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Abstract Composite electrodes were prepared from
chemical vapor deposition grown carbon nanofibers
consisting predominantly of ca. 100 nm diameter fibers.
A hydrophobic sol-gel matrix based on a methyl-tri-
methoxysilane precursor was employed and composites
formed with carbon nanofiber or carbon nanofi-
ber—carbon particle mixtures (carbon ceramic elec-
trode). Scanning electron microscopy images and
electrochemical measurements show that the composite
materials exhibit high surface area with some degree of
electrolyte solution penetration into the electrode. These
electrodes were modified with redox probe solution in 2-
nitrophenyloctylether. A second type of composite
electrode was prepared by simple pasting of carbon
nanofibers and the same solution (carbon paste elec-
trode). For both types of electrodes it is shown that high
surface area carbon nanofibers dominate the electrode
process and enhance voltammetric currents for the
transfer of anions at liquid|liquid phase boundaries
presumably by extending the triple-phase boundary.
Both anion insertion and cation expulsion processes
were observed driven by the -electro-oxidation of
decamethylferrocene within the organic phase. A
stronger current response is observed for the more
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Introduction

The development of composite electrodes modified
with organic liquids composed of pure or dissolved
redox systems (or “redox liquids”) recently received a
lot of interest [1-3] in particular for applications in ion
partitioning analysis [4], photoelectrochemistry at li-
quid|liquid interfaces [5], and in liquid|liquid electro-
organic synthesis [6]. The mechanism of the electrode
process involves electron transfer at the elec-
trode|organic liquid interface coupled to a simulta-
neous ion transfer across the liquid|liquid interface [7,
8]. For unsupported systems, with no supporting
electrolyte salt intentionally added into the organic
phase, a highly efficient electrode process is observed
for the case of close proximity of the electrode surface
and both liquid phases, i.e., at the three-phase junc-
tion. It has been demonstrated with cylindrical elec-
trodes that the length of this junction is an important
factor affecting the efficiency of the overall electrode
process [9]. This length can be extended by changing
the size and/or number of organic droplets at the
electrode surface. It can also be affected by the design
of the electrode material affecting the distribution of
redox liquid microphases. An electrode composed of
electronically conductive (graphite) particles suspended
in a hydrophobic silicate matrix (carbon ceramic
electrode, CCE) represents the first example [10, 11]. In
these electrodes the porous hydrophobic silicate matrix
acts as a reservoir for the organic phase and also
supports the extended liquid|liquid interface. If the



organic liquid is sufficiently viscous (e.g., for 2-ni-
trophenyloctylether, NPOE), the use of the silicate
backbone can be avoided and a composite electrode
formed directly by pasting carbon material with car-
bon. The electrochemical properties of such carbon
paste electrodes (CPEs) are similar to those of redox
liquid modified CCEs [12]. Porous silicate films [13,
14], layer-by-layer deposited nanoparticle films [15, 16],
or combination of both [17] represent further options
for efficient liquid|liquid electrodes. The ‘“‘porotrode”
configuration obtained by the deposition of porous
layer covered by thin metallic (gold) film exhibits very
high efficiency of electrode processes involving redox
liquid deposits [18]. The size of conductive particles
may affect the efficiency of the electrode process as
shown, for example, for CPE systems [12]. In experi-
ments reported here, a high surface area carbon with
high porosity—chemical vapour deposition (CVD)
grown carbon nanofibers (CNF) with ca. 100 nm
diameter—has been chosen as the conducting compo-
nent of composite electrodes to further improve the
characteristics of the liquid|liquid electrodes.

CNFs are formed at ambient pressure by a CVD
process employing a nanoparticulate iron catalyst [19]
and their electrochemistry has been explored in com-
posites [20], in thin films [21], and grown directly onto
ceramic substrates [22, 23]. It has recently been shown by
Gong et al. [24] that composite electrodes from carbon
nanotubes and sol-gel materials can be prepared by di-
rect deposition onto electrodes. However, we have found
the reported procedure of only limited use for CNF
immobilization. Here, the preparation, electrochemical
properties, and use of different types of CNF-based
CCEs and CPEs are described for liquid|liquid redox
systems. Anion transfer reactions in aqueous electrolyte
solutions employing the decamethylferrocene (DMFc) in
NPOE are investigated. CNFs are shown to dominate
the electrochemical behaviour of the electrodes and in-
crease the current response for the liquid|liquid anion
transfer process.

