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Abstract

The choice of electrode and electrolyte materials to design lithium batteries is limited due to the chemical reactivity of the used materials
during the intercalation/deintercalation process. Amorphous silicon carbonitride (SiCN) ceramics are known to be chemically stable in corrosive
environments and exhibit disordered carbonaceous regions making it potentially suitable to protect graphite from exfoliation. The material studied
in this work was synthesized by mixing commercial graphite powder with the crosslinked polysilazane VL20®. Pyrolysis of the polymer/graphite
compound at appropriate temperatures in inert argon atmosphere resulted in the formation of an amorphous SiCN/graphite composite material.
First electrochemical investigations of pure SiCN and of the SiCN/C composite are presented here. A reversible capacity of 474 mAhg~! was

achieved with a sample containing 25 wt% VL20® and 75 wt% graphite. The measured capacity exceeds that of the used graphite powder by a

factor of 1.3 without any fading over 50 cycles.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The expanding market of portable electronic devices results
in an increasing interest in compact, light-weight recharge-
able batteries offering high energy densities. Concerning these
demands a huge progress was achieved with the development
of systems based on lithium ions as charge carrier. Permanent
improvements were realized by the development of new materi-
als for electrodes and electrolytes.'=3 With respect to the anode
site of the battery, metallic lithium?* was the only real alter-
native due to its high theoretical capacity (3862 mAhg~!) for
a long time. Unfavourable properties such as dendritic crys-
tal growth during charge and discharge of the battery” and its
sensitivity to oxidation had to be accepted. First in 1989 car-
bon based materials were applied®’ and established by Sony
Energytech,® which are used in most of the commercial lithium
ion battery systems up to now. Despite the advantages of car-
bon based anodes like low cost and easy handling, there are
some disadvantages related to its reactivity during charging and
discharging. The amount of reaction between electrolyte and
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graphite strongly depends on the composition of the electrolyte
and of the morphology, surface area, particle size and shape of
the graphite particles.> Additionally, the limitation in the the-
oretical capacity (372 mA hg™!) requires the search for new or
modified anode materials for lithium ion batteries. These materi-
als should exhibit the following enhanced properties: (i) chem-
ical resistance against the electrolyte; (ii) high capacity; (iii)
minor volume change during charge and discharge; (iv) low cost
and low weight as well as (v) high Li mobility to achieve high
charge currents. Some actual trends concerning anode materi-
als are presently focussed on lithium alloys,”!? nano-alloys,'!
amorphous silicon'>!3 and carbon coated silicon,'>"13 poly-
mer derived carbonitrides'®!® and silicon carbide (SiC)'%-20 as
well as surface modified graphite.?!??> Furthermore, the influ-
ence of the surface modification of graphite on the exfoliation
is still under discussion.? The above mentioned reference works
clearly indicate that there is still need for alternative anode
materials.

In this paper we focus on the surface modification of com-
mercial graphite, known to exhibit exfoliation, by amorphous
silicon carbonitride (SiCN). The samples were derived from a
powder mixture of poly(organosilazane) and graphite forming
a SiCN/graphite composite after pyrolysis at 7> 1000 °C. It is
known that polymer derived SiCN forms disordered carbons
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depending on the applied pyrolysis conditions.”?> This disor-
dered carbon is assumed to act as percolation path for lithium as
well as for electrons. Moreover, the chemical stability of SICN
should inhibit graphite from exfoliation. Therefore, the novel
composite material is expected to combine the chemical stabil-
ity of amorphous and low dense SiCN ceramics with the high
capacity of graphite. In general commercial anodes consist of
a mixture of lithium storage agent, organic binder and conduc-
tive additive. In case that SiCN exhibits the assumed percolation
path for electrons and lithium ions, it can combine binder phase
and conductive additive in one material. To analyse this effect
in this study the electrochemical behaviour of pure graphite
without binder and conductive additive was compared to that
of SiCN/graphite composite.

