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------- 59 mV/pH slope (for comparison).
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EFFECT OF BORON ADDITION ON THE DIFFERENTIAL CAPACITANCE
OF STRESS-ANNEALED PYROLYTIC GRAPHITE

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 BuI".cm“2 in concentrated
electrolytes. This low capacity value compared favorably with that esti-
mated 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-%1 indicated that in the range of
potentials studied (+0.5 to -0.5 V vs. NHE), this minimum in the capacity

vs. potential curve was not only associated with the diffuse ionic layer.

Further a.c. impedance measurements and linear sweep voltammetry
have been carried out on boronated stress-annealed pyrolytic graphite to
test the explanation proposed previously concerning the space charge
contribution to the capacitance of the graphite/aqueous electrolyte

interface.

Owing to the comparatively small density of states at the
Fermi energy of pure graphite, electrically active impurities and defects
are expected to alter very substantially the intrinsic. properties of this
material. Substitutional impurities such as boron can be incorporated
uniformally and in controllable amount into the graphite matrix by

diffusion at about 3000°C (3). Boron doping of graphite at levels higher

W



than about 1 atom Z B results in a dispersion of boron carbides, BAC,
throughout the deposit, whereas at lower levels the boron atoms are
introduced into substitutional trigonal sites in the graphite lattice

(3,4).

Klein (3) has estimated the total charge carrier concentration
in boronated stress-annealed pyrolytic graphite with 0.3 weight 7 boron
to be 10 x 10l em 3, as compared to 1.2 x 1019 em 2 for the undoped
material (mean value from ref. 3, 5 and 6). Such a difference in carrier
concentration between boronated and undoped pyrolytic graphite, associated
with a change from an intrinsic to p-type semiconductor, makes the boronated

graphite an interesting material for testing the semiconductor iInterpretation

of the capacitance data.

EXPERIMENTAL

The boronated stress-annealed pyrolytic graphite used in

this studya)

has an X-ray rocking curve whose mosaic spread width is

1.2°at half-maximum intensity of the (002) diffraction line, and a boron
content of about 0.3 weight Z. In the earlier work (1) with the undoped
sample changes in the rocking angle in the range 0.4 to 8° had practi-
cally no influence on the shape and minimum value of the capacity-potential
curve. Consequently, it appears valid to compare the boronated sample

with a 1.2° rocking angle studied in the present publication with the

undoped material with a 0.4° rocking angle previously reported (1).

a) Supplied by the Union Carbide Technical Center Research, Parma,Ohio 44130.



As described earlier (1), a fresh electrode surface with
the basal plane exposed was prepared for each experiment by placing a
plece of plastic adhesive tape, cut to the exact size, in contact
with the graphite surface and then peeling off a layer of graphite with
the tape. The electrochemical system, the purifications of electrolytes
and gas, and the instrumentation vere the same as described earlier (1).

All measurements were performed at ~ 25°C.

All capacitances are given in terms of apparent electrode
area. The ratio of the true-~-to-apparent area should be essentially

unity for the basal plane of boronated stress-annealed pyrolytic graphite.

RESULTS AND DISCUSSION

The frequency dependence of the capacity measured for the
boronated material is comparable to that previously reported (1) for
the non-boronated stress-annealed pyrolytic graphite. The frequency
dispersion is negligible provided the Teflon hood is slipped on to a
freshly peeled dry electrode. All results reported in this study have

been obtained in this manner.

A) Behavior at potentials less anodic than 0.8 V vs. RHE

The capacity-potential curve measured on the basal plane of
boronated stress-annealed pyrolytic graphite in 0.9 N NaF (pH = 6) solution
has no longer the near parabolic dependence on the electrode potential

observed on the basal plane of the undoped graphite (see Fig. 1). Similar
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results have been obtained for the boronated material in different
electrolytes at several pH values. Capacity~potential curves obtained
in 1N H,SO, and in 1N NaOH are given in Fig. 2 , as well as results
previously reported for the undoped graphite in the same electrolytes.
The values in these figures were recorded point by point with potent:i.l
increasing in the anodic direction. Within the potential range covered
in Fig. 1 and 2, however, the capacity-potential curves measured point
by point werc essentially the same regardless of whether the data were

obtained with increasing anodic or cathodic potentials.

Figures 1 and 2 indicate that the potential of the capacity
minimum for the basal plane shifts towards more negative potentials by
v 0.5 V relative to that of the non-boronated sample. The potential of
this minimum is essentially independent of pH (see Fig. 3), as was also
found for the basal plane of the ncn-boronated material, using the cor-
responding electrolytes. The impedance of th- electrode interface was
virtually pure capacitive at 1000 Hz in the vicinity of the capacitance
minima in Figs 1 and 2. The series equivalent resistive compcnent was e
below the precision of the bridge measurements after correction for i

the solution resistance.

