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For graphitic carbons as anode materials in lithium ion batteries, the morphology and chemistry of the
graphite surface have a significant impact on the formation of the solid electrolyte interphase (SEI), the
corresponding irreversible charge losses, and the overall electrochemical anode performance. In this
work the effects of graphite surface modification, induced by an elevated temperature treatment, on the

SEI formation are discussed in details. Morphology changes due to burn-off of carbon are investigated by
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Raman spectroscopy and nitrogen adsorption measurements, which are not only used to calculate the
BET specific surface area but also for the estimation of the absolute and relative extents of the basal plane
surface area and the “non-basal plane surface” area. In particular, the relation of the first cycle irreversible
charge loss to the change of surface morphology, especially to the quantitative amounts of the different
types of surfaces is highlighted.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Graphitic carbons are the most commonly used anode mate-
rials for commercial lithium ion batteries, which is mainly due
to a combination of sufficiently high specific capacity, very neg-
ative redox potential and outstanding dimensional stability [1].
Since lithium ion cells typically operate beyond the thermodynamic
stability window of the organic electrolytes, electrolyte decom-
position occurs. Fortunately, the decomposition products form a
protective film at the carbon electrolyte interface which, in an
ideal, practically not fully realized case, will act as an electronically
insulating layer, thus stopping further electrolyte decomposition,
while still permitting the transport of lithium ions. This lithium-
ion conductive film behaves as a solid electrolyte interphase (SEI)
[2]. The SEI formation, however, is associated with the irreversible
consumption of materials (lithium and electrolyte), whereby the
corresponding irreversible charge loss is called “irreversible capac-
ity” (Gi;r)- This irreversible capacity due to the SEI formation mainly
takes place in the first few charge/discharge cycles of cell operation,
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but does also affect the long-term cycling stability and calendar life
[1,3-6].

As the lithium loss associated to G, reduces the specific energy
of the cell, it is advantageous to reduce C;,, while still forming an
effective and thin SEI The formation of the SEI largely depends on
the electrode surface accessible to the electrolyte. Basically, this
surface is determined by the electrode morphology (type of binder,
porosity, etc.) and the type of graphitic/carbonaceous compound
used. Carbons are characterized by different surface properties, e.g.
surface area, particle size distribution and particle shape [6-9].

Graphitic carbons principally possess two different kinds of sur-
faces, basal plane and prismatic (edge) surfaces. Whereas ideal
(defect and contaminant free) basal plane surfaces are homoge-
neous (“smooth”) and consist only of carbon atoms, the prismatic
surfaces are heterogeneous (“rough”) and, beside carbon, contain
various surface groups, mostly oxygen containing. It is well known
that the basal plane and prismatic surfaces of graphite exhibit dif-
ferent physical and chemical behavior in many regards [10,11],
which also has a significant impact on the electrochemical reac-
tivity in lithium ion batteries [7,12]. This is due to the fact that the
transport of lithium ions during charge/discharge operation takes
place via the prismatic surfaces rather than the basal plane surfaces
[13]. Therefore, the ratio of the basal plane surface area to the “non-
basal plane surface” area is an important factor in determining the
dependence of irreversible charge losses to the specific surface area
[11,14].
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Apart from graphite surface modifications like carbon coatings
or formation of composites with metal oxides [15-17], one route
to decrease the irreversible capacity and improve the performance
of graphite anodes is to chemically treat the surface of graphite
either by employing oxidative solutions like H, 0, Ce(SO4),, HNO3
or (NH4),S,0g [18,19] or by treatment with CO,, O, or other gases
at elevated temperatures [7,12,20-22]. Whereas the ideal basal
planes are rather inert towards gaseous treatments, the surface
chemistry and morphology of the “non-basal surfaces” as well as
the anode performance may be changed significantly [7].