Experimental
Chemical reagents

Methyltrimethoxysilane (MTMOS) (99%), ferrocenedi-
methanol (FcDM), and DMFc were obtained from Al-
drich; NPOE (99 + %) was obtained from Fluka. NaF,
NaSCN, KBr, KCIl, KSCN, KCIO4, and KNO; (ana-
lytical grade) were purchased from POCh and KPFg
98+ %) from Merck. Graphite powder (MP-300,
average particle size 20 pum) was obtained from Carbon
GmbH. CNFs were obtained from an ethylene/hydro-
gen mixture in contact with an iron catalyst following a
literature procedure [22]. All chemicals were used with-
out further purification. Water was filtered and demin-
eralized with an ELIX system (Millipore).
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Electrode preparation

CCEs were prepared following a procedure described
elsewhere [25, 26]. The hydrolyzed sol was prepared by
mixing 1 ml of MTMOS with 1.5 ml of methanol. After
addition of 50 pul of 11 M HCI it was sonicated for
2 min. Next, 0.17 g of CNFs (or a mixture with carbon
particles) was added and further sonicated for 1 min.
The resulting paste was immediately placed into a 2 mm
deep cavity of a 2 mm inner diameter glass tubing and
back-contacted tightly with a copper wire. The electrode
was dried at room temperature for at least 48 h and then
polished with emery paper. The geometric surface area
of the exposed CCE electrode was 0.031 cm?. CCEs were
modified by impregnation with 0.01 mol dm~> DMFc
solution in NPOE.

For the CPE preparation 0.17 g of CNFs (or a mix-
ture with graphite powder) was mixed with 100 pl of the
redox probe solution in NPOE. The resulting paste was
then placed into the 2 mm inner diameter electrode
body. The electrode surface was polished with smooth
paper. For each voltammetric experiment a freshly
modified electrode was employed.

Instrumentation

Cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) were performed with an Autolab (Eco
Chemie) electrochemical system. The start potential in
CV and DPV experiments was always chosen as the
most negative point in the potential window. CCEs or
CPEs, a platinum wire (diameter 0.5 mm), and an
Ag|AgCIl|KCl(saturated) were used as the working,
counter, and reference electrodes, respectively. The three
electrodes were immersed into the aqueous salt solution.
All experiments were performed at room temperature
(22-23° C). Scanning electron microscopy images were
obtained with a Leo 1530 Field Emission Gun Scanning
Electron Microscope (FEGSEM) system.

Results and discussion
Characterisation of carbon nanofiber based CCEs

Typical FEGSEM images of CNF-based CCEs prepared
with the hydrophobic methyltrimethoxysilane precursor
are shown in Fig. 1. It can be seen that a dense network
of carbon nanofibers has been formed, stabilized by the
ceramic matrix. Particles of hydrophobic silica appear as
bright areas with typically 200-500 nm size. It has re-
cently been shown that for carbon particles in the same
silica matrix, a much coarser distribution and much
more extended silica regions are formed [27]. A closer
inspection of this image (see Fig. 1b) reveals the pres-
ence of densely packed carbon nanofibers. From the
porous structure it can be seen that solvent penetration
into the electrode is possible.
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Fig. 1 Typical FEGSEM
images of the surface of a
ceramic carbon composite
electrode composed of CNF
and a methyl-trimethoxysilane
sol-gel. Two images at lower a
and higher b magnifications are
shown

