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Abstract A selection of graphitic materials of both sci-
entific as well as commercial importance has been
modified by deposition of various metals at very low
coverages under overpotential or underpotential condi-
tions. Nanoparticles were found with some metals. The
changes in the electrocatalytic activity of the supporting
electrode by the metal modification were studied using
electrochemical impedance measurements of a fast redox
system. The carbon/solution interface was characterized
with surface Raman spectroscopy, electrochemical
impedance measurements, and cyclic voltammetry.
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Introduction

Catalytic properties of graphitic electrodes are not ade-
quate for many electrochemical processes of technolog-
ical interest like, e.g., electrolytical processes [1, 2]. Their
activity can be enhanced considerably by modification of
the graphite surface with metal deposits [3, 4, 5, 6, 7, 8,
9, 10, 11, 12, 13, 14, 15]. These metals have been added
sometimes just in minute amounts as soluble salts to
electrolyte solutions as, e.g., employed in fuel cells. Be-
sides these applications, the use of modified graphitic
materials in redox batteries has been tested [18, 19, 20,
21]. The fundamentals of redox batteries have been
presented previously [22, 23, 24, 25, 26, 27, 28].

The modifying metals may be present as over-
potential deposits (opd, i.e., deposited at electrode po-
tentials negative to the Nernst potential of the deposited
metal assuming that the metal ion and the metal itself
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form the redox electrode) or underpotential deposits
(i.e., deposited at electrode potentials positive to this
Nernst potential). Sometimes the deposition of the metal
results just in an increase of the electrochemically active
surface area; the increase in the electrode current at a
given electrode potential is consequently not caused by
enhanced electrocatalysis. Separation of this surface
enlargement effect from truly catalytic effects is of fun-
damental importance.

This report presents the results of kinetic investiga-
tions with various graphitic materials of both commer-
cial as well as scientific interest:

1 Glassy carbon (electrochemically activated),

2 Elektrodengraphit EH (a porous material containing
vanadium),

3 Pyrolytic graphite',

4 Diabon N (a graphitized, polymer-bonded material),
and

5 Ridurid (a non-porous material bonded with phenolic
resin).

In order to obtain a picture of the surface topogra-
phy, selected systems were subjected to scanning elec-
tron microscopy. Surface Raman spectroscopy was
employed to obtain information about the degree of
ordering of the surface.

A review of the published reports on kinetic data of
redox reactions at various carbon-based electrode sur-
faces yields pertinent data for various redox reactions as
measured with highly ordered pyrolytic graphite and
glassy carbon [29]. As a major factor influencing electron
transfer physico-chemical properties like, e.g., density of
electronic states (lower with the former material) were
identified. The iron redox couple investigated here has
been studied before together with other redox systems by
McDermott et al. [30].

Rate constants k° have been found to be always
greater for less ordered materials. Electrochemical

'Sometimes this material is also called ordinary pyrolytic graphite
OPG



activation by exposing the electrode to electrode
potential cycling in a suitable electrolyte solution as also
employed here has resulted in considerable increases of
the rate of reaction. Kinetic data for the Fe?*/** system
in an aqueous electrolyte solution of 1 M HCI have been
reported by Hollax and Cheng [31].

Materials and methods

Five different types of graphitic materials were used: Pyrolytic
graphite (Ringsdorff; PG), glassy carbon (Ringsdorff; GC), Elek-
trodengraphit EH (Sigri; EG), Diabon N (Sigri; Dia), and Ridurid
V 1017 (Ringsdorff, RID). The first and second material are
composed of carbon only and prepared by various means (depo-
sition from gaseous hydrocarbons on a hot surface and pyrolysis
of synthetic polymers). The other materials are composites made
of graphite and various binding materials, they show slightly
different values of density. Elektrodengraphit EH contains some
vanadium, it is also somewhat porous. The samples were cut into
discs of 0.282 cm? apparent surface area. The discs were glued
onto copper rods with conductive silver or graphite (in case of the
porous Elektrodengraphit EH) cement and embedded in epoxy
(Ciba-Geigy Araldit D/HY 956). For comparison, electrodes of
highly ordered pyrolytic graphite (HOPG-ZYH, Advanced Ce-
ramics, USA) with the basal and the edge plane exposed were
used.

