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DOI: 20.1039/x0xx00000% Graphitized carbon blacks have shown a more promising electrochemical performance than the

www.rsc.org] non-treated ones when being applied in small amounts as conductive additive in composite
cathode electrodes for lithium ion batteries, due to the absence of surface functional groups
which contribute to detrimental side-reactions with the electrolyte. Here, we report that at high
potentials of >4.5 V vs. Li/Li", graphitic structures in carbon black can provide host sites for
the partially reversible intercalation of electrolyte salt anions. This process is in analogy to the
charge reaction of graphite positive electrodes in dual-ion cells. A standard furnace carbon
black with small graphitic structural units, as well as slightly and highly graphitized carbon
blacks, were characterized and analyzed with regard to anion intercalation. A LiPF4 containing
organic solvent based electrolyte as well as a state-of-the-art ionic liquid based electrolyte
composed of LiTFSI in PYR4,TFSI, were applied. The intercalation of both PFs and TFSI®
could be confirmed by cyclic voltammetry in electrodes made from the carbon blacks. When
exposed to high potentials, the carbon blacks experienced a strong activation in the 1% cycle,
which promotes the perception for anion intercalation, and thus increases the anion
intercalation capacity in the following cycles. The specific capacity from anion intercalation
was evaluated by constant current charge/discharge cycling. The obtainable capacity was
proportional to the graphitization degree. As anion intercalation might be accompanied by
decomposition reactions of the electrolyte, e.g., by co-intercalation of solvent molecules, it
could induce the decomposition of electrolyte inside the carbon and thus degradation of the
carbon black graphitic structure. In order to avoid side reactions from surface groups and from
anion intercalation, the thermal treatment of carbon blacks must be optimized.

crystalline graphite structures (L,), their height (L.), as well as
the percentage of ordered (graphite-like) and disordered
structures could be derived with the help of total X-ray
scattering’, atomic force microscopy® and Raman spectroscopy
measurements’ ®.

1. Introduction

Currently, carbon black is the preferred choice as conductive
carbon filler (CCF) in composite electrodes of lithium ion
batteries because of its high contact surface area, low cost, and
the long-term in-use experience by the cell manufacturers.

Carbon black is a mnon-graphitic carbon'?, which contains
groups of graphene-like layers, providing layer stacking with
random orientation*. The carbon black primary particles are
composed of a shell with concentric graphitic domains, and a
more amorphous core. The relative ratio between graphitic and
amorphous regions decreases gradually towards to the centre of
carbon black particles. The average planar size of the

This journal is © The Royal Society of Chemistry 2013

The graphite crystallite size in carbon blacks can be enlarged by
heat-treatment. After being heated to >1,400 och 79 the
graphene layers are more conjointly oriented. The
graphitization degree is increased as the heating temperature
rises. However, the growth of the graphite crystallite domains
by graphitization will be stopped by defects or when reaching
the basal planes of a separate neighbouring graphite crystallite.
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Therefore, carbon blacks can never be completely converted
into graphite.

Both, cations, e.g. Li", and anions, e.g. PF{ 19 can be
intercalated into graphite or carbon blacks''. From liquid
organic electrolytes, this intercalation can take place as so-
called solvated intercalation, meaning that the respective ions
are intercalated together with the electrolyte solvent shell'® '*-
6. When graphitized carbon blacks are applied as conductive
additive in lithium ion batteries (LIBs), during charge the
graphitic domains could provide intercalation sites for the
electrolyte anions at the positive electrode (cathode). This
phenomenon can be observed during charge at high cathode

working potentials of >4.5 V vs. Li/Li", e.g. in 5.0 V LIBs!""°.
4.0 V LIB, charging 5.0 V LIB, charging

| <«—e

Anion

. Active material

® Carbon black

Anode Electrolyte Cathode Anode Electrolyte Cathode

Figure 1: Schematic illustration of 4.0 and 5.0 lithium ion
batteries during charge. The composite cathode is composed of
binder, active material and carbon conductive filler additives
(CCF); while the anode is e.g., composed of graphitic carbon
(any carbon black additive and binder in the anode is
disregarded for simplicity reasons). In an operation mode below
4.0 V (left), during charge, Li" is released from the cathode
active material and intercalated into graphite. In a 5.0 V LIB
(right), in parallel to Li‘-de-insertion from the cathode
conductive salt anions in the electrolyte are intercalated into the
CCF at the cathode. The corresponding amount of electrolyte
salt Li*-cations has to be intercalated into the anode for charge
compensation in the electrolyte.

