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ABSTRACT

The electrochemical properties of glassy carbon (GC) and GC doped with lithium ions (GC:Li'") were investigated as
g function of heat-treatment temperature (HTT). A phenolic resin precursor (liquid resol, C,H,0,) was heat-treated to 630,
700, 1000, 2000, or 2500 °C to form GC. GC:Li" was made by dissolving 5% and 10% by weight LiNO, in resol (referred
to as 5% WLDR and 10%WLDR, respectively) and following the same heat-treatment programs. Cyclic voltammetry was
performed at GC electrodes in aqueous solutions of sulfuric acid and of potassium sulfate together with the electro-oxi-
dation of potassium ferrocyanide. The hydrogen evolution potential became more negative with rising GC HTT, ranging
from —1.2 V for HTT 650 °C to —2.0 V for HTT 2500 °C in both sulfuric acid and potassium sulfate solutions, while hys-
teresis in the voltammograms was reduced and the oxidation and reduction peaks disappeared. The standard rate con-
stant of ferrocyanide oxidation at a polished electrode surface increased from 6 to 11 X 10 * em s ' with increasing HTT.
On adding lithium ions to the resol, the open-circuit potentials compared to undoped GC became less positive. In sulfu-
ric acid, new cyelic voltammetric peaks emerged, anodic at +0.6 V and cathodic at +0.3 V vs the standard calomel elec-
trode, indicative of alterations in the bulk structure of the GC matrix. Lithium doping the resin caused GC, upon heating,
to lose 9-10% mass, lowered the degree of graphitization at HTTs below the melting points of LiOH and Li,CO, (~720 e,
and enhanced graphitization once the lithium compounds melted and diffused away. X-ray photoelectron spectroscopy
results confirmed that no lithium remained in the 5% WLDR samples if the HTT was 1000 °C or higher. Scanning electron
microscopy showed that the pore-diameter distribution of GC:Li1" differed from GC. Inductively coupled plasma atomic
emission spectroscopy showed that the 10%WLDR samples heat-treated to 650 °C had a higher lithium-ion release rate
than those undergoing HTTs to 500 and 575 °C, which identified lithium out-diffusion as the underlying mechanism of

change in the permeability of GC as a function of HTT.

Introduction

Phenolic resin based glassy carbon' (GC) is particularly
attractive as an electrode material because of its thermal
stability, biocompatibility, robustness, and large potential
range.”* In fact, GC offers the widest potential range
among the many types of carbon and other solid elec-
trodes. In common mineral acids, the negative potential
limit is ~—0.8 V vs SCE, except in HNO, with a limit at
—0.6 V; the positive potential limit varies from +1.0 V in
HCI up to +1.3 V in H,PO,.” A low residual current over a
range of about =1 V vs the standard calomel electrode
(SCE) in aqueous media*’ and a more extended range in
organic solvents means that GC is a good candidate elec-
trode material in a variety of electrochemical applications.

However, for successful application it is desirable to
understand the reasons for the extreme sensitivity and
apparent irreproducibility of the rate of many redox reac-
tions at the GC surface. These characteristics are due to its
rich surface chemistry.® The electrochemical properties of
GC depend on: (i) the raw precursor material and its addi-
tives (e.g., mass ratio of phenol to formaldehydes in the
case of resol C,H,0,, a liquid phenolic resin), (i) the heating
rate and heat-treatment temperature (HTT) used in its pro-
cessing, and (ii7) the method of pretreating the electrode
surface. Widely used strategies for pretreating the electrode
surface include polishing,"" electrochemical activation, "
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ultrasonic activation,”” and laser activation."™ To our
knowledge, nothing has been published in the literature
concerning the effects of HT'T on the electrochemical behav-
ior of GC. Additionally, although uptake of ions into elec-
trochemically treated GC has been investigated,” the effect
of doping the resin precursor with metallic ions and then
heat-treating to various temperatures has not been studied.

Hard-carbon electrode materials may be synthesized by
carbonizing various resin precursor. The product becomes
electrically conductive after heat-treatment above 500 “C.
It forms a semiconductor whose bandgap decreases with
increasing HTT and approaches zero for HTT 3000 °C.***
The conductivity rises by many orders of magnitude, in
step with the growth of characteristic peaks in the Raman
spectrum.’

According to our basic model' for the carbonization of
phenolic resin (C,H,;0),, neighboring polymeric chains in
the resin coalesce to form graphene ribbons; the number of
delocalized electrons grows with the degree of ribbon for-
mation and the electrical conductivity increases. A sample
which is heat-treated slowly to its precarbonization stage
(HTT 500 °C), is fully carbonized at 1200 °C. The material
can then be heat-treated further to 3000 °C with no phase
change and with little alteration in most physical proper-
ties. Defects are removed progressively with a rise in tem-
perature, so the electrical conductivity rises significantly
with HTT above 2000 °C. Heat-treatment to 2500 °C elim-
inates most impurities, which diffuse to the surface and
volatilize.**
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Transmission electron and electron diffraction microscopy
show growing crystalline sizes with a HTT rise. Figure 1 is a
transmission electron micrograph of a HTT 2500 °C GC
electrode material that we used in this work, recorded
with a JEOL-4000EX ultrahigh-resolution transmission
electron microscope. Note the distinet 002 interlayer spac-
ings within the stacked graphene ribbons. The spacings
between the ribbons are sites suitable for lithium-ion
intercalation, whereas the gaps among the randomly dis-
persed short-range graphene ribbons provide additional
sites suitable for lithium-ion adsorption. For samples
heat-treated between 600 and 1200 °C, lithium-ion ad-
sorption depends on the percentage of associated hydro-
gen atoms attached at the ribbon edge in such intermedi-
ate pyropolymers. These characteristics make resin-based
GC (capacity near 560 mAh g ')* a better candidate than
graphite (capacity 372 mAh g ') for the high-capacity
anode material needed in lithium-ion batteries for con-
sumer electronics.

