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Abstract—The effect of chemisorbed oxygen on the electrochemical behavior of radially structured graph-
ite fibers (Amoco Thornel P100) was studied. The outer graphite skin was removed by heating in air,
allowing the edge plane sites to be exposed and increasing the concentration of chemisorbed oxygen.
Mass spectrometry, conducted while heating the oxidized fibers, detected primarily carbon monoxide, sug-
gesting that the chemisorbed oxygen was in the form of phenol, carbonyl, and/or quinone functional groups.
Cyclic voltammetry showed that the electron transfer rate and reversibility of the iron cyanide redox species
increased, the voltammetric peak separation decreased, and the cathodic peak current density approached
the anodic peak current density as the burn-off level increased from 0% to 17%. Moreover, a decrease
in surface tension accompanied by an increase in wettability of the fiber by the electrolyte was observed
upon burn-off by 17%. Subsequent reduction in hydrogen resulted in a large increase in surface tension,
a decrease in the surface oxygen concentration, an increase in the oxygen-binding energy and a dramatic
loss of electrochemical activity. The investigation demonstrates that the domination of edge sites produced
by thermally removing the basal plane surface skin of the fibers resulted in the formation of oxygen-
containing surface functional groups that reduced the fiber surface tension (increasing wettability), thereby

improving the electron transfer rate and electrochemical reversibility.
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1. INTRODUCTION

Carbon and graphite fibers were introduced into the
commercial market in the mid 1960s. They are com-
monly used as structural reinforcing agents because
they are light in weight and can be prepared to dis-
play high strength and modulus. Recently, however,
researchers have explored their use in electrodes, par-
ticularly microelectrodes, for electroanalytical and
bioanalytical studies[1,2]. For these applications, elec-
trochemical behavior of the fibers is important.
The electrochemical response of carbon and graph-
ite materials can be enhanced by oxidation, either
electrochemically, chemically, or thermally. The con-
centration of surface oxides produced is associated
with the edge-to-basal-surface-area ratio. Studies using
highly oriented pyrolytic graphite (HOPG) have com-
pared the electrochemical performance of the basal
and edge surfaces for Fe(CN)z > ~*[3]. Results show
that the electrochemical behavior of the edge surface
is superior to that of the basal surface; the basal sur-
face is extremely unreactive. The electron transfer
rate and the capacitance of the edge surface are sig-
nificantly higher. Also, the Fe(CN); >~ reaction on
the edge surface is more reversible than on the basal
surface, with the anodic-to-cathodic peak potential
difference (AE) at a scan rate of 200 mV/s approxi-

mately 70 mV. The activity coefficient (k) was deter-
mined to be at least 10° times that obtained for the
basal surface. It is expected, therefore, that the elec-
trochemical behavior of carbon fibers will be depen-
dent upon the proportions of edge and basal surface
areas. Studies conducted with carbon fibers display-
ing ‘random’ and ‘onion’ type microstructures show
that the electrochemical performance of the cylindri-
cal surfaces is very poor in comparison to that of the
tip[4]. This observation is consistent with the mainly
basal plane character usually present on the surface
of these fibers.

Carbon and graphite surfaces, being reactive be-
cause of the presence of unsatisfied valences, readily
chemisorb oxygen-containing molecules[5]. The type
and concentration of the functional groups chemi-
sorbed influence the material’s electrochemical behav-
ior. The objective of this paper is to investigate the
electrochemical behavior of radially structured graph-
ite fibers, namely, Amoco’s Thornel P100, as a func-
tion of thermal oxidation. These fibers are unsized,
high-modulus, mesophase-pitch-based graphite fibers.

