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INTRODUCTION

The microstructure of carbonaceous materials strongly affect their ability to _
electrochemically intercalate lithium [1]. The fractional intercalation capacity (x in LixCe) for
various types of amorphous and graphitic carbons can vary over a range between 0 to 1.
Capacities exceeding that of graphite (372 mAh/g or LiCg) can be obtained from chemically
doped (i.e., with phosphorous [2]) materials or from carbonized organic precursors pyrolyzed at
low temperatures (<900°C) [3]. Additional chemical effects apparently influence the carbon
electrochemical behavior in these cases. )

For a certain group of pure but graphitizable cokes and carbons, the heat-treatment
temperature can cause changes in the particle structure and morphology resulting in a significant
variation in the electrochemical performance. Several groups [1, 4] have demonstrated that the
structure of heat-treated carbons changes over a broad range of temperature (1200-2800°C). The
lithium storage capacity usually goes through a minimum and then increases with increasing
graphitization temperature up to that of graphite (LiCg). We have previously reported [5] a
significant reduction (50%) in the performance of a carbon black (Sterling R, Cabot) that was
heat treated to 2700°C. On the basis of transmission electron microscopy analysis, it was thought
that the graphitized, onion-skin type structural orientation could limit accessibility in the internal
crystallites resulting in a reduced overall capacity. A more open graphitic structure (e.g., edge-
oriented surface) would perhaps be more desirable for efficient insertion/de-insertion reactions.

Processing conditions such as milling (grinding) to pulverize the coarser particles can
alter the particle surface morphology. Tatsumi and co-workers {6], for example, observed that
fibers that were chopped after graphitization treatment showed a significant improvement in
capacity (1.6 times) over those that were chopped prior to graphitization. In this work, we arc
examining the effects of both heat treatment and milling (either prior to or after the heat
treatment) to examine the relative significance of these two parameters on the intercalating
ability of needle petroleum coke. The performance of natural graphite particles which have
similar physical properties is included for comparison.

EXPERIMENTAL

The coke material is a calcined coke (190LS, Superior Graphite Co.). This readily
graphitizable coke is referred to as a needle petroleum coke and is used commercially to make
large graphite electrodes. This particular coke material is low in sulfur (<1%) and other elements
(0.05 - 0.15%). The cokes were processed according to the following procedures using identical
time-temperature schedules: 1) The coarse grains (-3/8" mesh ROK) were heat treated and

subsequently air milled to a fine powder (average particle size ~10pm); 2) The coarse materials
were air milled prior to heat treatment. The graphitization experiments were done in a laboratory
graphite resistance tube furnace at three temperatures 1800, 2100, and 2350°C in a flowing argon
stream. A sample designation 1800M means that the coke was first treated to 1800°C before
being milled (M) to the final size. The electrodes were prepared using a commercial, 0.12-mm
thick carbon fiber sheet (Lydall Corp.) as the support matrix and a carbonized phenolic resin
binder (10-15%). A slurry containing the carbon particles, phenolic resin precursor (#29-217,
Reichhold Chemical) and furfuryl alcohol (QO Chemicals, Inc.) was spread onto the carbon fiber
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sheet and allowed to dry. The composites were then pyrolyzed at 1050°C (in N2). The final
electrode thickness was between 0.26 and 0.30 mm. Other details can be found elsewhere [5].
The electrochemical experiments were carried out in a 15-ml, three-electrode cylindrical
cell. Lithium foils (Cyprus Foote Mineral) were used as the counter and reference electrodes.
Fiberglass filters (Whatman 934-AH) were used as the separators between the working and
counter electrodes. The electrolyte was 0.5M lithium (bis)trifluoromethanesulfonimide (HQ115,
3M Corp.) in 50:50 ethylene carbonate:dimethyl carbonate (Grant Chemical). The cells were
{constructed and tested at 20 * 2°C in a dry argon-atmosphere glove box (< 15ppm water). The

«electrode was discharged (intercalated) at a constant-current rate corresponding to 1 mole of
lithium per 6 moles of carbon in 24 hours (ca. C/24 rate) to a cut-off voltage of 0.005V (Li*/Li)
and held at this potential for 4 hours. It was then charged (deintercalated) at the same rate to 1.5
V and held there for another 4 hours. This procedure was used to ensure complete lithium
intercalation/deintercalation. Electrochemical studies were performed using a 64-channel Maccor
battery tester. .

