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Lithium insertionrextraction in pyrolyzed phenolic resin
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Abstract

The mechanisms for the high capacity of lithium insertion in low-temperature pyrolytic carbons are not fully understood though
several models have been proposed. None of the existing models considers the reversible crystalline structural changes within a graphene
layer in the discharge–charge processes. In this report, low-temperature pyrolytic phenolic resin and lithium ion cells made of it are
characterized by Raman spectroscopy, XRD and elemental analysis as well as dischargercharge measurements. The linear relation is
confirmed between the specific capacity of the low-temperature pyrolytic carbon and its HrC atomic ratio after eliminating the influence
of the crystallite size to the capacity. It is found that the evolution of the Raman spectrum of the pyrolytic carbon electrode upon
discharge and charge is quite different from that of the other forms of carbonaceous electrodes. Based on the characteristic Raman spectra
and the discharge–charge curves of the carbon electrode, a breaking-recovery model of the weak C PPP H bond is suggested for the
lithium insertionrextraction processes in the low-temperature pyrolytic carbon electrodes. q 1999 Elsevier Science S.A. All rights
reserved.
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1. Introduction

Safety considerations lead to the replacement of pure
lithium by heavier carbonaceous materials, with the gen-
eral formula Li C as the anode for lithium ion batteries.x 6

Development of high capacity carbons has been the goal of
many research groups and has recently been reviewed by

w xDahn et al. 1–3 . Disordered carbons are promising candi-
dates of anode material due to their much higher reversible
capacity than the graphite-like carbon anodes in lithium
ion batteries.

The specific capacity of a pyrolytic or disordered car-
bon depends, at least, on the HrC atomic ratio of the
material and its crystallite size. A linear relationship be-
tween the specific capacity and the HrC atomic ratio of
the material has been established. However, the HrC
atomic ratio and the domain size of the material often vary
simultaneously on pyrolyzing the precursor. Therefore, the
established relationship is not so reliable before eliminat-
ing the interference of the domain size. We have shown
previously that the domain size of the pyrolyzed polyfur-
furyl alcohol decreases with prolonging pyrolytic time
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w xbelow some pyrolytic temperature 4 , though usually the
domain size increases with increasing pyrolytic time. This
implies that there might be a critical temperature at which
the domain size of the pyrolyzed polymer precursor does

Ž .not change with heat-treatment time HT . This is impor-
tant because it allows us to separate the factors that affect
the specific capacity of a pyrolytic carbon electrode. In this
way a more reliable relationship between the HrC atomic
ratio and the specific capacity can be found. This will help
to understand the roles of the hydrogen content and the
lithium insertionrextraction mechanism in pyrolytic car-
bon anodes.

Several models have been suggested to explain the
excess capacity of disordered carbon anode over the theo-

w xretical value of 372 mA hrg of graphite anodes 1–3,5–9 .
However, to our knowledge, none of these models consid-
ers the possible crystalline structural changes within a
graphene layer of the pyrolytic carbon anodes in the
discharge–charge processes and correlates them with the
excess reversible capacity of these disordered carbon mate-
rials.

In this report, we will pyrolyze phenolic resin at 6508C
for different heating times and study the crystalline struc-
tural changes of the carbon electrodes during discharge
Ž . Ž .lithium insertion and charge lithium extraction pro-

Ž .cesses by Fourier transform FT Raman spectroscopy,
XRD, galvonostatic dischargercharge cycling as well as

0378-7753r99r$ - see front matter q 1999 Elsevier Science S.A. All rights reserved.
Ž .PII: S0378-7753 99 00262-1



( )Z. Wang et al.rJournal of Power Sources 81–82 1999 328–334 329

elemental analysis. Our investigation indicates that the
reversible breaking-recovery of the weak C PPP H bond in
the material, especially that with substantial hydrogen
content, may be an important factor that contributes to the
excess capacity over that of the graphitic carbons.

2. Experimental

Phenolic resin was synthesized from phenol and formal-
dehyde at a molar ratio of 1:1.3. Solidified phenolic resin
was pyrolyzed at 6508C for different HTs in an Ar atmo-
sphere. The pyrolyzed phenolic resin block was polished
with Al O sandpaper to eliminate the surface species and2 3

then washed ultrasonically in methanol for 30 min before
it was milled to fine powder. The Raman spectroscopic

Ž .and X-ray diffraction XRD measurements of the as-pre-
w xpared samples have been described before 10,11 .

