC, and LiCMC) and Xanthan Gum (XG), or the conjugated polymer:
poly(3,4-ethylendioxythiophene) (PEDOT, a.k.a. Baytron). All binders were commercially available except
LiCMC, which was synthesized and characterized by FTIR and NMR. Thermal studies of the binders by TGA

Ié?a/‘gr?irt?: and DSC showed that, in air, the binders have a broad melting event at 100-150°C, with an onset tem-
NaCMC perature for decomposition above 220 °C. Li/MCMB half-cell batteries were assembled using the studied
LiCMC binders. Slow scan voltammograms of all cells showed characteristic lithium insertion and de-insertion
Baytron peaks including that of the SEIl formation which was found to be embedded into the insertion peaks during

the first cycle. Cycling of the cells showed that the one containing XG binder gave the highest capacities
reaching 350 mAh g~ after 100 cycles at C/12, while the others gave comparable capacities to those of
the conventional binder PVDF. The rate capabilities of cells were examined and found to perform well
up to the studied C/2 rate with more than 50% capacity retained. Further studies of the XG-based MCMB
electrodes were performed and concluded that an optimal thickness of 300-365 pm gave the highest
capacities and sustained high C-rates.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.
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1. Introduction (PVDF) as a binder that can be elongated to about 20% of its length

before breaking [10].

Carbon has been widely used as an anode material in commer-
cial Li-ion batteries since 1991 when Sony Corporation launched
its first rechargeable Li-ion battery (carbon/LiCo0O;) [1]. The layered
allotrope of carbon, graphite, is used in particular due to: (i) its high
electronic conductivity (103 to 104 Scm™1), (ii) its low cost, (iii) its
good capacity retention, and (iv) more importantly its long cycle
life. In the 1970s, Hérold et al. reported the chemical formation of
a lithiated carbon graphite (LiCg) [2-4], which was later demon-
strated to be electrochemically viable and reversible [5,6] and soon
after it was adopted in Li-ion batteries. A maximum of one lithium
for six carbons can be intercalated between the graphene layers
of graphite. The theoretical gravimetric specific capacity of carbon
graphiteis 372 mAh g~! and forits volumetric is 830 mAh ml—3 (cal-
culated using carbon as a starting material [7]). When lithium ions
are intercalated in graphite, the distance between the graphene
layers increases from 0.335nm to 0.372nm [1,8,9], which corre-
sponds to a volume change of about 10% in the direction normal
to the plane [10]. Thus it allows the use of polyvinylidene fluoride
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Binders are an important part of electrode formulation because
they maintain the physical structure of the electrode; without a
binder the electrode would fall apart. PVDF continues to be suc-
cessfully used in commercial Li-ion batteries as it exhibits excellent
properties. It does not get reduced at low potential (5mV versus
Li/Li*) nor oxidized at high potential (5V versus Li/Li*) at room
temperature, but has the following shortcomings:

(1) Atelevated temperatures, it has been reported that PVDF reacts
with lithium metal and LiCg to form LiF and some —(-C=C-F)-
species via an exothermic reaction which causes a risk for the
onset of thermal runaway [11-13]. To avoid this risk, research
is currently focused on finding alternative non-fluorinated
binders [14-18]. Even though they were still insoluble in
water, Maleki et al. [13] and Du Pasquier et al. [11] showed that
reduced heat was obtained when poly(phenol-formaldehyde),
poly(vinylchloride) or poly(acrylonitrile) were used as
binders.

(2) Another disadvantage of using PVDF is its price which is about
US$ 20 per kg in North America (€15-18 per kg in Europe [19]).

(3) PVDFrequires the use of non-environmentally friendly solvents
to cast the electrode formulation, such as N-methyl-2-
pyrrolidone (NMP). According to its material safety data sheet,
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itis a known mutagen, tumorigen and reproductive effector; its
LDsq on skin rabbit is $ mg kg 1.