We have previously shown that the heating rate and
HTT affect the mechanical, electrical, and thermal proper-
ties of GC as well as its permeability to ionic penetration,
which passes through a maximum at HTT 650 °C.'” We
investigate the influence of HTT on electrochemical char-
acteristics of GCs by examining their electrochemical be-
havior in aqueous H,SO, between the solvent-decomposi-
tion potential limits, and on the rate of electro-oxidation
of Fe(CN): in K,SO, solution. The latter is widely
employed for studying the electrochemical properties of
different carbon electrode materials.”**" The main tech-
nique used in this work is cyclic voltammetry; some
square-wave voltammetry and electrochemical impedance
measurements of ferrocyanide oxidation were also carried
out to compare results from different techniques.

The carbonization cf hard carbon materials may be mod-
ified by incorporation of ions soluble in their precursors.
Therefore, we also investigated the influence of lithium-ion
doping on GC (GC:Li") heat-treated to various tempera-
tures. Lithium was chosen because of its well-known appli-
cations in lithium-ion batteries. Samples were made by
dissolving 5 and 10 wt % LiNO, in resol (termed 5% and
10%WLDR, respectively) and then heat-treating to 500,
650, 700, 1000, and 2500 °C. The 5% WLDR sample elec-
trodes were tested using open-circuit potential (OCP)
measurements and cyclic voltammetry in 0.1 M LiCl solu-
tion; this electrolyte was chosen in order to compare with
earlier results using GC electrodes implanted with 150 keV
lithium ion.*

Fig. 1. Electron transmission micrograph of GC electrode materi-
al heat-treated to 2500 °C in an argon environment.

Simultaneous thermal analysis (STA) was used to deter-
mine the mass loss rate (MLR) and thermal behavior of
pure resol and 5% WLDR, both cured upon heating to
1000 °C. The mass loss of 5% WLDR is about 9-10% lower
than that of the pure resol, and their MLR profiles differ in
the critical temperature range. This can be related to the
structural differences between these samples which are re-
flected in their electrochemical behavior.

It is known that the porosity and permeability of GC
depend on the HTT, especially between 500 and 700 °C,*
and the nature of the starting materials. Inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES) was
used to determine the lithium-ion release rate from
5% WLDR and 10% WLDR after heat-treatment to 500, 575,
or 650 °C. To illustrate more clearly the HTT effects on the
permeability of the GC, results for only 10% WLDR samples
are presented in this work. No ICP-AES was performed on
the samples heat-treated to 1000 °C and higher, since x-ray
photoelectron spectroscopy (XPS) results showed them to
have near-zero lithium content. XPS was used to determine
the lithium content of GC:Li' electrode materials, prepared
from cured 5% WLDR heat-treated to 500, 700, 1000, and
2500 °C. The results show that the lithium and oxygen con-
tents of the GC decrease with rising HTT.

Experimental

Specimen preparation.—Sample disks were prepared
from a resol (C.H,0,, L. no. 144d56), supplied by Georgia-
Pacific Co., Atlanta, GA. Cylinders were cast in a glass
tube (7 mm i.d. and 60 mm long), gelled, and cured, i.e.,
slowly heated to 100 °C and kept for 6 h in a vertical fur-
nace open to air. The cured resin was sliced into pieces
2.5 mm long with a diamond saw. Representative HTTs
were chosen in the range 500-2500 °C. The heating rate
was 4—6 °C/h up to 700° 20 °C/h from 700 to 1000 °C, and
40-45 °C/h from 1000 to 2500 °C.

Resol (C.H,0,) begins to polymerize at 80-100 “C. It con-
verts to (C-H,0),, a fully cured phenolic resin, near 200 °C.
During further pyrolysis, continuation of the curing reac-
tions occurs between —CH,OH and the aromatic molecules
and/or a condensation reaction occurs between the hy-
droxyl and methylene groups, which removes water from
the resin. This results in a total mass loss of 35-40% for
HTT up to 1000 °C. Slow heating below the precarboniza-
tion stage (00 °C) is important. This allow the gaseous
products that form during early graphene ribbon forma-
tion to diffuse and evolve from the surfaces of the samples.
Otherwise, cracks appear in the sample. Optimization of
the heat-treating program and its critical effect on the
production of a dense and defect-free GC are discussed in
detail elsewhere.”