The direction of the shift of the potential of the capacity
minimum is in agreement with the semiconductor interpretation previously
given (1,2) to explain the low capacitance of the graphite/electrolyte

interface. The boronation of the graphite results in p~-type semiconductor
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characteristics and therefore should shift the potential of the capacity
minimum towards more negative values relative to that observed for the basal

plane of non-doped stress-annealed pyrolytic graphite.

For a p-type semiconductor with low doping and acceptors
with energy level close to the band edges, the space charge capacity is

given by the equation (7):

| y(e's - 1) - y ets - 1
% = : vV 1 1/2 (1!
' L {ly(e™® - 1) +y (etVs - 1) + (v - yHyg 1}

where the Debye length L is given by

€€,y kT 1/2
L = 3;——————75
n, e
with ¢ = dielectric constant

€, = vacuum permittivity
. = absolute value of elementary charge
K = Boltzmann constant
T ® absolute temperature

s = (A¢S) eO/kT

Ap_ = potential drop between the surface and bulk of the semiconductor
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(Polni) = (ni/no) = (po/mo);l

Bo= hole concentration in the bulk at equilibrium

no = electron concentration in the bulk at equilibrium
1/2

n, = (no.po) = intrinsic carrier concentration

Whereas the capacity minimum occurs at a potential drop across the space
charge laye:r of A¢S = 0 for an intrinsic semiconductor, the minimum is shifted
for a p-type doped semiconductor to more cathodic potentials; for example,

by A¢s = 60 mV for y = 10. The electrode potential shift will correspond

to this amount only if most of the change in electrode potential is across

the space charge region within the semiconductor electrode.

Equation [1] is hardly applicable to stress- annealed pyrolytic
graphite either doped or undoped because of the high carrier concentration and
high concentration of lattice defects. Nonetheless, this equation mav give
some idea of an upper limit for the shift in the potential of the capacity
minimum to be expecred for the boronated material, assuming most of the
change in electrode potential occurs across the space charge region. According
to equation [1], the increment of approximately 10 fold in the total carrier
concentration (corresponding to y = 10) for the boronated material would be
expected to produce a change of ~ - 0.08 V in the potential of the capacity
minimum. The observed potential shift is an order of magnitude greater. The
most probable explanation is that most of the change in the potential of

the capacity minimum occurs across the Helmholtz region as the result of surface

o ey o A ek
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states.,

Capacity~-potential curves on boronated stress-annealed
pyrolytic graphite exhibit a shoulder at potentials anodic to the capacity
minimum. A similar shoulder has been previously reported for the basal
plane of non-boronated annealed pyrolytic graphite with Aei:8° (see
Fig. 12, ref. 1), which suggests a similar origin for the shoulder for
both materials. On non-boronated annealed pyrolytic graphite, the shoulder
has been attributed to the effect of some microorientations decreasing the
crystal perfection of the basal plane. On boronated stress-annealed pyro-
lytic graphite with Aeé=1.2° boron most likely distorts the planar resonance
structure of the basal plane of graphite. The valencies of carbon are then
satisfied at these defects on the basal plane by foreign function groups.

A change in the cha:ge of these surface states may occur over a relatively
narrow range of potentials. This would result in a large change in the

potential distribution across the electrode-solution interphase and hence
may cause a substantial additional shift in the potential of the capacity

minimum as well as a shoulder in the capacity-potential curve.

The series capacitances in Figs 1 and 2 for the borcnated
material and the corresponding data for the ncn-boronated material (1, 2)
fall in the range 3 to 'h.ll“.cm"2 and hence the Helmholtz capacitance CH makes

a significant contribution to the measured vealues. Unfortunately CH is not
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known. In the absence of specific adsorption, however, a value of

(a

C, =" 20111“.cm_2 seems & reasonable estimate.

H Assuming no surface

state contribution, a concentrated electrolyte, and a simple series

equivalent circuit

e =3 1 (2]

the space charge capacitance within the boronated graphite, corresponding
to the mininum value of C = 1&.5111“.cm"2 in Fig. 1 or 2, should be CSc =

5.8UF.cm 2. Taking p_ ¥ 100 o3 (3), y =10 (ni « 1017 en™3) and € = 3
(9), eq. [1]) predicts a minimum value of Csc of v 1l l"‘.cm-2 at a value of

vs”ﬁ' 3 or 8¢, ¥+ 0.08 V.