Here, we present the effects of graphite surface treatments with
oxygen at various temperatures on the graphite surface proper-
ties and on the consequences for the SEI formation. Morphology
changes of the graphitic carbons are investigated using Raman
spectroscopy and nitrogen adsorption measurements. From evalu-
ation of the nitrogen adsorption data it is possible to individually
estimate the absolute and relative extents of the prismatic and
basal plane surfaces by employing a deconvolution technique. This
method, developed by Ross and Olivier, is based on a model for
describing adsorption on energetically heterogeneous surfaces of
the same compound [14,23,24]. The heterogeneous graphite sur-
face can be described by a distribution of adsorptive potentials that
are represented by a continuous distribution function. The eval-
uation of this function by using the non-local density functional
theory (DFT) is described elsewhere [14,25]. Thus, it is possible to
point out the correlation of the irreversible capacity to the nature
of the graphitic surface and to define the influence of each tem-
perature treatment directly to the ratio of the surfaces and to the
SEI formation. The correlation of these parameters leads to an opti-
mized temperature treatment in order to decrease the irreversible
charge losses in the first cycles.

2. Experimental
2.1. Synthesis of O,-modified graphites

Synthetic graphite TIMREX® SLP30 (TIMCAL®,
ds0=16.0 um/dgg=32.0 om) was heated under oxygen flow
in a quartz glass tube placed in a tube furnace, by increasing the
temperature from room temperature up to the desired temper-
ature with a heating rate of 100°Ch~1. Afterwards, the samples
were kept under oxygen flow at the desired temperature for three
hours. After treatment, the furnace and the quartz glass tube
therein were cooled down to room temperature under oxygen
flow again.

2.2. Scanning electron microscopy (SEM)

SEM investigations of the pristine and modified graphite pow-
ders have been performed with an Auriga® scanning electron
microscope by Carl Zeiss NTS GmbH, operating at a nominal accel-
eration voltage of 5keV that has proved optimum conditions for
the investigation of the graphite specimens.

2.3. Nitrogen adsorption measurements

Nitrogen adsorption measurements were performed at liquid
nitrogen temperature (77.3K) using an ASAP 2020 (Accelerated
Surface Area and Porosimetry Analyzer) apparatus by Micromerit-
ics Instrument Corporation. Before measurement the samples were
degassed at 443 K until a static vacuum of less than 0.01 Torr was
reached. To calculate the adsorptive potential distributions from
the adsorption isotherms the standard instrument software (ver-
sion 3.03) was employed and the DFT Plus® (MNLDFT) software
was used.

2.4. Raman spectroscopy

A Bruker SENTERRA dispersive microscope was used to ana-
lyze the graphite surface properties. The laser source was a
semiconductor-laser operating at a wavelength of 532 nm. The
laser power was adjusted by a filter to 10mW. A grating of
400linesmm~! was used. The aperture was a slit with a dimen-
sion of 50 x 1000 wm. The lasers as well as the spectrometer were
calibrated with a neon lamp. The detector was a CCD detector with
1024 x 256 pixels, which was thermoelectrically cooled to —65 °C.
For the microscope, a 20x objective was used. To collect the spec-
tra 10 integrations were carried out with an integration time of one
second.

2.5. Thermogravimetry analysis (TGA)

The thermogravimetric measurements were carried out on a
TGA Q5000 IR system by TA instruments. The graphite powders
were heated up to 1000°C in platinum pans with a heating rate
of 25°Cmin~!. The weight change curves of the various graphite
samples were collected under nitrogen atmosphere.

2.6. Electrode preparation

Electrode tapes were prepared using a composition of 95 wt.%
of active material (either pristine or heat-treated graphite) and
5wt.% poly(vinylidene)fluoride binder (PVdF, Kynar® 761). Prior to
the dispersion of the active material, the binder polymer was dis-
solved in anhydrous, high-purity N-methyl pyrrolidone (NMP) to
obtain a 4.0 wt.% solution. The pristine or modified SLP30 graphite
was added to the binder solution and dispersed using a T 25 Ultra
Turrax® (1h, 5000rpm) to eliminate possible agglomerates and
homogenize the paste. Afterwards, the electrode paste was cast on
a high purity copper foil (Carl Schlenk AG®) using the doctor-blade
technique. The gap of the doctor blade was chosen to be 100 pum
leading to an average mass loading of 5mgcm~2. The tapes were
immediately transferred into an atmospheric oven and dried for
12h at 80°C. A further drying step was done in a BUCHI® oven
under an oil-pump vacuum at 120 °C for 24 h. Thereafter, the tapes
were stored in an Argon filled glove box (UniLab, MBraun) with
water and oxygen contents below 1 ppm.

