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ABSTRACT

Disordered carbon samples were prepared from four organic polymérs:.poly'['(Z)-1-meth0xy—4-pheny1-1-buten-3-yne]
[poly(MPBEY)], poly(1,4-diphenyl-1-buten-3-yne) [poly(DPBEY)], poly[5-(2-pyridyl)-2,4-pentadiyn-1-ol] [poly(PyPDO)],

and poly(2,4-hexadiyn-1,6

iol) (PHDO). Elecirochemieal ithium insertion into these disordered carbons was studied with

discharge/charge tests, cyclic voltammetry, and "Li nuclear magnetic resonance (NMR) spectroscopy. In the potential range
of 0.0 to 2.5 V vs. Li/Li*, all carbons showed discharge/charge curves with a hysteresis effect unlike typical curves for stan-
dard lithium insertion/removal processes in pyrolyzed carbons. This hysteresis may be caused by the lithium-oxygen bond-
ing of the organolithium complexes. "Li NMR spectra showed two kinds of lithium insertion sites in all carbons: a reversible
site from which lithium could be removed in the subsequent charge process and an irreversible site where lithium remaing
intact. The NMR results suggest that the reversible site lithium has ionic nature in all of the fully Li-inserted carbons. .

Introduction

Carbon materials have been recognized as suitable
anogdes for lithium-icn batteries because of their excellent
cycling behavior and much better safety than the metallic
lithium negative electrode.!* There have been numerous
studies on lithium insertion into various kinds of carbons
such as natural and synthetic graphites, cokes, carbon
blacks, carbon fibers, mesocarkon microbeads (MCMBs),
pyrolyzed polymers, etc., to examine the possibility of using
these materials as the negative electrode in lithium-ion bat-
teries.® Lithium intercalation in graphite, in particular, has
been most extensively studied.>*" I is well established that
one lithium atom per six carbon atoms can be intercalated
into the graphite layer, and LiC; is formed as the first-stage
compound.® _

Recently, there has been significant interest in disor-
dered carbons showing much larger capacity than that of
graphite (372 mAh/g).*'*® Such disordered carbons are
prepared by pyrolysis of organic precursors below 1000°C.
Dahn proposed two mechanisms for electrochemical inser-
tion of lithium into this kind of carbon.” First, adsorption
of lithium on both sides of the surface of single graphene
sheets proceeds in disordered carbons made up predomi-
nantly of single graphene sheets.”* Second, lithium atoms
can bind on hydrogen-terminated edges of graphene frag-
ments in carbon materials containing .a large amount of
hydrogen that show large hysteresis, '

Usually the disordered carbons have been prepared from
commercially available organic precursors. The main
weakness of this approach is that aromatic condensation
proceeds through a very intricate pyrolysis pathway. As a
result, it is impossible to understand the microstructure of
carbons on the molecular level which is essential to com-
prehend lithium insertion into carbons. In this study, we
report lithium insertion into disordered carbons prepared
from specially desighed polymers which make it possible
to predict the microstructure of carbens, ie., defect sites
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Scheme 1. Outline for the preparation of polymers and disor-
dered carbons, 5 :

formed on edges of graphene sheet, on the molecular
level.™*® The polymers were prepared by the metathesis
polymerization of diacetylenes and enyne derivatives as
shown in Scheme I. Electrochemical lithium insertion into
the as-prepared carbons was investigated by discharge/
charge tests, cyclic voltammetry, and “Li nuclear magnetic
resonance (NMR) spectroscopy to gain insight into the
lithium insertion mechanism into disordered carbons.

Experimental

Four kinds of organic monomers (Table I} were pre-
pared: (Z)-1-methoxy-4-phenyl-1-buten-3-yne (MPBEY),
1,4-diphenyl-1-buten-3-yne (DPBEY), -5-(2-pyridyl)-2,4-
pentadiyn-1-ol (PyPDO), and 2,4-hexadiyn-1.6-dicl {HDO).
These monomers were metathesis polymerized to get
polyl(Z2)-1-methoxy-4-phenyl-1-buten-3-yne] [poly(MPBEY)],
poly(l,4-diphenyl-1-buten-3-yne) [poly(DPBEY)], poly[5-{2-
pyridyl)-2,4-pentadiyn-1-ol} [poly(PyPDO)}, and poly(2,4-
hexadiyn-1,6-diol) (PHDO). Disordered carbons were prepared
by vacuum pyrolysis of these polymers. The poly(MPEEY) and
poly(DPBEY) were pyrolyzed under vacuum at 750°C to get
carbons denoted as poly(MPBEY)-750, poly(DPBEY)-750,
respectively. The poly(PyPDO} and PHDO were pyrolyzed
undér vacuum at 800°C to obtain poly(PyPD0)-800, and
PHDO-800. The synthesis of organic monomers, the
preparation and characterization of the polymers, and the
vacuum pyrolysis technique were described in detail else-
where. '™ These samples were ground to a fine carbon
powder with sizes less than 100 pm using RETSCH MM
2000 mixer mill. Powder grinding was done in air. The
grinding jar (10 mL), balls (10 mm diam) were made of

Table I.VOrganic monomers used in this study.