The cyclic voltammograms obtained during continu-
ous scanning of the potential applied to a CNF-CCE
immersed in aqueous 0.1 M KNOj3 over a potential
window from —0.3 V to +1.0V versus Ag/AgCl at
different scan rates confirm that a high surface area is
accessible. Figure 2 shows a comparison of voltammo-
grams obtained with CCE based on a mixture of CNF
and graphite particles to that obtained with pure
graphite particle based CCE. It is clear that the use of
CNF increases approximately four times the magnitude
of the capacitive background. It is equal to 75 puF,
consistent with 1.2 pe of active CNFs (the capacitance
of CNFs is 60 Fg™' [20]) at the electrode surface. For
CCEs with a mixture of carbon nanofibers and graphite
particles, the CNFs were observed to dominate the
capacitive background current. These results indicate
that some penetration of the liquid into the porous
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o

10 M WD 1Smm

CNF-CCE structure occurs and an enhanced capacitive
background current is observed, but that the electrical
contact in the composite material is good and that
conventional voltammetric measurements are possible.
Experiments conducted with 1 mM ferrocenedi-
methanol dissolved in aqueous 0.1 M KNOj; confirm the
well-defined nature of voltammetric responses (Fig. 3).
However, the magnitude of the faradaic current is not
much affected by the presence of CNF. Well-defined
peak currents for both oxidation and reduction pro-
cesses are observed with a midpoint potential of 0.23 V
versus Ag/AgCl. The theoretical peak current for the
diffusion-controlled oxidation of the ferrocenedimetha-
nol redox system under these conditions (geometric
area=3.1x10"°m? D=1x10""m?s™' [19], scan
rate=0.16 Vs '), 1,=10.5 pA, can be calculated from
the appropriate Randles—Sevcik equation [28]. It is
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Fig. 2 Cyclic voltammograms
(scan rate 0.01 V s’l) obtained 4.
with CCE composed of CNF
and graphite particles (1:3 ratio)
(dashed) and only graphite
particles (solid), immersed in 21
0.1 mol dm~* aqueous KNO;
0
<
~
2
-4
6 !
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E /V vs. Ag/AgCl
Fig. 3 Cyclic voltammograms 3
(scan rate 0.01 V s~!) obtained
with CCE composed of CNF
and graphite particles (1:3 ratio) 2
(dashed) and only graphite
particles (solid), immersed in
0.001 mol dm™ 1]
ferrocenedimethanol solution in
0.1 mol dm~* aqueous KNO;
< o
14
2
234
-0|.4 -OI.2 0:0 Of2 Of4 056 058 1 fO 1 i2
E /V vs. Ag/AgCl
larger than the measured peak current, /,=6.6 pA, diameter graphite particles. The electrodes were

indicating that similar to graphite particles based CCE
only a fraction of the electrode surface is electrochemi-
cally active. This is consistent with the heterogeneous
structure of the electrode. This indicates that the elec-
trical double layer builds up at larger surface not nec-
essarily accessible by the redox probe molecules present
in the solution. Further increase of the CNF content
leads to the mechanical instability of the electrode
material. More benefits from the use of CNF can be seen
after modification with redox liquid.

The effect of carbon nanofibers on the electrochemical
behaviour of redox liquid modified CCEs and CPEs

Next, CCEs were prepared with pure carbon nanofibers
and with a mixture of carbon nanofibers and 20 um

impregnated with a solution of 10 mM decamethylfer-
rocene in NPOE and then immersed into aqueous 0.1 M
NaC(l electrolyte solution.

The cyclic voltammograms obtained during continu-
ous potential scanning of CCEs made of CNF and/or
graphite particles and modified with DMFc solution in
NPOE are presented in Fig. 4. The electro-oxidation of
the redox probe dissolved in the organic liquid can
clearly be observed. Also the effect of the nature of
conductive particles on the efficiency of the electrode
process can clearly be seen. In the presence of CNFs,
significantly higher peak currents are observed. This can
be explained with the extended length of the three phase
junction electrode|organic liquid|aqueous solution pres-
ent in the highly porous CNF composite material.
Addition of graphite particles did improve the
mechanical stability of the electrodes and therefore best



878

Fig. 4 Cyclic voltammograms
(scan rate 0.01 V s~!) obtained

with CCE composed of (solid) 1.5+
CNF, (dotted) CNF and

graphite particles (1:3 ratio),

and (dashed) graphite particles, 1.04

modified with 0.01 mol dm™>
DMFc solution in NPOE
immersed in 0.1 mol dm™
aqueous NaCl

3

<§ 0.5
=~ |
0.0

-0.54

-1.0

results were obtained with ca. 25% CNFs and 75%
graphite particles.