(4) In addition, as mentioned by Lux et al. it is not easy to dis-
pose PVDF at the end of the battery life [19]. Thus binders
with decomposition products that are more environmentally
friendly are needed for preparing electrodes materials for Li-ion
batteries.

Water is very attractive as an alternative to organic solvents
and water-soluble binders have already been studied with sili-
con and tin anode materials, where more flexible and compatible
binders are needed. Upon cycling, these active materials suffer from
large volume changes between the charge and the discharge states
(250-300% [1]). Consequently PVDF cannot be used because it is
not able to accommodate large volume changes. Binders such as
styrene-butadiene rubber (SBR), sodium carboxymethyl cellulose
(NaCMC), and combinations of both were studied with silicon and
provided improved capacity retention [20-23]. NaCMC has also
been successfully used as a binder with LisTisO1, [24], LiFePO,
[19,24], and commercial SnO, nanoparticles [25]. In addition to
being able to accommodate the volume change during cycling,
it has the advantage of being water soluble because of the car-
boxymethyl groups attached to cellulose. As mentioned by Lux et
al.,, the use of NaCMC has the advantage of rendering the recycling of
Li-ion battery anodes easier [19] and friendlier to the environment,
as it was demonstrated that calcination of NaCMC at 700 °C yields
Na,CO3, a naturally occurring mineral deposit [26,27]. In addition,
the price of NaCMC is much lower than PVDF, about US$ 6 per
kg in North America (€1-2 per kg in Europe [19]) since NaCMC is
widely used in the food industry as a thickener. Finally, the perfor-
mance of NaCMC has already been investigated with natural carbon
graphite by Hochgatterer et al. [22], obtaining a capacity very close
to that obtained with PVDF. Drofenik et al. also investigated the
use of NaCMC with natural graphite and obtained a capacity of
325 mAh g1 after 10 cycles [28]. Other water-soluble binders have
been reported for carbon graphite, such as poly(acrylamide-co-
diallyldimethylammonium chloride) (PAMAC) [29] and gelatine
[30], and capacities similar to those obtained with PVDF were
reported.

Herein we report the use of water-soluble binders as alter-
natives to the well-known PVDF/NMP couple. Mesocarbon
microbeads (MCMB) was used as the anode material in this study
as it regularly shows good performance thanks to its high pack-
ing density and narrow particle size distribution, ranging from
1 to 44pm. MCMB exhibits good capacity retention and rate
capabilities due to edge-plane surfaces [31-34]. We first studied
two cellulose-based salts: (i) NaCMC obtained from two different
suppliers showing different viscosities and performance, and (ii)
lithium carboxymethyl cellulose (LiCMC) synthesized and char-
acterized in-house. We also investigated another cellulose-based
binder, Xanthan Gum (XG), which is also water-soluble and used
widely as a food thickener. XG is more cost effective than PVDF,
about US$ 13 per kg in North America. We also investigated the
use of poly(3,4-ethylendioxythiophene) which has the advantage
of being electronically conductive (10-500 mScm~1) [35,36] but is
quite expensive.

2. Experimental

MCMB carbon graphite (Nippon Carbon Co. Ltd) was used as
received and stored at 90 °C before use. As previously mentioned,
five different binders were investigated: (i) the conventional
polyvinylidene fluoride (PVDF, Kynarflex2800) 3 wt% dissolved in
N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich, anhydrous, 99.5%),
(ii) sodium carboxymethyl cellulose (NaCMC) obtained from two

suppliers Calbiochem (viscosity 42.0mPas) and Sigma-Aldrich
(average Mw ~ 90,000, degree of substitution 0.70) used as a 5 wt%
aqueous solution, (iii) lithium carboxymethyl cellulose (LiCMC)
synthesized and characterized in-house, used as a 2.5 wt% aqueous
solution, (iv) xanthan gum (XG, Jungbunzlauer, Na was the counter
ion) 1wt% in water, and (v) poly(3,4-ethylendioxythiophene)
with polystyrenesulfonate as a counter ion (a.k.a. PEDOT/PSS
or Baytron®, Sigma-Aldrich) obtained as a 1.5wt% aqueous
solution.