Lithium-ion-doped GC samples (GC:Li") were prepared
by adding 5 wt % lithium nitrate LiNO, (Alpha) to liquid
resol (5% WLDR), setting to form resin, precarbonizing,
and further heat-treating to temperatures between 500
and 2500 °C following these procedures. Samples were also
prepared by adding 10 wt % LiNO, to resol (10%WLDR)
and heating to 500, 575, or 650 °C. In this HTT range, the
porosity and permeability of GC are known to reach max-
ima,** and so does its lithium-ion release rate,

Electrochemical experiments.—Specimen disks of GC
(area 0.28 ecm*) were made into electrodes by attaching a
copper wire to the rear face with silver epoxy. The assem-
bly was sealed in a glass tube of 6 mm i.d. with regular
epoxy resin to expose one face. This face was then polished
to obtain a flat circular surface. Initial polishing was car-
ried out with 600x (silicon carbide) abrasive paper fol-
lowed by a diamond-sprayed polishing cloth, using suc-
cessively smaller diamond particle sizes down to 1 pm
until a mirror finish was obtained. Between experiments,
specimens were polished with 1 pm diamond-sprayed
cloth. The electrochemical cell also contained a Pt gauze
counter electrode and an SCE as reference electrode.

Rectangular-sheet specimens of GC:Li" (made from
5%WLDR and heat-treated between 500 and 2500 °C) of
area 1.5-2.5 ecm” were made into electrodes in a similar
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way as the GC disks and sealed in epoxy resin, leaving one
face open for exposure to electrolyte. No polishing was
done since this could influence the egress of Li .

An EG&G Princeton Applied Research (Princeton, NJ)
273A potentiostat/galvanostat was used with M270 Re-
search Electrochemistry software, M271 Cool Kinetic
Analysis software, and M352 Corrosion Analysis software.
Some experiments were conducted with an Autolab
PGSTAT10 (Ecochemie, Utrecht, Netherlands).

All solutions were made from analytical-grade reagents
and Millipore Milli-Q ultrapure water (resistivity 18 M() cm).
Electrolyte solutions were deoxygenated by bubbling oxy-
gen-free nitrogen through the solutions for 15 min prior to,
and also during, experiments. It was found that the influ-
ence of oxygen removal from the solutions on the experi-
mental results was not significant.

Simultaneous thermal analysis (STA).—We used a Stan-
ton-Redcroft simultaneous thermal analyzer (STA), 780
Series, at Oak Ridge National Laboratory (Metal and
Ceramic Division), to determine the mass loss rates of
disks of cured resol and 5% WLDR samples and determine
the endo/exothermic nature of the reactions of species pre-
sent during their carbonization, on heating from room
temperature up to 1000 °C. The disks were 4 mm diameter,
~(0.3 mm thick and of mass 18.5 = 0.1 mg. Detailed data
on mass loss eifects, experimental setup and measure-
ments technique are given elsewhere.” Some mass spec-
trometry was also carried out on pure resin while heating
itto 1250 °C.

ICP-AES measurements.—Three sets of five GC:Li’
samples (each 1.0 X 1.0 X 0.1 cm) were prepared from
10%WLDR heat-treated to 500, 575, or 650 °C, and each
sample was soaked in 5 ml phosphate-buffered-saline solu-
tion (PBS, pH 7.4 at 25 °C, phosphate buffer 0.01 mol dm ™,
NaCl: 0.137 mol dm *, KCI: 0.0027 mol dm “). The amount
of lithium ion leached from each of three sets of five sam-
ples into the PBS solution was measured every 24 h for 5
days by ICP-AES using a Perkin-Elmer Plasma 400 spec-
trometer. Between measurements, the samples were placed
in fresh PBS solution to monitor lithium-ion release dur-
ing the following 24 h.

X-ray diffraction.—The structural changes in GC:Li" and
GC were determined from XRD profiles produced by a
Philips PW-1840 powder diffractometer equipped with a
copper target X-ray tube and diffracted-beam monochro-
mator. The powder sample was packed into a 25-mm long
(parallel to the beam line), 15-mm wide, and 1-mm deep
sample holder. 20 values between 5 and 120 °C were used
for all samples.

Results and Discussion

Results are presented in two parts. The first part in-
volves the electrochemical characterization of the surfaces
of electrodes made from GC of various HTTs by cycling in
sulluric acid solution between the hydrogen and oxygen
evolution potentials and by determining the kinetics of the
oxidation of ferrocyanide. Information on surface oxygen
obtained by electron microprobe analysis is included, be-
cause carbon surfaces can have species such as hydroxyl,
carbonyl, carboxylate, and quinone groups, and others.”

The second set of results concerns the effect that lithi-
um-ion doping of the resin precursor has on the electro-
chemical behavior of GC in LiCl solution. This electrolyte
1s used in order to prevent significant egress of lithium
from the electrode during experiments. Results of differ-
ential thermogravimetry and differential scanning calori-
metry (DSC) are included to show that the mechanism of
mass loss is different for GC:Li" and GC, and most likely
this is the key to their different electrochemical behavior.

Electrochemical characterization of GC electrodes.—
Cyclic voltammetry in sulfuric acid solution.—Cyclic vol-
tammograms (CVs) obtained in 0.5 M H,SO, at carbonized
resin electrodes between —2.0 V vs SCE are shown in
Fig. 2. These voltammograms were obtained in nondeaer-
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Fig. 2. Cyclic voltammograms in 0.5 M H,50, electrolyte at GC
as a function of electrode HTT. Potential range =2.0 V vs SCE; scan
rate 50 mV s .

ated solution; however, deoxygenation led to no visible
difference in the voltammograms. A large hysteresis is
observed in the cathodic part of the voltammetric curves
for the 650 and 1000 °C electrodes. This hysteresis disap-
pears for the 2500 °C electrode. In particular, for the two
lower HTT samples, a large cathodic peak was found
around —1.2 V which must be due to the reduction of pro-
tons close to the surface (see next section). The oxygen
evolution potential remained at about +2.0 V, with a slight
tendency to become less positive with increasing HTT. As
the HTT of the samples increased, small voltammetric
peaks for reduction and oxidation of surface species were
found to develop at —0.5 and +1.5 V, respectively. Ad-
ditionally, on second and subsequent cycles a small peak
emerged at +0.3 V.