As shown in Figure 1, in the state-of-the-art LIBs operating
below ca. 4.0 V, the Li" cations are released from the cathode
active material into the electrolyte during charge; while
simultaneously, Li* from the electrolyte will be intercalated into
the anode material. The electrons move in parallel to the
lithium ions to the anode via the external circuit. At contrast in
“5.0” LIBs, when the cells are charged to >4.5 V vs. Li/Li", the
cathode is highly polarized and the driving force is high enough
to compel the conductive salt anions into the CCF at the
composite cathode, especially when the CCF is graphitic. Li'-
de-insertion (from the cathode material) occurs in parallel to
anion intercalation (into the CCF additive). This means, that in
5.0 V LIBs anion intercalation generates “extra” charge
capacity at the cathode, which has to be balanced by an extra
charge capacity at the anode. In other words, at the anode, the
capacity is composed of Li" storage (stemming from the
cathode material) and Li" storage (stemming from the
electrolyte as counter-cation to the anion). The additional Li"
from the electrolyte requires a higher anode material excess
during cell assembly. This has an effect on the capacity balance
in a lithium ion cell, because lithium ion cells work with an
excess of anode material to avoid Li metal deposition on the
anode surface during charge. The intercalated amount of anions
depends on the size and the structure of the CCF particles. For
those carbonaceous materials with highly graphitic structures,
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the amount of inserted anions could be notable and could even
contribute to the total capacity'”"°.

In addition, the anion intercalation reaction may induce
decomposition of electrolyte and degradation of the carbon
black, thus degradation of the composite cathode, as discussed
above. This suggests that a large amount of graphitic structural
units in carbon black, which is created by heat-treatment at
higher temperatures, should be avoided and this should be
regarded in the carbon black manufacturing process.

Functional groups like hydroxyl-, carbonyl-, carboxyl- as well
as quinone-, lactone-, aromatic- and phenolic groups do appear
on the surface of carbon blacks?®?*. In electrochemical
reactions, the functional groups could act as highly reactive
sites and are very likely to induce side reactions in lithium ion
batteries, which can result in the decomposition of electrolyte
components®. Those surface chemical groups can be partially
removed by thermal treatment beyond the graphitization
temperature”> *°. A “noble” carbon surface can be considered to
be beneficial to the long-term cycling stability of the cell.
Consequently, it is critical to evaluate the necessity of heat-
treatment and to what degree the carbon blacks should be heat-
treated and thus graphitized, to remove surface structures and
functional groups while still avoiding the intercalation of
anions.

In this work, three carbon blacks of different graphitization
degrees were applied as cathode active material without any
additional active cathode material. Organic solvent based
electrolyte with the LiPFq electrolyte salt, as well as ionic liquid
based electrolyte with the lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI) salt, were studied to verify the intercalation of
different anions into carbon blacks. Electrochemical analysis
included cyclic voltammetry (CV) and constant current
charge/discharge cycling.

2. Experimental

Three carbon black samples (non-graphitized (CB1), slightly
graphitized (CB2) and highly graphitized (CB3)) were applied
in this work. Basic physical properties, including the N, BET
specific surface area, average primary particle size and oil
absorption number (OAN) of the samples are listed in Table 1.
The planar crystallite domain diameter, L,, as well as the
crystallinity of each carbon black sample derived from Raman
analysis is listed in Table 2.

Table 1: The BET surface area, primary particle size and oil
absorption number (OAN) values of the carbon blacks used in
this study.

Carbon black CB1 CB2 CB3
N, BET surface area [m” g”'| 55 53 52
Average primary particle size [nm] 31 31 31
OAN [ml /100 g] 147 135 132

Table 2: The changes in the lateral crystalline domain size (L,)
and the crystallinity during the thermal graphitization process.

