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The  effect  of  milling  time  on  the  morphology  of graphite  is characterized  by XRD,  SEM,  BET,  FTIR and
XPS  and  the electrochemical  response  of the  resulting  materials  upon  lithium-ion  absorption  is  analyzed
using  different  techniques.  As  milling  time  is increased,  the  particle  size  diminishes  and  the  amount
of  oxygen  content  increases.  Concomitantly,  the  capacity  for lithium  adsorption  also  increases  because
new adsorption  sites  become  available  due  to  more  surface  area  and  oxygen  functional  groups.  These

effects  are  interpreted  using  first-principles  calculations,  which  show  that  the  presence  of  oxygenated
species  promotes  lithium  adsorption  at higher  potentials.  This  capacity  increase  is  probably  not  relevant
for lithium-ion  batteries  since  there  is no intercalation  process  but  rather  an  adsorption  one,  but  may  be
of  interest  for supercapacitive  applications.  Diffusion  coefficients  of lithium  for  different  graphite  particle
sizes  are  evaluated.  The  effects  of  diffusion,  particle  size  and  oxygen  content  are  discussed.

©  2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

The portable electronic boom of the last few years has been pos-
ible thanks to lithium-ion battery (LIB) technology, which was first
resented in the market in 1991 by Sony, following the discovery of
oodenough’s group, intercalation compounds [1]. Since then sci-
ntists have been putting a great effort into trying to understand
ll the electrode/electrolyte processes that occur simultaneously.
n the last couple of years this interest has increased, not only in
cientists but also in big automakers, since they are thought to be
he best option to deliver great amounts of power to electric cars.

LIBs are composed of an anode and a cathode, separated by an
lectrolyte that isolates them electrically, but allows the transport
Please cite this article in press as: C.B. Robledo, et al., An experimenta
milled graphite as lithium storage material, Electrochim. Acta (2014),

f ionic species. Graphite is the material predominantly chosen
owadays for anodes of commercial LIBs, since it is a safer material
han metallic lithium, it has a relatively high capacity and it is a

∗ Corresponding author. Tel.: +54 221 4519199; fax: +54 221 4519199.
E-mail address: visintinarnaldo2@gmail.com (A. Visintin).

1 ISE members.

ttp://dx.doi.org/10.1016/j.electacta.2014.05.117
013-4686/© 2014 Elsevier Ltd. All rights reserved.
low-cost material. Because of its ability to intercalate both rapidly
and reversibly one lithium atom per six carbon atoms, it has a
theoretical capacity of 372 mAh  g−1 [2]. But in order to use them
in very powerful electric cars, they should be improved to obtain
higher energy and power densities and to achieve more charge and
discharge cycles without capacity loss. To satisfy this it is necessary
to achieve faster ion and electron transports in stable electrode
materials [3]. Great efforts have been made to understand the
lithium intercalation process in graphite [4–6] and the formation
of the solid electrolyte interface (SEI) in the first cycles [7,8].

Mechanical milling is a simple and environmental friendly syn-
thesis technique, very interesting from the industrial point of
view, since it is scalable from the laboratory to the industry. The
advantages are many. Upon increasing the mechanical energy, the
appearance of cracks within the particles is favored; result being
the breaking of particles and the creation of new fresh surface.
In this way, the successive fracture of the particles will lead to a
l and theoretical approach on the effect of presence of oxygen in
 http://dx.doi.org/10.1016/j.electacta.2014.05.117

size decrease, which is therefore not unlimited since the increasing
particles surface energy can outweigh the mechanical constraint
energy, in which case the particles are going to form aggregates [9].
Tarascón and coworkers [10] observed that by increasing milling

dx.doi.org/10.1016/j.electacta.2014.05.117
dx.doi.org/10.1016/j.electacta.2014.05.117
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
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The graphene sheet was represented by a 60 carbon atom basis,
arranged in a honeycomb pattern. The unit cell was tetragonal
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ime up to 80 h, both the reversible and irreversible capacity values
f graphite and coke increased up to 708 mAh  g−1 and 328 mAh  g−1,
espectively, and they attributed this additional reversible capacity
o the adsorption of lithium ions on the carbon surface. Wang et al.
11] characterized ball-milled graphite up to 150 h and reported a
eversible capacity of 700 mAh  g−1, which is about twice that of
ristine graphite. The additional reversible capacity was  attributed
o additional Li doping at vacancies, microcavities and voids.