LiCMC was synthesized in-house following a modified
reported procedure [26]. At room temperature, 1g of cellulose
(Sigma-Aldrich, a-cellulose) was suspended in 35 ml i-propanol
(EMD) and 13ml of double distilled H,0. While the solution
was stirring, 3.5g of LiOH-H,O (Anachemia, 98%) was added
over 10 min. The solution was stirred overnight after which a
solution of monochloroacetic acid (Sigma-Aldrich, 99+%), made
of 3g in 4ml i-propanol, was added dropwise. The solution was
heated at 55°C in air under reflux for 5 h and then cooled to room
temperature. An unexpected gummy solid resulted which was not
obtained in reference [26]. The gummy solid was filtered, washed
with double distilled H,0, and then dissolved in 100 ml H,O0 and
stirred overnight. The solution was neutralized with acetic acid
(FisherBrand, ACS grade) and filtered in order to remove some
insoluble particles (most probably unreacted cellulose). LiCMC
was precipitated by adding large quantities of i-propanol (600 ml).
Upon stirring, (about 1h) a white fluffy precipitate formed. The
product was then filtered and dried at 55°C overnight producing
1.04 g of white powder.

Thermogravimetric analyses (TGA) were performed using plat-
inum pans in order to characterize the binders’ thermal stability
(Hi-Res TGA 2950 TA instrument). The binders were first dried for
a few days at 55°C and then heated at 5°Cmin~! up to 600°C
in air. Differential scanning calorimetric (DSC) analysis was per-
formed using a TA Instruments 2920. Samples were prepared in
unsealed aluminum pans and then scanned from room tempera-
ture to the onset decomposition temperature at 10°C min~! rate.
Fourier-transform infrared spectroscopy (FTIR) in attenuated total
reflectance (ATR) mode was performed on the cellulose-based
binders using a ZnSe crystal plate (Bruker Tensor IFS 66/S). NMR
spectra were obtained for the carboxymethyl cellulose binders
using a Varian Unity Inova 400 MHz instrument (probe: 5mm
broadband).

Cyclic voltammetry and cell cycling were carried out on half-
cells using 2325-type coin cells assembled in an argon-filled glove
box. Cyclic voltammograms were recorded using a BioLogic VMP3
potentiostat. The cyclic voltammograms were recorded between
0.005V and 1.5V versus Li/Li* at a scan rate of 0.1 mVs~!. Capac-
ity measurements were performed by galvanostatic experiments
carried out on a multichannel Arbin battery cycler. The working
electrode was first charged (lithiated) down to 5mV versus Li/Li*
at different C-rates and then discharged (delithiated) up to 1.5V
versus Li/Li*. The mass of active material used in the calculation is
the mass of the carbon graphite (MCMB).

The working electrodes were prepared as follows: MCMB was
mixed with 5wt% Super carbon (Timcal) and 10 wt% binder. The
electrode films were made by spreading onto a high purity copper
foil current collector (cleaned using a 2.5% HCl solution in order to
remove the copper oxide layer) using an automated doctor-blade
and then dried overnight at 85°C in a convection oven. Individ-
ual disk electrodes (@ =12.5 mm) were punched out, dried at 80°C
under vacuum overnight and then pressed under a pressure of 0.5
metric ton. A lithium metal disk (@ =16.5 mm) was used as a neg-
ative electrode (counter electrode and reference electrode). 70 L
of a solution of 1MLiPFg in ethylene carbonate/dimethyl carbonate
(EC:DMC, 1:1, v/v) was employed as electrolyte and spread over a
double layer of microporous propylene separators (Celgard 2500,
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Fig. 1. FTIR spectra of cellulose, NaCMC and LiCMC.

30 pm thick, @=2.1 mm). The cells were assembled in an argon-
filled dry glove box at room temperature.

