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Abstract

Pyrrole was polymerized onto commercial SFG10 graphite by in situ polymerization technique. Polymerization decreases the initial

irreversible capacity loss of the graphite anode. The decrease in the irreversible capacity loss is due to the reduction in the thickness of the solid

electrolyte interface (SEI) layer formed. PPy/C (7.8%) gives the optimum performance based on the irreversible capacity loss and the discharge

capacity of the composite. The composite material has been studied for specific discharge capacity, coulombic efficiency, rate capability and

cycle life using a variety of electrochemical methods. The composite SFG10 graphite possess good reversibility, higher coulombic efficiency,

good rate capability and better cycle life than the bare SFG10 graphite. # 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

To ensure long cycle life and safety, different types of

carbon including graphite [1] and coke [2] have been studied

as anodes for the Li-ion battery. Of various carbon materials

that have been tried, graphite is favored because it (i)

possesses a high theoretical capacity of 372 mAh/g [3];

(ii) has desirable potential profile for Li-ion intercalation

and (iii) is much cheaper than MCMB and also provides good

cycle life and safety. However, carbonaceous anodes exhibit

capacity loss during the first intercalation step. This is due to

the irreversible reactions that take place with lithium at the

electrolyte interface. In commercial Li-ion cells this loss in

capacity is compensated with the use of excess cathode

material. This, however, leads to an increase in the weight

of the battery and hence contributes to a decrease in the

specific energy density of the cell [4,5]. Therefore, many

researchers have focused on reducing the irreversible reac-

tions of graphite without sacrificing its capacity.

In our previous paper, we developed a Sn/C composite,

which showed a substantial increase in the reversible capa-

city as compared to pure graphite [6]. Tin has been shown

to possess very high capacity for lithium intercalation [7].

But the main drawback of using tin is that it shows poor

cycling characteristics and also gives rise to a large initial

irreversible capacity. The ‘‘pulverization’’ problems during

cycling results in the poor cycling of the anode material and

the large irreversible capacity is due to the following reac-

tion during initial cycling:

SnO þ 2Liþ ! Sn þ Li2O

SnO2 þ 4Liþ ! Sn þ 2Li2O

In synthesizing the composite material we were able to

eliminate the capacity fade problems associated with tin.

However, the initial irreversible capacity loss was magnified

in the composite material. The composite showed a higher

irreversible capacity (350.7) than bare graphite (232.7 mAh/

g) due to the irreversible reactions of tin with lithium. Hence,

our next objective was to reduce the irreversible capacity

associated with the Sn/C composite.

It is widely known that the irreversible capacity loss in

carbon originates from the decomposition of the electrolyte

on the graphite surface followed by the formation of the

solid electrolyte interface (SEI) layer on the external surface

of the graphite. This layer is electronically insulating but

permeable to Liþ ions. It is impermeable to other electrolyte

components, and is mainly composed of lithium carbonate

and lithium alkyl carbonates [8,9], as the electrolyte solvents

generally used are alkyl carbonates. The process is irrever-

sible and contributes to the loss in capacity. The irreversible

capacity loss can also arise from the solvated intercalation

of lithium between the graphene layers and subsequent
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reduction of the solvent, since the formation of Lix(sol)yC6 is

favored more than the formation of LiC6 [10,11]. This

process results in the severe degradation of the graphene

layers. This process is called ‘exfoliation’ of graphite. The

irreversible capacity loss associated with the use of graphite

also varies considerably with different electrolytes, and

especially with different solvents. It has been shown that

the irreversible reactions are worse in propylene carbonate

(PC) based electrolytes than in ethylene carbonate (EC)

based electrolytes [12,13]. Since the SEI layer is formed

due to the interaction of the electrode with the electrolyte,

modifying the electrolyte or the electrode material can

control the extent of the irreversible capacity losses.