A number of interesting questions appear on the basis of the
revious reports. What happens to the carbon surface? What kind
f interaction does the lithium ion have with these surfaces? Is the
hange in the storage capacity of these structures only due to size
ffects and appearance of defects, or is there any other modification
f the material taking place upon milling in air? To gain understand-
ng on such processes, more investigation at the atomistic level is
equired, complemented by experimental results. With this pur-
ose, we investigated the effect of ball milling of graphite flakes
nder air atmosphere on its electrochemical response as anode for

ithium-ion batteries. We  focused mainly on the intrinsic lithium
torage mechanism related to the surface chemistry present in the
ctive materials synthesized. We  complemented the experimental
esults with first-principles calculations. The novelty of this work
s the demonstration by experimental and theoretical tools the role
hat the presence of oxygen has on the lithium storage mechanism
n graphite. Furthermore, it is shown that the increment of capacity
or lithium storage in these materials is not only produced by the
ncrement of surface area due to ball milling.

. Experimental

.1. Samples and physical characterization

The different graphite samples of the present work were pre-
ared by ball milling commercially available graphite flakes (Sigma
ldrich, surface area < 5 m2/g) under an air atmosphere. The experi-
ent was carried out in a planetary ball mill (Fritsch PULVERISETTE

 premium line) with hard metal tungsten carbide grinding bowl
nd zirconium oxide balls (diameter: 10 mm).  The ratio of the ball
ass to powder was 22:1. The milling was carried out at a speed

f 400 rpm and it was programmed so that every 30 min  of milling
here would be a pause of 30 min  (to prevent excessive heating).
his was done until the total milling time was found to be 5, 10, 15
nd 20 h. The samples were named MG5, MG10, MG15 and MG20,
n agreement with the milling time (MG  stands for milled graphite).

The structural changes of the ball-milled graphite samples
ere characterized using X-ray powder diffraction with Cu K�

�=1.5418 Å) radiation, measured on a PANalytical X’Pert PRO
iffractometer. The microstructure of the samples was  examined
y scanning electron microscopy (SEM). The Brunauer-Emmett-
eller (BET) surface area was obtained by a single-point method,
easured by ChemiSorb 2720. For Fourier transform infrared mea-

urements (FTIR) the different ball-milled samples were mixed
ith KBr (spectroscopy grade) in 1:100 proportions and crushed

n an agate mortar. The mixture was compressed to a semitranspa-
ent disk by applying a pressure of 8 tons for 30 sec. The FTIR spectra
ver the wavelength range of 3500-500 cm−1 were recorded using

 FTIR spectrometer (BRUKER IFS66 v). X-ray photoelectron spec-
roscopy (XPS) was performed in situ using a VG Microtech ESCA
pectrometer with a non-monochromatic Al K� radiation (300 W,
5 kV, h�=1486.6 eV) as the excitation source combined with a VG-
Please cite this article in press as: C.B. Robledo, et al., An experimenta
milled graphite as lithium storage material, Electrochim. Acta (2014),

00-AX hemispherical analyzer operating at 25 eV pass energy.
he instrumental resolution was 0.1 eV. Samples were outgassed
t room temperature in the preparation chamber (10−6 Torr), until
onstant pressure was achieved and then introduced to the analysis
hamber (10−9 Torr) for recording the spectra.
 PRESS
a Acta xxx (2014) xxx–xxx