3. Results and discussion
3.1. Synthesis and characterization of LICMC

Unlike other binders investigated in this study, LICMC was not
commercially available and was synthesized according to the syn-
thesis described in the experimental section. The as-synthesized
LiCMC powder was analysed by FTIR, "THNMR, and '*C NMR in order
to verify that the carboxymethyl group has bonded to the cellulose.

Fig. 1 shows the FTIR spectra of the cellulose, the commercial
NaCMC (Calbiochem), and the synthesized LiCMC. Both NaCMC and
LiCMC spectra show the presence of an extra vibrational band at
1650-1550cm~! which corresponds to the carboxylic functional
group that is absent in the FTIR spectra of cellulose. In addition,
the FTIR analysis also showed the presence of C-H stretching of
methyl groups attached to the carboxylic group between 1420
and 1260 cm~!. Vibrational bands between 900 and 1100 cm~! are
attributed to the ether groups from the cellulose.

The LiCMC powder was also characterized by 'H NMR and '3C
NMR. The 'H NMR spectra showed peaks at: § 3.35 (s, CH), § 3.50 (s,
CH), § 3.79 (s, CH), 6 3.80-4.05 (m, CH, CH;), § 4.25 (m, CH), and §
4.36 (m, CH). The different carbons of the LiCMC formula have been
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Fig. 3. TGA graph of the PVDF, NaCMC (Calbiochem), LICMC, Baytron and XG.

identified with numbers in Fig. 2. 13C NMR spectra, also in Fig. 2,
showed peaks at § 60.39 corresponding to Cg. The multiplet from §
69.10 to & 78.82 belongs to the three following carbons: C,, C3 and
Cs. The peak at § 82.44 corresponds to C4 and the peak at § 102.71
belongs to C;. More importantly, the 13C NMR peak that appeared at
8 178.13 corresponds to the COO- group [26,37] and thus confirms
that the LiCMC has been successfully synthesized. For comparison
purposes, NaCMC (Calbiochem) was also analysed by 'TH NMR and
13C NMR and the same peaks were observed.

3.2. Thermal stability of the binders

The thermal stability of the different binders was measured by
TGA and DSC; the scans are shown in Figs. 3 and 4, respectively.
Even though the binders were kept at 50°C for a few days, TGA
results (except for PVDF) showed a first 1.5-2.5 wt% weight loss
step at 150°C due to loss of water. Thus all binders are stable in
the temperature range used for the preparation and drying of the
electrodes, i.e. 20-90 °C. XG is the first binder to show decomposi-
tion which starts at about 200 °C, followed by NaCMC and LiCMC at
250°C, as already reported [26,27]. LICMC and NaCMC show exactly
the same decomposition pattern up to 550°C with a weight loss
of about 43 wt% at 300°C and an additional 12 wt% loss at 550°C.
Baytron started decomposing at a higher temperature of 275 °C but
this was followed by a two-step weight loss of 50 wt% at 600°C.

T T 1 T T
180 160 140 120

T T T T
100 80 60 40 20

ppm

Fig. 2. 13C NMR spectra of LiCMC and LiCMC formula.
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Fig. 4. DSC graph of PVDF, NaCMCs, LiCMC, Baytron and XG.

PVDF showed an onset temperature of about 400°C with a rapid
decomposition associated with a weight loss of about 75wt% at
450°C followed by another 20 wt% up to 600 °C. TGA showed that
the binders are stable in the temperature range that was used for
preparing and drying the electrodes.

DSC measurements were performed to identify changes in the
state of the different binders before decomposition. As shown in
Fig. 4, the different state changes occur at different temperatures.
NaCMCs, Baytron, and XG all show a broad endothermic transi-
tion peak at 140-145°C whereas LiCMC shows a transition peak
at a lower temperature, 100°C. These large endothermic transi-
tion peaks are due to the melting of the amorphous state of these
binders. PVDF being more crystalline shows a first transition at
140°C and a melting temperature of 175°C.