Recently, modifications to the electrolyte have been tried

out to suppress the irreversible solvated lithium intercalation

into graphite by adding inorganic agents such as CO2 [14],

NO2 [15] and SO2 [16]. These additives contribute to the

formation of a less permeable SEI film, which effectively

decreases the diffusion of solvated lithium ions through the

surface of the graphite. However, these modifications do not

decrease the irreversible capacity satisfactorily and also lead

to an increase in the deadweight of the battery. Also, such

modifications are highly specific to the type of graphite

studied and with the same electrolyte composition, some

other graphites show high irreversible capacity losses. The

electrode surface has also been modified by coating Ni [17]

and Pd [18] on the surface. These metals reduce the irrever-

sible capacity losses by reducing the extent of solvated lithium

intercalation. But such surface modifications also have a

tendency to reduce the reversible capacity of the composites.

Electronically conducting polymers such as polypyrrole,

polyaniline and polythiophene have been used in various

applications like batteries and supercapacitors [19,20]. Poly-

pyrrole and polyaniline has been used in the case of cathode

powders like LiMn2O4 [21,22] and V2O5 [23], in which they

serve the dual-purpose of a binder and a conducting additive,

thereby reducing the inert weight associated in the prepara-

tion of the electrode. For example, in the case of LiMn2O4–

PPy composites, the addition of polypyrrole increases the

capacity of the pure LiMn2O4 from 110 mAh/g to 125 mAh/

g over 120 cycles. The polymers form a conducting matrix,

which provides a conducting backbone for the particles,

thereby improving greatly the conductivity of the electrode

by reducing the particle-to-particle contact resistance. This

has a direct impact on improving the coulombic efficiency,

rate capability and the cycle life of the electrode material.

However, testing of the polypyrrole-coated carbon revealed

that apart from improving the above-mentioned character-

istics, it also decreases the initial irreversible capacity

associated with the carbon anodes.

Hence, the objective of this work is to reduce the irre-

versible capacity loss of bare graphite and Sn–graphite

composite by using a polymer additive. First, we developed

graphite composite anodes for Li-ion cells by modification

treatment based on polymerization of pyrrole. Second, TGA

analysis was done to determine the amount of polypyrrole in

the synthesized material. Third, graphite with different

polypyrrole contents was electrochemically characterized.

The reversibility, initial capacity loss, capacity decay with

cycling and Liþ intercalation kinetics were analyzed in

detail Finally, similar studies were done on the Sn/C com-

posite polymerized with polypyrrole.

2. Experimental

2.1. Preparation of PPy/C composite

Synthetic graphite, commercially known as SFG10 was

used as received from Timcal1 America for all the experi-

mental studies. Pyrrole, received from Aldrich, was polymer-

ized in an aqueous slurry of the graphite powders at 0 8C using

nitric acid as an oxidizer. About 10 mg of sodium salt of

dodecyl benzene sulphonic acid was used as a dopant. Adding

appropriate weights of the monomer to 2 g of the graphite

powder varied the polypyrrole content in the composites.

Before polymerization, the monomer was distilled several

times and guarded against exposure to light to prevent residual

polymerization. The polymerization was carried out for 40 h

with constant stirring. Following the polymerization reaction,

the powders were thoroughly washed with water and metha-

nol and dried at 200 8C for 24 h under vacuum.

2.2. Material characterizations

The morphology of the bare and the composite graphite

were analyzed using a Hitachi S-2500 Delta Scanning

Electron Microscope. Thermo gravimetric analysis (TGA)

was done to determine change in sample weight with

increase in temperature. Changes in the graphite surface

area due to polypyrrole inclusion were studied using Micro-

meritics Pulse Chemisorb 2700 based on single-point, Bru-

naeur–Emmett–Teller (BET) method. Each sample was

dried in a flowing stream of argon at 200 8C for 1 h prior

to BET measurement.

2.3. Electrode preparation and electrochemical

characterization

Typical graphite negative electrodes were prepared by

adding 50% (v/v) solution of isopropyl alcohol (solvent). No

binder was required in the case of the composites, since

polypyrrole formed a conducting matrix for the graphite

particles, which served in helping to reduce the inert weights

associated with the preparation of the electrodes. However,

in the case of bare graphite, 10 wt.% of PTFE was added in

the form of a solution of 60 wt.% PTFE solution. The

resulting slurry was then mixed in an ultrasonic cleaner

for 1 h. Pellets of the composite and the bare carbon samples

were prepared by cold-rolling technique. Disk electrodes

1.4 cm2 in area were cut out from the cold pressed material.