2. Experimental

Commercially available polysilazane VL20® (KiON Inc.,
USA, details concerning the toxicity of VL20® can be found
in the materials safety data sheet; www.kioncorp.com) with
the formal composition [SICH3RNR’], (R=H, CHs, vinyl;
R’ =H, alkyl) was used as precursor for the synthesis of amor-
phous silicon carbonitride, SICN. The polysilazane was partially
crosslinked at 230 °C for 3.5 h in inert argon atmosphere using
the Schlenk technique. Subsequently it was ground by rotating
in a glass bottle with Al;O3 balls. Homogenization of a mix-
ture comprised of 25 wt% VL20® and 75 wt% graphite powder
(Fluka, Germany, purum, grain size <100 pwm) was carried out
over night in a planetary ball mill at 180 rpm. Finally, the powder
mixture was pyrolysed using BN crucibles in a GERO tube fur-
nace in inert argon atmosphere between 450 and 1250 °C. In the
following, these samples are denoted as 25VL20-75C. For com-
parison pure crosslinked VL20® was pyrolysed between 1150
and 1550 °C. Heating and cooling rates were set to 100 °C/h and
the holding time at the final temperature was 1 h. X-ray diffrac-
tion measurements were carried out on a Stoe Stadi P powder
diffractometer using Mo Ko radiation (A =0.709 A). Nitrogen
and oxygen elemental analyses were carried out with a LECO
TC-436 using hot gas extraction technique. The carbon content
of pure SiCN was measured using combustion analsis by the
C-Analyzer Leco C-200. Scanning electron microscopy (SEM)
imaging was performed on a JEOL 3600F Microscope, which
was operated with an accelerating voltage of 5kV. The specific
surface area of the samples has been determined using nitrogen
adsorption measurements by a QUANTACHROM Autosorb-3B
instrument. Prior to the measurement the samples were heated
for 24 h at 200 °C under vacuum. For electrochemical investiga-
tions charge/discharge experiments were performed at a constant
current of 0.1 mA in the potential range between 0 and 3.5 V ver-
sus Li/Li* conducted in an electrolyte containing 1 M LiPFg in
1:1 ethylene carbonate (EC):dimethyl carbonate (DMC). Metal-
lic lithium was used as counter and reference electrode and
stainless steel as current collector. The powdered samples were
manually pressed and assembled in Swagelok cells and a glass
micro-fibre was used as separator. All the work has been done
in inert argon atmosphere.
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Fig. 1. X-ray diffraction pattern of pure SiCN derived from VL20® and pyrol-
ysed at different temperatures, (3-SiC phase is marked with bars.

3. Results and discussion

As shown in Fig. 1 pure polysilazane VL20® derived SiCN
ceramics remain amorphous up to temperatures of 1450 °C.
After heat treatment at 1550 °C silicon carbide is identified
as crystalline phase, exclusively. This finding coincides with
the work of Li et al.>* who reported on the high temperature
behaviour of SiCN synthesized from the related polysilazane
CERASET™ (KiON Inc., USA).

The first charge/discharge and second charge cycles of pure
VL20® pyrolysed at 1350 °C versus Li/Li* are shown in Fig. 2.
Obviously Li intercalation starts at a potential exceeding 1V
versus Li/Li* as well as a hysteresis between charge and dis-
charge is observed, which indicates the presence of disordered
carbons.>?

A distinction is drawn between disordered carbons formed at
pyrolysis temperatures above 1000 °C, denoted as soft carbons,
and disordered carbons formed at temperatures below 1000 °C,
denoted as hard carbons. The main difference between both car-
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Fig. 2. First charge/discharge and second charge of VL20®/Li pyrolysed at
1350°C.
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Table 1

Capacity of the first charge (Ceparge) and discharge (Cischarge) cycle vs. Li/Li*,
coulombic efficiency (1), carbon, nitrogen and oxygen content of pure SiCN
derived from VL20® pyrolysed at different temperatures

Tpyr (°C)  Coeharge Clischarge n (%) C(wt%) N(wt%) O (wt%)
(mAhg™!) (mAhg™h)
1150 14 6 429 199 20.6 4.1
1250 10 7 70.0 199 20.9 4.7
1350 44 39 88.6 169 21.9 72
1450 27 11 40.7 17.9 21.7 1.3
1550 15 4 26.7 206 16.4 1.7
bons is the lower capacity of 150-200 mA hg~! analysed for soft

carbons and a higher capacity of 600-800 mA hg~! for hard car-
bons. In our case the low capacities as well as the high pyrolysis
temperatures above 1000 °C indicate the presence of soft car-
bons as part of the SICN matrix.

The coulombic efficiency, defined as the ratio between two
consecutive charge and discharge capacities, increases with the
annealing temperature (Table 1).

