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" Pigure 1 Capacity-potential curves for the edge orientation of stress-
annealed pyrolytic graphite in 0.9 N NaF (pH=6) at 25°C and
1000 Hz, without hood. Initial scan anodic starting at point S.

potentials going positive

—— potentials going negative from -0.1 V
i potentiales going negative from +0.2 V
-, ey, potentials going negative from +0.5 V
sesescesss potentials going negative from +0.8 V

Figure 2 Capacity-potential curves for the edge orientation of stress-
annealed pyrolytic graphite in 1N H;S0, and 1N NaOH at 25°C
and 1000 Hz, without hood.

A) 1 N H;S04, ————vpotentials going positive
— potentials going negative from +0.1 ¥V
- potentials going negative from +0.4 V
secsscsso.potentials going negative from +0.8 V

B) 1 N NaOH ——————potentials going positive
—— potentials going negative from -0.4 V
B .., potentials going negative from -0.2 V
eesessscs.potentials going negative from +0.2 V

- Figure 3 Current-potential curves for the edge orientation of stress-
annealed pyrolytic graphite at 25°C, without hood. Scan rate
9.1 V/sec, direction of sweep indicated by arrows. Different
curves for the same electrolyte differ in the range of potential
of scans.

- A) in 1 N H2S04; B) in 0.9 N NaF, pH = 6; C) in 1 N NaOH

Figure 4 Capacity-potential curves for the glassy carbon in 0.9 N NaF
(pH = 6) at 25°C and 1000 Hz, with hood.

potentials going positive

— potentials going negative from -0.1 V
S = = potentials going negative from +0.2 V
~—.=. potentials going negative from +0.5 V
csssssecsssss potentials going negative from +0.8 V

Figure 5 Capacity-potential curves for the glassy carbon in 1 N H2S0,
and 1 N NaOH at 25°C and 1000 Hz, with hood.



Figure 6

Figure 7

Figure 8

A) 1 N HjS0,

potentials going positive

—-— potentials going negative from +0.05
- = = -~ potentials going negative from +0.4 V
-.-.=-.-. potentials going negative from +0.8 V
cesecsss. potentials going negative from +1.25 V

v

B) 1 N NaOH ~———— potentials going positive

—_— potentials going negative from -
- = = = poteantials going negative from -
-+=.—.-. potentials going negative from 0
ssssssss potentials going negative from +0.

(=N =]

Current-potential curves for the glassy carbon at 25°C, with
hood. Scan rate 0.1 V/sec, direction of sweep indicated by
arrowvs.

A) in 1 N H,SCy; B) 4in 0.9 N NaF, pH = 6; C) in 1 N NaOH

Model for the surface of the edge orientation of stress-annealed
pyrolytic graphite in arbitrary unit. The space charge region
within the graphite electrnde is represented by the dashed line.

Distributive impedance for a fissured or porous electrode in
the absence of faradaic components. R, - resistence of bulk
electrolyte; Ry, R, - resistance of electrolyte in fissures
or pores; C - interfacial capacitunce.
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DIFFERENTIAL CAPACITANCE STUDY ON THE EDGE ORIENTATION
OF PYROLYTIC GRAPHITE AND GLASSY CARBON ELECTRODES

Jean-Paul Randin* and Ernest Yeager
Department of Chemistry

CASE WESTERN RESERVE UNIVERSITY
Cleveland, Ohio 44106

ABSTRACT

The differential electrode capacitance of the edge orientation

(plane perpendicular to the basal one) of stress-annealed pyrolytic graphite

and glassy carbon have been studied in concentrated aqueous solutions using

an a.c. impedance bridge. The salient features are as follows:

1) The apparent differential capacity for the edge orientation of

2)

3)

stress-annealed pyrolytic graphite is much higher than on the
basal plane because of higher surface roughness and capacitive
contribution of the surface groups. The capacity strongly depends
on the electrolyte, pH and potential scan range and exhibits a
complex potential dependence, probably as a result of the specific
chemical groups on the surface. A model is proposed to explain
the behavior of the edge orientation.

The capacity minimum for the glassy carbon is sufficiently low so
as to suggest a space charge contribution from within the electrode
phase.

The similarities between the potential dependence of the capacity
for the edge orientation of pyrolytic graphite and glassy carbon
indicate similarity in the surface groups although the particular
groups cannot be specifically identified from the electrochemical

measurements.