Two kinds of carbonaceous electrodes were prepared
based on different investigation purposes. On preparing the
electrode for the specific capacity measurements, pyrolytic
carbon powder was mixed with carbon black and poly-

Ž .vinylidene fluoride PVDF , the latter was dissolved in
cyclopentanone beforehand. The doctor-blade method was
used to get a homogeneous slurry film on the copper foil.

Ž .The film was dried in a vacuum oven 1208C for more
than 12 h prior to use. The weight ratio of pyrolytic carbon
to carbon black to PVDF in the electrode film was 85 to
10 to 5. With the carbon film as the cathode, metallic

Ž . Žlithium foil as the anode, 1 M LiPF r ECqDMC 1:1 in6
. wvolume as the electrolyte and Celgard 2400 as the

separator, LirC cells were assembled in an argon-filled
glove-box. Such cells were discharged and recharged
galvonostatically at 200 mArcm2 current density between
0.0 V and 2.0 V in an argon atmosphere.

As to the carbon electrodes for the electrochemical
treatment and later for the Raman spectroscopic study,
they were prepared without any additives so as to make the
composition of the electrode as simple as possible. Other

Žtreatment processes other aspects of the electrode prepara-
.tion, cell assembly and dischargercharge atmosphere of

the cell were the same as that for the capacity measure-
ment. The LirC cells with such electrodes were dis-
charged andror charged at a current density from 20 to
100 mArcm2 in an argon atmosphere to the required

Ž q.equilibrium voltage LirLi . For the sample with a volt-
age of 0.0 V and those that needed to be charged later, the
cells were short-circuited for a few days after being dis-
charged to ca. 0.1 V so as to ensure an exact equilibrium
voltage of 0.0 V. All the voltages shown in this paper were
the final values after the circuit cutoff for 24 h at least.
Later the cells were dissembled in the glove-box and the
copper-foil supported carbon film was sandwiched and

Žsealed between two pieces of optical glass the thickness
.of the glass as the incident window was 85 mm , ready for

the Raman measurement.

3. Results and discussion

3.1. Structural characterization of phenolic resin pyrolyzed
at 6508C

The XRD measurements of phenolic resin before and
after pyrolysis at 6508C show quite different patterns.
However, the patterns of phenolic resin pyrolyzed for

Ž .different HTs 0 to 50 h are quite similar to each other.
This means that the crystalline parameters of phenolic
resin pyrolyzed for 0 to 50 h are roughly the same though
no further analysis to the patterns was carried out due to

Ž .the wide and mixed 10 diffraction peaks of the materials.
Figs. 1 and 2 show, respectively, the Raman spectra of

the pyrolytic carbon excited with 488 and 1064 nm laser
y1 Ž .lines. The narrow band at ca. 1590 cm in Fig. 2 was

Ž .attributed to the G-band E , G for graphite and the2g2
y1 Ž .broad band at ca. 1310 cm in Fig. 2 is assigned to the

Ž .D-band A , D for disorder . The positions of these two1g

bands move to ca. 1600 cmy1 and 1350 cmy1, respec-
tively, when the excitation line is changed to 488 nm. This
is due to the dispersion effect of the carbon materials and

w xhas been discussed in detail in our previous report 10 .
Different excitation lines were used because the G-line
shows a significant enhancement effect when the photon
energy of the excitation is approaching the resonance
energy for the p–p

U transition. Therefore, some fine
Ž .spectral differences may be observed if there are any .

Ž .Fig. 1. Selected Raman spectra excited with 488 nm of pyrolyzed
Ž . Ž . Ž . Ž .phenolic resin for different HTs at 6508C: a 0 h; b 2 h; c 4 h; d 6 h;

Ž . Ž . Ž . Ž . Ž . Ž .e 8 h; f 10 h; g 20 h; h 30 h; i 40 h; and j 50 h.
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Ž .Fig. 2. Selected Raman spectra excited with 1064 nm of phenolic resin
Ž . Ž . Ž . Ž .pyrolyzed at 6508C for different HTs: a 0 h; b 2 h; c 6 h; d 10 h;

Ž . Ž .e 20 h; and f 50 h.