3.3. Cyclic voltammetry

Fig. 5 shows CVs of the MCMB electrodes prepared using the
5 different binders. The batteries were first cycled from the open
circuit potential (OCP usually c.a. 2.7-3V versus Li/Li*) and 0.005V
and then between 0.005V and 1.5V versus Li/Li*. As expected, the
use of PVDF provides a well-identified peak at 0.65V which cor-
respond to the SEI formation that fully disappears on the second
cathodic sweep [38]. NaCMC (Calbiochem) exhibit a few reduc-

——a) PVDF
= === b) NaCMC - Calbiochem
------ c) Baytron

d) LiCMC

80

60

Current (mA g'1)

' T T T T T v
0.50 0.75 1.00 1.25 1.50 1.75 2.00

Potential (V vs LilLi")

Fig. 5. Cyclic voltammetry of MCMB anodes prepared using different binders: (a)
PVDF, (b) NaCMC - Calbiochem, (c) Baytron, (d) LiCMC, and (e) XG.

tion peaks ranging from 0.75V to 0.25V and from 1V to 0.5V in
the case of LICMC and XG; these peaks correspond most proba-
bly to the SEI formation since they do not appear for subsequent
cycles. In the case of Baytron, the SEI formation occurs at about
0.5V. The CV for NaCMC (Sigma-Aldrich) is not shown because the
currents were too low to compare to the other binders, and no
useful information could be inferred. The second reduction pro-
cess (close to 0V) corresponds to lithium insertion into carbon
graphite (LixCg, X <1). The oxidation reaction peaks that appear
between 0.3V and 0.4V correspond to lithium de-insertion from
LixCg. The position of the lithium de-insertion is slightly shifted
depending on the nature of the binder used. The use of NaCMC
(Calbiochem) provided a lithium de-insertion potential of about
0.32V, 0.36V for PVDF, 0.37V for XG, 0.40V for LiCMC, and 0.42V
for Baytron. Because the MCMB particles are coated with an organic
layer made mostly of the binder, it is expected that the nature of
the binder is going to enhance the electrode/electrolyte interface.
The binder adds a physical barrier to lithium insertion/de-insertion,
which makes the lithium ion movement process more difficult
than in the bare binder. For example, Baytron, which is an elec-
tronic conductor but an non-ionic conductor showed the more
positive shift, which makes the de-insertion more difficult. On the
opposite, the cellulose-based binders (NaCMC, LiCMC and XG) are
electronic insulators, but expected to be ionically more conductive
than Baytron, showed negative shifts of the lithium de-insertion.
In Fig. 6 one can find the 1st and the 5th cyclic voltammograms of
each electrode prepared using the different binders. All CVs clearly
show a difference between the 1st and the 5th cycle, specifically
the reduction process that corresponds to the SEI formation that is
expected to disappear in the 5th cycle.

3.4. Battery cycling

Fig. 7 shows the 1st charge-discharge profile of the elec-
trodes prepared using the different binders. As already shown
by the CV measurements, the electrode made using PVDF shows
the formation of the SEI at about 0.65V, and then it showed
the expected characteristic plateau for lithium insertion between
0.1 and 0.05V. This electrode has a first discharge capacity of
375 mAh g1, Baytron, NaCMC (Calbiochem) and XG show the same
first discharge capacity values as PVDF. As already observed with
the CV measurements, in the case of NaCMC (Calbiochem) the SEI
formation is very different from the other binders. A large slope
between 0.75V and 0.1V is observed before lithium insertion into
graphite. When the NaCMC (Sigma-Aldrich) is used, it was not pos-
sible to obtain a capacity over 25 mAh g~ for the first discharge. All
batteries showed anirreversible capacity between the 1st discharge
and the 1st charge, which represents a capacity loss due, to the SEI
formation being: 10.7% for PVDF, 28.0% for NaCMC (Calbiochem),
28.4% for Baytron, 6.7% for LiICMC and only 6.7% for XG.