(Z)-1-methoxy-4-phenyl-1-buten-3-yne (MPBEY)

1,4-diphenyl-1-buten-3-yne) (DPBEY)
5-(2-py'ridy1)-2,4—penta=diyr1-1—01 {(PYPDO)

{ p—==—==—CHOH
\_y

2,4-hexadiyn-1,6-dicl (HDO)
HOCH,—=—=—CH;0H
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tungsten carbide, Teflon with steel core, respectively. The
sample weight and grinding time were about 1 g and 10
min, respectively. X-ray diffractometry (XRD) was carried
out using a Rigaku X-ray diffractometer (Rigaku D/MAX-
RC 12 kW system} with Cu Ka radiation. The data were
collected within a scattering angle (26) range from 10 to
100°. Elemental analysis was carried out using an elemen-
tal analyzer from Foss Heraeus Analysentechnik Instru-
ments. X-ray photoelectron spectroscopy (XPS) was ac-
complished with a VG Scientific ESCALABE MK II
instruments utilizing Mg Ko X-ray source. In addition,
XPS spectra for Lonza KS44 synthetic graphite were
measured to compare with those of our samples. The C,,
peak of carbon was used as a reference to calibrate the
peak position, assuming its binding energy as 285 eV.

The disordered carbons prepared from the organic poly-
mers were mixed with 7 wt % poly(tetrafluoroethylene)
binder in isopropyl alcohol. The resulting mixtures were
deposited on SUS-EXMET (stainless steel expanded metal
grids) and pressed to form electrodes with thicknesses of
300-350 um. After the carbon electrodes were cured for 3 h
at 280°C, they were repressed, dried under vacuum for 24 h
at 150°C, and stored in an argon-filled glove box, wherein
cells were assembled. Electrochemical measurements were
performed in a three-electrode cell with lithium metal as
the counter and reference electrodes. The organic elec-
trolyte used was 1.0 M LiPF, in ethylene carbonate
(EC)/diethy] carbonate (DEC) (2/1, vol/vol} solution (bat-
tery grade, Mitsubishi Petrochemical Co., Lid.). The cyclic
voltammetry of the carbon electrodes was carried out in
the range of 0.0 to 3.0 V vs. Li/Li* at scan rates-of 1 mV/s,
The discharge (inserting lithium) and charge (removing
lithitum) tests for the carbion electrodes were carried out
between 0.0 and 2.5 V vs. Li/Li* using a constant current
of 24.8 mA/g. At least five cells were tested for each car-
bon. Fully Li-inserted carbons, and fully Li-removed
carbons in the first cycle were prepared by discharging to
0.0 V, and by subsequent charging to 2.5 V after the first
discharging to 0.0 V, respectively. The fully Li-inserted
carbons and the fully Li-removed carbons were examined
by "Li NMR spectroscopy (Bruker AM-300; resonance fre-
quency = 116.6 MHz). A solution of 1 M LiCl/D,0 was
used as an external standard.

Resulls and Discussion

Structure and composition of disordered carbons pre-
pared.—Figure 1 shows powder XRD patierns for as-pre-
pared disordered carbons. In all of the carbons, only a few
peaks are observed in the XRD patterns, indicating the
~ carbons to be highly disordered.’ The (002) peak due to the
stacking of carbon layers and the (100) peak due to in-
plane order are clearly observed at 28 values near 24 and
45°, respectively. The average crystallite sizes along the e
axis (L,) are estimated from the (100) diffraction peak
using the Scherrer equation.” The carbon samples show
(100) peaks with L, between 26 and 32 A, which are not
significantly different from each other (see Table II}. In
order to compare the crystallinity between carbon sam-
ples, the full width at half-maximum (FWHM) of the (002)
peak was utilized because the (002) peak cannot be simply
used to measure the average crystallite size along the ¢
axis (L,) for highly disordered carbons.? The carbon sam-
ples show a very broad (002) peak with FWHM between
7.6 and 10.2 as shown in Table II. These FWHM values are
similar to those of epoxy novolak resin (ENR)-derived
samples (9.0° in ENR 800}, which are known to be made up
predominantly of single-layer carbon sheets.? In the recent
work of Liu et al., the empirical parameter, R, which is
defined as the ratio of the (002) peak intensity to the back-
ground, was reported to be directly related to the fraction
of single-layer organized regions in the carbons.'* All
samples in Fig. 1 show R values to be about 2 implying
that the single-layer fraction is about 35 % as calculated
following Ref. 14,