Here it is seen again that the Raman spectra of the
phenolic resin pyrolyzed at 6508C for different HTs are
quite similar to each other. Some spectral parameters are
obtained to describe the crystalline features by fitting the
Raman spectra. Figs. 3 and 4 show, respectively, the
dependence of the integrated intensity ratios of I rIG D

Ž .Fig. 3. HT dependence of the intensity ratio 488 nm excitation of the
G-band to the D-band of phenolic resin pyrolyzed at 6508C.

Ž .Fig. 4. HT dependence of the integrated intensity 1064 nm excitation of
the G-band to the D-band of phenolic resin pyrolyzed at 6508C.

upon the pyrolysis time. Based on the Tuinstra–Koenig
w xformula 12

L nm s4.4 I rI 1Ž . Ž .a G D

it is estimated that the domain size in the graphene layer
Ž .the L value is ca. 3.0 nm and increased ca. 3% when thea

pyrolytic time is increased from 0 to 50 h.

Fig. 5. Pyrolytic time dependence of the HrC atomic ratio in phenolic
resin pyrolyzed at 6508C.
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3.2. Correlation between HrC atomic ratio and specific
capacity

Ž .Elemental analysis Fig. 5 demonstrates that the HrC
atomic ratio of the pyrolytic sample decreases from 0.32 to
0.12 during this process. Therefore, the change of the
crystallite size is trivial in comparison with the drastic
change of the HrC atomic ratio. This allows us to separate
the two factors that affect the specific capacity of a
pyrolytic carbon electrode, the crystallite size and the
hydrogen content of the material.

A linear relationship is shown in Fig. 6 between the
HrC atomic ratio and the specific capacity of the pyrolytic
carbon electrodes. The specific capacity of the carbon
electrode was determined from the average value of at
least three LirC cells. This linear relationship itself may
seem to be nothing new because it just confirms the results

w xof the previous reports 3 . However, the linear relationship
shown here was obtained after eliminating the influence of
the crystallite size on the specific capacity and is therefore
more reasonable. As a result, it is helpful to the further

Ž .understanding of the lithium insertion mechanism s in the
w xpyrolytic carbon. Xiang et al. 9 believed that lithium is

mainly doped at the edges of the graphene layers as well
Ž .as between the graphene layers forming GICs and the

excess capacity of the disordered carbon is proportional to
the length of the graphene edge in a unit weight of the

Žsample. Fig. 6 shows, however, that the crystallite size La
.value is not an essential factor that influences the excess

capacity of the disordered carbon. Rather, the size factor
blankets the HrC ratio factor because they often intermin-

Fig. 6. The relationship between the specific capacity of the pyrolytic
Žcarbon anode and its HrC atomic ratio the solid line is used to lead the

.eyes .

ŽFig. 7. Raman spectra of pyrolyzed phenolic resin discharged lithium
. Ž q .inserted to different equilibrium potentials LirLi in Lircarbon cells:

Ž . Ž . Ž .a pristine pyrolyzed phenolic resin before lithium insertion ; b 0.83
Ž . Ž . Ž . Ž . Ž . ŽV; c 0.51 V; d 0.17 V; e 0.10 V; f 0.04 V; and g 0.0 V note: the

weak bands at about 890 cmy1 with arrows overhead in this figure and in
Fig. 9 are from the residue of the solvent; the sharp peaks with an asterisk

y1 .overhead at about 1500 cm are instrument errors .

gle with each other and change simultaneously in the
disordered carbons, especially upon organic precursors
pyrolyzed at different temperatures. We suggest that it is
the density of the lithium insertion sites along the edge of
the graphene layer that determines the excess capacity
rather than the edge length itself.

