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Abstract The oxidation processes at the interface

between different types of typical carbon additives for

lithium-ion batteries and carbonates electrolyte above 5 V

versus Li/Li? were investigated. Depending on the nature

and surface area of the carbon additive, the irreversible

capacity during galvanostatic cycling between 2.75 and

5.25 V versus Li/Li? could be as high as 700 mAh g-1

(of carbon). In the potential region below 5 V versus

Li/Li?, high surface carbon additives also showed irre-

versible plateaus at about 4.1–4.2 and 4.6 V versus Li/Li?.

These plateaus disappeared after thermal treatments at or

above 150 �C in inert gas. The influence of the irreversible

capacity of carbon additives on the overall performances of

positive electrodes was discussed.
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High voltage positive electrode � Electrolyte stability
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1 Introduction

Lithium-ion batteries are now used in a wide range of

applications, particularly in connection with portable

electronic devices. The challenge of using these systems in

larger applications such as for personal or public

transportation requires improvements in energy and power

density, and also cycle life. One of the major limitations to

the improvement of the energy and power density in

today’s Li-ion batteries concerns the positive electrode

material: the active materials used in most applications are

the layer-structured LiMO2 materials, with M = Co, Ni,

Mn, or a mixture of them, or the olivine LiFePO4. With the

exception of overlithiated phases, all these compounds

have very similar theoretical values of energy, if used with

the same negative electrode (graphite or Li4Ti5O12) [1–5].

Current efforts to increase the specific energy of Li-ion

batteries are mainly focused on the investigation of lithi-

ated compounds with high reaction potentials, above 4.6 V

versus Li/Li? [6–10]. This is far beyond the stability

window of the organic electrolytes [11, 12], which are then

thermodynamically driven to be oxidized; stabilizing

kinetically the active materials, for example through the

formation of a more stable solid electrolyte interphase

(SEI) [13, 14], becomes a challenge. Although the typical

positive electrode contains a considerable volumetric

amount of conductive carbon additives (such as Super-P,

acetylene black, and graphite), the low percentage mass

load (\8 wt%) of these compounds in the total electrode

induces to consider such additives as inert or passive,

which means they take a negligible part to the specific

reversible and irreversible charge of the electrode. Graphite

was also investigated as positive electrode, due to the

possibility to intercalate anions from the electrolyte in its

layered structure at high potentials (around 4.7 V vs.

Li/Li? [15–17]), leading to a specific reversible charge of

circa 140 mAh g-1.

Considering the higher surface of the carbons additives

in contact with the electrolyte, their relatively high con-

ductivity and their higher affinity towards the carbonates,

in this study we want to investigate the reversible and
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Universitätsstr. 150, 44780 Bochum, Germany

123

J Appl Electrochem

DOI 10.1007/s10800-012-0499-9



irreversible-specific charge and the charge/discharge pro-

files for both low specific surface (graphite) and high

specific surface (Super-P, acetylene black, and carbon

nanofibers), in the attempt to understand their properties in

the potential window between 2.75 and 5.25 V versus

Li/Li?, and their influence on the overall electrochemical

performances of positive electrodes.

2 Experimental aspects

2.1 Scanning electron microscopy

SEM measurements were performed on a FEI XL30 Sirion

microscope on uncoated powder samples. Images were

recorded at 5 kV with a secondary electron beam.

2.2 BET measurements

Carbon powders weighing 150–250 mg were used to get

the isotherms using Micromeritics porosity analyzer

(ASAP 2020). Before actual adsorption measurements, the

samples were degassed at 350 �C and high vacuum for

*8 h. The BET area was obtained by analyzing the data in

the range of 0.05 B P/P0 B 0.3.

2.3 Electrochemical measurements

Four different carbon additives were investigated: graphite

(Fluka, product no. 78391); acetylene black (Alfa Aesar,

product no. 45527); Super-P (TIMCAL); and carbon

nanofibers (Aldrich, product no. 719781). The electro-

chemical cycling experiments were performed at room

temperature in coffee-bag type cells with a two-electrode

half-cell configuration, and metallic lithium serving as the

counter electrode. The electrolyte was a 1 M solution of

LiPF6 in a 1:1 by weight mixture of EC and DMC (Ferro).