Electrochemical characterization studies were performed
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using a three electrode T-cell set up based on a 0.5 in.

perfluoroalkoxy tee (Swagelok). T-cells were prepared in

a glove box filled with ultra pure argon (National Gas and

Welders Inc.). The electrodes in the T-cells were prepared by

cold pressing material on both sides of metal current col-

lectors (MS cylinders). Pure lithium metal was used as the

counter and reference electrode. 1M LiPF6 in a 1:1 mixture

of EC and dimethyl carbonate (DMC) with less than 15 ppm

H2O and 80 ppm HF (EM Inc.) was used as the electrolyte.

Whatman fiber membrane (Baxter Diagnostic Co.) was used

as a separator.

Cycling and rate capability studies were carried out using

Arbin Battery Test Station (BT-2043) at a current density of

0.25 mA/cm2 (�C/15 rate), with the cut-off potentials being

0.005 versus Li/Liþ for discharge and 2 V versus Li/Liþ for

charge. In this paper, the discharge capacity of the negative

electrode refers to the lithium intercalation capacity while

the charge capacity refers to the lithium de-intercalation

capacity. Cyclic voltammograms were obtained at a scan

rate of 0.05 mV/s using EG&G potentiostat (Model 273A).

The complex-impedance analyses were performed using a

Solartron 1255 analyzer along with EG&G potentiostat

(Model 273A) over a frequency range of 100 kHz to

1 mHz with a signal amplitude of 5 mV peak-to-peak.

3. Results and discussion

3.1. Estimation of the amount of polypyrrole in the

composite

The approximate amount of polypyrrole in the composite

was determined using Thermo gravimetric analysis. TGA

analysis was carried under air to burn the samples, and the

temperature was scanned from room temperature to 900 8C

at a rate of 5 8C /min. Fig. 1 shows the TGA behavior of the

composite samples along with those of graphite and poly-

pyrrole. As seen from the figure, polypyrrole burns off at a

temperature of 420 8C, while the bare graphite loses weight

rapidly at 900 8C. The composite shows weight losses at

these two regions, the first of which corresponds to the

burning of polypyrrole, while the second corresponds to the

burning of graphite. From Fig. 1, the difference in weight

before and after burning polypyrrole can be determined. The

change in weight directly translates to amount of polypyr-

role in the composite. The amount of polypyrrole, in per-

centage, was found by subtracting the weight percentage of

the bare graphite at 420 8C (100%) and that of the corre-

sponding composite at the same temperature. The key

assumption involved in this calculation is that only poly-

pyrrole burns within this temperature range and that this

burning accounts for all the weight change. Since the sample

corresponding to pure graphite burns only at temperatures

greater than 700 8C, this is a valid assumption. Using this

method, it was found that the amounts of polypyrrole in the

composites varied from 5 to 8.4%.

3.2. Initial cycling behavior of composite graphites

The initial galvanostatic cycling behavior of the compo-

site graphite is shown in Fig. 2. Note that the capacity was

based on the total weight of the electrode. According to

previous results, the region between 1.1 and 0.56 V versus

Li/Liþ denoted as region A in the figure, corresponds to the

electrolyte decomposition/SEI layer formation [5]. The

reactions occurring during solvent decomposition, in a

mixture of EC and DMC solvents is given by the reactions

2Liþ þ EC ! Li2CO3 þ CH2CH2ðgÞ "

2Liþ þ DMC ! Li2CO3 þ CH3CH3ðgÞ "

Fig. 1. TGA analysis of bare and PPy/C composites at a scan rate of 5 8C/min under air atmosphere.
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The region between 0.56 and 0.2 V versus Li/Liþ is mainly

associated with the solvated lithium intercalation and sub-

sequent reduction of the electrolyte, denoted by the region B

in Fig. 2 [24]. The region below 0.2 V versus Li/Liþ,

denoted as region C in Fig. 2, is associated with the

reversible lithium–graphite intercalation compound (Li–

GIC) formation. For bare SFG10, the irreversible capacity

loss arising due to reactions in regions A and B is

253.2 mAh/g. The coulombic efficiency in the first cycle

is 47.9%. The huge irreversible capacity associated with the

SFG10 graphite maybe due to its large surface area [24].