2.7. Electrochemical measurements

The electrochemical investigations were carried out in
Swagelok® type T-cells with a three electrode setup. The
measurements were performed in a half-cell setup using high-
purity metallic lithium foil (Chemetall®) both as reference and
counter electrodes. As separator a stack of polypropylene fleeces
(Freudenberg® FS2226) drenched with 120 L of electrolyte was
used. The electrolyte used in all investigations was a 3:7 wt.% mix-
ture of ethylene carbonate (EC): diethylene carbonate (DEC) with
1M lithium hexafluorophosphate (LiPFg) as conductive salt. The
water content of the electrolytic solution determined by Karl Fis-
cher titration was less than 10 ppm. Charge-discharge cycling was
carried out using a multichannel Maccor 4300 battery test sys-
tem. To investigate the irreversible capacities in the first cycles, the
charge and discharge steps were performed using a constant cur-
rent which corresponds to a C/20 (0.09 mA) charge/discharge rate.
The charging process (lithium intercalation) was carried out down
to a cut-off potential of 20mV vs. Li/Li* while for the discharging
process (de-lithiation) a cut-off potential of 1500 mV vs. Li/Li* was
chosen. To ensure the reproducibility of the electrochemical perfor-
mance, each graphite sample was cycled independently for at least
four times under these conditions. The calculation of the errors in
Table 5 and Fig. 8 is based on the standard deviation of the average



T. Placke et al. / Journal of Power Sources 200 (2012) 83-91 85

Fig.1. SEM images of TIMREX® SLP30 graphites: (A) and (B) pristine SLP30 graphite; (C) and (D) after oxygen heat-treatment at 480 °C; (E) and (F) after oxygen heat-treatment

at 580°C.

values for efficiency and irreversible capacity of the independently
cycled cells.

3. Results and discussion
3.1. Mild and strong oxidation of graphite with oxygen

For the surface heat-treatment of SLP30 graphite four different
oxidation temperatures between 480 °C and 580 °C were chosen to
investigate the influence of the oxidation on the graphite surface
properties and on their electrochemical properties as anode mate-
rial. Table 1 shows the weight loss (burn-off) of SLP30 graphite
during the heat-treatment (see experimental) at different oxida-
tion temperatures. At temperatures below 500 °C oxygen is slowly
combusting carbon, leading to a burn-off of about 3-6 wt.%. At

Table 1
Weight loss of graphite after oxygen heat-treatment at different temperatures.

0O, heat-treated graphites Burn-off (%)

SLP30-480°C 34
SLP30-500°C 6.7
SLP30-540°C 21.0
SLP30-580°C 54.5

temperatures above 500 °C oxygen acts as a strong oxidation agent,
leading to high combustions. At 540 °C the burn-offis already above
20 wt.% and at 580 °C the weight loss is more than 50 wt.%.

3.2. Morphology and surface characteristics of pristine and
modified graphites

Fig. 1 compares representative SEM images of pristine SLP30
graphite (panel A and B), with those of oxygen heat-treated sam-
ples at a mild oxidation temperature of 480°C (panel C and D)
and at an elevated temperature of 580°C (panel E and F). SLP30
graphite displays its typically potato-shape morphology with an
average particle size of about 16.0 wm. The pristine SLP30 graphite
provides a surface morphology with a large degree of surface het-
erogeneity (Fig. 1, panel A). It is observable that especially the
basal plane surfaces of the graphite particles provide no homoge-
neous surfaces. Instead, they show a large number of “defects” or
disordered-like arrangements leading to a certain degree of “sur-
face roughness”. This kind of surface roughness is also observable at
the edge (prismatic) surfaces of the graphite particles where at the
bottom and the top layers round shapes instead of graphite-typical
planar structures are observed (Fig. 1, panel B). The SEM images for
the oxygen heat-treated graphite under mild conditions (480°C)
clearly indicate changes in the surface morphology due to the
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Table 2