Galvanostatic cycling was performed with a Versatile

Multichannel Potentiostat, VMP3 (Bio-Logic SA) between

the cut-off potentials of 2.75 and 5.25 V versus Li/Li?. No

potentiostatic step was applied.

Pure carbon working electrodes were prepared using the

‘‘doctor-blading’’ technique, starting from an N-methyl

pyrrolidone (NMP) (Aldrich, product no. 328634) based

slurry with the carbon powders and polyvinylidene fluoride

(PVdF) as binder (Fluka, MW = 530,000). The weight

percent of the carbon powders depended on the type of

carbon: 80 % for graphite-based electrodes, and 40 % for

the other carbon powder-based electrodes. The slurry was

doctor bladed onto aluminum current collectors and then

dried at 90 �C in air overnight. The samples were trans-

ferred in a glove box with a high purity argon atmosphere

(O2 \ 1 ppm, H2O \ 1 ppm). The thermally treated

samples were heated on a hot plate at 100, 150, or 200 �C

inside the glove box for 3 h. All the pure carbon working

electrodes were cycled at a specific current of 20 mA g-1.

Alumina–carbon working electrodes were also prepared

using the doctor-blading technique, starting from an NMP-

based slurry with Al2O3 (J.T. Baker Chemical Co.)

(81 wt%), Super-P (TIMCAL) (9 wt%), and polymeric

binder (PVdF) (10 wt%). These electrodes were used to

simulate the performances of a real composite electrode,

with Al2O3 keeping the carbon particles apart, as the active

material would do. Being Al2O3 inert, these electrodes

allowed the study of the carbon additives in a real geom-

etry. These samples were also transferred into the glove

box and thermally treated on a hot plate at 150 �C for 3 h.

The alumina–carbon working electrodes were cycled at

specific currents of 150 and 100 mA g-1 of Super-P,

simulating 16.7 and 11.1 mA g-1 of Al2O3 specific cur-

rents, respectively.

3 Results and discussion

SEM pictures of the carbon-containing samples are shown in

Fig. 1. Acetylene black and Super-P (Fig. 1a, c) powders are

very similar; both of them are composed of micrometric

aggregates of sub-micrometric particles. The carbon nanof-

ibers powder (Fig. 1b) has a fiber structure, as expected, with

some round-shaped particles. Graphite powder (Fig. 1d) is

composed only of micrometric particles with large flake-like

shape.

In Table 1, the measured BET area of the different

carbon additives is reported. The highest BET surface is

observed for acetylene black and Super-P, followed by the

carbon nanofibers. As expected, graphite particles have the

lowest surface area.

Pure carbon working electrodes were tested in the high

potential region, above 5 V versus Li/Li?, to investigate

their properties under a highly oxidative environment. The

charge/discharge profile of the carbon additive is important

for understanding the irreversible processes due to side

reactions occurring on its surface. The most probable side

reaction in this potential range is the oxidation of the

electrolyte, and formation of a SEI. The latter occurs upon

both the active material and the carbon additive. The very

first cycles were investigated in this study, for that is when

the irreversible capacity is normally higher.

Figure 2a shows the charge/discharge profiles of dif-

ferent carbon additives during the first cycle in the standard

electrolyte at 20 mA g-1. The test cell was assembled

immediately after transferring the hot electrodes (90 �C)

into the glove box, without further heat treatment. It is

observed that the irreversible capacity is strongly depen-

dent on the type of carbon additive. In particular, acetylene
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black has the highest irreversible capacity (above

700 mAh g-1), followed by the carbon nanofibers,

Super-P, and graphite. Acetylene black, Super-P, and car-

bon nanofibers have a linear discharge profile, which is

clear proof of double layer discharging. On the other hand,

the graphite shows a plateau around 4.5 V versus Li/Li?.

This plateau is due to the deintercalation of PF6
-, a known

process. The specific reversible charge reported in this

study is much less than that previously reported [16],

because of the chosen potential limits. The type of graphite

influences the reversible specific charge, as well. In

Fig. 2b, a zoom-in version of Fig. 2a for small Q is shown.