2.2. Electrochemical measurements

MG electrodes were prepared by coating a mixture of active
material, polyvinylidenefluoride (PVDF) binder and conductive car-
bon Black (Timcal Super P) in a weight ratio 80:10:10, dispersed
in N-methyl-2-pyrrolidone, onto a 9 mm thick copper foil. All the
electrodes prepared with the different MG  samples were pressed
(5 ton/cm2) and dried at 80 ◦C overnight under vacuum before
introducing them in a glovebox (Mbraun, filled by Ar atmosphere
with a concentration of O2 and H2O less than 1 ppm). The coated
MG electrodes were punched into 6 mm diameter disks. Three-
electrode cells were assembled inside a glovebox, with metallic
lithium as reference and counter electrodes and an electrolyte-
soaked fiberglass separator. The electrolyte consisted of ethylene
carbonate (EC) and dimethyl-carbonate (DMC) mixture (1:1 by
mass) containing 1 M LiPF6 salt. The samples milled for 5 h (MG5)
were discarded for electrochemical measurements, due to the rel-
ative big size of the graphite flakes. This prevented the formation
of a stable coat onto the copper foil.

Initially, ten charge-discharge cycles were performed at a cur-
rent of C/2 with cut off potentials of 0 and 1.5 V vs. Li+/Li0, which
was the reference electrode selected. Cyclic voltammetry (CV) was
performed on the electrodes at three different speeds (0.1, 1 and
10 mV/s) between the same window potential as the previous
experiment. After the CV experiments, electrochemical impedance
spectroscopy (EIS) measurements were made at three different
points of the discharge curve: 100%, 50% and 0% of SOC1 (previous
stabilization at open circuit potential, Eo, for 15 min). The EIS spec-
tra were recorded at Eo, in the 100 kHz-5 mHz  frequency range,
with a 5 mV amplitude. Finally, rate capability experiments were
performed with the same cut off potentials and the charge current
value reported above, but the discharge currents used were C/5,
C/2, C, 2 C, 5 C and 10 C.

3. Model and Computation

DFT calculations were performed employing the SIESTA com-
puter code [12,13]. A localized basis set composed of double-plus
polarization was  used. The basis functions were numerical atomic
orbitals (NAOs), the solutions of the Kohn–Sham Hamiltonian
for the isolated pseudoatoms. Exchange and correlation effects
were described using a generalized gradient approximation (GGA),
within the Perdew–Burke–Ernzerhof (PBE) functional [14]. The
atomic cores were replaced by norm conserving pseudopoten-
tials [15] in their fully separable form [16]. In the pseudopotential
description of the atoms, only valence electronic states were con-
sidered. The value of the confinement parameters were defined
variationally applying the simplex method [17]. The cut off of the
grid for real-space integrals [12] yielded converged results for all
the systems studied here using a value of 150Ry. All calculations
were performed with spin polarization (sp).

We decided to study the analysis of the effect of defects and oxy-
gen content in graphite, introduced in the milling process, through
the calculations with configurations of a single graphene layer since
it requires less computational effort. For the sake of comparison
between configurations, it is expected that the relative differences
in energy are similar and that conclusions can be extrapolated to
graphite.
l and theoretical approach on the effect of presence of oxygen in
 http://dx.doi.org/10.1016/j.electacta.2014.05.117

12.31 A ×12.80 A ×20 A with periodic boundary conditions in x,
y, z directions imposed in order to represent an infinite surface.

1 SOC stands for State of Charge.

dx.doi.org/10.1016/j.electacta.2014.05.117
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MG5  to 0.37 in MG10, and finally reaches 2.84 in MG20. Hence, it
can be concluded that as milling time increases, the crystallinity of
graphite decreases and it is transformed into a more amorphous
ig. 1. Scanning electron microscopy images of milled graphite samples. In the sma
s  shown.

or the analysis of systems with oxygenated groups at the bor-
ers of graphene, the unit cell employed was tetragonal 24.63 Å
12.80 Å ×20 Å, with periodic boundary conditions only applied in

he y direction, to represent the borders. The cohesive energy of
ithium was calculated minimizing the energy of a BCC unit cell,
sing the isolated atoms as a reference. The binding energy, Eb, of a

ithium atom adsorbed on different structures was calculated from:

b = E(Gr−Li) − E(Gr) − E(LI), (1)

here, E(Gr−Li) is the energy of the graphenic system containing
ithium, E(Gr) is the energy of the system without lithium and E(Li)is
he energy of an isolated lithium atom. E(Gr) may  correspond to the
ystem with or without defects or in the presence of oxygenated
pecies.