The elemental analysis data are summarized in Table II.
All of the carbons show about a 0.2 H/C atomic ratio
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which is a little larger compared to those of the ENR 800
sample (0.12) ® and the PAN-800 sample (0.12) * prepared
from polyacrylonitrile (PAN). A small amount of nitrogen
(N/C = 0.08) is contained in poly(PyPDO)-800 unlike the
other carbons.

Figure 2 shows XPS spectra for the C,, of the Lonza
KS44, poly(MPBEY)-750, poly{DPBEY)-750, poly(PyPDO)-
800, and PHDO-800. It is known that a C,, peak becomes
sharper as carbon has more ordered structure.® The Lonza
KS44 shows the narrowest peak among five carbons as
expected. The other carbons, however, have no significant
difference from each other. The Oy, peak of the Lonza KS44,
poly(MPBEY)-750, poly(DPBEY)-750, poly(PyPDO)-800,
and PHDO-800 are observed in 532.9, 532.5, 532.9, 532.6,
532.4 eV, respectively, as shown in Fig. 3. The atomic ratio of
oxygen to carbon (O/C) calculated from the relative
amount of oxygen to carbon (0,/C,,) of XPS spectra is
summarized in Table II. We found that a large amount of
oxygen {O/C = 0,12 ~ 0.15) is contained in carbon samples
unlike Lonza KS44 graphite (O/C = 0.03). Oxygen exists
in oxygen-containing functional groups (i.e., surface ox-
ides) such as carboxyl groups, carboxylic anhydrides, lac-

Table 1. Results of elementa! analysis and XRD patterns.

Atomic ratio

(002) FWHM® L, (A)*
Carbon H/C* N/C* O/C* (degree} (£0.5) (*2)
poly{MPBEY)-750 022 — 0.15 10.2 32
poly(DPBEY) 750 019 — 0.12 7.6 31
poly(PyPDO}-800  0.18 0.06 0.14 9.1 30
PHDO-300 0.20 — 0.14 9.9 26
Lonza KS-44 — — 0.03 0.44 —
*H/C and N/C atomic ratio were measured using eiemental ana-
lyzer.
*O/C atomic ratio was calculated from Oy, and C,; peaks of XPS
spectra.

<Full width at half-maximum (FWHM) of (002) peak.
4Calculated from the (100) diffraction peak using the Scherrer
equstion.
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Fig. 2. XPS C, spectra of Lonza KS44 and the prepared carbons.

tonie groups, lactols, hydroxyl groups, ether-type oxygen
and carbonyl groups on the surface of carbon, according to
the report of Boehm.* Tt is thought that surface oxides
may be formed by chemisorption of moisture, oxygen, and
isopropy! alcohol used on making electrodes.

Electrochemical studies on disordered carbons—Fig-
ure 4 shiows the.discharge and charge curves of the carbon
samples during the first two cycles, and the results are
summarized in Table III. In the potential range of 0.0 to 2.5
V vs. Li/Li*, the poly(DPBEY)-750, poly(PyPDO)-800, and
PHDO-800 show first charge capacities of 390, 420, and
400 mAh/g, respectively, whereas the poly{MPBEY)-750
shows a much larger capacity (600 mAh/g)} than that of
graphite (372 mAh/g).

Figure 5 shows the first charge and second discharge
curves plotted by reversing the charge curve on the x axis
to better compare the voltage profile of the carbon sam-
ples. All of the carborns show discharge/charge curves with
a large hysteresis effect, unlike typical curves for standard
lithium insertion/removal processes in pyrolyzed carbons,
where & = 1 in Li C,, as apparently shown in Fig. 5. This
large hysteresis implies that these carbons are not suitable
for practical applications. Recently, Xue et al. reported
that surface oxides increase both the irreversible and
reversible capacities but the reversible capacity due to the
surface oxides shows large hysteresis upon oxidation of
ENR-derived carbons.” It has been well known that lithi-
um forms a very wide range of complexes with amines,
ethers, carboxylates, alkoxides, and many other lig-
ands.”" The reaction between lithium and surface func-
tional groups may be classified into two kinds of process-
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Fig. 3 XPS O., spedm of Lonza K$44 and the prepared carbons.