In order to investigate further the nature of these peaks,
cyclic voltammograms were recorded while reversing the
positive-going potential scan at +1.5 V, i.e., before oxygen
evolution: a small voltammetric peak at —0.5 V persisted.
Cyclic voltammograms were also recorded with potential
limits of +1.0 and —1.0 V (not shown). The cathodic peak
disappeared and only small currents were measured which
decreased slightly with increasing HTT, down to 30 pA
cm * for HTT 2000 °C and above. The response was inde-
pendent of the solution being deoxygenated or not, sug-
gesting that the peaks observed are due to surface-con-
fined species. '

Similar cyeclic voltammograms have been observed by
other authors in sulfuric acid solution® and in the context
of a study on the influence of pH on the electrochemical
response of carbon electrodes.” No exact identification of
the peaks was made but the formation and reaction of a
graphitic oxide film which undergoes oxidation and
reduction was invoked. A similar type of explanation is
appropriate here, particularly given the symmetric shape
of the cathodic peak.

The changes in surface electrochemistry with HTT evi-
denced by these measurements correlate with the amount
of residual hydrogen in the carbonized resin shown by
other characterization techniques." It has been demon-
strated that a decrease in hydrogen content of the pheno-
lic resin causes a marked increase in electrical conductiv-
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ity (by 10° to 10° S em ') of GC produced by heating
between 650 and 1000 °C. In principle, it must be realized
that the GC of HTT < 700 °C consists mostly of condensed
aromatic molecules featuring hydrogen-terminated edges
in the hexagonal carbon fragments. These are the domi-
nant electrochemically active regions and their density
depends mostly on the extent of carbon-carbon chain for-
mation and cross-linking. Hence, the large hysteresis indi-
cates that these active regions are extensive. In GC of HTT
> 1000 °C, the hydrogen is eliminated, the carbon frag-
ments mostly chain or cross-link, and graphitization
grows. This causes the number density of active regions to
decrease and so does the hysteresis effect.

Cyclic voltammetry in potassium sulfate solution.—Cyclic
voltammograms were also recorded in 0.4 M K,50,, which
is also the background electrolyte used to study the oxida-
tion kinetics of ferrocyanide at GC (see next section). The
potential range was between +2.0 and —2.0 V (vs SCE)
until the current reached 4 mA em °, when sweep reversal
occurred automatically. Examples are plotted against HTT
in Fig. 3. For the lower HTTs (650 and 1000 °C) no peaks
were observed at —1.2 V, as found in sulfuric acid solution
(Fig. 2). Bearing in mind that GCis porous (the 650 °C
sample is more porous than the 1000 °C one, since porosi-
ty diminished with increasing HTT), this suggests that the
peaks are due to absorption of the low-pH electrolyte into
the pores and the subsequent reduction of protons.

With respect to the two highest HTTs (2000 and 2500 “C),
there are two main differences between Fig. 2 and Fig. 3.
First, in K,SO, solution oxygen evolution is greater and
hydrogen evolution less than in H,SO, within the potential
range —2.0 to +2.0 V, as would be expected from pH con-
siderations. Second, the reduction peak at —0.5 V, which is
very small in H,SQ,, is more pronounced in K,SO, solu-
tion. This peak became about 50% larger in a cyclic
voltammogram recorded after several hours immersion in
aerated electrolyte, which suggests that it is due to reduc-
tion of oxygen-containing groups on the surface. Following
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the same procedure in deaerated solution, the increase in
the size of this peak is approximately 15% smaller.

Potassium ferrocyanide oxidation.—The anodic oxidation
of potassium ferrocyanide [1 mM K Fe(CN), in 0.4 M K,SO,]
was examined by cyclic and square-wave voltammetry,
since the rate of this reaction at GC electrodes is known to
depend on the state of its surface.®**" In particular, as
described in the Introduction, a freshly exposed or pre-
treated carbon surface (using electrochemical treatment or
laser activation, etc.) gives higher standard rate constants
than untreated electrodes which are covered by groups
such as carbonyl, hydroxyl, quinone, and carboxylate.

Cyclic voltammetry of ferrocyanide oxidation was carried
out using electrodes of various HTT; some CVs at GC of
HTT 650 °C are shown in Fig. 4 at a scan rate of 500 mV s .
These CVs illustrate how the ferrocyanide kinetics
improve with increasing immersion period in the elec-
trolyte. The peak current was found to be linear with the
square root of the scan rate for electrodes of all HTTs at
low scan rates, for example, see Fig. 5. The negative devi-
ation at higher scan rates is due to a transition from
reversible to irreversible behavior.