3.3. Lithium insertion and extraction mechanism in py-
rolytic carbon electrodes

In order to study the crystalline structural changes
during the discharge–charge process and to understand
insertion–extraction mechanism of lithium in pyrolytic
carbon electrodes, Raman spectroscopic measurements
were carried out on samples discharged and charged to
different depths. Fig. 7 shows the Raman spectra of the
pyrolytic carbon electrodes discharged to different equilib-
rium voltages. The spectral characteristics of Fig. 7 may be
summarized as follows. Firstly, the relative intensity of the
G-band to the D-band of the carbon decreases drastically
with the drop of the discharge voltage. The G-band almost
disappears at a voltage of about 0.10 V while the D-band

Ž .remains until the end of discharge 0.0 V . Secondly, the
width of the D-band increases slightly before the voltage
reaches 0.10 V. Below that voltage the width of the
D-band increases significantly until the end of discharge.
Thirdly, the position of the G-band shifts towards the low
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Ž .frequency side red-shifting with decreasing voltage while
that of the D-band remains unchanged until the voltage of
0.10 V. Below 0.10 V, the position of the D-band shifts

Ž .towards the high frequency blue-shifting in the spectrum.
It seems that 0.10 V is a critical value in the discharge
process.

Insertion of lithium between the graphene layers changes
the electron density on the layer and weakens the in-
tralayer C–C bonds. This explains the monotonous red-
shifting of the G-band, characteristic of random lithium
intercalation between graphene layers. However, none of
the existing models can explain the abnormal variation of
the intensity ratio I rI with discharging depth in theG D

Raman spectra. Usually this ratio remains unchanged while
lithium is inserted into natural graphite and HOPG elec-
trodes. A simple analysis can exclude the possibilities that
the remaining D-band is due to the decomposition of the
binder PVDF or the formation of a passive film on the
surface of the electrode. Therefore, the specific feature of
the remaining D-band must have come from the crystalline
structural changes of the Li-inserted disordered carbon
itself. This is a phenomenon quite different from any of the
previous observations in other carbons. It is characteristic
of the pyrolytic carbon and may imply a lithium insertion
mechanism different from that in other forms of carbons.

It has been well accepted that the relative intensity of
the G-band to the D-band is closely related to the crystal-

2 w xlite size of the sp -bonded carbon materials 13 . The
Ž .crystallite size along the a-axis L is proportional to thea

w xratio of I rI . Recently, Vidano et al. 14 suggested thatG D

only the G-mode should be used to determine the basal
plane crystallite dimension L of the materials. Therefore,a

Fig. 7 indicates that in the meantime when the Raman
scattering signal is reduced due to the increasing electrical
conductivity of the electrode upon lithium insertion, the La

value of the graphene layer also decreases when lithium is
inserted into the carbon electrode. This could also be seen
from the simultaneous increase of the width of the D-band
upon lithium insertion.

Although there have not been any reports, to our knowl-
edge, correlating the position shifting of the D-band with
the structural changes of disordered carbons, an important
fact is that the only band in the first-order Raman spectrum

Ž .of severely disordered amorphous carbons is located at a
higher frequency position than in less disordered carbons.

w xFor example, Yoshikawa et al. 15 , and Ramsteiner and
w xWagner 16 reported, respectively, that the Raman bands

Ž .of hydrogenated amorphous carbon a-C:H films are very
Žbroad their full widths at half maximum, FWHMs, are

y1 .larger than 100 cm . Similar to the D-band in disordered
carbons, this band in a-C:H films shows a more striking
dispersion effect. Its position moves from 1600 to 1500
cmy1 when the excitation wavelength increases from an

Ž .excitation photon energy of 3.54 eV ca. 350 nm to 2.18
Ž . w xeV ca. 566 nm 16 . Considering that the excitation

wavelength in the present experiment is 1064 nm, it is

understandable that the position of this band would red-shift
further but is still at a frequency higher than the D-band of
pyrolytic carbon, and overlaps with it, resulting in an
observed blue-shift in the D-band. Therefore, the spectral
changes of both the G- and D-bands in relative intensity,
position and line width lead to the following conclusion:
the weakening and disappearance of the G-mode, and the
blue-shifting and the broadening of the D-band, imply that
the graphene layer of the pyrolytic carbon electrode is
damaged and becomes smaller in size. Finally, a structure

Ž .similar to that of a-C:H a-C:H-like is formed upon
lithium insertion.