However, in the case of polypyrrole composite graphite, the

plateaus due to both these irreversible reactions are reduced

as seen in Fig. 2. Note that in the case of the composite

graphites, the reduction in the plateau due to SEI layer

formation (region A) is more when compared to the reduc-

tion in the solvated intercalation plateau (region B). Such a

behavior indicates that polypyrrole acts as a film that reduces

the activity of the graphite surface thus reducing the irre-

versible reactions with the electrolyte, while the lithium

intercalation (and hence the solvated lithium intercalation)

inside the graphene layers are not inhibited. These results

show that addition of polypyrrole is favorable for reducing

the irreversible reactions of graphite.

Table 1 presents the irreversible capacity loss in the

composite and the bare graphite for various loading of

polypyrrole on graphite. From the table, it can be seen that

the initial irreversible capacity loss associated with bare

SFG10 is 52.1%. The amount of irreversible capacity loss

decreases with increase in polypyrrole content, up to a

composition of 7.8 wt.% PPy, to the tune of 32.1%. The

reason for this is that addition of polypyrrole results in the

formation of a matrix in which the graphite particles are

binded together. Polypyrrole being a conducting polymer

when doped, its addition results in an increase of the

conductivity of the samples and a decrease in the parti-

cle-to-particle resistance. The first cycle coulombic effi-

ciency of the composite electrodes also shows a similar

behavior with the addition of polypyrrole, where it increases

from 47.9% in the case of virgin graphite to 67.9% in the

case of PPy/C composite. However, from the table, it can be

seen that the PPy loading of 7.8 wt.% represents the opti-

mum concentration and further increase in polypyrrole only

serves to add to the dead weight of the battery.

Fig. 2. Initial galvanostatic charge–discharge curves of bare and polypyrrole composite SFG10 samples in 1 M LiPF6/EC/DMC electrolyte at C/15 rate.

Table 1

Initial irreversible capacity loss of the composites at C/15 rate as a function of the polypyrrole content

Amount of PPy

loading (wt.%)

Initial lithiation

capacity (mAh/g)

Initial de-lithiation

capacity (mAh/g)

Total irreversible

capacity lossa (%)

Initial coulombic

efficiency (%)

0 485.9 232.7 52.1 47.9

5 483.7 309.3 36.1 63.9

6 471.7 313.6 33.5 66.5

7.8 456.6 310.1 32.1 67.9

8.4 432.5 290.3 32.9 67.1

a Total irreversible capacity loss ¼ ½ðinitial lithiation capacity 	 initial de-lithiation capacityÞ=initial lithiation capacity
 � 100.
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3.3. Cyclic voltammograms

Kinetics of Li intercalation in the composite can be

studied using cyclic voltammograms (CVs). CVs were

obtained at a slow scan rate of 0.05 mV/s. The potential

was swept from 1.6 to 0.01 versus Li/Liþ in the cathodic

direction and back to 1.6 V in the anodic direction. This

potential range covered all the irreversible interactions

between the host, lithium, and the electrolyte and also the

lithium intercalation reaction into the composites. This

potential range is also representative of the processes occur-

ring at the anode under normal battery operating conditions.

It is worth noting that when polypyrrole alone was cycled in

this potential range, the currents obtained was negligible.

This clearly shows that polypyrrole has no electrochemical

activity towards lithium intercalation in this potential range,

although some activity has been reported for polypyrrole

prepared through electrochemical means in the potential

range typical for cathodes (2.5–4.2 V versus Li/Liþ) [21].

Since polypyrrole showed no activity, the observed reduc-

tion in the irreversible capacity could be due to fewer

exposed edges as the polypyrrole binds the graphite parti-

cles. Fig. 3 shows the cyclic voltammogram of composite

SFG10 graphites. The cyclic voltammogram performed

on the bare graphite has also been shown for comparison.

Sweeping the potential from 1.6 V to 0.01 V results in

lithiating the composite. Kinetics of Li intercalation for

all the samples remains low till 1.1 V. Beyond this, a sharp

increase in the current is seen. According to Gnanaraj et. al.