BET surface areas, DFT surface areas, prismatic, basal plane and “defect” surface areas, “non-basal plane surface” areas, ratio of prismatic surface area to basal plane surface
area to “defect surface” area and ratio of basal plane surface area to “non-basal plane surface” area of pristine and O, heat-treated graphites, derived from nitrogen adsorption

data.
SLP30 pristine SLP30-480°C SLP30-500°C SLP30-540°C SLP30-580°C

BET surface area (m2g-1) 6.89 6.73 5.82 4.40 3.68
DFT surface area (m?g~!) 7.12 6.97 5.88 4.60 4.07
Prismatic surface area (m?g1) 2.79 1.57 1.46 1.07 1.43
Basal plane surface area (m2g-1) 3.49 4.78 4.08 3.53 2.64
“Defect surface” area (m2g-1) 0.84 0.62 0.34 0 0
“Non-basal plane surface” area (m? g~1) 3.63 2.19 1.80 1.07 143
Ratio of prismatic surface area (%):basal 39.2:49.0:11.8 22.5:68.6:8.9 24.8:69.4:5.8 23.2:76.8:0 35.1:64.9:0

plane surface area (%):“defect

surface” area (%)
Ratio of basal plane surface area 49.0:51.0 68.6:31.4 69.4:30.6 76.8:23.2 64.9:35.1

(%):“non-basal plane surface” area (%)

burn-off. Regarding the basal plane surfaces, there are several
“defect arrangements” which are separated by sharp edges, indi-
cating that mainly external prismatic surfaces are attacked by the
oxidation process (Fig. 1, panel C). This can also be observed by
having a direct view at the prismatic surfaces of the graphite
particles (Fig. 1, panel D) which clearly display changes in the
sub-pm scale roughness compared to the edge surfaces of pris-
tine SLP30 graphite. The SEM pictures for the strongly oxidized
graphite (580°C) obviously exhibit more extensive changes in the
surface morphology. The basal plane surfaces provide decreased
surface roughness and seem to be “cleaned” from the non-ordered
“defect arrangements” by the combustion process (Fig. 1, panel E).
However, by this strong oxidation process the prismatic surfaces
are severely attacked leading to “layer-like” prismatic surface mor-
phologies, similar to exfoliated graphite. In addition, even the basal
plane surfaces are deeply attacked and provide several pores with
diameters up to 300 nm (Fig. 1, panel E and F).

The representative adsorptive potential distributions of pris-
tine and oxygen heat-treated SLP30 graphites, calculated from the
nitrogen adsorption data, are displayed in Fig. 2. Table 2 compares
the surface areas for all graphite samples, calculated by two differ-
ent methods, the BET and DFT methods. The differences between
the BET and DFT surface areas for each sample are a result of the
different kinds of assumptions made in their theories. The calcu-
lation of the BET surface area is based on the assumption that the
surface of the solid adsorbent is absolutely homogeneous. How-
ever, graphitic carbons have a heterogeneous surface, providing
basal plane surfaces, prismatic surfaces and “defect surfaces”. This
means that the surface area calculated via the BET theory, which
is not accounting any surface heterogeneities, is not providing
an absolute representative value of the surface area but only an
approximate estimate [14]. Contrasting this method, the DFT sur-
face area is calculated by a modified non-local density functional
theory (MNLDFT software, by Ross and Olivier), which regards and
estimates surface heterogeneities of solids. The premises of this
model are that the surface of a real solid is composed of small
patches that (i) adsorb nitrogen with different affinities (adsorp-
tive potentials) and (ii) adsorb independently from each other. In
addition, it is assumed that the distribution of adsorptive potentials
among these small patches can be represented by a distribution

Table 3
Raman intensity ratios of D-band versus G-band of pristine and oxygen heat-treated
SLP30 graphite at different temperatures.