Fig. 8 shows the Raman spectra of pyrolytic carbon
charged to different equilibrium voltages. Clearly, this
spectral evolution process is inverse to that of the dis-
charged electrodes. Firstly, the relative intensity of the
G-band increases while its width decreases with rising
charge voltage till about 0.70 V. In the meantime, the
position of the G-band shifts towards the high frequency
with increasing voltage. Secondly, the line width and

Ž .intensity relative to that of the G-band of the D-band
decrease with rising voltage till 0.70 V. Thirdly, the
position of the D-band remains unchanged until a voltage
of about 0.90 V and then red-shifts obviously, opposite to
the case below 0.10 V in Fig. 7. Above 0.70 V, the
spectral features of both the G- and the D-bands become
almost the same as their counterparts in pristine pyrolytic

Ž .carbon Fig. 8g . Based on the above discussion, it is
reasonable to suggest that the fractured graphene layers

ŽFig. 8. Raman spectra of pyrolyzed phenolic resin charged lithium
. Ž q . Ž .extracted to different equilibrium potentials LirLi in LirC cells: a

Ž . Ž . Ž . Ž . Ž . Ž .0.0 V; b 0.11 V; c 0.51 V; d 0.71 V; e 0.94 V; f 1.24 V; and g
pristine pyrolyzed phenolic resin.
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Scheme 1. A process of the crystalline structural changes of low-tempera-
Ž . Ž .ture pyrolyzed phenolic resin upon discharge a and charge b : Site A,

an edge point that connects two graphene layers by a weak CPPPH bond,
which will be cleft on discharge; Site B, an inner nanopore where the
hexagonal rings around it are connected by way of CPPPH bond; Site C,
an edge point that transform the sp2 bonding to sp3 bonding on discharge
and vice versa on charge; Site D, an edge carbon atom that has a dangling

Ž Ž .bond note: 1 for brevity, the lithium ions inserted on andror between
Ž .the graphene layers are not schemed; 2 the two Li near Site B in the

.discharged electrode are not in the same graphene plane .

upon lithium insertion have, somehow, been connected,
become larger and recovered to that of pristine pyrolytic
carbon upon lithium extraction.

A brief review about the crystalline structural and elec-
trochemical characteristics of pyrolytic carbon anodes will
be helpful to understand the above suggestion. It is well
known that there are a lot of imperfect hexagonal graphene

Ž .rings in the low-temperature below 10008C pyrolytic
product. Therefore, it is understandable that there would be
substantial amounts of carbon atoms with dangling bonds
at the edge of the graphene layer and in the inner side of
the micro- and nano-pores in the graphene layer. These
dangling bonds may bind with the neighboring hydrogen

Žatoms the HrC atomic ratio is about 0.19 in the present
.pyrolytic carbon sample to form weak C PPP H bonds

Ž . w xScheme 1 . Dahn et al. 1 studied the dependence of the
electrochemical insertion of lithium in soft and hard car-
bons on the crystalline structures of the carbons and
developed a structural model for disordered carbons. They
believed that the insertion is a process from dilute to
concentrated lithium ions between the graphene layers.

Ž .That is, only the low-stage stages 1 and 2 intercalation
compounds can exist there. As a result, the Li–C interac-
tion becomes stronger while the C–C bonding becomes
weaker with increasing x in Li C . The case for thex 6

C PPP H bonds is similar to the C–C bond. Then the weak
C PPP H bonds as well as the C–C bonds will be further
weakened and the former are intended to be broken
Ž .Scheme 1a when more lithium ions are inserted between
the graphene layers. This process will lead to two effects.
On one hand, the graphene intralayer size, L , becomesa

smaller and an a-C:H-like structure is formed. Therefore,
the relative intensity of the G-band decreases to zero and

only a broad D-band is observed in the Raman spectrum of
fully lithium-inserted carbon electrode. On the other hand,
breaking of the hydrogen bonds will create new sites for
the inserted lithium ions to interact with the active carbon
atom. The lithium ions may also bind quasi-reversibly at
the hydrogen-terminated edges of graphene fragments in
carbonaceous materials, causing a bonding change sp2 to

3 w xsp , as suggested by Dahn et al. 17–19 .
In this way the positions that can accept lithium ions in

a low-temperature pyrolytic carbon electrode are largely
increased and the specific capacity of the carbonaceous
anode is also raised, larger than that of natural graphite or
HOPG where the number of the imperfect hexagonal rings
is much smaller than in low-temperature pyrolytic carbons.
On the other hand, when lithium ions are extracted from