For the non-boronated material the corresponding experimental

-2 . -2
value of Csc corrected from eq. [2]), assuming C, = 20uF.cm ~, 's 3.6uF.cm

H
as compared to h.'jul".cm-2 for the value calculated from eq. (1], taking
9

n,*+p,=1.2x 10%n3 (mean value from ref. 3, 5 and 6), y = 1 and

€ = 3 (9). Thus the experimental value for the miniium capacity on the

a) The interaction of the water at the interface with the aromatic structure
of the basal plane is likely to be very small, compared to that for metal
electrodes (8). Consequently, the organization of the solvent constituting
the dielectric of the Helmholtz capacitance in the absence of specific
adsorption may differ from that for metals with the result that the value
of C, may deviate from the usual 20uF.cm™2 expected near and cathodic
to tﬂe point of zero charge for the ionic double layer. The authors doubt,
however, that C, would be sufficiently small as to become the predominant
quantity in the series equivalent circuit for the interfacial impedance.



non-boronate stress-annealed pyrolytic graphite compares favorably with
the value predicted fromeq. (1]. The comparison is less favorable for
the boronated material, which 1s not surprising considering the strenu-

ous assumptions involved in the calculation of C_, vith eq. [1].

The potential dependence of the capacitance, however, deviates
very substantially from that predicted by eq. [1l] for the boronated material
even on the cathodic side of the minimum, remote to the potential region
where the surface states are assumed to have a pronounced effect on the
potential dependence. A similar situation exists for the unboronated material
(1, 2). The most likely explanation is that at the high charge carrier
concentrations involved in the stress-annealed graphite, the semiconductor
theory upon which eq. [1] and similar equations are based fails. The lack
of any appreciable bandgap with a low density of states at the Fermi level
introduces serious complications in the application of the usual semiconductor
theory to graphite. The hole and electron concentrations in the space
charge region are assumed to follow Boltzmann statistics with their inter-
action strictly coulombic. Their bulk roncentrations are already very high
and even at small values of |A¢s| » the hole or electron concentrations at the
interface would reach impossibly high values according to these oversimplified

treatments.

Slow linear sweep voltammetry on the basal plane of boronated

stress-annealed pyrolytic graphite reveals a peak in the cathodic sweeps
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at potentials in the range -0.4 V vs. NHE (Figs 1-2). Similar peaks have
been reported previously for the basal plane of the non-boronated samples
(Figs 3 and 9, ref. 1), but have not been associated with any corresponding
abnormality in the capacity-potential curves. Explanations previously
proposed (1) to account for the presence of the voltammetry peak on un-

doped graphite should also apply to the case of boronated material.

B. Behavior on scanning to potentials more anodic than 1 V vs. RHE

Another feature of boronated pyrolytic graphite is the
appearance of peaks and hysteresis effects in the capacity-potential curves
on or after scanning to potentials more anodic than about 1 V vs. RHE. As
already mentioned in regard to Fig. 1, point by point measurements did not
present a noticeable hysteresis in the potential range from -0.9 to 0.45
V vs. NHE. On extending the capacitance measurements to potentials more
anodic than 0.5 V vs. NHE in 0.9 N NaF (pH = 6), a sharp peak is recorded
in the capacity-potential curve (Fig. 4), proceeding in the anodic direction.
This peak does not appear in subsequent scens in either the cathodic or anodic
directions (curve b and ¢, Fig. 4). Furthermore, the cathodic scan from
1.1 V vs. NHE (curve 5, Fig. 4) is different from the cathodic scan from
less anodic potential (Fig. 1) and the next anodic scan (curve ¢, Fig. 4)
is no longer the same as the preceding one (curve a). The anodic scan
following that in which the peak at about 1 V vs. NHE has been recorded
(curve c, Fig. 4) seems to exhibit two minima at potentials slightly shifted
towards the negative direction with respect to i) the minimum observed in
the first scan at about -0.5 V vs. NHE,and ii) the minimum corresponding

to the non-boronated sample at ~ OV vs. NHE. For comparison, the results
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obtained for the basal plane of undoped stress-anrnealed pyrolytic graphite
are also represented in Fig. 4 (dashed line). The sharp peak present at
about +0.6 V. vs. NHE for the basal plane of the boronated graphite is not

observed for the undoped material.

The 0.9N NaF solutions (pH=6) were unbuffered and hence at least
some of the hysteresis effects in the capacity-potential curves in Fig. 4
may have been caused by pH changes arising from small unidentified faradaic
currents. The oxidation and reduction of solution phase impurities or
water itself, as well surface groups at imperfections on the graphite basal

plane could cause substantial pH changes near the electrode surface.