Graphite Ip/lg
SLP30 pristine 0.47
SLP30-480°C 0.15
SLP30-500°C 0.15
SLP30-540°C 0.11
SLP30-580°C 0.11

function [14,23,24]. Pristine SLP30 graphite provides a quite broad
adsorptive potential distribution in the range of about 40-90 K (unit
of the adsorptive potential is Kelvin) which indicates a considerable
surface heterogeneity (Fig. 2). From literature [14,26], it is known
that the adsorptive potential distribution centered between 50K
and 60K represents the basal plane surfaces. In the case of physi-
cal adsorption, the magnitude of the adsorptive potential depends
largely on the local density of the adsorbent constituent atoms. The
basal plane surfaces providing a higher areal carbon density will
adsorb nitrogen more strongly than the less dense prismatic sur-
faces (Fig. 3, panel A and B). Therefore, in the adsorptive potential
distribution the prismatic surfaces are represented by the lower
surface energies. In contrast, lattice defects in the graphene lay-
ers of the basal plane surfaces, such as surface groups or surface
steps as well as dislocations are resulting in an increased “surface
roughness” which also enhances the adsorbent-adsorptive inter-
actions and leads to higher adsorptive potentials than for the basal
plane surfaces (Fig. 3, panel C). Polar surface groups, such as car-
boxy or carbonyl groups, may also enhance these interactions. In
conclusion, for the nitrogen adsorption on graphitic carbons the fol-
lowing order determines the distribution of adsorptive potentials:
prismatic surfaces <basal plane surfaces < surface roughness.

For the BET and DFT surface areas of the graphite samples it is
obvious that both are decreasing by increasing the oxidation tem-
perature (Table 2). Whereas the pristine SLP30 graphite exhibits a
specific BET surface area of about 6.9 m2 g~1, the modified graphite
at 580°C provides a decreased value of about 3.7m2 g~!. By inte-
gration under the increments (Fig. 2), it is possible to determine
the absolute and relative extents of each kind of surface for the
different graphite samples. Table 2 displays the incremental sur-
face areas for the basal plane, prismatic and “defect” surfaces and
the relative percental ratio of these surfaces. Additionally, the ratio
of the basal plane surface area to the “non basal plane surface”
area, which accumulates both the prismatic and “defect surface”
area, is illustrated. From the calculated data, changes in these ratios
between the different graphite samples can clearly be observed. By
increasing the oxidation temperature, the amount of “defect sur-
face” area is decreased from about 12% for the pristine graphite to
about 0% for the sample heat-treated at 540°C. This can also be
observed in the adsorptive potential distributions (Fig. 2) where
the surface heterogeneity, especially at high adsorptive potentials,
is reduced. Another trend is observable for the pristine and the
heat-treated graphites at 480°C, 500°C and 540 °C. In this oxida-
tion range the amount of prismatic surface area is decreased from
39% to about 23% whereas the amount of basal plane surface area
increases from 49% to about 77%. Regarding the highest oxidation
temperature of 580 °C there is a change in this trend because the
amount of prismatic surface area clearly increases to about 35%
whereas the amount of basal plane surface area decreases to 65%.
A possible explanation for the observed change of the incremental
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Fig. 3. Scheme for the nitrogen adsorption on different kinds of graphitic carbon surfaces: nitrogen adsorption on basal plane surfaces (A), prismatic surfaces (B) and “defect

surfaces” or dislocations leading to surface roughness (C).

correlating to the results from SEM images and DFT calculations.
At strong oxidation conditions (580 °C) it is indicated that not only

surface areas at high temperatures can be seen in Fig. 4, showing

a scheme for the combustion process under mild and strong con-

the prismatic surfaces, but also the basal plane surfaces are attacked
by the oxygen. This harsh treatment leads to the formation of large

ditions. Under mild conditions the oxidation mainly takes place
at the prismatic and “defect” surfaces of the graphitic surface,

Strong oxidation

with O,

Mild oxidation
with O,

> L

Fig. 4. Scheme for the combustion process of graphite by oxygen heat-treatment under mild (left) and strong (right) oxidation conditions.
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Fig. 5. Results of the Raman spectroscopic studies performed on pristine TIMREX® SLP30 graphite and on oxygen heat-treated SLP30 graphite at various temperatures.

pores in the basal plane surfaces (Fig. 4, right) of the graphite parti-
cles that can also be observed in the SEM pictures (Fig. 1, panel
F). These pores, having sizes of up to 300nm, and the strongly
attacked prismatic surfaces (Fig. 1, panel E) seem to result in an
increased amount for the prismatic surface area, as derived from
DFT calculations.