Carbon black CBI1 CB2 CB3
L, [nm] 2.1 3.8 9.5
Crystallinity [%] 33 46 68

This journal is © The Royal Society of Chemistry 2012
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The structure of the carbon blacks before and after
graphitization was characterized by X-ray diffraction (XRD,
BRUKER D8 Advance X-ray diffractometer equipped with a
copper target X-ray tube). X-ray photoelectron spectroscopy
(XPS, Axis Ultra HSA, Kratos, GB) was used to investigate the
difference in the surface chemistry of the non-graphitized and
the graphitized carbon blacks, as well as the organic
decomposition products after the cyclic voltammetry
measurement. The source energy was supported by a
monochromatic Al K, source (h-v=1,486.6 ¢V), at a 10 mA
filament current and a 12 kV filament voltage source energy.
To compensate for the charging of the sample, a charge
neutralizer was used. The pass energy was set as 20 eV. The
analysis area was 700 pm x 300 pm. Calibration of the binding
energy (BE) of the measured spectra was performed by using
the energy of the Cls peak of carbon black (C-C, BE = 284.6
eV) as internal reference.

The electrodes contained 80 wt. % carbon black and 20 wt. %
polyvinylidene difluoride (PVdF, Solef 5130, SOLVAY), as
binder. N-methylpyrrolidone (NMP, ALDRICH) was used as
dispersant. The binder was first made into a 6 wt. % solution in
NMP, to guarantee a uniform cladding around carbon black
particles. The slurry was homogenized by a planetary ball mill
(Vario-Planetary Mill Pulverisette 4, FRITSCH) at 200 rpm for
4 hours to break possible carbon black agglomerates, and then
cast onto aluminum foil. The electrodes were cut into 12 mm ¢
disk, and the mass loading of all the electrodes was controlled
to be 0.9 mg cm™ (including carbon black and binder) with a
standard deviation of less than 0.03 mg cm>. Thus, the
electrode rate performance can be expected to be free from
mass loading deviation effects. All electrodes were dried under
vacuum (< 0.01 mbar) at 120 °C for 12 h.

A solution of 1 M LiPFg in a 1:1 volume mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) from UBE was
used as electrolyte. An ionic liquid based electrolyte, containing
0.3 M lithium bis(trifluoromethanesulfonyl) imide (LiTFSI,
3M) in 1-butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl) imide (PYR4TFSI, Solvionic)
was used for comparison.

The cycling performance was tested in SwagelokTM cells
(three-electrode set-up) with lithium metal (Rockwood Lithium,
lithium battery grade) as counter and reference electrode. All
the cells were assembled in a glove box with oxygen and water
contents below 0.1 ppm and then equilibrated at 20 °C for 12
hours.

A VMP potentiostat (Biologic Science Instruments) was
applied to carry out the cyclic voltammetry (CV) investigations.
In the PF4 containing organic solvent-based electrolyte system,
the CV was performed within the cut-off potentials of 2.5 - 5.2
V vs. Li/Li", with a scan rate of 20 mV s’'; while, in the ionic
liquid electrolyte based system, the cut-off potentials of 3.4 -
5.3 V vs. Li/Li". Taking into account the fact that the larger
anion TFSI- might be more difficult to be intercalated, a lower
scan rate of 0.1 mV s was applied. Constant current cycling
performance was measured by a Maccor™ series 4300 battery
tester at 20 °C. The cycling performance was examined within
different cut-off potential ranges with a specific current density
of 100 mA g'. For each electrode system, at least two cells
were tested to guarantee the reproducibility. All the potentials
mentioned in this work refer to Li/Li".

This journal is © The Royal Society of Chemistry 2012
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3. Results and discussion
3.1 Characterization of carbon blacks

The XRD patterns of the three samples (CB1-3) (Figure 2)
prove that the CBs have a different degree of graphitization.
Even the low-graphitization sample CB1 showed three
distinguishable signals (002), (100) and (110), which indicated
a partially graphitic structure. For the more graphitized carbon
blacks, these peaks were sharper and one additional reflection
peak (004) appearing at 20 = 54° (Figure 2), demonstrating a
more ordered graphitic structure According to the ref.”’,
completely graphitic structures can not be obtained by thermal
treatment of carbon blacks.

In accordance with the trend shown in the XRD patterns
(Figure 2): as the carbon black graphitization degree increases,
the size of the graphitic domains as well as the total amount of
crystallites increases, too (Table 2). Although carbon blacks
will never reach the same crystallinity level as graphite, a large
amount of graphitic structure can be generated after
graphitization and therefore the carbon blacks show a certain
graphite-like behaviour. According to our results, Li"
intercalation into graphitized carbon blacks could be clearly
confirmed and a discharge capacity of around 200 mAh g™ can
be obtained. This reaction with Li" would also affect other
carbonaceous materials used at the anode, e.g. carbon coatings
of the current collector or carbonaceous current collectors.