A qualitatively similar result is observed with CPEs
(see Fig. 5). For electrodes composed of a paste of
CNFs and graphite particles in 10 mM decamethylfer-
rocene containing NPOE and immersed in aqueous
0.1 M NaClQy, significant improvements in the peak
current in the presence of CNFs are observed. In both
the silicate matrix and the paste, the three-phase junc-
tion appears to be extended and the CNFs are crucial
rather than the silicate [12, 27]. The position of both
anodic and cathodic peaks is not significantly affected by
the presence of the CNFs. However, the increase of the
current during polarization of the CPE towards more
positive potentials is observed. The peak-shaped cyclic

-0.1 0.0 0.1 02 03
E /V vs. Ag/AgCI

0.4

voltammograms result from the initial electrochemical
oxidation of DMFc in the organic phase (Eq. 1).

DMFc(org) <+ DMFc* (org) + e~ (electrode) (1)

This process is initiated at the three phase junction [29,
30] because initially, essentially, no charged species are
present in NPOE. For charge neutrality to be main-
tained ion transfer is required. In order to select one of
the two possible pathways (either anion transfer from
the aqueous into the organic phase or cation transfer
from the organic into the aqueous phase) leading to the
neutralization of charge, the experiments were per-
formed in different types of aqueous electrolytes. Both
types of electrodes, CCE and CPE, were compared and
experiments were performed employing DPV.

Fig. 5 Cyclic voltammograms 10
(scan rate 0.01 V s~') obtained

with CPE composed of (solid)

CNF, (dotted) CNF and

graphite particles (1:3 ratio),

and (dashed) graphite particles,

modified with 0.01 mol dm™>

DMFc solution in NPOE 5+
immersed in 0.1 mol dm~>

aqueous NaClOy4

1/ pA

0.2 ' 0.0 ' 0.2
E /V vs. Ag/AgCI

0.4
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Fig. 6 Differential pulse
voltammograms (step potential
0.01 V, modulation amplitude
0.01 V, modulation time 0.05 s,
interval time 1 s) obtained with T
CCE composed of CNF and
graphite particles (1:3 ratlo)
modified with 0.01 mol dm~3
DMFc solution in NPOE
immersed in 0.1 mol dm >
aqueous solution containing
separately: KPFg, KClOy,
KNO3;, and KCl

15 +

10 +

1/ uA

Liquid|liquid standard transfer potential measurements
with carbon nanofiber modified CCEs and CPEs

Typical differential pulse voltammograms obtained at a
CCE containing CNFs and impregnated with 10 mM
decamethylferrocene containing NPOE are shown in
Fig. 6. Various types of electrolyte media were used and
it can be seen that anions present in the aqueous phase
strongly affect the mechanism of the electrode process.
The transfer of anions from the aqueous into the organic
phase (assuming that no ion pairing occurs) can be de-
scribed formally as in Eq. 2.

DMFc* (org) + X~ (aq) — DMFc* (org) + X (org)
(2)

For the coupled electron- and ion-transfer reaction
steps (Egs. 1 and 2) the midpoint potential (Ereqjox) 1S
expected to show a Nernstian dependence on the aque-
ous electrolyte concentration(cx-) [3, 7].