Values for the standard rate constant, k,, the anodic
charge-transfer coefficient, «,, and the half-wave poten-
tial, E, ., were determined by fitting experimental voltam-
mograms recorded after 30 min immersion. The Cool algo-
rithm™** was used after background subtraction. The
results are given in Table I for the lowest and highest HTT
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Fig. 4. Cyclic voltammograms in 0.4 M K,SO, electrolyte with
2 mM K, Fe(CN), at GC electrode HTT 650 °C, scan rate 500 mV s '.
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Dashed line shows initial scan in background elecirolyte.
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ity (by 10° to 10° S em ') of GC produced by heating
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that the GC of HTT < 700 °C consists mostly of condensed
aromatic molecules featuring hydrogen-terminated edges
in the hexagonal carbon fragments. These are the domi-
nant electrochemically active regions and their density
depends mostly on the extent of carbon-carbon chain for-
mation and cross-linking. Hence, the large hysteresis indi-
cates that these active regions are extensive. In GC of HTT
> 1000 °C, the hydrogen is eliminated, the carbon frag-
ments mostly chain or cross-link, and graphitization
grows. This causes the number density of active regions to
decrease and so does the hysteresis effect.

Cyclic voltammetry in potassium sulfate solution.—Cyclic
voltammograms were also recorded in 0.4 M K,50,, which
is also the background electrolyte used to study the oxida-
tion kinetics of ferrocyanide at GC (see next section). The
potential range was between +2.0 and —2.0 V (vs SCE)
until the current reached 4 mA em °, when sweep reversal
occurred automatically. Examples are plotted against HTT
in Fig. 3. For the lower HTTs (650 and 1000 °C) no peaks
were observed at —1.2 V, as found in sulfuric acid solution
(Fig. 2). Bearing in mind that GCis porous (the 650 °C
sample is more porous than the 1000 °C one, since porosi-
ty diminished with increasing HTT), this suggests that the
peaks are due to absorption of the low-pH electrolyte into
the pores and the subsequent reduction of protons.

With respect to the two highest HTTs (2000 and 2500 “C),
there are two main differences between Fig. 2 and Fig. 3.
First, in K,SO, solution oxygen evolution is greater and
hydrogen evolution less than in H,SO, within the potential
range —2.0 to +2.0 V, as would be expected from pH con-
siderations. Second, the reduction peak at —0.5 V, which is
very small in H,SQ,, is more pronounced in K,SO, solu-
tion. This peak became about 50% larger in a cyclic
voltammogram recorded after several hours immersion in
aerated electrolyte, which suggests that it is due to reduc-
tion of oxygen-containing groups on the surface. Following
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the same procedure in deaerated solution, the increase in
the size of this peak is approximately 15% smaller.

Potassium ferrocyanide oxidation.—The anodic oxidation
of potassium ferrocyanide [1 mM K Fe(CN), in 0.4 M K,SO,]
was examined by cyclic and square-wave voltammetry,
since the rate of this reaction at GC electrodes is known to
depend on the state of its surface.®**" In particular, as
described in the Introduction, a freshly exposed or pre-
treated carbon surface (using electrochemical treatment or
laser activation, etc.) gives higher standard rate constants
than untreated electrodes which are covered by groups
such as carbonyl, hydroxyl, quinone, and carboxylate.

Cyclic voltammetry of ferrocyanide oxidation was carried
out using electrodes of various HTT; some CVs at GC of
HTT 650 °C are shown in Fig. 4 at a scan rate of 500 mV s .
These CVs illustrate how the ferrocyanide kinetics
improve with increasing immersion period in the elec-
trolyte. The peak current was found to be linear with the
square root of the scan rate for electrodes of all HTTs at
low scan rates, for example, see Fig. 5. The negative devi-
ation at higher scan rates is due to a transition from
reversible to irreversible behavior.

Values for the standard rate constant, k,, the anodic
charge-transfer coefficient, «,, and the half-wave poten-
tial, E, ., were determined by fitting experimental voltam-
mograms recorded after 30 min immersion. The Cool algo-
rithm™** was used after background subtraction. The
results are given in Table I for the lowest and highest HTT
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700, and 1000 °C. For a HTT of 2500 °C, the ratio decreased
to near zero, below the instrument sensitivity.

These results demonstrate that oxygen is intrinsically
present in the as-prepared low-HTT samples and that it is
present in the bulk as well as on the surface. Additionally;,
aging in ferrocyanide-containing electrolyte, which im-
proves the kinetics of ferrocyanide oxidation (see Fig. 4 for
example), also increases the oxygen-to-carbon ratio. The
implication is that the presence of oxygen-containing
groups on the carbon surface is beneficial, in this case, for
increasing the rate of reaction. This is in accordance with
observations made previously where oxygen-containing
surface functional groups, such as carbonyl and quinone,
were found to increase the kinetics of ferrocyanide oxida-
tion through action as redox mediators, for example.*"”

The Effect of Doping GC with Lithium lons

OCP in lithium chloride.—Lithium-ion-doped GC
(GC:Li") electrodes were studied in LiCl solution in order
to minimize any loss of lithium ions during the experi-
ments and to permit an easier comparison with ref 29,
which deals with lithium-ion-implanted GCs (LIGCs).
Figure 7 shows the initial variation of OCP with time for
both HTT 600 °C and HTT 2500 °C GC:Li  electrodes and
that of the corresponding undoped electrodes. Significant
differences are evident. The OCP of GC:Li" is always more
negative than that of undoped GC, and the HTT affects the
OCP values. The greatest influence of lithium-ion doping
is on electrodes prepared from GC at HTT 600-700 °C.