2. EXPERIMENTAL

Oxygen chemisorption was effected by thermal
treatment in air. The graphite fibers were isothermally
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heated to 600°C, then held at this temperature until
various levels of burn-off were achieved. Burn-off
levels were determined via sample weight loss. The ef-
fects of the thermal treatment were evaluated using
various analytical techniques. Surface elements were
analyzed using electron spectroscopy for chemical
analysis (ESCA), a high-vacuum surface science tech-
nique. To measure the oxygen chemisorption of the
fibers, desorption was conducted in a thermogravi-
metric analyzer (Perkin-Elmer TGA7) after oxidation
burn-off; the oxidized fibers were heated in purified
helium to 1450°C at a rate of 20°C per minute, and the
weight loss was recorded as a function of temperature.
In addition, the evolved gas during desorption was an-
alyzed by mass spectroscopy during heating and was
shown to be predominantly CO (rather than CO).

The specific oxygen adsorption area (SOAA) in
m?/g was calculated using the equation

(Weight loss)(6.023 x 10%)(8.3 x 1072° m?)
28 (Original sample weight)

SOAA =

8))

where 28 is the molecular weight of carbon monoxide
in atomic mass units, 8.3 x 1072 is the area occupied
by one atom of oxygen in m?, and 6.023 x 103 is
Avogadro’s number. It was assumed that only mono-
layer oxygen existed on the surface and that each ox-
ygen atom occupied 8.3 square Angstroms[6].

The microstructure and surface condition of the
oxidized fibers were characterized using a scanning
electron microscope (SEM). Electrochemical perfor-
mance was assessed by cyclic voltammetry (CV). The
test solution in CV comprised 6 mM potassium ferri-
cyanide (or potassium hexacyanoferrite (III) in [UPAC
nomenclature) [K;Fe(CN)g] as the electroactive spe-
cies in 1 M potassium nitrate [KNO;] in water as the
supporting electrolyte. The three-electrode system used
included a saturated calomel reference electrode, a
platinum wire auxiliary electrode and a bundle of the
graphite fibers under study as the working electrode.
Voltammograms began sufficiently negative of the fer-
ricyanide potential to allow reduction of the electro-
active species in solution to ferrocyanide. Cycling then
began with the oxidation half cycle at scan rates of 20,
50, 75, 100, 125, 150, 175, and 200 mV/s.

The wettability of the oxidized fibers was evaluated
using the static Wilhelmy method[7]. The set-up for
this procedure is illustrated in Fig. 1. A single graph-
ite fiber was suspended from a fixture. A beaker with
the wetting electrolyte, in this case the same solution
as used for CV, was raised toward the suspended fiber
until the fiber tip just touched the solution surface.
The change in fiber weight due to the fluid was re-
corded using a Mettler Analytical Balance with a sen-
sitivity of 0.0001 g. The contact angle, ¢, of the liquid
with the fiber was measured using a protractor. The
fiber tip was magnified and then photographed to fa-
cilitate the measurement. The surface tension was ob-
tained by the equation
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_ AW
= Pcosqb’

0]

where

v = surface tension,

AW = weight change or force exerted by the fluid,
P = circumference of the fiber, and
¢ = contact angle.

3. RESULTS AND DISCUSSION

Structurally, the P100 graphite fiber exhibits a ‘bi-
cycle wheel’ or radial morphology encased in a ‘skin’
of graphite. By 3 hours of oxidation in air at 600°C,
a 17% burn-off was achieved, resulting in complete
removal of the ‘skin.” An SEM view of the as-received
fiber tip with the graphite ‘skin’ still in place and that
of the tip with its skin thereby removed are shown in
Fig. 2(a) and 2(b), respectively. For clarification, cor-
responding schematics are shown in Fig. 3(a) and 3(b),
respectively. The basal plane is represented by the
radial lines shown internal to the fiber, whereas the
basal plane of the ‘skin’ is parallel to the cylindrical
fiber surface.