Some peaks and plateaus are observed for the high surface

carbon additives in the potential region 4.1–4.2 V versus

Li/Li?. This behavior is observed in acetylene black,

Super-P, and carbon nanofibers; it is quite random, both in

the position and in the length of the plateaus, and influ-

ences only slightly the total performance of the electrode.

Another plateau is observed around 4.6 V versus Li/Li? in

the experiments on acetylene black and Super-P. This is

longer than the former and always appears at the same

potential, with a length that is quite constant from sample

to sample and significantly influences the performance of

the electrode, in terms of specific irreversible charge.

In Table 1, the specific irreversible charge and the

density of irreversible charge (with respect to the BET

area) are reported for the different carbon additives. We

want to stress that the differences in the density of irre-

versible charge, being not correlated to geometrical effects,

are due to the nature of the carbon additives. These dif-

ferences could be caused by the nature of the surface

groups, which depend on the synthesis condition of the

carbon additive. The best result is obtained with Super-P,

while acetylene black and graphite have similar density of

irreversible charge.

Due to the low specific irreversible charge and charge

density, Super-P electrodes were selected for further

investigation. The charge/discharge profile of Super-P

electrodes during the first cycle in the standard electrolyte

at 20 mA g-1 is reported in Fig. 3a. The samples were

Fig. 1 SEM pictures of the carbon powders. a acetylene black; b carbon nanofibers; c Super-P; d graphite

Table 1 Characteristics and irreversible charge for the different

carbon additives investigated. Qirr and qirr are the specific irreversible

charge and the density of irreversible charge with respect to the BET

area, respectively

Type BET (m2 g-1) Qirr (mAh g-1) qirr (mC cm-2)

Black acetylene 64 737 4.15

Carbon

Nanofibers

36 624 6.24

Super-P 65 484 2.68

Graphite 13 143 3.96
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heated up after transfer in the glove box at 100, 150, and

200 �C, respectively, to test the effect of volatile impurities

on their performance. As a general trend, it was observed

that the specific irreversible charge decreased by increasing

the temperature of the thermal treatment. In particular, the

low voltage plateau, at 4.1–4.2 V versus Li/Li? disap-

peared for all the baking temperatures at or above 100 �C

(see Fig. 3b). The length of the higher voltage plateau

depended strongly on the temperature of the thermal

treatment. We believe that the first plateau, at 4.1 V versus

Li/Li?, is due to adsorbed water, while the second plateau,

at 4.6 V versus Li/Li?, is generated by the oxidation of

surface groups or the oxidation of the electrolyte, and

consequent formation of a SEI-like layer. To support this

theory, it is noted that the standard oxidation potential of

water should be around 4.25 V versus Li/Li?. We want to

emphasize also that the main difference in the charge/dis-

charge profiles of the sample treated at 150 �C and the one

treated at 200 �C is above 5 V versus Li/Li?, while the

samples treated at 100 �C showed differences (with respect

to the sample treated at 200 �C) already at a lower poten-

tial, about 4.5 V versus Li/Li?.

The irreversible-specific charge, Qirr, of the different

carbons additives and the different thermal treatment (only

for Super-P) versus cycle number is reported in Fig. 4. It

can be observed that Qirr decreases strongly upon cycling,

but it is never reduced to 0. The thermal treatment seems to

affect primarily the first cycle, but not the following ones.

Indeed, in the charge/discharge profile (not shown here) of

later cycles, all the features relative to adsorbed water and

other impurities disappear, the same as was found after the

thermal treatment. The irreversible-specific charge of the

Super-P treated at 200 �C is much smaller than the others

at all cycles. This is an effect of a reduced specific charge

during charging and an enhanced specific charge during the

discharge. The reason of this dramatic change is not clear;
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Fig. 2 Charge/discharge profile of the investigated carbon additives

during the first cycle in the potential window 2.75–5.25 V versus

Li/Li? in the 1 M LiPF6, EC:DMC (1:1 wt) electrolyte. The

electrodes were backed only at 90 �C in the air, and the cells were

assembled immediately after the transfer in the glove box
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Fig. 3 Charge/discharge profile of Super-P, heated up in glove box

for 3 h at different temperatures, during the first cycle in the potential

window 2.75–5.25 V versus Li/Li? in the 1 M LiPF6, EC:DMC

(1:1 wt) electrolyte
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nevertheless we would like to suggest one hypothesis. It is

possible that, when the sample is heated at 200 �C, the

melted PVdF (Tm = 171 �C) covers in a more complete

way the carbon particles, protecting them from the liquid

electrolyte. It has been observed that the SEI is not formed

on the PVdF binder [18, 19], which would justify the tre-

mendous decrease in Qirr for the treatment at 200 �C.