Table II summarizes OCPs for GC:Li"™ after 1 and 15 h of
immersion in electrolyte. The OCP remains close to zero
volts vs SCE, with a tendency to become more negative
with increasing immersion time and to become more posi-
tive with increasing HTT. Compared with LIGC elec-
trodes™ the values are more positive. As in that case, there
is no suggestion of a particular potential-determining
reaction but rather oxidation and reduction phenomena at
the electrode surface; however, the observed potential is
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Fig. 7. Variation of OCP with time in 0.1 M LiCl for (al) CC:Li*
HTT 600 °C, (a2) undoped GC HTT 650 °C, (b1) GC:Li* HTT 2500 °C,
and (b2) undoped GC HTT 2500 °C.
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Table II. OCP for Li*-impregnated GC elecirodes in 0.1 M LiCl.

OQOCP (mV vs SCE)

Pyrolysis temperature (°C) 1h 15 h
200 12 —4

600 21 16

T00 31 18

1000 92 79

2000 83 46

2300 24 9

the result of the balance between these. The negative ten-
dency with time can be explained through the rate of sur-
face oxidation slowing down as the surface changes
toward a more stable structure. The more positive OCP
values obtained at higher HTT are probably due to
changes in the GC structure and greater difficulty of sur-
face oxidation; such oxidation occurs at a higher poten-
tial, as found in the undoped material. These results are
discussed further in the context of DTG and DSC studies,
and some correlations are made where possible.

Q)

Cyclic voltammetry in sulfuric acid solution.—Figure 8
shows cyclic voltammograms in 0.1 M H,SO, for GC:Li" of
HTT between 500 and 2500 “C. A characteristic reduction
peak at +0.3 V and an oxidation peak at +0.6 V are
observed, which are not present in the undoped material.
This occurs even for samples heat-treated to 2000 °C,
although most of the lithium ions have diffused to the sur-
face and evaporated off at lower temperatures. Extending
the negative potential limit to more negative values (not
shown) produces some noisy hydrogen evolution in the
HTT 500 °C sample, indicative of a bulk reaction.

These results suggest that lithium has altered the struc-
ture and associated electrochemistry of the carbonized
product through bulk chemical reactions, especially in
pyropolymers heat-treated below 700 °C. The reason for
this is the egress of the compounds which are formed by
the reaction of lithium with the resin’s by-products pro-
duced in the stages before and after the beginning of the
carbonization stage (HTT --600 °C), upon heating to
1000 °C. As compared to pure GC, they have a different
open structure (see also the following section). This behav-
ior is completely different from that observed with LIGC.™
The effect in that case was to increase the potential range
between hydrogen and oxygen evolution.

Thermal Studies on Structural Changes
Differential thermogravimetry.—We have shown previ-
ously that structure and electrical conductivity of GC can
be affected by the presence of lithium.”” The changes in
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Fig. 8. Cyclic vo[tumma%lrums in 0.1 M H,SO, electrolyte, scan
rate 50 mV s7', of GC:Li™ sheet electrodes heat-treated to between

500 and 2500 °C.
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siructure of GC, doped or undoped, depend on the raw
materials and the heating program.'! These affect the
chemical reaction rate of species and their gaseous prod-
ucts, the mass loss, and consequently, the structure of the
carbonized resin product. Xiang et al.”” used thermo-
cravimetry (TG)/DTG experiments to show that the ratio
of formaldehyde to phenol affects the mass loss of pheno-
lic resin upon heating to 1000 °C. They related the mass
oss to the carbon-carbon cross-linking density and noted
-nat a mole ratio of 2 produces GC with the highest cross-

nking density (1.294 X 10° kg/m’). For pure resin,
Vamashita and Ouchi*” have suggested that the weight loss

1low 400 °C is a dewatering reaction. This is a continua-

n of the curing reaction between —CH,OH and aromat-

hydrogen, and/or a condensation reaction between the
nydroxyl and methylene groups.

(n this work, we carried out TG/DTG and DSC experi-
ments in order to probe the structural changes related to
the MLRs and MS measurements to determine the nature
ol volatilized products upon heat-treatment of the resin
samples to 1000 °C. The MS results show two high out-
oassing regions: one between 200 and 500 °C with a maxi-
mum ~265 "C, the principal gases being H,O, CH,, CH,OH,
and aromatic gas with m/e = 29, and another between 400
and ~630 °C with maximum ~535 °C, the gases being
mostly H,O, CH,, CH,, CO,, and O,. Hydrogen evolution
was observed throughout the heating range. Our TG/DTG
results correlate with regions of high MLRs which Xiang
et al.” detected.

Figure 9 shows the MLRs obtained by DTG for 5% WLDR
and pure resol, both previously cured, from room tempera-
ture to 1000 °C at 20 °C/min. The high MLR region of
775 WLDR begins near 330 °C; for resol, it begins near 420 °C
and reaches a maximum at around 550 °C. The overall mass
loss of 3% WLDR is less than that of resol by 9-10%. A
lower mass loss simply means a higher carbon content,
which can be related to a greater amount of short-range
carbon-carbon chain formation and some cross-linking at
temperatures lower than 700 °C, and a high degree of
sraphitization at temperatures ~1000 °C and higher.