® Present address: Hydro-Quebec Institute of Research

Varennes, P.Q., Canada
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INTRODUCTION

In previous publications (1-2), the non-faradaic Aiffereantial
capacity measured on the basal plane of high-pressure, stress-annealed
pyrolytic graphite has been reported to have a near parabolic depeadence
on electrode potential with a minimum of about 3 pyF ecm~2 in concentrated
electrolytes. This low capacity value compared favorably with that estimated
from the carrier concentration using the presently available cheory of the
space charge layer in semiconductor electrodes. Studies in NaF solutions
at concentrations as low as 10 ° N indicated that in the range of potential
studied (0.5 to -0.5 V vs NHE) this minimum in the capacity vs. potgntial
curve was not associated with a corresponding minimum in the capacity of
the diffuse ionic layer. A.c. impedance measuremen{s have 2 ’
also been made on boronated stress-annealed pyrolytic graphite (3). The
direction of the shift in the capacity minimum is in agreement with the

semiconductor interpretation but the‘magnicude of the shift is much larger

and the capacity of the minimum substantially lower than estimated theoretically

from the carrier concentration.

The present paper involves the study of the differential capacitance
on the edge orientation (plane perpendicular to the basal plane) of the
stress—-annealed pyrolytic graphite to establish the extent to which the
surface chemistry influences the capacity. Capacitance measurements for
glassy carbon have also been carried out. This material is prepared by
carbonization and subsequent thermal treatment of organic materials. This

carbon is characterized by isotropy of properties, high purity, strength and
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hardness, and extremely low permeability to both gases and liquids.

Chemical properties are, generally speaking, those of carbon, but with

F a much reduced activity at least in part because of a low porosity. Its
structure has been the object of saveral studies which have been reviewed
recently (4). Tihe accepted model involves the presence of two types of
carbon atoms, one involving trigonal (sp?) bonding and the other having
tetrahedral (sp3) bonding. The relative amount of trigonal carbon atoms
depends on the heat treatment. A semiconductor model has been proposed
for glassy carbon (5) with a very small energy gap of approximately 1072
to 1073 eV. The carrier concentration in glassy carbon depends on the
heat treatment temperature in the preparation of the sample. For samples
prepared at 2000°C, the carrier concentration has been reported to be

b 201020 carriers cm~3 with n-type conductivity and 0.9« 1020 carriers cm—3

at 3000°C with p-type conductivity (5).

EXPERIMENTAL

The stress-annealed pyrolytic graphite used in this studya) was
the same as used previously (1) and had an X-ray rocking curve whose mosaic
spread width is approximately 0.3 to 0.4° at half-intensity of the (002)
diffraction line. Because of the fragile nature of this material in the
edge orientation, the electrodes with this orientation exposed to the

electrolyte were prepared by compression moulding (6) within a Kel-F

holder rather than press-fitted into Teflon as was mounted the basal plane (1). ?
The exposed section of these edge orientation electrodes was approximately ;
s.uare with an area of ~ 0.2 cm?. The glassy carhon electrodeb) was prepared i
from a 6mm diameter rod, press-fitted coaxially into a cylindrical Teflon holder. %
a) Supplied by the Union Carbide Technical Center Pesearch, Parma, Ohio 44130 %

b) Gallard-Schlesinger Chemical !fg. Corp., Carle Place, N.Y.
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Before cach electrochemical mzasurement, the clectrodes were
necttanically polished using different grades of alumina down tu AB gamma
(0.05 ., Buehler Ltd). Polishing was done in the pcesenca of conductivity
vater. The abrasive was subsequently removed by washing thoroughly the
electrode with conductivity water. The electrode was then kept wet until

slipped into the electrolyte.

The electrochemical system, the purifications of electrolytes
and gas, and the instrumentation used in this study were described
previously (1). All measurements were performed at ~25°C. Unless
otherwise indicated the potentials are given with respect to a normal
hydrogen electrode (NHE). All capacitances are given in terms of apparent

electrode area.