All energies were obtained with the conjugate gradient (CG)
echnique [17], minimizing the energy of the system from an initial
onfiguration with respect to the atomic coordinates.

. Results and Discussion

.1. Structural Characterization

Morphologies of the ball-milled graphite samples, obtained
sing SEM, are shown in Fig. 1. As the milling time increases, the
ize of the graphite flakes decreases. For MG20, agglomerates of 5
o 10 �m composed of smaller nano-sized particles are observed.
t is also found that with an increase in the milling time, there is
Please cite this article in press as: C.B. Robledo, et al., An experimenta
milled graphite as lithium storage material, Electrochim. Acta (2014),

 loss in the laminar structure of graphite, until a porous material
s formed. It has been previously reported that upon continuous

illing, graphite particles reach a critical size threshold beyond
hich the increasing surface energy favors the merging of single
age located in the upper right corner of each SEM image, a zoom with scale 2 �m

particles, forming agglomerates. Such agglomeration is expected to
increase the particle size and thereby decrease the effective surface
area [9].

The X-ray diffraction curves of the MG samples are shown in
Fig. 2. As the milling time is increased, the XRD curves show a sig-
nificant decrease in the intensity and broadening of the [002] Bragg
peak at approximately 26.5◦, indicating increased disorder of the
graphite structure [10]. The value of FWHM increases from 0.13 in
l and theoretical approach on the effect of presence of oxygen in
 http://dx.doi.org/10.1016/j.electacta.2014.05.117

Fig. 2. X-ray diffraction curves of ball-milled graphite samples. The peak at approx-
imately 26◦ corresponds to the diffraction of the plane 002.

dx.doi.org/10.1016/j.electacta.2014.05.117
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Table  1
Surface area data obtained from the BET measurements for commercial graphite
flakes and two  of the milled samples.

Sample Surface area [m2/g]

Graphite 0.82

MG10 13.57

m
s
i

f
g
a
t
a
s
b
O
o
s
t

MG20 462.80

aterial. These results are in agreement with the SEM images that
how a loss in the laminar structure of graphite as milling time is
ncreased.

The values of surface area of the different samples, as obtained
rom BET experiments, are listed in Table 1. It is observed that as
rinding time increases, the surface area also increases. This also
grees with the results from SEM, where it is observed that par-
icle size decreases with an increase in milling time, leading to

 greater surface area. FTIR spectra of the different samples are
hown in Fig. 3. The unmilled graphite sample has a very weak
and at 1005 cm−1, which corresponds to the stretching of the C-
-C bonds in epoxy groups. So, commercial graphite has very few
Please cite this article in press as: C.B. Robledo, et al., An experimenta
milled graphite as lithium storage material, Electrochim. Acta (2014),

xygen functional groups. This band is also present in the milled
amples, in addition to a band at 1232 cm−1 that corresponds to
he vibration of C-O bonds in alcohols, esters, carboxylic acids, and

Fig. 4. C1S XPS spectra of the different samples of ball-milled graphite flake
Fig. 3. FTIR spectra of the graphitic samples obtained after different milling times.
The spectrum of unmilled graphite flakes is shown for comparison.

ethers. Also a band at approximately 3000 cm−1 appears in the
l and theoretical approach on the effect of presence of oxygen in
 http://dx.doi.org/10.1016/j.electacta.2014.05.117

milled samples, corresponding to the–OH vibration mode in car-
boxylic groups. The strong band appearing at 736 cm−1, is usually
assigned to the “rocking” mode vibration of dangling C-H bonds that

s. (a) Commercial graphite flakes, (b) MG10, (c) MG15 and (d) MG20.

dx.doi.org/10.1016/j.electacta.2014.05.117
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docapacitance is defined according to:

