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Effect of oxidation treatment on Li capacity in

disordered carbons - The surfing cards model
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Small angle neutron scattering and X-ray diffraction were used to study the effect of
oxidation treatment on the structure and Li capacity of disordered carbons. The oxidation
treatment increase the pore density and reduce the degree of parallel arrangement of
graphene layers, all with no detectable change in pore size. Scattering from Li-doped
samples indicates that the Lithium is most likely coating the pore surfaces rather than
creating clusters inside the pores. The results are analyzed in terms of the newly proposed
“potato-chips” (edge-connected graphene fragments, or “cards”) model of amorphous
carbons, from which we infer translation, or “surfing”, of connected fragments during heat
treatment. C© 2000 Kluwer Academic Publishers

1. Introduction

Disordered carbons are gaining attention as replace-
ments for graphite in Li-ion batteries due to their high
reversible Li capacities. A large variety of carbons pre-
pared from various starting materials and treated at dif-
ferent temperatures were tested, and some exhibit spe-
cific Li-capacities three times greater than graphite [1].
Hard carbons contain mono-disperse micro-pores on
the order of 1 nm diameter, as a result of randomly ori-
ented graphene fragments with similar lateral dimen-
sions [1]. These cavities are large enough to allow Li
cluster formation, and therefore could contribute to an-
ode capacity. In this work we studied the correlation
between the amorphous carbon structure and Li ca-
pacity using small angle neutron scattering and X-ray
diffraction. We chose small angle neutron scattering
(SANS) to study the structural factors affecting the
Li capacity, since this technique provides information
about the size and roughness of internal scattering sur-
faces in heterogeneous media. The correlation between
morphological characteristics and Li capacity was stud-
ied in carbon black by K. Takeiet al. [2]. They found
that irreversible Li capacity increased with BET surface
area, most likely due to surface-electrolyte inter-phase
(SEI) layer formation. However, the reversible capacity
was found to be independent of BET surface area. The
present work is motivated by the observation that an
oxidation treatment was shown to increase Li capacity
in “amorphous” carbon prepared from carbon-tar pitch.
The purpose if this work is to correlate this improve-
ment to structural factors, in particular the formation of
pores in the carbon by the oxidation process.
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2. Experimental details

SANS experiments were performed on Li-doped and
pristine “amorphous” carbons produced from coal tar
pitch. This material also contains substantial hydrogen
as a result of low temperature treatment. Three carbon
samples were tested: EB1 which contains 8 mol% H,
EA1, an oxidation product of the same raw material,
containing only 4 mol% H after processing. To obtain
the oxidized carbon EA1, the coal pitch was oxidized
in air and then heat treated at 1100◦C in inert atmo-
sphere for 3 hours. The non-oxidized sample (EB1)
was derived from the same pitch, heat treated in the
same way but without the oxidizing step. In addition,
an amorphous carbon prepared from Epoxi-Novolac
Resin (ENR) pyrolysed to 1000◦C, this sample con-
tains 4 mol% H. The surface areas determined by N2
adsorption at 77 K are 1.7 m2/g and 1.2–4.0 m2/g for
EB1 and EA1, respectively.

Solid state13C NMR measurements showed that the
carbons are 100% Sp2 hybridized. Previous electro-
chemical testing revealed the reversible Li capacities
of 351 mAh/g and 267 mAh/g for EA1 and EB1 re-
spectively.

SANS profiles of pristine and Li-doped EB1 and EA1
were taken using the 30 meter diffractometer (NG3)
at the National Institute of Standards and Technology
(NIST) [3]. The neutron wavelength was 5̊A and the
sample-detector distances used were 1.5, 7.5 and 13
meters to cover theQ range 0.003–0.4̊A−1 where
Q= 4π sinθ/λ.