Before electrochemical measurements the electrodes were pol-
ished with y-AlLLO; of 0.3 mm and 0.05 mm grain size (Biihler
Micropolish). Subsequently, they were rinsed twice with ultrapure
water (Seralpur pro 90c) and sonicated twice for ten minutes in
order to remove traces of the polishing powder.

Glassy carbon electrodes were activated electrochemically in an
H-cell filled with 1 M sulfuric acid by applying ten electrode po-
tential cycles between —0.36 V< Egpr<2.1 V at a scan rate of
dE/dr=50 mV s~'. After activation the electrode was rinsed again
with ultrapure water. Changes effected by this procedure and its
effects have been discussed elsewhere [32, 33, 34, 35, 36].

Metal deposit modification was done by applying two potential
cycles starting and ending at the negative potential limit. 1 M
solutions of HClO, with 107> M Ni(NOs),, TI(NO;),, Pd(NO;),,
Bi(NO;)3;, In(NOs);, NaPt(CN)g, (all salts supplied by Strem
Chemicals), Sn(CH3COO),, Cu(CH;COO),, AgCH;COO),
Cd(CH3COO0),, Co(CH5COO), (p.A., Riedel de Haen) were used.
The slow cathodic going potential scan (dE/df=5 mV s!) was
stopped at an electrode potential negative to the opd/upd peak.

The charge consumed during metal deposition was obtained by
integrating the cathodic peak in experiments with smooth, polished
electrodes. A gold wire counter electrode and a hydrogen reference
electrode filled with the supporting electroyte solution were used.
All electrode potentials are quoted versus this reference.

Electrolyte solutions were prepared from 18 MW water (Ser-
alpur pro 90c) with 0.1 and 1 M HCIO,4. All electrochemical
experiments were performed at room temperature using solutions
purged with nitrogen.

Impedance measurements were done with a transfer function
analyser Solartron SI 1255 and a potentiostat (Solartron SI 1287)
at the spontaneously established rest potential E, of the used
redox system [l M HCIO4+ 10> M (NH,4),Fe(SO4)> (Riedel de
Haen)+ 102> M (NH4)Fe(SO4), (Merck)]. The electrochemical cell
was designed keeping its AC-behaviour in mind as has been de-
scribed elsewhere [37, 38]. A hydrogen reference electrode filled
with 1 M HCIO, solution and a platinum sheet counter electrode
were used. Evaluation of the data was done with the help of the
software provided by Boukamp (V. 3.97).

Cyclic voltammetry was used to establish the exchange current
density in separate experiments independently of the impedance
measurements. Scans were run using custom developed software
and the potentiostat (Solartron SI 1287) as above. Evaluation of
the cyclic voltammograms followed standard procedures [39].
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Surface Raman spectra of the investigated materials (including
activated glassy carbon) were recorded on an ISA 64000 spec-
trometer equipped with a liquid nitrogen cooled CCD camera
detector at a resolution of 2 cm™'. Samples were illuminated with
laser light provided by Coherent Innova 70 systems. Further ex-
perimental details are provided in the figure captions. Observed
shifts of the band around v = 1355 cm ™! attributed to the D or Al
mode of graphite (see below) as a function of the excitation
wavelength [40] were not taken into account. Electrodes made
of composite materials were illuminated with laser light of
o= 647 nm in order to reduce unwanted fluorescence.

Scanning electron microscope pictures were obtained with a
Philips SEM 1515 microscope.

Results and discussion

A typical cyclic voltammogram (CV) as observed with
an electrode made of Elektrodengraphit EH during
modification of the electrode by deposition of lead is
displayed in Fig. 1. The two cathodic current waves can
be assigned to the upd-process at about Egryg=0.62 V
and to the bulk deposition around Egpg=-0.21 V. The
reversibility of the upd-process can be visualised more
easily by recording a CV with slightly closer potential
limits (see Fig. 2). In potential scans stopped at the
upper potential limit complete stripping of the metal
deposits was verified by scanning the electrode potential
again after transfer of the stripped electrode to a cell
containing the supporting electrolyte solution only.

In several cases the metal deposition process is less
pronounced as, e.g., in the case of palladium deposition
on pyrolytic graphite as shown in Fig. 3. With the same
metal ion but a different substrate (glassy carbon acti-
vated electrochemically) a slightly different picture
emerges (Fig. 4). With both substrate materials the ac-
tual deposition potential corresponds to the opd-modi-
fication.