Also, as demonstrated in our previous work, large amounts of
oxygen-containing groups are bound to the surface of carbon
blacks, especially to the high energy sites, like edge sites at the
prismatic surfaces. The surface of carbon blacks is therefore
more susceptible to moisture adsorption. At high cathode
potentials (>4.7 V vs. Li/Li"), these functional groups are
highly active towards LiPFs when moisture exists in the
electrolyte®3°. As shown in Figure 3, carbon-oxygen single
bonds (alcohol or ether), carbon-oxygen double bonds
(carbonyl, carboxyl or ester), carbonate or satellite species were
found on the carbon black surface. After thermal treatment to
achieve graphitic carbon blacks, a decrease of the oxygen
containing groups was confirmed by a reduced relative ratio
between the carbon-oxygen bonds (Peak 2, 3, 4) and the C-C
bonds (Peak 1).

J. Name., 2012, 00, 1-3 | 3
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Fig. 2 (left): XRD patterns of CB1 (a), CB2 (b) and CB3 (c¢).
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Fig. 3 (right): The C 1s spectrum of CB1 (a), CB2 (b) and CB3

(©).

Table 3: Peak components fitting of the C 1s spectrum.
Binding energy (eV)

Peak Species CB1 CB2 CB3
1 C-C (carbon black) 284.6 284.6  284.6
2 -C-OH, -C-O-C,-C=0 2859 2853 285.5
3 -COOH, -COOR 287.2  286.8 -
4 -CO3, II-IT* 290.1  290.2  290.7

3.2 Intercalation of PFg¢ from organic solvent based
electrolytes into carbon black

The three carbon black electrodes were first investigated in the
organic carbonate solvent based electrolyte with 1 M LiPFg as
electrolyte salt. Cyclic voltammetric analysis was used to
determine whether PF4" can be intercalated into carbon blacks
and at which potentials this intercalation takes place. The CB
was exposed to a potential of 5.2 V vs. Li/Li" to cover the

4| J. Name., 2012, 00, 1-3

working potential of most cathode materials, e.g. the
LiNigsMn; 50,4, which is usually oxidized to ca. 5.0 V wvs.
Li/Li". The three voltammetric experiments are shown in Figure
4.
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Figure 4: Cyclic voltammetric curves of (a) mostly amorphous
carbon black (CB1), (b) slightly graphitized carbon black
(CB2) and (c) highly graphitized carbon black (CB3) in 1 M
LiPF¢ in EC: DMC (1:1) as electrolyte. Scan rate: 20 mV s™;
cut-off potentials: 2.5 - 5.2 V vs. Li/Li".

-0.8

A pair of redox peaks appeared in the voltammetric curve of the
mostly amorphous CB1 (Figure 4a): the anodic peak at 3.92 V
vs. Li/Li" (al) and a corresponding cathodic peak at 3.75 V vs.
Li/Li" (a2). These two peaks vanished in the voltammograms of
the graphitized carbon blacks CB2 and CB3 (Figure 4b), where
in addition to the observation of higher graphitization degree,
also the amount of surface functional groups was reduced. This
pair of peaks can be interpreted by a redox reaction between the
organic solvent-based electrolyte and the carbon black surface
functional groups.

With the slightly graphitized CB2, no obvious intercalation
peak was observed in the first voltammetric cycle. However,
from the second cycle on, an intercalation peak appeared at
4.94 V vs. Li/Li* (b1) and kept rising in the following cycles.
Two corresponding cathodic peaks turned up at 4.54 V vs.
Li/Li" (b2) and 4.11 V vs. Li/Li" (b3), and showed the same
increasing behaviour during voltammetric cycling. The
continuous current density increase of those peaks indicates a
better accessibility of the intercalation sites of the carbon black.
One may speculate that the better access to intercalation sites
may facilitate the uptake of larger guest ions, e.g., the anion
including a solvent shell. This can finally lead to an increase in

This journal is © The Royal Society of Chemistry 2012
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oxidative electrolyte decomposition reactions, which will
influence the Coulombic efficiency.