The Li doing of EA1 and EB1 was carried out elec-
trochemically using 1 molar LiPF6 in EC/DMC (1 : 1

0022–2461 C© 2000 Kluwer Academic Publishers 4337



by volume). The SANS data were corrected for back-
ground and empty-cell scattering, circularly averaged
and converted to absolute intensity using standard scat-
tering samples. Wide-angle X-ray diffraction was per-
formed in Debye-Scherrer geometry using 1 mm cap-
illaries, Cu Kα radiation and a 1-D position-sensitive
detector.

3. Results
3.1. Effect of oxidation treatment
Fig. 1 shows the overall SANS spectra for EA1 and
EB1. Several features are immediately apparent. First,
the intensity above 0.05̊A−1 is much greater for the ox-
idized sample EA1 (squares) than for its non-oxidized
precursor EB1 (diamonds), consistent with the notion
that oxidation increases porosity. second, Li doping of
EA1 reduces the SANS intensity (line), which as dis-
cussed below argues against pore filling by Li clus-
ters. Finally, for all samples it is possible to divide the
scattering into two distinctQ regions. At very lowQ,
below 0.05Å−1, the scattering is from the interface be-
tween macroscopic carbon particles or grains and the
surrounding vacuum, the characteristic length scale be-
ing at least 100’s of̊A. At higher Q we find a transition
to a much smallerI (Q) slope, characteristic of scat-
tering from density inhomogeneity within a particle,
i.e. pores. At lowQ the normalized SANS intensity
per unit mass of oxidized EA1 is similar to that from
non-oxidized EB1, consistent with macroscopic obser-
vations which show no difference in particle size.

For the present purposes, the most important differ-
ence between EB1 and EA1 carbons lies in theQ region
0.4–0.05Å−1, Fig. 1. Both samples exhibit deviations
from power law behavior, while the oxidized EA1 car-
bon shows higher scattering.

In the Q region above 0.2̊A−1 where a plateau is
observed, it is possible to fitI (Q) to the Guinier ap-
proximation [4]:

I (Q) = I (0) exp

(−Q2R2
g

3

)
, (1)

Figure 1 Linear plots of SANS intensity at lowQ. Squares and solid
line are for EA1 before and after Li doping respectively; diamonds are
for pristine EB1 (the non-oxidized carbon).

Figure 2 Guinier plots of EA1 (squares) and EB1 (diamonds). Solid
lines are linear fits.

where Rg is the radius of gyration of the scattering
structure.

The Guinier plots (Ln(I ) vs.Q2) are shown in Fig. 2,
from which we deduceRg∼ 5 Å. Extrapolating the
Guinier plot to Q= 0 gives an estimate ofI (0) rel-
evant to these scatterers: wheren is the number of
pores/volume,1ρ is the difference in neutron scatter-
ing length density across the pore surface (e.g. carbon
vs. vacuum in pristine sample) andVp is the volume
of a pore. Assuming spherical pores with the above
value of Rg, and using the scattering length density
calculated from a contrast variation measurement (see
below), we thus obtained the volume density of pores.
We were unable to measure1ρ in a Q range corre-
sponding to the Guinier behavior since a large fraction
of the pores are isolated and thus inaccessible to the dif-
ferent solvents, which in turn prevent determination of
the contrast matching point (see below). therefore, we
assumed that the same difference in scattering length
density exists between the carbon matrix and the inte-
rior of a pore on the one hand, and between the matrix
and the solvent-accessible (macroscopic) extra parti-
cle void space on the other hand, and used the value
of 1ρ obtained from contrast matching at much lower
Q, 0.01 Å−1. Using this procedure we find for oxi-
dized EA1 a density of spherical poresn= 3.8× 1020

pores/cm3 or a pore volume fraction of about 20%. For
unoxidized EB1 the Guinier slope is the same indicating
similar Rg but the volume fraction of pores calculated
from theQ= 0 intercept is only 7%. While the absolute
values for the volume fraction of the pores are approxi-
mate, we can be quiet confident in the relative difference
in porosity between the two samples. We also estimated
the fraction of graphene flakes arranged as isolated lay-
ers (i.e. with no interlayer correlations) using theR
parameter introduced by Dahn’s group [5], defined as
the ratio of the (002) x-ray reflection intensity to the
diffuse background. The (002) reflections are shown in
Fig. 3, from which we deduceR= 2.4 and 11 for EA1
and EB1 respectively.