Table 1 provides a list of the first deposition poten-
tials encountered in a negative going potential scan as
used during electrode modification. Because the depo-
sition occurred almost independently of the substrate
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Fig. 1 Cyclic voltammogram of an electrode made of Elektroden-
graphit EH, aqueous solution of 1M HCIO4+1 mM
Pb(CH;COO0),, dE/dt=5 mV/s
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Fig. 2 Cyclic voltammogram of an electrode made of Elektroden-
graphit EH, aqueous solution of 1M HCIO4+1 mM
Pb(CH;COO0),, dE/dt=5 mV/s
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Fig. 3 Cyclic voltammogram of an electrode made of pyrolytic
graphite, aqueous solution of 1 M HCIO4+1 mM Pd(NOs3),,
dE/dt=5 mV/s
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Fig. 4 Cyclic voltammogram of an electrode made of glassy
carbon (activated electrochemically), aqueous solution of 1M
HCIO,+ 1 mM Pd(NOs),, dE/dr=5 mV/s

Table 1 Standard electrode potentials, Nernst potentials (based on
the employed metal ion concentrations) and experimentally ob-
served deposition electrode potentials of investigated metal ions

Metal Eoo NHE ENernst NHE Edepos.RHE Type of
V) deposition

Ag* +0.799 +0.625 +0.58 opd
Bi° " +0.2 +0.141 +0.025 opd
2+ -0.403 -0.49 +0.16 upd
Co** —0.28 -0.37 +0.15 upd
cu?? +0.342 +0.25 +0.25 upd
2" -0.257 -0.34 +0.50 upd
Pb** -0.126 -0.21 -0.21 opd
pPd>* +0.951 +0.86 +0.037 opd
P2+ +1.118 +1.03 +0.45 opd
Sn?* -0.137 -0.22 +0.55 upd
T —0.336 -0.42 +0.57 upd
Zn>* -0.761 -0.85 +0.52 upd

material at the same potential for a given ion the list
includes values obtained with all substrate materials. By
comparison with the ‘“Nernst potential” (standard
potentials were taken from the literature [41]) calculated
assuming the actual metal ion concentration in solution
and an electrode of the same metal, the deposits are
designed as being opd or upd. The repeatedly poorly
developed CVs cause considerable uncertainty in deter-
mination of the deposition potentials (see e.g. Fig. 3).
An attempt was made to calculate the charge consumed
during metal deposition in order to determine the
amount of metal being present on the substrate surface
and subsequently to determine the degree of coverage q.
Submonolayer coverages were found.

Their topography was investigated using scanning
electron microscopy. The surface topography of an un-
modified electrode surface as well as the nanoscopic di-
mensions of the metal deposit are evident in
representative scanning electron micrographs as dis-
played in Fig. 5. In this system three-dimensional
growth of the metal deposits occurred. The white spots
observed with the electrochemically activated electrode
indicate the presence of localized highly oxidized areas.

Impedance measurements were done with electrodes
modified by metal deposits prepared without moving the
electrode potential into the bulk deposition region. Im-
pedance data for the Fe"™/Fe™P redox couple at its rest
potential E, were used to obtain charge transfer resis-
tances R.. In a few cases E, was in a range where
basically dissolution of the upd-layer may occur (i.c.,
positive to the upd-potential). A typical set of impedance
data as obtained with an electrode of pyrolytic graphite
is shown in Fig. 6. Respective data sets obtained with
the other materials are displayed in Figs. 7, 8, 9, and 10.

Evaluation of the data was attempted by using a least
squares fit procedure (see above) and a Randles-type
equivalent circuit. Using a simple condenser-type ele-
ment as a representation of the double layer capacitance
resulted in rather unsatisfactory fits. Incorporating a
constant phase element, CPE, with a capacitance and
a factor n describing the deviation from the ideal



Fig. 5 Scanning electron
microscope picture of a glassy
carbon electrode after activa-
tion (top) and modified with
palladium (bottom)

2.0 pm

capacitive behaviour resulted in dramatic improvements.
The concept of the CPE has been discussed elsewhere [42,
43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57].
Basically, this element takes into account surface
inhomogeneities. These may be different surface prop-
erties, surface roughness, etc. Results of the fitting pro-
cedure are collected in Table 2; selected data and further
kinetic results are collected for unmodified electrodes in
Table 3. This table also contains kinetic data as derived
from cyclic voltamograms, the data are in good agree-
ment.