RT
0 NPOE
ERedjox = EDMchrg/SDMFcoré + Ay -+ —ln X~
RT | cpmFc
—In
TFERT
(3)
In this expression, EDMF_ /DM Fe, is the standard
org

redox potential for the DMFc* /DMFc couple in the

ANPOE

organic solution, ¢x- 1s the standard transfer po-

tential of X~ from water into the NPOE phase, and cx-
and cpmpe denote initial concentrations of X in the
aqueous phase and DMFc in the organic phase. If the
reaction mechanism is formally given by Egs. 1 and 2, for
measurements with a range of different anlons one would
NPOE
expect a linear plot of Ereq/0xversus A, q)x, with unity
slope. Because the value of the latter parameter is known

0.2 00 02
E /V vs. Ag/AgCI

only for limited number of anions and solvents, we used in
the data analysis for our results the tabulated value of the
standard trdnsfer potential of X~ from water to nitro-
benzene(A;\;B ¢@x-) [31]. This procedure is justified because
of the dominant effect of the anion solvation in water.
Figure 7a summarizes voltammetric data for the
transfer of anions from aqueous solution into NPOE
immobilized in a CCE. Although the points representing
ODMF+ /DMFeqg in the presence of most hydrophobic
anions‘are somewhat scattered the approximately linear
dependence on ANB ¢%- with unity slope can be observed
(see dashed line). K similar relationship was observed for
the droplet of DMFc solution in NPOE deposited on
paraffin-impregnated graphite electrode [32] or on
graphite composite [27] or carbon paste [12] electrode
impregnated with the same solution. By including more
data points a line with lower slope (solid line) can be
drawn. The deviation of the slope (equal to 0.56 and 0.49
for CCE and CPE electrodes, res]?ectlvely) from unity,
also observed for Egeq/oxversus A, POE ¢%- [33] (see inset
of Fig. 7a, b), is introduced by the more hydrophilic
NOs3, Br, and Cl™ anions and indicate that the con-
tribution from the ejection of electrogenerated DMFc ™
cations from the organic phase into the aqueous solution
becomes important (Eq. 3).

DMFc*(org) — DMFc*(aq). (3)

This cation transfer process clearly dominates in the
presence of more hydrophilic anions like F~ and SO3 ™.
Very similar dependences are observed for CCEs and
CPEs, which indicates that both types of CNF composite
electrodes give quantitatively consistent data. The inter-
pretation of the voltammetric data employing more
hydrophobic anions as anion transfer and employing
more hydrophilic anions as cation transfer is further
corroborated by the shape of the differential pulse
voltammograms shown in Fig. 6. For the case of cation
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Fig. 7 a Plot of the redox
potential, Egeqjox, Versus
standard transfer potential of
anion transfer from aqueous to

0.151

0.10 1

PF, CIO, SCN' NO, Br

cr F

SO~

NB phase, AAq 0% Eredjox
values were determined from
differential pulse
voltammograms with CCE
composed of CNF, modlﬁed
with 0.01 mol dm > DMFc
solution in NPOE and
immersed in 0.01 mol dm™
aqueous salt solution. The
sequence of anions is indicated
on top of the plot. Inset shows
analogous plot of Ered/ox.
versus standard transfer
potential of anion transfer from
aqueous | to NPOE

phase,A Ago ¢%-, for selected ]
data of the same system. b The .0.15-
redox potential, Eged/ox, VErsus

standard transfer potential of
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ox Values were determined from b
differential pulse
voltammograms. The solid line
indicates unit slope. The
sequence of anions is indicated
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analogous plot of Egeq/ox
versus standard transfer
potential of anion transfer from
aqueous to NPOE

phase, ANPOE(/)Q( , for selected
data of the same system
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expulsion, no build-up of ionic charge carriers in the or-
ganic phase occurs and voltammetric signals remain
small. However, for the case of the transfer of hydro-
phobic anions the concentration of ions in the organic
phase increases and the reaction zone can extend from the
triple-phase boundary into the organic phase. This is
probably the reason that much higher current is detected.

Conclusions

CNFs have been incorporated into composite electrodes
for use with liquid|liquid redox systems. CNF-CCEs in

T T T T

0.2 0.4 06 08 1.0
IV

HO(pX

comparison with conventional graphite particle based
CCEs exhibit higher capacitive currents. After modifi-
cation with a solution of decamethylferrocene in NPOE
and immersion into an aqueous electrolyte solution, ion
transfer processes can be driven across the liquid|liquid
interface. For both CCE and CPE systems, good effi-
ciencies and consistent voltammetric characteristics have
been observed. The addition of graphite particles into
the CNF-CCE improves the electrode stability.
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