[25], electrolyte decomposition starts at a potential of 1.1 V

versus Li/Liþ and continuous reduction of the solvent

molecules and the formation of the ionically conducting

and electronically insulating SEI layer occurs till a poten-

tial of 0.56 V. According to Winter et. al. [24], the solvated

lithium intercalation and subsequent reduction of the

electrolyte molecules inside the graphene layers occurs in

the potential range of 0.56–0.2 V versus Li/Liþ. Fig. 3 also

shows a reduction in the currents associated with both these

reactions in the case of the composite graphites. During de-

intercalation (sweeping the voltage from 0.01 to 1.6 V) two

characteristic peaks corresponding to the de-intercalation of

the lithium ion from the anode material appear at the same

voltage for all the samples. However, the magnitude of the

peak current has increased for PPy/C composite. Compar-

ison of the ratio of charges under the anodic and cathodic

sweeps reveals a higher coulombic efficiency for the com-

posite graphite samples. The numerical values for the irre-

versible capacity loss and the coulombic efficiency from CV

data were obtained by integrating the I–V curves.

Integrating the area under the cathodic curve from 1.6 to

0.2 V yields the total irreversible capacity from the CV data.

Such integration will give corroboration for the results

obtained in the charge–discharge studies. The results

obtained from the CV data have been presented in

Table 2. The data shows that the lithium intercalation

capacity for the bare graphite material is 271.7 mAh/g,

which is comparable to the irreversible capacity seen in

the case of charge–discharge studies. The integration of the

I–V curves for the composites yielded similar results as seen

in the case of charge–discharge studies. The total irrever-

sible capacity is reduced to 149.6 mAh/g in the case of the

7.8% PPy/C composite. The coulombic efficiency also

increases from 45.9 to 66.9%. The data obtained from the

CVs also shows that the optimum PPy concentration is

7.8 wt.%, which is consistent with the result obtained in

charge–discharge studies. The improved capacity maybe

due to the increase in the conductivity of the samples and

reduction in the particle-to-particle resistance. The next set

of studies was done to investigate the reasons responsible for

these observations.

Fig. 3. Cyclic voltammograms of bare and polypyrrole composite SFG10 samples in 1 M LiPF6/EC/DMC electrolyte at 0.05 mV/s.
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Table 3 presents the BET results and the effect of poly-

pyrrole addition on the reversible capacity of the samples.

The BET results show that the addition of polypyrrole

reduces the surface area of the samples. The reduction in

surface area increases with increase in the polypyrrole

content in the samples. The reduction of the surface area

in the samples, thus confirms that the observed lowering of

the irreversible capacity loss is due to the reduction in the

exposed edges. However, it has to be mentioned that poly-

pyrrole only reduces the exposed surface edges, since the

specific capacity is not affected adversely and in fact,

improves. This is further confirmed by the increase of the

volumetric capacity despite a reduction of the volumetric

surface area (see Table 3). However, as mentioned in the CV

results, cycling polypyrrole alone did now show any sig-

nificant current, emphasizing the fact that polypyrrole does

not contribute to the capacity. So, the observed improve-

ments in the electrochemical characteristics should arise

because of the better conductivity of the composites. To

investigate this further, electrochemical impedance spectro-

scopy (EIS) studies were done.

3.4. Influence of polypyrrole addition on conductivity

The conductivity of electrode material is a very impor-

tant factor in evaluating the high rate performance of the

Table 2

Initial irreversible capacity loss of the composites calculated from cyclic voltammograms as a function of polypyrrole content in the composites

Amount of PPy

loading (wt.%)

Initial lithiation

capacity (mAh/g)

Capacity between 1.6 and

0.2 V vs. Li/Liþ (mAh/g)

Total irreversible

capacity lossa (%)

Initial coulombic

efficiency (%)

0 502.5 271.7 54.1 45.9

5 479.3 166.5 34.7 65.3

6 493.5 167.7 34.0 66.0

7.8 452.4 149.6 33.1 66.9

8.4 442.4 149.5 33.8 66.2

a Total irreversible capacity loss ¼ ½ðcapacity between 1:6 and 0:2 V vs:Li=LiþÞ=initial lithiation capacity
 � 100.