The electrolyte resistance was always included in the
fitting procedure. The values are of no particular interest
except for the fact that the values obtained with Ridurid
were much larger as compared to the other materials
because of the rather high percentage of electronically
non-conducting phenolic resin in this material.

In order to compare the data obtained with different
substrates a comparison of the double layer capacitance,
which may be taken as a measure of the electrochemi-
cally active surface area [58], serves as a starting point.

Literature data on the specific double layer capacity
as determined with a variety of electrochemical tech-
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niques including in a few cases additional information
obtained with other surface analytical tools range from
3 uF cm 2 for the basal plane of stress annealed pyro-
lytic graphite SAPG [59, 60] over 16 uF cm ° for the
basal plane of polished ordinary pyrolytic graphite OPG
[60], 25 wF cm 2 for polished glassy carbon [61] up to 50
to 70 pF cm 2 for edge-oriented, polished SAPG [60].
Some reported data are at slight variance. Bauer et al.
[62] have reported a double layer capacitance of
12 uF cm 2 for the freshly cleaved basal plane of OPG
and a value of 60 pF cm ? for the same surface after
polishing. In a fairly general investigation Gagnon [63]
has observed a value of 10 pF cm ? for various carbons
in an aqueous solution of KOH (31%). Soffer and
Folman have calculated a value of 10 pF ¢cm 2 for acti-
vated carbon taking into account the BET surface as the
true electrode surface [64]. The values of Cpy reported
here (see Table 2) are well within this range.

In order to obtain at least an estimate of the degree of
structural disorder of the investigated materials which
may in turn be correlated with surface roughness, sur-
face Raman spectra were evaluated [65]. Various litera-
ture reports were considered for comparison. Besides
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Fig. 6 Impedance data obtained with an electrode made of

pyrolytic graphite, aqueous solution of 1072 M Fe(NHy4)»(SO.),/
Fe(NH,4)(SO4)>+1 M HCIO,4
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Fig. 7 Impedance data obtained with an electrode made of
Elektrodengraphit EH, aqueous solution of 102 M Fe(NHy),
(SO4),/Fe(NH4)(SO4),+ 1 M HCIO,4

results implying predominantly an enhanced scattered
intensity by means of, e.g., silver deposition [66, 67, 68,
69, 70], reports demonstrating the potential of Raman
spectroscopy as a tool to detect lattice damage, etc.,

Glassy carbon
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Fig. 8 Impedance data obtained with an electrode made of glassy
carbon (electrochemically activated), aqueous solution of 10 M
Fe(NHy4)>(SO4),/Fe(NH4)(SO4), +1 M HCIO,4
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Fig. 9 Impedance data obtained with an electrode made of Diabon
N, aqueous solution of 102M Fe(NHy)(SO4),/Fe(NH,)
(SO4),+1 M HCIO,

which in turn may affect the density of states at the
surface involved in the electron transfer reaction, were
evaluated [71, 72, 73, 74] The spectra reported within the
present study are displayed in Figs. 11, 12, 13, 14, 15,
and 16. Spectra of HOPG with the basal plane and the
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Fig. 10 Impedance data obtained with an electrode made of
Ridurid, aqueous solution of 102 M Fe(NH4)x(SO4),/Fe(NH,)
(SO4),+1 M HCIO,

edge plane illuminated are shown for comparison in
Figs. 17 and 18. The band at 1580 cm ! in the spectrum
of HOPG with the highly ordered basal plane illumi-
nated has been assigned to the E,, mode. A band around
2=1355 cm™', attributed to the D or A, o mode [72], is
found in addition when the less well-ordered edge plane
of HOPG is illuminated. By comparing spectra of the
materials used in this work, some estimate of ordering
should be possible. The spectrum of pyrolytic graphite
(Fig. 11) resembles the spectrum of the edge plane of
HOPG in a striking fashion. The value of the double
layer capacitance displayed as the value of a CPE (for
reasons of this assignment, see above) is very close to the
value of polished OPG reported by Bauer et al. [62].
Unfortunately, no values are available for the double
layer capacity of HOPG, consequently this number
cannot be included in the comparison. The value of the
CPE for PG nevertheless implies a fairly ordered struc-
ture and a smooth surface in agreement with the results
of Raman spectroscopy.

With Elektrodengraphit EH only very weak spectra
were obtained (Fig. 12). They show both bands but,
because of the poor signal/noise ratio, any evaluation
with respect to surface structure and roughness is not
reasonable.