es: (i) a reversible process in which lithium binds with
oxygen-containing functional groups to form organolithi-
um complexes as shown in Scheme II which is conformed
with the literature data,®?" and (i) an irreversible process.
The hysteresis of our samples may be caused by the lithi-
um-oxygen bonding of the organolithium complexes. In
the poly(MPBEY)-750, in particular, large capacities with
hysteresis are observed and the discharge and charge steps
proceed in a higher potential range compared with the
other carbons, even though they display similar XRD pat-
terns to each other Precursor polymers from enynes
fpoly(MPBEY), poly(DPBEY)] yielded disordered carbons
having many more defect sites rather than the most of pre-
cursor polymers from diacetylenes [poly(PyPDO), PHDO]
because olefin pendant group cannot form honeycomb
structures through aromatization.'™ It is thought that
lithium can reversibly bind with the surface oxides formed
on these defect sites leading to larger reversible capacities
in poly(MPBEY)-750 compared to other carbons. On the
other hand, mesophase carbons can be made from
poly(DPBEY) as well as normal carbons, because this
polymer has a sterically much more hindered structure
compared to poly(MPBEY). It seems that small charge
capacity observed in poly(DPBEY)-750 is due to the for-
mation of low molecular weight mesophase carbons which
are soluble in electrolyte (in fact, this is observed) and can-
not react with lithium reversibly.

The irreversible capacity, cbserved usually in the first
discharge step, is defined as the difference in capacity
between the first discharge and the subseguent charge. It
is generally accepted that a part of the irreversible capac-
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ity is caused by the formation of a so-called solid elec-
trolyte interface (SEI)} on the surface of carbons due to the
decomposition of electrolytes.” Our samples show very

OLi

Scheme 11, Plausible structures of organolithium complexes.

large irreversible capacities (see Table III). This large irre-
versible capacity makes it impossible to apply these car-
bons to practical batteries. Xing et al. reported that the ir-
reversible capacity for hard carbons resuits from two
sources: the electrolyte decomposition on nominally clean
carbon surface and the reactions with surface functional
groups which are formed on carbons exposed to reactive
gases.” In fact, our samples have many active sites where
surface oxides may be formed because they have many
defect sites. Some additional irreversible capacity may be
caused by the irreversible reaction of lithium with surface
functional groups such as —COOH and ~OH.*

Figure 6 shows cyclic voltammograms (CV) of the carbon
samples. Upon the anodic scan, the charge (lithium
removal) capacities are very low in the early cycles and
gradually increase during the successive cycles in all of the
carbons. The low charge capacities observed in the early
cycles illustrate that a large amount of inserted lithium
remains in the carbons upon scan reversal. This is consis-
tent with the results observed in the first cycle of our dis-
charge/charge tests. Discharge (lithium insertion) and
charge (lithium removal) capacities are calculated for each
cycle. The plots of both discharge capacities (@) and
charge capacities (@) vs. cycle number are shown in Fig. 7.
At the twentieth cycle, poly(MPBEY)-750 and poly
(PyPDO)-800 display large charge capacities of about 120
and 110 mAh/g, respectively, while poly(DPBEY)-750 and
PHDO-800 show charge capacities of about 55 and 75
mAh/g, respectively. Poly(PyPDO)-800 displays very large
capacities during CV tests but shows similar values of
charge capacities as those of poly(DPBEY)-750 and PHDO-
800 during the discharge/charge tests. These results indi-
cate that the kinetics of lithium insertion/removal in
poly(PyPDO)-800 are faster than those of poly(DPBEY)-
750 and PHDO-800 probably due to the fast solid-state dif-
fusion of lithium in poly(PyPDO) -800 thh consists of
small particles of spherical shapes.™

’Li NMR spectra of Li-inserted carbons.—To investigate
the lithium insertion sites and the chemical state of lithi-
um, 'Li NMR spectra were obtained in both the fully Li-

Table lli. Results of the charge/discharge tests for the disordered carbons.

Capacity (mAh/g)
Discharge _ Charge Irreversible capacity® Cycle efficiency
Carbon 1st 2nd 1st 2nd (mAh/g) 1st 2nd
poly(MPBEY)-750 1185 560 600 470 585 51 84
poly(DPBEY)-750 825 385 380 350 435 47 91
oly(PyPD(O)-B00 930 390 420 340 510 45 87
gHD 320 595 40 82

0-800 995 390 400

® The irreversible capacity is defined as the difference in capacity between the first discharge and the subsequent charge process.

