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Figure 1  Capacity-potential curves for the edge orientation of stress- 
annealed pyrolytic graphite in 0.9 N NaF (pH=6) at 250C 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 
-•-•-.-. potentials going negative from +0.5 V 
  potentials going negative from +0.8 V 

Figure 2  Capacity-potential curves for the edge orientation of stress- 
annealed pyrolytic graphite in IN H2SO1, and IN NaOH at 25*C 
and 1000 Hz, without hood. 

A)  IN H2S04( 

B)  1 N NaOH 

-potentials going positive 
potentials going negative from +0.1 V 
potentials going negative from +0.4 V 
.potentials going negative from +0.8 V 

-potentials going positive 
potentials going negative from -0.4 V 
potentials going negative from -0.2 V 
.potentials going negative from +0.2 V 

Figure 3  Current-potential curves for the edge orientation of stress- 
annealed pyrolytic graphite at 250C, 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 H2S0J,; 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 IJ NaF 
(pH = 6) at 250C and 1000 Hz, with hood. 

potentials going positive 
potentials going negative from -0.1 V 
potentials going negative from +0.2 V 
potentials going negative from +0.5 V 
potentials going negative from +0.8 V 

Figure 5  Capacity-potential curves for the glassy carbon in 1 N ^SO^ 
and 1 N NaOH at 25eC and 1000 Hz, with hood. 



A) IN H2SO1,   potentials going positive 
  potentials going negative from +0.05 V 
  potentials going negative from +0.4 V 
-.-.-.-. potentials going negative from +0.8 V 
  potentials going negative from+1.25 V 

B) IN NaOH    potentials going positive 
  potentials going negative from -0.4 V 
-   potentials going negative from -0.2 V 
-.-.-.-. potentials going negative from 0.0 V 
  potentials going negative from +0.3 V 

Figure 6  Current-potential curves for the glassy carbon at 25*0,  with 
hood.  Scan rate 0.1 V/sec, direction of sweep indicated by 
arrows. 

A)  in 1 N H2SC,,;  B)  in 0.9 N NaF, pH « 6; C) in 1 N NaOH 

Figure 7  Model for the surface of the edge orientation of stress-annealed 
pyrolytic graphite in arbitrary unit.  The space charge region 
within the graphite electrode is represented by the dashed line. 

Figure 8  Distributive impedance for a fissured or porous electrode in 
the absence of faradaic components. R0 - resistance of bulk 
electrolyte; R^, Rj - resistance of electrolyte in fissures 
or pores; C - interfacial capacitance. 
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DIFFERENTIAL  CAPACITANCE STUDY ON THE EDGE ORIENTATION 
OF PYROLYTIC GRAPHITE AND GLASSY  CARBON ELECTRODES 

Jean-Paul Rindin* and Ernest Yeager 

Department of Chemistry 
CASE WESTERN RESERVE UNIVERSITY 

Cleveland, Ohio kklOS 

ABSTRACT 

The differential electrode capacitance o"1" 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 

stress-annealed pyrolytic graphite ia 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. 

2) The capacity minimum for the- glassy carbon is sufficiently low so 

as to suggest a space charge contribution from within the electrode 

phase. 

3) 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 differential 

capacity measured on the basal plane of high-pressure, stress-annealed 

pyrolytic graphite has been reported to have a near parabolic dependence 

on electrode potential with a minimum of about 3 yF cm-2 in concentrated 

electrolytes. This low capacity value compared favorably with that estimated 

from the carrier concentration using the presently available theory of the 

space charge layer in semiconductor electrodes.  Studies in NaF solutions 

at concentrations as low as 10~5 N indicated that in the range of potential 

studied (0.5 to -0.5 V vs NHE) this minimum in the capacity vs. potential 

curve was not associated with a corresponding minimum In the capacity of 

the diffuse ionic layer.  A.c. impedance measurements have 

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 magnitude 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 

■m 
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liardnubs, aud extremely low ptirmeability to both gases and llnuids. 

Ciie^iLcal properties are, gentirally speaking, those of carbon, but with 

a much reduced activity at least in part because of a 1 Nf porosity.  Its 

structure has been the object of several studies which have been reviewed 

recently (4).  The accepted model involvs the presence of two types of 

carbon atoms, one involving trigonal (sp2) 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 10~2 

to 10  eV. The carrier concentration in glassy carbon depends on the 

heat treatment temperature in the preparation of the sample.  For samples 

prepared at 2000oC, the carrier concentration has been reported to be 

2»10'i0  carriers cm-3 with n-type conductivity and 0.9» 1020 carriers cm"3 

at 3000oC with p-type conductivity (5). 

EXPERIMENTAL 

a) The stress-annealed pyrolytic graphite used  in this study      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  Dy  compression moulding  (6)  within a Kel-F 

holder  rather  than press-fitted  into Teflon as was riounted  the basal plane  (1). 