Table 3

Comparison of the reversible capacities of PPy/C samples and bare graphite material (SFG10) at C/15 rate

Amount of Ppy

loading (wt.%)

Reversible

capacity (mAh/g)

Specific surface

area (m2/g)

Volumetric surface

area (m2/cm3)

Volumetric

capacity (mAh/cm3)

0 284.6 9.84 21.65 626.1

5 338.8 8.98 19.76 745.4

6 359.8 8.55 18.81 791.6

7.8 362.3 7.78 17.12 797.1

8.4 359.0 7.69 16.92 789.8

Fig. 4. Impedance plots for the bare and polypyrrole composite SFG10 graphite in the de-lithiated state.
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batteries. Impedance analysis was done to study the various

resistances of composite graphite. Fig. 4 shows the Nyquist

plots for the impedance response of composite electrode.

Impedance of the anode in the Li-ion cell depends strongly

on the lithium content inside these electrodes. To maintain

uniformity, all the impedance analyses were done on com-

pletely charged samples (state of charge ¼ 100%). The

electrodes underwent 15 charge–discharge cycles to ensure

the complete formation of the SEI layer. The polarization

resistance of polypyrrole composite SFG10 decreases with

an increase in the polypyrrole content in the composite. The

curves shown in Fig. 4 are composed of two overlapping

depressed semi-circles. According to previous studies, the

high frequency semi-circle corresponds to the migration of

the Li ions through a surface film at the electrode/electrolyte

interface and the second semi-circle appearing at a lower

frequency is attributed to the charge transfer kinetics [26].

Fig. 4 show that the addition of polypyrrole reduces the

semi-circle part of the impedance. However, the decrease of

the high frequency semi-circle part is more prominent than

the second semi-circle. This result indicates that the resis-

tance posed by the passive film to the migration of lithium

ion is reduced for the composites. To understand this

phenomenon better, the experimental impedance data was

fitted to an equivalent circuit.

Fig. 5 shows the circuit used to fit the experimental

impedance responses shown in Fig. 4. Fitting the experi-

mental impedance plot to the equivalent circuit will provide

important information about the changes in the polarization

resistance and the SEI layer characteristics due to the

addition of polypyrrole. As there were two separate pro-

cesses involved in the transport of the lithium ion, two

separate combinations of R and C components were used

in the equivalent circuit. A single resistance in the front

represented the solution resistance. The differential ele-

ments in the equivalent circuit were used for compensating

the non-ideal nature of the semi-circles. The numerical

values for the different components were obtained by fitting

the experimental results and are given in Table 4. As seen

from the table, addition of polypyrrole does not have much

effect on the components responsible for the faradaic reac-

tion. This means that polypyrrole addition does not alter the

catalytic properties of the material. However, it can be seen

that the SEI layer resistance is decreased by two orders of

magnitude, while the SEI layer capacitance was found to

increase by at least two orders of magnitude based on the

fitting results (values not shown here). This result shows that

the thickness of the SEI layer is decreased remarkably in the

case of the composite graphites. The reduction of the SEI

layer formed can be directly correlated to the decrease in the

irreversible capacity seen in the case of the composite gra-

phites. This result also serves as a confirmation to the reason-

ing that addition of polypyrrole reduces the exposed surface

edges to the electrolyte, which translates into reduction in the

thickness of the SEI layer formed in the composites.

The studies done so far reveal that the lowest irreversible

capacity loss is obtained in the case of 7.8 wt.% PPy/C

electrodes. Polypyrrole addition also increases the coulom-

bic efficiency of the composite electrode. Fig. 6 shows a

comparison in the coulombic efficiencies of bare and

7.8 wt.% polypyrrole composite electrodes. As seen from

the figure, bare SFG10 electrode has poor coloumbic effi-

ciency in the first discharge cycle owing to the irreversible

reactions happening on the electrode. On the other hand, the

coloumbic efficiency is comparatively higher for polypyr-

role composite electrodes owing to minimized irreversible

reactions. After the initial cycle, the polypyrrole-coated

composites are more stable in the electrolyte and the irre-

versible reactions are completed within the first three cycles.