RESULTS

1. FEdge orientation of stress—annealed pyrolytic graphite

In the earlier vork on the basal plane (1-3) a Teflon hood,
slipped over the electrode assembly, greatly reduced frequency dispersion
of the measured capacity by providing more uniform current distribution on
the electrode, It was essential however that the electrolyte not penetrate
between the Teflon of the hood and the masked portion of the electrode
surface. Unfortunately, with the edge orientation of stress-—annealed
pyrolytic graphite,electrolyte penetration could not be prevented and hence
appreciable frequency dispersion was found even with the hood. Further,
the hood tended to damage the electrode surface where it made contact with

it. The difference in the frequency dependence of the capacity

S i



measured with and without the hood was not very large. For c¢xample, with
the heood the frequency dispersion was approximately 8% per decade and

vithout the hood approximatelv 15%. In view of the disadvantage of wing

¥ the hood, further measurements on the edge orientation were pecformed

o

without it.

The capacity-potential curves on the edge orientation of stress-

e e

annealed pyrolytic graphite in 0.9N NaF are reported in Fig. 1. The

individual points are not shown. The point-by-point measurements were made

STgPleney

with ~50mV separation with each measurement requiring approximately 1-2
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minutes. The values recorded with increasing anodic potentials do not

depend on the anodic potential applied during the previous scans,
]

k provided the starting potential was cathodic enough to generate a
reduced surface. In contrast, the shape of the cathodic scan depends

on the maximum anodic potential reached during the preceding anodic

scan. The hysteresis between an anodic scan and the subsequent cathodic
scan is more pronounced, the more anodic the potential reached before

— reversing the direction of the scan.

The shape of the capacity-potential curves (Fig. 2) depends strongly |

on the electrolyte. In 1 N H»SO, the relative variations of capacity with
the eicctrode potential are much more pronounced than in 1 N NaOH (Fig. 2).
The minimum value in the capacity-potential curve, as well as the potential

at which it occurs, depeads on p¥ in a rather complex manner. In the acid

r,
-

part of the curve, the potential of the minimum changes about -30 mV/pi,

whereas in alkaline solutions the dependence is close to -60 mV/pH.




The correspoading voltammelcy curves for the edge orientation

(Fig. 3) siww rather broad ill-defined irreversible peaks. The capacitance
calculated from these curves is far higher than from the a.c. capacity
m=2asurements. Tor example, for the NaF solution at 0 V vs NHE the capacity
from the voltammetry curve is ~ 750 uF cm™? appareat area. Further ,at
much lower sweep rates the capacity is even higher; for example, at the
same potential for 0.0l V/sec, the capacity is ~3000 uF cm™2. The peak
observed at about +0.6 V vs RHE in the anodic sweep of the linear sweep

voltammetry has a pH depeadence with a slope of about -60 mV/pH (Fig. 3).

2. Glassy carbon

The frequency denendence of the capacity on the glassy carbon
exhibits a behavior comparable to that observed on the edge orientation
of stress—annealed pyrolytic graphite. Sincg no practical problem was
associated with slipping the Teflon hood on to the glassy carbon electrode,
it was used in all measurements performed with this material. The hood
was slipped on to the polished clectrode under water and, then, the elec-
trode was transferredq iumediately into the electrolyte within the electro-

chemical cell, while always under conductivity water.

The capacity-potential curves measured on the glassy carbon elec-
trode in 0.9 N NaF (pH = 6), in 1N Hy50; and in 1Y NaCH are shown in
Figs. 4 and 5. As for the cdge orientation, the shape of the reverse
cathodic scan depends on the maximum positive potential rcached in the
preceding anodic scan. In the case of the glassy carbon, the shnbe of

the capacity-potential curve and the absolute values of the capacity are

st 3o Rk RN



even nore pH dependent than for the edge orientation of pyrolytic grapunite.

Trte minimum capacity is three times higher in alkaline solutions than in

1
4

acid media. The peak previously observed for the edge orientation in acid
media at about +0.6 V vs. RHE on the cathodic sweep is also observed for
the glassy carbon at about the same potential. This peak is very well
defined in acid media but is not distinguishable any more in alkaline
solutions (Fig. 5). The pH dependence of the electrode potential at the
minimum capacity has a slope of about =30 mV/pH over the whole pli range

from v 0 to ‘v 1k,

The voltammetry curves for the glassy carbon again have broad
il1l-defined irreversible peaks (Fig. 6). The capacities calculated from

the voltammetry curves are also very large compared to the a.c. capacities.
DISCUSSION

The main features of the present study are as follows: first,
the capacity of the edge orientation on stress—annealed pyrolytic graphite
is nuch higher than on the basal plane and is strongly dependent on the
electrolyte, pH and potential scan range; secondly, the capacity has a
complex potential dependence, probably as a result of the specific chemical

groups on the surface which contribute to the capacity through changes in

B

their oxidation state or state of ionization. The relatively high a.c.