Comparing CB2 with the even more graphitized CB3, the
intercalation peak shifted to 4.89 V vs. Li/Li" (c1) and became
sharper than for CB2. During the reduction sweep, three PFg
de-intercalation peaks at 4.86 V wvs. Li/Li" (c2), 4.60 V vs.
Li/Li* (c3) and 4.14 V wvs. Li/Li" (c4), respectively, were
observed. Still, the intensity of all the peaks showed an
increasing trend during cycling.

For both CB2 and CB3, the intercalation took place around 4.9
V vs. Li/Li". In order to check the capacity from the PFy
intercalation reaction, constant current charge/ discharge
cycling was performed within three cut-off potential windows:
3.5-4.4V vs. Li/Li", 3.5 - 4.7 V vs. Li/Li", and 3.5 - 5.0 V vs.
Li/Li* to evaluate the influence of the upper cut-off potential on
the extent and reversibility of the PF¢ intercalation reaction. All
carbon blacks were cycled for 100 cycles in each cut-off
potential window with a specific current of 100 mA g'. The

specific charge/discharge capacities are shown in Figure 5.
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Figure 5: Specific discharge capacities and Coulombic

efficiencies of CB1, CB2 and CB3 electrodes within different
cut-off potential windows: 3.5 - 4.4 V vs. Li/Li" (the first 100
cycles); 3.5 - 4.7 V vs. Li/Li" (from cycle 101 to 200); 3.5 - 5.0
V vs. Li/Li" (from cycle 201 to 300). Specific current: 100 mA
g in 1 M LiPFg in EC: DMC 1:1 (weight ratio) as electrolyte.

At a low upper cut-off potential of 4.4 V vs. Li/Li*, where no
PF¢ intercalation can take place, but the redox reactions of the
carbon black surface functional groups can contribute to the
specific capacity, CB1 showed higher discharge capacities than
the more graphitized carbon blacks. At the same time, the
Coulombic efficiency of CBI1 is lower than of the highly
graphitized CB3. When the upper cut-off potential increased to
4.7 V vs. Li/Li", all three carbon blacks exhibited a capacity
increase while the CB1 showed the highest capacity increase.
Obviously, at higher potentials a larger contribution of the
redox reaction of the surface groups to the overall discharge
capacity could be observed. The strong capacity growth of CB1
at elevated potentials are a further proof for the peaks appearing
in the voltammogram at 3.92 and 3.5 V vs. Li/Li" are caused by
a different mechanism than the peaks observed in the
voltammograms of CB2 and CB3. The capacity increase of
CBI1 can be explained by an enhanced extent of the surface
group redox reactions at the higher potential of 4.7 V vs. Li/Li".
As the surfaces of CB2 and CB3 were partially freed from
surface groups after the thermal treatment, the capacities did
not rise as much as that of CB1. When the cut-off potential was
further increased to 5.0 V vs. Li/Li*, the highly graphitized CB3
showed a dramatic intercalation capacity increase, and the
capacity kept growing during cycling. Being slightly

This journal is © The Royal Society of Chemistry 2012
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graphitized, CB2 possessed less surface functional groups than
CB1; but CB2 is not as graphitic as CB3. Hence, the specific
capacity of CB2 remained the lowest among the three. The
capacity difference between CB2 and CB3 should be mainly
caused by a larger extent of the PFy intercalation reaction into
CB3. In addition, the Coulombic efficiency of CB3 remained
the highest among the three, which indicated that the
insertion/de-insertion of PF4 into/from CB3 was highly
reversible.

In the cyclic voltammograms (Figures 4b and c¢), CB2 and CB3
showed similarly shaped intercalation peaks, so they were
expected to have a similar capacity when exposed to constant
current cycling regime between 3.5 - 5.0 V vs. Li/Li". However,
CB3 exposed a much higher capacity than CB2 in the constant
current mode.