“The effects of burn-off on the surface morphol-
ogy of the fiber are shown in Fig. 4. The as-received
condition is depicted in Fig. 4(a). After 7% burn-off
[Fig. 4(b)], the removal of the outer graphite ‘skin’
begins, resulting in a roughened appearance of the
fiber surface. As the level of oxidation increases,
yielding a 17% burn-off, the ‘skin’ appears to be fully

“removed, with ‘holes’ visible on the fiber surface

[Fig. 4(c)]. After burn-off to 22% [Fig. 4(d)], the
‘holes’ appear to penetrate more deeply into the fiber
interior. Schematically, these observations are shown
in Fig. 5. The cross-section of the as-received fiber is
shown in Fig. 5(a). When a 7% burn-off takes place,
surface roughening is conceptualized as the thinning
of the ‘skin’ with areas of total depletion, or ‘holes,’

Suspended Fiber

-0 [ ]
Contact Angle
N
Beaker with 2

test fluid 1

Mettier Balance

Fig. 1. Setup for the static Wilhelmy method for the deter-
mination of surface energy.
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Fig. 2. SEM view of (a) the as-received graphite fiber and (b) the tip of the fiber after 17% burn-off.

randomly dispersed over the fiber surface [Fig. 5(b)].
The ‘holes’ are most likely fully exposed edge plane
and defect sites. Complete removal of the ‘skin’ (the
external basal plane) with minor penetration into the
fiber interior occurs at 17% burn-off. Electrochemi-
cal activity then is predominantly associated with the
newly exposed edge plane and defect sites. Further
oxidation to a 22% burn-off has a negligible effect on
the number of edge plane and defect sites on the fiber
surface. However, deeper penetration into the fiber in-
terior results in increased basal plane exposure.
Oxygen chemisorption is known to occur predom-
inantly on the edge rather than on the basal sites of
graphitic materials[8,9]. The active area, in general,
is directly associated with the concentration of edge
sites available for chemisorption. For the P100 fibers,
the SOAA values are shown in Table 1. Under the as-
sumption that oxygen was chemisorbed as monolayer
oxygen, the molecular weight of carbon monoxide was
used to calculate SOAA. As expected, SOAA increases
with increasing burn-off. The largest SOAA increase
occurs between burn-off levels of 17% and 22%. From
Table 1, it can be seen that the desorption onset tem-
perature remains essentially the same from 0% to 17%
burn-off. Between 17% and 22% burn-off, a signifi-

= [002]

(b)

Fig. 3. Schematic of (a) the tip of the as-received graphite
fiber and (b) the tip of the fiber after 17% burn-off.

cant decrease in desorption onset temperature occurs.
This is shown graphically by the thermogravimetric
data in Fig. 6. The SEM and desorption results indi-
cate that, as burn-off increases from 17% to 22%,
chemisorption occurs on the edge and defect sites ex-
posed as the basal surface ‘skin’ is removed, and ad-
sorption occurs at the gaps developed between the
layers of the now-exposed basal plane. Bonding ener-
gies of the adsorbed species of the basal plane are most
likely weaker than at the chemisorbed sites of the edge
plane, yielding a lower desorption onset temperature
at 22% burn-off (Table 1).

The oxides believed to be present on carbon and
graphite surfaces include phenols, carbonyls, carbox-
vls, quinones, and lactones[10]. Schematics of these
groups are shown in Fig. 7. The functional groups ex-
pected to desorb carbon monoxide include phenols,
carbonyls, and quinones[10]. Mass spectroscopy was
conducted during the desorption test on the 17% burn-
off sample. Carbon monoxide was primarily detected,
with a negligible amount of carbon dioxide. It may
therefore be concluded that, of the possible functional
groups on the surface of the fiber, phenols, carbon-
yls, and/or quinones are likely.

Cyclic voltammetry (CV) results are displayed in
Fig. 8(a) through 8(d). The electrochemical response
after 7% burn-off [Fig. 8(b)] was improved over that
of the as-received P100 fiber [Fig. 8(a)]. As the level
of oxidation increases, the electron transfer rate (shown
by the small variation of the peak potential with the
scan rate) and the reaction reversibility (shown by
the relatively small difference between the oxidation

Table 1. Chemisorption results (600°C in air)

Time at temperature

(hours) 0 1.5 3.5 5.0
Prior burn-off (%) 0 7 17 22
SOAA (m*/g) 0.95 4.28 6.98 19.8
Desorption onset

temperature (°C) 704 709 707 630
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Fig. 4. SEM view of the side of (a) the as-received graphite fiber, (b) the 7% burn-off fiber, (c) the 17%
burn-off fiber, and (d) the 22% burn-off fiber.