Raman spectroscopy has proven to be a powerful technique
in studying the texture of pure graphite materials [27]. A typical
Raman spectrum of graphite consists of two E,g active modes cor-
responding to the in-plane vibrations of the carbon atoms, a strong
G-band at about 1582 cm™! (Exg2) and a weak band at 42 cm1,
which is difficult to observe [28]. Microcrystalline graphite mate-
rials provide additional bands at about 1360 cm~! (D-band) and
1623 cm~! (D’-band) which correspond to the crystal boundary
regions. The D-band is associated with a symmetry break at the
edges of graphene sheets and thus increases with an increas-
ing amount of disordered arrangements on the graphite particle
surface [27,28]. Fig. 5 displays the results of the Raman mea-
surements of pristine and modified SLP30 graphite. The Raman
spectra clearly indicate changes between the pristine and modified
SLP30 graphites. The D-band of all oxygen heat-treated graphites is
considerably decreased compared to pristine graphite. This result
can also be observed by regarding the Raman intensity ratios
of D-band versus G-band of pristine and modified graphites in
Table 3. For pristine SLP30 graphite the Ip/I; ratio provides a
value of 0.47 whereas this value is decreased to about 0.15 for
the modified graphites. The results from Raman measurements
correlate with the results from the SEM investigations and DFT
calculations. The oxygen treatment leads to a decreased D-band
which is related to a decreased amount of disordered or amor-
phous carbon on the graphite surface. This result is also observable

Table 4

Weight loss of pristine and oxygen heat-treated SLP30 graphite at different temper-
atures, derived from thermogravimetric analysis under nitrogen atmosphere and
a heating rate of 25°Cmin~'. Weight losses correspond to the range from room
temperature up to 1000°C.

Graphite Weight loss (%)
SLP30 pristine 0.250
SLP30-480°C 0.083
SLP30-500°C 0.081
SLP30-540°C 0.079
SLP30-580°C 0.059

in the SEM images and in the adsorptive potential distributions,
providing a decreased amount of surface defects by the oxygen
treatment.

Thermogravimetric analysis was used to investigate the ther-
mal stability as well as the amount of functional groups of pristine
and modified graphites. Fig. 6 displays the results of thermogravi-
metric analysis for pristine SLP30 graphite and two representative
modified graphites, one at low combustion temperature of 480°C
and one at elevated temperature of 580 °C. Table 4 shows the corre-
sponding weight losses of each graphite sample, calculated in the
temperature range from room temperature up to 1000 °C. For all
samples the weight loss in this temperature range is less than 1%.
However, there are differences between the untreated and modi-
fied samples. Whereas the pristine SLP30 graphite provides a value
of 0.25 wt.% weight loss, the modified samples exhibit decreased
values of about 0.08 wt.% (Fig. 6, Table 4). These decreased values
suggest a lower concentration of functional groups on the graphite
surface. Relating to the previous results it seems that a decreased
amount of surface “defects” and the possible removal of surface
impurities by oxygen treatment lead to a thermally more stable
graphite surface structure [29].

100,00 SLP30-580°C
99,95
SLP30-480°C
99,90 |
=
% 99,85 Temperature (°C)
; 600 700 800 900 1000100 o SLP30 pristine

99,80 -+ SLP30-580°C g5

g

ht (%

99,96

99,75 A

eig

W

SLP30-480°C 99,94

99,92

99,70

T T T T
200 300 400 500 600 700 800 900 1000
Temperature (°C)

Fig. 6. Thermogravimetric analysis of pristine TIMREX® SLP30 graphite and oxygen
heat-treated SLP30 graphite (at 480 °C and 580°C) under nitrogen atmosphere and
a heating rate of 25°C min~!.
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3.3. Electrochemical performance of pristine and modified
graphites