Back to the cyclic voltammetric curve of CB2, it must be
noticed that during the first several cycles, the intercalation
peak was not clearly visible, but the peak sharpened and
increased in intensity as the cycling went on. To investigate,
whether there is any influence of the upper cut-off potential on
the specific capacity during cycling, CB2 was cycled by cyclic
voltammetry within the cut-off potential range of 2.5 - 5.2 V vs.
Li/Li" for 100 cycles. In parallel, the CB2 was cycled within the
potential range of 3.5 - 5.0 V vs. Li/Li" (i.e. within the same
potential window as for the constant current charge/ discharge
experiment). Afterwards; the carbon blacks were charged and
discharged with a constant current within the potential range of
3.5-5.0 V vs. Li/Li" for 300 cycles.
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Figure 6: (a) Cyclic voltammetric curve of CB2 within the cut-
off potential window (2.5 - 5.2 V vs. Li/Li") and (b) Cyclic
voltammetric curve of CB2 within the cut-off potential window
(3.5 - 5.0 V vs. Li/Li"); the scan rate in both experiments was
20 mV s™'; (c) constant current charge/discharge cycling of the
untreated CB2 (black) and the treated CB2 samples. The CB2
sample which were first analysed in the cyclic voltammetric
experiments between 2.5 - 5.2 V vs. Li/Li" is labelled as red,
and the CB2 sample which was scanned within 3.5 - 5.0 V vs.
Li/Li" is marked blue.

According to the cyclic voltammograms in Figures 6a and b,
the intercalation peak showed a much lower intensity and no
tendency in capacity increase when the CB2 was scanned
between 3.5 t0 5.0 V vs. Li/Li" than in the case when the CB2 is
scanned between 2.5 and 5.2 V vs. Li/Li"). This indicates that
the intercalation of PF¢ is limited at a lower cut-off potential of
5.0 V vs. Li/Li". After the cyclic voltammetric experiment at
the low potential of 5.0 V vs. Li/Li" CB2 showed no difference
in the constant current specific discharge capacity compared to
the untreated CB2 (Figure 6c); while the CB2 electrode
scanned to the higher potential of 5.2 V vs. Li/Li" possessed a
constant current discharge capacity very similar to CB3 (see
Figure 5), as well as the same trend in increasing capacity in the
following cycles.

It can be concluded that the graphitic structure of the slightly
graphitized CB2 is not as accessible to anions as the highly
graphitized CB3. However, a high potential cut-off during the
voltammetric scan could “activate” the structure to be more
accessible to anion intercalation and thus could promote the
reversible intercalation/de-intercalation of PF¢".

3.3 Intercalation of TFSI” from an ionic liquid based
electrolyte into carbon black

Despite extraordinarily high costs, ionic liquids are considered
to be one of the potential substitutes of organic solvent based
electrolytes in the lithium ion batteries’' . TFSI™-anion based
ionic liquids are less sensitive to side reactions with electrode
components such as carbon surface groups than organic solvent
based electrolytes containing LiPFs. Therefore, it may be
assumed that the application of ionic liquid as electrolyte can
reduce the influence from redox reactions between the organic
solvent based electrolyte and the carbon black surface groups.
Simultaneously, the anodic stability can be extended up to 5.89
V vs. Li/Li" **. In this work, a state-of-the-art ionic liquid
electrolyte, 0.3 M LiTFSI in PYR4,TFSI, was chosen to work
with the carbon black electrodes. Intercalation of TFSI™ into
graphitic materials has been confirmed and been applied in the
dual-ion cells'”"> 337 In these experiments it has also been

6 | J. Name., 2012, 00, 1-3

confirmed that this electrolyte is compatible with the Al current
collector without the Al dissolution problem happening in
organic carbonate solvent based electrolytes”’ % However, no
work so far has been focused on the intercalation of TFSI™ into
graphitized carbon blacks, to elucidate their reactivity as
conductive additive in a LIB cathode.