This is supported by the near 100% efficiency for the PPy-

composites from the third cycle while for the bare graphite, it

takes about 10 cycles to achieve near 100% coloumbic

efficiency. All these results indicate that the composite

electrodes gives better performance than the bare graphite.

Fig. 5. Equivalent circuit used to fit the experimental impedance responses of the composites.

Table 4

Electrode resistance obtained from equivalent circuit fitting of experi-

mental data

Sample RO (O g) R1 (O g) R2 (O g)

Bare 0.14 3.6 0.3

5% PPy 0.13 0.5 0.3

6% PPy 0.13 0.4 0.2

7.8% PPy 0.14 0.3 0.2

8.4% PPy 0.14 0.1 0.2
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Rate capability studies were done on the samples to

ascertain the performance of the materials under varying

load conditions. Fig. 7 gives the discharge capacity of

different samples at various applied load conditions. All

the capacities reported on the graph correspond to the de-

intercalation capacity, i.e. the charge capacity. A look at the

figure shows that the composite graphite gives consistently

higher capacity at all rates compared to the bare graphite. At

an applied load corresponding to a rate of C/15, the bare

graphite gives 81% of the theoretical capacity (301 mAh/g).

As the rate is increased, the performance of the bare graphite

decreases drastically. When the rate is increased to C/6, the

capacity drops down to 226 mAh/g, reaching a value of 61%

of the theoretical capacity. The capacity further falls to

128.1 mAh/g at C/3 rate, giving just 34.4% of the theoretical

capacity and reaching a value of 58.6 mAh/g at C rate,

consisting only 15.8% of the theoretical capacity. This

indicates the dependence of lithium intercalation on the

mass transfer inside the electrode. Also, the conductivity

of the electrode plays an important role in determining the

high rate performance. The composite graphite sample

shows remarkable improvement in the performance of the

graphite. As shown in the previous studies, addition of

polypyrrole improves the conductivity of the composite

electrode and reduces the particle-to-particle contact resis-

tance. When the composite graphite was subjected to rate

capability studies it showed negligible reduction (<20 mAh/

g) in the capacity due to increase in the load up to C/3 rate.

Fig. 6. Coulombic efficiency of bare and 7.8 wt.% composite SFG10 samples for the first 10 cycles at C/15 rate.

Fig. 7. Rate capability studies of bare and 7.8 wt.% composite SFG10 samples.
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When the discharge current was increased to C rate, the

composite graphite showed a reduction in the capacity to

259.7 mAh/g. However, a comparison to the bare graphite

under a similar load shows that the composite graphite gives

approximately five times the capacity of the bare graphite at

C rate. The improved conductivity, as seen by EIS data, can

be the main reason behind the better rate capability of the

composite electrode.

3.5. Cycle life studies

Polypyrrole is a well-known conducting polymer, which

has been used in rechargeable lithium batteries as a positive

electrode in conjunction with Li or carbon electrodes. Pre-

vious studies show that the material is stable in the organic

electrolyte used in Li-ion cells. Kuwabata et al. have studied

the effect of polypyrrole addition on Li-ion cathode materi-

als such as LiMn2O4 [22] and V2O5 [23]. During these

studies, they investigated the electrochemical stability of

polypyrrole in a 1:1 mixture of EC:DEC with 1 M LiClO4

using cyclic voltammetry. No additional peaks due to poly-

pyrrole redox reaction were seen during the anodic scan.

Voltammetric studies done by us on pure polypyrrole elec-

trodes in the organic electrolyte reveal no electrochemical

activity indicating that the material is inert to oxidation and

hence is electrochemically stable. Further charge–discharge

studies conducted by Kuwabata et al. [22,23] reveal no loss

in capacity with cycling for the composite electrodes. Boi-

nowitz et al. [27] have studied the performance of poly-

pyrrole as a negative electrode in a novel metal-free battery

using LiClO4 and PC electrolyte. They too report no adverse

effects on the stability of the material in organic electrolyte.