The exposed section of  these edge orientation electrodes was approximately 

? b) square with an area of \ 0.2 cm*.    The glassy carbon electrode      was prepared 

from a  6ram diameter rod,  press-fitted  coaxially  into  a cylindrical Teflon holder. 

a) Supplied by  the  Union  Carbide Technical Center  Pe.saarch,  Parma,  Ohio 4A130 

b) Gallard-Schieslnger  Chemical Mfg.   Corp.,  Carlo  Place,   N.Y. 
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Befure  each  clectrocheuiica]   niiasuranent,   tlit;  BlsCtrodMI wor-j 

necbanically  pollslwd   using diffaraat    Rfades  of   alumina  down   to  Aß j'.arama 

(O.Oi   (   , Ciiühier  Ltd).     Pollshittf MM  done,   in   the prusenc2  of   conductivity 

uatar.     The  abraaLv?  Mil   subsequently  rewovad  Ly washing  thoroughly  the 

electrode with conductivity water.     Tha  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 vere described 

previously  (1).     All  measurements  were performed  at   ~250C.     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 

^ *  Kdge orientation of stresi-anaealed pyrolytic graphite 

In the earlier work 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 m.ide contact with 

it.       The difference  in the frequency dopendenc.e of the capacity 

1 
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i'lcauutvcl with nad vltkout the hood was not wry large. For ■jxamplc, with 

tb* !'.ouJ tht fru<|U*ncy dispersion WSJ approximately 8^ P'.;r decade and 

wiLhout t'ae hood appro.: iinaLelv i^/0,        In view of the disadvantage of ifiing 

the hood.,     further measurements on the ed^e orientation were performed 

wiLhout it. 

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

annealed pyrolytlc graphite in O.SN NaF are reported in Fig. 1.  The 

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

with ~ 50mV separation with each r.easurement requiring approximately 1-2 

minutes.  The values recorded with increasing anodic potentials do not 

depend on the anodic potential applied during the previous scans^ 

provided the starting potential weis 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-pocential curves (Fig. 2) depends strongly 

on the electrolyte.  In 1 N H^SOu the relative variations of capacity with 

the e^actrode potential are much more pronounced than in 1 N NaOH (Fig. 2). 

The minimum value in the capacity-potential curve, r.s  well as the potential 

at which it occurs, depends on p'l in a rather complex manner.  In the acid 

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

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

I 



ilie corrcspottdiss yoltawMCry curvci tot  the «-'lo^ orlentatlun 

(Fig. j) biiuw Liliier broad ill-definad irr*V*rsiblfl pea'.cs.  The capacitance 

Calculotttd from tliesa curves ic   far liiyhür Lhar. from the a.c. capacity 

WBIirnwnf.  For (-"xanpla, for the MaF solution at 0 V vs NHE the capacity 

from the voltaranietry curve la  •«•750 \tt  cm-2 cipparent area.  Further ,at 

much lower sweep rates the capacity is even higher; for example, at the 

same potential for .1.01 V/sec, the capacity is ~3Ü00 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 dependence with a slope of about -60 mV/pH     (Fig. 3). 

2.  Glassy carbon 

The frequency ieoendence of the capacity on the glassy carbon 

exhibits a behavior comparable to that observed cm the edge orientation 

of stress-annealed pyrolytic graphite.  Since 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.  Th..j. hood 

was slipped on to the polished electrode under water and, then, the elec- 

trode was transferred i^miedlately 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 IN l^Süi, and in IN MM  are shown in 

Figs. A and 5.  As for the edge orientation, the shape of the reverse 

cathodic scan depends on the maximum positive potenti;:! reached In the 

preceding anodic scan.  In the case of the glassy carbon, the shape of 

the capacity-potential curve and the absolute values of the capacity are 
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even noro pH dspandsoc than fur thu edge uvi^nLaLLon of pyrolytic igraphltc« 

The raii\iinum capacity ii three t lrr.es higher in alkaline solutions than in 

acid media.  Tlie peak previously oiiserved for the edge orientation in acid 

media at about +0.6 V vs. RHE on the cnthodic 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 raV/pH over the whole pli ranpe 

from 'v 0 to '- I1«. 

The voltammetry curves for the glassy carbon again have broad 

ill-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 much 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 

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

capacity can be due to surface roughness or to the capacitlve 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. 
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indicateü Hint the capacity increases very drastically at very low frequencies. 

Two possible explanations for this increment in capacity are l) the 

presence of surface microfissures (Fip. 7) and 2) slow surface states involving 

various chemical proups on the edpe surface. Electrolyte can penetrate into 

surface fissures and rive rise to a distributed irrpedance network as shown in 

fip,  8 with the resistance coirponents correspondinp to electro.lyte resistance. 

".'he width of these fissures may be as small as 10  cm and still per.^'t ion 

mirrution.  An atter.pt has been r.ade to represent the space charge region 

within the graphite electrode with the dashed line in Klg. T.  Even though 

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

sr.all per unit true 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 be predominant. 

V.hile the distributive ir^edance 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.  No significant series resistance component 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 witli glassy carbon which is relatively 

non-porous. 