BET surface area measurements were obtained with a multi-point method using a
Micromeritics ASAP 2000 Surface Area Analyzer. Particle size distribution was obtained from

Micro-Tract analysis.
-RESULTS AND DISCUSSION

The physical properties and electrochemical intercalating parameters of the cokes and
graphite are summarized in Table I. The particle size distributions on the two series of cokes
milled before and after heat treatment are shown in Figures 1a and 1b, respectively. The curves
show a distribution with an average particle size near 10 um. A higher maximum was observed
with the samples that are milled after heat treatment. Nitrogen gas adsorption analysis showed a
clear difference in the BET surface areas of the two sets of materials. The surface areas of
samples that are milled after heat treatment are approximately twice as large as those milled after
heating (see Table I). Electron microscopy and X-ray diffraction analyses are underway to study
any difference in their microstructure and surface morphology. .

The potential profiles as a function of lithium intercalation capacity, x (in LixCg), for
electrodes containing the coke powders milled prior to heat treatment are presented in Figare 2.
The curves for samples that were heat treated before milling are shown in Figure 3. Both
discharge (intercalation) and charge (deintercalation) curves are presented on the same x-axis for
ease of observation and comparison. The profiles of samples heat treated at temperatures below
2100°C regardless of the milling order show a sloping curve over the capacity range
characteristic of the behavior for amorphous carbons. Flat plateaus below 0.25V start to develop
for materials processed at higher temperatures, indicating the development of ordered graphene
layers associated with the graphitic structure. The trend here is in agreement with those reported
for pitch cokes [1, 4].

Table I. Physical properties and performance of treated coke powders and natural graphite

S Particle size | BET area Capacity Irreversible
ample | Process conditions m2/ % in Li,C capacity
(um) (m“/g) | ( xC6) (AW
SO22 control, as-received 30-40 0.4 0.69 65 .
S0O23 milling + 1800°C 10 5.6 0.45 81
S024 milling + 2100°C 10 4.6 - 0.74 110
SO25 milling + 2350°C 10 4.3 0.81 - 130
SO26 1800°C + milling 10 9.3 0.56 72
SO27 2100°C + milling 10 9.8 0.82 70
SO28 2350°C + milling 10 9.2 0.93 69
BG74A | natural graphite 10 10 0.92 94
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Figure 1. Particle size distribution of (a) samples that were milled first before heat treatment and
(b) samples that were milled after heat treatment. '

The lithium capacity is plotted as a function of heat treatment temperature in Figure 4.
There appears to be a minimum in both curves for the two series. The lowest capacity (x = 0.45)
occurs at ~1800°C. Additional data points are needed to clearly establish the minimum but the
presence of one is evident. The series of electrodes made from materials milled -after
graphitization showed 15-20% higher capacities compared to those that were milled prior to heat
treatment. Furthermore, the electrochemical behavior of sample 2350M is unusually similar to
that observed for highly graphitic natural graphite (see Table I). Heat treatment conditions in-this
case apparently are sufficient for the highly graphitic crystalline structure to form. The sample
microstructure will be examined in more detail by electron microscopy and X-ray diffraction
study. The irreversible capacity loss (Table I) associated with the formation of the solid-
electrolyte interphase does not appear to correspond with the BET surface areas as might be
expected from the study by Fong er al. [7]. We are not clear at this point about this relationship
for these two series of heat-treated samples.
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Figure 2. Plot of discharge and charge potentials
as a function of capacities, x in LixCg for
electrodes containing cokes particles that were
milled to a powder then heat treated at 1800,
2100 and 2350°C.
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Figure 3. Plot of discharge and charge potentials
as a function of capacities, x in LixCg for
electrodes containing coke particles that were
heat treated at 1800, 2100 and 2350°C before
being milled to fine powders.
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The milling process represents more than a three order-of-magnitude change in the
particle dimensions on a volumetric basis. As expected the materials milled after graphitization
(1800M, 2100M and 2350M) contain an open structure with a large fraction of active edge-
oriented surfaces to more fully utilize the bulk structure for insertion. On the other hand,
graphitization of the milled powders could close off certain crystallites in the bulk structure
which would not be accessible for insertion even at a slow rate (eg., C/24).

Scanning and transmission electron microscopy experiments will allow more detailed
examination of the particle microstructures. These preliminary results suggest that the change in
the particle microstructure by milling is not a critical factor causing a decrease in capacity (i.e.,
the onset of a minimum in the x vs. L curve). The minimum capacity apparently is intrinsic to
the carbon structure although a satisfactory explanation for its existence is not available at this
time.
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