Fig. 7 displays the results for the electrochemical measurements
of pristine SLP30 graphite (panel A) and two representative mod-
ified graphites at 540°C (panel B) and 580°C (panel C). The upper
part shows the corresponding charge-discharge curves in the first
cycle where differences in the charge and discharge characteris-
tics can be observed. Especially the charge curves in the range
between 500 mV and 200 mV vs. Li/Li*, before bulk lithium inter-
calation and stage formation take place [1], exhibit differences. For
the modification at 580°C an additional peak at about 500 mV vs.
Li/Li* can be observed. The four graphite-typical lithium interca-
lation steps are located in the range between 200 mV and 20 mV
vs. Li/Li*. The lower part of Fig. 7 displays the differential capacity
plots of the above mentioned graphite samples in the first three
cycles. From these plots it can be clearly observed that the main
part of the SEI formation takes places in the first cycle, as in the
second and third cycle the charge-discharge curves only provide
slight differences in their characteristics. The small insets show the
differences in the charge-discharge curves for the first three cycles
in the range between 900 mV and 400 mV vs. Li/Li*. It is known that
the main part of G, due to SEI formation via electrolyte decomposi-
tion takes place in the range between 800 mV and 200 mV vs. Li/Li*
[30]. The differences in the first cycle charge loss between the three
representative samples can be clearly observed, with the oxygen
modification at 540 °C providing the lowest C;,, (Fig. 7, panel B).

Table 5 displays the charge and discharge capacities and the cor-
responding discharge/charge efficiencies for the first three cycles
as well as the irreversible capacities in cycle 1-3 for all investigated
graphite samples. Pristine SLP30 graphite provides a first cycle
efficiency of 85.2%, whereas the modification at 480°C exhibits
an increased efficiency of 88.5%. The first cycle efficiency shows

the highest value for the modification at 540°C with 90.1%. This
tendency of decreased irreversible charge loss by oxygen heat-
treatment of graphite can be even more clearly observed by
regarding the values of irreversible capacity in the first three cycles.
The pristine SLP30 graphite exhibits a value of 19.4% (74.5mAhg~1)
which is decreased to 12.3% (46.8mAhg~1) in the modification
temperature range from 480 °C to 540 °C. For the highest investi-
gated modification temperature of 580 °C the first cycle efficiency
is decreased to 85.6% and the irreversible charge loss in cycle 1-3
increased to 17.9% (73.1mAhg-1). The discharge capacities are
providing values of 340 mAhg-1! for pristine SLP30 graphite and
slightly increased discharge capacities of 350-360 mAh g~ for the
modified graphite anodes.

To correlate the electrochemical results with the physical prop-
erties of the investigated graphite samples, such as the specific
surface area, it has to be mentioned that from literature it is
known that there is an approximately linear relationship between
the specific surface area (determined by BET method) and irre-
versible charge consumption in the first cycle [11,31]. However, it
is also known that the reactions at the prismatic and “defect” sur-
faces, such as solvated lithium intercalation, exfoliation of graphene
sheets or self-discharge reactions contribute much more to the total
charge loss than reactions on the basal plane surfaces [10,11]. Thus,
the ratio of the basal plane surface area to the “non-basal plane sur-
face” area is an important factor in determining the dependence
of irreversible capacity to the specific surface area [14]. Fig. 8 dis-
plays the irreversible charge loss in the 1st cycle of the investigated
graphites as a function of the BET and DFT surface area (Fig. 8, panel
A). For the pristine graphite and the three modifications in the tem-
perature range of 480-540 °C an approximately linear relationship
of increasing C;,, with increasing DFT and also BET surface area can
be observed. However, this is not true for the graphite modification
at 580 °C. Even though this sample exhibits the lowest DFT specific
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Table 5
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Specific charge and discharge capacities, irreversible capacities, discharge/charge efficiencies for the first three cycles and irreversible capacities for cycles 1-3 of pristine
and oxygen heat-treated graphite anodes, obtained from constant current cycling data.