The differences in the MLR vs temperature profiles of
C and GC:Li" in Fig. 9 also suggest that the gaseous
products formed up to 600 °C diffuse to the sample surface
by different mechanisms due to their different structures.
Compared to 5% WLDR, the initial critical MLR for GC is
delayed, and in the second region (HTT 480-600 °C) it is
much larger. This suggests that the addition of LiNO, sup-
presses the out-diffusion of gaseous products from the
resin matrix and thereby causes changes in the structure.
Near and above HTTs of 650 °C, the MLRs of doped and
undoped samples are closely matched. Hence lithium-ion
doping mainly affects the GC structure at temperatures
lower than 650 °C.
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Fig. 9. DTG of cured resol and 5%WLDR. Maximum mass loss
rate for the undoped sample is delayed and is higher by 9-10%.

We have previously shown that diffusion of the gaseous
products in GC up to 500 °C does not follow Fick’s second
law (diffusion time proportional to length squared), but
between 230 and 330 °C, this diffusion varies with the fifth
power of the length and with the third power between 330
and 500 °C.”” We probed the diffusion mechanism by direct
observation of lithium-ion leaching. Figure 10 shows ICP-
AES results for the amount of lithium ion leached into
PBS from GC:Li" electrodes of HTT 500, 575, and 650 °C.
The lithium-ion out-diffusion rate from the HTT 650 °C
sample is higher than that from the 500 and 575 °C sam-
ples. This suggests that the diffusion rate is controlled not
only by surface but by the bulk as well. For confirmation
of bulk diffusion, scanning electron micrographs from the
freshly broken cross section of the samples were made.

Figures 1la-c are scanning electron micrographs show-
ing the pore size distribution of GC:Li" samples after heat-
treatment at 500, 650, and 1000 °C at a freshly broken
cross section. Compared to undoped GC, the pore size of
GC:Li" samples of intermediate HTTs is smaller. For GC of
500 °C HTT, the mean pore size diameter is —60 pm; for
GC:Li ', the pore diameter varies between 10 and 15 pm;
and for samples of 1000 °C HTT, the pore size for GC is
smaller than for GC:Li". Differences in MLRs and pore
sizes between the doped and undoped GCs may be corre-
lated with the greater differences observed between their
electrochemical behavior.

The large difference between OCPs of GC:Li" and GC, in
the 600-650 °C range, shown in Fig. 7Ta, may also be attrib-
uted to the influence of the different structures evidenced
by the different MLRs, pore-size distribution, and the dif-
fusion mechanism. As the HTT increases, more graphene
forms and, at the same time, lithium compounds and their
derivatives (associated with the endothermic reaction near
700 °C in Fig. 12) escape from the sample. With increasing
degree of graphitization, the structural changes caused by
lithium doping at lower temperatures are partially reversed,
so that the OCP values of GC:Lii' and GC samples approach
closer to each other (Figs. Ta and b). This may be pictured
as the formation of carbon-carbon bonds or, perhaps, short-
range graphene sheets, in those locations where lithium
compounds and derivatives prevent the natural carbon-car-
bon bonding during the initial increase of temperature.

Analysis of X-ray diffraction profiles—The structural
changes in GC:Li" and GC were also determined from
X-ray diffraction (XRD) peak profiles® produced by a
Philips PW-1840 powder diffractometer. As a measure of
the graphene layers, we calculated the ratio of the height
of the (002) Bragg peak to the background (R) from the
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Fig. 10. Plot of lithium ion released into PBS solution from a mix-
ture of resol and 10% by mass lithium nitrate (10%WLDR) heat-
treated to 500, 575, and 650 °C, every 24 h for 5 days. Note that
the 650 °C sample Li* release rate is higher than the other samples.
Results shown from five independent experiments for each HTT.
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XRD profiles of our samples following a method given else-
where.*** For a 500 °C HTT, d;;, = 4.00 A and R = 1.84 in
GC:Li" and dy; = 3.84 A and R = 1.78 in GC; for 1000 °C
HTT, dy, = 3.36 A and R = 2.33 in GC:Li and d,,, = 3.61 A
and R = 1.83 in GC. These results show the formation of a
large number of dispersed short graphenes in GC:Li of
HTTs < 700 °C and an enhanced graphitization in GC:Li
with HTT 1000 °C. This may be the cause of the large hys-
teresis shown by GC:Li" of HTTs < 700 °C compared to
HTTs of 1000 °C in the CVs of Fig. 8. It appears that an
inverse response hysteresis to HTT is characteristic of
most of the disordered carbons in an electrochemical sys-
tem. This behavior is also observed when a heat-treated
perylenetetra carboxylic dianhydride of HTT < 700 °C is
used as an anode in a lithium-ion battery."’

Differential scanning calorimetry.—DSC results for
5% WLDR showed large differences between GC:Li™ and
pure GC (Fig. 12). No endothermic peak was observed for
GC similar to that for GC:Li" near 720 °C under the same
experimental conditions. This is attributed to the melting
of LiOH and/or Li,CQO,, since it occurs close to the melting
points of both compounds (660 and 723 °C, respectively).
The presence of the endothermic peak near 700 °C and the
fact that the XPS result shows zero lithium remaining in
GC:Li" of HTT 1000 °C suggest the following mechanism.