The voltammetric measurements were performed within the
cut-off potential range of 3.4 - 5.3 V vs. Li/Li" at a scan rate of
0.1 mV s for 5 cycles. The slower scan rate was chosen
because of the bigger ion size of TFSI" (3.9%8.0 A) compared to
PF¢ (3.5*3.5 A)?’, the intercalation process of TFSI" might be
slower than that of PFs. As shown in Figure 8a, in the CV
curve of CB1 no redox peak similar to the one at 3.92 V vs.
Li/Li" obtained in the organic solvent electrolyte (Figure 4a)
was observed. In the voltammograms of CB2 and CB3 (Figures
7b and c), the intercalation peaks appeared, indicating that
TFSI” was also inserted into the graphitized carbon blacks. The
intercalation took place at 4.84 V vs. Li/Li" (b1) for CB2, and
the de-intercalation peak arose at 4.41 V vs. Li/Li" (b2). For
CB3, three intercalation peaks appeared at 4.64 V vs. Li/Li"
(cl), 475 V wvs. Li/Li" (¢2) and 5.05 V vs. Li/Li" (c3),
indicating that the highly graphitized carbon black possessed a
structure which was more susceptible TFSI™ intercalation. There
appeared as many as four de-intercalation peaks which located
at 5.03 vs. Li/Li" (c4), 4.90 vs. Li/Li" (c5), 4.73 vs. Li/Li" (c6)
and 4.30 V vs. Li/Li" (c7). The understanding of the de-
intercalation mechanism demands further investigations.
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1% cycle ~
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Figure 7: Cyclic voltammetric curves of (a) mostly amorphous
carbon black (CB1), (b) slightly graphitized carbon black
(CB2) and (c) highly graphitized carbon black (CB3) in 0.3 M
LiTFSI in PYR 4, TFSI as electrolyte. Scan rate: 0.1 mV s cut-
off potentials: 3.5 - 5.3V vs. Li/Li".
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Based on the results of the voltammetric measurements
revealing the potentials of the intercalation peaks, all electrodes
were charged and discharged under constant current conditions
for 30 cycles within two different cut-off potential windows:
3.5-4.4V vs. Li/Li" and 3.5 - 5.2 V vs. Li/Li". The specific
discharge capacities and Coulombic efficiencies are shown in
Figure 8. Cycled below 4.4 V vs. Li/Li", all three carbon blacks
delivered very similar discharge capacities. However, CBI1
showed a slightly lower Coulombic efficiency than the other
two carbon blacks, probably caused by irreversible surface
group reactions. When the upper cut-off potential is extended to
5.2 V vs. Li/Li’, the discharge capacities of all three carbon
blacks increase; however, at the expense of lower Coulombic
efficiencies. Under these cut-off potential conditions, the CB1
exhibited the lowest discharge capacity because the reactions of
the surface groups are small in the ionic liquid based
electrolyte, and the amorphous structure of CB1 was not
suitable for a large extent of anion uptake. The low contribution
of the surface groups of CB1 on the discharge capacity in the
ionic liquid based electrolyte, gives rise to the speculation, that
either the surface groups are not wetted in the ionic liquid based
electrolyte, or that the reaction of the surface groups needs
electrolyte components, which are only present in the organic
solvent based electrolyte. As the graphitization degree
increased, both the discharge capacities and the Coulombic
efficiencies showed an increasing trend.
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Figure 8: Specific discharge capacities and Coulombic
efficiencies of CB1, CB2 and CB3 celectrodes within two
different cut-off potential windows: 3.5 - 4.4 V vs. Li/Li" (the
first 30 cycles); 3.5 - 5.2 V vs. Li/Li" (cycle 31 to 60) at 1 C;
0.3 M LiTFSI in PYR 4, TFSI as electrolyte.

Conclusion

Carbon blacks have to be electrochemically stable at potentials
>4.9 V vs. Li/Li" as conductive additive in high voltage
composite LIB cathodes. In this work, it is confirmed that both
PFs and TFSI' anions can be reversibly intercalated into
graphitized carbon blacks. The amount of intercalated anions
highly depends on the graphitization degree. The continuous
reversible intercalation and de-intercalation of the anions made
the graphitic structure more susceptible to anion intercalation
during long-term cycling in the case of graphitized carbon
blacks. At contrast, no anion intercalation peaks were observed
in the non-graphitized carbon black, but instead peaks due to
the redox reactions of the surface groups.

This journal is © The Royal Society of Chemistry 2012
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This anion intercalation, in the case of organic solvent based
electrolytes sometimes accompanied by the co-intercalation of
solvent molecules, can expand the interlayer gaps between
graphene layers, leading to increased irreversible reactions and
the gradual structural degradation of carbon blacks. These
reactions must be avoided when the graphitized carbon blacks
are applied as conductive additives in high voltage cathodes
(>4.9 V vs. Li/Li") in LIBs. However, thermal treatment of
carbon blacks does not only lead to graphitization of the
carbon, but also to the removal of detrimental surface groups
which can cause irreversible reactions with the LiPFg-
containing organic solvent based electrolyte. Consequently, for
the use of high voltage cathodes, the graphitization degree of
carbon blacks must be optimized, aiming to remove surface
functional groups but to not cause a high graphitization degree.
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