Fig. 8 shows the cycling behaviour of MCMB anodes at C/12
over 100 cycles. As expected, PVDF that was used as a refer-
ence provided a first discharge capacity of 375mAhg-! and a
stable reversible capacity of 337 mAhg~! after 100 cycles. Fig. 8
also shows the performance of the two NaCMCs which do not
exhibit the same behaviour. When NaCMC (Sigma-Aldrich) is used,
almost no capacity is obtained for the first few cycles and then
the capacity increased exponentially up to 260 mAhg~'. On the
other hand, NaCMC (Calbiochem) showed a better performance
with a first discharge capacity of about 375mAhg-! and a sta-
ble reversible capacity of 310mAhg-! after 100 cycles which is
similar to what Drofenik et al. obtained [28]. LiCMC showed a
first discharge capacity of about 290 mAh g=1, which is lower than
most binders; however, upon cycling, a stable reversible capacity of
about 300 mAh g~ was obtained. Baytron, which has the advantage
of being electronically conductive, showed a first discharge capac-
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Fig. 6. Cyclic voltammograms, cycle #1 and cycle #5, of MCMB anodes prepared using different binders: (a) PVDF, (b) NaCMC - Aldrich, (c) NaCMC - Calbiochem, (d) Baytron,

(e) LiCMC, and (f) XG.

ity of about 375 mAh g~! and a reversible one of 330 mAh g1 after
100 cycles. Surprisingly enough, Baytron showed very good stabil-
ity atlow potentials. It is known that polymers undergo n-doping at
low potential that is not sustained upon cycling due to the inability
of the conjugated chain to bear the negative change [39]. The last
and most interesting binder is XG. It also provided a first discharge
capacity of about 375mAh g1, and a stable reversible capacity of
350mAh g1 after 100 cycles.

Unlike Hochgatterer et al. [22], with NaCMC as a binder in our
case, it has not been possible to obtain a capacity value that was
as good as the one with PVDF. The performance of NaCMC usually
depends on the supplier, the degree of substitution (DS), and the
length of the polymer chain. The DS indicates the average number
of carboxymethyl groups attached to the glucose unit. A low DS
usually provides better performance because of additional interac-

tions between NaCMC and graphite [40]. For this study, it has been
decided to use NaCMCs with a low degree of substitution, rang-
ing from 0.7 to 0.8. NaCMC provided by Sigma-Aldrich had a DS
of 0.7 whereas NaCMC provided by Calbiochem had a DS of 0.8.
Even though these values are very close, the viscosity measured
for a 2wt% aqueous solution provided different values: 28 cP for
NaCMC (Sigma-Aldrich) and 50 cP for NaCMC (Calbiochem). The
chain length (molecular weight) was not available for NaCMC (Cal-
biochem), but one can assume that it is longer due to the higher
viscosity value, which can also be explained by the presence of
strong ionic interactions and entanglements among the chains.
The rate capability of these anodes was also investigated and
the results are shown in Fig. 9. The batteries were cycled five times
at each C-rate: C/12, C/9, C/6, C/3, C/2, C, 2C and then back at C/12.
As shown in Fig. 9, at C/12 XG shows the highest discharge capac-
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Fig. 9. Cycling behaviour of MCMB anodes prepared with different binders, cycled
between 5mV and 1.5V versus Li/Li* at different C-rates C/12, C/9, C/6, C/3, C/2, C,
2C and back to C/12.

ity values of 356 mAh g1, followed by Baytron, PVDF, NaCMC and
finally LICMC which showed capacities of 310 mAh g~!. By increas-
ing the C-rate up to C/2, XG still shows a capacity of 180 mAhg~!
which represents 51% of the capacity obtained at C/12. At C/2,
NaCMC (Calbiochem) shows a capacity of 165mAhg-! (53% of
the capacity at C/12). The three other binders showed capacities
around 50 mAh g~1. At C, capacities drastically decreased down to
73 mAh g1 for XG which represents 21% of the capacity observed
at C/12, and down to 45 mAh g~ for NaCMC which represents 14%
of the capacity observed at C/12. When the batteries were cycled
back at C/12, the ones prepared with NaCMC and XG showed a total
recovery of the capacity: 357 mAhg-! and 316 mAhg-1, respec-
tively. However, Baytron and PVDF showed a slight capacity loss of
4%. In the case of LiCMC, a large capacity loss of 30% is observed,
probably due to a degradation of LICMC or its involvement in sur-
face reactions at higher C-rates.