o N

capacity can be due to surface roughness or to the capacitive contribution

of the surface groups or both. The capacities calculated from the voltammetric

curves are equivalent to very low frequency values. A comparison of tnese

values at different sweep rates,together with the a.c. impedance data,

N N
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indicates that the capacity increases very drastically at very low frequencies.
Two possible explanations for this increment in capacity are 1) the
presence of surface microfissures (Fig. 7) and 2) slow surface states involving
various chemical groups bn the edge surface. Electrolyte can penetrate into
surface fissures and pgive rise to a distributed impedance network as shown in
Fig. 8 with the resistance components corresponding to electrolyte resistance.

7 cm and still per.-it ion

"he width of these fissures may be as small as 10
migration. An attempt has been rade to represent the space charge region
within the praphite elcctrode with the dashed line in Fig. 7. Even though

the capacity associated with the basal plane within the fissures is still

small per unit truc area, the large area leads to a large surface capa-
city but only at frequencies sufficiently low for the capacitive components
in the distribution network (Fig. 8) to te predominant.

While the distributive irvedance model is a valid approach to the
description of the electrode impedance, it is doubtful that this accounts
for the majority of the order of magnitude increments in capacity at very
low frequencies. Ho significant series resistance coriponent was noted in
the measurements with either the edge orientation or the glassy carbon,
beyond that associated with bulk electrolyte. Further almost as large an
increment in capacity was found with glassy carbon which is relatively
non-porous.

Consequently the more likely explanation for this increment in capa-
city at low frequcncies is slow surface states involving changes in the
oxidation state of the electrode surface which are far too slow to ccn-
tribute to the observed capacitance at the frequencies involved in the
a.c. impedance measurements. The oxidation-reduction of other surface
functional groups, however, may be sufficiently reversible so as to still

contribute substantially to the capacity at audio frequency and cause




the complex capacity- potential behavior found in the present work.

liormally surface states associated with a specific functional group
should contribute to the capacity only over a relatively narrow potential
range. If there is a wide distribution of functional groups with strong
interactions, however, their contribution to the capacity may be large over
a wide range of potentials with a complex potential dependence. 'The pH
dependence of these surface state contributions to the a.c. capacitance
arises from the pll dependence of the oxidation and ionization states of
these functional groups (usually -30 or -60 mV/pl for double or single
charge-transfer processes).

The similarity between some features of the potential dependence of
the differential capacity of both the edge orientation of pyrolytic graphite
and glassy carbon is rather surprising considering the different structures
of the two electrode materials. This may indicate that similar surface
groups are probably present at both electrode surfaces.

In contrast with the behavior of the basal plane, the minimum in
the capacity-potential curve depends on pli for the edge orientation as
vell as for the glassy carbon. Pronounced pl dependence of the capacity
minimum is found with most semiconductor electrodes including germanium
(7-9) and is associated with the presence of surface groups whose state
of charge is pH dependent. The explanation for the apparent shift of
the flat band potential for the edge orientation of graphite and the glassy
carbon is probably similar to that proposed by Gerischer et al. (8) tor
germanium. A redistribution of charge occurs between the electrode sur-
face and the outer Helmholtz plane as a consequence of the ionization of
surface functional groups whose ionization constants depend on the oxidetion

state. The basal plane of graphite is rather unique in not having such

L R :ﬁm &
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friroups and therefore a pli independent flat band potential.

The problem of functional groups of graphite and carbon electrodes
is bteyond the scope of this pubtlication. A brief account of previous studies
on the surface chemist-v of graphite, however, is relevant to the present
study. ‘''he nature of the funn~tional proups on surfaces of different kinds
of carbons and graphite has been extensively studied and the subject of
several reviews (1C-12,24). On micro-crystalline carbons (j.g., amorphous
cerbon, active carbons, carbon blacks, carton brushes, cokes) a large
variety of surface groups have been identified. On praphite, most chermical
reactions on the surface are difficult to observe because of the extremely
srall quantity available due to the low specific surface area. 'i'ne formation
of surface oxides on the edge orientation of graphite single crystal was
first shown by liennig (13) and later confirmed by Montet (14). Recently,
detected from the oxygen ls peak the chemisorption of oxygen at the edge
orientation of stress-annealed pyrolytic graphite. The width of the peak
indicates that at least two tyres of chemical linkages exist for the bound
oxygen. Upectra obtained on the basal surfaces show no peak in the high
resolution scun at the rerion of binding energy corresponding to oxygen 1s,
confirming the inertness of this surface. 'l'he stress-annealed pyrolytic
graphite studied bty Thomas et al. (19) was from the same origin as ihat
used in the present work.