and reduction peak potentials) continue to improve
[Fig. 8(c)]. No further advantage is realized at 22%
burn-off [Fig. 8(d)] compared to 17% burn-off [Fig.
8(c)]. Data obtained from the CV curves (Table 2)
indicate a decrease in both the voltammetry peak sep-

(b)

(©) (d)

Fig. 5. Schematics of (a) the as-received graphite fiber, (b)
the 7% burn-off fiber, (¢) the 17% burn-off fiber, and (d)
the 22% burn-off fiber.

aration (AFE) and in the anodic-to-cathodic peak cur-
rent density ratio (/,/.) from 0 to 17% burn-off, but
from 17% to 22% burn-off, both the peak separation
and the peak current density ratio increase slightly.
The slight degradation in the electrochemical perfor-
mance as oxidation progresses to a 22% weight loss is
attributed to the reduction of the amount of edge sites
and exposure of the basal planes interior to the fiber.

Four possible scenarios to explain the observed ef-
fect of oxidation on the electrochemical response are
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Fig. 6. Fraction of original weight before heating vs temper-
ature during heating of fibers that had previously undergone
various levels of burn-off.
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Table 2. Cyclic voltammetry results (200 mV/s scan rate)

As-received

7% burn-off

17% burn-off 22% burn-off

Anodic peak current

density, 71, (mA/cm?) 82
Cathodic peak current

density, I, (mA/cm?) 451
/1, 5.5

Peak separation, AE (mV) 364

445 517 575

866 614 724
1.9 1.2 1.3

354 188 216

proposed. As schematically shown in Fig. 9, scenario 1
implies that the improvement in electrochemical be-
havior is due solely to the increased exposure of edge
plane and defect sites. From scenario 2, the increase
in edge plane and defect sites results in an increase in
the amount of chemisorbed oxygen on the surface.
The increase in the amount of chemisorbed oxygen
may either improve the electrochemical performance
directly (scenario 2), or result in scenario 3, whereby
the increase in the amount of chemisorbed oxygen first
induces a reduction in the fiber surface tension in the
electrolyte, and then results in improved electrochem-
ical activity. In scenario 4, the increase in edge plane
and defect sites results in a reduced fiber surface ten-
sion, which then yields an improvement in the electro-
chemical response. To help distinguish among some
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of these scenarios, the surface tension of the fibers in
the electrolyte (related to the wettability of the fibers
by the electrolyte) was measured.

The wettability of graphite had been studied by
Dawe and Stevens[11]. It was demonstrated that graph-
ite wettability increases as a function of oxidation.
It was also found that wettability continues to increase
with increasing heat-treating temperature up to 430°C.
The possibility of a reduction in the surface tension
of the P100 fibers was therefore examined. Using the
static Wilhelmy method for determining the surface
tension, the fiber weight and contact angle were mea-
sured. The results are summarized in Table 3. As ex-
pected, burn-off to 17% caused a decrease in the
surface tension. Subsequent reduction in a 20:80 hy-
drogen:nitrogen atmosphere at 500°C for a duration
of 2 hours resulted in a dramatic increase in the sur-
face tension. ESCA was conducted to assess the oxy-
gen content on the fiber surface before and after
reduction. These results are summarized in Table 4.
Note that reduction by hydrogen yielded an increase
in the fiber surface carbon atom fraction, while the
oxygen atom fraction decreased. Even though a sub-
stantial amount of oxygen remains on the surface
after reduction, the increase in binding energy, al-
though small, implies that the remaining oxygen is
more tightly bonded, which should result in degrada-
tion in the electrochemical activity. CV conducted on
the reduced sample is shown in Fig. 10. As expected,
the resulting voltammogram demonstrates a dramatic
degradation in the electrochemical response compared
to that before reduction [Fig. 8(a)]. The conclusion,
therefore, is that a high surface oxygen concentra-
tion (Table 4) is associated with a low surface ten-
sion (Table 3). The lowered surface tension means
increased wettability. The increased wettability al-
lows improved electrochemical response. Hydrogen

Table 3. Surface tension of carbon fibers in the electrolyte
6 mM K;Fe(CN)g

Surface tension

| I
O———C

” Sample (dynes/cm)
o As-received 59+5
LACTONE 17% burn-off 415
17% burn-off and then reduced 214 + 10

Fig. 7. Various functional groups on carbon.