With glassy carbon even in its non-activated state the
band around 1355 cm™! indicating a disordered state is
more intense than the band around 1600 cm ' (Fig. 13).
Assuming that such a disordering translates into a more
irregular non-smooth surface, a large value of the CPE
can be expected as a consequence; and this is indeed
observed. Somewhat surprisingly, after the electro-

Table 2 Results of the fits of the impedance data
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Pyrolytic graphite

Metal Re(Q cm?) CPE(Fcm?) n F?
none 2974 5.96x107 0.90 1
Ag 1601 6.64x107° 0.95 1.85
Bi 1111 8.80x107° 0.91 2.67
cd 978 10.79x107> 0.91 3.04
Co 1514 12.08x107° 0.90 1.96
Cu 3434 5.85x107° 0.88 0.8
In 2041 9.14x10°° 0.87 1.45
Ni 2114 9.06x107> 0.91 1.4
Pb 2243 7.22x10°7° 0.89 1.32
Pd 134 15.40x10°° 0.92  22.19
Pt 3162 5.04x107° 0.88 0.94
Tl 1214 11.13x107 0.90 2.45
Zn 2268 7.61x107° 0.93 1.31
Elektrodengraphit EH

none 654 1.95x107 0.82 1
Ag 58 11.91x107* 0.85 11.27
Bi 72 1.74x1073 0.78 9.08
cd 75 12.51x107* 0.78 8.72
Co 75 1.19x10°3 0.80 8.72
Cu 219 7.37x1074 0.80 2.98
In 194 1.00x1073 0.84 3.37
Ni 283 2.27x107* 0.80 2.31
Pb 104 10.68x107* 0.77 6.28
Pd 29 1.71x1073 0.8 22.18
Pt 207 7.28x107* 0.81 3.15
Tl 78 1.43x1073 0.8 8.38
Zn 87 0.99x1073 0.8 7.5
Glassy carbon (activated electrochemically)

none 94 9.44x10™* 0.77 1
Ag 57 9.51x107* 0.80 1.65
Bi 44 8.85x107 0.81 2.13
cd 266 1.12x107 0.80 0.35
Co 71 1.29x1073 0.73 1.32
Cu 110 6.41x107* 0.82 0.85
In 313 5.05x107* 0.80 0.30
Ni 157 5.72x1074 0.82 0.59
Pb 83 1.69x1073 0.76 1.13
Pd 0.55 6.21x107 0.84  170.90
Pt 81 10.40x10°* 0.77 1.16
Tl 66 8.2x107 0.79 1.42
Zn 36 2.11x1073 0.75 2.61
Diabon N

none 1590 9.24x107° 0.87 1
Ag 968 1.45x107 0.91 1.64
Bi 766 1.54x107 0.89 2.07
cd 594 2.27x107 0.92 2.67
Co 548 1.42x107* 0.93 2.90
Cu 1341 1.23x107 0.88 1.18
In 1257 1.16x107 0.89 1.26
Ni 406 2.44x107* 0.89 3.91
Pb 802 1.55x107 0.88 1.98
Pd 148 2.73x10°* 0.92 10.74
Pt 552 1.23x107 0.93 2.88
Tl 580 1.98x107 0.92 2.74
Zn 530 2.16x10°* 0.92 3.00
Ridurid

none 1606 2.18x107* 0.80 1
Ag 2413 2.48x107* 0.72 0.66
Bi 76 3.38x1073 0.82  21.13
Cd 1903 1.25x107 0.79 0.84
Co 1888 1.35x107 0.78 0.85
Cu 2862 8.46x107° 0.79 0.56
In 9718 2.26x107° 0.84 0.16
Ni 2758 9.25x107° 0.80 0.58
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Table 2 (Contd.)

Pyrolytic graphite

Metal Re(Q cm ) CPE(Fcm?) n F?
Pb 3536 1.01x10°° 0.77 045
Pd 393 8.66x107° 091 4.08
Pt 3425 3.67x10°° 0.86  0.46
Tl 3355 7.11x10°° 0.85  0.478
Zn 830 5.65x10°* 0.80 193

4Catalytic enhancement factor relative to the unmodified electrode
surface

chemical activation the ratio of the Raman bands is only
slightly reduced (see Fig. 14) whereas a further increase
of the CPE is registered.