At annealing temperatures exceeding 1350 °C the capaci-
ties as well as the coulombic efficiency drop down remark-
ably. Larcher et al. found a similar behaviour in pyrolysed
pitch/polysilane mixtures.”® They observed a loss of capacity
with increasing amount of SiC phase, which was found to be
inactive with respect to Li intercalation. The same effect is dis-
cussed in our case. As the SiC phase first appears at temperatures
above 1450 °C and the capacity starts to decrease after anneal-
ing of the sample at 1350 °C, an additional aspect seems to be
involved. The loss of capacity is discussed in terms of the chem-
ical composition as shown in Table 1. A correlation between the
oxygen content and the reversible capacity indicates a possible
influence of oxygen on the electrochemical behaviour. In ref.?® a
similar relationship between the oxygen content and the capac-
ity is discussed. In that particular work the amount of oxygen is
directly correlated with the appearance of a SiC phase. As this
interdependence is not found in our work, the significant loss
of oxygen and the preceding change of the microstructure after
heating at 7> 1450 °C due to the beginning crystallization (see
Fig. 1) have to be considered here.

Despite the fact that no detailed mechanism can be derived
from our studies so far, our results clearly show that amorphous
SiCN is suitable for intercalation/deintercalation of lithium.
Therefore, the SICN ceramic can be used to improve the
chemical and mechanical resistance of electrode materials in
lithium ion batteries. For this purpose a powder mixture con-
taining graphite and partially crosslinked polysilazane VL20®
was pyrolysed at different temperatures. Fig. 3 represents the
observed diffraction patterns of the prepared samples. Beside
graphite no additional crystalline phases could be identified up
to a pyrolysis temperature of 1250 °C.

The cycling experiments as given in Fig. 4 clearly show
that the capacity could be improved up to a factor of 1.3 for
the 25VL20-75C-sample pyrolysed at 1050 °C versus Li/Li* in
comparison with pure graphite/Li even if the graphite content is
25 wt% lower.

650°C

u
T

1050°C

' ' 1250°C

2 Theta [°]

HEE N

Intensity [a.u.]

il

Fig. 3. X-ray diffraction patterns of 25VL20-75C pyrolysed at different tem-
peratures; graphite phase is marked with bars.
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Fig. 4. First charge- and discharge of 25VL20-75C samples pyrolysed at differ-
ent temperatures compared to pure graphite vs. Li/Li*.

The coulombic efficiency (1) increases with higher pyroly-
sis temperatures leading to a maximum of 64.8% at 1050°C
and decreases at higher temperatures (see Table 2). The n-value
is 12.2% lower than the coulombic efficiency of pure graphite
powder analysed here.

Table 2

Capacity of the first charge (Ccharge) and discharge (Caischarge) cycle vs. Li/Li*,
coulombic efficiency (1), nitrogen and oxygen content and specific surface area
(Sa) of 25VL20-75C powder samples pyrolysed at different temperatures in
comparison to commercial graphite

prr 0 Ccharge Cdischarge n(%) N(Wwt%) O (Wwt%) Sa
(mAhg~') (mAhg™") (m?*/g)

450 582 337 57.9 3 5.9 220
650 539 317 58.8 3.1 7.2 170
850 566 356 62.9 33 9.2 65
1050 731 474 64.8 2.1 11.3 124
1250 431 266 61.7 3.5 5.6 64
Graphite 459 357 77 - 0.09 14
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Since optimized graphite anodes exhibit an efficiency of
nearly 100%, the effort of our investigation is to suppress the
loss of capacity. The reason for the loss of capacity is discussed
as follows:

Generally, the irreversible capacity, which is defined as the
loss of capacity after two consecutive charge and discharge
cycles, is based on two effects, namely the incorporation of
solvated lithium and the formation of a solid electrolyte inter-
phase (SEI). The former one resembles in a plateau at potentials
between 0.8 to 0.2V versus Li/Li* and mainly proceeds at the
prismatic surface of the graphite particles. The formation of
a SEI, therefore, occurs at potentials exceeding 0.8 V versus
Li/Li*.?” These phenomena are mainly affected by the particle
size, the morphology and the surface area of the used graphite.

Zaghib et al.”® analysed graphite with different particle sizes
and found a correlation between BET surface area and irre-
versible capacity. They found that the main factor is not only
given by the BET surface area but by the amount of edge
plane sites present at a certain surface area. Yoshio et al. dis-
covered an enhanced reversible capacity if graphite particles
are milled to spheres coated with carbon by thermal vapour
deposition (TVD).?° They attributed the improvement by a non-
orientation of the graphite particles caused by the milling process
and containing mainly basal surface planes by the TVD coating.
Béguin et al. ¥ also improved the electrochemical properties by
CVD coating on graphite. They explained the gain of coulom-
bic efficiency to a reduced active surface area (ASA), which
is related to BET, additionally, taking the active surface sites
into account. Winter et al. reported on a correlation between the
BET surface, particle size and the irreversible capacity. They
presented a model where thick graphite flakes undergo less sol-
vated intercalation than thinner ones having the same particle
size distribution.3! This effect is explained by the larger amount
of solvated lithium that can be incorporated in thinner particles
in the prismatic planes. Due to the strain on the internal gaps
in thicker particles, solvated intercalation can only take place in
the outer gaps.