1504

C. A. Frysz et al.

1000

5001

0

-500 1

Current density (mA/cmA2)

(©)

-1000
-0.6

-0.4

-0.2

0.0

1000
(a)
g
E 500
°
<
E
z 0
‘@
c
Q
©
« -5001
c
g
5
© 1000 T . T . -
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Potential (V)

1000
— (b)
(5]
<
§ 500
<
E
Z 01
[7]
c
Q
b=
€ -500
e
5
o

-1000 v T T v v

-0.6 -0.4 -0.2 0.0 0.2 04 0.6

Potential (V)

Potential (V)

1000

5001

Current density (mA/cmA2)

-1000 T T

--0.6 -0.4 -0.2 00 0.2

Potential (V)

Fig. 8. Cyclic voltammogram of (a) the as-received graphite fiber, (b) the 7% burn-off fiber, (c) the 17%
burn-off fiber, and (d) the 22% burn-off fiber. The different curves were obtained at different potential
scan rates. The higher the scan rate, the higher the magnitude of the peak current density.

reduction results in a change in the graphite fiber
surface functional group. As mentioned earlier, the
functional groups suspected upon oxidation included
phenols, carbonyls, and quinones, due to the fact that

Air oxidation of
P100 graphite fibers

/

Increasing
edge plane sites

Increasing
surface oxygen

I

I

mass spectroscopy evolved predominantly carbon
monoxide gas. The subsequent reduction then would
result in either an increase in the number of phenol
groups present as a result of hydrogen reaction with
the existent carbonyl groups, or the formation of hy-
droquinones. Whichever transition occurred, the elec-
trochemical activity was dramatically affected. Thus,
scenarios 1 and 4 are eliminated from consideration.
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Fig. 9. Various scenarios to explain the observed effect of
oxidation on the electrochemical response. Scenarios 2 and 3

are supported by this work,

but not scenarios 1 and 4.

&

<

§ 500

<

E

£ 0] S

[}

[~

Q

h -]

£ -5001

(4

5

o

-1000 : . . . :
206 -04 02 00 02 04 06

Potential (V)

Fig. 10. Cyclic voltammogram after hydrogen reduction of

the 17% burn-off fiber.
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Table 4. ESCA results of fibers that had been heated in air to 17% burn-off and those
that had been reduced after 17% burn-off

17% burn-off sample

17% burn-off & reduced sample

Element Binding energy (eV) At. % Binding energy (eV) At. %
Cls 283.8 93.5 283.8 96.2
O ls 531.3 6.5 531.7 3.8

4. CONCLUSIONS

The investigation conducted using Thornel P100
graphite fibers exhibiting a radial microstructure shows
that removal of the graphite ‘skin’ via thermal treat-
ment in air results in an increase in fiber surface edge
and defect sites. These sites allow increased levels of
oxygen chemisorption. The increase in oxygen concen-
tration, shown to be a function of the level of burn-
off as well as the microstructure of the fiber, resulted
in increasing improvement in electrochemical activity.
The enhancement of the electrochemical activity, ev-
idenced by an increase in electron transfer rate and
improved reversibility, is due to a decrease in the fi-
ber surface tension which, in turn, increases the fiber
wettability by the electrolyte. Although substantial ox-
ygen remained on the fiber surface after hydrogen
reduction, the change in the fiber surface functional
group resulted in extremely depressed electrochemical
activity. For electrode applications, then, the radially
structured graphite fiber may provide advantages over
random or onion-type fibers. They offer the ability to
systematically remove basal surface character so that
the edge sites dominate. The domination of edge sites
allows sites for oxidation, which in turn allows forma-
tion of functional groups conducive to enhanced elec-
trochemical activity.
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