The Raman spectrum of Diabon N differs consider-
ably from those recorded with the other materials
(Fig. 15). This is certainly caused in part by the resin
used as binder and filler. In the displayed spectrum only
the region discussed before with the other materials is
considered, the band at lower wave numbers is higher
indicating a highly disordered material. Because of the
unknown fraction of the binder, which is electrically
insulating and does not contribute to the establishment
of the electrochemical double layer, the value of the
CPE, which is very low, cannot be compared with values
obtained for materials without filler.

The Raman spectrum of Ridurid (Fig. 16) is
displayed for completeness only, the bands typical of
carbon are barely visible.

With respect to the following discussion of conceiv-
able relationships between structural, morphological or
topographical features of the investigated carbons as
evident from the Raman spectra and their electrocata-
Iytic activity, PG is most likely the least active material,
whereas of those samples yielding useful spectra, GC is
less well ordered and most likely more active.

In previous reports of measurements with porous
electrodes, the value of the double layer capacity was
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Fig. 11 Surface Raman spectrum
Ao=514.5 nm, ppaser =300 mW
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Fig. 12 Surface Raman spectrum of Elektrodengraphit EH,
Ao =047 nm, ppaser=50 mW

used as a measure of the amount of electrochemically
active surface area within gas fed porous electrodes [58].

Table 3 Values of CPE, Ry, jo, joo. and kg of investigated carbons without modification®

CPE (WFem™®) Ry (Qem?) jo(Aem?) jopAem?) KO@ems?)  KemshH® £ (ems?h

Pyrolytic 59 2974 8.5x10°° 0.42 4.4x10°¢ 5.9x10°° —

graphite
Elektroden- 195 654 3.8x107° 1.9 2x107° 1.4x107° -

graphit EH
Glassy carbon - - - - - - 1.02x1073 [31]
Glassy carbon 944 94 2.7x10°* 13.4 1.4x10°* 1.1x10°* 2.3x107% [30]

(activated electro-

chemically)

8.6x1072 [31]

Diabon N 92 1590 1.6x10°° 0.8 8.2x10°¢ 5.3x10°° -
Ridurid 218 1606 1.6x107° 0.8 8.1x10°° 2.9%10°° -
HOPG (edge 704 248 1.0x10°° 0.5 5.3x10°° 1x10°° -

plane)
HOPG (basal 92 - - - - 1.5x107° 1.4x107° [30]

plane)

*Conversion relationships: j, = (RT)/(nFRu), joo = (joc*)/(c% ¢l
®Data taken from cyclic voltammograms

1—a

). k° = joo/(nFc*) with: ¢* as a standard concentration
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Fig. 13 Surface Raman spectrum of glassy carbon, 1o=647 nm,
DPLaser = 200 mW

Mﬂ//

1300

’\\
y
n
\,
\‘v\ /\/
M

1 A 1
1500 1600

Raman intensity

1
1200 1400 1700

Raman shift / cm™

Fig. 14 Surface Raman spectrum of glassy carbon, activated,
Ao=514.5 nm, pp a5er = 100 mW

WMMWM

1200 1300 1400 1500 1600 1700
Raman shift / cm™
Fig. 16 Surface Raman spectrum of Ridurid, Ao=647 nm,
DPLaser = 50 mW
=
[2]
c
[9)
2
R
=)
g i
© P
14 wmw-m.wV‘W e
M b
] n 1 2 1 n 1
1200 1300 1400 1500 1600 1700

Raman shift / cm™

Fig. 17 Surface Raman spectrum of highly ordered pyrolytic
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Comparing the typical micro- and mesoscopic dimen-
sions of these porous electrodes and the dimensions of
the surface roughness encountered here (tentatively
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Fig. 18 Surface Raman spectrum of highly ordered pyrolytic
graphite, edge plane, 1o=514.5 nm, py 45er =300 mW

excluding activated glassy carbon), the kinetic data ob-
tained with the different materials with and without
modification by metal deposits should be compared
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based on the geometric surface area. An attempt to in-
clude the value of CPE by, e.g., normalizing the values
of R or j, with respect to the value of CPE would result
in a highly speculative discussion. As listed in Table 3,
the values of CPE and R do not show a relationship
suggesting such a correlation. This approach, i.e., the
exclusion of CPE or the comparable value of the double
layer capacity, has been found to be appropriate also
with metal electrodes used in kinetic investigations with
a turbulent pipe flow setup [75].