These values indicate a much higher degree of par-
allel (or nearly parallel) layers in the non-oxidized
carbon. Coupled with the SANS results, the porosity
appears to correlate with the isolated layer fraction.
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Figure 3 X-ray diffraction showing the “(002)” peak of EA1 (solid line)
and EB1 (dased line); the dotted lines are the respective background
scattering.

Previous structural study using radial distribution func-
tion analysis [6] revealed that such pitch-derived car-
bons consist of microscopic graphene fragments as
small as 10Å by 10Å. Random stacking of such frag-
ments would generate porosity on the order of 10Å.

3.2. Effect of Li doping
Li insertion into EA1 has a significant effect on the
high-Q scattering, as shown in Fig. 1 (circles). The scat-
tering intensity is actually reduced compared to the pris-
tine material. If Li clusters filled the vacuum pores, we
would expect stronger scattering because the thermal
neutron scattering length of Li is negative, and there-
fore filling the pores should increase the contrast (1ρ

in Equation 2). The reduction in SANS intensity there-
fore suggests that Li does not fill vacuum pores, but
rather “decorates” the pore surfaces (possibly attach-
ing to dangling bonds created in the oxidation process)
so that the contrast detected by the neutron lies be-
tween the average scattering length of the composite
pore surface and the included vacuum. The pore radius
in the doped sample is∼4.5 Å, slightly less than the
5 Å in pristine sample, suggesting that the pore sur-
faces play a role in Li binding. A similar effect was
also found in the ENR1000 carbon, the scattering from
the pores decreases upon doping and the pores radius
decrease as well as shown in Fig. 4. We determined that
Li doping has no effect on theRparameter as measured
from XRD.

3.3. Contrast variation
We performed contrast variation experiments by mix-
ing EA1 with H2O-D2O solutions containing 100\%,
75\%, 50\%, 25\% and 0\% H2O. The idea is to vary
the density contrast between the inter-particle spaces
and the bulk carbon and monitor the scattering intensity.

The scattering intensity atQ= 0.01 Å−1 as a func-
tion of H2O fraction is presented in Fig. 5. The con-
trast matching point (the minimum ) is found to occur
at 7\% H2O. This matching point is typical of carbons

Figure 4 Guinier plot of pristine (squares) and doped (diamonds) ENR
carbon. The lines are the linear fits.

Figure 5 Contrast variation showing the SANS intensity atQ=
0.01 Å−1 from EA1 as a function of H2O in a mixture of light and
heavy water. Squares are the data and solid curve is a parabolic fit.

with low H content. We can conclude that the hydrogen
is not concentrated on the particle’s surface but equally
distributed on the bulk. At higherQ the contrast ef-
fect is not as pronounced and the contrast matching
condition shifts to higher H2O content, indicating that
water molecules do not permeate all the pores, which
in turn is consistent with Swiss cheese structure of iso-
lated pores. We did observe, however, some changes
depending on solvent composition, which means that
some pores are indeed vacuum and are solvent acces-
sible. The contrast variation technique cannot provide
unambiguous results if the scatterers are not accessible
to the solvent [7].