Ž .the anode Scheme 1b , the lithium ions staying between
the graphene layers are removed from the lattice. As a
result, the electron density on the graphene layer decreases
and the broken C PPP H bond is connected. So, an imper-
fect graphene layer grows in size and recovers to the
structure of pristine pyrolytic carbon. The ratio of I rIG D

also increases for the charged carbon electrode. In this
process the extraction of the lithium ions coupled with the
carbon atoms with dangling bond provide the excess Li-ex-
traction capacity with respect to that of the natural graphite
and HOPG. The G-band moves towards higher frequency
due to the increasing C–C bonding when lithium is ex-
tracted from the graphene layer, and the D-band moves
towards lower frequency when the content of a-C:H-like
fragments becomes less. The above process is repeated
when the next dischargercharge cycle begins.

Fig. 9. Typical discharge–charge curves for the fifth to the twentieth
cycles of a LirC cell with phenolic resin pyrolyzed at 6508C for 2 h as
the working electrode at a dischargercharge current density of 0.2
mArcm2.
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w xXiang et al. 9 have shown that carbons with the largest
capacity for lithium are those with the largest fraction of
single graphene sheets and with the smallest average mi-
cropore size. It is easy to understand that the larger the
fraction of the graphene sheets and the smaller the average
micropore size, the larger would be the number of edge
sites and the more would be the dangling bonds and
hydrogen-terminated sites. With more positions where the
lithium is tended to be inserted to or extracted from, the
reversible capacity of the disordered carbon electrode will
be larger.

The above C PPP H bond breaking-recovery model not
only explains the evolution of the Raman spectra of charged
and discharged carbon electrodes, but also agrees quite
well with the critical discharge–charge curves of the py-

Ž .rolytic carbon electrodes Fig. 9 . It is seen that most of
the lithium ions are inserted between 0.10 V and 0.0 V
where there is no trace of the D-band in the Raman spectra
Ž .Fig. 7e, f and g . This implies that the excess reversible
discharge capacity of pyrolytic carbon comes from the
breaking of the C PPP H bond upon lithium insertion. In
the charge profile is observed an obvious plateau at ca. 1.0
V which contributes the most to the total reversible charge

w xcapacities of low-temperature pyrolytic carbons 9 . This is
the potential range that the ratio I rI changes dramati-G D

cally in the Raman spectrum and the fractured graphenes
combines to form larger domains. In the meantime, large
amount of lithium is released from the loosely bound
C PPP Li. So our model can well explain both the Raman
spectral features and the critical dischargercharge profiles
of the low-temperature pyrolytic carbons.

Our model suggests that the contribution of the struc-
tural changes in the scale of a graphene layer must be
considered in understanding the excess reversible capacity
of pyrolytic carbons over the graphitic carbons. Although
there have been several models on the lithium insertion
into carbonaceous materials, it seems that they all ignore
the existence of the weak C PPP H bonds within the
graphene layer and do not consider their influences on
crystalline structures of the carbon anode upon discharging
and charging. Therefore, it seems that the previous mecha-
nisms, especially those concerning the lithium insertion in
hard carbons where substantial amounts of hydrogen atoms
exist and the single, bilayer and trilayer intercalation are
the most important contribution to the capacity of the
carbon anode, are far from perfect, if not incorrect.

4. Conclusions

In the above discussion, we have characterized the
structural properties of phenolic resin pyrolyzed at 6508C

for different times. A linear relationship is confirmed
between the HrC atomic ratio in the pyrolytic carbon
electrode and its specific capacity by excluding the possi-
ble perturbation of the contribution of the crystallite size to
the specific capacity. Emphasis has been exerted on the
analysis of the Raman spectral features of the LirC cell
electrodes discharged and charged to different equilibrium
potentials. The Raman spectra indicate that breaking and
recovery of the dangling bonds, as well as the previously
reported quasi-reversible transformation of sp2 to sp3 hy-
bridizations in near hydrogen-terminated sites upon lithium
insertion, is responsible for the excess capacity of the
disordered carbon anodes. On establishing a model for the
lithium insertion–extraction in disordered carbon elec-
trodes, especially those with a substantial content of hydro-
gen, the crystalline structural as well as the chemical
structural changes are important factors to be considered.
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