Cpseudo = Y
1
n

0 R

(
1
n −1

)
(4)
ig. 5. Cyclic voltammetry curves obtained with the different samples of ball-mille

ppear in the milling process. Thus, we can state that the milling
rocess in air atmosphere introduces oxygen functional groups into
he graphite samples. To get quantitative information about the
ccurrence of these groups, we obtained XPS spectra from these
amples (see Fig. 4). It is found that as milling time is increased the
mount of oxygen functional groups increases. Concomitantly, the
uantity of C-C and C-H bonds decreases from 83.8% in unmilled
raphite to 70.6% in the sample milled for 20 h. In the particular
ase of the sample milled for 20 h, -COOH and C-O species, which
ere absent in other cases, appeared. These species are expected

o occur at the edges of the graphite planes, thus providing highly
oordinated adsorption sites for lithium species.

.2. Electrochemical characterization

Fig. 5 shows cyclic voltammetry experiments at three different
canning rates for the MG  samples. As the scanning rate decreases,
he peaks corresponding to the intercalation mechanism of lithium
ons into graphite start to appear. The difference between the three
amples is that for the more amorphous material (MG20), only one
eak is observed. Meanwhile, in MG10 and MG15 more than one

ntercalation peak appear. This indicates the formation of different
hases in the samples as lithium ions are intercalated.

The intercalation peaks appear more clearly and sharpen in the
oltammogram recorded at 0.1 mV/s because the diffusion process
f the lithium ion into the particles of graphite is a very slow pro-
ess. As has been previously reported, the different Li+ intercalation
rocesses occur below 0.25 V [18]. These processes can be synthe-
ized as follows in equations (2) and (3):

C + 1/2Li+ + 1/2e− → Li1/2C6 V vs. Li+/Li0 ≈ 0.2 V (2)

C + Li+ + e− → LiC6 V vs. Li+/Li0 ≈ 0.1 V (3)

The charge/discharge curves for the 10th cycle are shown in
ig. 6. Upon charge or discharge, the curves for MG20 do not present

 significant plateau in the potential, and this electrode has the
ighest reversible capacity of the three electrodes (approximately
50 mAh  g−1). This could be due to the presence of more adsorp-
ion sites for lithium ions because of the higher specific surface
rea of MG20 in comparison with the other samples. MG10 had a
eversible capacity of approximately 100 mAh  g−1 and MG15, 120
Ah g−1. The capacity values here reported are lower than those

f commercial Timcal’s TIMREX S-family of graphite electrochemi-
ally active for commercial batteries [19], because our particles are
Please cite this article in press as: C.B. Robledo, et al., An experimenta
milled graphite as lithium storage material, Electrochim. Acta (2014),

ot highly crystalline as those commercially available, due to the
illing process. Also, since we start from a raw material, as it is

raphite flakes, the particles size of the samples MG15 and MG10
re bigger than the optimum size (less than 10 �m).  For the purpose
hite flakes at three different scan rates. Purple: MG20; Blue: MG15; Green: MG10.

of analyzing the effect of the presence of oxygen functional groups
on the surface of the active material, this matter is not a problem.

Impedance spectra obtained for the MG samples for three differ-
ent states of charge (SOC) are presented in Fig. 7. In the three states,
the Nyquist plots, at high frequencies (100 kHz–10 kHz), exhibit a
slope close to 45◦, a typical response of porous electrodes. Then,
in the intermediate range of frequencies (10 kHz–100 Hz), there is
a depressed semicircle or a sum of two  semicircles. Finally, at low
frequencies (< 100 Hz) there is a typical 45◦ slope line representing
a Warburg impedance related to finite diffusion (Li+ intercalation
into graphite).