When comparing our best data with those reported by Guidotti
et al.,, the capacity values that we obtained at C/12 and C/6 were
higher [41] In both cases carbon MCMB and the same cycling pro-
cedure were used but with 15wt% of PVDF as a binder [41] At
C/12 capacities obtained were 325 mAh g~! and 375 mAh g1, while
at C/6 they were 300mAhg-! and 325mAhg-!, as observed by
Guidotti et al. and in this study, respectively. However at higher
C-rates, the capacity values obtained in our study with XG were
slightly lower than what was obtained by their study. At C/2, capac-
ities of 220mAh g~! and 180 mAhg-! were obtained by their and
this study, respectively; and at C, capacities of 100mAhg-! and
75mAhg-! were obtained by their and this study, respectively. It
seems that our MCMB provided lower C-rate capability. However,
the purpose of this work was to show a comparative study of the
capability of different alternative water-soluble binders.

As previously mentioned, XG is namely used as a thickener in
salad dressing, where it makes the dressing foamy and viscous. It
has the same effect when used in water with carbon; thus the slurry
is foamier when compared with PVDF or CMCs, which makes the
casting step more challenging. To prepare the slurry an aqueous
solution of 1wt% XG was used, as a more concentrated solution
made the slurry solid-like. We investigated the fabrication of the
films using a constant casting speed but different blade heights:
430 pm, 365 pm and 300 wm which represent the thicknesses of
the wet films. Fig. 10 shows the cycling performance of the bat-

400

‘o
= 3004
P la
= i Ry T R
—_— i d pum
> 201 . " —_— : & 1366 i
= = = e o C6
o < 300 = 4 300 ym
@
8 2004 E
© Z 250- PR
S :

200
g 1509 g & o e
H B 150
£ £
3 1004 2 1004
- a @ C
. ol @ c

y am 2
50+ 0 T T * T T r T
128 150 175 200 226 250 275 300
Cycle number
0 T . T T T ¥ T T
0 20 40 60 80 100 120

Cycle number

Fig. 10. Cycling behaviour of MCMB anodes prepared with XG using different film
thicknesses. The batteries were cycled between 5mV and 1.5V versus Li/Li* at C/12.
The Inset is the cycling behaviour of MCMB anodes prepared with XG using two
different film thicknesses, 365 and 300 pm. The batteries were cycled between 5 mV
and 1.5V versus Li/Li* at different C-rates.
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teries prepared with different anode thicknesses. The best results
were obtained with thicknesses 0of 300 and 365 pm (thickness of the
wet film). They showed capacities of 365 mAhg~! and 350 mAh g1
after 130 cycles, respectively. Thicker (430 wm) films showed lower
capacity values, 335 mAh g-! and 316 mAh g~ after 130 cycles. The
Inset in Fig. 10 shows the C-rate capability of the MCMB electrodes
made with a 300 and a 365 pm blade thickness. These batteries
exhibit very stable capacities even after two sets of high C-rates
cycling. When the batteries were cycled back at C/12, almost 100%
capacity retention is obtained.

4. Conclusions

In this study we reported the synthesis of LiCMC, where
characterization confirmed the carboxymethyl function was suc-
cessfully attached to the cellulose. We also demonstrated that
environmentally friendly and water-soluble binders could eas-
ily replace the conventional PVDF binder. When considering the
capacities obtained at C/12 after 100 cycles, the order of perfor-
mance of the Li/MCMB half cells made using the different binders
is: XG > PVDF > Baytron > NaCMC (Calbiochem) > LiCMC. In addition,
XG also showed the best rate capability of all binders with a capac-
ity of 180mAhg-1 at C/2 and very good capacity retention after
300 cycles at various C-rates. However, in order to obtain quality
performance with XG, care must be taken during the preparation
of the cast for the anode.
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