Consequently the more likely explnnation for this increment in capa- 

city at low frequencies is slow surface states involving changes in the 

oxidation state of the electrode surface which are far too slow to cm- 

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

Normally surface states associated with a specific functional group 

should contribute to the capacity only over a relatively narrow potential 

ranpe.  If there is a wide distribution of functional groups with strong 

interactions, however, tneir contribution to the capacity may be large ever 

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 pi! dependence of the oxidation and ionization states of 

these functional groups (usually -30 or -60 mV/pIi 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 pll for the edge orientation as 

well as for the glassy carbon. Pronounced pi: 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 flit band potential for the edge orientation of graphite and the glassy 

carbon is probably similar to that proposed by   Gerischer et^ j£. (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 oxidation 

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

• 
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r.rouj'S and tnerefore a pli  independent  flat band  potential. 

The problem of  functional groups of graphite and carbon electrodes 

is beyond the scope of this publication.     A brief account of previous studies 

on the surface chemistry of graphite,  however,   is relevant to the present 

s-udy.     '.'he nature of the  functional  groups on  surfaces of different  kinds 

of carbons  and  graphite hns been extensively studied and the subject of 

several  reviews   (IC-l^.C'M.    On micro-crystalline carbons   (i.e.,  amorphous 

carbon, active carbons« carbon blacks,  carton bruones,  cokes) a large 

variety of  surface groups  have been  identified.     On graphite,  r.ost  cher.ical 

reactions on the surface are difficult to observe because of tne extremely 

small  quantity  available due to the  low specific  surface area.     Vne  formation 

of surface oxides on the edge orientation of graphite single crystal was 

first  shown by hennig (13) and later confirmed by Montet  (lU).     Recently, 

Thomas e_t al^.   (15),   using x-ray photoelectron spectroscopy  (iiüCA),  nave 

detected  from the oxygen  Is peak the chemisorption of oxygen at  the edge 

orientation of stress-annealed pyrolytic graphite.    The width of the peak 

indicates tnat at least two types of cher.ical linkages exist for the bound 

oxygen.    L'pectra obtained on the basal surfaces  show no peak in the high 

resolution  scan  at the region of binding energy corresponding to oxygen Is, 

confirming the inertness of this surface.     The stress-annealed pyrolytic 

graphite studied ly Thomas et al.   (15) was  from the same origin as  uhat 

used in the present work. 

tarasovich et al.  (lb) have recently published voltammetry curves 

for ordinary pyrolytic graphite which are basically the same as obtained in 

the present work   (Fig.  3).     [Voltairanetric  studies of graphite and carbon 

electrodes have also been published  recently  (17,10).]    Various workers 

including Garten  and Weiss  (19)  and Epstein et al.   (20) have suggested 

that the oxidized and reduced forms of the surface functional groups 
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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 oxivlation-reduction potentials are not sufficient to identify 

a functional group, cor.parison 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. I everal oxidation-reduction potentials 

of organic compounds (for example; quinone-hydroquinone, E = 0.6995 V 

at 250C, 1,2-naphthoquinone, K = 0.^7 V at 250C (22)) fall in the poten- 

tial range of the peak observed in the capacity-potential curves around 

0.6 V vs. HUE. 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 equations used in ref. 1, the 

-2 
value comes out to be: ^ 13 pF cm . This calculation has been carried out 

using 3 for the dielectric constant (23) and 10  cn~ for the carrier 

concentration (5) assuming an intrinsic semiconductor. Assuming a Helm- 

_2 
holtz capacity of 20 pF cm , this calculation leads to a predicted capa- 

-2 -2 
city of ^ 8 yF cm , as compared to an observed minimum value of ^ 10 pF cm 

in IN IlpSO, . 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  Capacity-potential curves for the edge orientation of stress- 
annealed pyrolytic graphite in 0.9 N NaF (pH=6) at 250C 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 
potentials going negative from +0.5 V 
potentials going negative from +0.8 V 
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Figure 3  Current-potential curves for the edge orientation of stress- 
annealed pyrolytlc graphite at 250C, without 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 H2S0i(; B)  in 0.9 N NaF, pH = 6; C)  in 1 N NaOH 
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Figure 4  Capacity-potential curves for the glassy carbon in 0.9 N NaF 
(pH = 6) at 250C and 1000 Hz, with hood. 
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potentials going negative from +0.8 V 
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Figure 5 Capacity-potential curves for the glnssy carbon in 1 N H
2
so

4 and 1 N NaOH at 25°C and 1000 Hz, with hood. 

A) 1 !! H2SOz, potenti.:1ls going positive 
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potentials going negative from +0.4 v . . . potentials going negative from +0.8 v ........ potentials going negative from +1. 25 V 
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Figure 6      Current-potential curves for the glassy carbon at 250C,  with 
hood.     Scan rate 0.1 V/sec,  direction of sweep indicated by 
arrows. 

A)     in 1 N H2SO1,;     B)       in 0.9 N NaF,  pH * 6;    C)     in 1 N NaOH 
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