To obtain electrochemical parameters of the lithium storage
process, such as diffusion coefficient (DLi+ ), electroactive area (Aea)
of the electrode and exchange current (j0), we  used an equivalent
circuit to adjust the impedance results for/to 50% SOC. We  used a
simplified version of the most commonly used circuit in the litera-
ture for this type of material [20], where we  neglect the resistance
of the passivating film, since it is very small compared with the
resistance of the charge transfer. The equivalent circuit is repre-
sented in Fig. 8, where Rint corresponds to the resistance of the
electrolyte, Rct is the charge transfer resistance, CPE is a constant
phase element, which corresponds to the capacity of the film, and
W1 is Warburg impedance.

To obtain the electroactive area of the electrodes it was
necessary to calculate the pseudocapacitance of the CPE. The pseu-
l and theoretical approach on the effect of presence of oxygen in
 http://dx.doi.org/10.1016/j.electacta.2014.05.117

Fig. 6. Comparison of galvanostatic charge and discharge curves of the three elec-
trodes tested, at the 10th cycle between 0 V and 1.5 V (vs. Li+/Li0) at a current of
C/2.

dx.doi.org/10.1016/j.electacta.2014.05.117
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Fig. 7. Nyquist electrochemical impedance spectroscopy diagrams for three stat

Table 2
Electrochemical parameters as obtained by the equivalent circuit fit of EIS for the
three electrodes at 50% SOC: specific electroactive area, Sea, current density, j0,
Warburg coefficient, � and lithium diffusion coefficient, D.

Sea [cm2/g] j0 [mA/cm2] � [˝/
√

s] D [cm2/s]

MG10 56 4.19 14.7 3.2 × 10−10
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MG15 275 2.85 12.3 2.4 × 10

MG20 396 1.08 33.4 1.6 × 10−11

here Y0 is the admittance corresponding to the CPE for ω = 1
ad/s, n is the exponent in the expression of the impedance for
he CPE(0 ≤ n ≤ 1) and R is the sum of the Rct and the resistance
orresponding to the Warburg impedance, which is in parallel with
PE (R = Rct + W1-R). The pseudocapacitance is related to the elec-
roactive area according to:

pseudo = CdlAea (5)

here Cdl is constant and equal to 5 × 10−5 F/cm2 [21].
To compare the three electrodes, the calculated values of specific

lectroactive area Sea = Aea/m (m is the active mass of the elec-
rode) are listed in Table 2, together with the other results from the
mpedance fit. As milling time is increased, the value of Seais also
ncreased/also increases. We  relate this effect to the occurrence of
maller particles due to the milling process.

The exchange current is related to the charge transfer and the
lectroactive area through equation (6):

0 = RT

nRtcFAea
, (6)

here R is the ideal gas constant, 8.314 J/molK, T is the temperature
f the experiment, 298 K, n in this case is the number of electrons
nvolved in the electrochemical reaction, which is 1, and F is the
araday constant, 96485 C/mol. The results are listed in Table 2. It
s observed that as milling time is increased, the exchange current
ecreases. Assuming that the exchange current density is propor-
ional to the density of states of the carbonaceous anode at the
ermi level [22], say �C(EF),

0∝�C (EF ) , (7)
Please cite this article in press as: C.B. Robledo, et al., An experimenta
milled graphite as lithium storage material, Electrochim. Acta (2014),

The latter experimental observation can be related to the crys-
allinity of the samples. When graphite is milled to generate
articles at the nanoscale, the laminar structure is broken and the

Rint Rtc W1

CPE
Rct 

ig. 8. Equivalent circuit used to fit the impedance results for the milled graphite
lectrodes.
es of charge of the samples studied. From left to right: 0, 50 and 100% SOC.

crystallinity decreases, as can be seen from XRD experiments. On
the other hand, the decrease in j0 indicates that electron exchange
with graphite is slowed down as the particle size decreases. Density
functional calculation of the electronic structure of graphite shows
that it is semimetallic [23]. However, Koivusaari et al. have shown
that C amorphous networks with a high sp3 character present
an increased band gap, that is, a decreased density of states at
the Fermi level [24]. Thus, the present observation of a decreased
exchange current density may  be correlated with the progressive
amorphization of the C structure with the concomitant decrease of
its density of states at the Fermi level.

