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Introduction
The effect of surface texture on irreversible capacities of graphitic carbons are studied using commercial carbons exhibiting a variety of morphology. While the irreversible capacity of high surface area flaky graphites is nearly proportional to the specific surface area, other graphites with highly compact morphology tend to show much bigger irreversible capacity per unit surface area. The effect of surface texture is even more dramatic when propylene carbonate(PC) is added to the electrolyte. A flaky graphite with high degree of crystallinity exhibits virtually no change in both reversible and irreversible capacity up to 40 volume % of PC, while some graphitic carbons undergo significant structural destruction even for 10 vol. %. The effect of PC on the lithium intercalation into various graphitic carbons is examined more thoroughly for EC/PC/Diethyl carbonate(DEC) 1M LiPF6 electrolyte with 50 vol. % DEC. The changes in both reversible and irreversible capacity loss are studied for the volume ratio of PC to total cyclic carbonate from 0 to 1. The observed changes are analyzed in terms of a structural parameter characterizing the difference in surface texture. The PC decomposition mechanism is also discussed. 

In the last decade, secondary lithium battery with carbon anode is successfully commercialized based on "rocking chair concept". Recognizing the advantage of utilizing carbons as anode active material, a variety of graphites with diverse structure and morphology have been studied. Depending on starting material and production process, graphites with diverse structure and morphology can be produced; spherical microbeads, fibers, particulate powders and flaky graphites. Structural characteristics of graphitic carbons affect electrochemical performances as well as fabrication of electrode. The degree of crystallinity controlled by the structure of precursor material and the heat treatment temperature plays an important role in the lithium intercalation capacity, and a remarkable quantitative agreement is obtained between experimental and theoretical studies. Although the crystallographic structure of most graphitic carbons is quite similar, the surface texture can be highly diverse, because the microscopic arrangement of highly anisotropic crystalline grains can differ quite significantly due to morphological variety of precursor materials. The effect of surface texture on irreversible capacity, however, is much less known, despite its practical importance in controlling the energy density of lithium ion batteries. In this study, the irreversible capacities of various graphitic carbons in EC/PC/DEC electrolyte are examined as a function of active surface area. The results are interpreted in light of a structural model that distinguish the reactivity of the basal plane and the edge plane of graphites. The decomposition behavior of PC on graphite and the role of graphite exfoliation is also discussed.

Experimental
Carbon samples used in this experiment are obtained from commercial sources. The electrodes are prepared by mixing 7 to 10 wt. % of PVdF to carbon powder. NMP is added to the mixture and the resulting mixture is coated onto Cu foil. Typical electrode contains about 10mg/cm2 and its thickness is roughly 80m. Electrochemical lithium intercalation capacity of samples are measured using coin cells. For complex impedance measurement, three electrode carbon/lithium/lithium cells are prepared with lithium as both counter and reference electrodes. Current used in intercalation is typically 10 hour rate (C/10) and constant voltage intercalation is applied at 10mV with respect to Li+/Li to obtain full intercalation capacity. Electrolytes used for capacity measurement consists of 50/50 volume ratio of ethylene carbonate/diethyl carbonate and 1M LiPF6. To evaluate the effect of PC on the irreversible capacity, mixtures of EC/PC/DEC with 50% DEC are used. 

Results
The irreversible capacities obtained for various graphitized carbons are plotted as a function of double layer capacitance measured at the open circuit potential, ca. 3.2 V (Figure 1). For comparison, similar data from literature is also included. The double layer capacitance is associated with the electrochemically active surface and is nearly proportional to the BET area, 55mF/m2. Despite the difference in the electrolytes used in the experiment, the agreement is remarkable for graphite with high surface area. Slight differences in the irreversible capacity normalized by the capacitance might be due to different electrolytes and perhaps to other experimental conditions. 

For graphites with large surface area, the irreversible capacity is nearly proportional to the capacitance. Strong deviation, however, is noticeable as the capacitance becomes smaller than 500mF/g. The degree of deviation, Ddev is defined as Ddev =  (Qirr,0 - Qirr, line )/C, where Qirr,0 and Qirr, line are irreversible capacities obtained experimentally and from the best fit, and C is the specific capacitance. The deviation is extremely small for most flaky graphites, while it gets much bigger in the order of CF, MCMB and PM series samples. The positive deviations indicates that more irreversible capacity arises from the same surface area, which further implies that large fraction of surface is composed of more reactive surface structure. The trend also appears to be in qualitative agreement with the surface texture where more graphite edges align normal to the surface for powdered mesophase whereas the surface consists predominantly of basal planes for flaky graphites. 

Since decomposition of propylene carbonate(PC) is often associated with exfoliation of graphite, the fraction of edge exposed on the surface should have significant influence on the irreversible capacity for PC based electrolyte. For electrolytes containing PC, irreversible capacity loss in the first intercalation cycle generally increases with the volume fraction of PC. The quantitative aspect of such changes, however, is quite strongly influenced by the type of carbons even among highly graphitized carbons. First cycle intercalation and deintercalation behaviors for three different types of carbons are illustrated in Fig. 2. For a flaky graphite with relatively large surface area shown in Fig. 2 a), the voltage profiles show virtually no changes even up to 40 vol. % PC. As EC is completely replaced by PC (PC/DEC), however, intercalation potential below 0.2V is never reached due to predominant decomposition reaction close to 0.9V vs. Li+/Li. A mesocarbon microbead (MCMB) appears to show only slight decrease in reversible capacity, while exhibiting a big increase in irreversible capacity loss (Fig. 2 b). Even more drastic changes are seen for a graphite powder derived from powdered bulk mesophase (Fig. 2 c). Both the reversible and irreversible capacity are strongly affected by the change in PC content.

Discussions
It is demonstrated in Figure 2 and Figure 3 that surface structure of graphitized carbons are not simple and homogeneous. Although numerous structural defects complicate a straightforward description of the surface texture, essential feature of its influence on irreversible capacities might be captured by considering the basal plane and more reactive edge plane through which solvent co-intercalation is permitted. The irreversible capacities of various graphitic carbons in EC/DEC and for EC/PC/DEC is understood in light of a simplified surface structure. 

Three different types of PC reduction process were envisaged to explain the observations on the change in both reversible and irreversible capacities for EC/PC/DEC as a function of PC content. On the basal plane, direct electrochemical reduction is the dominant process. On the edge surface, reduction via cointercalation of solvated PC appeared to take place with or without further exfoliation of graphite structure. Except for flaky graphites, degree of exfoliation increases very gradually with PC content, often with huge increase in irreversible capacity without a reduction of reversible capacity arising from graphite exfoliation. Most of the flaky graphites, on the other hand, exhibit a very sharp onset of graphite exfoliation. The differences in the exfoliation behavior could be explained in terms of the mechanical integrity of the edge against solvent cointercalation and exfoliation. 

Figures.
Figure 1 The irreversible capacities vs. capacitance. Different symbols correspond to different types of graphites.
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Fig. 2. The changes in the first cycles lithium intercalation behavior as a function of PC in the electrolyte for three graphites with different morpholgy A) AG-1, b) MCMB-1, c) PM-4
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Figure 4 a) AG-1
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c) PM-4
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b) MCMB-1
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