Cycle number Charge Discharge capacity Irreversible Efficiency (%) Irreversible capacity
capacity (mAhg1) capacity (%) in cycle 1-3 (%)
(mAhg-1)
SLP30 pristine 1 393.7 3354 148 £ 0.4 852 + 04
2 351.0 341.2 28 +03 97.2 £ 0.3 194+ 1.0
3 347.7 341.3 1.8+03 98.2 + 0.3
SLP30-480°C 1 3924 3471 115+ 04 88.5 +£ 0.4
2 365.3 358.1 20+03 98.0 + 0.3 147 £ 1.0
3 364.9 360.4 1.2+03 98.8 + 0.3
SLP30-500°C 1 379.6 3384 109 £ 0.3 89.1 £ 0.3
2 359.3 354.1 14 +03 98.6 + 0.3 13.2 £ 0.9
3 361.6 358.3 09 +03 99.1 +£ 0.3
SLP30-540°C 1 388.2 3499 99+03 90.1 +£ 0.3
2 359.3 3539 1.5+03 98.5 + 0.3 123 £ 0.9
3 360.0 356.9 09 +03 99.1 +£ 0.3
SLP30-580°C 1 419.0 358.8 144 £ 05 85.6 + 0.5
2 3723 364.1 22+03 97.8 +£ 0.3 179 £ 1.1
3 367.4 362.7 1.3+03 98.7 £ 0.3
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Fig. 8. Irreversible charge loss in the 1st cycle of pristine and oxygen heat-treated SLP30 graphites as a function of the BET and DFT surface area (A), of the basal plane surface

area (B, percental values) and non-basal plane surface area (C, percental values).

surface area of 4.07m?2 g1, it provides an increased irreversible
charge loss which is almost in the range of the pristine sample.
Having a closer look at the dependence of irreversible capacity on
the percental values of the basal plane surface area respective the
“non-basal plane surface” area, approximately linear relationships
can be observed (Fig. 8, panel B and C). C;;; increases nearly linearly
with an increasing ratio of “non-basal plane surface” area respec-
tive decreases with an increasing ratio of basal plane surface area.
In conclusion, it has to be mentioned that the specific surface areas
of graphites (by BET or DFT method) seems not always to provide
a linear relationship to the irreversible charge losses. The ratio of
basal plane to “non-basal plane surface” area has to be regarded as
the prismatic and “defect” surface areas contribute much more to
Ci;r- In addition, it has to be taken into account that other effects,
such as the electrode structure (different electrode densities, dif-
ferent coverage of graphite particles with binder, different contact
zones with binder and electrolyte) can influence this relationship
also. However, these influences were tried to keep as small as pos-
sible by using the same preparation procedure for all investigated
graphite samples.

4. Conclusion

A systematic method for graphite surface modifications by oxy-
gen treatment at elevated temperatures has been presented. By
refinement of the correlation between the irreversible capacity
to the graphite surface properties, especially to the nature of the
graphitic surface, it is possible to obtain an optimized temperature
treatment in order to decrease the irreversible charge loss in the
first cycles.

DFT calculations, derived from nitrogen adsorption data, allow
the determination of surface heterogeneities of graphitic carbons
by adsorptive potential distribution. Thereby, it is possible to cal-
culate the absolute and relative extents of basal plane surfaces
and “non-basal plane surfaces” (accumulating the prismatic and
“defect surfaces”) for the investigated graphite powders. Changes
in the ratio of basal plane to “non-basal plane” surface area by sur-
face modifications at elevated temperatures can easily be observed
and correlated with the electrochemical performance. The changes
observed in the adsorptive potential distributions are correlating
with the results that were obtained by SEM, Raman spectroscopy
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and thermogravimetric analysis regarding the surface morphology
and surface texture of the investigated graphite powders. From the
presented results it has to be pointed out clearly that a linear cor-
relation between the specific surface area (calculated by BET or
DFT method) and irreversible charge loss cannot be expected in all
cases. However, a strong indication has been found that an approx-
imately linear relationship between the irreversible capacity to the
ratio of the “non-basal plane surface” area respective to the ratio of
the basal plane surface area exists. G, increases approximately lin-
ear with the increasing ratio of the “non-basal plane surface” area
and correspondingly decreases with an increasing ratio of the basal
plane surface area.

By choosing an optimized temperature treatment for the inves-
tigated SLP30 graphite it was possible to increase the first cycle
efficiency from about 85 to 90% and to correlate the electrochemi-
cal performance with the ratio of surfaces present in the graphite.
Further investigations with different reactive gases and treatment
parameters are in progress.
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