To calculate de lithium ion diffusion coefficient from the
impedance results, first it was  necessary to estimate the Warburg
coefficient, �, from the linear part of the Nyquist plot (frequen-
cies higher than 2/W1-T).  We calculated � as the average of the
two slopes of the graphic representations of Zre vs. ω−1/2 y Zim vs.
ω−1/2. The results are shown in Table 2. The Warburg coefficient is
related to the diffusion coefficient of Li+ through equation (8) [25]:

� =
[

RT√
2n2F2ACLi+

]
1√
DLi+

, (8)

where R is the ideal gas constant, T is the absolute temperature, n
the number of transferred electrons in the electrochemical reaction,
A the geometrical electrode area, and C the concentration of Li+

intercalated. Equation (8) can be written as equation (9) to obtain
the lithium ion diffusion coefficient:

DLi+ = R2T2

2A2n4F4C2
Li+ �2

. (9)

The value of CLi+ (mol/cm3) is calculated from the molar vol-
ume  of milled graphite for a 50% SOC. The calculated values of the
diffusion coefficient (see Table 2) are in the same order as those
reported in the literature [5,26]. Previous reports we  have found
are related to the dependence of the diffusion coefficient on the
variation in temperature [27] or on the amount of lithium ions
intercalated [5],[20], but to the best of our knowledge DLi+ for elec-
trodes with different particle sizes of the active material have not
been previously reported. To understand how the milling time of
graphite samples affects the value of the diffusion coefficient of Li+,
we compared DLi+ in the three MG samples for the same state of
charge (50% SOC). As milling time is increased and the size of the
graphite flakes gets smaller, the diffusion coefficient of the charged
species of lithium decreases. This can be related to the crystallinity
decrease of the successive milled samples. By mechanical grinding,
the laminar structure of graphite is reduced and thus, the number
of diffusive pathways for ion Li+ is smaller (because the ions diffuse
l and theoretical approach on the effect of presence of oxygen in
 http://dx.doi.org/10.1016/j.electacta.2014.05.117

in the direction parallel to the graphene layers).
Rate capability experiments were carried out to evaluate the

response of the materials under different discharge currents. The
plot of the percentage of maximum discharge capacity (Qmax) vs.

dx.doi.org/10.1016/j.electacta.2014.05.117
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Fig. 9. Rate capability experiment for the three electrodes tested.

ischarge current, expressed in terms of C current is shown in Fig. 9.
he three electrodes have a similar behavior until 10 C. This could
e because of the morphology and size of the particles of each elec-
rode and the intrinsic process of intercalation/deintercalation. We
uppose that since MG20 has the smallest graphite particles, the
ajority of the lithium ions are stored on the surface of the active
aterial and not inside it. The XPS analysis indicates that -COOH

r C-OH species may  appear at the edges of these small particles,
roviding new adsorption sites for lithium. This could be the rea-
on why they discharge more rapidly at higher discharge currents,
lthough they exhibit the lowest exchange current density.

We now present the results of first-principles calculations,
here we study the interaction of the lithium ion with different

dsorption sites. The binding energy of a single lithium ion with
 graphene sheet was calculated to be -0.87 eV. This is a weak
nteraction energy as compared to the cohesive energy of lithium (-
.40 eV) calculated with the same methodology, indicating that the
eposition of lithium on such a surface should take place at lower
otential than bulk lithium deposition. In fact, the previous results

ndicate that the energy change of the following reaction:

i(Bulk) → Li(adsorbed on graphene), (10)
Please cite this article in press as: C.B. Robledo, et al., An experimenta
milled graphite as lithium storage material, Electrochim. Acta (2014),

s �U  = 0.53 eV.  Neglecting entropic contributions, we can thus
rite 0.53 eV = − e0�E0, where �E0 is the equilibrium potential of

n electrode with Li adsorbed on graphene in the Li+ scale. Thus,
e conclude that lithium deposition on a graphenic surface should

Fig. 10. Optimized structures of a lithium atom adsorbed on a graphene sheet w
 PRESS
a Acta xxx (2014) xxx–xxx 7

take place at -0.53 V vs. Li0/Li+. The present results are in agreement
with similar calculations from the literature [28]. The situation of
Li deposition on graphite should not be very different, since the ad-
atom interacts essentially with the surface layer. Thus, the previous
argument shows that straightforward increase of the surface area
should not lead to a stronger binding of lithium to the active mate-
rial or what is equivalent, to Li deposition at higher potentials than
those involved in lithium insertion in regular graphite. Therefore,
Li storage at higher potentials, as found in the present experiments,
must be explained on different grounds.