farasevich et al. (16) have recently published voltammetry curves
for ordinary pyrolytic graphite which are basically the same as obtained in
the present work (Fig. 3). [Voltammetric studies of graphite and carbon
electrodes have also been published recently (17,186).] Various workers
including Garten and Weiss (19) and Epstein et al. (20) have suggested

that the oxidized and reduced forms of the suvrface functional groups

oelde R0 Sialt MR S A
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observed electrochemically on graphite and carbon correspond to the

quinone/hydroquinone couple. but the chromene-carbonium ion couple also

has been proposed (21).

Although oxidation-reduction potentials are not sufficient to identify
a functional group, comparison of the experimental potentials with the
peaks in the a.c. capacity curves with some known oxido-reduction potentials
for organic couples are of interest. {‘everal oxidation-reduction potentials
of organic compounds (for example: quinone-hydroquinone, Eo = 0.6995 V
at 25°C; 1,2-naphthoquinone, E = 0.547 V at 25°C (22)) frall in the poten-
tial range of the peak observed in the capacity-potential curves around
0.6 V vs. RiE. The quinone-hydroquinone surface group is a likely expexta-
tion but nc strong evidence is available in tne present study to support
this hypothesis.

The capacity minimum for the glassy carbon is sufficiently low so
as to suggest a space charge contribution from within the electrode phase even
assuming nc surface roughness. If we proceed to calculate a space charge
capacitance with the same assumptions and equetions used in ref. 1, the
value comes out to be: Vv 13 uF cm-2. This calculation has been carried out
using 3 for the dielectric constant (23) and 1019 cm—3 for the carrier
concentration (5) assuming an intrinsic semiconductor. Assuming a Helm-
holtz capacity of 20 uF cm—2, this calculation leads to a predicted capa- 7
city of v 8 uF cm-e, as compared to an observed minimum value of ~ 10 pF cm-2
in 1N HQSOh. The apparent agreement between the rough calculation and the
experimental value is probably fortuitous because of the many assumptions

that are involved in the theoretical calculations.
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Figure 1

+05 0 -05 -4.0
E/V vs NHE

Capacity-potential curves for the edge orientation of stress-
annealed pyrolytic graphite in 0.9 N NaF (pH=6) at 25°C and
1000 Hz, without hood. Initial scan anodic starting at point S.

potentials going positive

—— potentials going negative from -0.1 V
— potentials going negative from +0.2 V
e potentials going negative from +0.5 V
50 0 TG O potentials going negative from +0.8 V
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Figure 2

+05

A) 1 N H2S0,

B) 1 N NaOH

0 -05

E/V vs NHE

Capacity-potential curves for the edge orientation of stress-
annealed pyrolytic graphite in 1N H,S0, and 1N NaOH at 25°C
and 1000 Hz, without hood.
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Current~potential curves for the edge orientation of stress-
annealed pyrolytic graphite at as'c, withogt hood. Scan rate
0.1 V/sec, direction of sweep indicated by arrows. Different

curves for the same electrolyte differ in the range of potential
of scans.

A) in 1 N H;S0,; B) in 0.9 N NaF, pH = 6; C) in 1 N NaOH
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Capacity-potential curves for the glassy carbon in 0.9 N NaF

(pH = 6) at 25°C and 1000 Hz, with hood.
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Figure 5 Capacity-potential curves for the
and 1 N NaOH at 25°C and 1000 Hz,

potentials
potentials
potentials
potentials
potentials

potentials
potentials
potentials
potentials
potentials

glassy carbon in 1 N H,50,,
with hood. B

going
going
going
going
going

going
going
going
going
going

positive
negative
negative
nagative
negative

positive
negative
negative
negative
negative

from
from
from
from

from
from
from
from



Il
E

C R I =

«20=

L/pA-cm=2

Figure 6
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Current-potential curves for the glassy carbon at 25°C, with
hood. Scan rate 0.1 V/sec, direction of sweep indicated by
arrows.

A) in 1 N H,S04; B) in 0.9 N NaF, pi = 6; C) in 1 N NaOH
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