Comparing the values of R, and the derived values of
Jjo and k° as listed in Table 3 shows glassy carbon after
activation as the most active electrocatalyst. The value
of k° is in acceptable agreement with results reported by
McDermott et al. [30]. Despite the presence of presum-
ably electrochemically inactive binding/filling material,
the respective values of j, for Diabon N and Ridurid are
not the lowest ones. Pyrolytic graphite turns out to show
the lowest activity for the investigated redox reaction.
The trend from lower values of j, for more ordered
materials like, e.g., PG to higher values of j, with less
ordered materials like, e.g., GC has been observed with a
broad selection of redox systems by Cline et al. [76].
Bowling et al. have observed a correlation between the
intensity of the A;, mode of HOPG increased by, e.g.,
laser activation and the value of j, of various redox re-
actions [72, 77]. The A, was treated as an indicator of
the density of defect states or edge plane states. Ac-
cordingly, an increase in the number of defects correlates
with an enhanced rate of the electron transfer reaction.
In turn, the low density of states and of charge carriers
typical of the basal plane of HOPG corresponds to very
low electron transfer rates [76]. The difference between
the values of k° for the basal and the edge plane of
HOPG as found with the redox system investigated here
is at variance with literature data reported elsewhere
(see, e.g., [77]), where considerably larger differences for
other redox systems were found. Since the value of k°
reported here for the Fe''™/Fe™ redox couple for the
basal plane of HOPG resembles closely the small value
found by Bowling et al. [77] and other authors [74], this
difference cannot be caused by surface defects of the
used HOPG as suggested elsewhere [77]. Instead the low
activity of the basal plane needs further investigation.

Kinetic data obtained with metal-modified electrodes
indicate different metal-specific effects. With some met-
als a considerable decrease of R, i.e. an increased ac-
tivity is observed (e.g. ,Cd, Pd, depending on the type of
carbon substrate used), with some metals no effect or
even a decrease is found. The upd-layers show these
effects even at electrode potentials positive to the upd-
potentials; i.e., the layers are stable at these potentials.
The increase of the electrochemically active surface area
as probed by measuring the double layer capacitance is
small, usually it is limited to a factor of 2 to 3. A con-
stant phase element CPE with exponent n was used in-
stead of a simple capacitor taking into account the three-
dimensional shape of the electrochemical interface (n=1
corresponds to a smooth surface). Consequently, true

electrocatalytic effects can be identified. Catalytic en-
hancement factors F (F = Rt modir./Ret.unmodir.) relating
R, with and without metal modification can be calcu-
lated. The actual values of F depend on the substrate,
general tendencies are the same for all investigated
substrates. A comparison of the reported results with
previously published data pertaining to metal modified
graphite/carbon electrodes, in particular those modified
by upd-deposits, is almost impossible. As already indi-
cated earlier by Kolb [78], most observations pertaining
to metal deposits refer to the anodic stripping of metal
deposits on graphitic substrates as employed for ana-
lytical purposes [79, 80, 81]. Nevertheless, details re-
ported by Vassos and Mark [82] indicate at least the
possibility of strong metal-graphite interaction as
assumed as a prerequisite of upd-processes. Such an
interaction, which in turn implies a two-dimensional
deposit instead of the three-dimensional deposit as ob-
served in some of the cases reported here, may not be
controlling in the deposits formed within the work re-
ported here at electrode potentials positive to the Nernst
potential.

The particular activity of palladium-modified sur-
faces indicates a special role as already found in other
electrocatalytic processes [83] without being understood
completely so far. The catalytic effect is generally lower
on composite materials containing inert binding mate-
rials. This may be in part caused by the fact that inert
binding material cannot act as surface binding site for
modifying metal deposits. With Ridurid in most cases an
inhibiting influence of the metal deposit is found.
Although the trend of the observed catalytic effects is
basically the same for most of the investigated carbon
materials, currently no explanation of the effect is
available. A simple surface increase as a conceivable
explanation can be ruled out based on the values of the
double layer capacitance. Different electrosorption
properties of the metals used for electrode modification
are hardly a reasonable explanation, because the inves-
tigated electrode reaction is presumed to be an outer
sphere reaction, consequently the metal should not show
any significant influence at all. As the effects of the used
metals are different depending on the electrode material,
such an influence would be unlikely as a sole explanation
in any case.
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