———
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inserted carbon samples and the fully Li-removed carbon
samples after the full lithium insertion in the first cycle
(Fig. 8 and 9). The peaks for lithium in the fully Li-insert-
ed poly(MPBEY)-750 (Fig. 8a), poly(DPBEY)-750 (Fig. 8d),
poly(PyPDO)-800 {Fig. 9a), and PHDOQ-800 (Fig. 9d) are
observed at about 5.0, 6.5, 4.0, and 6.0 ppm, respectively.

The peaks for lithium in the fully Li-removed
poly(MPBEY)-750 (Fig. 8b), poly(DPBEY)-750 (Fig. 8e),

-poly(PyPDO)-800 (Fig. 9b), and PHDO-800 (Fig. 9¢)} are

cbserved at around 1.0, 1.5, 0.5, and 1.5 ppm, respective-
ly The deconvoluted results for the peaks observed in the
fully Li-inserted carbons are shown in Fig. 8c and f, 9c and
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Table IV. Results of ’Li NMR specira on Li-inserfion info the
disordered carbons.

Chemical shift (ppm) (+0.5)

Carbon Reversible site® Irreversible site®
poly(MPBEY)-750 7.5 -1.0
poly(DPBEY)-750 7.5 1.5
poly(PyPDO)-800 7.0 0.5
PH 800 9.0 1.5

* Obtained by deconvolution of peaks observed in the fully Li-
inserted disordered carbons.

® bChem.ical shifts of lithium in the fully Li-removed disordered
carbons.

f. The data indicate two kinds of lithium insertion sites: a
reversible site from which lithium can be removed during
the subsequent charge process and an irreversible site
where lithium remains intact. The irreversible site lithium
is observed between —1.0 and 1.5 ppm. These values are
similar to those of the fully Li-removed PAN-500 sample
(ca. 2.0 ppm).® It is thought that the irreversible peaks are
due to lithium salts formed by irreversible reaction regard-
ing that the quantity of irreversible lithium calculated
from NMR results has good correlation with the irre-
versible capacities listed in Table II. On the other hand,
the reversible peaks (7.0 ~ 10 ppm) are observed in the
much more upfield region than that of the first-stage
graphite intercalation compound fully intercalated with
lithium (Li-GIC; ca. 41 ppm} indicating that the reversible-
site lithium exists in almost completely ionized state (see
Table IV).**! This indicates that the high capacity observed
in poly(MPBEY)-750 can be interpreted with neither
Mabuchi et al.’s cavity mechanism® nor Sato et al.’s mech-
anism® where lithium oecupies nearest-neighbor sites
between every pair of graphene sheets, both of which were
proposed to explain both the high capacity and the large
hysteresis which are generally observed in carbons having
much hydrogen content, as well described by Tatsumi et
al.* It seems, however, that the formation of organolithium
complexes suggested in the previous section is more prob-
able considering the chemical shift of the reversible peak.

Conclusions

Disordered carbons made from specific organic poly-
mers show very broad (002) peaks with FWHM between
7.6 and 10.2° which are similar to that of an ENR 800 sam-

_ple {9.0°) made up predominantly of single-layer carbon

sheets. XPS spectra show that a large amount of exygen
(O/C = 0.12 ~ 0.15) is contained in all carbon samples
unlike Lonza KS44 graphtite (O/C = 0.03). In the potential
range of 0.0 to 2.5 V vs. Li/Li*, poly(DPBEY)-750,
poly(PyPDQ)-800, and PHDO-800 display first charge
capacities of 390, 420, and 400 mAh/g, respectively, where-
as poly(MPBEY)-750 shows a much larger capacity
{600 mAh/g) than graphite (372 mAh/g). All of the carbons
show large hysteresis which may be caused by the lithium-
oxygen bonding of the organclithium complexes. In addi-
tion, these carbons show large irreversible capacity.
Unfortunately, these poor electrochemical characteristics
make it impossible to apply the carbon materials to prac-
tical batteries. "Li NMR spectra show two kinds of lithium
ingertion sites in all the carbons: a reversible site from
which lithium could be removed in the subsequent charge
process and an irreversible site where lithium remains
intact, The reversible peaks (7.0 ~ 10 ppm) in all the fully
Li-inserted carbon samples are observed in the much more
upfield region than that of the first-stage Li-GIC (ca.
41 ppm} providing insight into the ionic nature of the
reversible-gite lithium.
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