4. Discussion
The structure of sp2 hybridized disordered carbons is
believed to consist of poly-hexagonal planar units
(flakes, or “cards”) whose size can be evaluated from
the radial distribution function derived fromneutron
diffraction experiments [6]. Using that technique a
“card” consisting of 20–30 hexagons, roughly 10Å×
10Å, was found to be the building block of many “amor-
phous” carbons [6]. The excess Li capacity (beyond
LiC6) of such carbons is attributed to the possibility
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of introducing two Li layers per carbon flake, or card,
compared to one Li layer per carbon layer when the
two layers are organized parallel to each other and sepa-
rated by the crystallographic layer interval. On the other
hand, since the hydrogen content of such carbons is in-
sufficient to saturate the large density of edge carbons
implied by small isolated “cards”, and furthermore the
ESR intensity (a measure of unsaturated edge carbons)
is typically very low [8], a natural assumption is that
the “cards” are not truly isolated but rather connected
at the edges to form a wavy “potato-chip” structure [9].
One can imagine two different extreme scenarios for
organizing such “chips” into a bulk solid, shown very
schematically in Fig. 6. Two potato-chips could be stag-
gered in the lateral direction (layers 1 and 2 in Fig. 6a)
to form pores withRg of order half the extent of a flat re-
gion, consistent withRg∼ 5 Å from SANS and lateral
dimension of flat chip segment 10̊A from RDF. In the
other extreme, the the planar poly-hexagonal units are
parallel (layers 2 and 3 in Fig. 6a), yielding no pores but
a non-zero contribution to (002) pseudo-Bragg diffrac-
tion. (We have found by simulations [9] that, while
perfectly parallel arrangement is unlikely in the real
material, slightly tilted chip planes will still produce
an “(002)” peak in x-ray diffraction). In this scenario,
the Li capacity will increase as the fraction of potato-
chips arranged “peak-to-peak”, i.e. the pore-forming
arrangement of layers 1 and 2, increases. Movement of
some chips to the“peak-to-valley” configuration, which
is energetically stabilized by the van der Waals interac-
tions, would increase the (002) intensity (orR factor)
and reduce the SANS intensity, without affecting the
the average pore size. This effect could even be en-
hanced if we assume that the cards can change their
bond angles upon heat treatment, in order to increase
the van der Waals bonding with other layers. Thus the
notion of “surfing cards”, which would also decrease

Figure 6 Schematic representation of the “surfing cards” model which
attempts to explain changes in morphology and material performance
with oxidation treatment. Before heat treatment (a) we see five pores and
a single-layer fraction of 50\%, while after heat treatment (b) a single
“layer” has “surfed” with respect to the others such that 2 of 5 pores
are removed and the single-layer fraction is reduced to 25\% yielding a
higherR value and lower Li capacity.

the Li capacity by reducing the fraction of chip seg-
ments available for two-sided Li doping.

The above model, while highly schematic, correctly
accounts for all the observed differences between ox-
idized and non-oxidized samples. One can speculate
that oxygen atoms are preferentially bonded to the less
stable carbons on the bending line between two planar
units, thus increasing the energy barrier to potato-chip
surfing. Recently, J. R. Dahn [10, 11] proposed a mech-
anism based on the “house of cards” model to account
for the changes in porosity, (002) peak intensity and
Li capacity upon heat treatment. Their “falling cards”
model envisions the rotation of a single “card” into a
parallel alignment with another card, thereby collapsing
one small pore and creating a larger one, roughly dou-
bling in Rg. This in turn reduces the single layer fraction
(and hence Li capacity) and increases the (002) inten-
sity and average pore radius. While this model appears
to explain changes induced in many materials (e.g. sug-
ars) with burn-off rate, it clearly cannot be applied to
the coal pitch-derived carbons studied here. We found
no change in pore size with oxidation, and the assump-
tion of isolated single “cards” is not consistent with the
low spin density and H content.

5. Conclusions
In this work we have demonstrated a correlation be-
tween microscopic density variations and Li capacity
in oxidized disordered carbons. The reversible capac-
ity increases with increasing porosity, an effect which is
most likely due to an increase in the number of Li bind-
ing sites with oxidation and is certainly not associated
with Li cluster formation inside the pores. Oxidation
also reduces the fraction of parallel (or nearly paral-
lel) graphene fragments, which in the “house of cards”
model would imply a enhanced Li capacity. The results
are qualitatively consistent with a “potato-chips” model
of edge-connected “cards”, which “surf” with respect
to each other during thermal and oxidation treatments.
Further work is clearly needed to elucidate the detailed
microscopic processes involved in the oxidation treat-
ment, while the present results provide a possibly better
framework for approaching the problem.
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