When LiNO, is dissolved in a liquid solution of resol, the
nitrate ions associate mainly with the alcohol used to con-
trol the resin viscosity; the lithium ion associates with
oxygen, hydroxyl, and carbonate groups rather than attach-
ing to linear chains and/or cross-linked carbons. It most
likely forms Li,O, LiOH, and Li,CO, during postcuring
and precarbonization (HTT ~230-600 °C). This explains
the highly pronounced endothermic peak between 680 and

740 °C and suggests the possibility that GC:Li" also con-
tains species that are produced by the reaction of molten
lithium compounds (mostly LiOH and/or Li,CO,, but not
necessarily Li,O because of its high melting point) with
gaseous products of carbonization. This and the presence
of carbon with hydrogen links can also be reasons for the
large hysteresis in the voltammogram of the 700 °C HTT
GC:Li" sample (Fig. 8), especially because none of the
other samples shows such a large hysteresis.

Soon after the temperature exceeds 723 °C, the reactions
Li,CO, — Li,0 + CO, and 2LiOH — Li,0 + H,0 become
possible. On further heating to 1000 °C, H,0O, CO,, and Li,O
diffuse out; the hydrocarbon gas partially reacts with
other carbon atoms (e.g., C, + CH, —» C-C, + 2H,) by
pyrodeposition, and the rest diffuses out; the hydrogen
produced also diffuses out. Any carbon atoms produced by
these reactions bond to the carbon atoms immediately sur-
rounding them, hence the total carbon residue in the bulk
of the GC:Li" increases. This decreases the H/C and O/C
ratios and can consequently change the effects of the
basic-carbon surface species such as carbonyl and hydrox-
yl groups.

In summary, lithium doping results in the formation of a
carbonaceous structure with a large amount of short car-
bon chains which end in hydrogen. This, as well as the
structural changes due to a different out-diffusion mech-
anism of the gaseous products of carbonization compared
to that of pure GC, could be the reason for GG:Li™ exhibit-
ing large hysteresis in electrochemical experiments. The
larger double-layer capacitance area of GC:Li" of HTT 700
°C (Fig. 8) is indicative of its larger surface area compared
to GC:Li" of other HTTs.

It appears that the large hysteresis for disordered carbon
of HTTs < 1000 °C is correlated with H/C.* Mesophase-

Fig. 11. Scanning electron micrograph of liquid resol mixed with
5% by mass LINO,; samples’ freshly broken cross section, after
heat-treatments: (a, above) 500, (b, top right) 650, and (c, right)
1000 °C. Pore-size distribution is dependent on HTT.
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Fig. 12. DTG and DSC showing mass loss and endo/exothermic
nature of reaction of species in cured 5%WLDR on heating to
1000 °C. Endothermic reaction between 680 and 740 °C is due to
melting of LiOH and Li,CO,.

pitch-based carbon®™* and phenolic-resin-based GC* of

HTT < 1000 °C show a high specific capacity with a large
hysteresis in potential when used as anode in lithium-ion
batteries. Dahn et al.*® showed that the lithiation capacity
of hard carbon anode materials, such as GC or HTT
around 700 °C, depends on the H/C ratio. Yata et al.*
showed that phenolic-resin-based carbons prepared at
these temperatures contain a substantial amount of hydro-
gen. Their materials showed a high lithiation capacity for
H/C ratios in the neighborhood of 0.2. Enoki et al.*
showed that charge transfer from alkali atoms to hydrogen
in carbon is expected. Therefore, it is reasonable to believe
that lithium atoms bond to carbon in the vicinity of H
atoms in hydrogen-containing carboneous material such
as GC, if the latter is heat-treated to near 600-700 °C. The
inserted lithium transfers part of its 2s electron (in a cova-
lent bond) to a nearby hydrogen, resulting in a correspond-
ing change to the H-C bond. This would cause changes in
the relative atomic positions of the C and H atoms to cause
hysteresis in electrochemical measurements.”

For a high-capacity and/or high-discharge-rate lithium-
ion battery, the GC:Li" of various HTTs would be an inter-
esting material to investigate, because it can be tailored
simply by controlling the additive concentration and heat-
treatment program. To obtain dense GC products with the
smallest possible pore sizes, it is best to heat-treat precur-
sor material slowly (< 2 °C/h for samples ~1 mm thick) to
the precarbonization stage (100-600 °C) and to ensure a
long annealing time before critical mass loss is initiated
(300 °C in this case). Finally, the concentrations of the
added salt and melting/decomposition temperature of its
byproducts are also important for tailoring the GC to the
desired structure.

Conclusions

The strong influence of HTT on the voltammetric re-
sponse of GC electrodes, especially with respect to hydrogen
evolution, has been demonstrated. The oxidation of elec-
troactive species at low positive potentials up to 1 V vs SCE
1s not significantly affected by the HTT because this occurs
in a relatively unreactive region of potential. However, as
for other GCs, the electrode pretreatment and history can
markedly influence the electrode kinetics. For voltammetric
applications, samples heat-treated to above 2000 °C are
clearly the most appropriate because electrolyte back-
ground currents are lowest over the widest potential ranges.

Lithium-ion doping causes changes in properties and
structure of the GC, as evidenced by electrochemical and
DTG results of this work and XRD from previous work.
Although ICP-AES results show that the lithium ions have
been expelled from the heat-treated resins and XPS data
show that no lithium ions remain in samples of HTT 1000 °C
and higher, the structure remains altered. Thus, this is a

route to permanently altering the GC structure. We are cur-
rently analyzing this further by using the dopants Mg(NO,),,
Al(NO,),, and H,BO..
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