These studies indicate that polypyrrole is chemically stable

in Li-ion battery electrolytes. To check the stability of the

composite material in Li-ion environment, extended cycling

studies were done on T-cells containing bare and surface

modified SFG10 working electrodes. Fig. 8 shows the dis-

charge capacity of the composite and bare graphite after the

first cycle. From the graph, we can see that the composite

displays a constant capacity during cycling. The better

conductivity of the sample leads to better utilization of

the material in the case of the composites and hence results

in higher capacity for the composite material. The study also

reveals that the composite material is stable in the organic

electrolyte.

In our previous study, we deposited amorphous Sn on

SFG10 graphite, which improved the specific capacity of the

material significantly. We had optimized 15% Sn as the

optimum concentration based on the discharge capacity of

the composite. However, the drawback of the Sn/C compo-

site was that it showed higher irreversible capacity than bare

SFG10 graphite, due to the irreversible reduction of SnO2 to

Sn in the initial cycle. The reaction is given by Courtney and

Dahn [7] as

SnO2 þ Li ! Sn þ LiO2

Since, polypyrrole addition results in the reduction in irre-

versible capacity seen in the case of the bare SFG10

graphite, we wanted to study the effect of polypyrrole

addition on Sn/C composite. Fig. 9 shows the charge–dis-

charge behavior of the Sn/C and the Sn/PPy/C composite.

The graph shows a remarkable decrease in the irreversible

capacity associated with the Sn/C composite. Analysis of the

potential profile shows for the Sn/C composite that after SEI

layer formation, more capacity is utilized in the region 0.56–

0.2 V for Sn/C composites than for the bare graphite. This

is due to the reduction of SnO2 to Sn. However, the Sn/PPy/C

composite shows much lower irreversible capacity than

Sn/C composite. The plateau due to SEI layer formation

is seen to decrease even in the case of Sn/PPy/C composite.

Fig. 8. Cycle life studies of bare and 7.8 wt.% composite SFG10 samples at C/15 rate.
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However, the plateau due to the reduction of the SnO2 to Sn

and solvated lithium intercalation is still significant in the

case of the Sn/PPy/C composite.

Comparison between the irreversible capacities of the

bare and the Sn/C composite will give an estimate of the

irreversible capacity due to the addition of tin. The irrever-

sible capacity due to Sn in the case of Sn/C composite is

found to be 115.9 mAh/g. Comparison between the irrever-

sible capacity of the PPy/C composite and the Sn/PPy/C

composites gives an estimate of the irreversible capacity due

to tin in the case of Sn/PPy/C composite to be 89.3 mAh/g,

which is comparable to the irreversible capacity due to tin in

the case of Sn/C composite. This result shows that addition

of polypyrrole has an effect of reducing the surface area and

hence the irreversible capacity and does not alter the cat-

alytic activity of the electrode material.

4. Conclusions

Pyrrole was polymerized onto commercial graphite, Tim-

cal SFG10, to form PPy/C composites suitable for use as

negative electrodes in Li-ion cells. At levels up to 7.8 wt.%

PPy, the irreversible capacities of the composites during

galvanostatic cycling are significantly decreased relative to

the bare graphite. At a C/15 rate, an irreversible capacity of

146.5 mAh/g is obtained for PPy/C composite, compared to

253.2 mAh/g for the uncoated graphite, a decrease of over

20%. The reversible capacities are also increased for the

composite graphites, increasing from 284.6 mAh/g for the

bare graphite to 362.3 mAh/g for a PPy concentration of

7.8 wt.%. Cyclic voltammetric experiments corroborated

the galvanostatic cycling tests, with composite graphites

showing lower peak currents due to SEI layer formation

and the solvated lithium intercalation reaction and lower

irreversible capacities relative to the bare control material.

Additional confirmation was obtained through complex-

impedance spectroscopy. Addition of polypyrrole to the

graphite reduces the charge-transfer resistance and overall

polarization resistance, very likely by reducing the amount of

SEI formation. This is corroborated by fitting the impedance

results to an equivalent circuit. The composite graphite

sample also showed very good rate capability, coulombic

efficiency and cycling behavior, compared to the virgin

carbon. Finally, addition of polypyrrole to Sn/C composite

reduced the irreversible capacity of these composites. Current

efforts are concentrated on further reduction of the irrever-

sible capacity associated with these composites.
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