It is well known that severe plastic deformations and defects
are introduced by ball-milling in graphite [29]. Thus, one possibil-
ity is that lithium binds stronger to defects. To consider this point,
lithium adsorption on two types of defects common on graphene
were studied, as shown in Fig. 10. The first is a vacancy defect
(shown in Fig. 10a), which occurs when a C atom is missing from
the 6 carbon ring present in graphite. The second is a Stone-Wales
defect (shown in Fig. 10b), which is one of the most common types
of stable defects on carbon nanotubes and graphene that appear
due to a defective reconstruction of holes on the surface where a
C–C bond is formed by 90◦ rotation about its center, which converts
a group of four adjacent hexagonal rings into a (5,7,7,5) ring cluster
[30]. A vacancy defect favors Li adsorption with a binding energy
of -2.37 eV, while the sheet with a Stone- Wales binds Li with a
-1.98 eV adsorption energy. These values are considerably larger
in absolute value than the 0.87 eV observed for a surface without
defects. Therefore we can state that binding of Li on these defects
is more favorable than binding to a perfect graphite surface.

Another possibility that must be considered to explain lithium
storage at relatively high potentials is a stronger bond to the sur-
face induced by the presence of oxygen functional groups. Since
it was evident from XPS spectra the presence of C-OH, C = O and
-COOH species in the milled samples, we considered in our calcula-
tions the interaction of a lithium atom with the oxidized graphenic
surfaces shown in Fig. 11. In this configuration all the oxygen func-
tional groups were introduced at the border of the graphene sheet,
as expected to appear in the milling process. In this case a very
strong binding energy was  obtained, -3.41 eV. This result shows
that lithium storage may  occur in these structures at potentials as
high as 2 V.

Previous reports have attributed the incremental capacity
of carbon based anodes to the adsorption of lithium in the
l and theoretical approach on the effect of presence of oxygen in
 http://dx.doi.org/10.1016/j.electacta.2014.05.117

vacancies, microcavities, voids and defects [11,31]. However, the
present calculations show that oxygen functional groups may
offer a stronger interaction with lithium than those provided by
defects.

ith defects: a) vacancy defect and b) Stone-Wales defect. Grey: C; Pink: Li.

dx.doi.org/10.1016/j.electacta.2014.05.117
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. Conclusions

We  presented a thorough morphological and electrochemical
haracterization of ball milled graphite flakes as anodes for lithium
on batteries. As the grinding time is increased, the surface area
alue of graphite flakes is increased and the particle size decreased.
he XPS results indicate that the oxygen content of the sample
lso increases with milling time. The present results show that
he amount of lithium intercalated and are strongly dependent not
nly on the graphite particle size, but also on the oxygen content
resent in the samples. As milling time is increased and the size of
he graphite flakes gets smaller, the laminar structure is broken and
he crystallinity decreases, the diffusion coefficient of the charged
pecie of lithium decreases as well. All the samples show a similar
ehavior and good rate capability up to 10 C.

The charge/discharge curves for MG20 present a capacity of
pproximately 250 mAh/g for low current discharge, MG10 had

 reversible capacity of approximately 100 mAh/g and MG15, 120
Ah/g. We  attribute the occurrence of more adsorption sites for

ithium ions to the presence of oxygen-containing species that are
ncorporated during the milling process. These oxygenated species
ind lithium to the surface stronger than pristine graphite and even
tronger than defective surfaces, playing a key role in promoting
ithium adsorption at more positive potentials.
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