Further investigations are going to be carried out and will

be the aim of future work.

To test the effect of a more realistic geometry (the

presence of active material) and more realistic current rates

(the weight of the carbons is normally much smaller than

the weight of the active material) a set of electrodes was

made by mixing together Super-P and alumina particles.

The ratio between Super-P and alumina was similar to that

used in real laboratory electrodes. In Fig. 5, the charge/

discharge profile of the first cycle and the irreversible

charge versus cycle number in the standard electrolyte at

different current rates (100 and 150 mA g-1 of Super-P) are

reported. The samples were heated up to 150 �C for 3 h

after transfer in the glove box to remove traces of water and

other impurities. A direct comparison between the different

current rates and the results reported in Figs. 3 and 4 for the

Super-P cycles at 20 mA g-1 after the thermal treatment at

150 �C reveals that the current rate has a very strong effect

on the specific irreversible charge of the conductive carbon

additives; the higher the current rate, the lower the specific

irreversible charge. This is realistically related to the time

that the electrode spends at high potential.

The strong dependence of the specific irreversible

charge on the current rate and on the cycle number suggests

the formation of a SEI-like protective layer on the surface

of the carbon additive, probably composed of the products

of oxidation of the electrolyte. This SEI-like layer strongly

reduces the oxidation rate after the first cycle, but does not

block it completely. If the cycling is interrupted for 1 day

and then started again (not shown here), the value of the
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Fig. 4 Irreversible-specific charge versus cycle number. a Carbon

additives, cell assembled immediately after the transfer in the glow

box. b Super-P after different thermal treatments for 3 h in glove box
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Fig. 5 a Charge/discharge profile and (b) irreversible-specific charge

versus cycle number at different current rates of Al2O3/Super-P

electrodes, heated up in glove box for 3 h at 150 �C, during the first

cycle in the potential window 2.75–5.25 V versus Li/Li? in the

1 M LiPF6, EC:DMC (1:1 wt) electrolyte
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specific irreversible charge is similar to the one of the

second and later cycles, suggesting that this SEI-like layer

is effectively stable, or at least has a stable component. The

SEI layer formed on the surface of common active mate-

rials for positive electrodes was investigated by many

authors [14, 20, 21]. We believe that the similar com-

pounds produced by the oxidation of the electrolyte, such

as Li2CO3, LiF, and polycarbonates, should be present on

the SEI layer of the carbon additives. It is noteworthy to

stress that, for the carbon additives, it is not necessary that

the SEI layer is ionically conductive.

Even if the high current rate results show that the specific

irreversible charge can be very low, relative to the revers-

ible charge of a possible active material, the conditions

under which the carbon additive interacts with the electro-

lyte strongly depends on the active material itself. Indeed,

the longer the charge/discharge plateau of the active

material and the higher its potential, the more time the

carbon additive will spend in the high potential region. As

consequence, the specific irreversible charge will increase.

To properly evaluate experiments on real electrodes, con-

taining both an active material and a carbon additive, one

needs to know the detailed electrochemical behavior of the

carbon additive, and subtract it from the observed results.

4 Conclusions

Experiments on different types of carbon additives have

shown that they can be a significant source of specific irre-

versible charge, in some cases higher than 700 mAh g-1.

The value of the irreversible-specific charge is dependent on

the nature of the carbon additive and thermal treatments.

There is generally a strong reduction of the specific irre-

versible charge after the first cycle. Experiments at different

current rates have suggested that the main mechanism

occurring during the charge of the carbon additives is the

formation of a SEI-like layer, probably composed of prod-

ucts of the oxidation of the electrolyte. However, further

post-mortem investigations are necessary to confirm this

explanation and will be the aim of future work.
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