Peaks and hysteresis effects, however, were also observed
in the 1N H;S04 and 1N NaOH solutions after scanning to very anodic pctentials
even though appreciable changes in pH should not occur in these solutions
(see Fig. 5). Only the first very anodic and the reverse scans of the
capacity-potential curves have been given in Fig. 5, although the complex
behavior discussed for the 0.9N NaF solution for further anodic scans has
also been observed. Two peaks are observed during the first anodic scan,
cne of which is at V1V vs. KHE in the 1N HSO, solution and one also at

this same potential in the 1N NaOH solution.

The pH dependence of the potential of the peak observed

in the first anodic scan in the capacity-potential curves is 60 mV/decade
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with a pH independent reference electrode (see Fig. 3). The origin of

this peak is most likely some oxidation process at the electrode surface
with a 60 mV/pH potential dependence and involving a surface group. As
indicated earlier, boron atoms at the graphite surface may result in

surface imperfections on the basal plane structure and hence foreign
oxidizable groups which are destroyed or desorbed at more anodic potentials.
The data available from the present study are insufficient to establish the

nature of such groups.

The voltammetry curves for the basal plane of the boronated
pyrolytic graphite did not show any peaks or variations at potentials corres-
ponding to the peak in the capacity-potential curves even in the first sweep
in the anodic direction for the NaF, NaOH, or H;S0, solutions. At potentials
in the vicinity of 1 V vs. RHE, the apparent capacities estimated from the
anodic and cathodic sweep current densities at a sweep rate of 0.1 V/sec
are relatively constant with a value of ~ ZOuF.cm.2 for the NaOH, H,SO0,,
and NaF solutions. This value is considerably higher than that measured
at 1000 Hz. Assuming the capacity peaks to be caused by a parallel capacitive
component, then the change in the capacitive current in the linear sweep
voltammetry measurements would have been quite small in the H,S50, solution
(v 5Z) and even smaller for the NaOH solution (v 17). For the NaF solution
the change would be ~ 307 but the lack of pH control in the NaF solution
would be expected to interfere with the observation of the peak in the
voltammetry studies because of pronounced irreversibility with respect to

the transport of hydronium or hydroxide ions.
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Figure 1. Capacity-potential and current-potential curves for the
basal plane of boronated stress-annealed pyrolytic graphite
in 0.9N NaF(pH=6) at 25°C and 1000 Hz. Dashed curve for
non-boronated stress-annealed pyrolytic graphite (1). Scan
rate for the current-potential curve 0.1V/sec, direction cf
sweep indicated by arrows.
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Fig. 2
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Figure 2. Capacity-potential and current-potential curves for the basal

plane of boronated stress-annealed pyrolytic graphite in 1N
Hy804 (x) and in 1N NaOH (o) at 25°C and 1000 Hz. Dashed
curve for non-boronated stress-annealed pyrolytic graphite in
both 1N H_SO, and 1N NaOH (1). Scan rate for the current-
potential“curves 0.1V/sec, direction of sweep indicated by
arrows. A) 1N H,SO,; B) 1N NaOH.
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annealed pyrolytic graphite at 25°C. *?
e potential at the minimum capacity for the basal plane of
boronated stress-annealed pyrolytic graphite. 2
x potential at the minimum capacity for the basal plane of
non-boronated stress-annealed pyrolytic graphite (1)(for !
comparison). ’
o potential at the maximum capacity (peak at about +0.9V vs. T
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pyrolytic graphite.
-------- 59 mV/pH slope (for comparisor).
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Capacity-potential and current-potential curves for the

basal plane of boronated stress-annealed pyrolytic graphite

in 0.9N NaF(pH:6) at 25°C and 1000 Hz.

x measured with increasingly anodic potentials

o measured with increasingly cathodic potentials

A measured with increasingly anodic potentials
Dashed curve for boronated stress-annealed pyrolytic
graphite (1). Scan rate for the current-potential curves
0.1V/sec, direction of sweep indicated by arrows.
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=189= Fig. 5

Figure 5.

E/V vs H-Pd

Capacity-potential and current-pctential curves for the
basal plane of boronated stress-annealed pyrolytic
grephite in 1N H,S04 and 1N NaOH at 25°C and 1000 Hz,
direction of sweep indicated by arrows. Scan rate for
the current-potential curves 0.1V/sec.

A) 1N H,S043; B) 1N NaOH
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