Fig. 5a and b show SEM images of pure graphite com-
pared with our SiCN/graphite composite powder. The change
of morphology due to the additional SiCN phase is obvious.
The SiCN phase seems to cover the graphite particles leading
to a cauliflower-like structure exemplarily shown for the sam-
ple pyrolysed at 1050 °C in Fig. 5a. The morphology change
leads to a higher specific surface area (Table 2) and thus to a
larger irreversible capacity due to an enlarged SEI layer formed.
Consequently the beginning of the plateau at 0.8 V is shifted to
higher capacities (Fig. 4). Main fraction of the irreversible capac-
ity in this case is given by the incorporation of solvated lithium
reflected by the enhanced plateau at 0.8 V. This finding implies
that the SiCN phase not only incorporates lithium reversibly but
also incorporates a large amount of solvated lithium within the
first cycle. With higher pyrolysis temperature the SiCN parti-
cles accrete and the specific surface area decreases. Hence, the
amount of SEI as well as the amount of solvated lithium inter-
calation decrease, which leads to higher coulombic efficiency
(Table 2). Pure graphite, therefore, exhibits mainly basal surface
planes as can be seen in the SEM image (Fig. 5b) making it rea-

Fig. 5. (a) SEM image of 25VL20-75C powder sample pyrolysed at 1050 °C.
(b) SEM image of pure graphite powder.

sonable that a lower amount of solvated lithium is incorporated
and the plateau at 0.8 V is less pronounced. As these correla-
tions are only valid for pyrolysis temperatures up to 1050 °C
an additional effect has to be considered to explain the drop of
capacity and efficiency at pyrolysis temperatures of 1150 °C.
In Table 2 it is shown that the oxygen concentration in SiCN
increases up to 1050 °C and decreases at higher pyrolysis tem-
peratures. Above 1100 °C the reaction of oxygen with carbon
or silicon forms evaporable SiO and CO, which subsequently
reduces the oxygen content in the SICN phase. It can be also seen
from Table 2 that a higher amount of oxygen is correlated with
higher reversible capacities and higher coulombic efficiencies.
This result emphasizes a major role of oxygen in this system,
which was also reported for pure graphite.>> The oxygen con-
tent in our samples is probably attributed to the milling time.
Increasing milling time resulted in increasing oxygen content.
The cycling performance of 25VL20-75C pyrolysed at
1050 °C, shown in Fig. 6, exhibits remarkable features, since
the specific charge increases with increasing cycle numbers.
The interpretation of this phenomenon is not clear yet but
due to solvated lithium incorporated in the SiCN phase one
could assume that this reaction is not fully irreversible. In con-
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Fig. 6. Change of capacity after the first 50 cycles of 25VL20-75C powder sam-
ple pyrolysed at 1050 °C compared to pure graphite powder vs. Li/Li*.

trast, the capacity of the particular graphite used here slightly
decreases with the number of cycles due to exfoliation. It
should be mentioned here that we used a commercial graphite
powder not optimized for electrochemical applications. How-
ever, it is clear from our work that amorphous SiCN is an
active phase that influences the intercalation mechanism and
indicates protection of graphite from exfoliation. Especially
the chemical stability of the SiCN phase in combination with
different electrode and electrolyte systems is of high interest
for further developing alternative materials suitable for Li-ion
batteries.

4. Conclusion and outlook

For the first time the electrochemical properties of a
graphite/polymer derived SiCN composite were analysed with
respect to its application as anode material in secondary
lithium ion batteries. A reversible capacity of 474 mA hg ™! was
attained, which is 1.3 times higher compared with the value of
357 mA hg~! analysed for commercial graphite powder versus
Li/Li*. This finding indicates that the SiICN phase is an active
phase in terms of lithium intercalation/deintercalation and that
it is a promising candidate as protective layer on graphite, due
to its chemical stability. Still unfavourable is the low coulombic
efficiency due to the large specific surface area of the formed
SiCN phase. Therefore, future work will be focused on reduc-
ing the surface area to improve the electrochemical properties.
Furthermore, the influence of the amorphous SiCN layer on the
capacity and chemical stability of other electrode materials like
silicon and optimized carbon materials as well as on different
electrolytes is of particular interest.
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